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Abstract

The widespread presence of environmental pollutants, including toxic metals, microplastics,
and antibiotics, has significantly altered gut microbiota composition and functionality, leading
to dysbiosis and oxidative stress. These changes contribute to various adverse physiological
effects, including systemic inflammation, mitochondrial dysfunction, and intestinal barrier
dysfunction. This review provides a comprehensive analysis of the molecular mechanisms by
which these environmental factors induce oxidative damage, emphasising the importance of
redox imbalance, the overproduction of reactive oxygen species, and inflammatory signalling
pathways. Key pathways involved include NF-kB, Nrf2/Keap1, PI3K/AKT, p38-MAPK, JAK/
STAT and TLR4/MyD88. These pathways collectively contribute to the progression of chronic
inflammatory conditions. Furthermore, this article synthesises findings from 354 studies
published between 2016 and 2024, integrating human and animal research evidence. Existing
literature suggests that gut dysbiosis exacerbates oxidative stress through impaired short-
chain fatty acid production, downregulation of peroxisome proliferator-activated receptor
gamma, and disruption of antioxidant enzyme activity. This review explores these mechanisms
in more detail. Additionally, the review evaluates studies investigating microbiota-targeted
therapeutic interventions to mitigate oxidative stress. These interventions include probiotics,
prebiotics, polyphenols, and postbiotics, focusing on their reported modulation of Nrf2 and
AMPK signalling pathways. The potential of faecal microbiota transplantation as an innovative
approach to restoring a healthy gut ecosystem and counteracting pollutant-induced
oxidative damage is also discussed. In light of the growing global exposure to environmental
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pollutants and their associated long-term health implications, it is imperative to gain a deeper
understanding of their impact on gut microbiota and oxidative stress. This topic remains at the
forefront of biomedical research due to its implications for public health, disease prevention,
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and developing novel therapeutic strategies. T B e a0, KG

Introduction

Environmental pollutants include many substances that adversely affect ecosystems
and human health. Among the most important are toxic metals, including lead (Pb), mercury
(Hg), cadmium (Cd), and arsenic (As), which accumulate in soil and water mainly as a result
of industrial activities, mining, and improper waste disposal. These metals are characterised
by long-term environmental persistence, contributing to widespread contamination [1, 2].
In addition to toxic metals, persistent organic pollutants (POPs), such as polychlorinated
biphenyls (PCBs) and dioxins, poseasignificantenvironmental threat[3,4]. These compounds,
mainly by-products of industrial processes, have high potential for bioaccumulation in the
food chain [3]. Another emerging environmental concern is the presence of microplastics,
i.e,, tiny plastic particles resulting from the degradation of larger plastic materials, which
have invaded both marine and terrestrial ecosystems, affecting wildlife [5, 6].

Understanding how toxic metals alter gut microbial diversity and function is crucial,
as these disruptions contribute to inflammation and oxidative stress, which are key factors
in the development of various chronic diseases. Exposure to toxic metals has been shown
to disrupt gut microbial diversity and metabolic functions, leading to the proliferation of
pathogenic species and the resulting inflammation and oxidative stress [7-9]. Distinct
microbial shifts are associated with such exposure, including an increased prevalence of
Firmicutes and Proteobacteria and a reduction in beneficial Bacteroidetes populations,
exacerbating gut dysbiosis [8]. Identifying these shifts can inform targeted interventions to
restore gut homeostasis and mitigate adverse health outcomes.

In addition to traditional pollutants, such as metals and plastics, the widespread use of
chemical compounds, including antibiotics, pesticides, and herbicides, poses a significant
threat to today’s ecosystems [10, 11]. The excessive and often indiscriminate use of these
substances in agriculture and medicine has led to their widespread presence in water
sources and contributed to the emergence of antibiotic-resistant bacteria [12]. Various
environmental pollutants have been shown to significantly affect the composition of the gut
microbiota, often leading to dysbiosis and oxidative stress [13, 14]. The gut microbiota, a
crucial regulator of human health, plays a fundamental role in metabolism, immune function,
and oxidative homeostasis [15].

Redox imbalance resulting from reduced cellular antioxidant capacity leads to the
excessive accumulation of ROS, which in turn causes oxidative damage to cell membranes,
DNA, and proteins [16]. Furthermore, prolonged exposure to elevated reactive oxygen species
(ROS) levels has been shown to activate inflammation-associated signalling pathways such
as NF-«kB, amplifying oxidative stress and perpetuating inflammatory states [17]. These
processes contribute to the progressive deterioration of the gut microbiota composition and
the onset of chronic inflammation, creating a self-perpetuating cycle detrimental to overall
health [18].

Changes in the gut microbiota associated with exposure to environmental pollutants
have been implicated in the pathogenesis of metabolic disorders, including obesity [19,
20], insulin resistance [21], and type 2 diabetes [22, 23]. The gut microbiota is critical in
regulating glucose metabolism, lipid storage, and cellular energy homeostasis. Disruption of
this microbial ecosystem can lead to hormonal imbalances and impaired nutrient processing
[24]. Furthermore, dysbiosis has been linked to an increased risk of cardiovascular disease,
as microbial dysbiosis contributes to chronic inflammation and dysregulation of lipid
metabolism, which are key risk factors for atherosclerosis and hypertension [25, 26].
Consequently, prolonged exposure to environmental pollutants can significantly increase
susceptibility to severe health conditions [27].
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It is essential to elucidate their underlying mechanisms to develop effective strategies
to mitigate the adverse health effects of environmental pollutants. Research on the gut
microbiota should prioritise identifying pollutant sources and their molecular effects
on human physiology [13]. In particular, studying the interactions between microbial
communities and oxidative processes may offer new therapeutic avenues, including dietary
interventions, probiotic supplementation, and antioxidant-based strategies. Furthermore,
reducing environmental exposures to toxic metals, microplastics, and excessive antibiotics
may be essential to preserve gut microbial homeostasis and prevent related diseases [14].

This study investigates the impact of environmental pollutants, including toxic metals,
microplastics, and antibiotics, on the human gut microbiota, and the mechanisms leading
to dysbiosis and oxidative stress. The focus is on how exposure to these pollutants may
contribute to chronic diseases such as metabolic disorders, inflammatory bowel disease,
autoimmune conditions, and cardiovascular pathologies. The main objective is to elucidate
the molecular mechanisms involved, particularly redox imbalance, excessive ROS production,
and activation of inflammatory pathways, which drive physiological changes in affected
individuals. The study also evaluates the long-term health effects of pollutant exposure and
assesses the associated public health risks. To achieve this, a thorough review of the scientific
literature will be conducted to identify the key pollutants that impact the gut microbiota and
to determine their prevalence and distribution across different ecosystems.

Environmental pollutants disrupt the balance and composition of the gut microbiota,
triggering an increase in oxidative stress by enhancing the production of reactive oxygen
species. This oxidative stress damages gut tissues and microbial communities, thereby
exacerbating dysbiosis. Consequently, a self-perpetuating cycle is established where
oxidative stress and dysbiosis continuously influence and amplify each other [15]. The
study aims to elucidate the molecular mechanisms underlying these phenomena, including
redox imbalance, excessive ROS production, and activation of inflammatory pathways. These
mechanisms are thought to be responsible for the observed changes in human organisms.
In addition, the study was designed to evaluate the long-term effects of exposure to
environmental pollutants and to assess the potential risks they pose to public health. The
study has been designed to analyse the scientific literature and available research to identify
the most critical pollutants affecting the gut microbiota and to assess their prevalence and
presence in different ecosystems. An essential component of the study will also be to explore
potential health protection methods, such as dietary modification, probiotics, or the use
of antioxidants, which could mitigate the adverse effects of dysbiosis and oxidative stress
caused by pollutants.

Another key component of the study is to explore potential health-protective strategies,
e.g., dietary modification, probiotics, and the use of antioxidants, that may mitigate the
adverse effects of dysbiosis and oxidative stress induced by environmental pollutants. This
research is inherently interdisciplinary, integrating concepts from microbiology, toxicology,
physiology, and molecular biology to provide a holistic perspective on the multifaceted effects
of pollutants on the gut microbiota and human health. The novelty of the study lies in the
in-depth analysis of key molecular pathways, such as NF-kB, Nrf2/Keap1, PI3K/AKT, p38-
MAPK, JAK/STAT, and TLR4/MyD88, which establish mechanistic links between dysbiosis,
inflammatory processes, and oxidative stress. In addition, the focus on antibiotic resistance
genes as a critical aspect of contemporary health challenges opens new avenues for research
into targeted therapeutic interventions.

Materials and Methods

The bibliographic databases used for this study included PubMed, Scopus, and Google Scholar. An
initial literature search yielded 501 studies. Following rigorous screening of titles, abstracts, and full texts,
147 studies were excluded due to duplication, irrelevance to the research focus, poor methodological
quality, or failure to meet the established inclusion criteria. Thus, a total of 354 studies were retained for
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the final analysis. The literature search covered the period from 2016 to 2024 to ensure the most recent and
relevant studies were included. Search criteria included articles, reviews, and clinical trials investigating the
effects of environmental contaminants, e.g., toxic metals, microplastics, and antibiotics, on gut microbiota,
oxidative stress, and dysbiosis. A comprehensive search strategy was implemented using a combination of
the following keywords: ‘pollutants’, ‘environmental contaminants’, ‘gut microbiota) ‘dysbiosis’, ‘oxidative
stress’, ‘heavy metals’, ‘microplastics’, and ‘antibiotics’ to maximise the retrieval of relevant publications.

The inclusion criteria were carefully defined to find studies published in peer-reviewed journals,
research conducted in human or animal models, and articles addressing molecular mechanisms by
which contaminants affect the gut microbiota. The exclusion criteria included studies unrelated to the
environmental pollutants of interest, articles lacking sufficient data on microbiota changes, and research
focusing on non-ecological or non-biological aspects of contaminants. In addition, non-English language
articles were excluded unless an English abstract was available. The review prioritised high-quality peer-
reviewed sources to ensure the reliability and validity of the findings.

Gut microbiota and its role in metabolic, immune, and neurological homeostasis

Understanding the microbiota-gut-brain axis and neuronal homeostasis is crucial for
grasping the systemic effects of oxidative stress induced by environmental factors. The role
of specific bacterial taxa in modulating oxidative stress is clearer when considered alongside
their broader influence on the interconnected metabolic, immune, and neurological systems.
The human gut microbiota mediates this relationship. This complex ecosystem comprises
approximately 1,000 bacterial species and is pivotal in maintaining these physiological
systems. Representatives of the Firmicutes phylum, including the genera Clostridium,
Lactobacillus, and Ruminococcus, are particularly important in this context as they ferment
dietary fibre into short-chain fatty acids (SCFAs), such as butyrate, acetate, and propionate
[30, 31]. These metabolites support intestinal barrier integrity, modulate immune
responses, and provide an energy source for colonocytes [32]. Dysbiosis, or disturbances
in the microbial composition, has been associated with various health conditions, including
metabolic disorders, inflammatory diseases, and mental disorders [30-34] (Fig. 1).

The literature on the gut-brain-microbiota axis highlights the complex interplay
between gut health, the gut microbiome, and the central nervous system. Bonaz et al.
highlight the pivotal role of the vagus nerve as a primary communication pathway within
this axis, demonstrating its essential function in mediating interactions between the gut
microbiota and the brain. Their review suggests that vagus nerve stimulation may influence
the gut microbiota composition while exerting anti-inflammatory effects, offering potential
therapeutic applications for gastrointestinal disorders and systemic inflammation [33]. In
a previous study, Bonaz et al. further explored the involvement of the vagus nerve in the
neuro-immune axis, highlighting its role in modulating immune responses and intestinal
permeability. Their findings suggest that vagal signalling has essential implications for the
pathophysiology of gastrointestinal disorders, particularly inflammatory bowel disease,
thereby linking gut dysfunction to systemic inflammation [34].

Milani et al. and Turroni et al. explore the importance of the gut microbiota in early life
and its long-term impact on health [35, 36]. Milani et al. describe the infant gut microbiota
as a critical “microbial organ” that plays a fundamental role in developing the immune
system and metabolic processes. The composition of this microbiota is influenced by various
factors, such as the mode of birth and early nutrition, and its disruption through antibiotic
use or dietary factors has been linked to increased susceptibility to infection, allergy, and
autoimmune disease later in life [35]. Turroni et al. further expand on the composition of
microbial communities in infants and highlight their role in establishing immune homeostasis
[36], illustrating the complex interplay between gut microbiota and host health from an
early age [35, 37]. In addition, studies have highlighted the impact of early life microbial
exposures, including breastfeeding and exposure to diverse environments, on the resilience
of the immune system in adulthood [38, 39].
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Fig. 1. Changes in the composition
and diversity of the gut microbiota
have been identified as potential non-
invasive biomarkers for the early
detection of disease. Specific microbial
profiles have been associated with
conditions such as inflammatory bowel
disease, diabetes and mental disorders,
facilitating early  diagnosis and
personalised therapeutic approaches.
Therapeutic  interventions include
the administration of probiotics and
prebiotics to restore microbial balance
and enhance SCFA production, the use
of faecal microbiota transplantation
to treat severe dysbiosis, including
recurrent Clostridioides difficile
infections, and advanced therapeutic
approaches targeting the microbiota
through innovative pharmacological
agents and dietary interventions to
improve health outcomes.

