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ABSTRACT

The production of plastic has dramatically increased in the last 50 y. Because of their stability and durability, plastics are ubiquitously incorporated
in both marine and terrestrial ecosystems. Plastic is acted upon by biological, chemical, and physical agents, leading to fragmentation into small
pieces [i.e., microplastics (MPs) or nanoplastics (NPs)], classified depending on their size. MPs range from 0.1 to 5000 μm and NPs are fragments
between 0.001 to 0.1 μm. MPs and, especially NPs, are easily incorporated into living beings via ingestion. The penetration of MPs and NPs into the
food system is an important issue, for both food security and health risk assessment. Ingestion of different MPs and NPs has been associated with
different issues in the intestine, such as direct physical damage, increased intestinal permeability, diminished microbiota diversity, and increases
in local inflammatory response. However, the potential harmful effects of low-dose dietary plastic are still unclear. Some evidence indicates that
intestinal uptake of plastic particles is relatively low and is mostly dependent on the particle’s size. However, other evidence highlights that NPs
dysregulate key molecular signaling pathways, modify the gut microbiota composition, and may induce important epigenetic changes, including
transgenerational effects that might be involved in the onset of many different metabolic disorders. Until now, experiments have been mostly
performed on marine organisms, Caenorhabditis elegans, and mouse models, but some research indicates accidental plastic dietary consumption
by humans, raising the issue of detrimental health effects of MPs and NPs. This review discusses the impact that MPs and NPs could have on
the intestinal tract and the biodistribution and systemic, cellular, and molecular levels. Accumulated evidence of MPs’ effects on the human gut
suggests that large exposure to MPs and NPs may have phenotypical untoward effects in humans, calling for urgent research in this field. Adv Nutr
2022;13:1310–1323.

Statement of Significance: This review discusses the impact that microplastics (MPs) and nanoplastics (NPs) have on the intestinal tract of
animal models at the systemic, cellular, and molecular levels. Accumulated evidence of MPs’ effects on the human gut suggests that large
exposure to MPs and NPs may lead to similar phenotypes and harmful effects in humans. Concerning gut health, gut microbiota, and their
participation in some inflammatory phenotypes, we review the epigenetic and transgenerational effects of consuming MPs and NPs and their
possible role in metabolic disorders, as well as a potential involvement in the dysregulation of some molecular pathways.
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Introduction
In the last 50 y, the production of plastics has dramatically
increased (1). For instance, in 2019, the worldwide plastic
production was approximately 368 million metric tons (MT),
with 57.9 million MT produced in Europe alone (www.
statista.com). Annual waste production is projected to grow
to 3.4 billion MT in the next 30 y (2). Approximately
40% of total plastic production is for packaging, mostly

as polyethylene, polypropylene, polyethylene terephthalate,
and polystyrene (PS) (3). Plastics help protect food items
from damage and contamination, and ensure the freshness
and safety of foods for human consumption. When no
longer useful, plastics can be reused or recycled (4). Yet, a
large percentage of plastic waste is lost and approximately
10 million tons reach the oceans each year (5, 6), a trend that
increases steadily (7). Plastics, according to the US National
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Park Service, last in the environment for approximately
500 y, while small polymers, such as PS foam, last more than
5000 y (1).

