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Abstract: Nanoplastics (NPs) represent an escalating hazard to both humans and the ecosystem due
to their pervasive presence. This review delves into (i) the widespread occurrence of NPs across
the different environmental matrices, including food; (ii) routes and estimates for human exposure;
(iii) the mechanisms of blood–brain barrier (BBB) crossing; and (iv) implications for human health,
with a specific focus on molecular features associated with neurotoxicity and neurodegenerative
processes. The impact of NPs on the central nervous system, their ability to cross the BBB and the
underpinning mechanisms, the potential to initiate neurotoxicity by fostering β-amyloid aggregation,
and their interactions with metallo-enzymes (such as superoxide dismutase) are elucidated. The
analysis of transcriptomics and epigenomic results, including microRNA dysregulation, unveil how
NPs could contribute to neurological disorders. The need for considering overlaps among diverse
pathogenetic mechanisms when probing the effects of NPs is discussed. Additional urgent needs are
the development of reliable in vitro models for neurotoxicity studies able to mimic the complexity of
the nervous system and the exposure of such models to more environmentally relevant NPs. Finally,
the development of extremely sensitive detection and analysis methodologies to quantify NPs in
environmental and biological matrices is a pressing priority.

Keywords: nanoplastic; environment; human health; blood–brain barrier; molecular mechanism;
neurotoxicity; neurodegeneration

1. Introduction and Focus of the Review: From the Environment to Molecular
Interactions of Plastic Particles

Plastic has been a fundamental and omnipresent material, providing numerous socio-
economic benefits due to its multifaceted attributes. However, worldwide plastic produc-
tion has surged by nearly 200-fold, from 2 million tons in 1950 to nearly 390 million tons
in 2021, enforced by economic and population growth, particularly in emerging regions
such as China, the Middle East, and Africa (PLASTICS—THE FACTS, 2022). Consequently,
plastic pollution is of central concern on the global environmental agenda, prompting
European and international agreements and regulations aimed at curbing plastic usage and
bolstering recycling efforts [1].
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For instance, the European Chemical Agency (ECHA) recently unveiled a timetable
for restricting intentionally added microplastics, effective from September 2023, aimed
at curtailing intentional release [2]. However, while these regulatory interventions are
imperative, they fail to address the issue of existing plastic particles permeating all envi-
ronmental matrices. Noteworthy, plastic particles in the environment undergo mechanical
and chemical–physical degradation, and for certain types of polymers, biodegradation.
These phenomena cause increasing fragmentation, leading to the formation of smaller
plastic particles, from macro to micro and nano sizes [3]. In this review, recent knowledge
on the diffusion of nanoplastic particles in different matrices is firstly critically examined,
although literature papers and reviews are mainly available on microplastics (MPs) rather
than on nanoplastics (NPs). This mainly appears to be due to instrumental and tech-
nological limitations for detection and analyses of NPs in different environmental and
biological matrices.

The aim is to give an in-depth and critical analysis on NPs’ neurotoxic effects and
implications for neurodegenerative disorders at the molecular level, merging different
fields of research to achieve a global comprehension. The review’s starting point is from a
macroscopic perspective encompassing the occurrence of NPs and, unavoidably, of MPs
into various environmental matrices, progressing to the exposure pathways of NPs and
consequent molecular effects impacting human health.

In particular, the primary focus lies on an overlooked aspect: the capability to cross
barriers, mostly the blood–brain barrier; the accumulation into brain target cells; and
the interaction at the molecular level with biological structures and functions leading to
impairment of neuronal features.

Major gaps are identified regarding the mechanisms of blood–brain barrier (BBB)
crossing; the molecular mechanisms and interactions of NPs with key enzymes and proteins
involved in neurodegenerative processes; as well as the dysregulation of pathways, genes,
and epigenetic factors by these smaller plastic particles.

2. Definition and Characterization of Plastics

Color, flexibility, lightness, and durability are among the primary characteristics
that drive the utilization of plastic polymers. Various categories of plastics, as classi-
fied by the Society of the Plastics Industry, e.g., polyethylene terephthalate (PET), high-
density polyethylene (HDPE), polyvinyl chloride (PVC), low-density polyethylene (LDPE),
polypropylene (PP), polystyrene (PS), and polycarbonate (PC), along with polylactide and
nylon, are available. These particles comprise solid plastic composed of polymer blends
and functional additives, potentially containing residual impurities [4].

As per the International Organization for Standardization, nanomaterials are defined
as substances with dimensions in the nanoscale or possessing internal or surface structures
within the nanoscale range [5]. The term “nanoscale” refers to sizes ranging approximately
from 1 nm to 100 nm. Recently, a revised definition has been proposed, describing NPs as
particles ranging from 1 to 1000 nm and originating from mechanical–physical–chemical
fragmentation of industrial plastic items [6]. In this review, we regard MPs as plastic parti-
cles smaller than 5 mm and NPs as even smaller particles ranging from 1 to 100 nanometers,
as defined by the European Food Safety Authority [7]. However, the precise definition
of these plastic materials remains subject to debate. Therefore, a formal reassessment
by competent authorities, such as the International Organization for Standardization, is
advisable in the near future, considering that the varied sizes of plastic particles and their
consequent area-to-mass ratios confer varying chemical and physical properties which can
have divergent impacts on biological contact and chemical adsorption. In addition, another
relevant feature of NPs to be considered in view of their potential toxicity is represented
by their physical and chemical properties and the role of the corona [8]. High surface area
and surface energies along with the propensity of NPs to interact with molecules, proteins,
and biological probes could, in fact, invalidate laboratory analyses and give artefactual
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results [9]. In addition, the analysis of NPs in complex mixtures such as sea spray is even
more complex because of the ionization and speciation of the aerosol matrix [10].

3. Presence of Micro- and Nanoplastics in Environmental Matrices and Food

In recent years, research has evidenced that plastic particles are omnipresent, and
consequently, they are discovered in nearly all environmental matrices upon investigation.
The abundance of plastic materials is so significant that the scientific community has coined
the term “Plasticene” to define the current historical era [11].

Recent reports estimate that, worldwide, 13 million tons of plastic waste (fossil-based,
recycled, and bio-based) enter aquatic ecosystems, such as rivers and oceans [12].

Water, air, soil, and food are environmental determinants of human health to which an
individual is exposed in daily life. The negative qualities of these determinants, such as the
pollution of these matrices by plastic particles, adversely affect human health [13].

The ingestion of water and food; inhalation of air; and dermal contact with contam-
inated water, textiles, and cosmetics represent major exposure routes to MPs and NPs
(Figure 1).
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From the literature, it emerges that available data are more frequently related to both
plastic particle sizes (MPs and NPs) and to a mix of these two forms and dimensions
sometimes identified in the literature as MNPs (micro–nanoplastics), and not specifically to
the smaller size range, even if, in the bibliographic research in databases (PubMed, Scopus,
WoS), the keywords are focused on NPs. Thus, the subsequent sections consider the three
primary environmental matrices and food through which humans encounter NPs and,
inevitably, MPs.

3.1. Water

Water serves as a major route for the ingestion of plastic pollutants, particularly in
drinking water, including tap water, commercial bottled water, and beverages made with
tap water.