Recent scientific investigations have increasingly focused on elucidating the
mechanisms by which the gut microbiota regulate intestinal permeability, to explain
their role in the pathogenesis of various gastrointestinal disorders [40]. The human gut
microbiome contains several beneficial bacterial taxa essential in maintaining physiological
homeostasis. For example, Lactobacillus spp. facilitate digestion, enhance immune function,
and produce lactic acid [41], while Bifidobacterium spp. contribute to the integrity of the
intestinal barrier, inhibit the proliferation of pathogenic bacteria, and produce SCFAs [4]. In
addition, Akkermansia muciniphila has been implicated in strengthening the mucosal barrier
and promoting metabolic health [43], while Faecalibacterium prausnitzii synthesises anti-
inflammatory butyrate, which supports colonic homeostasis [44].

Eubacterium spp. also play an important role in fibre fermentation and SCFA production
[45]. However, adverse conditions, such as dysbiosis induced by poor diet, psychological
stress, or excessive use of antibiotics, can disrupt the microbial balance and favour the
proliferation of opportunistic and potentially pathogenic bacteria [46, 47]. These include
Clostridium difficile, which is associated with colitis and diarrhoea [48], pathogenic strains
of Escherichia coli, which contribute to intestinal inflammation and infection [49], Klebsiella
spp., which are associated with inflammatory bowel disease [50], Salmonella spp.,a common
cause of foodborne illness [51], and members of the Proteobacteria phylum, e.g., Enterobacter
spp., which have been implicated in chronic intestinal inflammation and dysbiosis-related
disorders [52, 53]. In addition to traditional risk factors, there is growing evidence that
environmental factors, such as pollution, climate change, and overuse of antibiotics, can
exacerbate the imbalance of the gut microbiota, leading to the onset of chronic disease and a
decline in immune system function [13, 54].
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Collectively, these studies provide valuable insights into the multifaceted role of the
gut microbiota in maintaining overall health, particularly about gut-brain interactions and
immune regulation [33, 35]. The importance of gut barrier integrity and the vagus nerve in
maintaining physiological balance has been consistently emphasised in multiple studies [33-
35, 37], highlighting their relevance in the pathophysiology of microbiota-related diseases.

Environmental pollutants and gut microbiota dysbiosis

Toxic metals. Existing research on the effects of toxic metals on the gut microbiota
highlights the complex interactions between environmental contaminants, microbial
communities, and host physiology [7-9]. Several studies have explored these relationships
and elucidated the key molecular mechanisms underlying the dysregulation of the gut
microbiota by metal exposure. Assefa and Koéhler highlight that toxic metal exposure alters
microbial diversity and promotes the proliferation of pathogenic species while inducing
inflammation and oxidative stress [9]. Richardson et al. further demonstrate that such
exposure leads to specific microbial shifts characterised by an increased abundance of
Firmicutes and Proteobacteria and a concomitant decrease in beneficial Bacteroidetes
populations [8]. Zhang et al. highlight that prolonged exposure to toxic metals reduces gut
microbial diversity and disrupts microbial metabolic functions, exacerbating oxidative stress
[7].

The existing literature on the effects of toxic metal exposure on the gut microbiota
consistently shows that contaminants, such as lead, mercury, and cadmium, significantly alter
the microbial composition, resulting in dysbiosis [55, 56]. In addition, the potential role of
probiotics in mitigating the adverse effects of toxic metal exposure on the gut microbiota has
received attention in the literature [57]. Duan et al. highlight that probiotic supplementation,
particularly with Lactobacillus and Bifidobacterium strains, may help to restore the microbial
balance disrupted by contaminants [58]. Probiotics have shown promise in animal models
by reducing the intestinal absorption of toxic metals and promoting the proliferation of
beneficial bacteria [59, 60]. This has led to the proposal that probiotics could serve as a
preventive or therapeutic intervention to reduce the harmful effects of environmental
pollutants on gut health.

Arun et al. further discuss the therapeutic potential of probiotics, suggesting that these
microorganisms could alleviate oxidative stress, inflammation, and microbial imbalances
induced by toxic metal exposure [61]. This protective effect is attributed to the ability of
probiotics to modulate the intestinal immune response, reduce ROS production, and support
the restoration of intestinal barrier integrity [58]. The ability of probiotics to protect the
gut microbiota highlights their potential as an innovative therapeutic strategy to counteract
the harmful effects of environmental pollutants [61]. In addition, the metabolite profiles
produced by the gut microbiota are crucial for fully understanding the toxicological effects
of metal exposure [58]. Santiago et al. propose that metabolites produced by microbial
fermentation, particularly SCFAs, are essential for maintaining gut integrity and modulating
immune responses [62]. However, dysbiosis resulting from toxic metal exposure may disrupt
the production of these metabolites, thereby exacerbating inflammation and compromising
gut barrier function [63].

In addition, Bist and Choudhary found that toxic metals, particularly cadmium and
lead, promote the overgrowth of pathogenic bacteria, such as Enterococcus, Clostridium, and
Escherichia coli [64]. While these bacteria are generally present in low concentrations in a
healthy gut, their proliferation in the presence of toxic metals contributes to an inflammatory
environment. It disrupts the delicate microbial balance [41, 65]. Overgrowth of these
pathogenic bacteria is associated with producing harmful metabolites, including endotoxins,
which exacerbate gut inflammation and compromise the immune system [66]. In addition,
a shift towards a more pathogenic microbiota can facilitate the translocation of harmful
microbes across the gut barrier, leading to infection and systemic inflammation [47].

In a related study, Richardson et al. examined the gut microbiota of rats following
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exposure to cadmium and arsenic. They found that the metal exposure induced distinct
microbial responses, resulting in shifts in the gut microbiota composition [8]. The study
highlighted an increase in Firmicutes and Proteobacteria and a decrease in Bacteroidetes.
These changes in the microbial composition were associated with impaired gut function and
increased systemic inflammation. Notably, the study also identified changes in microbial
metabolites, including SCFAs, essential for maintaining gut integrity and immune responses,
contributing to developing chronic diseases, such as liver and kidney damage [8].

Astudyby Liu etal.investigated the toxiceffects oflead (Pb) exposure on Carassius auratus,
focusing on intestinal damage, oxidative stress, immune response, and microbiota dysbiosis
[67]. The study results showed that the Pb exposure led to significant morphological changes
in the intestine, including increased wall thickness, goblet cell number, and reduced crypt
depth. Their gene expression analysis showed increased oxidative stress and inflammatory
markers, while 16S rRNA sequencing revealed decreased microbial diversity and increased
pathogenic bacteria. Further analysis of gene expression changes showed a decrease in
the expression of claudin-7 and villin-1 and a significant increase in oxidative stress and
immune-related markers, such as glutathione transferase (GST), glutathione (GSH), catalase
(CAT), interleukins IL-8, IL-10, and IL-1, and tumour necrosis factor o (TNF-a). In addition,
16S rRNA sequencing revealed a decrease in microbial diversity with increased pathogenic
bacteria, including Erysipelotrichaceae, Weeksellaceae, and Vibrionaceae, in response to the
Pb exposure. This dysbiosis was associated with functional changes in the gut microbiota,
including activation of the PPAR signalling pathway and immune dysfunction, suggesting
that the gut microbiota may serve as a biomarker for assessing heavy metal toxicity and
contamination [67]. In a related study, Liu et al. observed similar results, showing that Pb
exposure in silver carp (Hypophthalmichthys molitrix) caused significant intestinal structural
damage, digestive stress, altered immune response, and microbiota dysbiosis [68]. These
findings further highlight the critical role of the gut microbiota in mediating lead toxicity and
its overall impact on gut health.

As shown in Fig. 2, the effects of heavy metals on the gut microbiota are complex and
can be explored through several key mechanisms. Toxic metals, such as lead, cadmium, and
mercury, have been shown to disrupt the gut microbiota by inducing oxidative stress, altering
microbial diversity, damaging the gut barrier, impairing metabolite production, causing
inflammation, promoting antibiotic resistance, and affecting gut-brain axis communication
[56]. These effects may have long-lasting and transgenerational health consequences,
highlighting the need for further research (Fig. 2).

Zhang et al. investigated the long-term effects of toxic metal pollution on the
gastrointestinal microbiota of Bufo raddei. They found that prolonged mercury exposure
led to significant changes in the diversity and abundance of gut bacteria [7]. Over time, a
decrease in microbial diversity was observed, contributing to increased oxidative stress and
inflammatory responses. Similarly, Liu et al. investigated the role of the gut microbiota in
mediating cadmium-induced liver injury. They demonstrated that the cadmium exposure
disrupted the gut microbiota and interfered with bile acid metabolism — a pathway critical for
liver function. Specifically, the cadmium-induced changes in the microbial composition led to
an imbalance in bile acid homeostasis, impairing the farnesoid X receptor (FXR) signalling
axis, a key regulator of liver function and metabolism. This dysregulation exacerbated liver
injury, highlighting the gut microbiota’s central role in mediating environmental pollutants’
toxic effects [69].

Furthermore, Liu et al. extended these findings by investigating the protective potential
of melatonin in attenuating cadmium-induced liver fibrosis. Their results suggest that
melatonin administration improves liver function by modulating gut microbiota and bile
acid metabolism, thereby counteracting the deleterious effects of toxic metals on the gut-
liver axis. These findings suggest that modulation of the gut microbiota may be a promising
therapeutic strategy to prevent or treat metal-induced liver injury [70].

In summary, the body of research collectively highlights the critical role of the gut
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Fig. 2. Key mechanisms of toxic
metal effects on gut microbiota
and their implications. The
impact of toxic metals such as
lead, cadmium and mercury on
the gut microbiota is complex
and can be broadly categorised
into several key mechanisms.
These include induction of
oxidative stress, alteration of
microbial diversity, damage to
the gut barrier, impairment of
metabolite production, induction
of inflammation, promotion of
antibiotic resistance, and effects
on gut-brain axis communication.
These mechanisms have the
potential to result in long-term and
transgenerational health effects.

microbiota in mediating the effects of toxic metal exposure. Studies reported by Porru et
al. [55], Bist and Choudhary [64] and Duan et al. [58] demonstrate that restoring microbial
balance through probiotic supplementation and other microbiome-based strategies has
significant potential to mitigate the adverse health effects of environmental contaminants.
Furthermore, understanding the changes in microbial metabolites resulting from pollutant
exposure opens up new opportunities for targeted therapeutic interventions. The molecular
mechanisms identified in these studies, such as oxidative stress, inflammatory pathways,
and altered microbial metabolism, provide valuable insights into the effects of pollutants on
gut health and highlight the importance of developing effective strategies to protect the gut
microbiota and prevent pollutant-induced diseases.

Microplastics. Plastic pollution is a major environmental challenge that originates from
terrestrial and aquatic sources and contributes to widespread ecological and human health
concerns [71]. The major contributors include plastic packaging, consumer goods, textiles,
and industrial products. Single-use plastics, such as bottles, bags, and food packaging, are of
particular concern due to their widespread use and significant environmental impacts. In
addition, synthetic textiles, including polyester and nylon, have been identified as sources of
microplastic contamination, as these materials release plastic particles during washing [72].
Recent studies estimate that washing synthetic textiles can release up to 700,000 microplastic
fibres per load, which enter wastewater systems and accumulate in aquatic environments
[73]. The increasing reliance on plastic materials in various industries, including agriculture
and medicine, further exacerbates the problem [74, 75].

Another important source of plastic pollution is the degradation of larger plastic debris
into microplastics and nanoplastics through environmental processes, such as exposure
to ultraviolet (UV) radiation, mechanical abrasion, and weathering [76, 77]. These plastic
particles enter biological organisms through a variety of pathways. In aquatic ecosystems,
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fish and other marine species ingest microplastics and nanoplastics directly or indirectly
through contaminated food sources. After ingestion, these particles can accumulate in the
digestive tract, enter the circulatory system, or even penetrate internal organs [5, 78].

The health effects of microplastics are an emerging area of concern, particularly about
the gut-liver axis [79]. Recently, Zhang et al. have investigated the impact of polystyrene (PS)
microplastics on liver injury and demonstrated that PS-induced changes in the gut microbiota
significantly contribute to liver damage [80]. Their findings highlight that perturbations in the
gut-liver axis occur via inflammatory and oxidative stress pathways. Specifically, increased
intestinal permeability facilitates the translocation of harmful microbial metabolites into the
bloodstream, promoting hepatic inflammation and oxidative stress. This process involves the
activation of pro-inflammatory cytokines, including tumour necrosis factor-alpha (TNF-a)
and interleukin-6 (IL-6), which subsequently trigger NF-kB signalling, further exacerbating
liver injury. These findings highlight the critical role of gut microbiota dysbiosis in mediating
the systemic effects of microplastic exposure, particularly on liver health [80]. As shown in
Fig. 3, microplastics profoundly influence the composition of the gut microbiota, with far-
reaching physiological consequences.