Traditionally, plastics have been considered to be inert
because of their large molecular size, and concerns about
their potential detrimental effects were previously focused
on their involvement as vectors of chemical contaminants,
which may act as endocrine disruptors (8), the ability to ad-
sorb many toxic compounds (9), or because their accidental
intake could produce internal wounds, lesions, or digestive
tract blockage—in turn, promoting a feeling of satiation
resulting in starvation, weakness, and even death in many
animals (particularly marine mammals) (10). However, the
exposure of plastics to biological, chemical, and physical
conditions (such as solar radiation, heat, winds, waves, and
water) leads to their fragmentation into small pieces, termed
microplastics (MPs; referring to plastic particles from 0.1 to
5000 μm) or nanoplastics (NPs; particles ranging from 1 to
100 nm). Plastic fragmentation also facilitates the release of
chemical molecules attached to their surface [e.g., chemical
contaminants and additives (11)]. In addition, antibiotics
and pathogen micro-organisms adhere to plastics and the
formation of microbial biofilms on the plastic surface may
have an impact on human health (12, 13). Of note, plastics
can break yet do not degrade, facilitating their uptake by
organisms. MPs and NPs are easily incorporated into species
(14, 15) via 1) oral exposure (16), 2) direct absorption (i.e.,
by phytoplankton) (14, 17, 18), 3) uptake by gills (e.g.,
crabs) (19), 4) adsorption through the epithelial layer (20),
or 5) inhalation (21). Also, biomagnification of MPs and
NPs in the trophic chain has been reported (15, 22). Until
today, experiments have been mostly performed on marine
organisms, but there is an increasing number of studies that
use different animal models, indicating potential effects of
MP and NP intake on human health.

This article reviews the ubiquity of MPs and NPs and
their potential consequences on food safety and human
health. The potential effects of both MPs and NPs on
gut health are also discussed, including actions on the
gut microbiota and their implication in the inflammatory
framework. In particular, this review outlines that NPs may
easily cross cellular barriers and reach different tissues,
where they may induce different biological effects. Further,
we display the epigenetic and transgenerational effects of
consuming MPs and NPs and their implications in the etiol-
ogy of metabolic disorders, focusing on molecular pathway
dysregulation.
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Current Status of Knowledge
Ubiquity of plastics and their impact on edible products
There is ample evidence on the ubiquitous presence of
MPs and NPs in many environments, such as close to
urban centers, terrestrial areas, freshwater environments,
deep seafloor (23), and Antarctic (24) and Arctic (25) ice.
Likely, atmospheric transport [i.e., through rain (26)] and
deposition are relevant to MP and NP dispersion in all
ecosystems. For instance, the Mediterranean Sea is one of
the largest reservoirs of plastics worldwide, in which the
release of MPs has been estimated to be between 70,000
and 130,000 microbeads per year (27). Also, the release
of MPs into aquatic habitats has been estimated to be up
to 2.3 billion microbeads each year in the United States
alone (28). Accordingly, a study conducted by Jambeck et
al. (29) calculated that 275 million MT of plastic waste
were generated in 192 coastal countries in 2010, with 4.8
to 12.7 million MT entering the ocean. This is worrying,
because MPs may break into NPs via biotic and abiotic ways
[reviewed by Yee et al. (30)], and their long endurance in the
environment may interact with living organisms—in turn,
producing biological effects (31).

The continuous environmental exposure to plastic pollu-
tants accumulated in the food chains—through agricultural
soils or in marine food from water contamination, as well
as consumption of products and packaging in plastics—
creates new opportunities for plastic to reach the human
body (Figure 1). Growing evidence supports the fact that
MP pollution probably has negative effects on the marine
ecosystem (32, 33) as well as on terrestrial ones (29), as it
impacts soil quality and structure, sediments, freshwaters
(34, 35), important biotas such as Lumbricus terrestris
(36), and plant growth, plant development, and agricultural
productivity (37). Indeed, plastic NPs may interact with the
rhizodermis of roots and be taken up by plants (38): if they
enter into the edible parts, they could enter into the animal
and human food chains (39, 40).

Published evidence reports the presence of MPs and
NPs in many types of foods such as fruits and vegetables
(41), marine products, livestock (e.g., chickens) (42), as well
as in honey, beer, table salt (43, 44), and drinking water
(45). As an example, Oliveri Conti et al. (41) reported
the existence of MPs in different edible vegetables and
fruits. In particular, from the analyzed samples, apples were
the most contaminated fruits, while carrots were the most
contaminated vegetables. In an attempt to explain these
data, the authors hypothesized that fruits contain more MPs
because of their high vascularization and complexity of the
root system, as well as age as compared with vegetables. On
the other side, the exposure of the UK population to seafood
plastic was estimated to be between 1276 and 5828 particles
per year (46).

