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Abstract

Microplastics and nanoplastics (MNPs) are emerging environmental pollutants due to
their persistence and bodily accumulation. Recently, functional foods have received much
attention for their ability to reverse or block MNP damage for therapeutic purposes and the
potential risk of developing oral-gut-brain axis disorders. Among these, artichoke, spir-
ulina algae, Opuntia ficus-indica, pterostilbene, hydroxycinnamic acids, and quinic acid are
rich sources of polyphenols. These bioactive ingredients, especially when combined with
probiotics and prebiotics, exhibit significant antioxidant and anti-inflammatory potential by
activating nuclear factor erythroid 2-related factor 2 (Nrf2) signaling and cellular resilience
enzymes. Nrf2 activation enhances cellular resilience response, and it may preserve oral
epithelial barrier (OEB), intestinal epithelial barrier (IEB), and blood-brain barrier (BBB) in-
tegrity, while modulating oral pathogens, gut microbial dysbiosis, and neuroinflammatory
processes. However, most of the available evidence supporting these mechanisms derives
from in vitro and animal studies, whereas clinical evidence in humans remains limited.
Perturbations of Nrf2 due to circulating MNPs may exacerbate selective susceptibility to
oral, gut, and nervous system disorders, including Alzheimer’s disease (AD). Although
these findings are biologically plausible, the causal relationships and their clinical relevance
have not yet been fully established. This review discusses the role of functional foods in
maintaining oral-gut-brain health through Nrf2-mediated mechanisms that may mitigate
MNP-induced inflammation and reactive oxygen species (ROS). The review also examines
emerging concepts in precision nutritional medicine, including individual variability in
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1. Introduction

Over the 20th century the large expansion of plastic manufacturing has dramatically
increased emerging environmental pollutants, particularly microplastics and nanoplastics
(MNPs), which currently represent a major concern for public health in virtue of their per-
sistence and bioaccumulation [1]. Microplastics (MPs) usually refer to tiny plastic particles
from 0.1 pm to 5 mm in diameter, while nanoplastics (NPs) represent submicron-sized
particles that are <0.1 pm. These NMPs, particularly, polypropylene (PP), polyethylene
(PE), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polystyrene (PS), are
non-biodegradable and have the ability to accumulate in higher levels in both marine and
terrestrial ecosystems, including oceans, rivers, air, food, drinking water, and sediments [2].
The National Oceanic and Atmospheric Administration defines as MNPs all microbeads,
capsules, fibers, or pellets of a particle size range from 1 nm to less than 5 mm. After oral
ingestion and intestinal absorption, MNPs can enter the body, pass into the blood, and
cross impermeable barriers such as the oral epithelial barrier (OEB), intestinal epithelial
barrier (IEB), and blood-brain barrier (BBB) to reach the brain. Alterations in oral and
intestinal microbiota due to MNP exposure may negatively impact the oral-gut-brain axis
and contribute to the etiology and progression of nervous system disorders, particularly
AD [3,4]. MNPs enter cells primarily by macropinocytosis and clathrin-mediated endocyto-
sis in which the cell membrane engulfs the particle and brings it into the cell without the
formation of a phagosome [5]. On the other hand, particles less than 0.5 pm in diameter
can potentially cross lipid bilayers through vesicular transport known as transcytosis [6].

1.1. Micro- and Nanoplastic-Induced Damage to the Oral-Gut—Brain Axis

BBB plays an important role in the defense of the brain against potentially environmen-
tal toxins [7]. The main components of the BBB are brain microvascular endothelial cells
(BMECs), pericytes, and astrocytes. BMECs are interconnected by tight junction proteins
(TJs), which form a continuous sheet lining the inner surface of the capillaries. Reducing
TJ protein expression directly causes increased BBB permeability, which is an important
indicator of BBB impairment [7]. Emerging evidence confirms that, in mammals, ultrafine
plastics cross the BBB, inducing damage and neurotoxicity and leading to cognitive im-
pairment, likely through microglial activation in a dose-dependent manner [8]. Similarly,
plastic particles promote the activation of inflammatory cytokine cascade such as IL-8, IL-6,
IL-1 beta, and TNF-« and genes related to phase II of xenobiotic metabolism NAT2, SOD2,
CAT, SULT1A1, and UGT2B4, upregulated in both intestinal and liver cells [9]. Oral health
influences the stomach by affecting masticatory and digestive functions, and ultimately the
brain function. Insufficient toothbrushing is related to increased oral dysbiosis risk, which
may be attributed to the accumulation of circulating MPs and carcinogenic metabolites [10].
Deficient mastication modifies the host’s nutrient bio-accessibility and results in higher
contents of harmful non-digested nitrogen at the end of gastrointestinal digestion, which
is possibly fermented by microbes. Considering the importance of oral, gut, and brain
health and the fact that the damage induced by MNPs to barriers could be irreversible,
careful reflection and investigation on the potential harmful impact of MNPs on human
health are required. Therefore, there is an urgent need to research and identify substances
that interfere with MNPs to protect barrier integrity from external insults and preserve
the oral-gut-brain axis from environmental pollutants, which is a significant challenge
for modern civilization. Nowadays, nutritional approaches with active food nutrients are
considered innovative, preventive, and therapeutic interventions to explore the cellular and
molecular mechanisms of action of MNPs and to inhibit their adverse effects such as barrier
dysfunction, neurotoxicity, inflammation, and gut-brain axis damage and disorders [11].
Recent evidence shows that MNPs contribute to increased risk of oral, gut, and brain
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damage and the onset of related disorders in vitro, in vivo, and in humans. In line with this,
a recent study demonstrated that exposure of 100 pg/L of carboxyl-modified polystyrene
microplastics (PS-COOH) induced neurotoxicity by affecting the neurotransmission of
dopamine, glutamate, serotonin, and GABA in C. elegans [12]. Similarly, recent evidence
suggested that plastic pollutants are positively associated with periodontitis and worsen
inflammation by activating the NF-«kB pathway [13]. In addition, MP exposure may be
related to the potential risk of inflammatory bowel disease (IBD) in humans. Indeed, a
study observed a higher concentration of fecal MPs correlated with the severity of IBD in
patients compared to healthy individuals [14].

1.2. Nrf2 Activation as a Key Mechanism of Cellular Resilience

Recent evidence highlighted the pivotal role of functional foods in activating Nrf2
pathways and stress resilience genes to mitigate oxidative stress and promote overall
health [15]. The redox-sensitive transcription factor Nrf2, in response to various exoge-
nous insults, regulates the expression of antioxidant-responsive element (ARE)-containing
resilience genes in their promoters [16,17]. In normal cellular conditions, Nrf2 is highly
controlled by the repressor protein Keap1 (Kelch-like, ECH-associated protein 1), in the
cytoplasm, which promotes its degradation. Under stressors, ROS or pollutants modify
Keapl, leading to the dissociation of Nrf2 which translocates into the nucleus where it binds
to AREs in the DNA and initiates the transcription of phase Il resilience genes involved
in detoxification, antioxidant defense, and regulation of inflammation. These resilience
genes encode for heme oxygenase-1 (HO-1), heat shock protein 70 (Hsp70), sirtuin-1 (Sirt1),
the thioredoxin (Trx)/thioredoxin reductase system, NADPH quinone oxidoreductase 1
(NQO1), y-glutamylcysteine synthetase (y-GCs), superoxide dismutase (SOD), catalase
(CAT), glutathione (GSH), glutathione peroxidase (GPx), and glutathione reductase (GSR)
to preserve cellular homeostasis and protect against the onset and progression of oral,
intestinal, and neurodegenerative disorders [15]. Therefore, Nrf2 activation is essential
for cellular resilience and stress adaptation against chronic oxidative damage, ultimately
supporting longevity and overall health. Several studies suggested that functional foods
targeting the Nrf2 pathway and stress resilience genes and their intricate interactions with
other critical signaling pathways, including AMPK, NF-«B, and PI3K/Akt, can potentially
prevent and treat oral-gut-brain axis disorders.

1.3. Nutritional Approaches to Mitigate MNP-Induced Toxicity

Synergistic supplementation with melatonin and probiotics may have application
value in the prevention of neurotoxicity as it significantly reduces intestinal injury, restoring
the expression of hippocampal circadian rhythm-related genes (i.e., Camk2g, Adcyapl,
and Perl) and neuroplasticity molecules (i.e., 5-HT, AChE, GABA, BDNF, and CREB)
that positively affect the learning and memory ability of mice [18]. Of note, long-term
exposure to amino-modified polystyrene MNPs (40 mg/Kg/day) induced neurotoxic
effects by upregulating AD-associated genes such as APP and MAPT and BBB damage
via the activation of the toll-like receptor 2 (TLR2)/matrix metalloproteinase 9 (MMP9)
signaling pathway in mice. Interestingly, the functional food camellia pollen treatment at
a moderate dose of 50 mg significantly mitigated neurotoxicity and neuronal apoptosis
by targeting the p53/Bax/Bcl-2 axis in mice after 15 weeks [19]. Also, in neuronal cells,
camellia pollen treatment at a dose of 40 ug/mL reversed the reduction in cell viability
caused by amino-modified polystyrene NPs and increased the expression of occludin and
ZO-1 through inhibition of the TLR2/MMP9 axis. Moreover, the same study has shown
that the camellia pollen treatment attenuated NP-induced neuronal damage by reducing
the GAPDH/ Ac-Tau pathway and increasing the Sirt-1 pathway in hippocampal neuron
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cells [19]. Other recent studies reported that Camellia sinensis L. bee pollen extract and its
active phenolic compounds such as gallic acid and kaempferol at a dose of 100 pg/mL
exerted antagonist effects, interacting with the main glucose transporters SGLT1 and GLUT2
to inhibit the activity of glucose uptake and transport in human intestinal cells [20]. This
review aims to explore the antioxidant and anti-inflammatory effects of functional foods,
also in synergy with probiotics, in mitigating and/or detoxifying MNP-induced damage
to cells, tissues, and specific biological barriers to ultimately enhance the oral-gut-brain
axis health. Furthermore, we elucidate the intricate interplay of the oral-gut-brain axis,
highlighting the molecular mechanisms and therapeutic targets modulated by functional
nutrients, particularly the Nrf2 pathway and stress resilience genes based on innovative
platforms. Limited clinical trial evidence suggests growing interest in the use of these
compounds in inflammatory bowel and neurodegenerative diseases. Finally, this review
provides a basis for developing effective interventions to reduce MNP-related health risks
and guide future clinical nutritional studies for the promotion of precision medicine, as
well as for the adoption of protective public health measures.

2. Narrative Review Strategy and the Selection Criteria for
Functional Nutrients

A comprehensive literature search was conducted across PubMed, Web of Science, and
Scopus to identify relevant studies (2014-July 2026). Search terms combined “functional

VZa7i v VZa7i AT

foods”, “polyphenols”, “probiotics”, “precision nutrition”, “Nrf2”, “oxidative stress”, “in-

Zai 77i v

flammation”, “autophagy”, “periodontitis”, “inflammatory bowel diseases”, “Alzheimer’s
disease”, “oral-gut-brain axis”, “microplastics”, and “nanoplastics”. Both preclinical and
clinical studies were included.

Specifically, database-specific search strategies were developed using Boolean opera-
tors and adapted to each database. All retrieved references were imported into Rayyan,
which was used to facilitate screening procedures. Titles and abstracts were systematically
examined, and studies clearly unrelated to the research questions were excluded at this
stage. Potentially eligible articles underwent full-text assessment and were subsequently
analyzed and included in the final narrative synthesis when considered relevant to the
aims of the review.

To improve results, we also used the PRISMA flowchart as a framework for identifying,
screening, assessing eligibility, and removing duplicate records. The resulting records were
analyzed and subsequently incorporated into the manuscript.

The eligibility criteria included the following: (a) original research articles, review arti-
cles, and systematic reviews/meta-analyses; (b) in vitro studies, in vivo investigations, and
human clinical trials focusing on precision nutrition approaches relevant to oral-gut—brain
axis disorders, particularly periodontitis, inflammatory bowel disease, and Alzheimer’s
disease; (c) studies addressing microplastics, nanoplastics, and their effects on human
health; (d) investigations reporting molecular mechanisms and/or clinical outcomes; and
(e) studies employing innovative models to explore the complex interactions between
nutrients, the oral-gut-brain axis, and related disorders.

Studies were excluded if they (a) did not report relevant molecular mechanisms or
outcomes related to microplastic or nanoplastic exposure, or (b) consisted of case reports or
interventions not aligned with a precision nutrition approach.

Based on the criteria of high barrier permeability (oral-gut-blood-brain), efficacy
against periodontal pathogens (e.g., Porphyromonas gingivalis), and modulation of the sys-
temic inflammatory axis connecting to AD and IBD, the following food nutrients and
natural compounds are supported by recent evidence (2019-2026) to be specifically link-
ing these compounds to cellular stress resilience response through the modulation of
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the Nrf2 pathway. Nutritional compounds were selected for their local antioxidant and
anti-inflammatory properties, useful for protecting the oral and intestinal barriers, which
represent the primary site of interaction following the ingestion of MNPs. Finally, the
selection of nutritional compounds took into account their ability to promote neuropro-
tection at the BBB level, thus alleviating oxidative stress and inflammation along the
oral-gut-brain axis.

3. The Oral-Gut-Brain Axis

The oral microbiota is the second largest microbial community in humans, surpassed
only by the gut. The oral cavity represents a highly complex microbial ecosystem that hosts
more than 700 bacterial species, together with fungi, viruses, and archaea, organized within
structured biofilm communities that occupy distinct ecological niches [21]. Although the
oral cavity is anatomically connected to the gastrointestinal tract, the oral and gut micro-
biotas display markedly different microbial compositions [22]. This distinction is largely
maintained by both anatomical and biochemical barriers, including the stomach and small
intestine, as well as the antimicrobial effects of gastric acid and bile, which limit the direct
transfer of microorganisms such as bacteria, fungi, protozoa, and viruses between the two
environments [23]. The oral microbiota plays a crucial role in supporting physiological
functions, including digestion, host defense against pathogens, and the maintenance of oral
homeostasis. However, dysregulated epithelial responses can contribute to pathological
states. Recent research has shown that flagellated oral bacteria trigger gingival epithelial
cells to produce interleukin-23 (IL-23) via TLR5 receptors [24]. The gut microbiome consists
of a diverse population of microorganisms that colonize the gastrointestinal tract, particu-
larly the intestine. It is critically involved in maintaining host health through its roles in
nutrient digestion and absorption, immune system regulation, and the biosynthesis of es-
sential vitamins, neurotransmitters, and other bioactive compounds [25]. Nevertheless, oral
microorganisms can reach the gastrointestinal tract, ultimately reaching the brain and influ-
encing brain function, cognition, and host physiological and pathological pathways [26].
Recent findings from saliva and feces collected worldwide have shown that healthy in-
testines can be colonized by oral bacteria [21]. The primary oral bacteria phyla comprise
Firmicutes (Gemella, Granulicatella, Streptococcus, and Veillonella genera), Bacteroidetes (strongly
represented by Prevotella), Proteobacteria (Neisseria and Haemophilus genera), Actinobacteria
(Corynebacterium, Rothia, and Actinomyces genera), and Fusobacteria (Genus Fusobacterium).
These oral microorganisms exist in a symbiotic balance to aid digestion of food, resistance
against pathogens, maintenance of homeostasis, and the modulation of the immune system,
contributing to oral and general well-being. However, an imbalance (dysbiosis) in the oral
microbiome is responsible for a variety of oral diseases [27].

3.1. Dysbiosis and Neurodegeneration

Compelling evidence reveals that the oral and gut microbiomes deeply influence the
onset of neurodegenerative diseases, particularly AD, via the oral-gut-brain axis [28,29].
Periodontitis is a chronic multifactorial disease driven by dysbiotic polymicrobial commu-
nities and characterized by a destructive inflammatory response affecting the supporting
structures of the teeth, resulting in tissue breakdown, alveolar bone loss, and impaired
quality of life. Periodontal bacteria mainly including Porphyromonas gingivalis, Tannerella
forsythia, Treponema denticola, Campylobacter rectu, and others, like Prevotella intermedia, Fu-
sobacterium nucleatum, and Aggregatibacter actinomycetemcomitans, bypass compromised
biological barriers, driving chronic inflammation and the mobilization of innate immune
response-related signaling mediators (e.g., IL-1, IL-6, TNF-«x), as well adaptive immu-
nity mechanisms (expression of Thl, Th2, Th17, and Tregs) associated to a reduction in
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anti-inflammatory markers (IL 10) [30-32]. Chronic inflammation is known to play a
pivotal role in the pathological process of both, serving as a connecting link between peri-
odontitis and AD pathogenesis [33]. Under pathological conditions, oral microbiota can
colonize the gut and disrupt the intestinal microbiota [34,35]. However, oral and intesti-
nal inflammation related to gut microbiota dysbiosis has been considered an important
feature in the progression of AD [36]. Recent evidence has shown that continuous gavage
of periodontitis-related salivary microbiota impaired cognitive function and increased
-amyloid accumulation and neuroinflammation associated to gut microbial dysbiosis,
intestinal pro-inflammatory responses, intestinal barrier impairment, and the subsequent
exacerbation of systemic inflammation. This suggests that the periodontitis-related salivary
microbiota may exacerbate AD pathogenesis in transgenic mice via the gut-brain axis [37].
Moreover, untreated periodontitis in patients with cognitive impairment may accelerate
AD [38]. This occurs due a reduced ability to take care of oral hygiene and an increase in
systemic pro-inflammatory cytokines, pathogens, and compromised BBB integrity [39]. Of
note, post-mortem examination of brains from individuals with AD has confirmed the pres-
ence of periodontal pathogens, including Actinomycetes [40], P. gingivalis [41], Helicobacter
pylori [42], and Chlamydia pneumoniae [43]. The salivary microbiota composition in patients
with periodontitis shows greater microbial diversity and a significant overabundance of
pathogenic bacteria compared to healthy individuals [44]. Specifically, patients with AD
exhibit higher levels of Fusobacteriota and Peptostreptococcaceae and lower levels of Veillonella
in saliva compared to the mild cognitive impairment (MCI) and control groups [45]. This
postulates that the analysis of oral microbiota dysbiosis biomarkers in elderly subjects may
represent a highly valuable, non-invasive method for identifying individuals at risk of AD
and MCL

3.2. Nutritional Modulation of the Oral-Gut—Brain Axis

The deterioration of oral health represents a key contributor to the development and
progression of several systemic diseases and may also play an important role in accel-
erating biological aging and exacerbating age-related pathological conditions. Recent
research confirms that targeted nutritional approaches are emerging as a promising, non-
pharmacological strategy for managing AD or slowing its progression by modulating
the oral-gut-brain axis. By using functional foods and probiotics, these approaches can
restore microbial balance (dysbiosis) and mitigate the neuroinflammation, amyloid plaque
formation, and tau protein aggregation associated with AD [46—49]. Dietary habits also
play a pivotal role in shaping the composition and stability of oral microbial communi-
ties [47]. In particular, frequent consumption of sugars and refined carbohydrates favors
the proliferation of cariogenic species, such as Streptococcus mutans, thereby increasing the
risk of oral diseases [50]. In contrast, fermented dairy products enriched with probiotics,
including Lactobacillus rhamnosus SD11, have been shown to enhance oral microbial diver-
sity and to support a healthier oral ecosystem in humans [51]. Interestingly, while many
dietary components exert beneficial effects on the gut microbiota, some may have divergent
impacts on oral microbial communities. For example, fermentable carbohydrates such as
fructo-oligosaccharides act as prebiotics by selectively promoting the growth of benefi-
cial intestinal bacteria, including Bifidobacterium and Lactobacillus species. However, their
fermentation in the oral cavity may also influence local microbial dynamics, highlighting
the complex interactions between diet, oral health, and gut microbiota composition [52].
The selected studies allow us to speculate that an oral-gut-brain communication network
exists, and bacteria likely reach the brain via trigeminal and vagus nerves. Mechanisti-
cally, the hematogenous pathway acts as a crucial, tri-directional communication in the
oral-gut-brain axis. This important mechanistic framework implies that pathogenic oral
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bacteria; virulence factors, i.e., lipopolysaccharides (LPS) and gingipains; and inflamma-
tory cytokines entering the bloodstream through disrupted oral mucosa reach the gut,
trigger chronic systemic inflammation, and ultimately cross the BBB. This translocation
and dissemination of oral bacteria into systemic circulation, often caused by periodontal
disease (dysbiotic oral microbiota) and gut dysbiosis triggers a vicious cycle of chronic
inflammation, creating a higher predisposition to the development of neuroinflammation
and the progression of neurodegenerative diseases [53].

4. MNPs Promote Barrier Dysfunctions and Gut Microbiome Alterations

Environmental pollution by MNPs has reached alarming levels. The potential health
risk associated with human exposure to these hazardous materials explains the keen
interest in the topic shown by the world and the entire scientific community. The presence
of plastics in various environmental matrices has also caused them to enter the food
chain [54]. The involuntary ingestion of food contaminated with MNPs is the main route
of human exposure to them [55]. The gut microbiota contributes to the development
of immune defenses and the maintenance of the mucosal barrier, which is essential for
the regulated absorption of nutrients and for preventing the entry of harmful agents.
When this barrier is compromised, intestinal permeability increases, allowing the passage
of damaging substances and microbial components. Furthermore, an imbalance in the
microbial community can reduce biodiversity and promote the overgrowth of pathogenic
microorganisms. The alteration of the Firmicutes/Bacteroidetes ratio is a potential indicator
of alteration of the microbial flora. Numerous studies suggest that intestinal dysbiosis is
associated with the onset of various pathological conditions, including IBD. The latter are
disorders characterized by a chronic and remitting inflammatory condition of the intestinal
tract, in which phases of exacerbation alternate with phases of remission. Its complex
pathogenesis involves a multifaceted interplay between intestinal dysbiosis, environmental
factors, genetic mutations and an abnormal immune response [56]. A common feature of
IBD is the compromised intestinal barrier and the breakdown of tight junction proteins,
which allows harmful bacteria, toxins, and environmental factors to leak into the underlying
tissue. This triggers an aggressive immune response and chronic inflammation, which
ultimately drives tissue ulceration. In healthy conditions, the intestinal barrier protects
the mucosa from negative influences of the intestinal lumen through a thick layer of
mucus that avoids direct contact with bacteria, tight connections in the epithelium to
block bacterial infiltration, and antimicrobial peptides (AMPs). Also important are the
processes of autophagy, which offer antibacterial defense to the host, also through the
degradation of invading bacteria and the secretion of IgA, which influences the efficiency
of the immune system in keeping intestinal bacteria under control. In subjects affected
by IBD, the protective mechanisms of the mucosal barrier are altered. The reduction in
the mucus layer and the production of AMP, the alteration of autophagy processes and
the enhance in the permeability of the IEB no longer guarantee adequate protection of
the epithelium from the adhesion and invasion of luminal bacteria. This is followed by
excessive activation of the host’s compensatory immune reactions, which trigger chronic
intestinal inflammation [57].

MNPs, Intestinal Barrier Integrity and Inflammatory Bowel Disease

The correlation between MNPs ingestion, intestinal dysbiosis and IBD has been widely
discussed [58,59]. The composition of the intestinal microbiota in subjects who have
developed chronic intestinal inflammatory diseases after exposure to microplastics is
significantly modified [60]. In general, a depletion in the abundance of Firmicutes and
Bacteroidetes and an increase in Proteobacteria have been observed [35,61]. Compared
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to healthy controls, IBD subjects were found to have reduced levels of Lachnospiraceae,
Akkermansia muciniphila [62], and the butyrate-producing species Roseburia hominis, Faecal-
ibacterium prausnitzii, and Eubacterium rectale [63]. The abundance of beneficial bacteria,
such as Lactobacillus and Bacteroides, is also attenuated, causing oxidative stress, intestinal
dysbiosis, and inflammation [64]. On the contrary, higher levels of Ruminococcus torques
and Ruminococcus gnavus [65-67] and sulfate-reducing bacteria such as Desulfovibrio were
highlighted. The harmful action exerted by the hydrogen sulfate produced damages to the
epithelial cells, causing inflammation of the mucosa [68]. An increase in Veillonella spp.,
Actinomyces spp., and Coprococcus spp. in patients with IBD and in Intestinibacter spp. in
subjects affected by both chronic inflammatory intestinal forms has also been reported [69].
In addition, in subjects suffering from IBD, there is also an increase in invasive-adherent
Escherichia coli, which damages the epithelium of the intestinal mucosa. The consequent
increase in intestinal permeability allows the passage of metabolic waste and bacterial
toxins, such as lipopolysaccharide, into the blood, exacerbating the inflammatory condi-
tion [70-72]. The production of superantigens by Staphylococcus aureus also appears to
aggravate the inflammatory process [73]. Li et al. [74] and Chen et al. [75] demonstrated
the correlation between the alteration in the intestinal microbiota and the onset of IBD in
mice and the increase in Staphylococcus aureus following exposure to PE and PVC, respec-
tively. An interesting study conducted by Fournier et al. [76] showed how the ingestion
of PE microparticles largely modified the composition of the human intestinal microbiota.
In detail, an increase in potentially harmful pathobionts, such as Desulfovibrionaceae and
Enterobacteriaceae, and a concomitant decrease in beneficial bacteria, like Christensenellaceae
and Akkermansiaceae, have also been documented. Furthermore, Ghosal et al. [60] showed
the correlation between the increase in Desulfovibrio and the increased amount of indole
and 3-methylindole in the intestine of patients with IBD following exposure to PE particles.
Notably, 3-methylindole is an organic compound that derives from the decarboxylation of
the amino acid tryptophan by the intestinal microbiota. Since this compound is not usually
present in the large intestine of healthy individuals, it is possible to deduce that its altered
production following exposure to PE is associated with intestinal dysbiosis induced by
the ingestion of plastics. Ghosal also corroborated the results of the study conducted by
Tamargo et al. [77], in which an increase in Proteobacteria and Synergistetes was detected
following the ingestion of PET microparticles. The results suggest the use of these two
bacterial populations as biomarkers of exposure to MPs in the human intestinal microbiota.
Furthermore, following the effects of exposure to PE microparticles in an in vitro intestinal
model of an adult human being, an increase in intestinal pathobionts (Desulfovibrionaceae,
Dethiosulfovibrionaceae and Enterobacteriaceae) and a reduction in bacterial populations in-
dicative of good intestinal health, such as Akkermansiaceae and Christensenellaceae, have been
also observed.

5. MNP-Driven Inflammation and Oral-Gut-Brain Axis Disorders

MNPs act as environmental pollutants and vectors for toxic chemicals by initiating
localized inflammation in the oral cavity and gut, which subsequently propagates to the
brain via the oral-gut-brain axis [78]. Ingested /inhaled MNPs from food, water, or dental
materials cause oral mucosal irritation, oral dysbiosis (imbalance in bacteria), and damage
to gingival fibroblasts. This can accelerate periodontal disease, which is linked to neuroin-
flammation. MNPs reach the intestine, damaging the IEB (“leaky gut”) and altering the
microbiota, promoting the growth of harmful bacteria (e.g., Enterobacteriaceae) [79]. Specifi-
cally, MNP exposure can compromise this barrier by inducing ROS-mediated apoptosis
in epithelial cells, thereby increasing permeability in the duodenum, jejunum, ileum, and
colon [80]. Experimental in vivo studies indicate that MP-induced gut dysbiosis can stimu-
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late the expression of pro-inflammatory cytokines, e.g., IL-13, TNF-c, IL-6, TLR-4, activator
protein 1 (AP-1), and interferon regulatory factor 5 (IRF5), which further aggravate barrier
damage and perpetuate intestinal inflammation [81,82].

5.1. MNP Oral and Intestinal Inflammation

Inflammation from the gut spreads systemically, leading to neuroinflammation that
may accelerate neurodegenerative disorders [81]. Nanoscale MNPs can directly cross
the BBB through endocytosis, pinocytosis, or the “Trojan horse” mechanism (transported
by immune cells), and they can accumulate in key regions like the hippocampus and
cortex, causing neurotoxic effects, including protein misfolding and memory and cog-
nitive deficits [83]. This pathological mechanism is driven by oral pathogens, such as
Porphyromonas gingivalis (P. gingivalis), can travel from the mouth, survive the gastric envi-
ronment, and be transported by immune cells (macrophages/dendritic cells) to the gut,
where they further exacerbate systemic inflammation that subsequently reaches the brain
(neuroinflammation), disrupting the oral-gut-brain axis [84]. Firstly, MNPs can interact
with periodontopathic bacteria in various ways. At the molecular level, MNPs can serve as
a “colonization substrate” for biofilm-producing bacteria, thereby acting as a vector [85].
Secondly, MNPs are known to modulate microbial behavior by enhancing their virulence
and resistance to host immune responses. For instance, P. gingivalis has been shown to
attach to MPs and develop biofilms, which shield the bacterium from immune surveillance
(macrophage phagocytosis) by host organisms and even from antimicrobial therapies, ulti-
mately increasing overall virulence. MNPs not only promote the growth of microbes but
also cause a shift in oral microbiota composition, favoring the growth of pathogenic bacteria
and/or suppressing beneficial commensals species [85]. Recent research has shown that
MNPs are able to cross the gut barrier in mice and zebrafish, and they can subsequently
cross the BBB via systemic circulation, ultimately promoting neurotoxicity in the central
nervous system (CNS) [9,86]. Figure 1 provides a schematic overview of MNP-induced
oral-gut-brain axis dysfunction.
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Figure 1. Schematic representation of the damage caused by MNPs. Created in BioRender. https:
/ /BioRender.com/2xpl3ht (accessed on 21 July 2026). The blue arrow indicates activation 1, while
the red arrow indicates inhibition .

https://doi.org/10.3390/antiox15080951


https://BioRender.com/2xpl3ht
https://BioRender.com/2xpl3ht
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951

10 of 54

5.2. Periodontitis and Oral Dysbiosis

Periodontitis is an oral pathology caused by an inflammatory response affecting the
periodontal tissues, particularly alveolar bone, cement, gingiva, and periodontal ligament.
Recently, growing evidence has shown the close association between periodontitis and the
onset of gastrointestinal and brain disorders caused by oral infections [87]. The correlation
between periodontitis and AD is a topic of growing scientific interest; however, the available
evidence is still limited and is mainly based on a small number of preclinical studies, which
suggests a possible involvement of common inflammatory, immune, and microbiological
mechanisms in the pathogenesis of both pathologies. Although there is limited evidence
and available results are variable, researchers suspect a bidirectional relationship between
AD and periodontal disease [88,89]. The underlying biological mechanism may be chronic
neuroinflammation caused by P. gingivalis, a bacterium responsible for periodontitis. This
bacterium has the ability to release virulence factors (e.g., gingipains, amyloidogenesis,
and glial cell activation) that enter the brain via the bloodstream, neural pathways, or the
oral-gut-brain axis [90,91]. The research by Dominy et al. identified P. gingivalis DNA and
its toxic proteases (gingipains) in the brain and cerebrospinal fluid (CSF) of AD patients,
suggesting that the detection of P. gingivalis DNA in the CSF could be a potential diagnostic
marker for AD. Furthermore, the same authors found that exposure to gingipains, a major
virulence factor of P. gingivalis, increased the degeneration of neurons by triggering NLRP3
inflammasome activation, resulting in caspase-1 activation and neuronal pyroptosis. This
in turn leads to the release of a severe neuroinflammatory cascade (IL-1f and IL-18), which
accelerates both neuronal death and A plaque formation in AD-affected brains compared
to the control group. In particular, after 6 weeks of exposure to P. gingivalis, A31-42 levels
significantly increased in the mouse brain. Given this, researchers suggested inhibiting
gingipain might be beneficial for AD [90]. Similarly, in the study performed by Wu et al.,
mice exposed to 1 mg/kg daily lipopolysaccharide from P. gingivalis 5 weeks in a row
showed significantly increased microglial IL-1(3 expression, as well as memory and learn-
ing deficits, besides the accumulation of Ap in neurons [92]. These findings are highly
significant for clinical practice, as studies show that individuals with AD and dementia
exhibit poorer oral health (caries and periodontal disease) compared to cognitively healthy
peers, and that this condition worsens the quality and quantity of the saliva [93]. A recent
clinical study performed in an elderly cohort of 468 participants observed that microbiolog-
ical and host response features of periodontitis were linked to adverse MRI markers typical
of AD, highlighting, in particular, the association between greater periodontitis extent
and lower entorhinal cortex volume and cortical thickness in brain regions implicated in
AD [94].

MNPs and Periodontal Inflammation

Mounting evidence indicates that environmental pollutants and lifestyle factors signifi-
cantly increase periodontitis risk by inducing systemic oxidative stress and oral microbiome
dysbiosis [14]. Indeed, a study by Han et al. using gingival fibroblasts exposed to PET-MPs
(50-100 png/mL) showed dose-dependent cytotoxicity, oxidative stress induction, and pro-
inflammatory activation. Specifically, PET-MP exposure upregulated pro-inflammatory
signaling markers including caspase-3, IL-13, TNF-«, iNOS, and PGE-2, while it down-
regulated AKT1 and ALPL genes, exacerbating periodontal pathogenesis [95]. Nutritional
strategies with natural constructs targeting the Nrf2 pathway can exert therapeutic potential
in treating periodontitis and enhancing the regeneration of periodontal tissues [96]. Accord-
ingly, a nanotherapeutic system (e.g., HP-PVA@MH /Fe-Que) modulates the Nrf2/NF-«xB
signaling to effectively scavenge ROS, polarize macrophages toward an IL-4-driven anti-
inflammatory M2 phenotype, reduce inflammation, and ultimately enhance the osteogenic
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differentiation of human periodontal ligament stem cells (hnPDLSCs) in periodontal tissues.
This dual-action mechanism actively heals inflamed tissue by suppressing tissue-damaging
inflammatory signals (IL-13 and TNF-o) and increasing anti-inflammatory cytokine expres-
sion (IL-10 and Arg-1) as well as the antioxidant defense system (SOD-1 and CAT). Finally,
even in rats with periodontitis, the HP-PVA@MH /Fe-Que hydrogel can effectively scav-
enge ROS, mitigate inflammation, restore periodontal homeostasis, and promote alveolar
bone repair [96].