MPs and NPs can occur at various stages as contaminants of drinking water, but
the isolation and analysis of nano-sized particles are complex, and data regarding their
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occurrence are often unavailable [14–16]. In drinking water treatment plants, plastic
particles are mostly detected as fibers [14,16–18] or as spherical and fragmented particles of
1–50 µm in treated water [19] and bottled water, with mean concentrations of 4.23 MPs/L
and 94.37 MPs/L, respectively [20]. Note that the abundance of plastic particles increases
as their size decreases [21]. Huang et al. [22] reported a relatively high volume of spherical
nanoparticles derived from PET bottled water ranging from 60 nm to 5300 µm, but little is
known about the occurrence of nano-scale plastics in drinking water systems, mainly due
to the methodological difficulties mentioned above.

MPs and NPs have also been extensively documented in various aquatic environ-
ments [23], including marine waters [24], surface water bodies [25–27], and wastewa-
ters [28,29]. Plastic debris in the Sargasso Sea was first reported in 1972 [30], and since
then, numerous studies have emphasized how human activities have transformed marine
waters into the ultimate repositories for plastic waste and how plastic particles of different
dimensions accumulate throughout various trophic levels and transport through the entire
food web, not only in the marine environment [31]. NPs were quantified in lakes and
streams in Siberia (mean 51 µg/L) and Sweden (mean 563 µg/L) [32], and particularly,
NPs < 200 nm were found in river waters with average concentrations ranging from 5 to
336 µg/L in Austria and Thailand, respectively. Moreover, NPs were detected in marine
environments from 4.2 to 9.25 µg/L in the Netherlands and China [23], and, intriguingly,
in the Greenland ice core and in Antarctic Sea ice, where the average concentrations of the
NPs were 13.2 ng/mL or ranged from 37.7 to 67 ng/mL, respectively [33].

Municipal wastewater treatment plants act as primary receptors of MPs and NPs, orig-
inating from landfills, industrial effluents, civil discharge (especially fibers from washing
machines), and stormwater before discharge into open waterways [34–36]. Water stirring,
mixing, and pumping generate shear forces, potentially causing MP fragmentation and NP
generation. Mechanical impellers, for example, can fragment MPs from 75 to 300 µm into
smaller particles averaging 0.74–1.88 µm, to the point that NPs released post-wastewater
treatment are at least 40 times higher than the initial NP/MP levels [37]. Over 95% of
MPs > 300 µm are removed through primary and secondary treatments, but to reach a 98%
removal efficacy, tertiary treatment is required [34,38], which many plants lack. Despite
this, it is estimated that around 65 million MPs < 300 µm could still be discharged into
receiving water bodies daily, even with the maximum removal efficacy, due to the vast
volume of wastewater treated globally each day [39], raising concerns about the quality of
open water environments.

3.2. Soil

Plastic particles pose a global concern in agricultural soil ecosystems, impacting soil
biota biodiversity and food security. Agricultural plastic materials, primarily mulch films,
along with irrigation water, street runoff, flooding, sewage sludge, agricultural compost,
soil amendments, and atmospheric deposition, constitute significant sources of MPs and
NPs in soil [40–44]. Modern agricultural techniques, often referred to as “plasticulture”, rely
on plastic to enhance crop productivity, quality, and sustainability, inadvertently leading to
the production, dispersion, and retention of plastic fragments, particularly MPs and NPs,
in rural ecosystems [45].

However, the current database on soil pollution with plastic remains limited due to the
absence of a validated method for plastic detection in soil, stemming from methodological,
instrumental, and applicability constraints. It is estimated that from 63,000 to 430,000 tons
and from 44,000 to 300,000 tons of MPs enter agroecosystems in Europe and in North
America, respectively [46]. Plastic concentrations ranging from 2.38 to 1200 mg/kg have
been reported in compost, while sewage sludge can contain between 1000 and 24,000 plastic
items/kg. Additionally, irrigation with untreated and treated wastewaters, as well as
surface freshwaters, serves as a pathway for MPs and NPs to enter the soil, with varying
estimated concentrations [47].
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Other significant sources of MPs and NPs include roadside waste, illegal garbage
disposal, road runoff, and atmospheric input. Most plastics, especially those larger than
1 µm, are likely to become trapped in the soil, where they can persist for an unpredictable
period, influencing groundwater quality; soil geochemistry; and biota comprising plants,
earthworms, and microorganisms [48]. The fall of airborne MPs near roadsides from
tire wear due to abrasion between the road and rubber further alters the biogeochemical
properties of the soil [49].

To address this emerging problem regarding soil quality, the European Commission
has proposed a mission to ensure that 75% of soils are healthy by 2030, aiming to safeguard
food quality, human health, ecosystems, and climate [50].

3.3. Air

The deposition of plastic particles in the atmosphere encompasses both dry and wet
deposition processes.

Critical sources of plastic particles comprise polymer-modified bitumen utilized
in road pavement, road-marking paint, and emissions from road traffic. Kole and col-
leagues [49] estimate the total mean emissions of tire wear particles to be 0.81 kg/year per
capita, with particle sizes from 10 nm to 100 µm. In another study, airborne particle sizes
near a road ranged from 6 to 562 nm and from 30 to 60 nm when cars were braking, while
no increase in particle concentration was observed during normal driving [51].

It is also worth considering the indoor pollution by NPs that can result from the use of
daily equipment, such kitchen blenders (<500 nm–2 µm) [52], or equipment for professional
purposes, such as 3D printers, which release particles of irregular shapes ranging from 3 to
250 nm [53].

3.4. Food

Food and food contact materials represent significant sources of plastic particles for
human ingestion.

NPs, along with plastic particles of higher dimensions, depending on their composi-
tion, have the capacity to infiltrate various parts of vegetables, such as seeds, roots, leaves,
and fruits. For instance, studies have detected plastic particles in the root cap mucilage
(200 nm) and leaves (100 nm) of lettuce; in the roots (1219.7 nm) and leaves (607.2 nm) of
carrots; in radish roots (300 nm-2 µm); and in seeds and fruits such as peas (20 nm), apples
(2.17 µm), pears (1.99 µm), and cabbage (2.10 µm) [54–57].

Studies have shown the presence of microplastics (MPs) in milk, with concentrations
ranging from 6.5 ± 2.3 to 40 particles per liter (p/L) and dimensions measuring <11–6700 µm.
In the case of honey, there is significant variation in microplastic concentrations, with ranges
from 10 to 9000 µm and from 22–76 to 36–114 p/kg for craft or industrial origin, respectively.
Similarly, sea salt demonstrates considerable variability in contamination levels, ranging
from a few particles to 31,680 p/kg and dimensions varying from 1 to 9360 µm [15].

Mortensen and co-authors reviewed the presence and concentrations (as p/g) of MPs
and NPs in oysters and bivalves and report that oysters and other bivalves contain MPs of
<1–250 µm and 0.2 to 5.8 p/g wet weight. In particular, mussels have been found to contain
MPs from 0.12 to 2.3 p/g wet weight [14]. Data on wild-caught fishes indicate varying
contamination levels, with values ranging from 0.43 ± 0.69 p/individual in 24 different
species from the East China Sea to 14–94 p/individual in Taiwan. It is worth noting that
these concentrations are primarily derived from analyses of the gastrointestinal tract and
gill tissues rather than edible tissues [58].