In addition to the dietary intake, the accidental ingestion
of plastic from food containers appears to be much higher
than that from food (47, 48), because some oligomers
can be released from the polymers that constitute food
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FIGURE 1 Plastic food-chain pyramid. The exposure of plastic debris to both chemical, biological and biotic factors causes mechanical
degradation of large pieces of plastics, converting them to microplastics, which , produce nanoplastics. In marine ecosystems, marine
organisms may take up microplastics into their organisms, which may remain for a long time in the gastrointestinal tract. The microplastics
and nanoplastics were also observed in drinking water, edible fruits and vegetables, as well as in birds and animal farms. Therefore, the
exposure of humans to micro- and nanoplastics is imminent, which can be observed at different levels, present in edible foods and in the
trophic chain.

packages (48). For example, Mason et al. (49) recently
demonstrated the presence of MPs in bottled water. Frag-
ments were the most common plastic variety, followed by
fibers. Polypropylene is the most frequent polymer, which
matches a diffuse plastic used for the manufacture of bottle
caps, suggesting that bottled water contamination comes,
at least in part, from the packaging and/or the bottling
process itself. In addition, Zuccarello et al. (45) estimated
the daily average intake of MPs derived from bottled water
to be approximately 3,350,208 particles/kg/body weight per
day corresponding to 87.8 μg/kg/body weight per day.
These data were subsequently validated by other studies,
confirming that bottled water [reviewed by Novotna et
al. (50)] and food trays (47) are an important source of
MPs/NPs in humans. The presence of particles derived from
food packages is an important issue that deserves to be
addressed because of the increasing use of ready-to-use food
products that are often sold or served in plastic containers
or manipulated using gloves, increasing human exposure
to different particles, namely phthalates and bisphenols
(51–53).

MPs and food safety: potential impact on health
The presence of MPs/NPs in food is commonplace, but
whether they affect human physiology is still an open ques-
tion, although evidence collected in other species suggests
that plastics do affect health. Plastics have been recovered
in human feces. For instance, Schwabl et al. (54) examined
8 human stool samples in a prospective study. They found
a median of 20 MPs (50–500 μm in size) per 10 g of
stool, both polypropylene and polyethylene being the most
abundant types. Another study performed in Beijing in

24 male students found that the abundance of MPs in feces
ranged from 1 to 36 particles per gram with sizes between 20
and 800 μm (55).

Previous data using a Caco-2 cell in vitro intestinal
model suggest that approximately 0.8–7.8% of ingested MPs
may remain in the gut (56) and might enter into the
systemic circulation. To elucidate the potential effects of
MPs/NPs on human health, we discuss their presence and
effects on the gastrointestinal tract as described by in vivo
studies. Untoward effects encompass the integrity of the
gastrointestinal tract, modulation of gut microbiota, and
increased inflammatory state. We also discuss the systemic,
cellular, and molecular effects of plastics, mediated by MPs
and NPs, highlighting their likely repercussions on health
(Figure 2).