The impact of microplastics on the gut microbiota is complex and involves multiple
biological mechanisms. These include promotion of biofilm formation, activation of
inflammatory pathways through Toll-like receptor 4 (TLR4) and nuclear factor kappa B (NF-
kB) signalling, and induction of oxidative stress via ROS generation and c-Jun N-terminal
kinase (JNK)/p38 mitogen-activated protein kinase (MAPK) activation [81]. In addition,
microplastics alter microbial diversity, compromise gut barrier integrity by impairing tight
junctions, and facilitate the release of toxicadditives, such as bisphenol A (BPA) and phthalates,
which disrupt endocrine signalling [82]. Studies have shown that exposure to microplastics

Fig. 3. Key mechanisms of
microplastic effects on gut
microbiota and their implications.
Microplastics affect the gut
microbiota by promoting
biofilm  formation, inducing
inflammation through TLR4 and
NF-xB pathways, causing oxidative
stress through ROS and JNK/
p38 MAPK activation, altering
microbial diversity, disrupting
gut barrier integrity through tight
junction impairment, leaching
toxic additives such as BPA and
phthalates that affect endocrine
signalling, and reducing short-
chain fatty acid production
by interfering with microbial
fermentation, all of which
contribute to systemic health
effects.
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can significantly reduce beneficial bacteria, such as Lactobacillus and Bifidobacterium, while
promoting the growth of opportunistic pathogens [79]. They also reduce the production of
short-chain fatty acids by interfering with microbial fermentation processes [31]. Together,
these mechanisms contribute to systemic health effects.

Ke et al. conducted a pilot study to investigate the presence of microplastics in preschool
children and their effects on the gut microbiota composition [83]. Their results indicate that
children exposed to microplastics had altered gut microbiota profiles, potentially increasing
their susceptibility to diseases associated with microbial dysbiosis. The study also suggests
that microplastic exposure contributes to gut epithelial damage, leading to systemic
inflammation. An increased abundance of pathogenic bacteria producing lipopolysaccharide
(LPS), which exacerbates gut inflammation and triggers immune activation, was also found.
These findings suggest that exposure to microplastics early in life, when the immune system
is still developing, may have long-term health consequences [83]. Microplastic exposure has
also been associated with developmental and neurobehavioural effects in young children,
raising concerns about long-term cognitive and immune system effects [84, 85].

Jing et al. investigated the haematopoietic effects of polystyrene (PS) microplastics,
focusing on the interplay between gut microbiota, microbial metabolites, and cytokine-
mediated immune responses [86]. Their study showed that exposure to PS microplastics
resulted in haematopoietic dysfunction, primarily through changes in the gut microbiota
composition. The underlying molecular mechanisms included perturbations in microbiota-
derived metabolites, e.g. SCFAs, which play a critical role in immune regulation. In addition,
PS microplastics stimulated the release of pro-inflammatory cytokines, including IL-6 and
TNF-alpha, which contributed to haematopoietic suppression and immune dysregulation
through activation of the Janus kinase/signal transducer and activator of transcription (JAK-
STAT) pathway. These findings highlight the complex interactions between gut microbiota,
the immune system, and microplastic-induced inflammatory responses [86].

Similarly, Jin et al. demonstrated that exposure to PS microplastics significantly
compromised gut barrier integrity in a mouse model, leading to increased gut permeability,
inflammation, and microbial dysbiosis [87]. Their study showed that the exposure to PS
microplastics resulted in a shift in the composition of the gut microbiota, characterised
by a decrease in beneficial bacterial populations and an overrepresentation of potentially
pathogenic species. These microbial changes had downstream effects on metabolic functions,
particularly the production of SCFAs, which are essential for maintaining gut homeostasis.
Consistent with these findings, Jing et al. further confirmed that PS microplastics induced
haematopoietic damage by modulating the gut microbiota composition and increasing the
levels of inflammatory cytokines, such as IL-6 and TNF-a. These immune and microbiota
perturbations were implicated in impaired blood cell production and systemic inflammation,
highlighting the broad physiological consequences of microplastic exposure [87].

These findings highlight the systemic effects of microplastics on health, particularly
through the gut-brain axis, as demonstrated in animal models. The effects of environmental
contaminants on the gut microbiota composition and the mechanisms underlying these
changes are summarised in Table 1.

Collectively, these studies illustrate the interactions of microplastics with the gut
microbiota, initiating a cascade of molecular mechanisms that contribute to various
adverse health outcomes. Extensive research has elucidated the key pathways involved in
these processes, particularly inflammation, oxidative stress, and alterations in intestinal
permeability [80, 86, 98]. These molecular perturbations play a central role in mediating
the systemic consequences of microplastic exposure, particularly regarding liver function,
immune regulation, and haematopoiesis [83, 99]. Future research should identify potential
therapeutic interventions, such as probiotics or dietary changes, to mitigate the adverse
effects of microplastic-induced gut dysbiosis.
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Table 1. Summary of research studies on the effects of environmental pollutants on gut microbiota and

health mechanisms
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N Models Analysed factors Key results Mechanisms Sources
Exposure to chemical cocktails led to Role of selenium mn antioxidant
Exposure to pollutants . . A . defence, modulation of
. . . . . significant changes in the gut microbiota, X
Mice exposed to chemical (chemical cocktails), selenium . . . inflammatory pathways, and
; . . while selenium supplementation helped . . .
1 cocktails (pollutants) and supplementation, metallomics, . improvement of the gut microbiota  g8g
X - ; modulate these changes, restoring some .
supplemented with selenium  metabolomics, ) . B . ; . composition through
! microbial diversity and improving .
metataxonomics . N metataxonomics and
metabolic functions .
metabolomics
. . Chemical cocktail exposure, Chemical cocktail exposure altered brain Selenium modul.ated Qdeatwe
Mice exposed to chemical . n . . . stress and the microbial
. N . selenium supplementation, metabolites, while selenium . . . .
2 cocktails with selenium . . . . . composition via the gut-brain axis, 89
Ny brain metabolomics, gut-brain ~ supplementation had neuroprotective M- !
supplementation N ; R . reducing inflammation and
axis effects by modulating gut-brain signalling X K X N
improving brain function
Gut microbiota influenced neurogenesis Microbial metabolites, such as
Review article summarising Gut microbiota composition, . . 8 SCFAs, affected the brain via the
. . P . by modulating neuroinflammatory ) . . .
the evidence for the influence  neurogenesis, signalling . . . gut-brain axis; microbial
3 N . responses and promoting brain plasticity. . . . . 90
of gut microbiota on pathways, and L s Rk modulation of immune signalling,
. : Dysbiosis impaired neurogenesis and . .
neurogenesis neuroinflammatory responses . . N particularly cytokines and
contributed to neurological disease .
neurotrophic factors
Animal study investigating the Gallic acid administration, gut . . . . Gglllc a.ad modulat{ec.l the gut
7 . . . ” Gallic acid improveed gut microbiome microbiota composition, boosted
effect of gallic acid on the gut  microbiome composition, N ) . o
4 N N A N N diversity, enhanced immune response, antioxidant defences, reduced ROS 91
microbiome and immune immune response, oxidative S N
and reduced markers of oxidative stress production, and promoted SCFA
system stress N
production
. . Air pollution induced oxidative
. . . Air pollution exposure altered gut S .
Panel study of asthmatic Air pollution exposure, gut . S . . stress, dysbiosis, and immune
A . N N o microbiota in asthmatic children, N .
5 children exposed to air microbiome composition, X system dysregulation, which 92
N n exacerbating asthma symptoms by .
pollution asthma severity A, X - negatively affected asthma
promoting inflammation and dysbiosis
management and gut health
In vi i n the effe BPA in i0si:
vivo studies on the effects BPA exposure altered the gut microbiota . ducgd dysbiosis,
of bisphenol A (BPA) . . L. N N inflammation, and hormone
. . BPA exposure, gut microbiota, composition, promoting obesity and . . N .
6 exposure in relation to ) A © Lo N . disruption, affecting metabolic 93
. . obesity, cardiovascular health cardiovascular complications in animal .
obesity and cardiovascular models pathways and gut-brain
disease communication
. Nanoplastic exposure disrupted gut Nanoplastics induced oxidative
Exposure to nanoplastics, gut 3 N : X P
Medaka fish exposed to low , N 3 N microbiota, affecting gut health, stress and immune activation,
7 ¥ microbiota, physiological and . X . : - / 94
levels of nanoplastics . f metabolism, and immune response in leading to altered gut microbiome
biochemical effects . . - .
medaka fish and impaired gut function
. Benzo [a]pyrene exposure, Lo Antioxidant properties of
Mice exposed to benzo . C L . Isoorientin attenuated benzo [a]pyrene- . o © A
) isoorientin administration, . - X isoorientin alleviated oxidative
8 [a]pyrene, treated with - X X induced colon injury and normalised gut . N 95
: - colon injury, gut microbiota . P R stress, reduced inflammation, and
isoorientin s microbiota in mice . .
composition restored gut microbiome balance
E;teiii:::rgﬁi‘;viiﬂiih;mle Dysbiosis exacerbated hepatic oxidative Antioxidants regulated the gut
oxﬁiative stress and Gut microbiota, hepatic stress and contributed to MASLD. microbiota composition, promoted
9 ) X oxidative stress, MASLD, Antioxidants modulated gut microbiotato ~ SCFA production, and reduced 96
metabolically associated . . . N . A .
. . antioxidant role reduce liver inflammation and improve oxidative damage to the liver,
steatotic liver disease metabolic outcomes thereby protecting against MASLD
(MASLD) g Yy P 8 ag;
. . . Microplastic exposure, Microplastics disrupted gut microbiota, Microplastics mdu;ed o.xldatlve
Filter-feeding amphioxus lasticsphere, gut microbiota, hysiological functions, and gene damage and gut microbiome
10  exposed to microplastics and P P "8 ¢ phy: 8 " 8! dysbiosis and altered gene 97

plastisphere

physiological and biochemical
responses

expression in amphioxus, leading to
oxidative stress and impaired health

expression, affecting the overall
health of the organism

Pesticide-induced toxicity. Extensive research has shown that pesticides profoundly
affect the gut microbiota, leading to disruptions in microbial diversity and changes in the
balance between commensal and pathogenic species [100]. The effects of various classes of
pesticides, including organophosphates and pyrethroids, on the composition and function
of the gut microbiota have been well documented, with results indicating a decrease in
microbial diversity accompanied by an overgrowth of pathogenic strains [101-103]. Such
perturbations have been shown to affect the production of SCFAs, which play a critical role
in maintaining the integrity of the gut barrier and modulating immune responses [102].
Furthermore, Meng et al. highlight that these microbial alterations can have systemic effects,
including inflammation and metabolic dysregulation, underscoring the sensitivity of the gut
microbiota to pesticide exposure and its role as an unintended target of toxic effects [104].

The gut microbiota is increasingly recognised as a central component of the gut-brain
axis, influencing a range of systemic physiological processes, including neurological health
[105]. Pesticide exposure has been implicated in exacerbating gut dysbiosis, a phenomenon
involved in the pathogenesis of neurodegenerative diseases, e.g., Parkinson’s disease
[106]. The disruption of microbial metabolite profiles induced by pesticide exposure
has been shown to promote inflammation and oxidative stress, both of which contribute
to neurodegenerative pathways [106]. Recent studies have also identified changes in
neurotransmitter synthesis, i.e.,, decreased levels of gamma-aminobutyric acid (GABA)
and serotonin, further linking pesticide-induced gut dysbiosis to neurological dysfunction
[107]. In addition, non-target effects of pesticides on the gut microbiota have been found
to increase health risks, highlighting the need to understand these interactions to mitigate
their long-term consequences [105].
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The public health implications of pesticide-induced disruption of the gut microbiota
have been widely discussed [103, 106], with studies highlighting the need for a
comprehensive assessment of pesticide safety, particularly about unintended effects on
microbial ecosystems [101]. These authors further argue that the gut microbiota is a critical
mediator in translating environmental exposures into systemic health effects, including
immune dysregulation and chronic disease progression. For example, long-term pesticide
exposure has been associated with increased susceptibility to inflammatory bowel disease
and metabolic disorders, such as obesity and type 2 diabetes, due to microbiota-induced
immune dysfunction [101, 103]. In addition, Abou Diwan et al. provide evidence that
maternal exposure to pesticides induces microbiota perturbations in both the mother and
the offspring, with potential transgenerational effects [108]. Given the broad implications
of gut microbiota perturbations for metabolic, immune, and neurological health, addressing
these effects is imperative for public health.

Environmental pollutants, gut microbiota dysbiosis, and antibiotic resistance

Perturbations in microbial homeostasis, caused by environmental pollutants such
as toxic metals and microplastics, have been shown to significantly alter the composition
and diversity of the gut microbiota, leading to dysbiosis. This condition is characterised by
reduced beneficial microbial populations, such as Lactobacillus and Bifidobacterium, and
a concurrent increase in opportunistic pathogens like Escherichia and Enterococcus [56,
109, 110]. For instance, exposure to heavy metals, including cadmium, lead, and mercury,
has been demonstrated to disrupt microbial communities [79, 111, 112]. Furthermore,
microplastics have been shown to exacerbate dysbiosis by adsorbing environmental toxins
and acting as vectors for pathogenic bacteria [112]. These imbalances have been shown
to activate molecular pathways, including immune dysregulation and increased intestinal
permeability, facilitating oxidative stress.