Moreover, food containers have been studied, and research conducted in China
revealed that PP packages hold particles from 3 ± 1.13 to 38 ± 5.29 mg/pack in dis-
posable plastic bags, and in PS packaged meat from 4 to 18.7 p/kg [59,60]; particles of
113 nm–31.7 µm in PE, PS, and PP food containers were also observed [61]. The heat from
hot food and beverages stored in plastic containers accelerates the release of MPs and
NPs. For example, Ranjan et al. [62] reported the release of 25,000 MPs into 100 mL of hot
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water within 15 min from a paper cup, along with 102 ± 21 × 106 sub-micron particles
(105 nm–4.2 µm). Containers made of PP, PS, PE, and PET present MPs ranging from 3 to
29 items per container [63]. Even PP feeding bottles can harbor over 16 million p/L [64],
while plastic teabags release roughly 11.6 billion MPs and 3.1 billion NPs into a cup at
brewing temperature [65,66].

Plastic degradation from packaging and cross-contamination are the primary path-
ways through which MPs and NPs infiltrate food sources. Once ingested, these particles
can undergo fermentation by gut microbiota, particularly within the upper gastrointestinal
tract [67]. Understanding the extent to which MPs and NPs permeate both the environment
and the food chain is crucial for assessing their potential risks to human health.

4. Human Exposure through Different Routes

Human exposure to plastic particles is based on generalized estimations and pooled
data derived from literature mainly on MPs, which unavoidably suffers from crude as-
sumptions and simplifications, since exposure is highly subject- and lifestyle-dependent or
based on human standard food intake. Nevertheless, estimations on exposure to MPs are
useful to represent indirectly the exposure to NPs, which most likely could be even higher
and undetermined because of the biased methods of analyses [65].

Domenech and Marcos [68] demonstrated that ingestion is the most studied pathway,
but other means of exposure to MPs and NPs, such as inhalation and dermal contact,
should not be neglected. Fruits, vegetables, meat, fish, grains, legumes, and water consti-
tute the fundamental human diet. It is estimated that the intake of particles through the
consumption of vegetables and fruits amounts to an average of 132,740 particles per gram
(p/g) of MPs and NPs in five frequently consumed fruits and vegetables (apples, pears,
broccoli, lettuce, and carrots). Considering these food categories and complying with the
WHO recommendation of a daily intake of at least 400 g of fruit and vegetables, an average
of around 53 million particles/day (p/d) are ingested [68,69]. Evaluating approximately
15% of Americans’ caloric intake, Cox et al. [20] estimate that MP consumption ranges
from 39,000 to 52,000 p/y depending on age and sex, increasing to 74,000 and 121,000 p/y
when inhalation is considered. Additionally, individuals who follow recommended water
intake through only bottled sources may be ingesting an additional 90,000 p/y instead of
4000 p/y in case of only tap water consumption. Other authors report high variability in the
numbers of MPs and NPs in both bottled and tap water. Regarding the extent of exposure
to plastic particles, the following data on mean concentrations obtained by various method-
ologies are reported, clearly showing different orders of magnitude. An average of 325 p/L
was detected in 259 samples from 11 different brands of bottled water purchased glob-
ally [26], while Oßmann et al. [70] and Zuccarello et al. [71] detected 2649 ± 2857 p/L and
5.42 × 107 ± 1.95 × 107 p/L in bottled water, respectively. Kosuth et al. [72] detected
3.57 ± 1.79 p/L in tap water. Considering these estimates, humans ingest around 13.5 million p/L
in single used bottled water and a total of around 27 million p/d, assuming a daily intake of
2 L of bottled water [73]. The lack of standardized methods for identifying and quantifying
MPs and NPs clearly is the cause of this significant variability in exposure data [68]. The
actual numbers of MPs and NPs in drinking water have yet to be fully evaluated, but
according to Zhang et al. [74], a human intake of almost 5 thousand p/y per person could
be estimated for direct consumption. Additionally, food processing should be considered,
as drinking water could contribute to the MPs and NPs content in processed food items.
A range from 9.77 p/kg to 506 p/kg of MPs and NPs in table salt is reported [75,76], and
humans would ingest 0.714 p/d with a consumption of 5 g per day (g/d) for healthy adults.
In sugar, Liebezeit and Liebezeit [77] measured 217 fibers/kg and 32 fragments/kg, sug-
gesting that humans could ingest around 2150 fibers/year and around 320 fragments/year
with a consumption of 27 g/d per capita [78]. A general exposure of over 50 to billions of
fibers/day, depending on dietary habits, is estimated [79].

Considering an airborne concentration of MPs and NPs of about 0.7 particles per
cubic meter (p/m3), a respiratory frequency of 12 breaths per minute, and a tidal volume
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of 0.5 L, the inhalation rate is roughly 8 cubic meters per day, leading humans to inhale
approximately 5900 p/d. However, this estimation of airborne MPs and NPs depends on
various factors, such as sampling methodologies, air renewal rates, human and cleaning
habits, furniture, and even the use of masks for extended periods, as occurred during
the COVID-19 pandemic [68]. Morgana et al. [80] evidenced the release of spherical
submicrometric particles from discarded face mask fabrics, mostly comprising nano-sized
ones (size classes 0.1–0.5 µm and <0.1 µm), at values (2.1 ± 1.4 × 1010 items/mask) notably
higher than those found for MPs (>100 µm) by microscopy (1.2 ± 1.07 × 104 items/mask).

Additionally, in some work environments, the likelihood of exposure to MPs and NPs
produced by both mechanical and environmental deterioration of plastic goods, as well as
by MPs and NPs present in printer inks, spray paints, injection moldings, and abrasives, is
increased [81]. Dris et al. [82] observed a higher indoor concentration of MPs or NPs (1.0
and 60.0 fibers/m3) in private residences and public offices compared with the outdoor
concentrations (0.3 and 1.5 fibers/m3).

Besides oral intake and air inhalation, dermal exposure to NPs can occur through
taking a shower with water or using personal care products, but the variability of the
analyzed conditions makes it difficult to establish the real situation. Nanoparticles, com-
prising NPs < 40 nm, may enter the body through the epidermal barrier. In care products,
concentrations of MPs and NPs range from 2.15 up to 3.11 million p/g [83,84].

Assuming a deposition ratio ranging from 36 to 1008 p/m2 per day, with an average
value of almost 370 p/m2 per day, and taking into account the continuous release of fibers
from clothing, dermal contact with MPs and NPs is evident, even if not well quantified [68].

Data on human exposure to MPs and NPs are controversial because they refer to
specific conditions, whereas plastic particles can be identified in many more items and
processes. Therefore, current data on human exposure should be considered as indicative
and could serve as a guideline for studies that aim to assess human toxicity.

5. Neurodegenerative Diseases and Environmental Factors

Neurodegenerative diseases pose a significant public health challenge, affecting mil-
lions of individuals globally. This group of disorders, which includes Alzheimer’s disease
(AD), Amyotrophic Lateral Sclerosis (ALS), Huntington’s disease (HD), and Parkinson’s
disease (PD), among others, presents symptoms such as memory loss, impaired motor
function, and cognitive decline. The hallmark of these diseases is the progressive loss of
neurons in the central and/or peripheral nervous system [85].

While genetic factors have long been associated with these conditions, research un-
derscores the crucial role of environmental influences in their onset and progression. For
instance, while the causes of ALS are largely unknown, approximately 5 to 20% of cases (fa-
milial cases) have been linked to mutations in identified genes. However, for the remaining
95–80% of cases (sporadic cases), a combination of genetic and environmental factors likely
contributes to disease development [86–88].