Plastics in the gastrointestinal tract and their involvement
in gut health.
Several papers report the presence of MPs in the gastroin-
testinal content of marine species (57, 58), such as the
small-spotted catshark (59), piper gurnard, red mullet, lesser
spotted dogfish, brown ray (60), Peter’s fish, and silver scab-
bardfish (61). More specifically, Renzi et al. (62) evaluated
the stomach contents of Sardinia pilchardus and Engraulis
encrasicolus fished in the Adriatic Sea (located between the
Italian peninsula and Balkans, within the Mediterranean
Sea), in which such selected species are of great ecological
and commercial interest, searching for MPs. In addition,
Zitouni and colleagues (63) identified small MPs (1.2 to
3 μm) in the muscle and the gastrointestinal tract of adult
benthopelagic fish (Serranus scriba) from the Mediterranean
Sea, finding polyethylene-vinyl-acetate, polyethylene, and
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FIGURE 2 The effect of MPs and NPs on intestinal health. The exposure of the gastrointestinal tract to MPs produce short-term physical
damage at the lumen, but also alter the production of mucus secretion and decrease the digestive enzymatic activity. This issue, in turn,
alters the composition of the microbiota, by affecting the diversity of bacteria. Finally, the combination of all these factors produces an
inflammatory response, in which a long exposure to MPs may induce a chronic inflammatory state at the gut level. With regard to NPs,
these particles enter into the cell through endocytosis, and within the cell they interact with a number of biological molecules, altering
many signaling pathways. They also induce changes at epigenetic levels, and such effects are also observed in transgenerational
offspring. Abbreviations: EGF-ERK, epidermal growth factor—extracellular signal-regulated kinase 1/2; JNK, c-Jun N-terminal kinase; MAPK,
mitogen activated protein kinase; miRNA, microRNA; MP, microplastic; NP, nanoplastic; NRF, nuclear factor E2-related factor.

other plastic fragments as the most abundant plastic types
and shapes.

Effects of plastics on gut epithelium. The presence of MPs
in the gut has been linked to lacerations, abrasion, perfora-
tion, damage to internal tissues, as well as mucosal damage
in different species. For instance, in intertidal fish, crypt and
villi cell loss due to polystyrene-co-divinylbenzene physical
abrasion (64) and cracking of villi and splitting of enterocytes
in zebrafish Danio rerio and nematode Caenorhabditis elegans
have been reported (65). In this context, the shape and size
of MPs (fibers, fragments, or beads) are crucial. In any case,
intestinal damage causes malnutrition by limiting nutrient
assimilation and absorption, with a negative impact on health
that includes increased permeability and intestinal toxicity
(58).

Different animal studies indicate that the accumulation
of plastics in the gastrointestinal tract leads to local inflam-
mation. For instance, Li et al. (66) found that sustained
intake of high doses of polyethylene MPs in C57BL/6 mice
increased inflammation and the expression of typical proin-
flammatory genes, such as Toll-like receptor 4 (TLR4), Jun
proto-oncogene, AP-1 transcription factor subunit (AP1),
and interferon regulatory factor 5 (IRF5) in the intestine
(colon and duodenum). This is because MPs are transported
by microfold (M) cells into mucosa-associated lymphoid

tissues, and to activate the immune response depends on
the molecules carrying the MPs, which initiate humoral
and cellular responses. This response also produces local
inflammation, releasing typical proinflammatory cytokines
and activating several inflammatory pathways. Also, MPs can
reduce the intestinal mucus secretion and cause damage to
the intestinal barrier of rodents’ gut (67), affect defecation
rhythm in C. elegans (68), or can cause leukocyte infiltration,
hyperemia, as well as crypt and villi cell loss in fish (64).
Further, Jin and collaborators (67) exposed mice to 5 μm
pristine and fluorescent PS MPs for 6 wk. This resulted in
a reduction in the intestinal mucus secretion and damage
of the intestinal barrier function. The reduction in intestinal
mucosa secretion can be induced not only by the contact and
alteration of the intestinal glands but also by the mechanical
damage caused by the MPs to the glands, exerting a “plug
effect” that prevents a normal secretion.

Interaction of MPs and NPs with the gut microbiota.
Research connecting MPs and NPs with the gut microbiota is
still scant and only a few studies performed in animal models
have tried to decipher the interplay among these agents. This
is probably because of the current low-resolution analytical
methods that quantify MPs and NPs in human stools
collected in observational and animal studies. The available
evidence does not prove that MPs cause gut dysbiosis, but
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most data show that MPs alter alpha and beta diversity, and
some specific linking on the relative abundance of certain
phyla (69).