5.3. MNP Exposure and Inflammatory Bowel Disease Susceptibility

Inflammatory bowel diseases (IBDs), including Crohn’s disease and ulcerative colitis,
are chronic conditions mainly caused due to altered mucosal immune responses to the
gut microbiome in genetically predisposed individuals [97]. The potential correlation
between inflammatory bowel disease (IBD) and exposure to MNPs is a topic of growing
scientific interest; however, available knowledge is still preliminary and based primarily on
a limited number of epidemiological and experimental studies, which indicate that MINPs
may contribute to intestinal inflammation, microbiota dysbiosis, and impaired intestinal
barrier function—key factors in the pathogenesis of IBD. Furthermore, the interpretation
of results is currently limited by the marked heterogeneity of available studies, which
differ in terms of the type of polymer used, particle size and shape, dosages employed,
exposure times, and experimental models adopted. The lack of standardized protocols
therefore makes direct comparisons between studies difficult and limits the ability to draw
definitive conclusions on the role of MNPs in the development and progression of IBD.
Recently, it has been widely believed that environmental pollutants, detected in human
tissues, contribute to the development of IBD [15,56]. An epidemiological study found the
patients with IBD have approximately 50% higher concentrations of fecal MPs than healthy
individuals [15]; however, the underlying molecular mechanisms remain unclear.

Mechanisms of MNP-Induced Intestinal Injury

Recent studies have shown that the uptake of three different types of NPs in both caco-
2 cells and in mice increased in a time- and concentration-dependent manner. The toxicity
of MNPs is closely related to their particle size, dose, and shape. Generally, smaller-sized
particles, particularly PS-NPs PS-COOH and PS-NHj;, exhibited a higher internalization
and more efficient cellular uptake rates than pristine and larger-sized MPs [6]. Among small
particles, PS-NHj, due to their positively charged surface, are more toxic than carboxylated
or unmodified particles. In caco-2 cells, PS-NH, disrupts cell membranes and mitochondria
as well as induces apoptosis, primarily through internalization by macropinocytosis and
clathrin-mediated endocytosis [6]. Conversely, larger particles (e.g., PS-MPs), though less
readily internalized, are more likely to cause mitochondrial membrane damage in colon
epithelial cell models than smaller PS-NPs [98]. Intriguingly, the exposure to PS-NH, NPs
at a higher concentration of 120 ug/mL significantly increased the rates of necrotic cells
with the activation of RIPK3/MLKL-mediated necroptosis. Similarly, PS-NH; NP exposure
increased expression of IL-1 and TNF-« in the ileal lamina propria, causing a severe
intestinal inflammation in mice [99]. These data confirmed that MP exposure tends to
trigger the necroptosis of intestinal epithelial cells rather than apoptosis, both in vivo and
in vitro. Furthermore, animal studies have observed that MNPs accumulate primarily in the
digested tract, which can induce gut microbiota dysbiosis, inflammation, oxidative stress,
and increased intestinal permeability [4,100-102]. Recent research in mammalian models
revealed that systemic toxicity induced by MPs in different organs is highly dependent
on particle size, with smaller particles demonstrating greater biodistribution. Specifically,
smaller MPs (0.5 um) easily translocated and heavily accumulated, inducing more serious
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inflammation and mechanical damage in the spleen, kidney, heart, lung, and liver. However,
larger MPs (5 pm) led to more severe intestinal barrier dysfunction, as well as gut dysbiosis
and metabolic disorder in association with neuroinflammation [4]. Mechanistically, PS-MS
treatment alone does not directly induce colon inflammation in healthy mice; however,
PS-MS at a dose of 10 mg/kg and 5 um of diameter suppresses intestinal Muc2 protein
expression and impairs the mucus barrier by reducing the abundance of Lachnospiraceae
NK4A136 group and butyrate levels, thereby inhibiting PPARY signaling and exacerbating
colitis [103]. Treatment with exogenous sodium butyrate supplementation restores mucosal
homeostasis via PPARYy activation [103].

5.4. MNP Exposure and Alzheimer’s Disease Risk

AD is the most prevalent neurological disorder, affecting more than 7 million Ameri-
cans and 30 million people worldwide [104]. This number could grow to 13.8 million by
2060. In Italy, it is estimated that approximately 1.4 million people live with dementia,
50-60% of whom suffer from AD (around 600,000 individuals) [105].

The potential correlation between MNP exposure and AD is an emerging area of
research. However, currently available evidence is still limited and derives primarily from
preclinical and experimental studies, which suggest a possible involvement of MNPs in neu-
roinflammation, oxidative stress, blood-brain barrier dysfunction, and the accumulation of
neurotoxic proteins associated with neurodegeneration. Furthermore, the heterogeneity of
experimental models, types of polymers used, particle sizes, doses, and exposure times lim-
its the comparability of results and makes it difficult to extrapolate definitive conclusions
on the effects of MNPs on the development and progression of AD in humans.

Emerging research supports the “oral-gut-brain axis” hypothesis, linking chronic peri-
odontitis and specific pathogens like P. gingivalis to the pathogenesis of AD [90]. MNPs may
exacerbate periodontitis and promote the entry of P. gingivalis or its neurotoxic proteases
(e.g., gingipains) into the brain. This systemic cascade accelerates neuroinflammation and
the formation of amyloid plaques, acting as a contributing risk factor for AD [106]. MNPs
have been detected in various regions of the human body, including blood, organs, pla-
centa, gastrointestinal system, and brain, establishing a worrying association with serious
health complications such as obesity, diabetes, cognitive impairment, and AD [106,107].
A significant concern is the ability of MNPs to cross the BBB, potentially contributing
to neurotoxicity, neuroinflammation, and dementia. To date, our understanding of the
brain impact and the pathophysiology/pathways involved in MNP-related adverse health
consequences is limited; thus, it is crucial to further investigate how plastic particles can
impact brain function, using systematic methods to assess the risks associated with these
mental health conditions [108].

Mechanisms of MNP-Induced Neurotoxicity

Recent data have shown that orally ingested NPs (30-50 nm) can accumulate in the
brains of adult mice, causing cognitive decline. The preferential uptake of NPs triggers a
neurotoxic cascade leading to microglial activation, dysregulation of hippocampal neuronal
activity, and induction of inflammatory responses [109]. Results from a recent in vitro study
demonstrated that although low-dose PS-NPs do not exhibit obvious neurotoxicity, they sig-
nificantly accelerate the nucleation rate of A340 and A[342 peptides, prompting heightened
Ap oligomers. This synergistic combination between PS-NPs and low-concentration Af3
oligomers exacerbates neurotoxicity, ultimately leading to severe cell membrane damage,
mitochondrial dysfunction, and elevated intracellular ROS and Ca?* levels [107]. Detailed
research is required that expands the scope of human studies, particularly regarding MNP
exposure levels, their influence on gut microbiome and cerebral function, along with com-
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prehensive clinical evaluations to translate animal-model pathology to human health [110].
Taken together, the above data have established that MNPs can trigger neurodegeneration
in the brain, but the precise underlying mechanisms remain elusive. Furthermore, most
current research is based on animal models or in vitro cellular experiments, and the expo-
sure doses and modes of MNPs used in experiments may differ from real-world scenarios.
This discrepancy represents a major hurdle in the current research on environmental pollu-
tants, resulting in a critical translational gap between laboratory settings and actual human
exposure. Therefore, it is necessary to carefully simulate exposure conditions encountered
in real environments, including the exposure dose, duration, and molecular pathways
involved, to assess the potential risks of MNPs on the CNS disorders.

6. Functional Foods, Nrf2 Signaling, and Cellular Resilience: Emerging
Evidence for Oral-Gut-Brain Axis Health

Functional foods, including artichoke, quinic acid, Opuntia ficus-indica, spirulina,
pterostilbene, and icariin, contain bioactive compounds, i.e., flavonoids, polyphenols,
alkaloids, terpenoids, and carotenoids, that when combined with probiotics offer significant
preventive and therapeutic benefits. Emerging evidence has shown that these nutrients
target Nrf2 cellular resilience signaling and could potentially mitigate oral-gut-brain
axis disorders [111,112]. In summary, Figure 2 illustrates the role of functional foods in
attenuating MNP-induced oral-gut-brain axis dysfunction via Nrf2 activation.
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Figure 2. Schematic representation of the bidirectional role of the oral-gut-brain axis modulated by
functional foods targeting the Nrf2 pathway. Created in BioRender. https://BioRender.com/5gl6zkm
(accessed on 20 July 2026). The blue arrow indicates activation T, while the red arrow indicates
inhibition . The solid blue arrow indicates direct oral-gut interaction, whereas the dashed purple
arrow represents hematogenous dissemination through the bloodstream.

6.1. Artichoke
6.1.1. Preclinical Evidence on Artichoke

Artichoke, a member of the Asteraceae family, has traditionally been used to counteract
oxidative stress and inflammation associated with chronic diseases. Experimental evidence
reported that a high dose (1.6 g) of artichoke methanolic leaf extract supplementation
prevented diethylnitrosamine-induced oxidative damage, apoptosis, and neurotoxicity
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via the upregulation of the Klotho/PPARY signaling pathway in BALB/c mouse brains
after 14 days [113]. Furthermore, the anti-inflammatory effects of functional food intake,
including artichoke, caihua, and fenugreek vegetal extract original blend (ACFB), on
reducing the p65NF-«B pathway, COX-2 and PGE2 expressions, and IL-8 secretion in caco-2
epithelial cells have been investigated [114]. Moreover, Cynara cardunculus L. attenuated
the TNF-o-induced activation of the NF-«kB signaling pathway and reduced the expression
of the pro-inflammatory mediators IL-8 and COX-2 associated with an upregulation of
the Nrf2 pathway and resilience genes stimulating an adaptive response in vitro [115]. In
addition, an interesting study observed that cynaropicrin, a sesquiterpene lactone, exhibits
preventive and pharmacological effects in periodontal diseases. Specifically, it suppressed
the bacterium Porphyromonas gingivalis-induced NF-«B pathway and IL-8 and IL-6 cytokine
synthesis in human gingival fibroblasts in a dose-dependent manner via the inhibition
of RANKL-induced osteoclast differentiation [116]. Moreover, Chen et al. demonstrated
that cynarin exerts protective effects against ulcerative colitis, both in vitro and in vivo, by
suppressing STAT3/NF-kB signaling and limiting the polarization of macrophages toward
the pro-inflammatory M1 phenotype [117]. Lastly, another important study conducted by
Deng and coworkers revealed that artichoke water extract at 0.8 and 1.6 g/kg, in particular,
the most abundant flavonoids including chlorogenic acid and cynarin, significantly reduced
tissue Pb accumulation, induced fecal Pb excretion, improved lipid profiles, and attenuated
liver injury by activating Nrf2 antioxidant signaling and stress resilience enzymes SOD2,
CAT, and GPX4 and inhibiting MDA and 8-OHdG in mice [118]. Similarly, a dose of 0.8
and 1.6 mg of artichoke water extract, targeting the activation of Nrf2 signaling, blocked
NLRP3/ caspase-1/GSDMD-mediated pyroptosis in HepG2 cells [118].

6.1.2. Clinical Evidence on Artichoke

Clinical evidence for artichoke includes a randomized, double-blind, placebo-controlled
trial demonstrating that very-long-chain inulin extracted from globe artichoke significantly
increased fecal populations of bifidobacteria and lactobacilli and favorably modulated
gut microbiota composition, highlighting the contribution of artichoke in regulating the
gut-brain axis through prebiotic mechanisms [119]. Table 1 provides an overview of the
effects of artichoke on the modulation of the main molecular pathways discussed in this
review (| inhibition or 1 activation).

Table 1. Summary of nutritional modulation of key molecular mechanisms associated with MNP-
induced damage in oral-gut-brain axis alterations.

. Molecular Target Molecular Target
Functional Foods Inhibited (]) Activated (1) References
NF-«B p65
COX-2 and PGE2 Nrf2
. TNF-«, IL-6 and IL-8 SOD2
Artichoke STAT3/NF-«B CAT [114-118]
MDA and 8-OHdG GPX4
NLRP3/caspasi-1/GSDMD
SOD, CAT, GPx
Tryptophan
L MDA Indole-3-acetic acid
Quinic acid p38 MAPK Kynurenic acid [120-126]
SKN-1/Nrf2

Ap deposition
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Table 1. Cont.

Molecular Target Molecular Target

Functional Foods Inhibited (]) Activated (1) References
ROS Nrf2
. . TNF-« SOD
Opuntia ficus-indica IL-1p CAT [127-129]
NF-«B GPX
TNF-«, IL-6, IL-1 II\LH}S
Spirulina 1\1\1/}3823 PI3K/ Akt [130]
CAT, SOD and GPX
NF-«B NRF2
. iNOS and COX-2 HO-1 and NQO1
Pterostilbene NE-xB/MAPK and TLR4 IL-10 [131-139]
TNF-«, IL-6, IL-1B BDNF
IL-1p p-Akt and Nrf2
Sirt 1, Potla, BUB1b, FOXO1,
EphA2-RhoA Ep300, ANXA3, Calbl
Icariin TLR-4/NF-kB Pyl / ! [140-143]
SNAP25
IL-1B, TNF-«, BDNE
IL-2, IL-6, IL-12 1L-10

6.2. Quinic Acid
6.2.1. Preclinical Evidence on Quinic Acid

Quinic acid (QA), a naturally occurring cyclohexanecarboxylic acid present in various
plant species, has been reported to possess a broad range of biological activities, including
antibacterial, antioxidant, anti-inflammatory, and antiviral properties [144]. A recent study
observed that 30 mg of QA attenuated brain oxidative stress by reducing malondialde-
hyde and increasing levels of stress resilience markers such as SOD, CAT, and glutathione
peroxidase (GPx), and it suppressed neuroinflammatory cytokines induced by high-fat
diets and improved gut microbiota dysbiosis by decreasing the Firmicutes/Bacteroidetes
ratio [120]. In addition, the results indicated that mice treated with QA significantly altered
the composition of metabolites in the feces. Specifically, QA increased the relative abun-
dance of tryptophan, indole-3-acetic acid (IAA), and kynurenic acid [120]. Interestingly,
QA treatment promoted hippocampal neurogenesis by proliferating and differentiating
neural progenitor cells and recovering neurons from stress caused by oxygen glucose depri-
vation [121], targeting the Notch pathway in vitro and in vivo [122]. Moreover, a dose of
60 and 100 mg/kg of QA has shown antioxidant potential through its ability to activate the
Nrf2 pathway and its downstream target genes in rat models of ulcerative colitis [145]. The
bioactive flavonoids, particularly QA from Eucommia ulmoides leaves, attenuated cognitive
dysfunction by regulating the JNK/TLR4 signaling pathway in DSS-induced colitis in
mice [124]. Of note, QA and its amide derivatives (2-4) reduced phytohemagglutinin
(PHA)-induced neurotoxicity by inhibiting p38 MAPK activation in SH-SY5Y cells [125].
In addition, the chronic administration of 5-caffeoylquinic acid attenuated A deposition
in the brain through the regulation of Af3 clearance pathways and was associated with
reduced cognitive impairment and neuronal loss in APP/PS2 mice [126]. Thus, it may be
effective in preventing cognitive dysfunction in AD. Finally, computational studies using
machine learning methods discovered and predicted that the bioactive compounds of Cen-
tella asiatica, dicaffeoylquinic acids, can protect against A 3-toxicity in human neuroblastoma
MC65 cells [146].
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6.2.2. Clinical Perspectives on Quinic Acid

The available knowledge comes mainly from preclinical models, while there are
currently no clinical trials evaluating their efficacy in inflammatory bowel disease, peri-
odontitis, Alzheimer’s disease, oral-gut-brain axis disorders, or toxicity associated with
micro- and nanoplastics. Table 1 provides an overview of the effects of quinic acid on
the modulation of the main molecular pathways discussed in this review ({ inhibition or
1 activation).

6.3. Opuntia ficus-indica
6.3.1. Preclinical Evidence on Opuntia ficus-indica

The cladodes, fruits, and seeds of Opuntia ficus-indica (OFI) are known to be rich in
polyphenols, flavonoids (especially isorhamnetin derivatives), betalains, and polysaccha-
rides, which together contribute to its strong antioxidant and anti-inflammatory properties.
OFI has therefore shown promise as a dietary supplement for conditions characterized by
oxidative stress, chronic inflammation, and deregulated immune responses. In periodontal
disease, advanced biomaterials have provided evidence for the role of OFI. A thermo-
responsive hydrogel embedded with chitosan nanoparticles loaded with OFI extract has
been developed for the local treatment of periodontitis [147]. In vitro, this system showed
strong anti-biofilm activity against P. gingivalis, S. mutans, and P. aeruginosa, important
pathogens of periodontal dysbiosis. Beyond its antimicrobial activity, the formulation en-
hanced the polarization of macrophages towards the anti-inflammatory M2 phenotype and
reduced the release of pro-inflammatory cytokines. These immunomodulatory effects were
mechanistically supported by the upregulation of antioxidant enzymes such as SOD and
catalase, while Nrf2-mediated transcriptional activity was restored. Importantly, the hydro-
gel enabled controlled release, overcoming bioavailability issues that remain a challenge
for the translational applications of dietary supplements. The aqueous cladode extract of
OFI has recently been shown to exert strong antioxidant and anti-inflammatory effects both
in vitro and in vivo. Rich in gallic acid, catechin, caffeic acid, and ferulic acid, it inhibits
neutrophil-derived ROS and myeloperoxidase activity while limiting degranulation. In
a rat model of acetic acid-induced ulcerative colitis, oral pretreatment with OFI extract
protected against mucosal damage; preserved goblet cells; restored catalase, superoxide
dismutase, and glutathione levels; and reduced plasma levels of the pro-inflammatory
cytokines TNF-a and IL-1$3. These results emphasize that OFI cladodes can counteract
intestinal inflammation by attenuating neutrophil-induced oxidative stress and promoting
redox balance, suggesting that they can be used as a food source for the treatment of
ulcerative colitis [127]. OFI has been shown to activate Nrf2/SOD2 signaling, improve
insulin sensitivity, and suppress NF-kB-mediated inflammation, while remodeling the gut
microbiota towards anti-inflammatory taxa in obesity-associated colitis [128]. A similar
anti-inflammatory profile mediated by Nrf2 activation and NF-«B inhibition has been
observed in human hypertrophic adipocytes, which are characteristic of obesity [129].
Although OFI extracts have been extensively characterized and contain isorhamnetin,
quercetin, kaempferol, ferulic acid, and the related derivatives [147], the exact bioactive con-
stituents responsible for the anti-inflammatory effects and Nrf2 activation are not yet fully
understood. Future studies should prioritize the use of standardized extracts and a thor-
ough evaluation of their pharmacokinetic and pharmacodynamic properties in optimized
pharmaceutical formulations.

6.3.2. Clinical Evidence on Opuntia ficus-indica

A clinical study conducted in healthy subjects has demonstrated that the oral intake
of OFI fruits rich in indicaxanthin (IX) is able to modulate the activity of intracortical gluta-
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matergic circuits and neuronal plasticity processes, providing the first evidence in humans
of a potential neuromodulatory action of this bioactive compound [148]. Another clinical
study demonstrated that supplementation with OFI (1500 mg/day for 3 months) signifi-
cantly increased total antioxidant capacity and reduced several biomarkers of oxidative
stress, suggesting the role of this compound in the prevention of conditions associated with
inflammation and oxidative damage [149]. Moreover, a randomized, double-blind, placebo-
controlled clinical study demonstrated that supplementation with OFI extract for 8 weeks
improved gut microbiota composition and gastrointestinal symptoms in subjects with
intestinal dysbiosis, supporting its potential role in gut-brain axis-related diseases [150].
A randomized, placebo-controlled clinical study demonstrated that a synbiotic formulation
containing Opuntia humifusa extracts significantly improved gastrointestinal symptoms
and psychological well-being in elderly patients with irritable bowel syndrome, support-
ing modulation in the gut-brain axis [151]. The available human evidence includes two
randomized placebo-controlled clinical trials and additional controlled clinical studies that
have evaluated the effects of Opuntia on gastrointestinal health, gut microbiota composi-
tion, oxidative stress status, and the neurological potential of these compounds in disorders
of the gut-brain axis. Table 1 provides an overview of the effects of Opuntia ficus-indica on
the modulation of the main molecular pathways discussed in this review ({ inhibition or
1 activation).

6.4. Spirulina (Arthrospira platensis)
6.4.1. Preclinical Evidence on Spirulina

Arthrospira platensis, commonly known as spirulina (SP), is a filamentous cyanobac-
terium known for its exceptional therapeutic potential for oral-gut-brain axis disor-
ders [152-154]. It has a rich nutritional profile including bioactive peptides, phenolic
compounds, and polyunsaturated fatty acids, which have powerful antioxidant, anti-
inflammatory, and immunomodulatory properties. Over the last decade, SP has become
increasingly recognized as a promising dietary supplement for the treatment of chronic
diseases in which oxidative stress and inflammatory dysregulation play a central role.
Recent preclinical evidence suggested that 12% SP hydrogel was found to have maximum
antimicrobial efficacy against major periodontal pathogens, namely, A. actinomycetem-
comitans, P. gingivalis, T. forsythia, Prevotella Intermedia, and F. nucleatum [155]. Evidence
from clinical studies indicates that subgingival administration of a 4% spirulina gel may
serve as an effective adjunct to non-surgical periodontal treatment, representing a natural
and potentially more economical alternative to conventional antimicrobial agents such as
chlorhexidine [156]. Both interventions improved probing depth, clinical attachment levels,
and the microbial load of Porphyromonas gingivalis, with spirulina showing comparable
efficacy to chlorhexidine without the side effects associated with prolonged antiseptic
use. Taken together, these clinical studies provide the first translational evidence that
spirulina can improve periodontal outcomes through anti-inflammatory and antimicrobial
mechanisms, making it a valuable adjunct to conventional surgical therapy. The role of
spirulina in intestinal inflammation and the homeostasis of the microbiota is the subject
of intensive research. Preclinical studies with DSS-induced colitis models have shown
that spirulina-based therapeutics alone or in combination with probiotics can significantly
reduce intestinal inflammation, restore mucosal barrier integrity, and rebalance the gut
microbiota while reducing IBD-associated psychiatric disorders such as anxiety and de-
pression. For example, a spirulina-based cerium oxide nanocomposite alleviated colitis
by scavenging ROS, downregulating pro-inflammatory cytokines (TNF-« and IL-6), and
favoring the proliferation of anti-inflammatory bacterial taxa, namely, Lachnoclostridium,
Eubacterium siraeum, and Rikenella, which produce short-chain fatty acids that promote
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intestinal epithelial cell proliferation, enhance intestinal barrier integrity, and exert anti-
inflammatory effects [130,157-161]. Recent advances also include nanozyme-based delivery
systems. Chen et al. developed an orally administrable spirulina-selenium nanoparticle
complex that exhibited cascade-like ROS scavenging activity, suppressed pro-inflammatory
cytokines, enhanced IL-10, and restored tight junction integrity in DSS-induced colitis [130].
This approach emphasizes how spirulina in combination with nanozyme technology can
enhance antioxidant and barrier-protective effects in IBD. Beyond the effect on the balance
of the gut microbiota, the effects of spirulina converge in combating oxidative stress in the
colon through ROS neutralization, reduction in the overexpression of pro-inflammatory
cytokines (TNF-«, IL-1f3, and IL-6) in the colon, and the Nrf2-dependent antioxidant gene
activation and inhibition of NF-«B signaling. The potential neuroprotective effects of spir-
ulina are gaining increasing attention in the context of AD. In a sporadic AD mouse model
induced by intracerebroventricular streptozotocin, spirulina extract prevented deficits in
working, recognition, and spatial memory, while maintaining glutathione levels in the
hippocampus and cortex. Treatment reduced lipid peroxidation, nitrite accumulation, and
acetylcholinesterase activity while decreasing astrogliosis and microgliosis, indicating the
suppression of neuroinflammation. Mechanistically, these effects have been attributed to
the antioxidant activity of phycocyanin and polyphenols, which can scavenge free radi-
cals and improve neuron survival [153]. These effects are consistent with evidence that
phycocyanin enhances insulin receptor signaling and activates the PI3K/Akt pathway,
thereby improving neuronal survival and counteracting tau hyperphosphorylation. Taken
together, these results indicate that spirulina is a candidate for integrative strategies in
AD, although large-scale clinical validation is still pending. Although direct evidence
in oral-gut-brain disorders is still limited, studies in other contexts consistently show
that spirulina exerts protection through Nrf2 activation and the induction of antioxidant
genes [162]. Examples include attenuation of oral and gut toxicity [163,164], improvement
of neurodegeneration [165], preservation of brain reserve [166,167], enhancement of mito-
chondrial biogenesis [168], and reduction in chronic gastrointestinal inflammation [169].
These findings indirectly support Nrf2 as a central axis for spirulina’s potential benefits
in oral-gut-brain disorders. Recent studies have shown that ulcerative colitis and CD are
associated with increased abdominal adiposity, body weight gain, and colon enlargement.
These conditions are also characterized by marked colonic damage and alterations in serum
metabolic parameters related to oxidative stress within the colonic mucosa, including
excessive ROS production and elevated plasma scavenging activity (PSA). Furthermore,
obesity was found to aggravate the severity of acetic acid (AA)-induced ulcerative colitis
by enhancing inflammatory responses and increasing the expression of pro-inflammatory
cytokines. Notably, SP administration exerted significant protective effects, reducing inflam-
matory severity and histopathological damage, decreasing lipid peroxidation as indicated
by lower MDA levels, and improving antioxidant defenses through enhanced activities of
CAT, SOD, and GPX, together with increased levels of non-enzymatic antioxidants such
as GSH and SH-G [157]. Furthermore, an oral hydrogel delivery system (SP@Rh-gel) has
been developed to facilitate the administration of SP. This strategy was shown to preserve
intestinal barrier function, limit the production of pro-inflammatory mediators, and reduce
their translocation across the blood—-brain barrier into the hippocampus. As a consequence,
SP@Rh-gel attenuated neuroinflammatory responses and helped preserve neuroplastic-
ity [161]. In a chronic colitis mouse model, treatment with SP@Rh-gel markedly improved
colitis-associated manifestations and significantly reduced anxiety- and depression-like
behaviors, highlighting its potential therapeutic value in disorders involving the gut-brain
axis. In vitro studies showed that a concentration of SP (50 and 100 pg/mL) alleviated
DSS-induced NCM460 cell injury. SP markedly attenuated DSS-induced oxidative stress
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by limiting excessive ROS production and preserving mitochondrial membrane potential.
In vivo, the oral administration of SP at a dose of 300 mg/kg significantly reduced the
severity of colonic mucosal injury induced by DSS, while also mitigating inflammation
and oxidative damage. These protective effects were associated with enhanced antioxidant
defenses, including the increased activities of SOD, CAT, and GSH-Px, as well as the upreg-
ulation of colonic tight junction (T]) proteins, contributing to the maintenance of intestinal
barrier integrity [170]. Moreover, orally administered phycocyanin from SP (750 mg/kg)
significantly alleviated cognitive impairment in mice by modifying the gene expression
profile (Nfe212, Prup, Cct4, Vegfd (Figf), Map9 (Mtap9), Pik3cg, Zfand5, Endog, and Hbqla)
associated to AD when altered in the hippocampus of mice [171,172].

6.4.2. Clinical Evidence on Spirulina

In humans, a dose of 500 mg/day SP or a placebo twice a day for 12 weeks in 60 sub-
jects with AD showed a significant improvement in cognitive function by reducing high-
sensitivity C-reactive protein (hs-CRP), fasting glucose, insulin, and insulin resistance [173].
Furthermore, SP maxima 70% ethanol extract, three times a day (capsule whole weight
2.4 g/day), has shown the ability to improve memory in the older adults with MCI and
the risk of developing AD after 12 weeks [174]. Clinical evidence supporting spirulina
is growing. In a randomized, placebo-controlled clinical trial, spirulina supplementation
(1 g/day for 8 weeks) significantly improved the total antioxidant capacity and quality of
life in patients with ulcerative colitis, suggesting a potential adjuvant role in inflammatory
bowel disease [175]. Interest in SP is further supported by a randomized, double-blind,
placebo-controlled clinical trial designed to evaluate the effects of supplementation on
intestinal permeability, oxidative stress, and symptomatology in patients with irritable
bowel syndrome, a major gut-brain axis disorder [176]. Available human evidence includes
randomized, double-blind, placebo-controlled clinical trials evaluating the effects of spir-
ulina in inflammatory bowel disease, cognitive decline, and other conditions related to
the gut-brain axis and the use of this compound in modulating inflammation, oxidative
stress, and neurological health. Table 1 provides an overview of the effects of spirulina on
the modulation of the main molecular pathways discussed in this review ({ inhibition or
1 activation).

6.5. Pterostilbene
6.5.1. Preclinical Evidence on Pterostilbene

Pterostilbene (PTB) is a natural demethylated analogue of resveratrol, which is mainly
found in berries, red wine, and Pterocarpus species. Its improved lipophilicity and metabolic
stability give it a higher bioavailability compared to resveratrol, making it a promising can-
didate for nutraceuticals. PTB exhibits diverse pharmacological effects, notably antioxidant,
anti-inflammatory, anticancer, and neuroprotective properties. Recent studies on PTB in the
context of periodontitis are scarce. However, some studies suggest its potential benefits in
modulating periodontal inflammation and restoring redox balance [131]. When complexed
with cyclodextrin, PTS showed antimicrobial activity against Fusobacterium nucleatum and
suppressed NF-«kB-driven cytokine release in macrophages, while simultaneously upreg-
ulating Nrf2-dependent antioxidant genes such as HO-1 and NQO1 [132]. Although no
clinical studies in periodontitis are currently available, the mechanistic overlap argues
in favor of exploring PTB as an adjuvant in periodontal therapy, possibly through local
delivery systems similar to those tested with resveratrol. Indeed, there is solid and recent
evidence for the efficacy of PTB in intestinal inflammation, particularly in DSS-induced
colitis models. Medicinal chemistry has yielded PTB derivatives with triazole moieties,
one of which (compound 8) showed potent inhibition of iNOS and COX-2 expression and
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significant attenuation of NF-kB and MAPK signaling, resulting in marked protection in
acute colitis with an excellent safety profile [133]. Similarly, novel PTB analogues have
been identified as specific NLRP3 inflammasome inhibitors. One example is compound
D22, which blocked ASC oligomerization and caspase-1 activation, thereby preventing
pyroptosis and IL-1f3 secretion while alleviating DSS-induced colitis in mice [134]. Vari-
ous innovative delivery platforms have been designed to improve the bioavailability and
overcome the pharmacokinetic limitations of native PTB. ROS-responsive nanocarriers
not only improved bioavailability in the colon but also enhanced therapeutic benefits by
scavenging ROS, modulating dendritic cells, and rebalancing macrophage polarization
and T-cell infiltration [135]. Similarly, self-assembled PEGylated PTB micelles improved
solubility and stability, suppressed TLR4-mediated activation of NF-kB and MAPK, and
promoted epithelial barrier recovery in murine colitis [136]. Furthermore, innovative
probiotic—drug conjugates have been engineered to achieve synchronous colonization of
adhesive Escherichia coli and ROS-responsive release of PTB at colonic lesion sites. This
dual delivery system significantly enhanced probiotic survival under harsh gastrointestinal
conditions, enabled targeted adhesion to inflamed mucosa, and triggered on-demand
release of PTB in response to high ROS levels. In a DSS-induced model of ulcerative
colitis, these conjugates exerted synergistic protective effects by reducing the production
of the pro-inflammatory cytokines TNF-«, IL-6, and IL-1§3, enhancing IL-10 levels, restor-
ing the expression of tight junction proteins, and promoting a healthier gut microbiota
profile through the enrichment of beneficial bacterial genera such as Alloprevotella and Lach-
nospiraceae [137]. Taken together, these findings suggest that PTB exerts its beneficial effects
through multiple molecular mechanisms, including the downregulation of NF-xB/MAPK
and TLR4 signaling pathways, as well as the suppression of NLRP3 inflammasome acti-
vation, enhancement of tight junction integrity, and modulation of innate and adaptive
immunity—advanced formulations are important to achieve site-specific delivery and
reduced toxicity. Overall, PTB is proving to be a promising nutraceutical scaffold for IBD.
However, translation into clinical use requires standardized formulations, long-term safety
evaluation, and pharmacokinetic characterization. Beyond the gut, the neuroprotective
properties of PTB have been demonstrated in both cellular and animal models relevant
to AD. In amyloid-31—42-exposed neuronal cells, PTB alone or in combination with dios-
genin reduced oxidative stress, inhibited microglial activation, and promoted neuronal
survival through the upregulation of Nrf2 and BDNF, suppression of NF-«B signaling, and
modulation of autophagy [138]. In APP/PS1 transgenic mice, PTB administration mildly
improved cognitive performance, reduced neuroinflammation and amyloid load in the
hippocampus, and suppressed TLR4-mediated microglial activation, while suppressing
TNF-«, IL-6, and IL-13 expression levels [139]. In addition, PTB was associated with the
promotion of autophagy-dependent amyloid clearance, which contributes to the reduction
in amyloid burden. The available evidence is consistent with the notion that PTB may
attenuate the progression of AD pathology through two mechanisms: enhancement of
Nrf2-driven antioxidant defenses and suppression of pro-inflammatory cascades. Although
the preclinical evidence for PTB is solid, some limitations must be acknowledged. Most
studies are based on chemically induced colitis models or AD transgenic mice, which may
not fully recapitulate the human disease. The data on periodontitis are only preliminary
as no direct in vivo or clinical studies are yet available, indicating that further research is
needed to investigate novel topical delivery systems for periodontal use in humans. In
addition, the translation of effective doses from experimental studies to human use is com-
plicated by pharmacokinetic variations, although PTB has better bioavailability compared
to resveratrol. Future studies should include well-designed clinical trials to better define
the therapeutic potential of PTB in IBD and AD.
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6.5.2. Clinical Perspectives on Pterostilbene

In addition to oral and gut disorders, further studies show that PTB activates Nrf2 in
various chronic diseases. For instance, in abdominal aortic aneurysm models, PTB activated
KEAP1/NRF2, upregulating HO-1/NQO1 and attenuating vascular inflammation [177]. In
cyclophosphamide-induced interstitial cystitis, PTB activated Nrf2/HO-1 and suppressed
NLRP3 [178]. In skin aging, PTB reduced UVA-induced ROS, restored collagen synthe-
sis, and increased Nrf2/Sirt6 expression [179]. In hyperglycemic endothelial cells, PTB
reversed the epigenetic silencing of Nrf2, restoring antioxidant genes and nuclear Nrf2
translocation [180]. While outside oral-gut-brain disorders, these findings confirm Nrf2
activation as a convergent mechanism of PTB. Stilbenes, particularly pterostilbene, have
demonstrated promising neuroprotective properties in experimental models of neurode-
generative diseases through the modulation of multiple cellular pathways involved in
oxidative stress, neuroinflammation, and mitochondrial function [181]. However, clinical
evidence in humans remains limited, highlighting the need for further clinical studies to
confirm the therapeutic efficacy of stilbenes in neurodegenerative disorders.