Potential environmental determinants include, but are not limited to, exposure to
cyanotoxins, electromagnetic fields, and various chemicals such as pesticides, solvents,
heavy metals, and selenium. Studies have investigated the association between traffic-
related air pollution and increased ALS risk in the US, as well as the impact of long-term
exposure to air pollutants like PM2.5, NOx, and NO2 on ALS risk [89]. Emerging evidence
also suggests that exposure to air pollution, which contains components like ultrafine
particulate matter (UFPM), could contribute to neurodegenerative diseases such as AD,
PD, Multiple Sclerosis (MS), and Motor Neuron Diseases (MND), although the evidence
remains inconsistent and limited for MS and MND [90]. While the exact mechanisms are still
under study, both animal and epidemiological research indicate that air pollution exposure
may induce oxidative stress, leading to neurotoxicity and neuroinflammation [91,92]. In
addition to animal and epidemiological studies on air pollutants and brain impairment,
data from in vitro models of target tissues, such as cells of the olfactory mucosa, support
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the implications of air pollutants in neurodegeneration. Indeed, a key route for particles
entry into the brain is through the olfactory epithelium [93].

Recent research has examined the metal content in various environmental compart-
ments and the genetic contribution to ALS among patients living in specific areas [94].
In these areas, metal contaminants have been found to exceed the legal limits in surface
water, wastewater, and soil, supporting the hypothesis that increased ALS incidence may
be linked to environmental metal(loids) contamination along with other environmental
factors. In addition, and further supporting these findings, biomonitoring studies describe
how heavy metals are significantly found in the neurons of patients affected by motor
neuron disease in comparison to controls [95,96].

Interestingly, MPs in the environment are rapidly colonized by bacteria, cyanobacteria,
and microalgae, forming biofilms that alter their surface chemistry and attract environ-
mental metals. Exposure to metal-MPs biofilms can disrupt cell homeostasis, leading to
toxicities. Consequently, imbalances in metal concentrations can result in neuronal network
dysfunction; reactive oxygen species (ROS) production; and mitochondrial damage in
diseases such as PD, AD, and Prion disorder [97].

6. Mechanisms of Plastic Particles’ Transfer to the Central Nervous System (CNS) and
Effects on the Blood–Brain Barrier

Exposure of humans to plastic particles has been estimated to account for over hun-
dreds of thousands particle/year and to accumulate at various concentrations in different
tissues and organs such as the skin, heart, blood, testis, and intestine, among others, ex-
hibiting the ability to accumulate into internal organs/tissues thanks to their ability to
pass through epithelial barriers, as was recently reviewed by De Boever et al. [65]. Stud-
ies on organisms, including mammals, have demonstrated that ingested plastic particles
can diffuse throughout the organism, exerting harmful effects on numerous organs at the
macroscopic, histological, and metabolic levels [98,99]. These particles tend to accumulate
in tissues, particularly in the liver and intestine, leading to cytotoxicity, inflammation,
alteration of genetic expression profiles, and metabolic changes [100]. The digestive tract,
renowned for its absorptive function, offers an efficient route for orally ingested particles
to enter the body, much akin to the mechanisms observed in many oral delivery formula-
tions based on polymeric nanoparticles designed to withstand degradation by enzymes
and acids during transit [101]. To gain entry into the body, both MPs and NPs acquire a
biomolecular corona composed of proteins and other biomolecules that accumulate on their
surface [102]. Consequently, factors such as the size, negative charge, hydrophilicity, and
Van del Waals’ forces of MPs and NPs facilitate their passage through the mucus layer of the
gastrointestinal epithelium and trans-intestinal transport, primarily reliant on endocytosis,
wherein the particles traverse through the cell and are released at the basolateral mem-
brane. In vitro experiments have underscored the ability of PS-plastic particles to traverse
biological plasma membranes, with various sizes (50–500 nm) internalized through diverse
mechanisms such as passive diffusion, endocytosis, and macropinocytosis, as evidenced
by studies on cultured cells [103]. PS-NPs (50 nm) follow a water–phospholipid partition
system and are internalized through endocytosis via the clatrin-and caveolin-mediated
pathways and through micropinocytosis. The lysosomes represent the main accumulation
site, where the plastic particles are transported through an energy-dependent mechanism.
Interestingly, the same authors analyzed the mechanism of NPs release for the first time,
which relies on both lysosomal exocytosis by energy consumption and an energy-free
penetration mechanism [103].

MPs and NPs induce an imbalance in the gut microbiome, characterized by an increase
in harmful bacteria and a reduction in beneficial bacteria, which could compromise the
intestinal barrier. Consequently, certain bacterial products or species may breach into
the bloodstream, potentially causing damage to other tissues and organs [104]. The gut
microbiota may significantly influence the effects of foreign environmental pollutants on
the nervous system. A recent study hypothesizes that NPs ingested through the digestive
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tract could alter the composition of the gut microbiota, subsequently impacting the host’s
rhythmic function and causing damage to the nervous system [105]. Additionally, enteric
neurons, situated in the gut wall, are likely the initial neurons exposed to MPs and NPs,
given their location and involvement in regulating gastrointestinal functions. It is sug-
gested that central neurodegeneration might originate peripherally, with growing evidence
implicating the enteric nervous system in various neurodegenerative disorders such as
Alzheimer’s, Parkinson’s, and prion diseases, possibly mediated by interactions with the
gut microbiome [106–109].

The intestinal absorption pathway serves as a conduit for plastic particle uptake,
potentially leading to their dissemination into non-target organs and tissues via the blood-
stream and systemic circulation, including the CNS. Thus, the involuntary intake of plastic
particles may be a crucial aspect triggering the initial development of neurodegenerative
diseases or accelerating the illness’ progression. The effects of MNPs on enteric neurons’
morphology and functionality have been hypothesized [110,111]. However, even though
these features have not been extensively studied yet, an important advancement in this
field has been made by studying bigger sizes of plastic particles (namely, PET-MPs), and the
effects on the enteric nervous system in animal models have now been demonstrated [112].

The type of corona formed significantly influences the ability of NPs to breach the
blood–brain barrier (BBB) and their overall toxicity. Molecular dynamics simulations
using lipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine as a model of the membrane and
a representative of the BBB demonstrate that polystyrene (PS) plastic particles (5 nm)
can traverse both the gastrointestinal barrier and the BBB swiftly, contingent on their
specific surface coronas [8]. These findings are corroborated by in vivo mouse models,
which indicate the presence of nanometric-sized PS particles in brain tissues as early as
2 h post-exposure. Size is another critical determinant influencing the capacity of plastic
particles to penetrate the BBB, with only particles measuring 293 nm being absorbed
by the gastrointestinal tract and capable of breaching the BBB in mice models exposed
to a mixture of different sizes of MP and NP particles (9.55 µm,1.14 µm, 293 nm) [8].
Synthesized fluorescent PS-NPs (30–50 nm) can reach brain tissues of orally exposed
mice [113], suggesting that the gut–brain connection is pivotal in oral exposure to plastic
particles and brain damage caused by NPs. Recent advances [114,115] using in vivo (mouse)
and in vitro models (i.e., bEnd.3 endothelial cells from mouse brain tissue or hCMEC/D3
cells, recognized as a cell line for human BBB model) confirm the ability of PS-NPs to
cross through the BBB and clarify the underlying mechanisms [115]. PS-NPs 50 nm in
size, characterized by transmission electron microscopy and scanning electron microscopy,
reduce the transendothelial electrical resistance by altering the expression of the scaffold
protein zona occludens-1 (ZO-1), responsible for the actin cytoskeleton’s connection to the
transmembrane protein occludin, which preserves the integrity of the BBB. The molecular
analyses further suggest that pathways of ferroptosis, iron-mediated cell death which
adversely affects brain function (see, e.g., [116]), is related to BBB disruption [114]. The
internalization of PS-NPs (100 nm) was evidenced in a neuronal model (mouse hippocampal
neuronal cells, HT22), leading to decreased cell viability [117]. In addition, studies both in
mice and in vitro demonstrate the ability of PS-NPs to accumulate and activate microglia
cells, which in turn leads to neuronal damage [115].