It has been established that chronic exposure to pollutants, such as bisphenol A (BPA), is
associated with elevated ROS production. This, in turn, has been shown to result in oxidative
damage to intestinal epithelial cells and compromise barrier integrity [13, 14, 113]. This
cascade has been demonstrated to promote chronic inflammation, immune dysfunction, and
systemic diseases [79]. Furthermore, microbial dysbiosis has been demonstrated to impact
pivotal metabolic processes, including nutrient absorption and bile acid metabolism, thereby
exacerbating gastrointestinal disorders and predisposing individuals to metabolic and liver
diseases, such as metabolic syndrome, non-alcoholic fatty liver disease (NAFLD), and insulin
resistance [21, 114-118].

The long-term ramifications of dysbiosis are further compounded by the emergence of
antibiotic resistance (ABR), a phenomenon that is exacerbated by the persistent utilisation
of antibiotics and environmental contamination. The presence of pollutants such as
antibiotics and heavy metals in the environment has been demonstrated to facilitate the
horizontal transfer of antibiotic resistance genes (ARGs), thereby creating reservoirs of
resistant bacterial strains [119-122]. Heavy metals, including arsenic and copper, have been
demonstrated to co-select for antibiotic resistance. This phenomenon occurs through the
induction of stress responses that promote genetic adaptations, thereby enhancing bacterial
survival under conditions detrimental to their growth [123, 124]. Consequently, multidrug-
resistant bacteria proliferate in the gastrointestinal tract, limiting therapeutic options and
preventing pathogenic microorganisms’ persistence [125, 126].

It is also important to note that microbial alterations in the gut microbiota can promote
the carriage of extended-spectrum (-lactamase (ESBL)-producing Enterobacteriaceae,
further complicating antimicrobial treatments [127]. This dynamic interplay between
dysbiosis and the dissemination of ABR genes signifies a pivotal public health concern,
bearing substantial ramifications for individual and global health security.
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Environmental spread of antibiotic resistance genes

Recent research highlights the escalating and multifaceted challenge of antibiotic
resistance (AR) in the environment, with profound implications for public health and
ecosystem stability. The ubiquitous presence of antibiotic resistance genes (ARGs) in
aquatic environments, as demonstrated by Liu et al. [128] and Shao et al. [129], highlights
the contamination of natural water bodies and their potential role as reservoirs for the
transmission of resistance to humans and animals. This contamination is further exacerbated
by the accumulation of heavy metals, microplastics, and other contaminants, which have
been shown to co-select for ARGs, enhancing their persistence and mobility within microbial
communities. These contaminants are mainly derived from agricultural runoff, wastewater,
and improper disposal of pharmaceuticals, facilitating the widespread distribution of ARGs
in different ecological systems [130, 131]. In addition, anthropogenic activities, including
industrial waste discharges and aquaculture practices, have been identified as significant
contributors to the spread of ARGs, further exacerbating the environmental burden of
antibiotic resistance [130, 132].

The scientific literature on ARGs has extensively documented the complex mechanisms
that govern their persistence and spread in environmental ecosystems, raising significant
global public health concerns. Jian et al. provide a comprehensive review of the occurrence,
transmission, and mitigation strategies associated with ARGs, highlighting their widespread
presence in various environmental matrices, including wastewater, agricultural soils, and
natural ecosystems [133]. The authors highlight the critical role of mobile genetic elements
(MGEs) in promoting horizontal gene transfer between bacterial populations, thereby
accelerating the spread of resistance. In particular, integrons, transposons, and plasmids
play a pivotal role in this genetic exchange, enabling bacteria to acquire and disseminate
resistance determinants even without direct antibiotic selection pressure [134]. They also
identify key factors driving the persistence of ARGs, such as the overuse and misuse of
antibiotics in clinical and agricultural settings and environmental contamination through
wastewater discharge [133]. Recent metagenomic studies have further demonstrated that
ARGs can persist in environmental reservoirs for extended periods, with some resistant
bacteria exhibiting enhanced survival strategies, including biofilm formation and efflux
pump activation, which confer additional resilience to environmental stressors [135]. Given
the potential risks posed by the unchecked spread of ARGs, the authors advocate stringent
monitoring and control measures to mitigate the impact of antibiotic resistance on public
and environmental health. Emerging bioremediation strategies, such as bacteriophage
therapy, advanced oxidation processes, and constructed wetlands, have been proposed as
innovative approaches to reduce the prevalence of ARGs in contaminated environments and
offer potential ways to mitigate the global threat of antibiotic resistance [130].

Environmental drivers of antibiotic resistance

As highlighted in the relevant literature, significant environmental factors contributing
to antibiotic resistance include the presence of microorganisms carrying ARGs in different
environmental compartments and the impact of human activities on their spread [10]. For
example, Jian et al. highlight that bacteria carrying ARGs are found in various environments,
including soil, water, and industrial waste. In particular, improper disposal of antibiotic-
contaminated waste, especially through wastewater contamination, has been identified as a
significant factor in the spread of antibiotic resistance [133]. In addition, traces of antibiotics
and ARGs have been detected in water used for agricultural and livestock purposes,
contributing to the spread of these genes and facilitating their further spread among
microorganisms in the natural environment [136]. Increased agricultural intensification,
with overuse of antibiotics, has further exacerbated the problem by providing a continuous
source of resistance genes in the environment [12].
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In addition, industrial waste pollution and the use of antibiotics in aquaculture have
been identified as significant sources of ARGs in natural ecosystems [137]. Yuan et al.
showed that the routine use of antibiotics in fish farming contributes to an increase in
antibiotic-resistant bacteria, thereby facilitating the spread of resistance [138]. Aquaculture
practices, especially in large-scale operations, have been shown to contribute significantly
to environmental contamination with ARGs due to the widespread and often indiscriminate
use of antibiotics. Nguyen et al. conducted a comprehensive analysis of current strategies for
monitoring ARGs in wastewater treatment and highlighted the challenges associated with
detecting and removing these genes from wastewater effluents [136]. Their findings suggest
that wastewater treatment plants often fail to effectively eliminate ARGs, spreading resistant
bacteria to the surrounding environment. Technological advances in detecting and removing
ARGs are needed to mitigate their environmental impact and prevent the further evolution
of resistance in bacterial populations.

Yuan et al. review the role of aquaculture in the spread of ARGs, emphasising the
contamination of aquatic environments due to the extensive use of antibiotics in fish farming
[138]. Their review highlights that the overuse of antibiotics in aquaculture has led to a
significant increase in the prevalence of antibiotic-resistant bacteria, capable of transferring
ARGs to other microbial populations in the water. This process, known as the ‘resistance
cycle’, not only exacerbates environmental contamination but also poses a potential risk to
human health through consuming contaminated seafood [138].

Research focused on the prevalence, distribution, and transfer of ARGs in different
environmental settings, highlighting the complex interactions within the One Health
framework. Liu et al. investigated the presence of ARGs in the surface water of a subtropical
drinking water river-reservoir system, revealing significant contamination in aquatic
environments with profound implications for both environmental and human health [128].
Kim et al. investigated the dynamics of ARG gain and loss in multidrug-resistant bacteria,
particularly emphasizing the impact of these processes for human and environmental health.
Their findings suggest that the environment acts as both a reservoir and a mediator for the
persistence and spread of resistance genes [139].

Ajayi et al. provide a comprehensive review of ARGs across different ecosystems,
reinforcing the interconnectedness of animal, human, and environmental health and
highlighting the need for a holistic approach to managing antimicrobial resistance [140].
Shao et al. reviewed the movement, transformation, and distribution of antibiotics and ARGs
in aquatic systems and identified key environmental factors that facilitate the spread of
resistance. Their work highlights the importance of the aquatic environment as a conduit
for the spread of ARGs, which can exacerbate resistance in both the environment and human
populations [129].

Thus, these studies underscore the ubiquitous presence of ARGs in various environments
and the need for integrated strategies to combat antimicrobial resistance. The growing
body of research highlights the urgent need for comprehensive monitoring, reduction,
and remediation of ARGs in the environment. Interdisciplinary approaches involving
environmental management, technological innovation in waste treatment, and regulation of
antibiotic use in all sectors are essential to effectively protect public health and mitigate the
environmental drivers of antibiotic resistance.

Environmental pollutants, oxidative stress, and gut microbiome dysbiosis

Excessive production of ROS is a critical mechanism by which environmental pollution
affects the human gut microbiome and overall health. Pollutants, such as heavy metals,
pesticides, and particulate matter, generate ROS in biological systems, leading to oxidative
stress [16]. In the gut, oxidative stress disrupts the balance of microbial communities,
leading to dysbiosis, i.e., an imbalance between beneficial and harmful microbes [141].
Environmental pollutants interfere with antioxidant enzyme activity through various
mechanisms, as shown in Fig. 4. They inhibit the expression of antioxidant enzymes, deplete
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Fig. 4. Mechanisms of
pollutant-induced disruption
of antioxidant function in
the gut microbiome and in
the organism. Environmental
pollutants interfere with
antioxidant enzyme activity
by a variety of mechanisms.
They inhibit enzyme
expression by binding
directly to active sites or by
downregulating encoding
genes, generate excessive
reactive oxygen species (ROS)
that overwhelm defences, and
impair essential cofactors
such as zinc and selenium.
In addition, toxins induce
gut microbiome dysbiosis,
oxidative damage to enzymes
and epigenetic modifications, while also disrupting redox signalling pathways and gut barrier integrity.
Chronic inflammation and lipid peroxidation products further exacerbate oxidative stress and exacerbate
the suppression of antioxidant enzyme activity.

essential cofactors, and generate excessive ROS, overwhelming the body’s antioxidant
defences [142, 143]. In addition, pollutants can alter the activity of key enzymes involved in
antioxidant defence, aggravating oxidative stress and exacerbating the negative impact on
microbial health [144].

In addition, these pollutants induce gut microbiome dysbiosis, cause oxidative damage
to enzymes, and induce chronic inflammation, all of which further suppress enzyme
activity [14]. These combined effects contribute to systemic oxidative stress and impaired
redox balance, as shown in Fig. 4. This systemic oxidative stress is associated with several
metabolic disorders that compromise immune function and increase susceptibility to various
diseases [145]. In turn, oxidative stress promotes the production of ROS through microbial
metabolism, creating a vicious cycle of oxidative damage. This imbalance can compromise
the integrity of the intestinal barrier, exacerbate inflammation, and affect overall systemic
health [141].

A wide range of diseases have been linked to prolonged exposure to environmental
pollutants and the mechanisms outlined above, including irritable bowel syndrome [146],
Crohn’s disease [147], ulcerative colitis [148], type 2 diabetes [149], obesity [150], insulin
resistance [151], rheumatoid arthritis [152], systemic lupus erythematosus [153], non-
alcoholic fatty liver disease [154], liver cirrhosis [155], atherosclerosis [156], hypertension
[157], myocardial infarction [158], Alzheimer’s disease [159], Parkinson’s disease [160],
amyotrophic lateral sclerosis [161], colorectal cancer [162], liver cancer [163], chronic
obstructive pulmonary disease [164], and asthma [150]. These diseases share standard
pathogenic mechanisms driven by environmental pollutants, gut dysbiosis, and oxidative
stress, highlighting the need for integrated strategies to address these interrelated factors
[146-164].

Paun and Danska [165] emphasised the pivotal role of the gut microbiome in influencing
the risk of type 1 and type 2 diabetes, highlighting its bidirectional relationship with systemic
metabolic health. Similarly, Zhao etal. established alink between exposure to PM, . particulate
matter and insulin resistance via microbiome-mediated mechanisms [166]. Together, these
findings emphasise the complex interplay between environmental pollutants, microbial
dysbiosis, and host physiology, and highlight the importance of addressing environmental
exposures to mitigate their adverse health effects.
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Environmental pollution significantly disrupts antioxidant enzyme activity in the gut
microbiome and the organism through various mechanisms. Pollutants, such as heavy
metals, particulate matter, and pesticides, have been shown to inhibit the expression
or activity of critical enzymes, including superoxide dismutase (SOD) and glutathione
peroxidase (GPx). These pollutants act either by binding to the active sites of these enzymes
or by down-regulating genes responsible for their synthesis [167]. In addition, pollutants,
such as pesticides and heavy metals, can act as direct enzyme inhibitors, interfering with
their function at the molecular level [168, 169].

Pollutants also induce dysbiosis, which has been shown to reduce populations of
beneficial bacteria that contribute to antioxidant activity [14]. This microbial imbalance
further compromises the host’s ability to mitigate oxidative damage. Inflammation, often
triggered by environmental pollutants, has been shown to suppress antioxidant enzyme
synthesis through the action of pro-inflammatory cytokines [79]. This inflammatory
response can lead to a cascade of adverse events, ultimately compromising the body’s ability
to manage oxidative stress effectively. Pollutants can also cause direct oxidative modifications
to enzymes, damaging their structure and function [145]. In addition, epigenetic changes,
e.g, DNA methylation, have been shown to inhibit the transcription of antioxidant genes,
compounding the effects of pollution on enzyme expression [170, 171].