Table 1 provides an overview of the effects of pterostilbene on the modulation of the
main molecular pathways discussed in this review (| inhibition or 1 activation).

6.6. Icariin
6.6.1. Preclinical Evidence on Icariin

Icariin (ICA) is a flavonoid extracted from Epimedium species with potential preven-
tive and pharmacological applications in oral-gut-brain disorders by targeting the Nrf2
pathway and stress resilience genes [182-184]. Recent studies demonstrate that under
NIR irradiation, ICA + CNF@H exhibited synergistic antibacterial, anti-inflammatory, and
antioxidant activities, effectively reducing ROS levels while simultaneously enhancing os-
teogenic differentiation, thereby representing a promising strategy for periodontitis in vitro
and in vivo [185]. Local injection of ICA promoted periodontal tissue regeneration and ex-
erted anti-inflammatory and immunomodulatory function by downregulating IL-1f [140].
Moreover, ICA reversed the inhibitory effect of P. gingivalis infection on the periodontal
osteogenic differentiation and proliferation of MC3T3-E1 cells in a concentration- and time-
dependent manner when administered at doses between 0.1 and 10 uM, with the greatest
effect at 10 uM through the downregulation of EphA2-RhoA [141]. In addition, ICA at
the concentrations of 20 and 50 uM increased the survival, migration, and osteoblastic
differentiation of human periodontal ligament fibroblasts by inhibiting the TLR-4/NF-kB
signaling pathway [142]. Finally, zinc-aluminum layered double hydroxide nanosheets
(LDHs) incorporating ICA were found to shift macrophage polarization from the M1 to the
M2 phenotype, thereby modulating the local immune microenvironment and stimulating
the production of cytokines that support oral tissue regeneration [186]. Interestingly, ICA
significantly influences the gut microbiota composition and function, thus reducing IBD
diseases [187]. Consistent with this, compelling evidence indicates that doses of 80 mg/kg
ICA and 150 mg/kg Panax notoginseng saponins significantly ameliorate alterations in the
abundance, proportion, and function of gut microbiota in AD mouse models [188]. Like-
wise, a dose of 100 mg of ICA for 15 consecutive days improved the intestinal microbiota
integrity by upregulating p-Akt and Nrf2; stress resilience molecules, Sirt 1, Potlc, BUB1b,
FOXO1, Ep300, ANXA3, Calbl, SNAP25, and BDNF; and anti-inflammatory cytokines
(IL-10) and by downregulating pro-inflammatory cytokines (IL-1f3, TNF-«, IL-2, IL-6, IL-
12) and iNOS proteins in old mice associated to age-related disorders [143]. Moreover,
treatment with ICA (10 mg/kg/day) attenuated colonic inflammation in a dextran sodium
sulfate (DSS)-induced ulcerative colitis mouse model through inhibition of the NF-«B
pathway, mediated by changes in p-p65 and p65 expression levels [189]. In particular,
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the main active metabolites such as icariside II (ICS) and icaritin (ICT) show the ability
to slow the worsening of the symptoms of AD via the activation of Nrf2 signaling [190].
Recent evidence suggested that a concentration of 20mg of ICA in combination with
15mg/kg/d -asarone can improve neuronal survival and cognitive function by reducing
the production of extracellular amyloid beta peptide (Af3) in mice [191]. Similarly, Feng
and colleagues reported that a dose of 60 mg/kg of ICA significantly reduces intracellular
neurofibrillary tangles by inhibiting phosphodiesterase-5 activity and stimulating nitric
oxide (NO)/cyclic guanosine monophosphate (cGMP) signaling in the hippocampus and
cortex of APP/PS1 transgenic mice [192]. Furthermore, ICA and ICT can inhibit the ex-
pression of neuroinflammatory cytokines, such as TNF«, IL-1f3, and IL-6, by suppressing
high-mobility group protein box 1 (HMGB1)/receptor for advanced glycation end products
(RAGE) signaling. Additionally, it can prevent H,O,-induced neurotoxicity by decreasing
ROS production and upregulating Sirtl [193]. Another piece of evidence suggests that ICA
may represent a promising therapeutic candidate for AD due to its ability to modulate
the sirtuin 1 (SIRT1) pathway, reduce amyloid- accumulation, and interfere with key
neurodegenerative processes, including neuroinflammation, oxidative stress, autophagy,
and neuronal apoptosis [194]. Although the literature on ICA continues to expand and sup-
ports its neuroprotective potential through multiple molecular mechanisms, the available
evidence is derived predominantly from experimental studies and literature reviews [195].

6.6.2. Clinical Perspectives on Icariin

Clinical evidence remains limited; therefore, clinical trials in humans are needed
to confirm the promising results observed in experimental models. Table 1 provides an
overview of the effects of icariin on the modulation of the main molecular pathways
discussed in this review (| inhibition or 1 activation).

7. The Synergistic Role of Probiotics, Polyphenols, and Prebiotics in the
Oral-Gut-Brain Axis

7.1. Probiotics and Nrf2 Signaling

Emerging evidence highlights that selected probiotics may modulate several molecular
pathways by restoring microbial balance, reinforcing epithelial barrier function, and regu-
lating innate and adaptive immunity. Notably, the oral microbiome—a complex ecosystem
of bacteria, fungi, viruses, and protozoa—is a significant factor in gut and brain health.
Alterations in the composition and function of the oral microbiome have been increasingly
associated with the development of systemic inflammatory responses, impairment of BBB
integrity, and the amplification of neuroinflammatory processes, all of which are considered
important contributors to AD pathogenesis within the framework of the oral-gut-brain
axis. Through a complex network of neural, immune, and endocrine pathways, the oral
cavity, gastrointestinal tract, and central nervous system engage in continuous bidirectional
communication, allowing local microbial disturbances to exert effects at distant sites. Oral
pathogens, such as Porphyromonas gingivalis, have attracted considerable attention because
of their ability to disseminate virulence factors, including lipopolysaccharides (LPS) and
gingipains, which can trigger inflammatory responses within the nervous system and con-
tribute to neurodegenerative processes. At the same time, microbiota-derived metabolites,
including short-chain fatty acids (SCFAs) and peptidoglycan fragments, may further en-
hance systemic immune activation and sustain chronic inflammation. Given the central role
of microbiome homeostasis in the oral-gut-brain axis, probiotic-based interventions have
emerged as promising approaches for preserving cognitive health and potentially lowering
the risk of neurodegenerative disorders, particularly AD, through the maintenance of a
diverse and balanced microbial ecosystem [196]. Recent evidence has further demonstrated
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that probiotics can exert antioxidant and anti-inflammatory effects by regulating cellular
stress-response mechanisms. More specifically, several probiotic strains have been shown
to activate the Nrf2 signaling pathway [197]. However, when this pathway is suppressed
or dysregulated, it fails to combat oxidative stress effectively, leading to the accumulation
of ROS and the enhancement of pro-inflammatory cytokines, which in turn drive the patho-
genesis of many chronic and age-related diseases [198-200]. Mechanistically, probiotics
act by suppressing NF-kB and MAPK pathways and activating Nrf2 pathway [201]. No-
tably, several Lactobacillus strains, belonging to a major group of lactic acid bacteria, have
demonstrated pronounced antioxidant and anti-inflammatory properties in both in vitro
and in vivo experimental models [202]. For example, Kullisaar et al. [203] demonstrated the
presence of the SOD enzyme in Lactobacillus fermentum. Moreover, engineered Lactobacillus
casei BL23 strains producing either CAT or SOD offer promising results in the treatment of
Crohn’s disease in studies using mouse models [204].

7.2. Probiotics and Periodontal Health

Periodontitis is responsible for the elevated polymorphonuclear leukocytes levels
leading to a sustained inflammatory burden and oxidative damage [205]. Nrf2 is crucial
in maintaining periodontal tissue homeostasis by regulating stress resilience genes [206].
Accordingly, Vo et al. [207] demonstrated that surfactin isolated from Bacillus subtilis
is capable of activating the Nrf2 pathway and enhancing HO-1 expression in human
gingival fibroblasts. Moreover, selected probiotics such as Bifidobacterium animalis ZK-77
and Lactobacillus salivarius ZK-88 alleviate the inflammation caused by pathogenic bacterial
species P. gingivalis that produce harmful metabolites such as H,S and NHj in the oral
cavity of rats with periodontitis [208]. Of note, polyphenols alone and in synergy with
probiotics such as Lactobacillus reuteri have shown a significant therapeutic potential in
periodontal disorders [209].

7.3. Prebiotics and Clinical Evidence

Prebiotics consist of non-digestible food components, typically including fibers such
as inulin, fructooligosaccharides (FOS), and galactooligosaccharides (GOS), that selectively
nourish beneficial bacteria in the oral and gut microbiome promoting their growth and
metabolic activity. These compounds play a crucial role in the oral-gut-brain axis home-
ostasis [210]. This active food, has beneficial effects on CNS, and decreases or controls the
incidence of AD [211]. Importantly, Zhang et al. demonstrated the therapeutic potential
of nicotinamide mononucleotide (NMN)-based synbiotics, in combination with Lactiplan-
tibacillus plantarum CGMCC 1.16089 and lactulose, in mitigating AD pathology. Specifically,
NMN-based synbiotics were shown to suppress the production of the pro-inflammatory
cytokines IL-13, IL-6, and TNF-&, while also lowering intracellular ROS levels. In ad-
dition, this treatment promoted the reduction in A deposition and neuroinflammation
and the enhancement of intestinal barrier function by modulating multiple pathological
pathways [212]. A prospective randomized double-blind trial enrolled 72 individuals with
Parkinson’s disease (PD), who were supplemented with propionic and butyric acids and/or
the prebiotic 2'-fucosyllactose for six months in combination with conventional treatment.
The study revealed that a dose of 3600 mg of propionic and butyric acid in synergy with
the prebiotic treatment significantly improved motor, cognitive, and olfactory function,
consistent with systemic effects across multiple brain regions in PD patients [213]. A recent
randomized, double-blind, placebo-controlled clinical study indicated that supplemen-
tation with probiotics in synergy with prebiotics administered for 90 days significantly
restored the composition and metabolic function of the intestinal microbiota compared
with the placebo group. Some available human evidence has demonstrated that probiotic,
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prebiotic, and postbiotic interventions can influence gut microbiota composition and certain
cognitive and neurological parameters, highlighting the growing translational interest in
microbiome-modulating strategies for disorders of the oral-gut-brain axis [214]. Table 2
provides a schematic summary of probiotic strains and their biological /molecular modula-
tion mechanisms acting on the oral-gut-brain axis as discussed in this review (| inhibition
or 1 activation).

Table 2. Summary of probiotic strains and their biological /molecular modulation mechanisms on

oral-gut-brain axis alterations.

Biological/

Biological/

Probiotic Strain(s) Biological Molecular Targets = Molecular Targets Blologlca} Effects References
Context/Model & & Associated
Inhibited (]) Activated (1)
Improvement of oral
Salivary mutans microbiota homeostasis;
Lactobacillus RCT-healthy Streptococci, total Sahvary reductlon. 1 catlogenic
. . Lactobacillus bacterial burden; [51]
rhamnosus SD11 volunteers salivary bacterial .
counts levels promotion of a
promotion of a healthier
oral environment
L. . . Enhanced antioxidant
Lactobacillus In Yltro—mtestmal ROS induced Glutathione defense; antimicrobial
isolate from L content, Mn-SOD, .. .
fermentum healthy child oxidative damage, expression. HoO activity contributing to [203]
E-3/E-18 Y € lipid peroxidation p g2 intestinal microbial
microbiota secretion .
homeostasis
Lactobacillus casei Oxidative stress, Protection of intestinal
BL23 Murine Chron’s intestinal CAT, barrier and attenuation [204]
(CAT/SOD- disease model inflammatory SOD of colitis-associated
producing strains) damage damage
Activation of
Bacillus subtilis Human gingival Oxidative Nrf,, periodontal cellular [205]
derived surfactin fibroblasts imbalance HO-1 resilience and
antioxidants pathways
Antimicrobial activity,
Growth of oral reduction in cariogenic/
i . Rat model of pathogens biofilm . halltos.ls—assomate?l
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L Porphyromonas formation H,S L . . .
animalis ZK-77 and gingivalis-induced production antimicrobial of oral microbiota [206]
ZK-88 periodontitis NHj; production activity h(;?:l(:Stii(l)sr’l irfld
indole production .ua
periodontal
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barrier integrity,
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plantarum CGMCC  AD mouse model ROS, 70-1 ! stress reduction in [212]
1.16089 Ap deposition neuroinflammation,
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8. Functional Foods as Autophagy Modulators: Role of Longevity and

Healthy Aging Medicine
8.1. Autophagy and Cellular Resilience

Autophagy is a highly conserved cellular recycling mechanism that relies on lysosomal
degradation to preserve protein quality control, metabolic balance, and cellular adaptation
to environmental stressors. Emerging evidence indicates that several functional foods
can mimic the biological effects of caloric restriction by activating stress-response and

https://doi.org/10.3390/antiox15080951


https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951

25 of 54

resilience pathways, thereby stimulating autophagic processes and potentially contributing
to healthy aging and increased longevity [215]. By recycling damaged organelles, mis-
folded proteins, and toxic aggregates into basic metabolic precursors (e.g., amino acids,
fatty acids), it promotes cell survival, prevents the accumulation of cellular debris, and
directly contributes to longevity and healthy aging. The progressive decline of autophagic
efficiency is considered a characteristic feature of biological aging and contributes to the
pathogenesis of numerous age-related disorders, such as neurodegenerative and metabolic
diseases. Bioactive natural compounds derived from plants and foods, like polyphenols,
flavonoids, alkaloids, terpenoids, and probiotics, have been identified as important regula-
tors of autophagic processes. Through their ability to enhance cellular stress resistance and
homeostatic mechanisms, these compounds are increasingly considered promising nutri-
tional tools for supporting healthy aging and longevity [216]. Their effects are mediated by
the modulation of several signaling networks involved in autophagy regulation, including
Nrf2, AMPK, PI3K/AKT/mTOR, SIRT1, and FOXO pathways. In addition, these bioac-
tive compounds contribute to the attenuation of oxidative stress, chronic inflammation,
and mitochondrial dysfunction, all of which are closely linked to aging and age-related
diseases [217]. Principally, they act as a survival mechanism, clearing damaged cellular
components by activating AMPK (energy sensor) and inhibiting mTORC1 (nutrient sensor)
to maintain cellular homeostasis [218]. For instance, resveratrol activates the Nrf2 pathway
and related cellular resilience proteins such as SIRT1 to regulate the autophagy process in
the brain [219]. Among the members of the sirtuin family, SIRT1 plays a central role in the
regulation of lifespan and cellular homeostasis. Its activity promotes autophagy through
the deacetylation of several autophagy-related proteins, including ATG5, ATG7, and LC3,
thereby facilitating autophagosome biogenesis and maturation [220]. In addition, SIRT1
influences the activity of transcriptional regulators such as FOXO and PGC-1«, which are
involved in the coordinated control of autophagy, mitochondrial biogenesis, and antioxi-
dant responses mediated by Nrf2 [221]. Since SIRT1 activity depends on the availability of
nicotinamide adenine dinucleotide (NAD™), the age-associated reduction in NAD* levels
may compromise these protective pathways, leading to impaired autophagic function and
accelerating cellular aging. The age-related decline in nicotinamide adenine dinucleotide
(NAD) levels impairs SIRT1 activity and subsequently autophagy, accelerating cellular
aging [222].

8.2. Bioactive Compounds Targeting Autophagy

Importantly, PTB supplementation promoted anti-inflammatory immune phenotypes
and cellular homeostasis by activating autophagy. Specifically, it downregulated the Slc7a5
gene that regulates mTOR activity through the increased uptake of essential amino acids
and stress response Rfp4 gene for enhancing healthy longevity [223]. In Caco-2 cells, in-
dicaxanthin, a bioactive pigment derived from Opuntia ficus-indica, has been shown to
stimulate autophagic activity by increasing the expression of the autophagy-related mark-
ers LC3-II and Beclinl, while also promoting the formation of autophagolysosomes [224].
Similarly, another study found that ICA effectively improved neuronal degeneration asso-
ciated with aging by upregulating autophagy-related proteins LC3B, Beclinl, and p-AMPK
and downregulating the expression of p62, p-mTOR, and p-ULK1 in the cortex and hip-
pocampus of aging rats [225]. Kaempferol has been shown to stimulate autophagic activity
in human endothelial cells, while gallic acid exerts similar effects in both CCD-18Co cells
and animal models. These effects appear to be mediated through the suppression of the
PI3K/AKT/mTOR signaling pathway, a key regulator of autophagy [226,227]. A recent
in vitro study demonstrates that synergistic treatment with resveratrol and lithium chlo-
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ride reduces oxidative stress and enhances antioxidant and autophagic pathways via the
activation of the p62/Keap/Nrf2 pathway [228].

8.3. Probiotics and Autophagy

Probiotic supplementation has been associated with increased beneficial microbial
populations and enhanced production of SCFAs, particularly butyrate, produced through
the fermentation of prebiotic substrates. These effects contribute to the modulation of
intestinal homeostasis by reducing the production of pro-inflammatory cytokines, attenuat-
ing age-related cellular alterations, including mitochondrial dysfunction, and improving
autophagic activity. Collectively, these mechanisms have been linked to improvements
in gastrointestinal and cognitive function in experimental models of AD [229]. Further
evidence has highlighted the ability of selected probiotics, including Milmed yeast, to exert
antioxidant and anti-inflammatory effects through the restoration of autophagic pathways.
In particular, studies conducted in BV-2 microglial cells and in the in vivo model organism
C. elegans demonstrated that Milmed supplementation promotes autophagic processes
while simultaneously reducing oxidative stress and inflammatory responses [230]. Treat-
ment with either Milmed YPD-cultured yeast or its derived dried formulation enhanced
autophagic flux by upregulating the expression of key autophagy-related genes, including
Beclin-1, ATG?7, LC3, and p62, while suppressing mTOR expression. In parallel, Milmed
strengthened cellular antioxidant defenses by increasing the expression of Nrf2 and its
downstream antioxidant enzymes SOD1 and GPX in BV-2 microglial cells. The findings
obtained in C. elegans corroborated these observations, confirming a significant reduction
in reactive oxygen species (ROS) levels together with enhanced stress resistance and pro-
longed lifespan, thereby supporting the role of autophagy restoration in promoting cellular
resilience and healthy aging [230]. Finally, emerging evidence suggests that interventions
based on combinations of micronutrients, probiotics, collagen peptides, cannabidiol, and tar-
geted dietary and lifestyle modifications may further support autophagic activity. Through
the coordinated modulation of cellular stress-response pathways, these approaches have
been proposed as potential strategies to counteract age-related decline and slow the pro-
gression of AD, although additional translational and clinical studies are needed to validate
these findings in humans [231]. However, since most of the available evidence is derived
from preclinical studies, further clinical investigations are needed to confirm the potential
of precision nutrition to modulate autophagy and promote healthy aging in humans. Collec-
tively, autophagy dysregulation leads to accumulation of protein aggregates, dysfunctional
mitochondria, chronic inflammation, and genomic instability, all of which contribute to
aging and limit lifespan. Precision nutritional interventions targeting critical pathways of
cellular resilience response and molecular checkpoints are needed to identify responders,
define timing, and optimize dosing regimens, ultimately promoting balanced autophagic
activity and healthy aging, resulting in prolonged longevity in humans.

9. Advances in Precision Nutritional Medicine: A Multi-Omics Approach
in the Oral-Gut-Brain Axis

Precision nutrition is an emerging concept that shifts dietary guidance from population-
wide averages to highly individualized nutritional recommendations. It leverages multi-
omics, i.e., genomics, metabolomics, oral and gut microbiome profiling, and environmental
exposure, to identify exactly how genetic variations modulate responses to specific nu-
trients and dietary patterns. Importantly, it translates a person’s unique molecular and
biochemical footprint into actionable, targeted nutritional strategies to reduce inflamma-
tion, neutralize oxidative stress and maintain oral-gut-brain homeostasis at cellular and
systemic levels [232,233]. Essentially, precision nutrition is built on the concept that a
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“one-size-fits-all” diet is inadequate. Because every human body absorbs, synthesizes, and
reacts to nutrients differently, this framework utilizes advanced data to optimize individual
health [234].

9.1. NFE2L2 and KEAP1 Genetic Variants Modulated by Functional Foods

Epigenetic modifications, such as DNA methylation, histone modifications, and inter-
actions with non-coding RNAs are essential for regulating Nrf2 expression by modulating
chromatin architecture and gene accessibility [235]. The nuclear factor, erythroid 2 like
2 (NFE2L2) gene, encodes the Nrf2 protein, the master regulator of antioxidant and cel-
lular stress defenses. It is kept in check by the KEAP1 protein. In normal conditions,
NFE2L2 and KEAP1 genes regulate cellular resilience responses, determining how our body
processes dietary interventions, while the gut microbiome mediates 20-40% of metabolic
responsiveness by breaking down specific nutrients. Genetic variations in the NFE2L2 gene
can alter how effectively our body produces this protein, sometimes leaving individuals
more susceptible to chronic inflammatory or metabolic conditions [236]. Of note, single
nucleotide polymorphisms (SNPs) and haplotypes in the NFE2L2 and KEAPI genes in-
fluence baseline antioxidant capacity, disease risk, and how effectively the body utilizes
functional foods [237]. Moreover, genetic variations within DNA binding domains can
alter responsiveness to microbial and dietary signals, meaning individuals with different
genotypes may require varying concentrations of phytochemicals to achieve the same
antioxidant effect [238]. Functional foods documented to modulate Nrf2 signaling act by
reversing hypermethylated states in the CpG islands of NFE2L2, via the inhibition of DNA
methyltransferases (DNMTs) and histone deacetylases (HDACs), through the induction of
ten-eleven translocation (TET) enzymes, or by inducing miRNA to target the 3’-UTR of the
corresponding mRNA transcripts in oral-gut-brain axis disorders. In this new perspective,
precision nutrition targeting the Nrf2 pathway and detoxifying enzymes can enhance IEB
and BBB resilience. Sulforaphane, a functional food, promotes targeted demethylation of
the Nrf2 promoter, confirming the plausibility of diet-linked epigenetic regulation of antioxi-
dant pathways [239]. In addition, sulforaphane upregulated Nrf2 expression and promoted
Nrf2 nuclear translocation via decreasing the DNA methylation levels of the Nrf2 promoter,
leading to antioxidant and anti-inflammatory effects in a cellular model of AD [240]. More-
over, PTB-linked epigenetic regulation reverses gene silencing, boosting Nrf2 expression
to enhance cellular resilience response against oxidative stress and inflammation [180].
Specifically, PTB reverses epigenetic alterations by demethylating the CpG island of the
Nrf2 promoter region. The reactivation of Nrf2 triggers the transcriptional activation of
stress resilience response genes, including SOD2, which combats ROS-mediated stress
in many chronic diseases. Furthermore, sodium butyrate dose-dependently decreased
NRF2 gene expression through regulating the KEAP1 promoter methylation, which further
regulates NRF2-target genes and contributes to colon cancer prevention and therapy [241].
Collectively, we hypothesize that the diagnostic use of nutritional biomarkers of cellular re-
silience response, specifically the Nrf2-ARE pathway, which regulates genes for glutathione
synthesis and phase II detoxification, reflect how well a body adapts to chronic environ-
mental stressors and xenobiotics (e.g., MNPs) as an intrinsic response to the ingestion of
specific nutrients. By measuring these genetic and enzymatic indicators in biological fluids,
clinicians can objectively assess the systemic nutrient status in the presence of various
systemic environmental stressors or pollutions [242]. These indicators are highly effective
for diagnosing subclinical deficiencies by assessing systemic adaptations rather than relying
solely on traditional markers [15]. Unlike traditional approaches based on average nutrient
intake rates, the use of precision nutrition combined with biomarkers of cellular resilience
could identify specific oral and gut disorders as well as nutrient deficiencies associated with
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an increased risk of AD. This opens up opportunities for targeted and safe correction, which
is especially important in the context of pathogenetic mechanisms associated with oxidative
stress, neuroinflammation, and compromised physiological barriers (oral, intestinal, and
intracranial) induced by MNPs [243].

9.2. Oral and Gut Microbiome-Related Differences in Response to Precision
Nutritional Interventions

The complex interplay between diet, the gut microbiome, and human physiology,
three deeply interdependent systems, underlies the substantial inter-individual variability
observed in metabolic and clinical responses to precision nutritional interventions [244].
Microbiome-based precision dietary interventions use information about an individual’s
gut bacteria to guide nutrition and improve metabolic health [245]. Research demonstrates
that identical foods cause wildly different metabolic responses depending on a person’s
microbiome. Indeed, disruption of microbiota composition or function (dysbiosis) has been
implicated in the pathogenesis and progression of numerous metabolic, inflammatory, and
even SNC disorders. For instance, in individuals with periodontitis, it enriches microbial
pro-inflammatory pathways and depletes SCFAs and vitamins in both saliva and stool [246].
Interestingly, probiotics acts as a potential adjunctive therapy in periodontitis manage-
ment [247]. In particular, probiotic Lactobacillus promoted the disappearance of swelling of
the peri-implant mucosa, with reduced bleeding on probing and good control of plaque
and pigmentation [248]. Recent human studies revealed that subgingival application of
Lactobacillus reuteri probiotic improved the clinical and microbiological parameters of par-
ticipants, reducing P. gingivalis levels compared to the untreated group in peri-implantitis
patients [249,250]. In addition, in vitro experiments of the anti-inflammatory capacity of six
isolated probiotic strains and their combinations revealed that Lacticaseibacillus rhamnosus,
Weissella confuse, and especially their combination exhibited superior anti-inflammatory
activity compared to other strains against periodontal pathogens [251]. Functional dietary
fiber- or prebiotics-based Mediterranean patterns have been shown to positively modulate
gut microbiota composition, promote beneficial bacteria (Bifidobacterium, Faecalibacterium
prausnitzii, and Roseburi), and enhance SCFA production such as acetate, propionate, and bu-
tyrate, thereby reinforcing intestinal barrier and reducing inflammation [252]. Despite these
advances, translating precision nutrition into clinical practice faces persistent challenges,
including inter-individual variability in dietary responses and the need for large-scale,
long-term validation studies.

9.3. Metabolomics-Based Nutritional Approaches

Metabolomic profiling directly evaluates the complex biochemical interactions be-
tween diet, host physiology, and oral and gut microorganisms. By identifying and measur-
ing these microbial-derived metabolites, researchers are uncovering clinical biomarkers
to design data-driven and precision nutritional therapies [253]. Interestingly, periodontal
staging was marginally associated with some salivary metabolites; other factors such as
systemic antibiotic use may have a much more profound effect on the microbial metabolites
in saliva [254]. In the context of precision nutrition, garlic-derived exosome-like nanovesi-
cles (GaELNs) demonstrated potent anti-inflammatory, antioxidative, and metabolism-
enhancing properties, offering significant therapeutic potential for the treatment of peri-
odontitis by increasing the Nrf2 pathway and the PHGDH/PI3K/AKT pathway [255]. The
specific multi-omics study exploring the oral-gut axis in early pregnancy is highly relevant
for establishing the importance of pre-conceptional and first-trimester oral health [256].
Specifically, the study analyzed subgingival plaque, saliva, serum, and fecal samples from
54 pregnant women in their first trimester, comparing 31 subjects with maternal periodonti-
tis to 23 healthy controls. Fecal analysis identified the bacterial genus Coprococcus as a
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distinguishing biomarker in women with periodontitis, linking it to subgingival periodontal
pathogens. Subjects with periodontitis showed significantly elevated levels of specific fecal
metabolites, primarily L-urobilin and kynurenic acid [256]. A prospective cohort study has
shown that the increased risk of Crohn’s disease associated with ultra-processed food may
be driven by a relative deficiency of protective metabolites such as docosahexaenoic acid
(DHA) [257]. The analysis of the hippocampus, midbrain, temporal and entorhinal cortex,
and their respective analysis of brain-derived EVs indicated that the metabolic profiles of
different brain areas were distinct and showed some correlation between the metabolome
of the tissue [258]. The pathway enrichment analysis of the common metabolites showed
that the alanine, aspartate, and glutamate pathway and the arginine, phenylalanine, and
tyrosine pathway were the most significant ones in the separation between AD patients
and controls [258]. Overall, metabolomics serves as a fundamental bridge in nutritional
science, revealing how diet and microbial activity dynamically shape host biology. By mon-
itoring small-molecule metabolites and assessing each individual’s unique metabolomic
profile and metabolic response to functional nutrients, it will be possible to discover novel
therapeutic targets and clinical biomarkers to personalize and refine nutrition, particularly
by addressing the complex bidirectional crosstalk along the oral-gut-brain axis.

9.4. Precision Nutrition to Translate from Preclinical Data into Clinical Applications in Human
Populations Exposed to MNPs

Precision nutrition aims to mitigate cellular damage, oxidative stress, and inflam-
mation caused by MNPs. Since MNPs are ubiquitous in food, water, and air, nutritional
interventions focus on limiting intestinal absorption, protecting intestinal barrier integrity,
and enhancing Nrf2 resilience signaling through personalized polyphenol-rich dietary pat-
terns [259]. Currently, precision clinics offer specific advanced panels like NANOXPACE
bioscience testing to evaluate systemic inflammation and MNP accumulation through stool
and blood analyses to personalize interventions, i.e., translating clinical data into targeted
therapies and lifestyle adjustments to reduce body burden [260]. This panel monitoring
allows a deeper understanding of the long-term health effects associated with the pres-
ence of MNPs within tissues and bodily fluids [260]. Integrating specific probiotics in
synergy with nutritional polyphenols creates a symbiotic strategy that mitigate MNPs’
toxicity. This synergistic action fortifies the oral and intestinal mucosal barriers, inhibits
inflammatory signaling cascades, and upregulates cellular antioxidant defenses along
the gut-brain axis to prevent systemic neurotoxicity [261,262]. Specific probiotic strains,
such as Lactiplantibacillus plantarum and Clostridium dalinum, upregulate tight-junction
proteins (e.g., ZO-1, occludin), which restricts the translocation of MNPs and endotox-
ins into the bloodstream [261]. A preliminary study of environmental MNP exposure in
human biological sampling (urine) was conducted on six volunteers from different cities
in the south of Italy and suggests that MPs (4-15 um size) of irregular shape could pass
through the gastrointestinal tract and are eliminated through biological processes [263].
Also, Calikanzaros and coworkers in a recent cross-sectional, population-based study of
50 healthy adults in Barcelona quantified mass concentrations of MNPs in stool, urine,
tap water, and food samples, estimating the average daily intake through diet, drinking
water, and lifestyle [264]. The detection of MNPs in urine suggests systemic circulation,
particularly for smaller particles capable of entering the bloodstream, being filtered by
the kidneys and subsequently excreted. Using HPLC-MS analysis, particles as small as
0.7 um were quantified, suggesting that diet, including food packaging, is a major source
of oral exposure to MNPs [264]. Despite recent advances, studies investigating clinical
nutrition and MNP-induced systemic toxicity in humans remain limited; therefore, a multi-
disciplinary approach is urgently needed to fill these gaps. We believe that, by integrating
clinical nutritional medicine, molecular biology, environmental toxicology, neuroscience,
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and engineering with advanced methodologies and analytical protocols, it will be possible
to implement innovative precision interventions to monitor circulating MNP concentrations
and their potential transport routes in biological fluids and tissues. This interdisciplinary
approach, combined with precision and personalized clinical nutrition targeting cellular
resilience mechanisms, can prevent MNP-induced damage to cells, tissues, and organs,
and it can ultimately guide diagnosis, prognosis, and future therapies in oral-gut-brain
axis disorders.

10. Artificial Intelligence in Precision Nutritional Medicine

The revolutionary approach with artificial intelligence (Al) in the field of nutrition
represents a paradigm shift in the research and development of innovative therapeutic
strategies from bench to clinic also known as “translational medicine”. The application
of machine learning algorithms to the study of the gut microbiome and brain function
can enhance the multi-omics analysis of complex biological interactions, facilitating the
identification of hidden neuronal pathways, precise prediction of diseases, and the per-
sonalization of therapies and diets based on individual microbiotic and neuronal profiles
as well as the discovery of novel potential biomarkers contributing significantly to the
holistic well-being of individuals. Furthermore, Al-based approaches enable in-depth
exploration of the preventive and therapeutic effects of the nutraceuticals, particularly the
synergy between polyphenols and/or probiotics, to improve their delivery and efficacy in
the organism during gut dysbiosis and neuroinflammation leading to the onset of neurode-
generative disorders. Nutritional research through the use of advanced algorithms could
serve as an intrinsic indicator for discovering intestinal and neuronal markers associated
to optimal intestinal and brain health or the presence of specific disorders. In this new
perspective, the Al approach allows a faster and more efficient optimization of polyphenols
and probiotics, overcoming obstacles such as variability among individuals and adverse
conditions of the upper gastrointestinal tract [265-267]. Notably, bioinformatic tools like
probiotics, which apply advanced machine learning techniques, are transforming the way
therapies related to host gastrointestinal survival/establishment, carbohydrate utilization,
drug resistance, and virulence factors are discovered and optimized [265]. These tech-
nologies enable high-throughput screening, predictive modeling of gut microbiota, and
the customization of treatments, shifting the focus from “one-size-fits-all” to personalized,
data-driven precision medicine. Investigating the metabolomic profile of the gut microbiota
is essential for clarifying its influence on both physical and mental health, although the
complexity and dynamic nature of microbial ecosystems have traditionally limited such
analyses. Recent advances, including the development of in vitro systems that mimic
the intestinal microbial environment, such as ABIOME, together with the application of
predictive computational approaches like multivariate adaptive regression splines (MARS),
have improved the ability to model microbial metabolism. These technologies enable
the prediction of the metabolic output of specific probiotic formulations and facilitate the
assessment of their potential therapeutic applications [267]. Al techniques, such as machine
learning tools, are increasingly being used in precision diagnosis, with the ultimate goal of
providing a comprehensive overview of how Al and the nutritional approach are integrated
into modern medicine.