Given the BBB’s pivotal role in shielding the brain from harmful substances, its
compromise can precipitate various neurological issues. Therefore, the short-term health
ramifications of NPs warrant consideration, as their presence in the brain may precipitate
cognitive impairment, neurological disorders, and neurotoxicity, ultimately impeding brain
function [118].

Furthermore, the intestinal tract, beyond its role in digestion and nutrient absorption,
serves as a crucial interface between the organism and the environment. It also facilitates
communication with the CNS through the so called “gut–brain axis”, a complex network
where neuroendocrine and immunological signaling pathways, along with bidirectional
neural mechanisms, interact, influenced by the gut microbiome, potentially impacting
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brain damage and neuroinflammatory processes. These factors modulate various processes,
including neuroinflammation, aberrant BBB permeability, microglial activation, immune
system responses, and mitochondrial dysfunction, all of which are critical to the progression
of brain-related pathologies [119–121].

Neurodegenerative processes may be initiated by the enteric nervous system, the
vagus nerve, and the bloodstream through neuroactive compounds such as serotonin
or dopamine, as well as cytokines [122]. These pathways’ activation, demonstrated for
ambient ultrafine particulate matter (UFPM) and the transfer of iron from UFPM into the
brain, and for several metals transiting via olfactory receptor neurons from the nasal lumen
to the olfactory bulb, could similarly be exploited by plastic particles [123,124].

In addition to BBB crossing, using in vivo pregnant rat models exposed to PS-NPs
(30–50 nm), the ability of NPs to cross placental barriers and transgenerationally accumulate
into the brains of fetuses has just been demonstrated [125].

Thus, as summarized in Table 1, the recent advancements with in silico, in vitro
(mammalian and human cells), and animal models (mouse and rat) demonstrate the ability
of NPs, even those of bigger dimension (293 nm), to cross the BBB and accumulate in
the brain. When translating these findings from the biological models to humans, a great
concern emerges regarding the possible neurotoxic effect and neurodegenerative process
of NPs.

Table 1. Overview of nanoplastic particles’ effects on the blood–brain barrier (BBB) and on brain
accumulation in computational and mammalian in vivo and in vitro models.

Plastic Particle Size Plastic Type Model Used Target and Effect Reference

5 nm PS Computational model Gastrointestinal barrier and BBB crossing [8]

30–50 nm PS Mouse Brain accumulation (hippocampus) [113]

30–50 nm PS Rat primary culture of microglia Internalization, microglia activation,
and neuroinflammation [113]

25 and 50 nm PS Pregnant rat Transgenerational accumulation in the
brains of fetuses [125]

50 nm PS RBL-2H3 cells (rat basophilic
leukemia cells)

Cell membrane crossing and delivery
to lysosomes [103]

50 nm PS Mouse Brain accumulation [115]

50 nm PS
hCMEC/D3 human cerebral

microvascular endothelial cells
(BBB model)

Internalization, tight junction disturbance,
decreased occludin

expression, necroptosis
[115]

50 nm PS Mouse Increased permeability and
BBB disruption [114]

50 nm PS Mouse b.End.3 endothelial cells
(BBB model)

BBB disruption by
ferroptosis contribution [114]

100 nm PS Mouse hippocampal neuronal
HT22 cells Internalization and decreased viability [117]

293 nm * PS Mouse Presence of particles in brain tissues [8]

* Referred to by the authors as NPs.

7. Molecular Effects of Nanoplastics in Processes of Neurotoxicity
and Neurodegeneration

Environmental and food data are largely available on MPs and MNPs rather than NPs.
In fact, the detection in environmental samples and even more in human tissues and organs
of smaller-sized plastic particles (NPs) is currently limited by technology, which should be
improved for a better understanding of NPs’ burdens in terms of quantities and polymer
type. However, due to recent data that demonstrate the ability of NPs to pass barriers and
exert (neuro)toxicological effects, the following sections are specifically dedicated to the
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neurotoxic and possible neurodegenerative effects of NPs. Therefore, the focus is on NPs
which are able to pass the BBB, as described in Section 6 and summarized in Table 1, and to
affect brain and neuron functions.

7.1. In Vitro and In Silico Interaction of Nanoplastics with Superoxide Dismutase and Amyloid
Protein Formation: Implications for Oxidative Stress and Neurodegeneration

The central nervous system (CNS) is particularly susceptible to oxidative imbalance
owing to its abundance of polyunsaturated fatty acids, high metabolic oxidative rate, and
elevated content of transient metals and ascorbate levels, collectively acting as pro-oxidants.
Nonetheless, the CNS possesses relatively fewer antioxidant systems compared to other
organs [126]. Substantial evidence underscores the roles of inflammation and oxidative
stress as prominent features in AD, PD, and ALS, linking oxidative stress to neuronal death
and neural dysfunction. Notably, mitochondrial dysfunction also features prominently in
these diseases, likely playing a critical role in generating and amplifying reactive oxygen
species (ROS), thereby contributing to the pathophysiology of these diseases [127,128].

Numerous genes have been implicated in the onset of neurodegenerative diseases,
with mutations in superoxide dismutase (SOD) genes identified in ALS patients, present
in nearly 20% of familial cases. The SOD family proteins represent one of the primary
lines of defense against oxidative stress in organisms, with most oxygen-reliant organisms
expressing at least one SOD isoform. This family of metalloenzymes acts as antioxidants by
scavenging superoxides (e.g., O2•−), and deleterious mutations have been shown to alter
SOD1 activity, resulting in the accumulation of highly toxic hydroxyl radicals. Mammals
possess three isoforms of SOD: cytoplasmic Cu/ZnSOD (SOD1), mitochondrial MnSOD
(SOD2), and extracellular Cu/ZnSOD (SOD3), all of which necessitate catalytic metals
(Cu or Mn) for activation [129]. The consequences of NPs’ interactions with proteins have
been investigated and described, including protein corona formation, NPs-induced co-
alescence, and alterations in secondary protein structure [112]. Of particular relevance
to neurotoxic and neurodegenerative processes is the interaction of plastics with the key
enzyme superoxide dismutase (SOD), with recently described structural and functional
consequences [130]. These authors employed PS microspheres of 70 nm (PS-NPs) and
conducted binding studies on purified SOD1, the Cu/Zn isoform, employing multispectro-
scopic approaches (UV-vis, circular dichroism, fluorescence emission spectra). Addition of
PS-NPs induces peptide bond alterations in the backbone of SOD1, loosening and unfolding
its structure. PS-NPs alter the secondary structure of SOD1, affecting the enzyme’s percent-
age of α-helix, β-sheet, β-turn, and random coil. Moreover, PS-NPs and SOD form new
complexes, leading to larger aggregate sizes. At varying concentrations of NPs, structural
alterations contribute to increased SOD1 activity [130]. The underlying hypothesis suggests
that, with increased PS-NPs concentrations, aggregate sizes enlarge, loosening the skeletal
structure of SOD1 and facilitating substrate entry into the enzyme’s active center. However,
elevated SOD activity, without a concomitant rise in catalase levels, may escalate the Fen-
ton reaction, generating hydroxyl radicals from hydrogen peroxide, thereby heightening
oxidative stress [131]. Catalase serves as a crucial enzyme in the pathway for ROS removal,
converting hydrogen peroxide into water and molecular oxygen. The interaction of catalase
with NPs and ensuing enzymatic activity assumes particular significance. Multispectral
approaches and enzyme activation assays reveal alterations in catalase’s internal structure
and a corresponding decrease in enzyme activity upon exposure to polystyrene NPs [132].
These findings complement the depiction of an ROS-enriched environment devoid of key
enzymes crucial for their removal, conditions intimately linked to neurodegeneration. Both
NP size (20–1000 nm) and different concentrations (2–16 mg/L) can differentially impact
SOD activity and structure [133]. Smaller NPs are more prone to inducing SOD coalescence
and a looser SOD skeleton. With increasing NP concentrations, enhanced binding with the
enzyme’s metal active site is observed, resulting in reduced SOD activity. The observed
effects can be summarized as NPs binding to SOD, inducing changes in the enzyme’s
conformational structure, ultimately affecting the activity of superoxides’ removal of this
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pivotal enzyme. However, it is important to note that Wang and collaborators [133] in-
cluded and classified plastic particles of 500 and 1000 nm into the NPs, but what is relevant
is that they observed major effects on SOD skeleton due to the smaller size.