The results of the present study are consistent with those reported by Omar et al., who
demonstrated that rifaximin treatment in rats conferred protection against malathion-
induced testicular toxicity [172]. This protective effect was attributed to gut microbiome
modulation and oxidative stress mitigation through mitophagy. These observations
highlight a recurring theme across multiple studies: pollution-induced oxidative stress
significantly influences the composition of the gut microbiome, which in turn contributes
to a range of systemic health dysfunctions [172]. In support of these conclusions, research
focusing on prenatal environmental risk factors, for instance, a study conducted by Love et
al,, further reinforces the growing recognition of the impact of environmental exposures on
microbiome health [173]. This highlights the importance of understanding the mechanism
of environmental contaminants in disrupting microbial homeostasis from an early stage of
development.

As demonstrated by Klimkaite et al., exposure to pollutants such as air pollution has
been shown to induce changes in the airway microbiome, leading to molecular perturbations
[174]. This finding is consistent with the research conducted by Gao et al., who demonstrated
a direct correlation between oxidative stress and intestinal health. Their study revealed that
Bacillus coagulans, a probiotic bacterium, can alleviate copper-induced oxidative stress by
regulating oxidative pathways and modulating the composition of the gut microbiome [175].
These studies emphasise the complex interconnection between environmental pollutants,
microbiome health, and microbial communities’ adaptive or protective functions against
external stressors. Further evidence indicates that environmental pollution plays a pivotal
role in initiating oxidative stress, disrupting the gut microbiome, and influencing systemic
health. Pollutants such as microplastics, toxic metals, particulate matter, polycyclic aromatic
hydrocarbons, ozone, nitrogen oxides, secondhand smoke, pesticides, ultrafine soot,
and general air pollution have been demonstrated to cause immediate oxidative damage
[176-179]. These pollutants have also been shown to induce long-term shifts in microbial
populations in the gut and other organs. These persistent microbial disturbances contribute
to a wide range of diseases, including cognitive disorders, metabolic dysfunctions, and
reproductive toxicity [180], emphasising environmental pollution’s chronic and multifaceted
impacts on health and the challenges it poses for disease prevention and management.

Consequently, the growing body of evidence underscores the urgent need for strategies
to reduce environmental exposure to pollutants and protect the gut microbiome to prevent
or mitigate the development of chronic diseases. Therefore, a more comprehensive
understanding of the interactions between environmental stressors, oxidative stress, and
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microbiome health is essential for formulating more effective public health interventions
and treatments [13]. This integrated approach to the study of environmental health could
lead to improved strategies to mitigate the effects of pollution on human health and well-
being.

Molecular pathways linking environmental pollutants to gut microbiota
dysregulation

The molecular pathways regulating the gut microbiota in response to environmental
pollutants encompass several critical mechanisms, including inflammatory signalling,
immune modulation, and gut barrier integrity pathways [181]. In particular, the nuclear
factor kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) pathways, essential for
cellular stress responses and inflammatory regulation, have been identified as particularly
vulnerable to pollutant exposure. Their dysregulation leads to intestinal inflammation and
microbial dysbiosis [182, 183]. Toll-like receptors (TLRs), particularly TLR4 and TLR2, have
been observed to be the key mediators of pollutant-induced immune activation, initiating
inflammatory cascades that profoundly affect the gut microbiota composition [184, 185].
In addition, pollutants have been shown to impair the function of regulatory T cells (Tregs),
essential for maintaining immune tolerance and suppressing excessive inflammation [186].

Perturbations in cytokine homeostasis further exacerbate gut microbiome dysbiosis
[187]. Increased levels of pro-inflammatory cytokines, such as tumour necrosis factor-
alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1f (IL-1f), and decreased levels of
anti-inflammatory cytokines, particularly interleukin-10 (IL-10), contribute to immune
dysregulation [188]. Toxins also compromise the integrity of the intestinal barrier by
damaging tight junction proteins, including zonula occludens-1 (Z0-1), occludin, and
claudin-1, thereby increasing intestinal permeability and facilitating the translocation of
harmful microbial products into the systemic circulation [189, 190]. In addition, epithelial
growth factors (EGFs) and trefoil factors (TFFs), which are critical for intestinal repair and
epithelial cell homeostasis, are impaired by contaminants, preventing proper mucosal
regeneration and exacerbating barrier dysfunction [191].

In addition to immune modulation and gut barrier integrity, contaminants have been
shown to disrupt microbiota-host interactions by altering the production of SCFAs, including
butyrate, acetate, and propionate, which are essential for immune regulation, gut epithelial
maintenance, and barrier function [63]. Furthermore, changes in microbial metabolites, such
as secondary bile acids and tryptophan-derived indole compounds, have been observed to
disrupt both gut microbiota diversity and host metabolic homeostasis [192].

Oxidative stress pathways, particularly through the nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway, are also affected by pollutants, including heavy metals and air
pollution, leading to oxidative damage in the gut and dysbiosis. ROS generated by pollutants
further increase inflammation and epithelial injury [193]. In addition, cytochrome P450
(CYP) enzymes, which play a central role in xenobiotic metabolism and detoxification, can
modulate microbial exposure to environmental toxins, thereby significantly influencing
the composition of the gut microbiota [194]. Also, through cannabinoid receptors CB1 and
CB2, the endocannabinoid system (ECS) is susceptible to contaminant-induced alterations,
affecting gastrointestinal motility, intestinal permeability, and microbial diversity, which
collectively contribute to gut dysfunction and systemic metabolic disorders [195, 196].

The molecular pathways highlight the intricate interplay between environmental
pollutants and gut health, underscoring their widespread impact on microbial balance,
immune homeostasis, and overall gut functionality, as illustrated in Fig. 5. Importantly, these
pathways are not isolated but rather form an interconnected regulatory network in which
pollutants can disrupt multiple mechanisms simultaneously. It is hypothesised that such
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Fig. 5. Key molecular
pathways involved in the
regulation of gut microbiota
and contaminants. Key
molecular pathways
regulating gut microbiota
and pollutants include
inflammation  via  NF-
kB and MAPK pathways,
immune modulation via
TLRs and Tregs, gut barrier
integrity via tight junction
proteins and epithelial

growth factors, microbial
interaction via SCFAs and
metabolites, and oxidative stress. The influence of contaminants on these processes and their potential
consequences, such as microbiota dysbiosis, gut inflammation and compromised gut health, are the subject
of ongoing research.

perturbations contribute to gut dysbiosis, increased inflammation, compromised barrier
function, and impaired immune responses, ultimately increasing susceptibility to metabolic,
autoimmune, and inflammatory disorders. Understanding these mechanisms is essential for
developing targeted interventions to mitigate the adverse effects of environmental pollution
on gut and systemic health.

NF-kB as a mediator of environmental pollutant-induced gut microbiota dysbiosis and
inflammation. The transcription factor NF-kB is a central regulator of inflammation within
the gut microbiome, particularly in response to environmental pollutants [197]. A growing
body of research has elucidated how pollutants disrupt gut microbiota homeostasis,
contributing to systemic inflammation and disease pathogenesis. For example, polyethylene
microplastics (PE-MPs) have been shown to induce gut microbiota dysbiosis in mice,
leading to liver injury through activation of the Toll-like receptor 2 (TLR2)/NF-xB/NOD-like
receptor family pyrin domain containing 3 (NLRP3) pathway [198]. This finding highlights
the inflammatory potential of microplastics, with gut microbial imbalances triggering liver
injury via inflammation-related mechanisms. In a related study, Lin et al. demonstrated
that nano-sized polystyrene particles exhibit greater toxicity than micro-sized polystyrene
particles, primarily due to their more pronounced effects on the gut microbiota composition.
This highlights the size-dependent toxicity of microplastics and reinforces their role in
exacerbating systemic inflammation and toxicity [199].

Further supporting this line of research, Liu et al. investigated the effects of exposure to
oil mist particulate matter and found that it promotes hyperlipidaemia-related inflammation
via the microbiota/SCFAs/G-protein-coupled receptor 43 (GPR43) axis and TLR4/NF-«xB
activation. These findings reveal a complex interplay between environmental pollution,
gut microbiome alterations, and inflammation in the regulation of lipid metabolism [200].
Collectively, these studies suggest that various pollutants, e.g., microplastics, airborne
particulate matter, and industrial chemicals such as benzimidazole fungicides, disrupt the
gut microbiota balance and activate inflammatory pathways, positioning the TLR/NF-xB
axis as a central mediator in these processes.

Consistent with these findings, Lu et al. reported that carbendazim, a widely used
benzimidazole fungicide in agriculture, induced intestinal inflammation in grass carp
(Ctenopharyngodon idella) via the TLR5/NF-kB pathway [201]. This observation highlights
agricultural pollutants’ potential environmental and ecological consequences on gut health.
In a parallel study, Duan et al. highlighted the therapeutic potential of ginsenoside Rg3 in
alleviating acute radiation proctitis through modulation of the TLR4 /MyD88/NF-kB pathway,
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highlighting the critical role of TLR/NF-kB signalling in both gut inflammation and microbial
homeostasis[202]. Furthermore, Liu etal. demonstrated that exposure to antimicrobials, such
as benzalkonium chloride and triclosan, leads to sex-specific changes in the gut microbiota
composition and overall health in zebrafish [203]. This suggests that chemical pollutants
may have sex-specific effects on the microbiome structure and host health outcomes and
warrants further investigation into sex-specific responses to environmental pollutants.

NF-kB is a key transcription factor activated by several inflammatory stimuli, including
environmental pollutants, such as particulate matter (PM, ), heavy metals, and microplastics.
These pollutants have been shown to disrupt the microbial balance in the gut, leading to
inflammatory responses and systemic health complications [204-207]. In addition, extensive
research has highlighted a significant impact of environmental pollutants, particularly
microplastics, airborne particulate matter, and agricultural pesticides, on the gut microbiota
composition and the initiation of systemic inflammation via inflammatory pathways such as
the Toll-like receptor (TLR)/NF-xB axis [206, 208, 209]. These pollutants have been shown
to induce gut dysbiosis, which subsequently leads to serious health problems, including
liver damage, hyperlipidaemia, and gastrointestinal inflammation [76, 101, 102]. Emerging
evidence suggests that pollutants also affect tight junction proteins, such as Z0-1, occludin,
and claudin-1, thereby increasing intestinal permeability and the risk of inflammatory
diseases [210].

These studies highlight the central role of the TLR/NF-kB pathway in mediating
pollutant-induced gut microbiota dysbiosis and inflammation [198]. These findings have
important implications for understanding the interplay between environmental pollution,
gut health, and systemic disease development. They also highlight the need for targeted
strategies to mitigate pollutant exposure and its adverse health consequences.

Nrf2/Keap1 pathway regulates oxidative stress and gut microbiome homeostasis. The
Nrf2/Keap1 signalling pathway regulates antioxidant responses, protects cells from oxidative
stress, and maintains cellular homeostasis [211]. In normal physiological conditions, nuclear
factor erythroid 2-related factor 2 (Nrf2) remains bound to Kelch-like ECH-associated
protein 1 (Keapl), facilitating its ubiquitination and subsequent degradation, thereby
maintaining low basal levels of Nrf2 activity [212]. However, upon exposure to oxidative
stress or environmental pollutants, e.g., airborne particulate matter (PM, ), heavy metals,
and microplastics, Nrf2 is released from Keap1. It translocates to the nucleus, where it binds
to the antioxidant response element (ARE) and upregulates the expression of antioxidant
genes and detoxifying enzymes, including superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), and heme oxygenase-1 (HO-1) [213, 214]. This activation is
protective by neutralising ROS and preserving cellular structures, particularly within the
intestinal epithelium. In gut health, Nrf2 activation is essential for maintaining microbial
homeostasis, regulating inflammatory responses, and preventing gut dysbiosis caused by
oxidative stress. In particular, prolonged exposure to environmental pollutants can impair
Nrf2 activation, leading to an imbalance in antioxidant defences, increased intestinal
permeability, and systemic inflammation [215].

From a molecular biological and physiological perspective, Nrf2 activation represents
a fundamental cellular defence mechanism against oxidative damage, particularly in the
intestinal tract and liver [215]. Saeedi et al. demonstrated that gut-dwelling lactobacilli
stimulate hepatic Nrf2 activation, enhancing the liver’s resilience to oxidative stress. The
study highlighted that lactobacilli modulate the expression of hepatic antioxidant enzymes
through Nrf2 signalling, thereby mitigating ROS accumulation resulting from environmental
pollutants and dietary imbalances. This highlights the intricate gut-liver axis in which
microbiota-derived metabolites influence systemic oxidative responses [216]. Similarly,
Wang et al. provided evidence that exposure to fundamental ambient PM,, particles
induces oxidative stress in both lung and gut, leading to Nrf2 activation as a compensatory
mechanism to counteract pollutant-induced damage. These findings suggest that the gut
microbiota - particularly beneficial bacteria such as lactobacilli - play a critical role in
modulating oxidative stress in distant organs via the Nrf2 pathway, thereby enhancing the
gut’s contribution to systemic protection against environmental pollutants [217].
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These studies highlight the Nrf2/Keap1 axis as a key molecular pathway mediating
cellular defence against oxidative stress and pollution-induced damage. Given its central role
in modulating antioxidant defences, reducing inflammation, and maintaining microbiome
homeostasis, targeting Nrf2 offers significant therapeutic potential for preventing and
treating pollution-induced diseases. Future research should further explore pharmacological
and dietary strategies to enhance Nrf2 activation to counteract oxidative damage and
inflammation associated with environmental exposures.