10.1. AI-Driven Strategies for Alzheimer’s Disease

This study protocol aims to develop a personalized dietary supplement for individ-
uals with AD by integrating clinical, dietary, and gut microbiota data through AI and
network-based analytical approaches. In addition, a pilot investigation will evaluate the
short-term impact of this intervention on microbiota composition, microbial functionality,
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and plasma metabolomic profiles to identify potential modifiable biomarkers. The inte-
gration of Al-driven tools with microbiome research may facilitate the implementation
of precision nutrition strategies in AD, with the potential to modulate disease-associated
microbial signatures and systemic biomarkers, thereby supporting the development of
innovative therapeutic approaches and advancing personalized care in neurodegenerative
disorders [268]. A recent study developed an ultrasensitive point-of-care biosensing system
based on a polyphenol red (pPhR) platform coupled with highly porous gold (HPG) elec-
trodes for the detection of phosphorylated tau 181 (p-taul81) in undiluted human plasma
and serum samples. This approach demonstrated considerable potential for facilitating the
early identification of AD in both primary healthcare settings and home-based screening
applications. Owing to its adaptable architecture, the platform may also be configured to
detect additional neurodegeneration-related biomarkers, including A(340/42, (NfL) and
p-tau217, thereby supporting the future development of multiplex diagnostic devices for
more comprehensive neurological assessment [269] (Figure 3). Overall, there are currently
few studies on the use of Al in oral-gut-brain axis disorders, including its involvement in
quantitative feature extraction from machine learning, deep learning, and computer-aided
diagnosis approaches, as well as the effect of Al on improving multi-omics analysis and the
efficacy of nutritional-Al based approaches in the prevention and management of patients
with oral, gut, and neurological disorders aiming to identify novel biomarkers of stress
resilience and personalize nutritional and precision therapeutic strategies.

Integration of Al in oral-gut-brain axis disorders

Machine learning models

Y,

W Diagnosis I Alzheimer's disease \
¥ ‘ LI ; N

S

Prognosis I W B
~ MNPs )

4 )
Periodontitis V\/ Inflammatory bowel

l diseases
o
o o o I
@ 0 /0 @
-0 o o A 1
°© o o ilience biomarkers
hd | and disease progression
Oral-gut-neural : nal medicine
network sion nutritional strategies

Figure 3. Application of Al in oral-gut-brain axis disorders. Created in BioRender. https://
BioRender.com/21iwwfs (accessed on 20 July 2026). The arrows indicate the correlation between
machine learning models, the early identification of Alzheimer’s disease, and biomarker detection.

10.2. Al to Detect AD Biomarkers and Predict Cognitive Decline

Recent research into high-dimensional proteomics data for AD diagnostics suggests
that traditional batch effect correction methods have a minimal impact on model perfor-
mance compared to robust feature selection. The machine learning process for identifying
key protein candidates including fatty acid-binding protein 3 (FABP3) and glutamate ox-
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aloacetate transaminase 1 (GOT1) proved more critical for model stability in detecting AD
pathology than extensively correcting for batch effects. The findings show the potential
for translating biomarkers from related neurodegenerative conditions, such as idiopathic
normal pressure hydrocephalus (iNPH), into AD diagnosis in both ventricular and lumbar
CSF samples [270]. Recent advances in machine learning applications have enabled the
development of multiclass predictive models aimed at identifying molecular signatures
associated with the transition from MCI to AD [271]. Using this approach, researchers
identified several metabolites and proteins with potential prognostic value. Experimental
analyses demonstrated that microglial cells release oleamide through extracellular vesicles,
while preliminary human data revealed elevated plasma oleamide levels in AD patients
compared with cognitively healthy individuals. The study further highlighted phospholi-
pase A2 (PLA2G1B), properdin (CFP), alpha-synuclein (SNCA), and junctophilin-3 (JPH3)
as relevant biomarkers associated with disease progression, with JPH3 emerging as a par-
ticularly promising candidate due to its role in neuronal function. In addition, post hoc
analyses from the EXPEDITIONS trial indicated that machine learning algorithms could
support the optimization of AD clinical trial design by identifying participants at greater
risk of cognitive deterioration, thereby facilitating more efficient evaluation of anti-amyloid
therapeutic strategies [271]. Based on a post hoc analysis of the EXPEDITION3 study,
predictive models using machine learning can improve the design of AD clinical trials by
identifying participants likely to experience cognitive decline in order to optimize anti-
amyloid treatments [272]. Based on the study performed by Chen et al., the integration of
MemTrax and blood-based biomarkers (BBMs) using machine learning models, specifically
in a cohort of 349 participants, showed a significant improvement in the ability to differen-
tiate AD amyloid status and biomarkers, especially for p-Taul81/Ap42 in predicting early
AD diagnosis, potential reduction in invasive tests, and improving patient management
in primary care settings [273]. Using three machine learning approaches, namely, Least
Absolute Shrinkage and Selection Operator (LASSO), Support Vector Machine Recursive
Feature Elimination (SVM-RFE), and Random Forest, researchers narrowed these down
to six core diagnostic genes—SCG3, CD86, VGF, PRKCG, SPP1, and TPI1—associated
with AD. Particularly, the authors suggested that SCG3 is involved in secretory granule
biogenesis and neurotransmitter storage, and it is a potential, reliable early diagnostic
biomarker for AD [274].

10.3. Al to Detect MINPs in the Oral-Gut Microbiome Axis

Rezvani et al. investigated 614 and 3924 plastic particles generated from PE and PET,
respectively, using FastSAM, an artificial intelligence-assisted automated annotation tool,
to characterize MNP particle abundance, size distribution, and morphological features. By
combining realistic environmental weathering simulations with Al-based image analysis,
the study provided a comprehensive assessment of the relative contribution of PE and PET
materials to plastic pollution. The results showed that PET was more prone to fragmentation
than PE, generating a substantially greater proportion of nanoparticles, which accounted for
57.6% of the particles produced from PET compared with 24.9% for PE, suggesting that PET
may represent a particularly important source of environmentally relevant MNPs [275].

10.4. Al and Molecular Mechanisms of MNPs Inducing Periodontitis

Recent experimental studies employing gingival fibroblasts (GFs) exposed to PET-MPs
have demonstrated dose-dependent cytotoxic effects, accompanied by increased oxidative
stress and activation of pro-inflammatory responses. Specifically, PET-MP exposure sig-
nificantly increased the expression of several inflammation-associated markers, including
caspase-3, KDR, PIM2, PTGS2, MTOR, and MAPK14, while reducing the expression of
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AKT1 and ALPL. Collectively, these findings provide mechanistic evidence supporting a
link between PET-MP exposure and the progression of periodontitis through the interplay
of oxidative stress and inflammatory pathways, offering new insights into the potential
contribution of MNPs to periodontal disease pathogenesis [95].

10.5. Al and Molecular Mechanisms of MNPs Inducing Ulcerative Colitis

Animal studies demonstrated that exposure to PET-MPs in combination with DSS
significantly increased the expression of CTSK, PDE4B, and PFKFB3, while markedly de-
creasing NAAA expression compared with DSS treatment alone. These findings provide
important insights into the molecular pathways through which PET-MPs may contribute
to the development and exacerbation of ulcerative colitis, thereby improving our under-
standing of the potential health risks associated with PET-MP exposure [276].

11. AI and Clinical Translation in the Oral-Gut-Brain Axis

Al accelerates clinical translation in the oral-gut-brain axis by decoding complex,
bidirectional interactions between the oral and gut microbiomes with neuroimaging data
into predictive, actionable clinical tools [277]. Traditional statistical methods rely on linear
assumptions and fixed distributions, making them inadequate for the sparsity, non-linearity,
and compositional constraints (relative abundances) of oral and gut microbiome data [278].
Al overcomes these limitations by utilizing frameworks that map ecological coexistence
and molecular host-immune interfaces, microbiome composition profiles, whole-brain func-
tional connectivity matrices, and multi-omics. By understanding the oral-gut-brain axis,
clinicians can better stratify patients based on their specific microbial and neuroimaging
profiles, paving the way for targeted dietary or probiotic interventions aimed at preserving
cognitive function [279].

11.1. AI and Clinical Translation in Periodontitis

A recent longitudinal study revealed that AI models can predict periodontitis pro-
gression, supporting early detection strategies by combining clinical data with salivary
biomarkers such as IL-1p, ultimately improving predictive accuracy for precision and
personalized interventions [278]. Finally, another important study demonstrated that
neutrophil extracellular trap-related genes (NRGs) hold significant promise as potential
diagnostic parameter for periodontitis. Utilizing machine learning algorithms accurately
evaluated disease severity and tissue destruction. Notably, both immune-inflammatory
pathways CXCR4 and HIF1A were validated as key upregulated diagnostic biomarkers,
highlighting crucial targets for future periodontal therapies [280].

11.2. Al and Clinical Translation in IBD

Al is transitioning from a research concept to a clinical reality in IBD [281]. An ob-
servational study identified and validated a predictive model (IBD-RESPONSE) to cor-
relate gut microbiome and treatment response in IBD [282]. A multi-omics Al model
predicted enteral nutrition response in pediatric IBD patients, supporting their potential
use in precision nutrition and personalized care strategies [283]. Specifically, this novel
tool has predicted treatment response to serum metabolites (2-hydroxyglutaric acid), fe-
cal metabolites (3-methyladipic acid), and microbial taxa (family Bifidobacteriaceae and
genus CAG-56) in a cohort of 50 children [283]. Moreover, transformer-based foundation
models such as BiomeGPT have revolutionized microbiome analysis by parsing quanti-
tative species-level abundances to identify disease-specific signatures rather than generic
dysbiosis [284]. Specifically, this database accurately distinguishes taxonomic profiles to
differentiate health states from dysbiosis in conditions such as inflammatory bowel dis-
ease, paving the way for targeted therapeutic interventions, biomarker discovery, disease
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stratification, and microbiome-driven precision medicine [284]. By targeting microbial
dysbiosis, these strategies reduce systemic inflammation associated with periodontitis
and IBD, helping to mitigate the neuroinflammatory cascades linked to AD. Al platforms
compute highly specific synbiotic combinations (probiotics + prebiotics) and dietary adjust-
ments designed to increase beneficial bacteria (e.g., Faecalibacterium prausnitzii, Akkermansia
muciniphila) while starving pro-inflammatory pathobionts [285]. Therefore, Al integrates
comprehensive multi-omics data including blood inflammatory markers (like hs-CRP) and
salivary/fecal metagenomes to generate individualized and precision nutritional strategies
and synbiotic plans [286].

11.3. Al and Clinical Translation in AD

Al models analyze coordinated changes between gut microbes and brain networks
(often using fMRI scans) to identify reliable biomarkers in AD [287]. Xu et al. validated
a network topology-based deep learning framework known as NETTAG that integrates
multi-omics data to identify putative risk genes in AD [288]. This network identified 156 AD
risk genes enriched in drug targets. Combining network-based prediction and retrospective
case-control observations with 10 million individuals, the authors identified that the usage
of four drugs (ibuprofen, gemfibrozil, cholecalciferol, and ceftriaxone) is associated with
reduced likelihood of AD incidence [288]. Overall, clinical translation of medical Al and
diagnostic models requires overcoming the “proof-of-concept” barrier, larger multicenter
datasets, harmonized preprocessing pipelines, external validation, calibration reporting,
and evaluation against clinically realistic comparators and decision points.

12. Challenges and Limitations of the Study

The current knowledge regarding the overall effects of MNPs on the human body is
still fragmented and poorly integrated across different scientific fields. The main challenges
arise from the methodological complexity of detecting and analyzing such small particles
and accurately describing their characteristics, as well as the lack of shared techniques for
identifying them in organs and tissues. In addition, the lack of standardized contamination
control criteria makes it difficult to compare the results obtained from different studies and
limits the reliable assessment of unaware human exposure, also due to the great variability
of MNPs. A further obstacle is the lack of experimental mouse models to study dose-related
effects, which are essential for understanding the hazards and biological mechanisms
associated with particles with different properties and sizes. Furthermore, long-term studies
in humans are still insufficient to clarify the chronic consequences of prolonged exposure.
Currently, there is growing interest in the potential link between MNPs and the balance of
the oral-gut-brain axis. Interference with the oral and intestinal microbiota represents a still
largely unexplored field of research, yet it might potentially be relevant in understanding
various functional disorders. Despite a rapidly growing body of evidence, several gaps
remain. Clinical studies in periodontitis and IBD are encouraging but limited in sample size
and duration, while neuroprotective findings are restricted to animal models. Moreover,
variability in spirulina formulations (powder, peptides, and nanoformulations) complicates
cross-study comparisons and translation to clinical practice. Future research should focus
on standardized extracts, pharmacokinetic assessments, and well-powered randomized
trials to establish robust clinical guidelines. Additionally, mechanistic investigations are
warranted to dissect the contribution of specific bioactive compounds (e.g., phycocyanin
vs. peptides) targeting Nrf2 activation and immunomodulatory molecules, including
pro-inflammatory and anti-inflammatory cytokines. Addressing these challenges requires
fostering integration between diverse disciplines, such as biology, medicine, nutrition, and
neuroscience, and promoting greater sharing of data and knowledge. Polyphenols are
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compounds that may contribute to the modulation of the oral-gut-brain axis; however,
a major limitation is their reduced absorption. Their poor solubility and rapid metabolic
transformation significantly reduce their biological effectiveness. The use of advanced
solutions, such as advanced nanoformulation strategies, can improve the stability and
availability of these molecules, promoting their absorption. These approaches could help
support the balance between the microbiota and brain function, even in the presence of
critical environmental factors such as MNPs.

13. Available Human Evidence and Translational Perspectives

Despite the growing interest in the use of bioactive compounds such as artichoke
(Cynara scolymus), Opuntia ficus-indica, spirulina, pterostilbene, icariin, and quinic acid
for disorders involving the oral-gut-brain axis, the available clinical evidence remains
limited. Most published studies consist of cellular models and preclinical investigations.
Regarding periodontitis, some evidence suggests that compounds with antioxidant and anti-
inflammatory properties may contribute to the modulation of local inflammation and oral
microbiota homeostasis; however, clinical studies specifically investigating the compounds
discussed in the present review are still scarce and generally characterized by small sample
sizes. Similarly, in the context of IBDs, several bioactive compounds have shown promising
effects on inflammatory markers and gut microbiota composition, but evidence from
controlled clinical trials remains insufficient to support definitive clinical recommendations.
For AD and neurodegenerative disorders, the currently available evidence is derived almost
exclusively from experimental studies. Although several compounds have demonstrated
neuroprotective properties through the modulation of Nrf2 signaling, oxidative stress, and
neuroinflammation, clinical studies confirming their efficacy in humans are still lacking.
Finally, a particularly relevant aspect concerns exposure to MNPs.

To date, no clinical studies have directly evaluated the ability of these compounds
to prevent or mitigate the biological effects associated with MNP exposure in humans.
Therefore, the hypothesis of a protective role is mainly based on the extrapolation of shared
biological mechanisms, including the modulation of oxidative stress, inflammation, and
biological barrier integrity. Importantly, most of the available evidence supporting the
protective effects of these bioactive compounds derives from studies investigating oxidative
stress, inflammation, gut dysbiosis, and barrier dysfunction in experimental models that are
not directly related to MNP exposure. Therefore, many of the proposed protective effects
should be considered indirect and based on biologically plausible mechanisms shared
across different pathological conditions rather than on direct evidence demonstrating the
prevention or reversal of MNP-induced toxicity. While these findings suggest the probable
involvement of functional foods, their specific efficacy against MNP-associated damage
remains to be established through experimental and clinical studies.

Notably, the available human evidence includes two randomized, double-blind,
placebo-controlled clinical trials and one randomized clinical trial protocol evaluating
spirulina supplementation in inflammatory bowel diseases, cognitive decline, and gut—
brain axis-related disorders, suggesting a growing translational interest in its therapeutic
potential. Likewise, preliminary human studies on Opuntia support its potential role in
modulating gut health, oxidative stress, and gut-brain axis functions. Similarly, clinical
evidence for Cynara scolymus indicates that artichoke-derived inulin favorably modulates
gut microbiota composition by increasing beneficial bacterial populations, supporting
its involvement in gut-brain axis regulation through prebiotic mechanisms. In contrast,
human evidence for icariin, pterostilbene, and quinic acid remains extremely limited, and
clinical studies specifically evaluating their effects on oral-gut-brain axis disorders are
currently lacking. Overall, the limited number of available clinical studies and the absence
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of direct evidence related to MNP exposure highlight the need for further translational in-
vestigations and well-designed clinical trials to validate in humans the promising findings
observed in experimental models.

14. Conclusions

This review offers an integrated view of the role of MNPs in biological alteration
processes, linking them to the protective potential of food-derived bioactive compounds.
The focus is on the ability of these molecules to support the integrity of key biological
barriers, modulate the balance of the microbiota, and contribute to maintaining commu-
nication between the immune and nervous systems along the oral-gut-brain axis. The
functional nutrients analyzed, including icariin, pterostilbene, spirulina, Opuntia ficus-
indica, artichoke, and quinic acid, exhibit healthy effects in counteracting the oxidative
stress and inflammatory processes induced by MNPs, primarily by activating the Nrf2
pathway. This molecular mechanism is a key regulator of cellular resilience responses to
environmental stress in maintaining homeostasis. These data support the use of targeted
nutritional strategies as a complementary tool to reduce the impact of MNPs and preserve
the functionality of the oral-gut-brain axis, opening new perspectives in the field of pre-
cision nutrition. Future research should shift from acute, high-dose models to chronic,
low-concentration exposure models, which are more representative of real-world condi-
tions. It is necessary to further investigate the accumulation, distribution, and persistence
of MNPs along the oral-gut-brain axis. A significant challenge is the limited bioavailability
and rapid metabolism of compounds such as icariin and pterostilbene, which may reduce
their translational potential despite promising experimental results. Moreover, the lack
of standardized dosages and the risk of interactions with drug therapies make careful
dose optimization essential. Long-term clinical studies are needed to clarify the alterations
in biological barriers and microbiota imbalances associated with prolonged exposure to
improve delivery strategies for functional compounds derived from spirulina, Opuntia
ficus-indica, artichoke, and quinic acid. The use of innovative experimental models, such as
three-dimensional platforms, will be crucial in clarifying the complex relationships between
environmental factors and human physiology. These developments could pave the way
for highly targeted nutritional interventions aimed at modulating the Nrf2 pathway and
cellular resilience response, with the ultimate goal of maintaining a functional balance of
the oral-gut-brain axis. Furthermore, the use of Al can facilitate the integrated analysis of
complex data, contributing to the identification of clinical biomarkers and understanding
the interactions between nutrients, microbiota, and cellular resilience pathways. In this
new light, Al can support the development of precision nutritional approaches, optimizing
the effectiveness of interventions based on bioactive compounds.

Author Contributions: Conceptualization, T.S.A. and S.M.C,; literature collection and analysis, T.S.A.,
S.M.C., L.C. (Ledda Caterina), M.N., I.G. and Z.G.; software, L.C. (Ledda Caterina); validation, T.S.A.
and S.M.C.; writing—original draft preparation, T.S.A., SM.C., L.C. (Lombardo Cinzia), M.N., L.G.
and Z.G.; writing—review and editing, T.S.A. and S.M.C.; visualization, T.5.A., SM.C., L.C. (Ledda
Caterina), L.C. (Lombardo Cinzia), M.N., I.G. and Z.G.; supervision, T.S.A. and S.M.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

https:/ /doi.org/10.3390/antiox15080951


https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951

37 of 54

Acknowledgments: The authors declare that Gen AI (GPT-5 chat model) was used in the preparation

of this manuscript exclusively for language editing, including correcting grammatical, spelling, and

wording errors. The authors take full responsibility for the content of this publication.

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

Abbreviations

AD Alzheimer’s disease

Ap Amyloid beta peptide

Ap1-42 Amyloid beta 1-42 peptide

Ap40/42 Amyloid beta 40/42 isoforms

ABIOME A Bioreactor Imitation of the Microbiota Environment
AChE Acetylcholinesterase

ACFB Artichoke, caihua, and fenugreek vegetal extract original blend
Ac-Tau Acetylated tau protein

Adcyapl Adenylate cyclase-activating polypeptide 1

Al Artificial intelligence

AKT Protein kinase B (PKB)

pAKT Phosphorylated AKT

AKT1 Protein kinase B alpha (PKB«)

ALPL Alkaline phosphatase

AMPK 5" adenosine monophosphate-activated protein kinase
ANXA3 Annexin A3

AMPs Antimicrobial peptides

APP Amyloid precursor protein

APP/PS1 Amyloid precursor protein/presenilin-1 transgenic mouse model
APP/PS2 Amyloid precursor protein/presenilin-2 transgenic mouse model
AREs Antioxidant-responsive elements

Argl Arginasi 1

ASC Apoptosis-associated speck-like protein containing a CARD
ATG5/7 Autophagy-related 5/7

BAX Bcl2-associated X-protein

BALB/c Bagg albino/c

Bcl2 B-cell lymphoma 2

BBB Blood-brain barrier

BDNF Brain-derived neurotrophic factor

BBM Blood-based biomarker

BMECs Brain microvascular endothelial cells

BUB1b BUBI1 mitotic checkpoint serine/threonine kinase B

BV2 Immortalized murine microglial cell line derived from C57BL/6 mouse microglia
Calbl Calbindina 1

Camk2g Calcium/calmodulin-dependent protein kinase I gamma
CAT Catalase

Cct4 Chaperonin containing TCP1 subunit 4

CD Crohn’s disease

CD86 Cluster of Differentiation 86

CFP Complement factor properdin

cGMP Cyclic guanosine monophosphate

CNS Central nervous system

COX-2 Cyclooxygenase-2

CSF Cerebrospinal fluid

CTSK Catepsina K

CREB cAMP response element-binding protein

DSS Dextran sodium sulfate

https:/ /doi.org/10.3390/antiox15080951


https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951

38 of 54

Endog
EP300
EphA2
EVs
FABP3
FOS
FOXO
FOXO1
GABA
GAPDH
v-GCs
GFs
GLUT2
GOS
GOT1
GPX
GPX4
GSDMD
GSH
GSR
Hbqla
H202
HMGB1
HO-1
HPG
hs-CRP
HzS
Hsp70
5-HT
IAA
IBD
ICA
ICT
ICS
IEB
IEC
IgA
iNOS
iNPH
IL
IL-1B
IL-4
IL-6
IL-8
IL-10
IL-12
IL-18
JNK
JPH3
KDR
Keapl
LASSO
LC3
LDH

Endonuclease G

E1A binding protein p300
Ephrin type-A receptor 2
Extracellular vesicles

Fatty acid-binding protein 3
Fructooligosaccharides
Forkhead box O

Forkhead box protein O1

Acido gamma-amminobutirrico
Gliceraldeide-3-fosfato deidrogenasi
v-glutamilcisteina sintetasi
Gingival fibroblasts

Glucose transporter 2
Galactooligosaccharides
Glutamate oxaloacetate transaminase 1
Glutathione peroxidase
Glutathione peroxidase 4
Gasdermin D

Glutathione

Glutathione reductase
Hemoglobin, theta 1A
Hydrogen peroxide
High-mobility group box 1
Heme oxygenase-1

Highly porous gold electrodes
High-sensitivity C-reactive protein
Hydrogen sulfide

Heat Shock Protein 70
5-hydroxytryptamine
Indole-3-acetic acid
Inflammatory bowel disease
Icariin

Icaritin

Icariside II

Intestinal epithelial barrier
Intestinal epithelial cells
Immunoglobulin A

Inducible nitric oxide synthase

Idiopathic normal pressure hydrocephalus

Interleukin

Interleukin-1 beta

Interleukin-4

Interleukin-6

Interleukin-8

Interleukin-10

Interleukin-12

Interleukin-18

c-Jun N-terminal kinase
Junctophilin-3

Kinase insert domain receptor
Kelch-like ECH-associated protein 1
Least Absolute Shrinkage Operator

Microtubule-associated proteins 1A /1B light chain 3

Layered double hydroxide

https://doi.org/10.3390/antiox15080951


https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951

39 of 54

LPS
MAP9 (Mtap9)
MAPK
MAPK14
MAPT
MARS
MCI
MDA
MLKL
MMP9
MNPs
MPs
mRNAs
mTOR
mTORC1
Muc2
NAAA
NAD*
NAT2
NCM460
NF-«B
Nfe212
NfL
NLRP3
NMN
NO

NPs
NQO1
Nrf2
OEB

OFI

8- OHdAG
p53

p62

p65
p-p65

PDE4B
PE

PEG
PET
Perl
PFKFB3
PGC-1x
PGE2
PHA
PIM2
PI3K
Pik3cg
PLA2GI1B
p-mTOR
Potlx
PP

Lipopolysaccharide

Microtubule-associated protein 9

Mitogen-activated protein kinase

Mitogen-activated protein kinase 14
Microtubule-associated protein tau

Multivariate adaptive regression splines

Mild cognitive impairment

Malondialdehyde

Mixed lineage kinase domain-like pseudokinase

Matrix metalloproteinase-9

Micro- and nanoplastics

Microplastics

Messenger RNAs

Mechanistic target of rapamycin
Mammalian/mechanistic target of rapamycin complex 1
Mucin 2

N-acylethanolamine acid amide hydrolase
Nicotinamide adenine dinucleotide

N-acetyltransferase 2

Human normal colon mucosal epithelial cell line
Nuclear factor kappa B

Nuclear factor erythroid 2-related factor 2 gene
Neurofilament light chain

Ammonia

NOD-, LRR-, and pyrin domain-containing protein 3 inflammasome
Nicotinamide mononucleotide

Nitric oxide

Nanoplastics

NAD(P)H quinone oxidoreductase 1

Nuclear factor erythroid 2-related factor 2

Oral epithelial barrier

Opuntia ficus-indica

8-Hydroxy-2/-deoxyguanosine

Tumor protein p53

p62 protein or sequestosome-1

Nuclear factor NF-kappa-B p65 subunit

Phosphorylated NF-«B p65 subunit

Parkinson’s disease

Phosphodiesterase 4B

Polyethylene

Polyethylene glycol

Polyethylene terephthalate

Period circadian regulator 1
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
Prostaglandin E2

Phytohemagglutinin

Proviral integration site for Moloney murine leukemia virus 2
Phosphoinositide 3-kinase

Phosphoinositide-3-kinase catalytic gamma polypeptide
Phospholipase A2, group 1B

Phosphorylated mechanistic target of rapamycin
Protection of telomeres 1 alpha

Polypropylene

https:/ /doi.org/10.3390/antiox15080951


https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951

40 of 54

PPARYy
PRKCG
Prnp

PS

PSA
PS-COOH
p-taul8l
p-tau217
PTB
PTFS2
p-ULK1
PVC
QA
RAGE
RANKL
RhoA
ROS
RTP4
SCFAs
SCG3
SGLT1
SH-G
SIRT1
SIRT6
SKN-1
Slc7a5
SOD
SOD1
SOD2
SNAC
SNAP25
SP

SPP1
STAT3
SULT1A1
Thl

Th2
Th17

TJs
TLR-2
TLR4
TNF-
TPI1
Tregs
Trx

ucC
UGT2B4
ULK1
UVA
Vegfd (Figf)
VGF
Zfand5
Z0O-1

Peroxisome proliferator-activated receptor gamma
Protein kinase C gamma type

Prion protein gene

Polystyrene

Plasma scavenging activity

Carboxyl-modified polystyrene microplastics
Phosphorylated tau protein 181

Phosphorylated tau protein at threonine 217 residue
Pterostilbene

Prostaglandin-endoperoxide synthase 2
Phosphorylated Unc-51-like autophagy-activating kinase 1
Polyvinyl chloride

Quinic acid

Receptor for advanced glycation end products
Receptor activator of nuclear factor «B ligand

Ras homolog family member A

Reactive oxygen species

Receptor transporter protein 4

Short-chain fatty acids

Secretogranin-3

Sodium-glucose cotransporter 1

Sulfhydryl groups

Sirtuin 1

Sirtuin 6

Skinhead-1 transcription factor

Solute carrier family 7 member 5

Superoxide dismutase

Superoxide dismutase 1 (Cu/Zn superoxide dismutase)
Superoxide dismutase 2 or manganese superoxide dismutase
Alpha-synuclein

Synaptosome-associated protein 25

Spirulina (Arthrospira platensis)

Secreted phosphoprotein 1

Signal transducer and activator of transcription 3
Sulfotransferase 1A1

T helper 1

T helper 2

T helper 17

Tight junction proteins

Toll-like receptor 2

Toll-like receptor 4

Tumor necrosis factor alpha

Triosephosphate isomerase 1

Regulatory T cells

Thioredoxin

Ulcerative colitis

UDP-glucuronosyltransferase family 2 member B4
Unc-51-like autophagy-activating kinase 1
Ultraviolet A

Vascular endothelial growth factor D

Nerve growth factor-inducible

Zinc finger AN1-type containing 5

Zonula occludens-1

https:/ /doi.org/10.3390/antiox15080951


https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 41 of 54

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Patrick, L.; Pizzorno, J. Impact of Microplastics and Nanoplastics on Human Health. Infegr. Med. 2024, 23, 6-9.