NPs not only interact with the three-dimensional structure of antioxidant enzymes,
but also alter the polarity around tyrosine residues in SOD. In 2009, the role of a highly
conserved tyrosine residue (Tyr34) on human SOD2 (MnSOD) structure and catalysis was
elucidated [134]. Intriguingly, mutational studies substituting Tyr with residues possessing
varying polarity (e.g., Asp, Phe, Val) substantially diminished the catalytic rate constant
for superoxide reduction. Disruption of SOD’s catalytic site affects enzyme activity in a
loss-of-function manner, as was recently demonstrated in vitro. In a human neuronal cell
model, despite the normal expression of SOD1, the protein failed to eliminate ROS [135].

All changes in the catalytic site(s), backbone structure, and polarity of key residues
in SOD suggest a role of NPs in the biotoxicity of these plastic particles concerning key
enzymes associated with neurotoxicity and neurodegenerative mechanisms.

Other common cellular and molecular mechanisms in neurodegenerative diseases
such as AD, PD, and ALS, which have long been recognized, include inclusion body for-
mation and protein aggregation. These aggregates are typically characterized by fibers
containing misfolded proteins with a β-sheet conformation, termed amyloids [136]. Amy-
loidosis primarily manifests in the CNS, although protein aggregates can form and deposit
in various organs or systematically. In silico studies using molecular dynamics simulations
with plastic nanoparticles of different polymer origins have demonstrated interactions with
proteins for different types of plastics abundant in nature as both MPs and NPs, including
PE, PET, PP, and nylon-6,6 [137,138]. Molecular dynamics simulations were conducted
either on two peptides, representing the two most prevalent kinds of secondary structures
in proteins, or on β-amyloid fibril models. The first peptide was a tryptophan zipper,
characterized by a β-hairpin structure resembling β-sheets in proteins, and the second was
an α-helix polypeptide of 12 alanine amino acids, which intrinsically stabilizes α-helices
in proteins. Observations of changes in secondary structure and peptide conformational
rearrangements upon exposure to NPs suggest that PE and, particularly, PP-NPs may delay
fibrillation processes and augment the content of more cytotoxic oligomers, akin to aggre-
gates implicated in amyloidosis. Furthermore, in addition to in silico models, exposure
of human neuroblastoma cells (SH-SY5Y) to 70 nm PS-NPs at very low concentrations
(100 pM) accelerates the nucleation rate of β-amyloid oligomer formation [139], raising
significant concerns regarding NPs’ associations with neurodegenerative diseases.

The protein corona may significantly influence NPs’ behavior and biological interac-
tions, as mentioned before. Consequently, one of the principal challenges in this field is
understanding the composition and structure of the protein corona and its impact on the
biological effects of NPs.

The ability of NPs to cross the blood–brain barrier and accumulate into the brain
(see Section 6), as well as their interactions with protein folding, strongly suggest their
plausible ability to induce the aggregation of amyloid proteins, thereby creating a conducive
environment for neurodegenerative diseases.

Observations of these significant changes at the molecular level in key proteins and
their consequent altered functions underscore the urgent need to expand investigations into
the effects of these materials through further modeling and molecular biological methods,
focusing on additional key enzymes.

7.2. Nanoplastics Affect the Transcriptomics and Epigenomic in Neuronal Models

Transcriptomic analysis serves as a powerful tool for unraveling the intricate regu-
latory networks within cells and identifying specific altered pathways and deregulated
genes. This method enables the simultaneous detection of gene regulation on a large scale,
offering mechanistic insights. Such an approach has been instrumental in understanding
the deregulatory effects of NPs at the gene expression level. From this perspective, the
alterations of gene regulation by NPs in biological in vivo and in vitro models suitable for
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neurological studies are described to achieve a deeper insight into the molecular mecha-
nisms involved in neurotoxicity processes, which could lead to or could interplay with
other factors in neurodegenerative processes caused by these environmental contaminants.

Nearly a decade ago, Hoelting et al. [140] published one of the pioneering papers
describing the effects of PE-NPs with an average particle size of 33 nm on transcripts in a
neural model characterized by a 3D neurosphere system. PE-NPs were found to reduce
the transcript levels of NOTCH pathway genes, including NOTCH1 and HES5, as well as
downstream neuronal precursor genes (NEUROD1, ASCL1, FOXG1). The dysfunction of
these genes results in severe nervous system impairments in mice, particularly affecting
neurodevelopmental functions. More recently, Cho et al. [141] demonstrated that an
imbalance in NOTCH1 signaling might be implicated in AD, where NOTCH1 plays a role
in regulating the proteolytic processing of amyloid precursor protein (APP).

In studies focusing on gene expression and exposure to NPs in animal models,
Liang et al. [142] provided transcriptomics data on isolated nuclei from frozen brains of
adult male C57BL/6 J mice, commonly used in neurobiology studies, which were exposed
to 50 nm pristine PS-NPs. The analysis revealed evidence of Parkinson’s disease-associated
genes among differentially expressed genes (DEGs). Astrocytes exhibited the highest num-
ber of DEGs (597 genes), followed by oligodendrocytes, neurons, and endotheliocytes, with
486, 326, and 280 DEGs, respectively. PS-NPs were found to inhibit multiple biological
processes in a cell-specific manner, including mitochondrial function, proteostasis, ATP
metabolism, and synaptic function regulation. Notably, ATP metabolism was the most
enriched biological process in neurons, while mitochondrial and proteostasis functions
were most enriched in neurons, oligodendrocytes, astrocytes, and endotheliocytes. Fur-
thermore, synaptic function regulation was enriched in astrocytes and endotheliocytes.
Overall, the genes and pathways analyzed by these authors provide a comprehensive un-
derstanding that PS-NPs induce PD-like neurodegeneration through cell-specific pathways
in mouse brains. In the same mouse model, exposure to NPs through the diet revealed
neurotoxic effects by reprogramming circadian rhythm-related genes involving the gut–
brain axis [105]. Key genes involved in PS-NPs neurotoxicity include Camk2g, which
encodes a calcium/calmodulin-dependent protein; Adcyap1, encoding key mediators of
neuroendocrine stress responses; and Per1, a critical gene in circadian rhythms. Thus, the
ingestion of PS-NPs could affect the expression of genes related to circadian rhythms in the
hippocampus through dietary intake, affecting the gut–brain axis, reducing neuroplasticity,
and further causing nerve damage in mice.