With regard to marine species, Jin et al. analyzed the
effect of PS MPs on gut microbiota of zebrafish after 14 d of
exposure. The authors found a reduction in the abundance
of Bacteroidetes and Proteobacteria, while the abundance of
Firmicutes was increased. In general, the richness and di-
versity of microbiota were changed, suggesting that exposure
to MPs can strongly alter the composition of gut microbiota
(70). Another study conducted by Yan et al. (71) in marine
medaka fish confirmed that MP treatment reduced the
diversity and abundance of intestinal microbiota, as shown by
changes in Proteobacteria abundance. In addition, Auguste
and colleagues (72) exposed Mytilus galloprovincialis to
amino-modified nanopolystyrene and found an increase in
Arcobacter-like, Psychrobium, and Vibrio, and a decrease in
other genuses, such as Shewanella or Mycoplasma.

Studies in mice also found a modulation of the diversity
of gut microbiota. For instance, Lu and collaborators (73) ex-
posed mice to 1000 μg/L of 0.5- and 50-μm PS MPs for 5 wk
and found decreased body, liver, and lipid weights; decreased
relative abundances of Firmicutes and α-Proteobacteria; and
significant changes in the richness and diversity of the gut
microbiota composition. In addition, Jin et al. (67) reported
that the content of Actinobacteria decreased significantly in
mice treated with PS MPs. At the genus level, a total of
15 types of bacteria changed significantly after administra-
tion. Moreover, Li et al. (66) revealed a significant increase in
Staphylococcus abundance alongside a significant decrease in
Parabacteroides abundance, as a consequence of polyethylene
MP ingestion. Finally, Huang et al. (74) studied the effect
of polyethylene MPs on microbial community diversity and
structure of human gut microbiota using cultures of human
fecal samples. It appears that polyethylene MPs enhance the
proportion of Clostridium, Bacteroides, and Escherichia and
interfere with the metabolic pathways of gut microbiota.

Mechanisms of MP/NP actions in gastrointestinal inflam-
matory diseases. Several studies have explored the effects of
MPs and NPs in the gastrointestinal tract. As noted, MPs can
negatively act at different levels to increase the inflammatory
state in the gastrointestinal tract. First, MPs might produce
physical damage to the intestine, leading to increased
permeability and local inflammation. The induction of cell
abrasion may promote the accumulation of oxidative stress,
through the release of intracellular reactive oxygen species
(ROS) (75). This results in an increase in the inflammatory
response at the injury site (67, 69). Chronic inflammation
led to an intestinal barrier dysfunction and may increase
the incidence of chronic inflammatory conditions (76, 77).
In addition, the accumulation of MPs might alter the gut
microbiota composition and induce dysbiosis (67, 69). A
better explanation for this phenomenon is that MPs and
NPs could produce changes in microbial diversity, but also
activate the proliferation of harmful bacteria and inhibit
the growth of beneficial microorganisms. In addition, MPs

trigger the formation of biofilms, in which pathogenic
microorganisms find adaptive niches. In general terms, the
alteration of gut microbiota composition is closely associated
with many physiological processes, such as inflammation
(77, 78).

Li et al. (66) evaluated the effect after the administration
of polyethylene MPs in a C57BL/6 mouse model. Treatment
with a high concentration of MPs increased serum concen-
trations of IL-1α in treated mice and decreased the per-
centage of T-helper 17 (Th17) and T-regulatory (Treg) cells
among CD4+ cells. The intestine (colon and duodenum)
showed higher expression of proinflammatory cytokines,
suggesting that MP intake leads to an inflammatory state.
At the cellular level, Merkley et al. (79) showed that the
phagocytosis of MPs by macrophages induces a metabolic
shift toward glycolysis and a reduction in mitochondrial
respiration that was associated with an increase in cell
surface markers CD80 and CD86 and cytokine gene expres-
sion associated with glycolysis, indicating that macrophage
phagocytosis of MPs alters cellular metabolism. However,
macrophages cannot degrade PS MPs.