PI3K/AKT and MAPK pathways as key regulators of cellular stressresponse to environmental
pollutants. The PI3K/AKT and p38-MAPK pathways are essential cellular stress response
mechanisms for maintaining homeostasis in environmental stressors, including exposure
to various pollutants [218]. These signalling cascades enable cells to detect and respond to
external stressors, such as oxidative stress, inflammation, and DNA damage, which are often
induced by environmental pollutants, including air pollution, heavy metals, and particulate
matter. The PI3K/AKT/mTOR signalling pathway is pivotal in regulating fundamental cellular
processes, such as cell survival, autophagy, and apoptosis, in response to pollutants and
toxins [219, 220]. Studies reported by Guo et al. [221] and Yin et al. [222] provide compelling
evidence that metals, such as arsenic and nickel, can activate the PI3K/AKT/mTOR pathway
in a variety of organisms, including common carp and mouse models. Specifically, PI3K/
AKT/mTOR activation enhances cellular survival under oxidative stress and toxin exposure,
thereby reducing apoptosis and mitigating pollutant-induced damage [221, 222].

In particular, Guo et al. (2021) demonstrated that zinc can counteract arsenic-induced
toxicity in fish by modulating the PI3K/AKT/mTOR signalling cascade, thereby protecting the
intestine from arsenic-induced damage. This finding highlights the adaptive function of this
signalling pathway in mitigating the toxic effects of environmental pollutants, particularly
heavy metals [221]. Furthermore, the role of PI3K/AKT/mTOR in promoting autophagy
was emphasised by Yin et al. (2021), who demonstrated that nickel exposure disrupts
cellular homeostasis by impairing autophagic mechanisms [222]. In parallel, this pathway
closely interacts with MAPK signalling and autophagic processes to regulate inflammation,
metabolism, and immune responses. Studies conducted by Zhang et al. [223] and Lu et al.
[224] highlight the importance of the PI3K/AKT/mTOR axis in controlling apoptosis and
autophagy in cells exposed to air pollutants, including PM, , and microplastics. Zhang et al.
identified the role of the PI3K/AKT/mTOR pathway in modulating autophagy in alveolar
epithelial cells, where chronic exposure to PM, . promotes apoptosis and disrupts cellular
homeostasis. Dysregulation of these pathways due to prolonged pollution exposure has been
linked to chronic inflammation, gut dysbiosis, and impaired barrier function, highlighting
their relevance in environmental health research [223, 224].

Furthermore, Sun et al. [225] and Dong et al. [226] have shown that environmental
pollutants such as bisphenol A activate the PI3K/AKT/mTOR pathway, leading to abnormal
autophagy and immune dysfunction. This dysregulation has been implicated in the
pathogenesis of autoimmune diseases, highlighting the broader health implications of
environmental toxin exposure [225, 226]. Bisphenol A, a widely recognised environmental
contaminant commonly found in plastics, profoundly affects cellular stress response
mechanisms by disrupting PI3K/AKT/mTOR signalling, altering immune homeostasis and
increasing disease susceptibility [226].

In addition, exposure to bisphenol A has been shown to cause a wide range of
adverse health effects, particularly when individuals are concurrently exposed to other
environmental contaminants. BPA acts as an endocrine-disrupting chemical, interfering
with hormonal signalling and leading to developmental disruption, neurotoxicity, and
reproductive health disturbances [227]. Early life exposure to BPA has been linked to
childhood obesity, neurodevelopmental disorders, and increased susceptibility to metabolic
diseases later in life [228]. BPA exposure has also been associated with liver toxicity. It may
result in transgenerational effects, as seen in a study reporting liver defects in medaka fish
after multiple generations of BPA exposure [229]. Furthermore, combining BPA with other
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environmental chemicals, such as phenols, pesticides, and phthalates, has been shown to
exacerbate obesity and increase health risks [230]. The complexity of BPA mechanisms
highlights the importance of understanding its interaction with other contaminants to assess
its long-term effects on human health [231].

The results of studies further highlight the significant effects of environmental toxicants,
including microplastics, cadmium, arsenic, and nanoparticles, on various biological systems,
particularly through inflammatory responses and cellular damage via MAPK signalling [232].
Trophic transfer of nanoplastics leads to intestinal inflammation, dysbiosis, and activation
of inflammatory pathways in zebrafish, highlighting the environmental risks of microplastic
pollution. Xie et al. [233] and Li et al. [234] showed that polystyrene microplastics induce
reproductive toxicity and oxidative stress via MAPK pathways, exerting deleterious effects
on multiple organs, including the heart.

Furthermore, Cao et al. observed that cadmium exposure induced apoptosis and
mitochondrial damage in BEAS-2B cells through MAPK signalling [235]. Moreover, Liu
et al. [236] and Ijomone et al. (2021) [237] observed that heavy metals such as arsenic
induce depression and anxiety-like behaviours in mice through ROS/p38 MAPK/NLRP3
inflammasome activation, linking environmental stressors to neurobehavioural health.
In addition, Han et al. investigated the effects of nanoparticle exposure on the lungs,
demonstrating how viral reactivation can exacerbate lung damage and contribute to
emphysema [238]. These studies highlight the widespread activation of MAPK signalling
pathways, which are central to the toxicological mechanisms behind the deleterious effects
of various environmental pollutants on cellular integrity, inflammation, and general health.

Thus, the PI3K/AKT/mTOR pathway is critical in cellular stress responses to
environmental pollutants. This pathway influences cell survival, inflammation, and
immune responses and is essential for protecting cells from oxidative stress and regulating
apoptosis and autophagy in response to pollutants. The interaction of this pathway with
MAPK signalling and its ability to modulate immune responses emphasises its importance
in environmental health and disease prevention. Thus, further research into the modulation
of these signalling mechanisms offers significant potential for therapeutic intervention in
preventing pollution-related diseases.

Role of JAK/STAT signalling in the effects of environmental pollutants, gut microbiome
dysbiosis, and immune dysregulation. The gut microbiome plays a critical role in modulating
immune responses, and its composition can be significantly altered by various environmental
factors, including pollution [13, 14]. Emerging evidence suggests that exposure to pollutants,
such as heavy metals, polycyclic aromatic hydrocarbons (PAHs), and persistent organic
pollutants (POPs), is associated with changes in microbial diversity thatimpair hostimmunity
and metabolic functions [63, 109]. In particular, pollutants, excellent particulate matter
(PM, ), and chemical compounds have been shown to affect the structure of the microbiome,
leading to dysbiosis (an imbalance in microbial communities), which subsequently affects
immune function and homeostasis [14].

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signalling
pathway is a fundamental mechanism by which environmental pollution modulates immune
responses. This pathway is essential for mediating inflammatory and immune reactions and
is critical in cellular proliferation, differentiation, and apoptosis [239, 240]. Dysregulation
of this pathway, induced by microbial shifts resulting from contaminant exposure, can
lead to chronic inflammation, immune suppression, and the onset of autoimmune and
inflammatory diseases [241]. In addition, oxidative stress and changes in gut permeability
driven by pollutant-induced microbiome perturbations may further contribute to immune
dysfunction, exacerbating inflammatory bowel disease and metabolic syndrome [14, 18].

Several biomarkers can be used to monitor the impact of pollution on both the gut
microbiome and the immune system, highlighting the need to maintain microbiome balance
in response to environmental stressors. In particular, various biomarkers, such as pro-
inflammatory cytokines (e.g. interleukin-6, tumour necrosis factor-a), acute-phase proteins
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Fig. 6. Biomarkersassociated
with the gut microbiome
and immune dysregulation,
particularly through the JAK/
STAT pathway in response to
environmental pollution.

(C-reactive protein), faecal calprotectin, and SCFAs, serve as key indicators of microbial and
immune dysregulation [242, 243]. Biomarkers associated with the gut microbiome and
immune dysregulation, particularly those related to the JAK/STAT pathway in response to
contaminant exposure, are shown in Fig. 6.

Furthermore, Jin et al. showed that beryllium sulphate induces epithelial-mesenchymal
transition (EMT) via JAK/STAT modulation, illustrating the involvement of this pathway
in cellular transformation and fibrosis. Another crucial aspect of the role of the JAK/STAT
pathway in immune dysregulation is its relevance in assessing the health effects of pollution
[244]. Liu et al. investigated how hydrogen sulphide attenuated myocardial fibrosis via JAK/
STAT signalling, demonstrating the potential of the pathway for therapeutic targeting [245].
Similarly, Ji et al. found that nitrogen dioxide exposure exacerbated airway inflammation
via JAK/STAT activation, highlighting its role in systemic inflammation and respiratory
pathophysiology [246]. In addition, Mobasher et al. reported that Annona squamosa extract
exhibited protective effects against testicular injury by modulating JAK-1/STAT-3/SOCS-
1 signalling, suggesting a potential pharmacological intervention against contaminant-
induced toxicity [247]. Furthermore, Kim et al. provided evidence that prenatal exposure to
bisphenol compounds induces epigenetic modifications, specifically DNA methylation, which
may alter immune function via JAK/STAT signalling [248]. These findings highlight the need
for further research into epigenetic regulation as a mediating factor in contaminant-induced
immune dysregulation.

In conclusion, these studies highlight the importance of understanding the effect of
pollutants on JAK/STAT signalling to assess their impact on gut microbiome health and
immune dysregulation. Given the increasing prevalence of pollution-related diseases,
targeted therapeutic strategies to restore microbial homeostasis and modulate JAK/
STAT activity may offer novel approaches to mitigate pollutant-induced inflammatory and
metabolic disorders.

Role of the TLR4/MyD88 pathway in environmental pollutant-induced immune
dysregulation and inflammatory disorders. The Toll-like receptor 4 (TLR4)/myeloid
differentiation primary response gene 88 (MyD88) signalling pathway has been extensively
documented as a critical mediator in microbial sensing and regulation of inflammatory
responses through innate immune activation [249]. These functions are closely linked to
the gut microbiome and its interactions with environmental contaminants, which can alter
the microbial composition and immune homeostasis. TLR4, a well-characterised pattern
recognition receptor (PRR), is responsible for recognising microbial components such as
lipopolysaccharides (LPS) from Gram-negative bacteria, triggering downstream immune
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signalling via the MyD88 adaptor protein, ultimately leading to nuclear factor kappa B (NF-
kB) activation and pro-inflammatory cytokine release [250]. Within the gastrointestinal
tract, this pathway is fundamental in maintaining immune balance, regulating microbial
diversity, and modulating inflammatory responses to external stressors [185].

Exposure to environmental pollutants, including fine PM, ., heavy metals, POPs, and
EDCs, has been shown to disrupt the gut microbiome, leading to dysbiosis and aberrant
immune activation [13, 109]. Dysbiotic changes, characterised by an increased abundance
of pro-inflammatory bacterial taxa and a reduction in beneficial microbial populations, have
been shown to lead to overactivation of the TLR4/MyD88 signalling cascade, triggering
chronic low-grade inflammation and oxidative stress [251]. This inflammatory state has
been implicated in the pathogenesis of numerous diseases, including gastrointestinal
disorders (e.g., inflammatory bowel disease and colorectal cancer) [252, 253], metabolic
syndromes (e.g., type 2 diabetes and obesity) [254], and systemic inflammatory conditions
(e.g. cardiovascular disease and neurodegenerative disorders) [255, 256]. In addition,
pollutants have been shown to increase intestinal permeability by compromising tight
junction integrity, facilitating endotoxin translocation and systemic immune activation,
further exacerbating disease progression [190].

Recent research highlights the central role of the TLR4/MyD88 pathway in mediating
the inflammatory effects of environmental pollutants, particularly PM,, heavy metal
contaminants, and wastewater-derived pollutants, which have been shown to have profound
effects on both gastrointestinal and respiratory health [257-259]. Specifically, Wu et al.
reported that PM, . exposure-induced lung epithelial injury was exacerbated by TLR4/
MyD88-mediated autophagy dysregulation, linking air pollutants to lung inflammation [258].
Similarly, Liu et al. found that exposure to reclaimed water induced acute lung inflammation
via the TLR4/MyD88 pathway, further highlighting the role of microbial sensing in pollution-
induced respiratory disease [259]. In addition, Wu et al. demonstrated that astragaloside
IV, a bioactive compound, alleviated PM, .-induced lung injury by modulating the TLR4/
MyD88/NF-kB pathway, offering potential therapeutic interventions for pollution-induced
inflammatory diseases [258]. Further investigations have extended these findings,
highlighting the role of the TLR4/MyD88 axis in pollutant-induced immune dysregulation
across multiple organ systems. He et al. found that urban PM,, exacerbates allergic lung
inflammation via the TLR2/TLR4/MyD88 pathway, leading to airway hyperresponsiveness,
a hallmark of asthma [257]. In addition, Wang et al. demonstrated that PM, . exposure
exacerbated airway inflammation in asthmatic mice by activating NF-xB through MyD88
signalling, further supporting the involvement of TLR4/MyD88 in pollution-induced lung
pathology [260].