These findings in mice offer a distinct perspective on the potential effects of exposure
to NPs through ingestion via contaminated food and water consumption, and further
support the role of the “gut–brain axis” described in Section 6.

Recent studies have examined the gene expression profiles following exposure to
NPs using in vitro neuronal cell models. In one study, different metabolic pathways were
identified in human neural stem cells (hNS1) exposed to 0.5, 2.5, and 10 µg/mL of PS-NPs
for 4 days. The study revealed alterations in stress response genes (hsp27/hspB1, hsp70/hspA5,
and hsp90α), with a notable increase in mRNA expression of hsp27/hspB1, which plays
crucial roles in neurodegenerative diseases such as AD and MS. Additionally, 30 nm PS-
NPs induced altered expression of Cu/ZnSOD1 and catalase, along with inflammatory
and mitochondrial responses in the same in vitro neural model [143]. In another study,
PS-NPs beads (25 nm) were exposed for 1 day to a modified human neuronal cell model
(SH-SY5Y cell line) overexpressing α-synuclein, a protein associated with the formation
of pathological inclusions (Lewy bodies) in the brains of individuals with Parkinson’s
disease. The penetration of PS-NPs into the cells further increased α-synuclein aggregation,
suggesting potential implications for human neurodegeneration [144].

Brain organoids are complex 3D cell models differentiated from human embryonic
stem cells which have emerged as innovative in vitro models for neurodevelopmental
studies and neurological diseases (see, e.g., [145] for a comprehensive review). The tran-
scriptomic analysis of DEGs in this 3D in vitro model exposed to 100 nm PS-NPs reveals
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the molecular mechanisms in which Wnt, PI3K-Akt, and TGF-beta signaling pathways
are the most enriched [146]. The Wnt and PI3K-Akt are recognized signaling pathway in
Alzheimer’s disease [147,148], and TGF-beta is a common feature of neurodegenerative
disorders and particularly in ALS [149].

Important cues as to the comprehension of neurotoxicological effects of NPs derive
from animal models, which can be used to transfer systemic data to humans. Among these,
zebrafish (Danio rerio) is a National Institute of Health (NIH)-validated model organism
for studies in (neuro)developmental toxicology due to its high genomic conservation with
humans, and it represents an emerging model in toxicity studies of MPs and NPs [150].

Exposure of larval zebrafish to PS-NPs (50–200 nm) alters transcriptome analysis,
affecting gene functions related to neurodegeneration and motor dysfunction. DEGs re-
lated to nervous system sub-pathways, including movement disorders, neuromuscular
diseases, morphology of the nervous system, and development of neurons, are affected by
NPs [151]. In the adult model, the same authors observe alterations in movement disorders
and neuromuscular disease pathways, including basal ganglia, dyskinesia, and cerebellar
hypoplasia. Upregulation of the membrane protein trafficking gene ap1s2, involved in
basal ganglia disease in humans, and downregulation of ahi1, associated with cerebellar
development in mice and humans, are induced in adult zebrafish upon exposure to NPs.
Additionally, multiple neuromuscular genes and cytoskeletal genes are downregulated,
while genes related to synaptic signaling and pumps are upregulated. In addition, multi-
ple neuromuscular genes (e.g., skeletal muscle subunit myhb and axonal transport genes
bcd2 and kif1ab, encoding for axonal transport proteins in the opposite directions, retro-
grade vs. anterograde, respectively) and cytoskeletal gene prph are downregulated. PS-NPs
(25–134 nm) at concentrations which can be environmentally encountered (0.1 and 0.5 mg/L)
were exposed to zebrafish to perform a battery of behavioral and gene expression assays.
PS-NPs affected genes of the hypothalamic–pituitary–thyroid axis and of the dopamine
metabolism [152].

These transcriptomics findings in this animal model, with structures and functions ho-
mologous to those of mammals and humans, provide crucial insights into the mechanisms
of NPs implicated in promoting neurological and neuromuscular disorders.

Epigenetic evaluations provide important insights into transcriptomics studies, with
epigenetics encompassing a wide range of heritable changes in gene expression in response
to various environmental factors, such as pollutants, diet, smoke, and lifestyle factors,
without DNA sequence modifications. Key factors controlling gene expression at the trans-
lational and post-translational levels include DNA methylation or hydroxymethylation,
phosphorylation, histone acetylation, and deacetylation, as well as the actions of histone
variants, microRNAs (miRNAs), and long non-coding RNAs (lncRNAs). The emerging
field of neuroepigenetics explores how epigenetic dysregulation contributes to neuronal
death associated with neurodegenerative diseases [153,154].

PS-NPs (44 nm mean size) have been shown to alter the transcriptional profile and
DNA methylation of fibroblasts and human-induced pluripotent stem cells (hiPSCs). Ex-
posure to PS-NPs resulted in the downregulation of the dopaminergic synapse signaling
pathway, which is known to be related to amino acid metabolism and Parkinson’s dis-
ease [155]. Additionally, enrichment analysis of transcriptome data from hiPSCs exposed
to PS-NPs revealed the downregulation of genes associated with the alteration of molecular
functions of metal ion transmembrane transporter activity and voltage-gated cation channel
activity, both of which are key activities related to neuronal functions.

As previously described (Section 4), one of the routes of NP exposure to humans is
through epidermal exposure, with systemic transport allowing for deposition into vari-
ous organs and tissues, including the nervous system. Thus, there is an urgent need to
develop robust human cell models to investigate the potentially harmful effects of NPs
on human health that consider the possible different routes of exposure, such as dermal
contact. The use of fibroblasts and hiPSCs as cell models to identify epigenomic signa-
tures following NPs exposure has been proposed to identify pathways involved in human
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diseases. Transcriptomic and epigenomic signatures can be revealed through RNA-seq
and whole-genome methyl-seq [155]. Fibroblasts and hiPSCs exposed even to low concen-
trations of PS-NPs exhibited cellular responses that might trigger diseases such as cancer
and neurodegeneration, with the ATG7 gene identified among them. Autophagy-related
(ATG) proteins, including ATG7, play crucial roles in protecting against complex diseases
like neurodegeneration, although the precise mechanism by which dysfunctional ATG7
contributes to neurodegenerative diseases in humans remains to be fully elucidated [156].

In both fibroblasts and hiPSCs, differentially methylated regions (DMRs) have been
identified, with hypermethylated or hypomethylated regions. Gene ontology (GO) analysis
for methylation data has revealed genes with the most prominent differentially methylated
regions associated with differential gene expression. Fibroblasts exposed to NPs are affected
in various GO terms related to axon guidance, cell adhesion, synapse assembly, and nervous
system development, indicating potential impacts on neural development and function.