Systemic actions of plastics.
The biological actions of plastics are closely associated with
their size. The large size of MPs makes it difficult to cross
the gut barrier and produce cellular internalization (80, 81):
only particles <1.5 μm are able to enter capillaries and
penetrate deep into organs (82). In this regard, De Jong et al.
(83) undertook a kinetic study to elucidate the distribution
pattern of plastics in rats using gold nanoparticles. The
smaller (10 nm) particles were distributed in various organs,
including blood, liver, spleen, kidney, testis, thymus, heart,
lung, and brain, whereas the larger (100–250 nm) particles
were only detected in blood, liver, and spleen.

Apart from the mechanical damage that MPs produce in
the gastrointestinal tract and the consequent malnutrition,
these particles may enter the lymphatic system, triggering
a localized immune response and release of constituent
monomers, toxic chemicals added during plastic production,
or pollutants adsorbed from the environment (84). These
phenomena may induce a localized inflammatory response,
which could affect the surrounding tissue and induce
important reactions therein. As previously described, MP
consumption by mice induces gut dysbiosis and produces
various metabolic alterations (67); such results were also
confirmed in fish (85–87). Despite growing concern raised by
the ingestion of MPs by humans, the true extent of the effect
of plastic intake on human physiology is still unclear. Without
profound knowledge of retention and egestion rates of MPs
by humans, it is difficult to deduce ecological consequences.
Yet, De Jong et al. (83) confirmed the presence of MPs in
blood, liver, and spleen in rats after they were intravenously
injected with these agents in the tail vein. Also, Deng et al.
(88) found that MPs (5 μm and 20 μm) may be distributed
and accumulate in the liver, kidney, and gut of mice, but
such distribution pattern strongly depends on the size of
MPs.
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In contrast, smaller particles are able to reach different
tissues such as blood, liver, spleen, kidney, testis, thymus,
heart, lung, and brain, suggesting the wider biodistribution
that NPs may have compared with MPs (83). NP particles are
able to permeate the gut epithelium and diffuse through cell
membranes by endocytosis (86) and induce inflammatory
responses in the intestinal walls (see above). In addition,
NPs are prone to interact with a number of biomolecules
such as proteins (89), carbohydrates, and nucleic acids, due
to their surface chemistry and charge of polymers. This
interaction might be potentially interesting, because it may
alter the secondary, tertiary, and quaternary structures of
these biomolecules and, hence, inactivate/activate them in an
inadequate way, in turn altering their cellular functions.

Cellular bioavailability.
Humans can internalize MPs and NPs through ingestion,
inhalation, and to a lesser extent, skin contact. However,
whether there is affinity for 1 type of polymer or another
remains to be determined. In any case, ingestion of MPs
and NPs is considered to be the main pathway of plastics
assimilation. The available evidence shows that bioavail-
ability of MPs/NPs depends on their size, shape, density,
cellular fate, as well as abundance (90) and other variables,
such as the surface charge (electrostatic potential charge),
functionalization, hydrophobicity, and protein corona (84).
These physico-chemical properties of NPs and MPs are very
important, because they determine the kind of interaction at
the cellular and molecular levels, once entering the human
body. Accordingly, the most accepted mechanisms of cellular
internalization are endocytosis, transcytosis, or adsorption
(91, 92), but plastic may also enter into the intestinal
epithelial cells using a transporter or permeate through
the lipid membrane, even if this process is size-dependent
(93, 94).