Emerging evidence suggests that targeting the TLR4/MyD88 pathway may be a potential
therapeutic approach to mitigate pollutant-induced immune dysregulation. For example,
phytochemicals, such as curcumin, resveratrol, and epigallocatechin gallate (EGCG), have been
shown to downregulate TLR4/MyD88-mediated inflammation, offering promising avenues
for clinical intervention [261-263]. In addition, probiotic supplementation to restore gut
microbial homeostasis has been explored to reduce pollutant-induced activation of TLR4/
MyD88 signalling, thereby modulating immune responses and alleviating inflammation-
related diseases [264].

Collectively, these studies underscore the critical role of the TLR4/MyD88 pathway in
environmental pollutant-induced inflammation and highlight its involvement in a range of
health disorders, from gastrointestinal and respiratory diseases to metabolic and hepatic
dysfunction. Future research should focus on identifying novel biomarkers of pollutant-
induced immune activation and developing targeted interventions to modulate TLR4/
MyD88 signalling, ultimately improving public health outcomes in polluted environments.
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Role of PPAR-y in gut homeostasis and immune regulation under environmental pollutant-
induced suppression. Peroxisome proliferator-activated receptor gamma (PPAR-y) is anuclear
receptor that is a critical regulator of numerous physiological processes, including immune
modulation, regulation of inflammatory responses, lipid and glucose metabolism, and
maintenance of gut homeostasis [265]. In particular, its role in promoting anti-inflammatory
pathways and modulating the gut microbial composition is essential for maintaining gut
health and immune balance. PPAR-y exerts its effects by controlling the differentiation of
regulatory T cells (Tregs), suppressing the production of pro-inflammatory cytokines, and
promoting the growth of beneficial gut bacteria, such as those involved in the production of
SCFAs, including butyrate [266].

The downregulation of PPAR-y by contaminant exposure has profound implications for
gut health, particularly its effects on intestinal immune homeostasis and epithelial barrier
integrity [267]. PPAR-y plays a central role in modulating the immune system by regulating
the balance between pro- and anti-inflammatory responses within gut-associated lymphoid
tissue (GALT), preserving epithelial integrity, and inhibiting excessive immune activation
in response to microbial antigens [268]. When PPAR-y activity is suppressed, the resulting
immune dysregulation predisposes individuals to chronic low-grade inflammation, which
can drive changes in the gut microbiome and promote dysbiosis [269]. This dysbiotic state is
often characterised by an overgrowth of pathobionts (Escherichia coli, Clostridium difficile)
and a reduction in beneficial microbes, such as Bifidobacterium and Faecalibacterium,
which produce SCFAs that are essential for maintaining gut barrier function and immune
homeostasis [270]. SCFAs, particularly butyrate, serve as energy substrates for intestinal
epithelial cells, strengthen tight junction proteins (occludin, claudin-1), and suppress
inflammation via epigenetic modifications affecting NF-«B signalling [271, 272].

In addition to altering the composition of the gut microbiota, PPAR-y downregulation
impairs immune tolerance mechanisms, rendering the gut more susceptible to chronic
inflammation, increased intestinal permeability (also known as “leaky gut”), and
gastrointestinal disorders, such as inflammatory bowel disease and irritable bowel syndrome
[273, 274]. Furthermore, disruption of PPAR-y signalling has been shown to increase
intestinal permeability by compromising tight junction integrity, leading to endotoxaemia,
a condition in which bacterial endotoxins such as lipopolysaccharides translocate from the
intestinal lumen into the systemic circulation, exacerbating immune activation and systemic
inflammation [275, 276]. This process has been implicated in the pathogenesis of metabolic
disorders, such as obesity, type 2 diabetes mellitus, and non-alcoholic fatty liver disease
(NAFLD), as well as neuroinflammatory diseases, such as Parkinson’s and Alzheimer’s [277].

In summary, accumulating evidence underscores the central role of PPAR-y in regulating
immune responses, maintaining gut microbiota homeostasis, and preserving gut barrier
integrity. The pollutant-induced downregulation of PPAR-y represents a critical molecular
mechanism underlying dysbiosis, chronic inflammation, and increased disease susceptibility
in multiple organ systems. Further research is warranted to identify novel biomarkers of
PPAR-y suppression and develop targeted interventions to mitigate environmental pollutant-
induced gut and systemic inflammation, ultimately improving public health outcomes.

Interplay between gut dysbiosis, oxidative stress, and immune dysregulation

Dysbiosis, defined as an imbalance in the composition and function of the gut
microbiome, has been shown to trigger several interrelated mechanisms that contribute
to oxidative stress, chronic inflammation, and metabolic dysfunction [18]. Changes in
microbial populations have been observed to result in the overproduction of potentially
harmful metabolites, including trimethylamine N-oxide (TMAO), hydrogen sulphide (H,S),
and secondary bile acids, which can stimulate ROS production in epithelial cells [278, 279].
Table 2 considers the impact of environmental pollutants on the gut microbiota, particularly
concerning the mechanisms of dysbiosis and the resulting health effects observed in animal
and human studies.
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effects in animal models and human studies
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11  exposed to fluorene-9- exposure on gut microbiota and . . L derived metabolites, leading to 290
X X L and significant reproductive toxicity X .
bisphenol male reproductive toxicity . . changes in reproductive hormones
in male mice . N
and testicular function
In vivo black-spotted frog Hepatotoxicity of PFOA, PFOS, and E’épgf;s ngi:heasnedcs}:e:\ilﬁc?;s;‘lted to g:;‘;hzr;‘r‘s\Le);ﬁ?;;;el:;gig:retg liver
12 model exposed to PFOA, 6:2 CI-PFESA and their potential chsn es in ch tmigcrobiota increfsed inﬂaymmatio'n and ogxidative 291
PFOS, and 6:2 CI-PFESA link to gut microbiota changes Bes I su X N
composition stress in the liver
In vitro model using Bacillus sp. AM1 effectively The biodegradation of BPA was
13 Bacillus sp. AM1 isolated The ability of Bacillus sp. AM1 to biodegraded BPA, suggesting its mediated by enzymatic pathways in 292

from the gut microbiota

biodegrade bisphenol A (BPA)

potential for detoxification in the
gut

Bacillus sp. AM1, reducing the toxic
effects of BPA in the gut environment

The development of chronic inflammation is often associated with persistent oxidative
stress and dysbiosis, with pro-inflammatory cytokines (e.g. IL-6, IL-1, TNF-a) playing a
central role in immune dysregulation [293]. Exposure to environmental pollutants, such
as PM, , toxic metals (e.g., cadmium, lead, mercury), and EDCs (e.g., bisphenol A, dioxins,
phthalates), activates intracellular signalling pathways, including NF-xB, JAK/STAT, and
MAPK, leading to upregulation of cytokines and inflammatory mediators [294]. This
sustained inflammatory response promotes immune dysregulation, establishing a cycle of
tissue damage, oxidative stress, and chronic immune activation [294]. Dysbiosis exacerbates
this effect by altering antigen presentation, reducing regulatory T-cell (Treg) activity, and
impairing immune tolerance, thereby increasing susceptibility to autoimmune disease [295].

Mitochondrial dysfunction is a significant consequence of oxidative stress. It contributes
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to systemic metabolic disorders, such as obesity, type 2 diabetes, and non-alcoholic fatty
liver disease, through impaired electron transport chain function, impaired ATP production,
and increased ROS accumulation. This inefficiency affects cellular energy requirements and
contributes to insulin resistance, lipid dysregulation, and altered energy homeostasis [296-
298].

The intestinal barrier is critical for maintaining intestinal homeostasis by preventing
the translocation of harmful substances and pathogens into the systemic circulation. This
barrier is primarily maintained by tight junction proteins, including occludin, claudins,
and zonula occludens-1 (Z0-1), which form a selective seal between epithelial cells [190,
299]. However, disruption of these tight junctions, often triggered by oxidative stress,
pro-inflammatory cytokines, microbial dysbiosis, and exposure to contaminants, leads to
increased intestinal permeability, commonly called ‘leaky gut’ [190, 275]. When the epithelial
barrier is compromised, endotoxins such as LPS access the bloodstream, triggering immune
activation, endotoxaemia, and systemic inflammation. This persistent state of inflammation
exacerbates epithelial damage, reinforcing a damaging cycle of gut barrier dysfunction and
chronic disease development [300, 301].

The systemic effects of gut barrier dysfunction have been extensively studied. Increased
intestinal permeability and gut-derived inflammation have been directly linked to metabolic
disorders, neurodegenerative diseases, and immune dysregulation [183]. Chronic low-
grade inflammation resulting from impaired gut integrity disrupts insulin signalling
pathways and lipid metabolism, thereby contributing to the pathogenesis of obesity, insulin
resistance, and metabolic syndrome [302]. In addition, translocated bacterial endotoxins
and circulating pro-inflammatory mediators have been implicated in the development of
neuroinflammatory conditions, including Alzheimer’s disease and Parkinson’s disease,
through mechanisms involving the gut-brain axis, microglial activation, and oxidative
damage in neuronal cells [183, 303]. In addition, dysregulation of immune responses by gut-
derived antigens promotes immune over-activation and loss of self-tolerance, increasing the
risk of autoimmune diseases, e.g., inflammatory bowel disease, rheumatoid arthritis, and
multiple sclerosis [304, 305]. Gut-derived inflammation also compromises the effectiveness
of the host’s immune defences, increasing susceptibility to systemic infections and chronic
inflammatory conditions [306].

Thus, gut barrier dysfunction is a critical link between environmental exposures, gut
dysbiosis, and the onset of systemic disease. Understanding the interplay between microbial
imbalances, oxidative stress, and immune dysregulation is essential for developing targeted
therapeutic strategies, including microbiome-modulating interventions, antioxidant
therapies, and dietary approaches, to restore gut homeostasis and mitigate pollutant-
induced health risks.

Therapeutic strategies to restore gut homeostasis

Therapeutic strategies to restore gut homeostasis involve a multifaceted approach,
including microbiota modulation through probiotics, prebiotics, synbiotics, faecal
microbiota transplantation (FMT), dietary interventions, immune modulation, and targeted
antimicrobial therapies [180]. These interventions target the microbial composition,
immune function, oxidative stress, and gut barrier integrity to counteract dysbiosis and its
associated pathological consequences [307].

Probiotics, prebiotics, and synbiotics are key therapeutic agents synergistically
modulating gut microbiota composition, enhancing SCFA production, regulating
inflammatory pathways, and strengthening epithelial barrier function [308]. Probiotics,
which are live beneficial microorganisms (e.g., Bifidobacterium, Lactobacillus), facilitate
microbial competition by colonising the gut and outcompeting pathogenic species [36, 309].
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Prebiotics, including inulin and fructooligosaccharides, are non-digestible dietary fibres that
selectively stimulate the growth of beneficial microbes and promote SCFA synthesis [310,
311]. SCFAs, particularly butyrate, acetate, and propionate, play a critical role in maintaining
gut health by serving as an energy source for colonocytes, strengthening tight junctions, and
modulating the immune response through inhibition of NF-kB signalling [31, 312].

In addition to their role in microbial modulation, probiotics and prebiotics reduce
oxidative stress by enhancing antioxidant defence mechanisms [313]. For example, butyrate
has been shown to suppress NF-kB activation and promote the expression of antioxidant
enzymes, such as superoxide dismutase and catalase, thereby mitigating oxidative damage
[314]. Probiotic strains such as Lactobacillus rhamnosus have also been shown to stimulate
glutathione production, an important intracellular antioxidant that neutralises ROS and
protects against inflammation-induced cell damage [315].

Polyphenols, i.e., naturally occurring antioxidants in fruits, vegetables, and tea, play a
critical role in gut health by modulating microbial diversity and reducing oxidative stress
[316]. These bioactive compounds are metabolised by the gut microbiota into secondary
metabolites, which act as signalling molecules that strengthen the gut barrier’s integrity and
influence immune responses [317]. Postbiotics, i.e., bioactive microbial-derived compounds
(SCFAs, peptides, and extracellular vesicles), have emerged as promising therapeutic agents
that regulate inflammatory pathways, improve epithelial barrier function, and modulate
mitochondrial activity [318].

Faecal microbiota transplantation (FMT) is an advanced therapeutic strategy designed
to restore gut homeostasis by reintroducing a diverse and functional microbiome from a
healthy donor to a recipient [319]. This intervention has shown clinical efficacy in certain
conditions, such as recurrent Clostridioides difficile infection and inflammatory bowel
disease, by replenishing microbial diversity, reducing pathogen overgrowth, and enhancing
SCFA production [320].

Finally, selective antibiotics and postbiotics play a role in modulating the microbial
composition by reducing pathogenic bacterial loads while promoting beneficial microbial
interactions. Precision antibiotics such as rifaximin have been used to selectively target
harmful bacteria without significantly disrupting the commensal microbiota, thereby
preserving gut homeostasis [321, 322]. Emerging therapeutic avenues, including
microbiome-based personalised medicine and engineered bacterial consortia, hold promise
for optimising gut health and mitigating microbiota-associated diseases in the future [323].