Esterhuizen, M.; Kim, Y.J. Effects of Polypropylene, Polyvinyl Chloride, Polyethylene Terephthalate, Polyurethane, High-Density
Polyethylene, and Polystyrene Microplastic on Nelumbo nucifera (Lotus) in Water and Sediment. Environ. Sci. Pollut. Res. 2022, 29,
17580-17590. [CrossRef] [PubMed]

Zhang, Z.; Chen, W.; Chan, H.; Peng, J.; Zhu, P; Li, J.; Jiang, X.; Zhang, Z.; Wang, Y.; Tan, Z.; et al. Polystyrene Microplastics
Induce Size-Dependent Multi-Organ Damage in Mice: Insights into Gut Microbiota and Fecal Metabolites. . Hazard. Mater. 2024,
461, 132503. [CrossRef] [PubMed]

Wang, J.; Yang, Y.; Shi, Y.; Wei, L.; Gao, L.; Liu, M. Oxidized/Unmodified-Polyethylene Microplastics Neurotoxicity in Mice:
Perspective from Microbiota-Gut-Brain Axis. Environ. Int. 2024, 185, 108523. [CrossRef] [PubMed]

Xu, D.; Ma, Y,; Han, X.; Chen, Y. Systematic Toxicity Evaluation of Polystyrene Nanoplastics on Mice and Molecular Mechanism
Investigation about Their Internalization into Caco-2 Cells. J. Hazard. Mater. 2021, 417, 126092. [CrossRef] [PubMed]
Thuenauer, R.; Miiller, S.K.; Romer, W. Pathways of Protein and Lipid Receptor-Mediated Transcytosis in Drug Delivery. Expert
Opin. Drug Deliv. 2017, 14, 341-351. [CrossRef] [PubMed]

Ueno, M. Molecular Anatomy of the Brain Endothelial Barrier: An Overview of the Distributional Features. Curr. Med. Chem.
2007, 14, 1199-1206. [CrossRef] [PubMed]

Shan, S.; Zhang, Y.; Zhao, H.; Zeng, T.; Zhao, X. Polystyrene Nanoplastics Penetrate across the Blood-Brain Barrier and Induce
Activation of Microglia in the Brain of Mice. Chemosphere 2022, 298, 134261. [CrossRef] [PubMed]

Paul, M.B.; Bohmert, L.; Hsiao, L.-L.; Braeuning, A.; Sieg, H. Complex Intestinal and Hepatic in Vitro Barrier Models Reveal
Information on Uptake and Impact of Micro-, Submicro- and Nanoplastics. Environ. Int. 2023, 179, 108172. [CrossRef] [PubMed]
Zhang, M.; Du, M.; Zhang, W.; Huang, R.; Li, W.; Li, T; Bai, J.; Zhang, N.; Chen, J.; Zhou, ].; et al. Oral Microbiota: Findings,
Classification, Clinical Significance, and Therapeutic Interventions for Human Systemic Diseases. iMetaMed 2026, 2, e70033.
[CrossRef]

Scuto, M.; Lombardo, C.M.G.; Lo Sasso, B.; Di Fatta, E.; Ferri, R.; Trovato Salinaro, A. Microplastics as Emerging Contaminants and
Human Health: Exploring Functional Nutrition in Gastric-Colon-Brain Axis Cancer. Toxics 2025, 13, 438. [CrossRef] [PubMed]
Yu, Y; Xie, D.; Yang, Y.; Tan, S.; Li, H.; Dang, Y.; Xiang, M.; Chen, H. Carboxyl-Modified Polystyrene Microplastics Induces
Neurotoxicity by Affecting Dopamine, Glutamate, Serotonin, and GABA Neurotransmission in Caenorhabditis elegans. |. Hazard.
Mater. 2023, 445, 130543. [CrossRef] [PubMed]

Wu, W,; Jiang, W.; Zhou, Y.; Zhang, Z.; Li, G.; Tang, C. Phthalate Exposure Aggravates Periodontitis by Activating NF-kB Pathway.
Ecotoxicol. Environ. Saf. 2024, 275, 116252. [CrossRef] [PubMed]

Yan, Z; Liu, Y.; Zhang, T.; Zhang, F.; Ren, H.; Zhang, Y. Analysis of Microplastics in Human Feces Reveals a Correlation between
Fecal Microplastics and Inflammatory Bowel Disease Status. Environ. Sci. Technol. 2022, 56, 414-421. [CrossRef] [PubMed]
Scuto, M.C.; Anfuso, C.D.; Lombardo, C.; Di Fatta, E.; Ferri, R.; Musso, N.; Zerbo, G.; Terrana, M.; Majzunova, M.; Lupo, G.; et al.
Neuronutrition and Nrf2 Brain Resilience Signaling: Epigenomics and Metabolomics for Personalized Medicine in Nervous
System Disorders from Bench to Clinic. Int. J. Mol. Sci. 2025, 26, 9391. [CrossRef] [PubMed]

Scuto, M.; Majztnova, M.; Torcitto, G.; Antonuzzo, S.; Rampulla, F.; Di Fatta, E.; Trovato Salinaro, A. Functional Food Nutrients,
Redox Resilience Signaling and Neurosteroids for Brain Health. Int. J. Mol. Sci. 2024, 25, 12155. [CrossRef] [PubMed]
Stojanovic, B.; Milivojcevic Beve, I.; Dimitrijevic Stojanovic, M.; Stojanovic, B.S.; Jovanovic, M.; Lazarevic, S.; Milosevic, B.;
Radosavljevic, I.; Tasic-Uros, D.; Markovic, N.; et al. Nrf2 as a Molecular Guardian of Redox Balance and Barrier Integrity in IBD.
Antioxidants 2025, 14, 1407. [CrossRef] [PubMed]

Kang, H.; Zhang, W,; Jing, ].; Huang, D.; Zhang, L.; Wang, J.; Han, L.; Liu, Z.; Wang, Z.; Gao, A. The Gut-Brain Axis Involved in
Polystyrene Nanoplastics-Induced Neurotoxicity via Reprogramming the Circadian Rhythm-Related Pathways. |. Hazard. Mater.
2023, 458, 131949. [CrossRef] [PubMed]

Bai, H.; Wu, Y,; Li, H.; Zhu, Y.; Che, R.; Wang, F; Zhang, C. Cerebral Neurotoxicity of Amino-Modified Polystyrene Nanoplastics
in Mice and the Protective Effects of Functional Food Camellia Pollen. Sci. Total Environ. 2024, 912, 169511. [CrossRef] [PubMed]
Li, Q;; Ren, C.; Yan, S.; Wang, K.; Hrynets, Y.; Xiang, L.; Xue, X.; Betti, M.; Wu, L. Extract of Unifloral Camellia sinensis L. Pollen
Collected by Apis mellifera L. Honeybees Exerted Inhibitory Effects on Glucose Uptake and Transport by Interacting with Glucose
Transporters in Human Intestinal Cells. J. Agric. Food Chem. 2021, 69, 1877-1887. [CrossRef] [PubMed]

Kerstens, R.; Ng, Y.Z.; Pettersson, S.; Jayaraman, A. Balancing the Oral-Gut-Brain Axis with Diet. Nutrients 2024, 16, 3206.
[CrossRef] [PubMed]

Baker, J.L.; Mark Welch, J.L.; Kauffman, K.M.; McLean, ].S.; He, X. The Oral Microbiome: Diversity, Biogeography and Human
Health. Nat. Rev. Microbiol. 2024, 22, 89-104. [CrossRef] [PubMed]

Li, Y,; Xin, Y.; Zong, W.; Li, X. The Role of Oral Microbiota in Digestive System Diseases: Current Advances and Perspectives. J.
Oral Microbiol. 2025, 17, 2566403. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1007/s11356-021-17033-0
https://www.ncbi.nlm.nih.gov/pubmed/34669136
https://doi.org/10.1016/j.jhazmat.2023.132503
https://www.ncbi.nlm.nih.gov/pubmed/37717443
https://doi.org/10.1016/j.envint.2024.108523
https://www.ncbi.nlm.nih.gov/pubmed/38484610
https://doi.org/10.1016/j.jhazmat.2021.126092
https://www.ncbi.nlm.nih.gov/pubmed/34015712
https://doi.org/10.1080/17425247.2016.1220364
https://www.ncbi.nlm.nih.gov/pubmed/27500785
https://doi.org/10.2174/092986707780597943
https://www.ncbi.nlm.nih.gov/pubmed/17504140
https://doi.org/10.1016/j.chemosphere.2022.134261
https://www.ncbi.nlm.nih.gov/pubmed/35302003
https://doi.org/10.1016/j.envint.2023.108172
https://www.ncbi.nlm.nih.gov/pubmed/37657408
https://doi.org/10.1002/imm3.70033
https://doi.org/10.3390/toxics13060438
https://www.ncbi.nlm.nih.gov/pubmed/40559911
https://doi.org/10.1016/j.jhazmat.2022.130543
https://www.ncbi.nlm.nih.gov/pubmed/36493651
https://doi.org/10.1016/j.ecoenv.2024.116252
https://www.ncbi.nlm.nih.gov/pubmed/38547731
https://doi.org/10.1021/acs.est.1c03924
https://www.ncbi.nlm.nih.gov/pubmed/34935363
https://doi.org/10.3390/ijms26199391
https://www.ncbi.nlm.nih.gov/pubmed/41096660
https://doi.org/10.3390/ijms252212155
https://www.ncbi.nlm.nih.gov/pubmed/39596221
https://doi.org/10.3390/antiox14121407
https://www.ncbi.nlm.nih.gov/pubmed/41462607
https://doi.org/10.1016/j.jhazmat.2023.131949
https://www.ncbi.nlm.nih.gov/pubmed/37392641
https://doi.org/10.1016/j.scitotenv.2023.169511
https://www.ncbi.nlm.nih.gov/pubmed/38145676
https://doi.org/10.1021/acs.jafc.0c07160
https://www.ncbi.nlm.nih.gov/pubmed/33543617
https://doi.org/10.3390/nu16183206
https://www.ncbi.nlm.nih.gov/pubmed/39339804
https://doi.org/10.1038/s41579-023-00963-6
https://www.ncbi.nlm.nih.gov/pubmed/37700024
https://doi.org/10.1080/20002297.2025.2566403
https://www.ncbi.nlm.nih.gov/pubmed/41098769
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 42 of 54

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kim, T.S.; Ikeuchi, T.; Theofilou, V.I.; Williams, D.W.; Greenwell-Wild, T.; June, A.; Adade, E.E.; Li, L.; Abusleme, L.; Dutzan, N.;
et al. Epithelial-Derived Interleukin-23 Promotes Oral Mucosal Immunopathology. Immunity 2024, 57, 859-875.e11. [CrossRef]
[PubMed]

Rowland, I; Gibson, G.; Heinken, A.; Scott, K.; Swann, J.; Thiele, I.; Tuohy, K. Gut Microbiota Functions: Metabolism of Nutrients
and Other Food Components. Eur. |. Nutr. 2018, 57, 1-24. [CrossRef] [PubMed]

Kunath, B.J.; De Rudder, C.; Laczny, C.C.; Letellier, E.; Wilmes, P. The Oral-Gut Microbiome Axis in Health and Disease. Nat. Rev.
Microbiol. 2024, 22, 791-805. [CrossRef] [PubMed]

Liu, S.; Dashper, S.G.; Zhao, R. Association Between Oral Bacteria and Alzheimer’s Disease: A Systematic Review and Meta-
Analysis. J. Alzheimer’s Dis. 2023, 91, 129-150. [CrossRef] [PubMed]

Narengaowa; Kong, W.; Lan, F; Awan, U.E; Qing, H.; Ni, J. The Oral-Gut-Brain AXIS: The Influence of Microbes in Alzheimer’s
Disease. Front. Cell. Neurosci. 2021, 15, 633735. [CrossRef] [PubMed]

Felicetti, A.; Azzolino, D.; Piro, P.P,; Lopes, G.C.D.; Rezaeinezhad, N.; Lovero, R.; Bocchio-Chiavetto, L.; Colella, M.; Passarelli,
P.C. The Oral-Brain Axis in Alzheimer’s Disease: From Microbial Dysbiosis to Neurodegeneration. Microorganisms 2025, 13, 2741.
[CrossRef] [PubMed]

Curtis, M.A,; Diaz, P1; Van Dyke, T.E. The Role of the Microbiota in Periodontal Disease. Periodontology 2000 2020, 83, 14-25.
[CrossRef] [PubMed]

Diaz-Zufiiga, J.; More, J.; Melgar-Rodriguez, S.; Jiménez-Unién, M.; Villalobos-Orchard, F.; Munoz-Manriquez, C.; Monasterio, G.;
Valdés, J.L.; Vernal, R.; Paula-Lima, A. Alzheimer’s Disease-Like Pathology Triggered by Porphyromonas gingivalis in Wild Type
Rats Is Serotype Dependent. Front. Immunol. 2020, 11, 588036. [CrossRef] [PubMed]

Oogai, Y.; Tanaka, Y.; Nakata, M. Microbial Coaggregation in the Oral Cavity: Molecular Interactions and Current Insights. Int. J.
Mol. Sci. 2025, 26, 10552. [CrossRef] [PubMed]

Beydoun, M.A.; Beydoun, H.A.; Hossain, S.; El-Hajj, Z.W.; Weiss, J.; Zonderman, A.B. Clinical and Bacterial Markers of
Periodontitis and Their Association with Incident All-Cause and Alzheimer’s Disease Dementia in a Large National Survey. J.
Alzheimer’s Dis. 2020, 75, 157-172. [CrossRef] [PubMed]

Moutsopoulos, N.M.; Konkel, J.E. Healthy Mouth, Healthy Gut: A Dysbiotic Oral Microbiome Exacerbates Colitis. Mucosal
Immunol. 2020, 13, 852-854. [CrossRef] [PubMed]

Imai, J.; Ichikawa, H.; Kitamoto, S.; Golob, J.L.; Kaneko, M.; Nagata, J.; Takahashi, M.; Gillilland, M.G.; Tanaka, R.; Nagao-
Kitamoto, H.; et al. A Potential Pathogenic Association between Periodontal Disease and Crohn’s Disease. JCI Insight 2021, 6,
€148543. [CrossRef] [PubMed]

Kim, M.-S,; Kim, Y.; Choi, H.; Kim, W.; Park, S.; Lee, D.; Kim, D.K,; Kim, H.J.; Choi, H.; Hyun, D.-W.; et al. Transfer of a Healthy
Microbiota Reduces Amyloid and Tau Pathology in an Alzheimer’s Disease Animal Model. Gut 2020, 69, 283-294. [CrossRef]
[PubMed]

Lu, J.; Zhang, S.; Huang, Y.; Qian, J.; Tan, B.; Qian, X.; Zhuang, J.; Zou, X,; Li, Y.; Yan, F. Periodontitis-Related Salivary Microbiota
Aggravates Alzheimer’s Disease via Gut-Brain Axis Crosstalk. Gut Microbes 2022, 14, 2126272. [CrossRef] [PubMed]

Ide, M.; Harris, M.; Stevens, A.; Sussams, R.; Hopkins, V.; Culliford, D.; Fuller, J.; Ibbett, P.; Raybould, R.; Thomas, R.; et al.
Periodontitis and Cognitive Decline in Alzheimer’s Disease. PLoS ONE 2016, 11, e0151081. [CrossRef] [PubMed]

Cichoniska, D.; Mazus$, M.; Kusiak, A. Recent Aspects of Periodontitis and Alzheimer’s Disease—A Narrative Review. Int. J. Mol.
Sci. 2024, 25, 2612. [CrossRef] [PubMed]

Siddiqui, H.; Eribe, E.R.; Singhrao, S.K.; Olsen, I. High Throughput Sequencing Detect Gingivitis and Periodontal Oral Bacteria in
Alzheimer’s Disease Autopsy Brains. Neuro Res. 2019, 1, 1-10. [CrossRef]

Ryder, M.I. Porphyromonas gingivalis and Alzheimer Disease: Recent Findings and Potential Therapies. J. Periodontol. 2020, 91,
545-549. [CrossRef] [PubMed]

Douros, A.; Ante, Z.; Fallone, C.A.; Azoulay, L.; Renoux, C.; Suissa, S.; Brassard, P. Clinically Apparent Helicobacter Pylori
Infection and the Risk of Incident Alzheimer’s Disease: A Population-Based Nested Case-Control Study. Alzheimer’s Dement.
2024, 20, 1716-1724. [CrossRef] [PubMed]

Balin, B.J.; Gérard, H.C.; Arking, E.J.; Appelt, D.M,; Branigan, PJ.; Abrams, J.T.; Whittum-Hudson, ].A.; Hudson, A.P. Identification
and Localization of Chlamydia Pneumoniae in the Alzheimer’s Brain. Med. Microbiol. Immunol. 1998, 187, 23—42. [CrossRef]
[PubMed]

Lundmark, A.; Hu, Y.0.0.; Huss, M.; Johannsen, G.; Andersson, A.F,; Yucel-Lindberg, T. Identification of Salivary Microbiota and
Its Association With Host Inflammatory Mediators in Periodontitis. Front. Cell. Infect. Microbiol. 2019, 9, 216. [CrossRef] [PubMed]
Sritana, N.; Phungpinij, A. Analysis of Oral Microbiota in Elderly Thai Patients with Alzheimer’s Disease and Mild Cognitive
Impairment. Int. . Environ. Res. Public Health 2024, 21, 1242. [CrossRef] [PubMed]

Mooney, E.C.; Holden, S.E.; Xia, X.-].; Li, Y.; Jiang, M.; Banson, C.N.; Zhu, B.; Sahingur, S.E. Quercetin Preserves Oral Cavity
Health by Mitigating Inflammation and Microbial Dysbiosis. Front. Immunol. 2021, 12, 774273. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1016/j.immuni.2024.02.020
https://www.ncbi.nlm.nih.gov/pubmed/38513665
https://doi.org/10.1007/s00394-017-1445-8
https://www.ncbi.nlm.nih.gov/pubmed/28393285
https://doi.org/10.1038/s41579-024-01075-5
https://www.ncbi.nlm.nih.gov/pubmed/39039286
https://doi.org/10.3233/JAD-220627
https://www.ncbi.nlm.nih.gov/pubmed/36404545
https://doi.org/10.3389/fncel.2021.633735
https://www.ncbi.nlm.nih.gov/pubmed/33935651
https://doi.org/10.3390/microorganisms13122741
https://www.ncbi.nlm.nih.gov/pubmed/41471945
https://doi.org/10.1111/prd.12296
https://www.ncbi.nlm.nih.gov/pubmed/32385883
https://doi.org/10.3389/fimmu.2020.588036
https://www.ncbi.nlm.nih.gov/pubmed/33240277
https://doi.org/10.3390/ijms262110552
https://www.ncbi.nlm.nih.gov/pubmed/41226590
https://doi.org/10.3233/JAD-200064
https://www.ncbi.nlm.nih.gov/pubmed/32280099
https://doi.org/10.1038/s41385-020-00341-y
https://www.ncbi.nlm.nih.gov/pubmed/32843674
https://doi.org/10.1172/jci.insight.148543
https://www.ncbi.nlm.nih.gov/pubmed/34710061
https://doi.org/10.1136/gutjnl-2018-317431
https://www.ncbi.nlm.nih.gov/pubmed/31471351
https://doi.org/10.1080/19490976.2022.2126272
https://www.ncbi.nlm.nih.gov/pubmed/36175166
https://doi.org/10.1371/journal.pone.0151081
https://www.ncbi.nlm.nih.gov/pubmed/26963387
https://doi.org/10.3390/ijms25052612
https://www.ncbi.nlm.nih.gov/pubmed/38473858
https://doi.org/10.35702/nrj.10003
https://doi.org/10.1002/JPER.20-0104
https://www.ncbi.nlm.nih.gov/pubmed/32533852
https://doi.org/10.1002/alz.13561
https://www.ncbi.nlm.nih.gov/pubmed/38088512
https://doi.org/10.1007/s004300050071
https://www.ncbi.nlm.nih.gov/pubmed/9749980
https://doi.org/10.3389/fcimb.2019.00216
https://www.ncbi.nlm.nih.gov/pubmed/31281801
https://doi.org/10.3390/ijerph21091242
https://www.ncbi.nlm.nih.gov/pubmed/39338124
https://doi.org/10.3389/fimmu.2021.774273
https://www.ncbi.nlm.nih.gov/pubmed/34899728
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 43 of 54

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Luo, S.-C.; Wei, S.-M.; Luo, X.-T,; Yang, Q.-Q.; Wong, K.-H.; Cheung, P.C.K.; Zhang, B.-B. How Probiotics, Prebiotics, Synbiotics,
and Postbiotics Prevent Dental Caries: An Oral Microbiota Perspective. npj Biofilms Microbiomes 2024, 10, 14. [CrossRef] [PubMed]
Liu, S.; Cao, Y.; Ma, L.; Sun, J.; Ramos-Mucci, L.; Ma, Y.; Yang, X.; Zhu, Z.; Zhang, ].; Xiao, B. Oral Antimicrobial Peptide-EGCG
Nanomedicines for Synergistic Treatment of Ulcerative Colitis. ]. Control. Release 2022, 347, 544-560. [CrossRef] [PubMed]
Staudacher, H.M.; Whelan, K. Altered Gastrointestinal Microbiota in Irritable Bowel Syndrome and Its Modification by Diet:
Probiotics, Prebiotics and the Low FODMAP Diet. Proc. Nutr. Soc. 2016, 75, 306-318. [CrossRef] [PubMed]

Pang, L.; Zhi, Q.; Jian, W,; Liu, Z.; Lin, H. The Oral Microbiome Impacts the Link between Sugar Consumption and Caries: A
Preliminary Study. Nutrients 2022, 14, 3693. [CrossRef] [PubMed]

Rungsri, P.; Akkarachaneeyakorn, N.; Wongsuwanlert, M.; Piwat, S.; Nantarakchaikul, P; Teanpaisan, R. Effect of Fermented Milk
Containing Lactobacillus rhamnosus SD11 on Oral Microbiota of Healthy Volunteers: A Randomized Clinical Trial. J. Dairy Sci.
2017, 100, 7780-7787. [CrossRef] [PubMed]

Roberfroid, M.; Gibson, G.R.; Hoyles, L.; McCartney, A.L.; Rastall, R.; Rowland, I.; Wolvers, D.; Watzl, B.; Szajewska, H.; Stahl, B.;
et al. Prebiotic Effects: Metabolic and Health Benefits. Br. J. Nutr. 2010, 104, S1-563. [CrossRef] [PubMed]

Sansores-Espafia, L.D.; Melgar-Rodriguez, S.; Olivares-Sagredo, K.; Cafferata, E.A.; Martinez-Aguilar, V.M.; Vernal, R.; Paula-
Lima, A.C.; Diaz-Zufiiga, J. Oral-Gut-Brain Axis in Experimental Models of Periodontitis: Associating Gut Dysbiosis With
Neurodegenerative Diseases. Front. Aging 2021, 2, 781582. [CrossRef] [PubMed]

Ziani, K.; Jonita-Mindrican, C.-B.; Mititelu, M.; Neacsu, S.M.; Negrei, C.; Morosan, E.; Draganescu, D.; Preda, O.-T. Microplastics:
A Real Global Threat for Environment and Food Safety: A State of the Art Review. Nutrients 2023, 15, 617. [CrossRef] [PubMed]
Senathirajah, K.; Attwood, S.; Bhagwat, G.; Carbery, M.; Wilson, S.; Palanisami, T. Estimation of the Mass of Microplastics
Ingested—A Pivotal First Step towards Human Health Risk Assessment. J. Hazard. Mater. 2021, 404, 124004. [CrossRef] [PubMed]
Ananthakrishnan, A.N.; Bernstein, C.N.; Illiopoulos, D.; Macpherson, A.; Neurath, M.E; Ali, R.A.R.; Vavricka, S.R.; Fiocchi, C.
Environmental Triggers in IBD: A Review of Progress and Evidence. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 39-49. [CrossRef]
[PubMed]

Antoni, L.; Nuding, S.; Wehkamp, J.; Stange, E.F. Intestinal Barrier in Inflammatory Bowel Disease. WG World ]. Gastroenterol.
2014, 20, 1165. [CrossRef] [PubMed]

Agrawal, M,; Vianello, A.; Picker, M.; Simon-Sénchez, L.; Chen, R.; Estevinho, M.M.; Weinstein, K.; Lykkemark, J.; Jess, T.; Peter, L;
et al. Micro- and Nano-Plastics, Intestinal Inflammation, and Inflammatory Bowel Disease: A Review of the Literature. Sci. Total
Environ. 2024, 953, 176228. [CrossRef] [PubMed]

Djouina, M.; Loison, S.; Body-Malapel, M. Recent Progress in Intestinal Toxicity of Microplastics and Nanoplastics: Systematic
Review of Preclinical Evidence. Microplastics 2024, 3, 217-233. [CrossRef]

Ghosal, S.; Bag, S.; Rao, S.R.; Bhowmik, S. Exposure to Polyethylene Microplastics Exacerbate Inflammatory Bowel Disease
Tightly Associated with Intestinal Gut Microflora. RSC Adv. 2024, 14, 25130-25148. [CrossRef] [PubMed]

Gophna, U.; Sommerfeld, K.; Gophna, S.; Doolittle, W.F,; Veldhuyzen Van Zanten, S.J.O. Differences between Tissue-Associated
Intestinal Microfloras of Patients with Crohn’s Disease and Ulcerative Colitis. J. Clin. Microbiol. 2006, 44, 4136—4141. [CrossRef]
[PubMed]

Berry, D.; Reinisch, W. Intestinal Microbiota: A Source of Novel Biomarkers in Inflammatory Bowel Diseases? Best Pract. Res. Clin.
Gastroenterol. 2013, 27, 47-58. [CrossRef] [PubMed]

Machiels, K.; Joossens, M.; Sabino, J.; De Preter, V.; Arijs, I.; Eeckhaut, V.; Ballet, V.; Claes, K.; Van Immerseel, F.; Verbeke, K.; et al.
A Decrease of the Butyrate-Producing Species Roseburia hominis and Faecalibacterium prausnitzii Defines Dysbiosis in Patients with
Ulcerative Colitis. Gut 2014, 63, 1275-1283. [CrossRef] [PubMed]

Zhou, Y.; Zhi, F. Lower Level of Bacteroides in the Gut Microbiota Is Associated with Inflammatory Bowel Disease: A Meta-Analysis.
BioMed Res. Int. 2016, 2016, 5828959. [CrossRef] [PubMed]

Henke, M.T.; Kenny, D.J.; Cassilly, C.D.; Vlamakis, H.; Xavier, R.J.; Clardy, ]. Ruminococcus gnavus, a Member of the Human Gut
Microbiome Associated with Crohn’s Disease, Produces an Inflammatory Polysaccharide. Proc. Natl. Acad. Sci. USA 2019, 116,
12672-12677. [CrossRef] [PubMed]

Hall, A.B.; Yassour, M.; Sauk, J.; Garner, A.; Jiang, X.; Arthur, T.; Lagoudas, G.K.; Vatanen, T.; Fornelos, N.; Wilson, R.; et al.
A Novel Ruminococcus gnavus Clade Enriched in Inflammatory Bowel Disease Patients. Genome Med. 2017, 9, 103. [CrossRef]
[PubMed]

Nishida, A.; Inoue, R.; Inatomi, O.; Bamba, S.; Naito, Y.; Andoh, A. Gut Microbiota in the Pathogenesis of Inflammatory Bowel
Disease. Clin. . Gastroenterol. 2018, 11, 1-10. [CrossRef] [PubMed]

Harris, K.G.; Chang, E.B. The Intestinal Microbiota in the Pathogenesis of Inflammatory Bowel Diseases: New Insights into
Complex Disease. Clin. Sci. 2018, 132, 2013-2028. [CrossRef] [PubMed]

Forbes, ].D.; Chen, C.; Knox, N.C.; Marrie, R.-A.; El-Gabalawy, H.; De Kievit, T.; Alfa, M.; Bernstein, C.N.; Van Domselaar, G.
A Comparative Study of the Gut Microbiota in Immune-Mediated Inflammatory Diseases—Does a Common Dysbiosis Exist?
Microbiome 2018, 6, 221. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1038/s41522-024-00488-7
https://www.ncbi.nlm.nih.gov/pubmed/38402294
https://doi.org/10.1016/j.jconrel.2022.05.025
https://www.ncbi.nlm.nih.gov/pubmed/35580812
https://doi.org/10.1017/S0029665116000021
https://www.ncbi.nlm.nih.gov/pubmed/26908093
https://doi.org/10.3390/nu14183693
https://www.ncbi.nlm.nih.gov/pubmed/36145068
https://doi.org/10.3168/jds.2017-12961
https://www.ncbi.nlm.nih.gov/pubmed/28803012
https://doi.org/10.1017/S0007114510003363
https://www.ncbi.nlm.nih.gov/pubmed/20920376
https://doi.org/10.3389/fragi.2021.781582
https://www.ncbi.nlm.nih.gov/pubmed/35822001
https://doi.org/10.3390/nu15030617
https://www.ncbi.nlm.nih.gov/pubmed/36771324
https://doi.org/10.1016/j.jhazmat.2020.124004
https://www.ncbi.nlm.nih.gov/pubmed/33130380
https://doi.org/10.1038/nrgastro.2017.136
https://www.ncbi.nlm.nih.gov/pubmed/29018271
https://doi.org/10.3748/wjg.v20.i5.1165
https://www.ncbi.nlm.nih.gov/pubmed/24574793
https://doi.org/10.1016/j.scitotenv.2024.176228
https://www.ncbi.nlm.nih.gov/pubmed/39270875
https://doi.org/10.3390/microplastics3020013
https://doi.org/10.1039/D4RA04544K
https://www.ncbi.nlm.nih.gov/pubmed/39139248
https://doi.org/10.1128/JCM.01004-06
https://www.ncbi.nlm.nih.gov/pubmed/16988016
https://doi.org/10.1016/j.bpg.2013.03.005
https://www.ncbi.nlm.nih.gov/pubmed/23768552
https://doi.org/10.1136/gutjnl-2013-304833
https://www.ncbi.nlm.nih.gov/pubmed/24021287
https://doi.org/10.1155/2016/5828959
https://www.ncbi.nlm.nih.gov/pubmed/27999802
https://doi.org/10.1073/pnas.1904099116
https://www.ncbi.nlm.nih.gov/pubmed/31182571
https://doi.org/10.1186/s13073-017-0490-5
https://www.ncbi.nlm.nih.gov/pubmed/29183332
https://doi.org/10.1007/s12328-017-0813-5
https://www.ncbi.nlm.nih.gov/pubmed/29285689
https://doi.org/10.1042/CS20171110
https://www.ncbi.nlm.nih.gov/pubmed/30232239
https://doi.org/10.1186/s40168-018-0603-4
https://www.ncbi.nlm.nih.gov/pubmed/30545401
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 44 of 54

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Shawki, A.; McCole, D.F. Mechanisms of Intestinal Epithelial Barrier Dysfunction by Adherent-Invasive Escherichia Coli. Cell.
Mol. Gastroenterol. Hepatol. 2017, 3, 41-50. [CrossRef] [PubMed]

Khorsand, B.; Asadzadeh Aghdaei, H.; Nazemalhosseini-Mojarad, E.; Nadalian, B.; Nadalian, B.; Houri, H. Overrepresentation
of Enterobacteriaceae and Escherichia Coli Is the Major Gut Microbiome Signature in Crohn’s Disease and Ulcerative Colitis; a
Comprehensive Metagenomic Analysis of IBDMDB Datasets. Front. Cell. Infect. Microbiol. 2022, 12, 1015890. [CrossRef] [PubMed]
Baumgartner, M.; Zirnbauer, R.; Schlager, S.; Mertens, D.; Gasche, N.; Sladek, B.; Herbold, C.; Bochkareva, O.; Emelianenko, V.;
Vogelsang, H.; et al. Atypical Enteropathogenic E. coli Are Associated with Disease Activity in Ulcerative Colitis. Gut Microbes
2022, 14, 2143218. [CrossRef] [PubMed]

Chiba, M.; Hoshina, S.; Kono, M.; Tobita, M.; Fukushima, T.; lizuka, M.; Watanabe, S. Staphylococcus Aureus in Inflammatory
Bowel Disease. Scand. . Gastroenterol. 2001, 36, 615-620. [CrossRef] [PubMed]

Li, B,; Ding, Y.; Cheng, X.; Sheng, D.; Xu, Z.; Rong, Q.; Wu, Y.; Zhao, H.; Ji, X.; Zhang, Y. Polyethylene Microplastics Affect the
Distribution of Gut Microbiota and Inflammation Development in Mice. Chemosphere 2020, 244, 125492. [CrossRef] [PubMed]
Chen, X.; Zhuang, J.; Chen, Q.; Xu, L.; Yue, X.; Qiao, D. Polyvinyl Chloride Microplastics Induced Gut Barrier Dysfunction,
Microbiota Dysbiosis and Metabolism Disorder in Adult Mice. Ecotoxicol. Environ. Saf. 2022, 241, 113809. [CrossRef] [PubMed]
Fournier, E.; Leveque, M.; Ruiz, P; Ratel, J.; Durif, C.; Chalancon, S.; Amiard, F.; Edely, M.; Bezirard, V.; Gaultier, E.; et al.
Microplastics: What Happens in the Human Digestive Tract? First Evidences in Adults Using in Vitro Gut Models. J. Hazard.
Mater. 2023, 442, 130010. [CrossRef] [PubMed]

Tamargo, A.; Molinero, N.; Reinosa, ].J.; Alcolea-Rodriguez, V.; Portela, R.; Bafiares, M.A.; Ferndndez, ].F.; Moreno-Arribas, M.V.
PET Microplastics Affect Human Gut Microbiota Communities during Simulated Gastrointestinal Digestion, First Evidence of
Plausible Polymer Biodegradation during Human Digestion. Sci. Rep. 2022, 12, 528. [CrossRef] [PubMed]

Spirito, ED.; Folliero, V.; Palo, M.P.D.; Benedetto, G.D.; Aulisio, L.; Martina, S.; Rinaldi, L.; Franci, G. Micro- and Nanoplastics and
the Oral Cavity: Implications for Oral and Systemic Health, Dental Practice, and the Environment—A Narrative Review. ]. Funct.
Biomater. 2025, 16, 332. [CrossRef] [PubMed]

Yang, X.-Y.; Zhang, Z.-W.; Chen, G.-D.; Yuan, S. Gut Microbiome Remodeling Induced by Microplastic Exposure in Humans. Gut
Microbes 2026, 18, 2617696. [CrossRef] [PubMed]

Liang, B.; Zhong, Y,; Huang, Y.; Lin, X,; Liu, J.; Lin, L.; Hu, M,; Jiang, J.; Dai, M.; Wang, B.; et al. Underestimated Health Risks:
Polystyrene Micro- and Nanoplastics Jointly Induce Intestinal Barrier Dysfunction by ROS-Mediated Epithelial Cell Apoptosis.
Part Fibre Toxicol. 2021, 18, 20. [CrossRef] [PubMed]

Zhang, Z.; Xu, M.; Wang, L.; Gu, W,; Li, X,; Han, Z.; Fu, X,; Wang, X.; Li, X.; Su, Z. Continuous Oral Exposure to Micro- and
Nanoplastics Induced Gut Microbiota Dysbiosis, Intestinal Barrier and Immune Dysfunction in Adult Mice. Environ. Int. 2023,
182, 108353. [CrossRef] [PubMed]

Zhang, K.; Yang, J.; Chen, L.; He, J.; Qu, D.; Zhang, Z.; Liu, Y.; Li, X,; Liu, J.; Li, ].; et al. Gut Microbiota Participates in Polystyrene
Microplastics-Induced Hepatic Injuries by Modulating the Gut-Liver Axis. ACS Nano 2023, 17, 15125-15145. [CrossRef] [PubMed]
Gao, H.-T.; Zhou, H.-Q.; Ji, H.-N.; Shen, ].Z.; Yin, D.-M.; Wu, D.-H. From Exposure to Neurotoxicity Induced by Micro-Nanoplastics
with Brain Accumulation and Cognitive Decline. Ecotoxicol. Environ. Saf. 2025, 304, 119114. [CrossRef] [PubMed]

Huang, Z.; Hao, M,; Shi, N.; Wang, X.; Yuan, L.; Yuan, H.; Wang, X. Porphyromonas gingivalis: A Potential Trigger of Neurodegen-
erative Disease. Front Immunol. 2025, 16, 1482033. [CrossRef] [PubMed]

Yang, W.; Li, Y.; Boraschi, D. Association between Microorganisms and Microplastics: How Does It Change the Host-Pathogen
Interaction and Subsequent Immune Response? Int. J. Mol. Sci. 2023, 24, 4065. [CrossRef] [PubMed]

Teng, M.; Li, Y.; Zhao, X.; White, ]J.C.; Zhao, L.; Sun, J.; Zhu, W.; Wu, E. Vitamin D Modulation of Brain-Gut-Virome Disorder
Caused by Polystyrene Nanoplastics Exposure in Zebrafish (Danio rerio). Microbiome 2023, 11, 266. [CrossRef] [PubMed]
Harrandah, A.M. The Oral-Gut-Systemic Axis: Emerging Insights into Periodontitis, Microbiota Dysbiosis, and Systemic Disease
Interplay. Diagnostics 2025, 15, 2784. [CrossRef] [PubMed]

Dhingra, K.; Grimm, W.-D.; Chaudhari, P.K.; Verma, FE. Does Periodontal Disease Elevate the Risk of Alzheimer’s Disease and
Mild Cognitive Impairment? Evid. Based Dent. 2021, 22, 123-125. [CrossRef] [PubMed]

Mao, S.; Huang, C.-P; Lan, H.; Lau, H.-G.; Chiang, C.-P; Chen, Y.-W. Association of Periodontitis and Oral Microbiomes with
Alzheimer’s Disease: A Narrative Systematic Review. . Dent. Sci. 2022, 17, 1762-1779. [CrossRef] [PubMed]

Dominy, S.S.; Lynch, C.; Ermini, F.; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.; Raha, D.; Griffin, C.; et al.
Porphyromonas gingivalis in Alzheimer’s Disease Brains: Evidence for Disease Causation and Treatment with Small-Molecule
Inhibitors. Sci. Adv. 2019, 5, eaau3333. [CrossRef] [PubMed]