Several pieces of evidence indicate that NPs enter easily
into the cell (92) and accumulate into the lysosomes (91).
Conversely, larger particles are not easily internalized and
may also exit from the lysosomes to intracytoplasmic
vacuoles or to the cell cytoplasm. This effect may disrupt
lysosomal-induced mitochondrial depolarization and induce
apoptosis (95). Of note, the translocation across the mam-
malian gut into the lymphatic system of various MP sizes is
less studied but appears to be most efficient when particles
are approximately 0.1 to 150 μm and depends on the species
(96). It is likely that MPs are translocated through M cell–
rich Peyer’s patches in the intestine. The unabsorbed particles
could collide with the gut barrier, where they may induce gut
dysbiosis and metabolic alterations (58, 67). The proposed
model for the absorption of particles in the gastrointestinal
tract is passive diffusion. When MPs and NPs reach the
intestinal mucosa, they interact with M cells, which are found
in the gut- and mucosa-associated lymphoid tissue, and
pass through them, towards the lymphatic system and blood
vessels, before being excreted in urine. A small percentage of
particles is retained in the body (97). The NP–cell interaction
is a topic of interest, especially the interaction of NPs with

immune cells, such as T cells and macrophages in the
mucosa-associated gastrointestinal tract (98, 99).

There is some information on the fate of plastics in
different species. For instance, Bayo et al. (100) found
(by FTIR (Fourier transform infrared) spectroscopy) MP
and fiber particles in gilthead seabream (Sparus aurata L.),
both in the intestine and stomach content. In addition to
the gastrointestinal tract, MPs were also observed in the
bloodstream and in other tissues (i.e., muscle, liver, and
kidneys), but to a lesser extent. With regard to mam-
mals, the evidence on tissue biodistribution is still scarce
(Table 1), but in general, the smaller the particle size the
more biodistribution there is, in a dose-dependent manner.
For example, Keinänen et al. (101) used positron emission
tomography (PET) to evaluate the biodistribution of PS
radioplastics in C57BL/6J mice at 6, 12, 24, and 48 h after
ingestion. Their results show that PS particles remain in the
gastrointestinal tract and do not accumulate in any organ.
In contrast, Walczak et al. (102) administered a high dose
and found a 0.38–0.74% uptake of PS particles 6 h after
administration to rats. In agreement with this finding, the
oral administration of 64 Cu-labeled PS to mice revealed
that, after 1 h of administration, PS reaches the liver, heart,
and lungs in addition to other organs, attaining maximal
bioaccumulation after 6 h of ingestion (103). Further, PS MPs
with a 5-μm diameter at a concentration of 0.1 mg/d could
accumulate in different tissues (e.g., liver and gut), leading to
alterations in different oxidative stress and lipid metabolism
parameters (88).

Interactions of MPs and NPs with biological molecules.
The biological effects of MPs and NPs are not fully elucidated,
but much research indicates potentially harmful actions
on human health. Several studies showed that exposure
to MPs and NPs activates several pathways and genes
implicated in inflammation, growth inhibition, alterations in
reproduction, intestinal damage, oxidative stress, endocrine
disruption, and epigenetic alterations (107–110). Indeed,
these harmful effects have been linked to several phenotypic
diseases, such as dysregulation of gastrointestinal motility,
mucin secretion, and chloride ion and water transport in the
mid-colon, inducing chronic constipation in ICR mice (111)
and intestinal inflammatory diseases in many animal models
(87). In humans, the mechanisms of actions responsible for
these effects are still unknown. Yet, MPs appear to produce
local gut alterations (58), whereas NPs (due to their size)
may enter into the cell and alter its biochemistry. Data on
the occurrence of NPs in the ecosystem are scant, maybe due
to the lack of appropriate laboratory methods to detect and
characterize them.