Thesetherapeuticinterdependencies areillustrated in Fig. 7, highlighting the interrelated

Fig. 7. Therapeutic
strategies to restore
intestinal homeostasis
in the presence
of contamination.
Therapeutic strategies
to restore gut
homeostasis  include
probiotics, prebiotics,
synbiotics, FMT, dietary
interventions, immune
modulation and
targeted  antibiotics.
These strategies work
in synergy to balance
the microbiota, reduce
inflammation and
promote gut health.
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Table 3. Summary of research on environmental toxins, gut microbiota, protective interventions, key
findings, and mechanisms in animal models and human studies. Notes: EGCG - epigallocatechin gallate;
TNF-a - tumour necrosis factor-alpha; BPA - bisphenol A; PPAR - peroxisome proliferator-activated
receptor; 16S rRNA - 16S ribosomal RNA; MS - multiple sclerosis; NMN - Nicotinamide mononucleotide, a
precursor of NAD+ which plays a role in cellular energy metabolism and repair processes; CCA - Canonical

Correlation Analysis; PFBS - Perfluorobutane sulphonate, perfluoroalkyl substance

Study models/ Result
esults,
N experimental Relationships studied . Molecular mechanisms involved Sources
key findings
strategy
. . Effect of EGCG in preventing EGCG alllevui\tes BPA-mc.luced . EGCG reduces oxidative stress and
In vivo, mice, BPA and X N metabolic disorders by improving .
1 BPA-induced metabolic . X X affects metabolic pathways, 330
EGCG . A glucose metabolism and insulin . L X .
disorders in mice s improving insulin resistance
sensitivity
. Effect of EGCG and green tea EGCG. and green tea e)ftralct alleviate EGCG modulates metabolic pathways,
In vivo, rats, BPA and X BPA-induced metabolic disorders by X X
2 extract on BPA-induced . - reduces inflammatory cytokines,and 331
EGCG S . reducing oxidative stress and . .
metabolic disorders in rats . ; improves glucose metabolism
inflammation
. . . ProFectlve effect of EGCG EGCG counteracts BPA-induced EGCG reduces oxidative stress,
In vivo, Danio rerio against BPA-induced
3 X . . . heart damage and supports heart promotes heart development, and 332
embryos, BPA and EGCG impairment of cardiogenesis in . -
. . development in embryos reduces BPA toxicity
Danio rerio embryos
. Effect of amino acids on Amino acids support epithelial Amino acids modulate signalling
In vitro, human O S P . . . S s
4 o epithelial function in lung function in lung diseases, improving  pathways to help maintain epithelial 333
pulmonary epithelial cells : I S . P -
disease epithelial barrier integrity barrier integrity
Interaction of melatonin, . . . These molecules modulate
. . . . . Melatonin, orexin, and ceramide . . A
In vitro, glial and immune orexin, and ceramide in . . N . mitochondrial function in immune
5 . ) Lo interact to influence mitochondrial X . X 334
cells mitochondrial dysfunction in y . - and glial cells, thereby influencing
. . function and immune cell activity . N
glial and immune cells inflammation
Lo . Probiotics mitigate BPA toxicity by Probiotics promote BPA
. . Role of probiotics in reducing . X . . X : .
In vivo, rats, BPA diet and - improving the gut microbiota detoxification by modulating gut
6 . BPA toxicity through s . . R X AN 335
probiotics . . . composition and gut barrier microbiota and reducing oxidative
modulation of gut microbiota )
function stress
In vivo, zebrafish larvae, Effect of probiotics on PFBS Probloltlcs reduce PFBS toxicity in PrOblOt.lCS 1mpr0v.e gut microbiota,
7 - S ) zebrafish larvae and support reduce inflammation, and support 336
PFBS and probiotics toxicity in zebrafish larvae
development larval development
. . Effect of NMN on sleep NMN improves the gut microbiota NMN modulates gut microbiota and
In vivo, mice, sleep AT o . X . .
8 A deprivation-induced gut composition and restores gut activates immune cells, improving 337
deprivation and NMN R . L s S . .
microbiota dysbiosis resilience after sleep deprivation gut barrier integrity
Green tea improves the gut . .
In vitro, human gut Effect of green tea on human microbiota composition and Polyphenols in green tga, pa_rtlcularly
9 . " . X . . . EGCG, modulate gut microbiota and 338
microbiota, green tea gut microbiota increases populations of beneficial
N support gut health
bacteria
Review study, various Probiotics, prebiotics, and other These agents act by modulating the
human and animal Role of various gut microbiota substances significantly affect the immune system, reducing oxidative
10 models, gut microbiota modulators in improving health  gut microbiota composition and stress, and improving the integrity of 339
modulators offer therapeutic potential the intestinal barrier
. . _ Effect of thyme extract on gut Thyme extract h_as antlox@ant Thyme extract reduces oxidative
In vivo, mice, diet-induced . N Lo effects, reduces inflammation, and . N
11 dysbiosis and inflammation in stress and inflammation and 340

obesity and thyme extract

diet-induced obesity

improves the gut microbiota
composition in obese mice

improves gut microbiota balance

roles of probiotics, prebiotics, dietary components, and immunomodulatory agents in
maintaining gut homeostasis. Future research should focus on refining these interventions to
improve their clinical applicability, safety, and long-term efficacy in microbiome-associated
disorders.

Role of antioxidants in protecting gut microbiota from oxidative stress induced by
environmental pollutants

Antioxidants are critical in protecting the gut microbiota from oxidative stress induced
by environmental pollutants [324]. Antioxidants exert their protective effects on gut
microbiota health through several molecular pathways. One key pathway is the activation of
Nrf2, which induces the expression of antioxidant enzymes, such as superoxide dismutase
and glutathione peroxidase. These enzymes are essential in alleviating oxidative stress
caused by pollutants [325, 326]. In addition, antioxidants have been shown to suppress
the NF-kB pathway, thereby reducing the production of pro-inflammatory cytokines, such
as TNF-a and IL-6, which can disrupt the gut microbiome [327, 328]. Antioxidants support
the phosphoinositide 3-kinase/Akt (PI3K/Akt) pathway, which promotes cell survival and
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resistance to oxidative damage by stabilising tight junction proteins and maintaining the
integrity of the intestinal barrier, thereby preventing microbial dysbiosis [329]. By preserving
gut barrier function and microbial diversity, antioxidants promote the production of SCFAs,
which are essential for gut health [312]. These processes reduce oxidative stress and
inflammation and help maintain the balance of beneficial bacteria within the gut microbiota,
improving the overall stability of the gut ecosystem. Table 3 provides a detailed summary of
experimental models, key findings, and molecular mechanisms from recent studies showing
the biological effects of environmental and dietary exposures on gut microbiota health.

Synthetic antioxidants, such as butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT), are commonly used in food preservation and have been shown
to reduce oxidative stress in a similar way to natural antioxidants [341]. In addition,
N-acetylcysteine (NAC), a glutathione precursor, enhances the body’s intrinsic antioxidant
defences and supports gut microbiota health under contaminant exposure [342, 343].
Polyphenols also promote the growth of beneficial microbes, such as Bifidobacterium and
Lactobacillus, which contribute to antioxidant defences by producing beneficial metabolites
[344]. By reducing oxidative stress and inflammation, antioxidants positively impact
gut barrier integrity, promote microbial diversity, and counteract the adverse effects of
environmental pollutants on gut health [141, 324].

Individual variability in microbiota responses to environmental contaminants

Acritical area for futureresearch is understanding the individual variability in microbiota
responses to environmental contaminants. Genetic factors, including polymorphisms of
genes involved in regulating the immune response, play a key role in detoxification enzymes
and determining the resistance or susceptibility of the microbiome to harmful environmental
factors [345, 346]. These genetic variations can significantly influence the ability of the
microbiota to cope with oxidative stress and other forms of damage caused by pollutants
[346]. In addition, lifestyle factors (diet, physical activity, and stress levels) have been shown
to modulate the microbial composition and functionality, further influencing the microbiota
response to pollutant exposure [30]. For example, the diet can enhance or impair the gut’s
ability to detoxify pollutants [109]. At the same time, physical activity and stress can alter
gut permeability and immune system function, affecting microbial diversity and activity
[347, 348].

It is essential to unravel the complex interplay between genetic and environmental
determinants to fully understand the mechanisms underlying these responses, as this will
allow the identification of vulnerable populations who may require targeted interventions.
Personalised healthcare approaches that consider genetic predisposition and environmental
exposures will be crucial to improve the efficacy of interventions to protect gut microbiota
health [349]. Emerging multi-omics techniques, such as metagenomics, transcriptomics,
and metabolomics, are promising to advance our understanding of these interactions.
These cutting-edge approaches allow comprehensive analysis of the microbiome at multiple
levels (DNA, RNA, and metabolites) and have the potential to provide new insights into the
influence of environmental factors on microbial ecosystems and associated health outcomes
[350, 351]. As these technologies evolve, they are likely to uncover novel biomarkers and
therapeutic targets that can inform the development of more effective personalised strategies
to mitigate the health effects of pollutant exposure.

Innovations in microbiota-targeted therapies
Innovations in microbiota-targeted therapies represent a promising approach to

mitigate pollutant-induced dysbiosis. Precision-based interventions, such as personalised
probiotics and prebiotics, aim to restore microbial balance by tailoring treatments to
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individual microbiome profiles. These personalised strategies aim to optimise the microbial
composition, enhance gut barrier integrity, and improve metabolic functions based on
the unique characteristics of the individual’s microbiota [352, 353]. In addition, synthetic
biology approaches, which involve the development of engineered microbes designed to
detoxify pollutants or produce specific metabolites, offer novel therapeutic opportunities.
These engineered microbes can potentially be used to degrade environmental toxins or
enhance the production of beneficial metabolites, e.g., short-chain fatty acids, which support
gut health and reduce inflammatory responses [354].

However, despite these interventions’ promise, pollutant exposure’s long-term effects
on both the microbiota and host health remain poorly understood. The chronic effects of
pollutant exposure on microbial dynamics, host immunity, and metabolic processes are not
fully understood, and existing studies often focus on short-term outcomes. Longitudinal
studies are therefore essential to assess the impact of prolonged exposure to environmental
pollutants on microbial diversity, functionality, and resulting health outcomes over time.
Such studies would provide critical insights into the cumulative effects of pollutants on
the microbiome and its role in disease development, paving the way for developing more
effective and sustainable microbiota-targeted therapies.

Conclusion

This review emphasises the significant impact of anthropogenic factors on human
health and well-being by exploring the complex relationship between the gut microbiota
and environmental pollutants. It highlights how exposure to environmental pollutants, such
as toxic metals and microplastics, disrupts microbial homeostasis, with consequences that
extend beyond the gastrointestinal tract, affecting systemic inflammation, cardiovascular
health, and neurodegenerative diseases. These pollutants can alter the microbial composition
and functionality, leading to an imbalance that can lead to chronic health conditions. A
particularly worrying factor discussed in the review is the role of antibiotic resistance.
The environmental spread of antibiotic resistance genes through mobile genetic elements
exacerbates the adverse effects of pollutants on microbial ecosystems, potentially leading to
the proliferation of resistant pathogens.

Furthermore, the interplay between pollutant-induced redox imbalances and gut
dysbiosis further complicates health risks. This disruption compromises the integrity of the
gut barrier, promotes chronic inflammation, and induces oxidative stress, all of which are
central to the development of systemic disease. Alterations in microbial populations can
disrupt gut immune functions, compromising defence against environmental toxins and
pathogens.

The key molecular pathways, including NF-xB, Nrf2 /Keap1, PI3K/AKT, p38-MAPK, JAK/
STAT, and TLR4/MyD88, have been identified as central regulators. These pathways are cru-
cial in modulating inflammation, immune responses, and antioxidant mechanisms. They
provide valuable insights into the molecular mechanisms underlying the effects of pollutant-
induced oxidative stress and inflammation. Understanding these pathways is essential for
developing effective therapeutic interventions targeting molecular and cellular processes
contributing to microbial dysbiosis and associated health problems.

Therapeutic strategies aimed at mitigating the adverse effects of dysbiosis and oxida-
tive stress have been shown to focus on antioxidants, microbial modulation, and advanced
therapeutic approaches aimed at restoring gut homeostasis. Such strategies may include
prebiotics, probiotics, and bioactive compounds to support beneficial microbiota, alongside
targeted antioxidant treatments to reduce oxidative damage. However, significant knowl-
edge gaps remain, particularly regarding the variability of individual microbiota responses

31



Cellular Physiology Cell Physiol Biochem 2025;59(S2):2-52

. . DOI: 10.33594/000000799 © 2025 The Author(s). Published by
and BIOChemIStry Published online: 8 August 2025 | Cell Physiol Biochem Press GmbH&Co. KG

Kurhaluk et al.: Environmentally Induced Oxidative Stress Modulation by Gut Microbiota

to pollutants and the long-term efficacy of proposed interventions. Individualised treatment
plans based on personalised microbiome analysis may prove essential in optimising thera-
peutic outcomes. By investigating the interactions of pollutants with the microbiome at both
the individual and ecological level, researchers can gain critical insights into the broader
health effects of environmental pollution. There is also an urgent need to develop target-
ed therapeutics tailored to individual microbiota profiles. This comprehensive approach is
critical to mitigating the health risks of pollution and maintaining systemic well-being in an
increasingly polluted world.
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