Ding, Y;; Ren, J.; Yu, H.; Yu, W.; Zhou, Y. Porphyromonas gingivalis, a Periodontitis Causing Bacterium, Induces Memory Impairment
and Age-Dependent Neuroinflammation in Mice. Immun. Ageing 2018, 15, 6. [CrossRef] [PubMed]

Wu, Z; Ni, J.; Liu, Y;; Teeling, ].L.; Takayama, F.; Collcutt, A.; Ibbett, P.; Nakanishi, H. Cathepsin B Plays a Critical Role in Inducing
Alzheimer’s Disease-like Phenotypes Following Chronic Systemic Exposure to Lipopolysaccharide from Porphyromonas gingivalis
in Mice. Brain Behav. Immun. 2017, 65, 350-361. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1016/j.jcmgh.2016.10.004
https://www.ncbi.nlm.nih.gov/pubmed/28174756
https://doi.org/10.3389/fcimb.2022.1015890
https://www.ncbi.nlm.nih.gov/pubmed/36268225
https://doi.org/10.1080/19490976.2022.2143218
https://www.ncbi.nlm.nih.gov/pubmed/36415023
https://doi.org/10.1080/003655201750163079
https://www.ncbi.nlm.nih.gov/pubmed/11424320
https://doi.org/10.1016/j.chemosphere.2019.125492
https://www.ncbi.nlm.nih.gov/pubmed/31809927
https://doi.org/10.1016/j.ecoenv.2022.113809
https://www.ncbi.nlm.nih.gov/pubmed/36068740
https://doi.org/10.1016/j.jhazmat.2022.130010
https://www.ncbi.nlm.nih.gov/pubmed/36182891
https://doi.org/10.1038/s41598-021-04489-w
https://www.ncbi.nlm.nih.gov/pubmed/35017590
https://doi.org/10.3390/jfb16090332
https://www.ncbi.nlm.nih.gov/pubmed/41003403
https://doi.org/10.1080/19490976.2026.2617696
https://www.ncbi.nlm.nih.gov/pubmed/41552974
https://doi.org/10.1186/s12989-021-00414-1
https://www.ncbi.nlm.nih.gov/pubmed/34098985
https://doi.org/10.1016/j.envint.2023.108353
https://www.ncbi.nlm.nih.gov/pubmed/38035535
https://doi.org/10.1021/acsnano.3c04449
https://www.ncbi.nlm.nih.gov/pubmed/37486121
https://doi.org/10.1016/j.ecoenv.2025.119114
https://www.ncbi.nlm.nih.gov/pubmed/41045740
https://doi.org/10.3389/fimmu.2025.1482033
https://www.ncbi.nlm.nih.gov/pubmed/40028317
https://doi.org/10.3390/ijms24044065
https://www.ncbi.nlm.nih.gov/pubmed/36835476
https://doi.org/10.1186/s40168-023-01680-1
https://www.ncbi.nlm.nih.gov/pubmed/38008755
https://doi.org/10.3390/diagnostics15212784
https://www.ncbi.nlm.nih.gov/pubmed/41226077
https://doi.org/10.1038/s41432-021-0214-y
https://www.ncbi.nlm.nih.gov/pubmed/34916633
https://doi.org/10.1016/j.jds.2022.07.001
https://www.ncbi.nlm.nih.gov/pubmed/36299333
https://doi.org/10.1126/sciadv.aau3333
https://www.ncbi.nlm.nih.gov/pubmed/30746447
https://doi.org/10.1186/s12979-017-0110-7
https://www.ncbi.nlm.nih.gov/pubmed/29422938
https://doi.org/10.1016/j.bbi.2017.06.002
https://www.ncbi.nlm.nih.gov/pubmed/28610747
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 45 of 54

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Aragon, F.; Zea-Sevilla, M.A.; Montero, ].; Sancho, P.; Corral, R.; Tejedor, C.; Frades-Payo, B.; Paredes-Gallardo, V.; Albaladejo,
A. Oral Health in Alzheimer’s Disease: A Multicenter Case-Control Study. Clin. Oral Investig. 2018, 22, 3061-3070. [CrossRef]
[PubMed]

Rubinstein, T.; Brickman, A.M.; Cheng, B.; Burkett, S.; Park, H.; Annavajhala, M.K.; Uhlemann, A.-C.; Andrews, H.; Gutierrez, J.;
Paster, B.J.; et al. Periodontitis and Brain Magnetic Resonance Imaging Markers of Alzheimer’s Disease and Cognitive Aging.
Alzheimers Dement 2024, 20, 2191-2208. [CrossRef] [PubMed]

Han, Y;; Zhang, Z.; Wang, Z.; Li, Y,; Chen, G.; Yi, C.; Wang, R.; Yu, D.; He, Y. Integrated Network Toxicology, Machine Learning,
Molecular Docking and Experimental Validation to Elucidate Mechanism of Polyethylene Terephthalate Microplastics Inducing
Periodontitis. Environ. Int. 2025, 203, 109784. [CrossRef] [PubMed]

Zhu, Y,; Xiu, Z.; Jiang, X.; Zhang, H.; Li, X.; Feng, Y.; Li, B.; Cai, R;; Li, C.; Tao, G. Injectable Hydrogels with ROS-Triggered
Drug Release Enable the Co-Delivery of Antibacterial Agent and Anti-Inflammatory Nanoparticle for Periodontitis Treatment. J.
Nanobiotechnol. 2025, 23, 205. [CrossRef] [PubMed]

Hracs, L.; Windsor, ].W.; Gorospe, J.; Cummings, M.; Coward, S.; Buie, M.].; Quan, J.; Goddard, Q.; Caplan, L.; Markovinovi¢,
A.; et al. Global Evolution of Inflammatory Bowel Disease across Epidemiologic Stages. Nature 2025, 642, 458—-466. [CrossRef]
[PubMed]

Zhang, Y.; Wang, S.; Olga, V.; Xue, Y.; Lv, S,; Diao, X.; Zhang, Y.; Han, Q.; Zhou, H. The Potential Effects of Microplastic Pollution
on Human Digestive Tract Cells. Chemosphere 2022, 291, 132714. [CrossRef] [PubMed]

Xu, D.; Ma, Y.; Peng, C.; Gan, Y.; Wang, Y.; Chen, Z.; Han, X.; Chen, Y. Differently Surface-Labeled Polystyrene Nanoplastics
at an Environmentally Relevant Concentration Induced Crohn’s Ileitis-like Features via Triggering Intestinal Epithelial Cell
Necroptosis. Environ. Int. 2023, 176, 107968. [CrossRef] [PubMed]

Qiao, R.; Sheng, C.; Ly, Y.; Zhang, Y.; Ren, H.; Lemos, B. Microplastics Induce Intestinal Inflammation, Oxidative Stress, and
Disorders of Metabolome and Microbiome in Zebrafish. Sci. Total Environ. 2019, 662, 246-253. [CrossRef] [PubMed]

Jin, Y,; Lu, L.; Tu, W,; Luo, T.; Fu, Z. Impacts of Polystyrene Microplastic on the Gut Barrier, Microbiota and Metabolism of Mice.
Sci. Total Environ. 2019, 649, 308-317. [CrossRef] [PubMed]

Lei, L; Wu, S.; Lu, S.; Liu, M.; Song, Y.; Fu, Z.; Shi, H.; Raley-Susman, K.M.; He, D. Microplastic Particles Cause Intestinal Damage
and Other Adverse Effects in Zebrafish Danio rerio and Nematode Caenorhabditis elegans. Sci. Total Environ. 2018, 619-620, 1-8.
[CrossRef] [PubMed]

Zhai, Z.; Yang, Y.; Xu, Y;; Fu, Q.; Chen, S.; Wu, Z. Polydisperse Polystyrene Microplastics Exacerbate Colitis through Gut
Microbiota-Butyrate-PPARy Axis Disruption in Mice. |. Hazard Mater. 2026, 507, 141722. [CrossRef] [PubMed]

Alzheimer’s Association. Alzheimer’s Disease Facts and Figures. Alzheimers Dement. 2025, 21, €70235. [CrossRef]

Ministero Della Salute—Dati Epidemiologici. Available online: https://www.salute.gov.it/new/it/tema/demenze/dati-
epidemiologici/ (accessed on 14 July 2026).

Kopatz, V.; Wen, K.; Kovacs, T.; Keimowitz, A.S.; Pichler, V.; Widder, J.; Vethaak, A.D.; Holléczki, O.; Kenner, L. Micro- and
Nanoplastics Breach the Blood-Brain Barrier (BBB): Biomolecular Corona’s Role Revealed. Nanomaterials 2023, 13, 1404. [CrossRef]
[PubMed]

Gou, X,; Fu, Y,; Li, ].; Xiang, J.; Yang, M.; Zhang, Y. Impact of Nanoplastics on Alzheimer s Disease: Enhanced Amyloid-f3 Peptide
Aggregation and Augmented Neurotoxicity. J. Hazard Mater. 2024, 465, 133518. [CrossRef] [PubMed]

Kaushik, A ; Singh, A.; Kumar Gupta, V.; Mishra, Y.K. Nano/Micro-Plastic, an Invisible Threat Getting into the Brain. Chemosphere
2024, 361, 142380. [CrossRef] [PubMed]

Paing, YM.M.; Eom, Y.; Song, G.B.; Kim, B.; Choi, M.G.; Hong, S.; Lee, S.H. Neurotoxic Effects of Polystyrene Nanoplastics on
Memory and Microglial Activation: Insights from In Vivo and In Vitro Studies. Sci. Total Environ. 2024, 924, 171681. [CrossRef]
[PubMed]

Shi, L.; Feng, Y.; Wang, J.; Xiao, R.; Wang, L.; Tian, P; Jin, X.; Zhao, J.; Wang, G. Innovative Mechanisms of Micro- and
Nanoplastic-Induced Brain Injury: Emphasis on the Microbiota-Gut-Brain Axis. Life Sci. 2024, 357, 123107. [CrossRef] [PubMed]
Zhou, Y;; Zhang, Y.; Wang, L.; Liu, Y.; Wang, Z.; Guo, L. Ginsenoside Rgl Regulating Inflammatory Response and Bone-
Remodeling through Keap1/Nrf2 Signaling Pathway in Rats with Periodontitis. Sci. Rep. 2025, 15, 7478. [CrossRef] [PubMed]
Scuto, M.; Rampulla, F; Reali, G.M.; Spano, S.M.; Trovato Salinaro, A.; Calabrese, V. Hormetic Nutrition and Redox Regulation in
Gut-Brain Axis Disorders. Antioxidants 2024, 13, 484. [CrossRef] [PubMed]

Cicek, B.; Geng, S.; Yeni, Y.; Kuzucu, M,; Cetin, A.; Yildirim, S.; Bolat, I.; Kantarci, M.; Hacimuftuoglu, A.; Lazopoulos, G.; et al.
Artichoke (Cynara scolymus) Methanolic Leaf Extract Alleviates Diethylnitrosamine-Induced Toxicity in BALB/c Mouse Brain:
Involvement of Oxidative Stress and Apoptotically Related Klotho/PPARY Signaling. J. Pers. Med. 2022, 12, 2012. [CrossRef]
[PubMed]

Corbetta, P.; Lonati, E.; Pagliari, S.; Mauri, M.; Cazzaniga, E.; Botto, L.; Campone, L.; Palestini, P.; Bulbarelli, A. Flavonoids-
Enriched Vegetal Extract Prevents the Activation of NFkB Downstream Mechanisms in a Bowel Disease In Vitro Model. Int. ].
Mol. Sci. 2024, 25, 7869. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1007/s00784-018-2396-z
https://www.ncbi.nlm.nih.gov/pubmed/29476334
https://doi.org/10.1002/alz.13683
https://www.ncbi.nlm.nih.gov/pubmed/38278517
https://doi.org/10.1016/j.envint.2025.109784
https://www.ncbi.nlm.nih.gov/pubmed/40945017
https://doi.org/10.1186/s12951-025-03275-4
https://www.ncbi.nlm.nih.gov/pubmed/40075491
https://doi.org/10.1038/s41586-025-08940-0
https://www.ncbi.nlm.nih.gov/pubmed/40307548
https://doi.org/10.1016/j.chemosphere.2021.132714
https://www.ncbi.nlm.nih.gov/pubmed/34743871
https://doi.org/10.1016/j.envint.2023.107968
https://www.ncbi.nlm.nih.gov/pubmed/37201399
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://www.ncbi.nlm.nih.gov/pubmed/30690359
https://doi.org/10.1016/j.scitotenv.2018.08.353
https://www.ncbi.nlm.nih.gov/pubmed/30176444
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://www.ncbi.nlm.nih.gov/pubmed/29136530
https://doi.org/10.1016/j.jhazmat.2026.141722
https://www.ncbi.nlm.nih.gov/pubmed/41864031
https://doi.org/10.1002/alz.70235
https://www.salute.gov.it/new/it/tema/demenze/dati-epidemiologici/
https://www.salute.gov.it/new/it/tema/demenze/dati-epidemiologici/
https://doi.org/10.3390/nano13081404
https://www.ncbi.nlm.nih.gov/pubmed/37110989
https://doi.org/10.1016/j.jhazmat.2024.133518
https://www.ncbi.nlm.nih.gov/pubmed/38228001
https://doi.org/10.1016/j.chemosphere.2024.142380
https://www.ncbi.nlm.nih.gov/pubmed/38763401
https://doi.org/10.1016/j.scitotenv.2024.171681
https://www.ncbi.nlm.nih.gov/pubmed/38490422
https://doi.org/10.1016/j.lfs.2024.123107
https://www.ncbi.nlm.nih.gov/pubmed/39369844
https://doi.org/10.1038/s41598-025-92165-8
https://www.ncbi.nlm.nih.gov/pubmed/40033022
https://doi.org/10.3390/antiox13040484
https://www.ncbi.nlm.nih.gov/pubmed/38671931
https://doi.org/10.3390/jpm12122012
https://www.ncbi.nlm.nih.gov/pubmed/36556233
https://doi.org/10.3390/ijms25147869
https://www.ncbi.nlm.nih.gov/pubmed/39063111
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 46 of 54

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Speciale, A.; Muscara, C.; Molonia, M.S.; Toscano, G.; Cimino, E; Saija, A. In Vitro Protective Effects of a Standardized Extract
from Cynara cardunculus L. Leaves Against TNF-a-Induced Intestinal Inflammation. Front. Pharmacol. 2022, 13, 809938. [CrossRef]
[PubMed]

Hayata, M.; Watanabe, N.; Kamio, N.; Tamura, M.; Nodomi, K.; Tanaka, K.; Iddamalgoda, A.; Tsuda, H.; Ogata, Y.; Sato, S.; et al.
Cynaropicrin from Cynara scolymus L. Suppresses Porphyromonas gingivalis LPS-Induced Production of Inflammatory Cytokines in
Human Gingival Fibroblasts and RANKL-Induced Osteoclast Differentiation in RAW264.7 Cells. J. Nat. Med. 2019, 73, 114-123.
[CrossRef] [PubMed]

Chen, S.; Tang, S.; Zhang, C.; Li, Y. Cynarin Ameliorates Dextran Sulfate Sodium-Induced Acute Colitis in Mice through the
STAT3/NF-«B Pathway. Immunopharmacol. Immunotoxicol. 2024, 46, 107-116. [CrossRef] [PubMed]

Deng, A.; Yi, M.; Wang, Y.; Mo, P,; Huang, K; Xie, P,; Fan, S.; Xue, M.; Ding, X.; Wang, Y.; et al. Artichoke Water Extract
Protects against Lead-Induced Hepatotoxicity by Activating Nrf2 Signaling and Inhibiting NLRP3/Caspase-1/GSDMD-Mediated
Pyroptosis. J. Ethnopharmacol. 2025, 346, 119654. [CrossRef] [PubMed]

Costabile, A.; Kolida, S.; Klinder, A.; Gietl, E.; Bauerlein, M.; Frohberg, C.; Landschiitze, V.; Gibson, G.R. A Double-Blind,
Placebo-Controlled, Cross-over Study to Establish the Bifidogenic Effect of a Very-Long-Chain Inulin Extracted from Globe
Artichoke (Cynara scolymus) in Healthy Human Subjects. Br. J. Nutr. 2010, 104, 1007-1017. [CrossRef] [PubMed]

Li, S,; Cai, Y,; Guan, T,; Zhang, Y.; Huang, K.; Zhang, Z.; Cao, W.; Guan, X. Quinic Acid Alleviates High-Fat Diet-Induced
Neuroinflammation by Inhibiting DR3/IKK/NF-«B Signaling via Gut Microbial Tryptophan Metabolites. Gut Microbes 2024, 16,
2374608. [CrossRef] [PubMed]

Iftikhar, K.; Niaz, M.; Shahid, M.; Zehra, S.; Afzal, T.; Faizi, S.; Simjee, S.U. Hippocampal Neurogenesis Modulated by Quinic
Acid: A Therapeutic Strategy for the Neurodegenerative Disorders. Hippocampus 2024, 34, 540-550. [CrossRef] [PubMed]

Niaz, M,; Iftikhar, K.; Shahid, M.; Faizi, S.; Usman Simjee, S. Quinic Acid Contributes to Neurogenesis: Targeting Notch Pathway
a Key Player in Hippocampus. Brain Res. 2025, 1846, 149291. [CrossRef] [PubMed]

El Din, R.H.; Thabit, S. Quinic Acid Protects against the Development of Huntington’s Disease in Caenorhabditis elegans Model.
BMC Complement. Med. Ther. 2024, 24, 377. [CrossRef] [PubMed]

Lee, H.S.; Kim, ].M.; Lee, H.L.; Go, M.].; Lee, D.Y.; Kim, C.-W.; Kim, H.-J.; Heo, H.J. Eucommia Ulmoides Leaves Alleviate
Cognitive Dysfunction in Dextran Sulfate Sodium (DSS)-Induced Colitis Mice through Regulating JNK/TLR4 Signaling Pathway.
Int. ]. Mol. Sci. 2024, 25, 4063. [CrossRef] [PubMed]

Rafi, K.; Faizi, S.; Hussain, S.S.; Shamshad, S.; Versiani, M.A.; Simjee, S.U. Quinic Acid and Its Derivatives Protect against
Phytohaemagglutinin-Induced Alzheimer’s-like Neurotoxicity in SH-SY5Y Cells by down-Regulating P38 MAPK Signaling
Pathway. Toxicol. Appl. Pharmacol. 2025, 504, 117539. [CrossRef] [PubMed]

Ishida, K.; Misawa, K.; Nishimura, H.; Hirata, T.; Yamamoto, M.; Ota, N. 5-Caffeoylquinic Acid Ameliorates Cognitive Decline
and Reduces AB Deposition by Modulating Ap Clearance Pathways in APP/PS2 Transgenic Mice. Nutrients 2020, 12, 494.
[CrossRef] [PubMed]

Ferjani, W.; Kouki, A.; Dang, PM.-C.; Fetoui, H.; Chtourou, Y.; Ghanem-Boughanmi, N.; Ben-Attia, M.; El-Benna, J.; Souli, A.
Opuntia ficus-indica Cladodes Extract Inhibits Human Neutrophil pro-Inflammatory Functions and Protects Rats from Acetic
Acid-Induced Ulcerative Colitis. Inflammopharmacology 2024, 32, 3825-3844. [CrossRef] [PubMed]

Terzo, S.; Calvi, P; Restivo, I.; Massaro, A.; Tesoriere, L.; Fernandez-Real, ] -M.; Giardina, M.; Amato, A.; Mule, F; Allegra, M.
Opuntia ficus-indica Fruit Consumption Improves Insulin Resistance in Mice with Diet-Induced Obesity. J. Sci. Food Agric. 2025,
105, 7868-7880. [CrossRef]

Quarta, S.; Calabriso, N.; Carluccio, M.A.; Albano, C.; Khalifa, I.; Wabitsch, M.; Blando, F.; Massaro, M. Shielding Human
Adipocytes from Inflammation: The Protective Potential of Polyphenol-Rich Opuntia ficus-indica Cladode Extract. Mol. Nutr. Food
Res. 2025, 69, €70114. [CrossRef] [PubMed]

Chen, T.; Chi, X,; Li, Y.; Li, Y,; Zhao, R.; Chen, L.; Wu, D.; Hu, J.-N. Orally Deliverable Microalgal-Based Carrier with Selenium
Nanozymes for Alleviation of Inflammatory Bowel Disease. ACS Appl. Mater. Interfaces 2024, 16, 50212-50228. [CrossRef]

Yi, M.; Wang, G.; Niu, J.; Peng, M,; Liu, Y. Pterostilbene Attenuates the Proliferation and Differentiation of TNF-«-Treated Human
Periodontal Ligament Stem Cells. Exp. Ther. Med. 2022, 23, 304. [CrossRef]

Lim, Y.RIL; Preshaw, PM.; Lim, L.P; Ong, M.M.A; Lin, H.-S.; Tan, K.S. Pterostilbene Complexed with Cyclodextrin Exerts
Antimicrobial and Anti-Inflammatory Effects. Sci. Rep. 2020, 10, 9072. [CrossRef] [PubMed]

Chen, L.; Wang, K.; Wang, L.; Wang, W.; Wang, L.; Wang, W.; Li, J.; Liu, X.,; Wang, M.; Ruan, B. Design and Synthesis
of Pterostilbene Derivatives Bearing Triazole Moiety That Might Treat DSS-Induced Colitis in Mice through Modulation of
NF-«kB/MAPK Signaling Pathways. Eur. |. Med. Chem. 2024, 263, 115949. [CrossRef] [PubMed]

Ruan, B.; Rong, M.; Ming, Z.; Wang, K,; Liu, X.; Deng, L.; Zhang, X.; Xu, K.; Shi, C.; Gao, T.; et al. Discovery of Pterostilbene
Analogs as Novel NLRP3 Inflammasome Inhibitors for Potential Treatment of DSS-Induced Colitis in Mice. Bioorganic Chem. 2023,
133, 106429. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.3389/fphar.2022.809938
https://www.ncbi.nlm.nih.gov/pubmed/35222027
https://doi.org/10.1007/s11418-018-1250-6
https://www.ncbi.nlm.nih.gov/pubmed/30218207
https://doi.org/10.1080/08923973.2023.2281281
https://www.ncbi.nlm.nih.gov/pubmed/37937889
https://doi.org/10.1016/j.jep.2025.119654
https://www.ncbi.nlm.nih.gov/pubmed/40113111
https://doi.org/10.1017/S0007114510001571
https://www.ncbi.nlm.nih.gov/pubmed/20591206
https://doi.org/10.1080/19490976.2024.2374608
https://www.ncbi.nlm.nih.gov/pubmed/38972055
https://doi.org/10.1002/hipo.23630
https://www.ncbi.nlm.nih.gov/pubmed/39105359
https://doi.org/10.1016/j.brainres.2024.149291
https://www.ncbi.nlm.nih.gov/pubmed/39442647
https://doi.org/10.1186/s12906-024-04670-4
https://www.ncbi.nlm.nih.gov/pubmed/39468600
https://doi.org/10.3390/ijms25074063
https://www.ncbi.nlm.nih.gov/pubmed/38612870
https://doi.org/10.1016/j.taap.2025.117539
https://www.ncbi.nlm.nih.gov/pubmed/40912584
https://doi.org/10.3390/nu12020494
https://www.ncbi.nlm.nih.gov/pubmed/32075202
https://doi.org/10.1007/s10787-024-01577-x
https://www.ncbi.nlm.nih.gov/pubmed/39369123
https://doi.org/10.1002/jsfa.70038
https://doi.org/10.1002/mnfr.70114
https://www.ncbi.nlm.nih.gov/pubmed/40377300
https://doi.org/10.1021/acsami.4c08020
https://doi.org/10.3892/etm.2022.11233
https://doi.org/10.1038/s41598-020-66031-8
https://www.ncbi.nlm.nih.gov/pubmed/32494020
https://doi.org/10.1016/j.ejmech.2023.115949
https://www.ncbi.nlm.nih.gov/pubmed/37989058
https://doi.org/10.1016/j.bioorg.2023.106429
https://www.ncbi.nlm.nih.gov/pubmed/36841048
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 47 of 54

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Yan, X.; Meng, L.; Zhang, X.; Deng, Z.; Gao, B.; Zhang, Y.; Yang, M.; Ma, Y.; Zhang, Y.; Tu, K,; et al. Reactive Oxygen Species-
Responsive Nanocarrier Ameliorates Murine Colitis by Intervening Colonic Innate and Adaptive Immune Responses. Mol. Ther.
2023, 31, 1383-1401. [CrossRef] [PubMed]

Zhong, H.; Zhang, H.; Hu, Y.; He, S.; Qu, H.; He, J.; Chen, J.; Chen, J.; Zhang, L.; Deng, C. Self-Assembled Micelle Derived from
Pterostilbene Ameliorate Acute Inflammatory Bowel Disease. Int. J. Pharm. 2023, 630, 122420. [CrossRef]

Yin, L.; Han, S.; Xiaowen, J.; Liu, J.; Chen, Z.; Yang, X.; He, Z.; Sun, M.; Sun, ].; Gao, H. Probiotic-Drug Conjugates Achieve
Synchronized Site-Specific Probiotic Colonization and On-Demand Drug Release against Ulcerative Colitis and Its Complication.
J. Am. Chem. Soc. 2025, 147, 30924-30942. [CrossRef] [PubMed]

Fatima, S.J.; Prasad, D.K. Enhanced Neuroprotection by Diosgenin and Pterostilbene Combination Against Neurotoxicity Induced
by Amyloid-B 1-42 in SH-SY5Y Differentiated Cell Models. Ann. Neurosci. 2025, 09727531251356049. [CrossRef] [PubMed]

Xu, J.; Liu, J; Li, Q.; Li, G; Zhang, G.; Mi, Y.; Zhao, T.; Mu, D.; Wang, D.; Zeng, K ; et al. Pterostilbene Participates in TLR4-
Mediated Inflammatory Response and Autophagy-Dependent AB1-42 Endocytosis in Alzheimer’s Disease. Phytomedicine 2023,
119,155011. [CrossRef] [PubMed]

Zhang, X.; Han, N.; Li, G.; Yang, H.; Cao, Y.; Fan, Z.; Zhang, F. Local Icariin Application Enhanced Periodontal Tissue Regeneration
and Relieved Local Inflammation in a Minipig Model of Periodontitis. Int. J. Oral Sci. 2018, 10, 19. [CrossRef] [PubMed]

Wang, W.; Sun, D.-E; Dong, Z.; Zhang, W.-L. Icariin Suppresses Osteogenic Differentiation and Promotes Bone Regeneration in
Porphyromonas gingivalis-Infected Conditions through EphA2-RhoA Signaling Pathway. Int. Immunopharmacol. 2024, 143, 113302.
[CrossRef] [PubMed]

Liu, H.-J,; Liu, X.-Y,; Jing, D.-B. Icariin Induces the Growth, Migration and Osteoblastic Differentiation of Human Periodontal
Ligament Fibroblasts by Inhibiting Toll-like Receptor 4 and NF-«B P65 Phosphorylation. Mol. Med. Rep. 2018, 18, 3325-3331.
[CrossRef] [PubMed]

Li, X.; Khan, I; Xia, W.; Huang, G.; Liu, L.; Law, B.Y.K,; Yin, L.; Liao, W.; Leong, W.; Han, R.; et al. Icariin Enhances Youth-like
Features by Attenuating the Declined Gut Microbiota in the Aged Mice. Pharmacol. Res. 2021, 168, 105587. [CrossRef] [PubMed]
Benali, T.; Bakrim, S.; Ghchime, R.; Benkhaira, N.; El Omari, N.; Balahbib, A.; Taha, D.; Zengin, G.; Hasan, M.M.; Bibi, S.; et al.
Pharmacological Insights into the Multifaceted Biological Properties of Quinic Acid. Biotechnol. Genet. Eng. Rev. 2024, 40,
3408-3437. [CrossRef] [PubMed]

Ekhtiar, M.; Ghasemi-Dehnoo, M.; Azadegan-Dehkordi, F; Bagheri, N. Evaluation of Anti-Inflammatory and Antioxidant Effects
of Ferulic Acid and Quinic Acid on Acetic Acid-Induced Ulcerative Colitis in Rats. J. Biochem Mol. Toxicol. 2025, 39, €70169.
[CrossRef] [PubMed]

Alcazar Magafia, A.; Vaswani, A.; Brown, K.S,; Jiang, Y.; Alam, M.N.; Caruso, M.; Lak, P.; Cheong, P; Gray, N.E.; Quinn, J.E;
et al. Integrating High-Resolution Mass Spectral Data, Bioassays and Computational Models to Annotate Bioactives in Botanical
Extracts: Case Study Analysis of C. Asiatica Extract Associates Dicaffeoylquinic Acids with Protection against Amyloid-f3 Toxicity.
Molecules 2024, 29, 838. [CrossRef] [PubMed]

Conte, R.; Valentino, A.; De Luca, I.; Soares Pontes, G.; Calarco, A.; Cerruti, P. Thermo-Responsive Hydrogel Containing
Microfluidic Chitosan Nanoparticles Loaded with Opuntia ficus-indica Extract for Periodontitis Treatment. Int. J. Mol. Sci. 2024, 25,
9374. [CrossRef] [PubMed]

Gambino, G.; Brighina, F.; Allegra, M.; Marrale, M.; Collura, G.; Gagliardo, C.; Attanzio, A.; Tesoriere, L.; Di Majo, D.; Ferraro, G.;
et al. Modulation of Human Motor Cortical Excitability and Plasticity by Opuntia ficus-indica Fruit Consumption: Evidence from a
Preliminary Study through Non-Invasive Brain Stimulation. Nutrients 2022, 14, 4915. [CrossRef] [PubMed]

Zaman, R; Tan, E.S.S.; Bustami, N.A.; Amini, F; Seghayat, M.S.; Ho, Y.B.; Tan, C.K. Assessment of Opuntia ficus-indica Supplemen-
tation on Enhancing Antioxidant Levels. Sci. Rep. 2025, 15, 3507. [CrossRef] [PubMed]

Mellai, M.; Allesina, M.; Edoardo, B.; Cascella, F.; Nobile, V.; Spina, A.; Amone, F.; Zaccaria, V.; Insolia, V.; Perri, A; etal. A
Randomized, Double-Blind, Placebo-Controlled Trial: Efficacy of Opuntia ficus-indica Prebiotic Supplementation in Subjects with
Gut Dysbiosis. Nutrients 2024, 16, 586. [CrossRef] [PubMed]

Oh, ].H,;Jang, Y.S.; Kang, D.; Kim, H.S.; Kim, E.-].; Park, S.-Y.; Kim, C.-H.; Min, YYW.; Chang, D.K. Efficacy of a Synbiotic Containing
Lactobacillus paracasei DKGF1 and Opuntia Humifusa in Elderly Patients with Irritable Bowel Syndrome: A Randomized, Double-
Blind, Placebo-Controlled Trial. Gut Liver 2023, 17, 100-107. [CrossRef] [PubMed]

Gogna, S.; Kaur, J.; Sharma, K.; Prasad, R.; Singh, J.; Bhadariya, V.; Kumar, P; Jarial, S. Spirulina- An Edible Cyanobacterium
with Potential Therapeutic Health Benefits and Toxicological Consequences. J. Am. Nutr. Assoc. 2023, 42, 559-572. [CrossRef]
[PubMed]

Tavares, J.; Oliveira, A.V.; de Souza Nascimento, T.; Gomes, ]. M.P.; Parente, A.C.B.; Bezerra, ].R.; da Costa, M.D.R.; de Aguiar,
M.S.S.; Sampaio, T.L.; Lima, FA.V,; et al. Aqueous Extract of Spirulina Exerts Neuroprotection in an Experimental Model of
Alzheimer Sporadic Disease in Mice Induced by Streptozotocin. Metab. Brain Dis. 2024, 40, 26. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1016/j.ymthe.2023.02.017
https://www.ncbi.nlm.nih.gov/pubmed/36855303
https://doi.org/10.1016/j.ijpharm.2022.122420
https://doi.org/10.1021/jacs.5c08094
https://www.ncbi.nlm.nih.gov/pubmed/40794287
https://doi.org/10.1177/09727531251356049
https://www.ncbi.nlm.nih.gov/pubmed/40726803
https://doi.org/10.1016/j.phymed.2023.155011
https://www.ncbi.nlm.nih.gov/pubmed/37562093
https://doi.org/10.1038/s41368-018-0020-3
https://www.ncbi.nlm.nih.gov/pubmed/29895944
https://doi.org/10.1016/j.intimp.2024.113302
https://www.ncbi.nlm.nih.gov/pubmed/39388889
https://doi.org/10.3892/mmr.2018.9302
https://www.ncbi.nlm.nih.gov/pubmed/30066868
https://doi.org/10.1016/j.phrs.2021.105587
https://www.ncbi.nlm.nih.gov/pubmed/33798737
https://doi.org/10.1080/02648725.2022.2122303
https://www.ncbi.nlm.nih.gov/pubmed/36123811
https://doi.org/10.1002/jbt.70169
https://www.ncbi.nlm.nih.gov/pubmed/39957712
https://doi.org/10.3390/molecules29040838
https://www.ncbi.nlm.nih.gov/pubmed/38398590
https://doi.org/10.3390/ijms25179374
https://www.ncbi.nlm.nih.gov/pubmed/39273327
https://doi.org/10.3390/nu14224915
https://www.ncbi.nlm.nih.gov/pubmed/36432601
https://doi.org/10.1038/s41598-025-87680-7
https://www.ncbi.nlm.nih.gov/pubmed/39875543
https://doi.org/10.3390/nu16050586
https://www.ncbi.nlm.nih.gov/pubmed/38474715
https://doi.org/10.5009/gnl210478
https://www.ncbi.nlm.nih.gov/pubmed/35611667
https://doi.org/10.1080/27697061.2022.2103852
https://www.ncbi.nlm.nih.gov/pubmed/35916491
https://doi.org/10.1007/s11011-024-01477-7
https://www.ncbi.nlm.nih.gov/pubmed/39565401
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 48 of 54

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Sara, L.; Thanmayee, R.; Satyakavya, P.V.; Avulapati, T.; Swathi, K. Screening of Spirulina Components for Anti-Parkinson’s and
Anti-Alzheimer’s Activity by In Silico Methods and Docking Studies. In Proceedings of the GeNeDis 2022; Vlamos, P., Ed.; Springer
International Publishing: Cham, Switzerland, 2023; pp. 161-174.