Expanding our understanding to common processes and molecular markers in seem-
ingly different diseases, like carcinogenesis and neurodegeneration, reveals intriguing
insights and shared features. Techniques such as gene expression evaluations and the
identification of different families of microRNAs have unveiled the carcinogenic potential
of pristine PS-NPs [157]. Prolonged in vitro exposure (6 months) of mouse embryonic
fibroblasts, which are sensitive to oxidative stress and prone to transformation progress
(PTP), to 25 µg/mL of PS-NPs leads to stress-related gene expression and deregulation.
Significant downregulation of genes crucial for neurodegenerative processes, such as Sod1,
Sod2, and Nrf2, is observed. The Nrf2 gene product, a transcriptional factor, plays essential
roles in regulating antioxidant defense mechanisms against oxidative stress and is impli-
cated in neurodegenerative disorders [158]. The downregulation of these gene groups
by PS-NPs supports their involvement in neurodegenerative processes. Keap1, another
gene in the pathway activated by pro-oxidant conditions, is also downregulated by PS-NP
exposure, regulating Nrf2 activity and sensing oxidative and electrophilic stresses [158].

MicroRNAs are now recognized as universal regulators of differentiation, activation,
and polarization of microglia and macrophages in both normal and pathological condi-
tions of the CNS. Dysregulation of these small non-coding RNAs, which are involved in
post-transcriptional regulation of gene expression, has been described in various neurode-
generative diseases [159]. Among the most prevalent miRNAs found in neurodegenerative
diseases and their animal models are miR-21-5p (miR-21) and miR-155-5p (miR-155). In-
terestingly, these miRNAs are upregulated in PTP cells exposed to PS-NPs, according to
Barguilla and colleagues [157]. MiR-21 downregulation in animal models has shown a
neuroprotective role by reducing the inflammatory response. However, the dysregula-
tion of miR-21 suggests its complex involvement in neurodegeneration and necessitates
further research. Conversely, miR-155, predominantly upregulated across different neu-
rodegenerative diseases, plays roles in promoting neuroinflammation and may exacerbate
neurodegenerative diseases through inflammatory pathways [159]. In Figure 2, representa-
tive features of NPs’ effects and interactions at the molecular levels are illustrated.

A noteworthy comment and suggestion arising from the analysis of miR dysregu-
lation upon exposure to NPs is to consider processes sharing overlapping dysfunctions
and triggering mechanisms, such as cancer and neurodegeneration. A broader perspec-
tive on the results obtained could aid in identifying subsequent diseases and potential
therapeutic interventions.
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Figure 2. Neurotoxicity and neurodegenerative effects of NPs at molecular level: Interaction of NPs
with superoxide dismutase (SOD) and catalase affect the structure and function of these enzymes,
leading to a high increase in reactive oxygen species (ROS); the NOTCH pathway, involved in
regulating the proteolytic processes of amyloid precursors, is downregulated (red arrow) by NPs;
Nrf2 gene activity is downregulated (red arrow), and the protein coded by this gene is a transcriptional
factor that regulates antioxidant defense mechanisms and has key roles in neurodegenerative diseases;
miR-21 and miR-155, related to neurodegeneration, are upregulated (green arrow); NPs’ interactions
with protein folding can trigger the aggregation of amyloid proteins (β-amyloid).

8. Conclusions and Future Directions

The pervasive presence of plastic particles, particularly NPs, across all environmental
matrices, including food, has sparked significant apprehension regarding human health.
Their ubiquitous distribution and ability to permeate organisms and humans through
various exposure pathways have heightened these concerns. Moreover, the unpredictable
accumulation of NPs within organisms adds another layer of complexity. Compounding
the issue is the challenge of accurately quantifying NPs in complex matrices, especially in
biological samples rich in organic matter. Addressing this necessitates the development of
improved collection and detection methods alongside the advancement of highly sensitive
instrumentation for direct analysis of NPs in environmental matrices, human tissues, or
biological models. While there have been advancements in extracting and quantifying
NPs from certain biological samples [160], there remains substantial room for technological
progress. For these advances, more precise detection of NP levels will follow, providing an
improvement to human risk assessment.

While we acknowledge the newly implemented regulations aimed at curtailing plastic
production and waste, it is important to recognize that these measures do not offer a
definitive solution to the widespread presence of plastic materials to which organisms are
already exposed. At present, no barrier systems are available to definitively block or reduce
plastic’s entry into organisms.

Regarding human health, and particularly neurotoxicity and neurodegenerative im-
plications, great attention should be paid to this central issue, as demonstrated by the
literature [161]. Experimental data from in silico, in vitro, and in vivo models (see Section 6)
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have evidenced the ability of NPs to accumulate in the brain by destroying the BBB’s
molecular structure and permeability. Very interestingly, PS particles of bigger dimensions
(293 nm) have been found in brain tissues of experimental animals, suggesting the relevance
of in-depth studies in this area of concern. Considering the various pathways through
which particulate matter carrying NPs can access the brain, including the olfactory and
trigeminal nerves, the vagal nerve, and the bloodstream, it is conceivable and expected
that plastic particles can also breach the BBB directly through these routes. Similarly, the
routes established for different environmental contaminants present in particulate matter
can be extrapolated to NPs. Therefore, future research should prioritize understanding
the precise mechanisms underlying the accumulation of plastic particles in the brain and
their interactions with various metallo-enzymes involved in other pathogenic processes,
as well as all potential epigenetic mechanisms. This research is pivotal for advancing
our understanding of the neurotoxic and neurodegenerative effects of NPs themselves.
Furthermore, the access of particulate matter to the brain, characterized by multiple organic
and inorganic chemicals, and the environmental interaction of NPs with different pollutants
and metals, pose another critical issue to be explored: the co-presence and co-transport
of multiple chemicals with NPs and the subsequent interplay at the biological level. In
addition, a further level of complexity involves considering the possible synergistic effects
of NPs and the different contaminants to which humans are exposed.

Another important final consideration is to take into account the overlapping of
biological processes leading to different chronic pathologies, such as cancer and neurode-
generation. These considerations open new perspectives on the knowledge of common
pathways and mechanisms, and, therefore, to possible therapeutic solutions.

Lastly, due to the intricate architecture of the nervous system, it is advisable to develop
and implement in vitro models that better reflect the biological complexity to address
neurotoxicity and neurodegenerative mechanistic studies by applying models at different
scales of organization, such as co-cultures, organoids, or microfluidic systems. The use of
animal models is a powerful tool, since it allows for the investigation of aspects such as
behavioral and physiological mechanisms of diseases, but limitations involve the possible
translation of the effects to humans due to inter-species differences [162]. On the other
hand, embryonic stem cells and induced pluripotent stem cells, in vitro models frequently
used in neurodegenerative disease studies, pose concerns due to genetic instability, absence
of epigenetic markers, and ethical issues [163].

Indeed, in addition to epidemiological and animal research, the use of in vitro mam-
malian and even more human cell cultures represent relevant biological models providing
numerous advantages, such as standardized conditions, rapid screening of substances’
toxicity, and understanding the cell and molecular mechanisms. Furthermore, these models
are in accordance with high-throughput testing strategies which provide a large amount of
data useful even for regulatory purposes, and are in compliance with the 3Rs Principles
of Refining, Reducing, and Replacing the use of animal models. In more recent terms, the
NAMs (any non-animal-based approaches), including not only biological models, but also
in silico simulations and any approaches and methodologies that can provide information
on chemical hazards, should be integrated within the Integrated Approaches to Testing
and Assessment (IATA) protocols [164].

Finally, although the studies described herein illustrate directions and suggest clear
mechanistic interactions at a molecular level, it is advisable that future studies utilize more
environmentally relevant polymers, since animal and in vitro studies are mainly based on
PS-NPs. In Figure 3, all advisable future directions are summarized.
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