Mishra, S.; Johnson, L.; Sangha, K.S.; Gupta, V.; Agarwal, S.; Rajput, S. An In Vitro Study to Determine the Physicochemical,
Mechanical, and Antibacterial Properties of a Novel Spirulina Containing Controlled Release Intrapocket Drug Delivery System.
J. Pharm. Bioallied Sci. 2021, 13, 178-187. [CrossRef] [PubMed]

Dolly, A.S.; Shankar, P.L.R.; Saravanan, A.V.; Pandian, K.R; Sindhujaa, R.; Rashik, K.M.M. Subgingivally Delivered Spirulina Gel
and Chlorhexidine Gel in Periodontitis Patients—A Comparative Study. Indian |. Dent. Res. 2024, 35, 406. [CrossRef] [PubMed]
Lei, X.; Cheng, Q.; Yang, Z.; Hu, H.; Yang, H.; Zhang, W.; Zhang, S.; Sun, A.; Zhang, Z.; Deng, S. Microalgal-Enhanced Cerium
Oxide Nanotherapeutics for Alleviating Inflammatory Bowel Disease via Scavenging Reactive Oxygen Species and Modulating
Gut Microbiota in Colitis. Mater. Today Bio 2025, 33, 101945. [CrossRef] [PubMed]

Hou, J.; Zhao, M.; Zou, A.; Zhu, X.; Fu, R,; Xianyu, Y. A Microalgae-Probiotic-Nanozyme Robot for Alleviating Intestinal
Inflammation and Microbiota Dysbiosis. Adv. Mater. 2025, 37, e08754. [CrossRef] [PubMed]

Arrari, F; Jabri, M.-A.; Ayari, A.; Dakhli, N.; Ben Fayala, C.; Boubaker, S.; Sebai, H. Amino Acid HPLC-FLD Analysis of Spirulina
and Its Protective Mechanism against the Combination of Obesity and Colitis in Wistar Rats. Heliyon 2024, 10, e30103. [CrossRef]
[PubMed]

Huang, H.; Liu, X.; Lang, Y.; Cui, J.; Zhong, D.; Zhou, M. Breaking Barriers: Bacterial-Microalgae Symbiotic Systems as a Probiotic
Delivery System. ]. Nanobiotechnol. 2024, 22, 371. [CrossRef] [PubMed]

Zhong, D.; Jin, K.; Wang, R; Chen, B.; Zhang, J.; Ren, C.; Chen, X.; Lu, J.; Zhou, M. Microalgae-Based Hydrogel for Inflammatory
Bowel Disease and Its Associated Anxiety and Depression. Adv. Mater. 2024, 36, €2312275. [CrossRef] [PubMed]

Zhao, Y.; Han, C.; Wu, Y,; Sun, Q.; Ma, M.; Xie, Z.; Sun, R.; Pei, H. Extraction, Structural Characterization, and Antioxidant
Activity of Polysaccharides from Three Microalgae. Sci. Total Environ. 2024, 931, 172567. [CrossRef] [PubMed]
Gerasimova-Peneva, A.; Nikolova, K.; Makedonski, L. Therapeutic Potential of Spirulina Platensis and Chlorella Vulgaris in
Dental Medicine: Bioactive Composition, Antioxidant, Anti-Inflammatory and Antimicrobial Properties. Scr. Sci. Med. Dent.
2026, 1-15. [CrossRef]

Hu, J,; Li, Y.; Pakpour, S.; Wang, S.; Pan, Z.; Liu, J.; Wei, Q.; She, J.; Cang, H.; Zhang, R.X. Dose Effects of Orally Administered
Spirulina Suspension on Colonic Microbiota in Healthy Mice. Front. Cell. Infect. Microbiol. 2019, 9, 243. [CrossRef] [PubMed]
Trotta, T.; Porro, C.; Cianciulli, A.; Panaro, M.A. Beneficial Effects of Spirulina Consumption on Brain Health. Nutrients 2022, 14,
676. [CrossRef] [PubMed]

Sharma, S.; Tanwar, S.S.; Dwivedi, S.; Khan, S. Potential Therapeutic and Health Benefits of Spirulina Microalgae, in Neurodegen-
erative Disorders: From Nutraceutical to Neuroprotectant. Curr. Biotechnol. 2025, 14, 211-221. [CrossRef]

Johnston, C. Effects of Spirulina Supplementation on Mental Health in Healthy Adults; clinicaltrials.gov; National Library of Medicine:
Bethesda, MD, USA, 2025.

Vignaud, J.; Loiseau, C.; Céme, M.; Martin, I.; Rasoanarivo, R.; Hérault, J.; Mayer, C.; Lépine, O.; Ulmann, L. Combined Effects of
Spirulina Liquid Extract and Endurance Training on Aerobic Performance and Muscle Metabolism Adaptation in Wistar Rats.
Nutrients 2025, 17, 283. [CrossRef] [PubMed]

Yu, T.; Wang, Y.; Chen, X; Xiong, W.; Tang, Y.; Lin, L. Spirulina Platensis Alleviates Chronic Inflammation with Modulation of Gut
Microbiota and Intestinal Permeability in Rats Fed a High-Fat Diet. J. Cell. Mol. Med. 2020, 24, 8603-8613. [CrossRef] [PubMed]
Wang, J.; Su, L.; Zhang, L.; Zeng, ].; Chen, Q.; Deng, R.; Wang, Z.; Kuang, W.; Jin, X.; Gui, S.; et al. Spirulina Platensis Aqueous
Extracts Ameliorate Colonic Mucosal Damage and Modulate Gut Microbiota Disorder in Mice with Ulcerative Colitis by Inhibiting
Inflammation and Oxidative Stress. J. Zhejiang Univ. Sci. B 2022, 23, 481-501. [CrossRef] [PubMed]

Scuto, M.C.; Lombardo, C.; Musso, N.; Bonacci, P.G.; Lupo, G.; Anfuso, C.D.; Salinaro, A.T. Micro- and Nanoplastics and Human
Health: Role of Food Nutrients Targeting Nfe2I2 Gene in Diabetes. Nutrients 2026, 18, 600. [CrossRef] [PubMed]

Imai, Y.; Koseki, Y.; Hirano, M.; Nakamura, S. Nutrigenomic Studies on the Ameliorative Effect of Enzyme-Digested Phycocyanin
in Alzheimer’s Disease Model Mice. Nutrients 2021, 13, 4431. [CrossRef] [PubMed]

Tamtaji, O.R.; Heidari-soureshjani, R.; Asemi, Z.; Kouchaki, E. The Effects of Spirulina Intake on Clinical and Metabolic Parameters
in Alzheimer’s Disease: A Randomized, Double-Blind, Controlled Trial. Phytother. Res. 2023, 37, 2957-2964. [CrossRef] [PubMed]
Choi, W.-Y,; Lee, W.-K; Kim, T.-H.; Ryu, Y.-K,; Park, A.; Lee, Y.-J.; Heo, S.-].; Oh, C.; Chung, Y.-C.; Kang, D.-H. The Effects of
Spirulina Maxima Extract on Memory Improvement in Those with Mild Cognitive Impairment: A Randomized, Double-Blind,
Placebo-Controlled Clinical Trial. Nutrients 2022, 14, 3714. [CrossRef] [PubMed]

Jafari Nasab, S.; Hajihashemi, P; Feizi, A.; Shahoon, H.; Ani, A.; Roohafza, H.; Adibi, P.; Entezari, M.; Bagherniya, M. Effects of
Spirulina Platensis Supplementation on Quality of Life, Severity of Disease and Serum Total Antioxidant Capacity, Malondi-
aldehyde and Zonulin in Constipation-Predominant Irritable Bowel Syndrome: Protocol for a Randomised, Double-Blinded,
Placebo-Controlled Clinical Trial from Iran. BM] Open 2025, 15, e086521. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.4103/jpbs.JPBS_446_20
https://www.ncbi.nlm.nih.gov/pubmed/34349477
https://doi.org/10.4103/ijdr.ijdr_271_24
https://www.ncbi.nlm.nih.gov/pubmed/40016818
https://doi.org/10.1016/j.mtbio.2025.101945
https://www.ncbi.nlm.nih.gov/pubmed/40538752
https://doi.org/10.1002/adma.202508754
https://www.ncbi.nlm.nih.gov/pubmed/40762101
https://doi.org/10.1016/j.heliyon.2024.e30103
https://www.ncbi.nlm.nih.gov/pubmed/38694088
https://doi.org/10.1186/s12951-024-02647-6
https://www.ncbi.nlm.nih.gov/pubmed/38918805
https://doi.org/10.1002/adma.202312275
https://www.ncbi.nlm.nih.gov/pubmed/38277492
https://doi.org/10.1016/j.scitotenv.2024.172567
https://www.ncbi.nlm.nih.gov/pubmed/38643871
https://doi.org/10.14748/ssmd.v12i1.10603
https://doi.org/10.3389/fcimb.2019.00243
https://www.ncbi.nlm.nih.gov/pubmed/31334136
https://doi.org/10.3390/nu14030676
https://www.ncbi.nlm.nih.gov/pubmed/35277035
https://doi.org/10.2174/0122115501352964250914125955
https://doi.org/10.3390/nu17020283
https://www.ncbi.nlm.nih.gov/pubmed/39861413
https://doi.org/10.1111/jcmm.15489
https://www.ncbi.nlm.nih.gov/pubmed/32633894
https://doi.org/10.1631/jzus.B2100988
https://www.ncbi.nlm.nih.gov/pubmed/35686527
https://doi.org/10.3390/nu18040600
https://www.ncbi.nlm.nih.gov/pubmed/41754117
https://doi.org/10.3390/nu13124431
https://www.ncbi.nlm.nih.gov/pubmed/34959983
https://doi.org/10.1002/ptr.7791
https://www.ncbi.nlm.nih.gov/pubmed/36861852
https://doi.org/10.3390/nu14183714
https://www.ncbi.nlm.nih.gov/pubmed/36145090
https://doi.org/10.1136/bmjopen-2024-086521
https://www.ncbi.nlm.nih.gov/pubmed/40262961
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 49 of 54

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Moradi, S.; Bagheri, R.; Amirian, P.; Zarpoosh, M.; Cheraghloo, N.; Wong, A.; Zobeiri, M.; Entezari, M.H. Effects of Spirulina
Supplementation in Patients with Ulcerative Colitis: A Double-Blind, Placebo-Controlled Randomized Trial. BMC Complement.
Med. Ther. 2024, 24, 109. [CrossRef] [PubMed]

Zou, ].; Zheng, Z.; Ye, W.; Jin, M.; Yang, P; Little, PJ.; Wang, J.; Liu, Z. Targeting the Smooth Muscle Cell KEAP1-Nrf2-STING Axis
with Pterostilbene Attenuates Abdominal Aortic Aneurysm. Phytomedicine 2024, 130, 155696. [CrossRef] [PubMed]

Zhang, J.; Wang, ].; Wang, X.; Yan, Z.; Meng, L.; Zhang, Y. Pterostilbene Reduces Cyclophosphamide-Induced Interstitial Cystitis
by Facilitating Nrf2 Activation and Suppressing the NLRP3 Inflammasome Pathway. Int. ]. Mol. Sci. 2025, 26, 5490. [CrossRef]
[PubMed]

Zhong, Y.; Wang, Q.; Wang, Y.; Ye, R.; Du, L.; Hu, E. Pterostilbene: A Natural Compound for Anti-Ageing in Sebaceous Gland
Cells and Fibroblasts. Int. |. Cosmet. Sci. 2025, 47, 902-915. [CrossRef] [PubMed]

Harithpriya, K.; Ganesan, K.; Ramkumar, K.M. Pterostilbene Reverses Epigenetic Silencing of Nrf2 and Enhances Antioxidant
Response in Endothelial Cells in Hyperglycemic Microenvironment. Nutrients 2024, 16, 2045. [CrossRef] [PubMed]

Begh, M.Z.A ; Khan, ].; Zehravi, M.; Sweilam, S.H.; Raja, A.D.; Muthukumar, A.; Haque, M.A.; Kar, N.R.; Singh, L.P; Priya, B.D.;
et al. Targeting Neurological Disorders with Stilbenes: Bridging the Preclinical-Clinical Gap. Int. . Biol. Sci. 2024, 20, 5474-5494.
[CrossRef] [PubMed]

El-Shitany, N.A.; Eid, B.G. Icariin Modulates Carrageenan-Induced Acute Inflammation through HO-1/Nrf2 and NF-kB Signaling
Pathways. Biomed. Pharmacother. 2019, 120, 109567. [CrossRef] [PubMed]

Zhang, B.; Wang, G.; He, J.; Yang, Q.; Li, D.; Li, J.; Zhang, E. Icariin Attenuates Neuroinflammation and Exerts Dopamine
Neuroprotection via an Nrf2-Dependent Manner. J. Neuroinflamm. 2019, 16, 92. [CrossRef] [PubMed]

Xiang, S.; Zhao, L.; Tang, C.; Ling, L.; Xie, C.; Shi, Y.; Liu, W.; Li, X,; Cao, Y. Icariin Inhibits Osteoblast Ferroptosis via Nrf2/HO-1
Signaling and Enhances Healing of Osteoporotic Fractures. Eur. ]. Pharmacol. 2024, 965, 176244. [CrossRef] [PubMed]

Zheng, X.; Dong, Z.; Liang, Z.; Liu, Y.; Yin, X.; Han, M.; Cui, Z.; Mei, X.; Gao, X. Photothermally Responsive Icariin and Carbon
Nanofiber Modified Hydrogels for the Treatment of Periodontitis. Front. Bioeng. Biotechnol. 2023, 11, 1207011. [CrossRef]
[PubMed]

Chen, J.; Guan, X,; Chen, L.; Zheng, B.; Li, F; Fang, C.; Fu, Y,; Li, X.; Wang, H.; Zhou, Y. Customized Hydrogel System for the
Spatiotemporal Sequential Treatment of Periodontitis Propelled by ZEB1. Adv. Sci. 2025, 12, 2503338. [CrossRef] [PubMed]
Wang, Q.-S.; Wang, G.-F,; Zhou, J.; Gao, L.-N.; Cui, Y.-L. Colon Targeted Oral Drug Delivery System Based on Alginate-Chitosan
Microspheres Loaded with Icariin in the Treatment of Ulcerative Colitis. Int. |. Pharm. 2016, 515, 176-185. [CrossRef] [PubMed]
Zhang, T.; Dong, K.; Xiao, L.; Li, G.; Zhang, Z. Effects of Co-Administration of Icariin and Panax Notoginseng Saponins on
Intestinal Microbiota and Hippocampal Protein Expression in a Mouse Model of Alzheimer’s Disease. Neuropsychiatr. Dis. Treat.
2020, 16, 2169-2179. [CrossRef] [PubMed]

Zhang, H.; Zhuo, S.; Song, D.; Wang, L.; Gu, J.; Ma, J.; Gu, Y.; Ji, M.; Chen, M.; Guo, Y. Icariin Inhibits Intestinal Inflammation
of DSS-Induced Colitis Mice Through Modulating Intestinal Flora Abundance and Modulating p-P65/P65 Molecule. Turk. J.
Gastroenterol. 2021, 32, 382-392. [CrossRef] [PubMed]

Zhu, L,; Li, D.; Chen, C.; Wang, G.; Shi, J.; Zhang, F. Activation of Nrf2 Signaling by Icariin Protects against 6-OHDA-Induced
Neurotoxicity. Biotechnol. Appl. Biochem. 2019, 66, 465-471. [CrossRef] [PubMed]

Wang, N.; Wang, H.; Pan, Q.; Kang, J.; Liang, Z.; Zhang, R. The Combination of 3-Asarone and Icariin Inhibits Amyloid-f3 and
Reverses Cognitive Deficits by Promoting Mitophagy in Models of Alzheimer’s Disease. Oxid. Med. Cell. Longev. 2021, 2021,
7158444. [CrossRef] [PubMed]

Jin, F; Gong, Q.-H.; Xu, Y.-5.; Wang, L.-N,; Jin, H.; Li, F; Li, L.-S.; Ma, Y.-M.; Shi, J.-S. Icariin, a Phoshphodiesterase-5 Inhibitor, Im-
proves Learning and Memory in APP/PS1 Transgenic Mice by Stimulation of NO/cGMP Signalling. Int. ]. Neuropsychopharmacol.
2014, 17, 871-881. [CrossRef] [PubMed]

Liu, L.; Zhao, Z.; Lu, L,; Liu, J.; Sun, J.; Wu, X,; Dong, J. Icariin and Icaritin Ameliorated Hippocampus Neuroinflammation via
Inhibiting HMGB1-Related pro-Inflammatory Signals in Lipopolysaccharide-Induced Inflammation Model in C57BL/6 ] Mice.
Int. Immunopharmacol. 2019, 68, 95-105. [CrossRef] [PubMed]

Chuang, Y.; Van, I; Zhao, Y.; Xu, Y. Icariin Ameliorate Alzheimer’s Disease by Influencing SIRT1 and Inhibiting A3 Cascade
Pathogenesis. J. Chem. Neuroanat. 2021, 117, 102014. [CrossRef] [PubMed]

Cui, J.; Huang, R.; Dong, X. Efficacy and Mechanisms of Icariin in the Treatment of Alzheimer’s Disease: A Systematic Review
and Meta-Analysis of a Preclinical Study. Eur. J. Pharmacol. 2026, 1019, 178706. [CrossRef] [PubMed]

Sharif-Askari, Z.; Atoui, K.; El Zein, W.; Rizk, M.; Sharif Askari, E. From Periodontitis to Neurodegeneration: Can Probiotics
Modulate the P. gingivalis-Amyloid Pathway in Alzheimer’s Disease? J. Alzheimers Dis. 2026, 111, 471-488. [CrossRef] [PubMed]
Karaca, B.; Yilmaz, M.; Gursoy, U.K. Targeting Nrf2 with Probiotics and Postbiotics in the Treatment of Periodontitis. Biomolecules
2022, 12, 729. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1186/s12906-024-04400-w
https://www.ncbi.nlm.nih.gov/pubmed/38424572
https://doi.org/10.1016/j.phymed.2024.155696
https://www.ncbi.nlm.nih.gov/pubmed/38763007
https://doi.org/10.3390/ijms26125490
https://www.ncbi.nlm.nih.gov/pubmed/40564957
https://doi.org/10.1111/ics.13078
https://www.ncbi.nlm.nih.gov/pubmed/40476376
https://doi.org/10.3390/nu16132045
https://www.ncbi.nlm.nih.gov/pubmed/38999793
https://doi.org/10.7150/ijbs.102032
https://www.ncbi.nlm.nih.gov/pubmed/39494329
https://doi.org/10.1016/j.biopha.2019.109567
https://www.ncbi.nlm.nih.gov/pubmed/31670031
https://doi.org/10.1186/s12974-019-1472-x
https://www.ncbi.nlm.nih.gov/pubmed/31010422
https://doi.org/10.1016/j.ejphar.2023.176244
https://www.ncbi.nlm.nih.gov/pubmed/38092316
https://doi.org/10.3389/fbioe.2023.1207011
https://www.ncbi.nlm.nih.gov/pubmed/37260832
https://doi.org/10.1002/advs.202503338
https://www.ncbi.nlm.nih.gov/pubmed/40184628
https://doi.org/10.1016/j.ijpharm.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/27713029
https://doi.org/10.2147/NDT.S253972
https://www.ncbi.nlm.nih.gov/pubmed/33061388
https://doi.org/10.5152/tjg.2021.20282
https://www.ncbi.nlm.nih.gov/pubmed/34231485
https://doi.org/10.1002/bab.1743
https://www.ncbi.nlm.nih.gov/pubmed/30892727
https://doi.org/10.1155/2021/7158444
https://www.ncbi.nlm.nih.gov/pubmed/34887998
https://doi.org/10.1017/S1461145713001533
https://www.ncbi.nlm.nih.gov/pubmed/24513083
https://doi.org/10.1016/j.intimp.2018.12.055
https://www.ncbi.nlm.nih.gov/pubmed/30616172
https://doi.org/10.1016/j.jchemneu.2021.102014
https://www.ncbi.nlm.nih.gov/pubmed/34407393
https://doi.org/10.1016/j.ejphar.2026.178706
https://www.ncbi.nlm.nih.gov/pubmed/41791565
https://doi.org/10.1177/13872877261432686
https://www.ncbi.nlm.nih.gov/pubmed/41940869
https://doi.org/10.3390/biom12050729
https://www.ncbi.nlm.nih.gov/pubmed/35625655
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 50 of 54

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Li, Z.Y,; Lin, LH,; Liang, H.J.; Li, Y.Q.; Zhao, EQ.; Sun, T.Y,; Liu, Z.Y,; Zhu, ].Y.; Gu, F; Xu, ].N,; et al. Lycium barbarum
Polysaccharide Alleviates DSS-Induced Chronic Ulcerative Colitis by Restoring Intestinal Barrier Function and Modulating Gut
Microbiota. Ann. Med. 2023, 55, 2290213. [CrossRef] [PubMed]

Zhang, H.; Hu, Q.; Zhang, Y.; Yang, L.; Tian, S.; Zhang, X.; Shen, H.; Shu, H.; Xie, L.; Wu, D.; et al. Lachnospiraceae Bacterium
Alleviates Alcohol-Associated Liver Disease by Enhancing N-Acetyl-Glutamic Acid Levels and Inhibiting Ferroptosis through
the KEAP1-NRF2 Pathway. Gut Microbes 2025, 17, 2517821. [CrossRef] [PubMed]

Mayer, C.; Riera-Ponsati, L.; Kauppinen, S.; Klitgaard, H.; Erler, ].T.; Hansen, S.N. Targeting the NRF2 Pathway for Disease
Modification in Neurodegenerative Diseases: Mechanisms and Therapeutic Implications. Front. Pharmacol. 2024, 15, 1437939.
[CrossRef] [PubMed]

Caliman-Sturdza, O.A.; Vaz, J.A.; Lupaescu, A.V,; Lobiuc, A.; Bran, C.; Gheorghita, R.E. Antioxidant and Anti-Inflammatory
Activities of Probiotic Strains. Int. |. Mol. Sci. 2026, 27, 1079. [CrossRef] [PubMed]

Shah, A.B.; Baiseitova, A.; Zahoor, M.; Ahmad, I.; Ikram, M.; Bakhsh, A.; Shah, M.A.; Alj, I.; Idress, M.; Ullah, R.; et al. Probiotic
Significance of Lactobacillus Strains: A Comprehensive Review on Health Impacts, Research Gaps, and Future Prospects. Gut
Microbes 2024, 16, 2431643. [CrossRef] [PubMed]

Kullisaar, T.; Zilmer, M.; Mikelsaar, M.; Vihalemm, T.; Annuk, H.; Kairane, C.; Kilk, A. Two Antioxidative Lactobacilli Strains as
Promising Probiotics. Int. J. Food Microbiol. 2002, 72, 215-224. [CrossRef] [PubMed]

LeBlang, J.G.; del Carmen, S.; Miyoshi, A.; Azevedo, V.; Sesma, F,; Langella, P.; Bermtdez-Humaran, L.G.; Watterlot, L.; Perdigon,
G.; de Moreno de LeBlanc, A. Use of Superoxide Dismutase and Catalase Producing Lactic Acid Bacteria in TNBS Induced
Crohn’s Disease in Mice. J. Biotechnol. 2011, 151, 287-293. [CrossRef] [PubMed]

Patil, R.T.; Dhadse, P.V.; Salian, S.S.; Punse, S.D. Role of Oxidative Stress in Periodontal Diseases. Cureus 2024, 16, e60779.
[CrossRef] [PubMed]

Ibrahim, L.; Mesgarzadeh, J.; Xu, I.; Powers, E.T.; Wiseman, R.L.; Bollong, M.]. Defining the Functional Targets of Cap’n’collar
Transcription Factors NRF1, NRF2, and NRF3. Antioxidants 2020, 9, 1025. [CrossRef] [PubMed]

Vo, T.T.T.; Huang, HW.; Wee, Y.; Feng, S.W.; Cheng, H.-C.; Tuan, V.P; Lee, L.T. Surfactin Reduces Particulate Matter-Induced
VCAM-1-Dependent Monocyte Adhesion in Human Gingival Fibroblasts by Increasing Nrf2-Dependent HO-1 Expression. J.
Periodontal Res. 2022, 57, 115-130. [CrossRef] [PubMed]

Nie, Q.; Wan, X,; Tao, H.; Yang, Q.; Zhao, X.; Liu, H,; Hu, J.; Luo, Y;; Shu, T.; Geng, R.; et al. Multi-Function Screening of Probiotics
to Improve Oral Health and Evaluating Their Efficacy in a Rat Periodontitis Model. Front. Cell. Infect. Microbiol. 2023, 13, 1261189.
[CrossRef] [PubMed]

Naureen, Z.; Medori, M.C.; Dhuli, K.; Donato, K.; Connelly, S.T.; Bellinato, F.; Gisondi, P.; Bertelli, M. Polyphenols and Lactobacillus
reuteri in Oral Health. J. Prev. Med. Hyg. 2022, 63, E246-E254. [CrossRef] [PubMed]

Basnet, J.; Eissa, M.A.; Cardozo, L.L.Y,; Romero, D.G.; Rezq, S. Impact of Probiotics and Prebiotics on Gut Microbiome and
Hormonal Regulation. Gastrointest. Disord. 2024, 6, 801-815. [CrossRef] [PubMed]

Ansari, F; Neshat, M.; Pourjafar, H.; Jafari, S.M.; Samakkhah, S.A.; Mirzakhani, E. The Role of Probiotics and Prebiotics in
Modulating of the Gut-Brain Axis. Front. Nutr. 2023, 10, 1173660. [CrossRef] [PubMed]

Li, C,; Zhao, X.; Xu, H,; Liu, X,; He, Y.; Gu, J]. NMN Synbiotics: A Multifaceted Therapeutic Approach for Alzheimer’s Disease.
Neurochem. Res. 2024, 49, 2888-2896. [CrossRef] [PubMed]

Hegelmaier, T.; Duscha, A.; Desel, C.; Fuchs, S.; Shapira, M.; Amidror, S.; Shan, Q.; Stangl, G.I.; Hirche, E; Kempa, S.; et al.
Supplementation with Short-Chain Fatty Acids and a Prebiotic Improves Clinical Outcome in Parkinson’s Disease: A Randomized
Double-Blind Prospective Study. Sci. Rep. 2025, 16, 315. [CrossRef] [PubMed]

Hou, Y;; Wang, D.; Zhou, S.; Huo, C.; Chen, H,; Li, E; Ding, M.; Li, H.; Zhao, H.; He, J.; et al. Probiotics Combined with Prebiotics
Alleviated Seasonal Allergic Rhinitis by Altering the Composition and Metabolic Function of Intestinal Microbiota: A Prospective,
Randomized, Double-Blind, Placebo-Controlled Clinical Trial. Front. Immunol. 2024, 15, 1439830. [CrossRef] [PubMed]

Tan, E.P; Lyang, N.; Doroodian, S.; Sanz-Martinez, P; Xu, J.; Zaretski, S.; Nieto-Torres, ].L.; Ebata, H.; Lim, S.H.Y.; Hou, W.C,; et al.
Autophagy Activator AA-20 Improves Proteostasis and Extends Caenorhabditis elegans Lifespan. Proc. Natl. Acad. Sci. USA 2025,
122, €2423455122. [CrossRef] [PubMed]

Yessenkyzy, A.; Saliev, T.; Zhanaliyeva, M.; Masoud, A.-R.; Umbayev, B.; Sergazy, S.; Krivykh, E.; Gulyayev, A.; Nurgozhin, T.
Polyphenols as Caloric-Restriction Mimetics and Autophagy Inducers in Aging Research. Nutrients 2020, 12, 1344. [CrossRef]
[PubMed]

Ponce-Mora, A.; Salazar, N.A.; Domenech-Bendafia, A.; Locascio, A.; Bejarano, E.; Gimeno-Mallench, L. Interplay Between
Polyphenols and Autophagy: Insights from an Aging Perspective. Front. Biosci. (Landmark Ed.) 2025, 30, 25728. [CrossRef]
[PubMed]

Mandic, M.; Misirkic Marjanovic, M.; Janjetovic, K.; Bosnjak, M.; Harhaji-Trajkovic, L.; Trajkovic, V.; Vucicevic, L. Multifaceted
Role of AMPK in Autophagy: More than a Simple Trigger? Am. . Physiol. Cell Physiol. 2025, 329, C1380-C1397. [CrossRef]
[PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1080/07853890.2023.2290213
https://www.ncbi.nlm.nih.gov/pubmed/38061697
https://doi.org/10.1080/19490976.2025.2517821
https://www.ncbi.nlm.nih.gov/pubmed/40511521
https://doi.org/10.3389/fphar.2024.1437939
https://www.ncbi.nlm.nih.gov/pubmed/39119604
https://doi.org/10.3390/ijms27021079
https://www.ncbi.nlm.nih.gov/pubmed/41596722
https://doi.org/10.1080/19490976.2024.2431643
https://www.ncbi.nlm.nih.gov/pubmed/39582101
https://doi.org/10.1016/s0168-1605(01)00674-2
https://www.ncbi.nlm.nih.gov/pubmed/11845820
https://doi.org/10.1016/j.jbiotec.2010.11.008
https://www.ncbi.nlm.nih.gov/pubmed/21167883
https://doi.org/10.7759/cureus.60779
https://www.ncbi.nlm.nih.gov/pubmed/38910764
https://doi.org/10.3390/antiox9101025
https://www.ncbi.nlm.nih.gov/pubmed/33096892
https://doi.org/10.1111/jre.12944
https://www.ncbi.nlm.nih.gov/pubmed/34716926
https://doi.org/10.3389/fcimb.2023.1261189
https://www.ncbi.nlm.nih.gov/pubmed/38029238
https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2767
https://www.ncbi.nlm.nih.gov/pubmed/36479495
https://doi.org/10.3390/gidisord6040056
https://www.ncbi.nlm.nih.gov/pubmed/39649015
https://doi.org/10.3389/fnut.2023.1173660
https://www.ncbi.nlm.nih.gov/pubmed/37565035
https://doi.org/10.1007/s11064-024-04210-z
https://www.ncbi.nlm.nih.gov/pubmed/39037560
https://doi.org/10.1038/s41598-025-29692-x
https://www.ncbi.nlm.nih.gov/pubmed/41350593
https://doi.org/10.3389/fimmu.2024.1439830
https://www.ncbi.nlm.nih.gov/pubmed/39555052
https://doi.org/10.1073/pnas.2423455122
https://www.ncbi.nlm.nih.gov/pubmed/40758884
https://doi.org/10.3390/nu12051344
https://www.ncbi.nlm.nih.gov/pubmed/32397145
https://doi.org/10.31083/FBL25728
https://www.ncbi.nlm.nih.gov/pubmed/40152368
https://doi.org/10.1152/ajpcell.01058.2024
https://www.ncbi.nlm.nih.gov/pubmed/40952997
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 51 of 54

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Cai, M.; Guo, Q.; Li, J; Dai, X.; Su, H.; Zhang, W.; Qiang, N.; Li, G.; Jin, Z.; Zhu, H. Resveratrol Attenuates HyO,-Induced Aging
and Apoptosis in Mouse Hippocampal Neuron HT22 Cells by Activating Autophagy via the SIRT1/FoxO1 Signaling Pathway.
Mol. Neurobiol. 2025, 63, 12. [CrossRef] [PubMed]

Wu, Q.-J.; Zhang, T.-N.; Chen, H.-H.; Yu, X.-F; Lv, J.-L.; Liu, Y.-Y;; Liu, Y.-S.; Zheng, G.; Zhao, J.-Q.; Wei, Y.-F; et al. The Sirtuin
Family in Health and Disease. Signal Transduct. Target Ther. 2022, 7, 402. [CrossRef] [PubMed]

Guan, G.; Chen, Y.; Dong, Y. Unraveling the AMPK-SIRT1-FOXO Pathway: The In-Depth Analysis and Breakthrough Prospects
of Oxidative Stress-Induced Diseases. Antioxidants 2025, 14, 70. [CrossRef] [PubMed]

Covarrubias, A.].; Perrone, R.; Grozio, A.; Verdin, E. NAD+ Metabolism and Its Roles in Cellular Processes during Ageing. Nat.
Rev. Mol. Cell Biol. 2021, 22, 119-141. [CrossRef] [PubMed]

Tello-Palencia, M.A.; Yang, T.; Sularz, O.; Demers, L.E.; Ma, Y.; Boycott, C.; Zhang, H.A.; Lubecka-Gajewska, K.; Kumar, S.;
Ramsey, B.S.; et al. Pterostilbene Targets Hallmarks of Aging in the Gene Expression Landscape in Blood of Healthy Rats. Mol.
Nutr. Food Res. 2024, 68, 2400662. [CrossRef] [PubMed]

Ragusa, M.A.; Naselli, F.; Cruciata, I.; Volpes, S.; Schimmenti, C.; Serio, G.; Mauro, M.; Librizzi, M.; Luparello, C.; Chiarelli,
R.; et al. Indicaxanthin Induces Autophagy in Intestinal Epithelial Cancer Cells by Epigenetic Mechanisms Involving DNA
Methylation. Nutrients 2023, 15, 3495. [CrossRef] [PubMed]

Zheng, J.; Hu, S.; Wang, J.; Zhang, X.; Yuan, D.; Zhang, C.; Liu, C.; Wang, T.; Zhou, Z. Icariin Improves Brain Function Decline
in Aging Rats by Enhancing Neuronal Autophagy through the AMPK/mTOR/ULK1 Pathway. Pharm. Biol. 2021, 59, 183-191.
[CrossRef] [PubMed]

Che, J.; Liang, B.; Zhang, Y.; Wang, Y.; Tang, J.; Shi, G. Kaempferol Alleviates Ox-LDL-Induced Apoptosis by up-Regulation of
Autophagy via Inhibiting PI3K/Akt/mTOR Pathway in Human Endothelial Cells. Cardiovasc. Pathol. 2017, 31, 57-62. [CrossRef]
[PubMed]

Kim, H.; Banerjee, N.; Barnes, R.C.; Pfent, C.M.; Talcott, S.T.; Dashwood, R.H.; Mertens-Talcott, S.U. Mango Polyphenolics Reduce
Inflammation in Intestinal Colitis-Involvement of the miR-126/PI3K/AKT/mTOR Axis In Vitro and In Vivo. Mol. Carcinog. 2017,
56,197-207. [CrossRef] [PubMed]

Koszta, O.; Sotek, P; Jozwiak, K. Co-Treatment Strategy Supports Neuroprotection by Intersecting P62-Keap1l-NRF2 and
Autophagy Signaling Pathways in the Cellular Model of Parkinson’s Disease. Cell. Mol. Neurobiol. 2025, 45, 85. [CrossRef]
[PubMed]

Xiang, S.; Ji, J.-L.; Li, S.; Cao, X.-P.; Xu, W.; Tan, L.; Tan, C.-C. Efficacy and Safety of Probiotics for the Treatment of Alzheimer’s
Disease, Mild Cognitive Impairment, and Parkinson’s Disease: A Systematic Review and Meta-Analysis. Front. Aging Neurosci.
2022, 14, 730036. [CrossRef] [PubMed]

Armeli, F; Mengoni, B.; Schifano, E.; Lenz, T.; Archer, T.; Uccelletti, D.; Businaro, R. The Probiotic Yeast, Milmed, Promotes
Autophagy and Antioxidant Pathways in BV-2 Microglia Cells and C. elegans. Antioxidants 2025, 14, 393. [CrossRef] [PubMed]
Prasad, K.N. A Micronutrient Mixture with Collagen Peptides, Probiotics, Cannabidiol, and Diet May Reduce Aging, and
Development and Progression of Age-Related Alzheimer’s Disease, and Improve Its Treatment. Mech. Ageing Dev. 2023, 210,
111757. [CrossRef] [PubMed]

Nourazarain, A.; Vaziri, Y. Nutrigenomics Meets Multi-Omics: Integrating Genetic, Metabolic, and Microbiome Data for
Personalized Nutrition Strategies. Genes Nutr. 2025, 20, 30. [CrossRef] [PubMed]

Tuigunov, D.; Sinyavskiy, Y.; Nurgozhin, T.; Zholdassova, Z.; Smagul, G.; Omarov, Y.; Dolmatova, O.; Yeshmanova, A.; Omarova,
I. Precision Nutrition and Gut-Brain Axis Modulation in the Prevention of Neurodegenerative Diseases. Nutrients 2025, 17, 3068.
[CrossRef] [PubMed]

Fu, Y,; Zhang, K.; Miao, Z.; Yang, G.; Huang, Y.; Zheng, ].-S. Advancing Precision Nutrition Through Multimodal Data and
Artificial Intelligence. Adv. Sci. 2026, 13, e21111. [CrossRef] [PubMed]

Yang, X; Liu, Y.; Cao, J.; Wu, C.; Tang, L.; Bian, W.; Chen, Y,; Yu, L.; Wu, Y.; Li, S.; et al. Targeting Epigenetic and Post-Translational
Modifications of NRF2: Key Regulatory Factors in Disease Treatment. Cell Death Discov. 2025, 11, 189. [CrossRef] [PubMed]
Lombardo, C.; Musso, N.; Bonacci, P.G.; Lupo, G.; Anfuso, C.D.; Di Fatta, E.; Ferri, R.; Majztnova, M.; Scuto, M.C.; Trovato
Salinaro, A. Micro- and Nanoplastics and Functional Nutrients in Human Health: Epigenetic Mechanisms and Cellular Resilience
Signaling in Brain Insulin Resistance and the Risk of Alzheimer’s Disease. Int. ]. Mol. Sci. 2026, 27, 169. [CrossRef] [PubMed]
von Otter, M.; Landgren, S.; Nilsson, S.; Celojevic, D.; Bergstrom, P.; Hikansson, A.; Nissbrandt, H.; Drozdzik, M.; Bialecka, M.;
Kurzawski, M.; et al. Association of Nrf2-Encoding NFE2L2 Haplotypes with Parkinson’s Disease. BMC Med. Genet. 2010, 11, 36.
[CrossRef] [PubMed]

Zaratiana, C; M, Y,; Lee, Y.-A.; Ong, A.B.L.; Liu, T.Z.Y.; Low, SM.C; Chang, S.M.S.; Tan, S.; Mustafa, D.N.A.; Ganesh, A; et al.
Gut Microbiota Modulation of Regulatory DNA Elements Revealed by Massively Parallel Functional Characterization. Mol. Cell
2026, 86, 1708-1722.€9. [CrossRef] [PubMed]

Zhou, J.-W.; Wang, M.; Sun, N.-X,; Qing, Y.; Yin, T.-F; Li, C.; Wu, D. Sulforaphane-Induced Epigenetic Regulation of Nrf2
Expression by DNA Methyltransferase in Human Caco-2 Cells. Oncol. Lett. 2019, 18, 2639-2647. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1007/s12035-025-05489-x
https://www.ncbi.nlm.nih.gov/pubmed/41203934
https://doi.org/10.1038/s41392-022-01257-8
https://www.ncbi.nlm.nih.gov/pubmed/36581622
https://doi.org/10.3390/antiox14010070
https://www.ncbi.nlm.nih.gov/pubmed/39857404
https://doi.org/10.1038/s41580-020-00313-x
https://www.ncbi.nlm.nih.gov/pubmed/33353981
https://doi.org/10.1002/mnfr.202400662
https://www.ncbi.nlm.nih.gov/pubmed/39562169
https://doi.org/10.3390/nu15153495
https://www.ncbi.nlm.nih.gov/pubmed/37571432
https://doi.org/10.1080/13880209.2021.1878238
https://www.ncbi.nlm.nih.gov/pubmed/33556283
https://doi.org/10.1016/j.carpath.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/28985493
https://doi.org/10.1002/mc.22484
https://www.ncbi.nlm.nih.gov/pubmed/27061150
https://doi.org/10.1007/s10571-025-01610-9
https://www.ncbi.nlm.nih.gov/pubmed/41099906
https://doi.org/10.3389/fnagi.2022.730036
https://www.ncbi.nlm.nih.gov/pubmed/35185522
https://doi.org/10.3390/antiox14040393
https://www.ncbi.nlm.nih.gov/pubmed/40298639
https://doi.org/10.1016/j.mad.2022.111757
https://www.ncbi.nlm.nih.gov/pubmed/36460123
https://doi.org/10.1186/s12263-025-00790-9
https://www.ncbi.nlm.nih.gov/pubmed/41272493
https://doi.org/10.3390/nu17193068
https://www.ncbi.nlm.nih.gov/pubmed/41097145
https://doi.org/10.1002/advs.202521111
https://www.ncbi.nlm.nih.gov/pubmed/41669854
https://doi.org/10.1038/s41420-025-02491-z
https://www.ncbi.nlm.nih.gov/pubmed/40258841
https://doi.org/10.3390/ijms27010169
https://www.ncbi.nlm.nih.gov/pubmed/41516048
https://doi.org/10.1186/1471-2350-11-36
https://www.ncbi.nlm.nih.gov/pubmed/20196834
https://doi.org/10.1016/j.molcel.2026.03.036
https://www.ncbi.nlm.nih.gov/pubmed/42030942
https://doi.org/10.3892/ol.2019.10569
https://www.ncbi.nlm.nih.gov/pubmed/31452747
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 52 of 54

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

Zhao, F,; Zhang, ].; Chang, N. Epigenetic Modification of Nrf2 by Sulforaphane Increases the Antioxidative and Anti-Inflammatory
Capacity in a Cellular Model of Alzheimer’s Disease. Eur. J. Pharmacol. 2018, 824, 1-10. [CrossRef] [PubMed]

Wang, L.; Shannar, A.A.F; Wu, R.; Chou, P; Sarwar, M.S.; Kuo, H.; Peter, RM.; Wang, Y.; Su, X.; Kong, A.-N. Butyrate Drives
Metabolic Rewiring and Epigenetic Reprogramming in Human Colon Cancer Cells. Mol. Nutr. Food Res. 2022, 66, €2200028.
[CrossRef] [PubMed]

NRF: What It Measures & Why It Matters | Stride. Available online: https:/ /www.getstride.com/us/biomarkers/nrf/ (accessed on
14 July 2026).

Yuvika; Sharma, D.; Sharma, A. Molecular Insights into Physiological Impact of Micro- and Nano-Plastics on the Digestive
System and Gut-Brain Axis. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2026, 304, 110473. [CrossRef] [PubMed]
Kolodziejczyk, A.A.; Zheng, D.; Elinav, E. Diet-Microbiota Interactions and Personalized Nutrition. Nat. Rev. Microbiol. 2019, 17,
742-753. [CrossRef] [PubMed]

Jin, L.; Zhu, Y,; Ying, Y.; Yan, P; Jin, H.; Chen, Z. Precision Nutrition Targeting the Gut Microbiota for Weight Management:
Mechanisms and Applications. Front. Microbiol. 2026, 17, 1806152. [CrossRef] [PubMed]

Baima, G.; Dabdoub, S.; Thumbigere-Math, V.; Ribaldone, D.G.; Caviglia, G.P,; Tenori, L.; Fantato, L.; Vignoli, A.; Romandini,
M.; Ferrocino, I.; et al. Multi-Omics Signatures of Periodontitis and Periodontal Therapy on the Oral and Gut Microbiome. .
Periodontal Res. 2025, 60, 1237-1253. [CrossRef] [PubMed]

Abdul, N.S.; Odeh, L.G.; Alenazi, A.A.; Alzahrani, ].A.; Almutib, A.T.; Soman, C. Probiotics in the Prevention and Treatment of
Periodontal Diseases: A Systematic Review. J. Pharm. Bioallied Sci. 2024, 16, S3302-S3307. [CrossRef] [PubMed]

Yu, S.; Zhang, Y.; Zhu, C.; Zhou, H; Liu, J.; Sun, J.; Li, A.; Pei, D. Adjunctive Diode Laser Therapy and Probiotic Lactobacillus
Therapy in the Treatment of Periodontitis and Peri-Implant Disease. J. Vis. Exp. 2022, 183, e63893. [CrossRef] [PubMed]
Kamalakannan, K.; Rajasekar, A. Impact of Subgingival Lactobacillus reuteri Probiotic Therapy on Clinical Outcomes and
Porphyromonas gingivalis Quantification in Peri-Implant Disease: A Prospective RT-PCR-Based Clinical Study. J. Long Term Eff.
Med. Implant. 2026, 36, 85-90. [CrossRef] [PubMed]

Vanditha, D.; BV, RR.; Chava, V.K,; Biradavolu, S.; Nagarakanti, S.; Gunupati, S. Modulatory Effect of Probiotic Fiber (Lactobacillus
reuteri) in Residual Periodontal Pockets: A Randomized, Double-Blind, Placebo-Controlled Study. Cureus 2025, 17, e77413.
[CrossRef] [PubMed]

Li, H-].-Y,; Zhang, T,; Lan, S.-Y.; Shu, L.-H.; Cui, G.-Z.; Qi, X.-L.; Liao, J.; Hong, W. Combination of Lacticaseibacillus Rhamnosus
and Weissella confusa Treatment Improves Ligature-Induced Periodontitis in Rats via Immune Modulation and Inhibition of Oral
Pathogens. BMC Oral Health 2026, 26, 705. [CrossRef] [PubMed]

Perrone, P.; D’Angelo, S. Gut Microbiota Modulation Through Mediterranean Diet Foods: Implications for Human Health.
Nutrients 2025, 17, 948. [CrossRef] [PubMed]

Vernocchi, P,; Del Chierico, F.; Putignani, L. Gut Microbiota Profiling: Metabolomics Based Approach to Unravel Compounds
Affecting Human Health. Front. Microbiol. 2016, 7, 1144. [CrossRef] [PubMed]

Alamri, M.M.; Williams, B.; Le Guennec, A.; Mainas, G.; Santamaria, P.; Moyes, D.L.; Nibali, L. Metabolomics Analysis in Saliva
from Periodontally Healthy, Gingivitis and Periodontitis Patients. J. Periodontal Res. 2023, 58, 1272-1280. [CrossRef] [PubMed]
Yu, C; Liu, Y; Yu, X,; Liu, J.; Cao, P; Liu, G.; Cai, Y.; Zhang, Y.; Luan, Q. Garlic-Derived Exosome-Like Nanovesicles: A Promising
Natural Nanotherapy for Periodontitis via PHGDH/PI3K/AKT-Mediated Metabolic and Inflammatory Regulation. Int. ].
Nanomed. 2025, 20, 5551-5572. [CrossRef] [PubMed]

Cheng, T.; Wen, P; Yu, R.; Zhang, F; Li, H.; Xu, X.; Zhao, D.; Liu, E; Su, W.; Zheng, Z.; et al. Integrative Microbiome and
Metabolome Profiles Reveal the Impacts of Periodontitis via Oral-Gut Axis in First-Trimester Pregnant Women. J. Transl. Med.
2024, 22, 819. [CrossRef] [PubMed]

Wang, S.; Dan, L.; Ruan, X.; Wellens, ].; Sun, Y.; Yao, J.; Tian, L.; Kalla, R.; Theodoratou, E.; Yuan, S.; et al. Integrated Metabolomics
and Genetic Analyses Reveal Loss of Protective Docosahexaenoic Acid as a Key Driver Linking Ultra-Processed Food to Crohn’s
Disease Risk. medRxiv 2026. [CrossRef] [PubMed]

Hernandez, P.; Rackles, E.; Alboniga, O.E.; Martinez-Lage, P.; Camacho, E.N.; Onaindia, A.; Fernandez, M.; Talamillo, A;
Falcon-Perez, ]. M. Metabolic Profiling of Brain Tissue and Brain-Derived Extracellular Vesicles in Alzheimer’s Disease. ]. Extracell.
Vesicles 2025, 14, €70043. [CrossRef] [PubMed]

Lomte, T.S. Role of Food Nutrients in Reducing Oxidative Stress Linked to Micro- and Nanoplastics. Available online:
https:/ /www.news-medical.net/news /20260215 /Role-of-food-nutrients-in-reducing-oxidative-stress-linked-to-micro-and-
nanoplastics.aspx (accessed on 18 July 2026).

NANOXPACE. Bioscience Institute. Assessing Internal Exposure to Micro- and Nanoplastics Through Blood Analysis. Available
online: https:/ /bioinst.com/en/nanoxpace/ (accessed on 18 July 2026).

Zheng-Qiang, L.; Jun, L.; Rui, A; Rui, L.; Wei, D.; Ping, M.; Xu, Y,; Rong, S.; Xiao-Yan, Y.; Wen, X. A Probiotic for Prevent-
ing Microplastic Toxicity: Clostridium Dalinum Mitigates Microplastic-Induced Damage via Microbiota-Metabolism-Barrier
Interactions. Curr. Res. Food Sci. 2025, 11, 101200. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1016/j.ejphar.2018.01.046
https://www.ncbi.nlm.nih.gov/pubmed/29382536
https://doi.org/10.1002/mnfr.202200028
https://www.ncbi.nlm.nih.gov/pubmed/35429118
https://www.getstride.com/us/biomarkers/nrf/
https://doi.org/10.1016/j.cbpc.2026.110473
https://www.ncbi.nlm.nih.gov/pubmed/41687947
https://doi.org/10.1038/s41579-019-0256-8
https://www.ncbi.nlm.nih.gov/pubmed/31541197
https://doi.org/10.3389/fmicb.2026.1806152
https://www.ncbi.nlm.nih.gov/pubmed/42254507
https://doi.org/10.1111/jre.70055
https://www.ncbi.nlm.nih.gov/pubmed/41307322
https://doi.org/10.4103/jpbs.jpbs_681_24
https://www.ncbi.nlm.nih.gov/pubmed/39927018
https://doi.org/10.3791/63893
https://www.ncbi.nlm.nih.gov/pubmed/35604157
https://doi.org/10.1615/JLongTermEffMedImplants.2025060737
https://www.ncbi.nlm.nih.gov/pubmed/41662654
https://doi.org/10.7759/cureus.77413
https://www.ncbi.nlm.nih.gov/pubmed/39949458
https://doi.org/10.1186/s12903-026-08015-0
https://www.ncbi.nlm.nih.gov/pubmed/41820945
https://doi.org/10.3390/nu17060948
https://www.ncbi.nlm.nih.gov/pubmed/40289944
https://doi.org/10.3389/fmicb.2016.01144
https://www.ncbi.nlm.nih.gov/pubmed/27507964
https://doi.org/10.1111/jre.13183
https://www.ncbi.nlm.nih.gov/pubmed/37787434
https://doi.org/10.2147/IJN.S510417
https://www.ncbi.nlm.nih.gov/pubmed/40321804
https://doi.org/10.1186/s12967-024-05579-9
https://www.ncbi.nlm.nih.gov/pubmed/39227984
https://doi.org/10.64898/2026.02.20.26346727
https://www.ncbi.nlm.nih.gov/pubmed/41757175
https://doi.org/10.1002/jev2.70043
https://www.ncbi.nlm.nih.gov/pubmed/39901643
https://www.news-medical.net/news/20260215/Role-of-food-nutrients-in-reducing-oxidative-stress-linked-to-micro-and-nanoplastics.aspx
https://www.news-medical.net/news/20260215/Role-of-food-nutrients-in-reducing-oxidative-stress-linked-to-micro-and-nanoplastics.aspx
https://bioinst.com/en/nanoxpace/
https://doi.org/10.1016/j.crfs.2025.101200
https://www.ncbi.nlm.nih.gov/pubmed/41030387
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 53 of 54

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Ma, Q.; Lei, J.; Pang, Y.; Shen, Y.; Zhang, T. Neurotoxicity of Micro- and Nanoplastics: A Comprehensive Review of Central
Nervous System Impacts. Environ. Health 2025, 4, 4-24. [CrossRef] [PubMed]

Pironti, C.; Notarstefano, V.; Ricciardi, M.; Motta, O.; Giorgini, E.; Montano, L. First Evidence of Microplastics in Human Urine, a
Preliminary Study of Intake in the Human Body. Toxics 2022, 11, 40. [CrossRef] [PubMed]

Calikanzaros, E.; Donat-Vargas, C.; de Cid, R.; Iraola-Guzman, S.; Arjona, L.; Llorca, M.; Farré, M.; Villanueva, C.M. Exploring the
Determinants of Micro- and Nanoplastics Exposure among Adults in Barcelona, Spain. J. Hazard. Mater. Adv. 2026, 21, 101002.
[CrossRef]

Sun, Y,; Li, H.; Zheng, L.; Li, J.; Hong, Y,; Liang, P.; Kwok, L.-Y.; Zuo, Y.; Zhang, W.; Zhang, H. iProbiotics: A Machine Learning
Platform for Rapid Identification of Probiotic Properties from Whole-Genome Primary Sequences. Brief. Bioinform. 2022, 23,
bbab477. [CrossRef] [PubMed]

McCoubrey, L.E.; Seegobin, N.; Elbadawi, M.; Hu, Y.; Orlu, M.; Gaisford, S.; Basit, A.W. Active Machine Learning for Formulation
of Precision Probiotics. Int. |. Pharm. 2022, 616, 121568. [CrossRef] [PubMed]

Westfall, S.; Carracci, F; Estill, M.; Zhao, D.; Wu, Q.-L.; Shen, L.; Simon, J.; Pasinetti, G.M. Optimization of Probiotic Therapeutics
Using Machine Learning in an Artificial Human Gastrointestinal Tract. Sci. Rep. 2021, 11, 1067. [CrossRef] [PubMed]
Clemente-Velasco, S.; de Lucas, B.; Tabone, M.; Bressa, C.; Gonzélez-Soltero, M.D.R.; Martinez-Lépez, S.; Bailén, M.; Dominguez-
Balmaseda, D.; Castellanos, N.; Diez, G.G.; et al. Study Protocol for Design of a Personalized Dietary Supplement Based on the
Gut Microbiota of Alzheimer’s Patients and Evaluation of Its Effects in a Pilot Randomized Controlled Trial. Front. Nutr. 2025, 12,
1653841. [CrossRef] [PubMed]

Deshpande, S.; Arjun, A.M,; Liu, G.; Pawlak, K.; Sharma, S. Redox-Active Polyphenol Red Molecularly Imprinted Polymers on
Porous Gold Electrodes for Ultrasensitive, AI-Assisted Detection of Alzheimer’s Biomarkers in Undiluted Biofluids. Adv. Healthc.
Mater. 2025, 14, e03155. [CrossRef] [PubMed]

Ivarsson Orrelid, C.; Rosberg, O.; Weiner, S.; Johansson, ED.; Gobom, ].; Zetterberg, H.; Mwai, N.; Stempfle, L. Applying Machine
Learning to High-Dimensional Proteomics Datasets for the Identification of Alzheimer’s Disease Biomarkers. Fluids Barriers CNS
2025, 22, 23. [CrossRef] [PubMed]

Gomez-Pascual, A.; Naccache, T.; Xu, J.; Hooshmand, K.; Wretlind, A.; Gabrielli, M.; Lombardo, M.T.; Shi, L.; Buckley, N.J.;
Tijms, B.M.; et al. Paired Plasma Lipidomics and Proteomics Analysis in the Conversion from Mild Cognitive Impairment to
Alzheimer’s Disease. Comput. Biol. Med. 2024, 176, 108588. [CrossRef] [PubMed]

Nallapu, B.T.; Petersen, K.K.; Qian, T.; Demirsoy, I.; Ghanbarian, E.; Davatzikos, C.; Lipton, R.B.; Ezzati, A. Alzheimer’s Disease
Neuroimaging Initiative A Machine Learning Approach to Predict Cognitive Decline in Alzheimer Disease Clinical Trials.
Neurology 2025, 104, €213490. [CrossRef] [PubMed]

Chen, W,; Liao, Y,; Shi, X.; Su, F; Kong, H.; Fang, Y.; Zheng, Y.; Zhou, ].; Liu, G.; Zhou, X; et al. Predicting Brain Amyloid Load
with Digital and Blood-Based Biomarkers. Alzheimers Res. Ther. 2025, 17, 149. [CrossRef] [PubMed]

Fan, Y,; Wang, X; Ling, Y.; Wang, Q.; Zhou, X.; Li, K.; Zhou, C. Identification and Validation of Biomarkers in Alzheimer’s Disease
Based on Machine Learning Algorithms and Single-Cell Sequencing Analysis. Comput. Biol. Chem. 2025, 118, 108475. [CrossRef]
[PubMed]

Rezvani, H.; Kapadia, M.; Costantino, J.; Zarrabi, N.; Saeedi, S.; Yousefi, N. Analysis of Microplastics and Nanoplastics Emerged
from Polyethylene Bags and Polyethylene Terephthalate Bottles by an Artificial Intelligence-Enabled Tool. Environ. Pollut. 2026,
390, 127453. [CrossRef] [PubMed]

Yang, X.; Yan, B.; Zhao, Y.; Zhou, L.; Liu, M.; Chen, G.; Shen, L.; Deng, T. Polyethylene Terephthalate Microplastics Exposure
Enhances the Risk of Ulcerative Colitis: Insights from Multiomics Integration, Machine Learning, and Molecular Docking Reveal
Intestinal Toxicity Mechanisms. Int. |. Surg. 2026, 112, 735-750. [CrossRef] [PubMed]

Andafa, TW.; Imoh, E.C.; Adekanmbi, S.A. Artificial Intelligence Applied to the Brain-Gut Axis in Irritable Bowel Syndrome:
Advancing Toward Clinical Translation. Cureus 2026, 18, €109142. [CrossRef] [PubMed]

Furquim, C.P; Caruth, L.; Chandrasekaran, G.; Cucchiara, A.; Kallan, M.J.; Martin, L.; Feres, M.; Bittinger, K.; Divaris, K.; Glessner,
J.; et al. Developing Predictive Models for Periodontitis Progression Using Artificial Intelligence: A Longitudinal Cohort Study. J.
Clin. Periodontol. 2025, 52, 1478-1490. [CrossRef] [PubMed]

Qin, R.; Li, C.; Yuan, X.; Chen, Y. Microbiome-Targeted Alzheimer’s Interventions via Gut-Brain Axis. Front. Microbiol. 2025, 16,
1729708. [CrossRef] [PubMed]

Yu, M;; Ye, Z.; Ye, Z.; Wu, Y.; Wu, X. Identification and Analysis of Neutrophil Extracellular Trap-Related Genes in Periodontitis
via Bioinformatics and Experimental Verification. BMC Oral Health 2025, 25, 1294. [CrossRef] [PubMed]

Gupta, A.; Ungaro, R.C,; Steinlauf, A.; Colombel, J.-F.; Feldman, S.; Leviton, A.; Onyuka, A.; Mar, P.; Cohen, M.; Freeman, R,;
et al. Artificial Intelligence Enhances Screening Efficiency for Inflammatory Bowel Disease Clinical Trials: A Prospective Study.
Inflamm. Bowel Dis. 2026, 32, 1640-1643. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1021/envhealth.5c00087
https://www.ncbi.nlm.nih.gov/pubmed/41562032
https://doi.org/10.3390/toxics11010040
https://www.ncbi.nlm.nih.gov/pubmed/36668766
https://doi.org/10.1016/j.hazadv.2026.101002
https://doi.org/10.1093/bib/bbab477
https://www.ncbi.nlm.nih.gov/pubmed/34849572
https://doi.org/10.1016/j.ijpharm.2022.121568
https://www.ncbi.nlm.nih.gov/pubmed/35150845
https://doi.org/10.1038/s41598-020-79947-y
https://www.ncbi.nlm.nih.gov/pubmed/33441743
https://doi.org/10.3389/fnut.2025.1653841
https://www.ncbi.nlm.nih.gov/pubmed/41064285
https://doi.org/10.1002/adhm.202503155
https://www.ncbi.nlm.nih.gov/pubmed/40905478
https://doi.org/10.1186/s12987-025-00634-z
https://www.ncbi.nlm.nih.gov/pubmed/40033432
https://doi.org/10.1016/j.compbiomed.2024.108588
https://www.ncbi.nlm.nih.gov/pubmed/38761503
https://doi.org/10.1212/WNL.0000000000213490
https://www.ncbi.nlm.nih.gov/pubmed/40132145
https://doi.org/10.1186/s13195-025-01801-y
https://www.ncbi.nlm.nih.gov/pubmed/40618175
https://doi.org/10.1016/j.compbiolchem.2025.108475
https://www.ncbi.nlm.nih.gov/pubmed/40315768
https://doi.org/10.1016/j.envpol.2025.127453
https://www.ncbi.nlm.nih.gov/pubmed/41319915
https://doi.org/10.1097/JS9.0000000000003476
https://www.ncbi.nlm.nih.gov/pubmed/40981471
https://doi.org/10.7759/cureus.109142
https://www.ncbi.nlm.nih.gov/pubmed/42317952
https://doi.org/10.1111/jcpe.14194
https://www.ncbi.nlm.nih.gov/pubmed/40830987
https://doi.org/10.3389/fmicb.2025.1729708
https://www.ncbi.nlm.nih.gov/pubmed/41425927
https://doi.org/10.1186/s12903-025-06663-2
https://www.ncbi.nlm.nih.gov/pubmed/40770330
https://doi.org/10.1093/ibd/izag021
https://www.ncbi.nlm.nih.gov/pubmed/41706015
https://doi.org/10.3390/antiox15080951

Antioxidants 2026, 15, 951 54 of 54

282.

283.

284.

285.

286.

287.

288.

Wryatt, N.J.; Watson, H.; Anderson, C.A.; Kennedy, N.A; Raine, T.; Ahmad, T.; Allerton, D.; Bardgett, M.; Clark, E.; Clewes, D.;
et al. Defining Predictors of Responsiveness to Advanced Therapies in Crohn’s Disease and Ulcerative Colitis: Protocol for the
IBD-RESPONSE and Nested CD-metaRESPONSE Prospective, Multicentre, Observational Cohort Study in Precision Medicine.
BM] Open 2024, 14, e073639. [CrossRef] [PubMed]

Azulay, A.; Gotesdyner, L.; Aharoni-Frutkoff, Y.; Focht, G.; Talmor, Y.; Borenstein, E.; Plotkin, L.; Orlanski-Meyer, E.; Lev-Tzion,
R.; Ledder, O.; et al. Multi-Omics-Based Machine Learning Model Predicts Response and Guides Treatment in Crohn Disease:
A Case Study in Nutritional Therapy. Inflamm. Bowel Dis. 2026, 32, 1513-1523. [CrossRef] [PubMed]

Medearis, N.A.; Zhu, S.; Zomorrodi, A.R. BiomeGPT: A Foundation Model for the Human Gut Microbiome. bioRxiv 2026.
[CrossRef]

Chiantera, V.; Lagana, A.S.; Basciani, S.; Nordio, M.; Bizzarri, M. A Critical Perspective on the Supplementation of Akkermansia
Muciniphila: Benefits and Harms. Life 2023, 13, 1247. [CrossRef] [PubMed]

Lupusoru, R.; Moleriu, L.C.; Mare, R.; Sporea, I.; Popescu, A.; Sirli, R.; Goldis, A.; Nica, C.; Moga, T.V.; Miutescu, B.; et al.
AI-Guided Multi-Omic Microbiome Modulation Improves Clinical and Inflammatory Outcomes in Refractory IBD: A Real-World
Study. Int. J. Mol. Sci. 2025, 27, 201. [CrossRef] [PubMed]

Pérez-Cuervo, A.; Lacruz-Pleguezuelos, B.; Coleto-Checa, D.; Marcos-Zambrano, L.J.; Pau, E.C.d.S.; Martin-Segura, A. Rela-
tionship of the Microbiome with Neurodegenerative Diseases: Development of Al Tools to Detect Alzheimer’s. medRxiv 2025.
[CrossRef]

Xu, J.; Mao, C.; Hou, Y.; Luo, Y;; Binder, J.L.; Zhou, Y.; Bekris, L.M.; Shin, J.; Hu, M.; Wang, F,; et al. Interpretable Deep Learning
Translation of GWAS and Multi-Omics Findings to Identify Pathobiology and Drug Repurposing in Alzheimer’s Disease. Cell
Rep. 2022, 41, 111717. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox15080951


https://doi.org/10.1136/bmjopen-2023-073639
https://www.ncbi.nlm.nih.gov/pubmed/38631839
https://doi.org/10.1093/ibd/izag060
https://www.ncbi.nlm.nih.gov/pubmed/42086326
https://doi.org/10.64898/2026.01.05.697599
https://doi.org/10.3390/life13061247
https://www.ncbi.nlm.nih.gov/pubmed/37374030
https://doi.org/10.3390/ijms27010201
https://www.ncbi.nlm.nih.gov/pubmed/41516078
https://doi.org/10.64898/2025.12.19.25342688
https://doi.org/10.1016/j.celrep.2022.111717
https://www.ncbi.nlm.nih.gov/pubmed/36450252
https://doi.org/10.3390/antiox15080951

	Introduction 
	Micro- and Nanoplastic-Induced Damage to the Oral–Gut–Brain Axis 
	Nrf2 Activation as a Key Mechanism of Cellular Resilience 
	Nutritional Approaches to Mitigate MNP-Induced Toxicity 

	Narrative Review Strategy and the Selection Criteria for Functional Nutrients 
	The Oral–Gut–Brain Axis 
	Dysbiosis and Neurodegeneration 
	Nutritional Modulation of the Oral–Gut–Brain Axis 

	MNPs Promote Barrier Dysfunctions and Gut Microbiome Alterations 
	MNP-Driven Inflammation and Oral–Gut–Brain Axis Disorders 
	MNP Oral and Intestinal Inflammation 
	Periodontitis and Oral Dysbiosis 
	MNP Exposure and Inflammatory Bowel Disease Susceptibility 
	MNP Exposure and Alzheimer’s Disease Risk 

	Functional Foods, Nrf2 Signaling, and Cellular Resilience: Emerging Evidence for Oral–Gut–Brain Axis Health 
	Artichoke 
	Preclinical Evidence on Artichoke 
	Clinical Evidence on Artichoke 

	Quinic Acid 
	Preclinical Evidence on Quinic Acid 
	Clinical Perspectives on Quinic Acid 

	Opuntia ficus-indica 
	Preclinical Evidence on Opuntia ficus-indica 
	Clinical Evidence on Opuntia ficus-indica 

	Spirulina (Arthrospira platensis) 
	Preclinical Evidence on Spirulina 
	Clinical Evidence on Spirulina 

	Pterostilbene 
	Preclinical Evidence on Pterostilbene 
	Clinical Perspectives on Pterostilbene 

	Icariin 
	Preclinical Evidence on Icariin 
	Clinical Perspectives on Icariin 


	The Synergistic Role of Probiotics, Polyphenols, and Prebiotics in the Oral–Gut–Brain Axis 
	Probiotics and Nrf2 Signaling 
	Probiotics and Periodontal Health 
	Prebiotics and Clinical Evidence 

	Functional Foods as Autophagy Modulators: Role of Longevity and Healthy Aging Medicine 
	Autophagy and Cellular Resilience 
	Bioactive Compounds Targeting Autophagy 
	Probiotics and Autophagy 

	Advances in Precision Nutritional Medicine: A Multi-Omics Approach in the Oral–Gut–Brain Axis 
	NFE2L2 and KEAP1 Genetic Variants Modulated by Functional Foods 
	Oral and Gut Microbiome-Related Differences in Response to Precision Nutritional Interventions 
	Metabolomics-Based Nutritional Approaches 
	Precision Nutrition to Translate from Preclinical Data into Clinical Applications in Human Populations Exposed to MNPs 

	Artificial Intelligence in Precision Nutritional Medicine 
	AI-Driven Strategies for Alzheimer’s Disease 
	AI to Detect AD Biomarkers and Predict Cognitive Decline 
	AI to Detect MNPs in the Oral–Gut Microbiome Axis 
	AI and Molecular Mechanisms of MNPs Inducing Periodontitis 
	AI and Molecular Mechanisms of MNPs Inducing Ulcerative Colitis 

	AI and Clinical Translation in the Oral–Gut–Brain Axis 
	AI and Clinical Translation in Periodontitis 
	AI and Clinical Translation in IBD 
	AI and Clinical Translation in AD 

	Challenges and Limitations of the Study 
	Available Human Evidence and Translational Perspectives 
	Conclusions 
	References