Accordingly, recent studies have indicated that PS MPs
easily interact with cell membranes, decrease cell viability,
and increase intracellular ROS concentrations (91). In this
respect, one of the most investigated plastics is PS. In
addition, PS-NP beads of 70 nm become thoroughly dis-
tributed in tissues and gut of zebrafish after 7 d of exposure,
producing noxious effects such as an inflammatory response,
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increased oxidative stress, metabolic alterations, and hepatic
lipid accumulation (57). Further, PS NPs may also alter
cellular machinery by affecting amino acid, bile, and lipid
metabolisms and regulate genes involved in stress response,
zymogen granules, c-Jun N-terminal kinase (JNK) signaling
pathways, sterol transport, or the epidermal growth factor–
extracellular signal-regulated kinase 1/2 (EGF-ERK1/2)
pathway (112). In addition, PS NPs appear to activate the
nuclear factor E2–related factor (Nrf2) signaling pathway
(113). Treatment with PS MPs of nondifferentiated Caco-
2 cells modulates the expression of genes involved in NF-
κB–associated pathways, mitogen-activated protein kinase
(MAPK) signaling, cytokine-cytokine receptor interaction,
and Toll-like receptors (114).

Even though the potential size effects of plastics are
extensively described in the literature (99), some authors
downplay the harmful consequences of MP and NP con-
sumption when placed in the context of dietary doses.
Some in vitro studies indicated that only a minor fraction
of particles are taken up by human cells (80), being the
uptake size-dependent (115). In addition, it appears that
only excessively (i.e., far beyond realistic dietary exposures)
high concentrations induce cytotoxic effects (115). Indeed,
chronic exposure of undifferentiated Caco-2 cells to PS
at dietary concentrations produced minor changes and no
DNA damage and oxidative stress was observed (116). In
addition, some in vivo studies did not find any potential
deleterious effect of PS. For instance, oral administration
of 4.55 × 107 pristine, with different sizes (1, 4, and
10 μm) of PS particles at 10 mL/kg/body weight, to mice
did not produce any histological lesions or inflammatory
response.

Epigenetic influence of MPs and NPs and their potential
transgenerational effects
As mentioned, plastics may have unhealthy effects on gut
health and related physiology. Very recently, many authors
have reported an epigenetic effect of NP exposure (e.g., the
activation of key proteins related to epigenetic processes)
(58, 117). However, many of these changes are related to
epigenetic alterations that are mainly short-term, such as
chromatin accessibility and microRNA (miRNA) modula-
tion. Until now, long-term epigenetic changes (e.g., DNA
methylation) have not been reported, suggesting that large
exposures in terms of amount and time are necessary to
produce long-term epigenetic modifications. The available
data on NPs and epigenetics suggest that NPs may indeed
modulate the epigenome. However, these data should be
interpreted with caution because there are few studies in
mammals.

For instance, Yu and colleagues (110) exposed C. elegans to
NPs for 72 h. The authors observed that the expression of cell
death protein type 3 (Ced3) was increased across generations
and was regulated by hypomethylation in the promoter
region of Ced3 after maternal NP exposure. NP exposure
also reduced the expression of other epigenesis-related genes,

such as homoserine O-acetyltransferase (Met2), histone-
lysine N-methyltransferase (Set2), and lysine-specific histone
demethylase type 1 (Spr5). Transgenerational effects were
not observed. This study was also confirmed by other
experiments conducted by Wang et al. (118). These authors
exposed C. elegans to PS nanoparticles and found decreased
expression of Met2. RNA interference (RNAi) knockdown
of Met2 suppressed NP toxicity, suggesting that Met2 may
elicit a protective response to NP exposure. The authors
also elucidated the molecular basis for Met2-mediated
methylation regulation, pointing to a close interaction be-
tween chromatin remodulation and NPs (118). In addition,
Liu et al. (119) found that exposure to PS NPs in C.
elegans increased expression of Cbp-1encoding an histone
acetyltransferase, suggesting that CBP-1–mediated histone
acetylation regulation reflects a protective response to NPs,
by modulating functions of insulin and p38 MAPK signaling
pathways and Dauer larva development regulatory growth
factor daf-7 (DAF-7)/transforming growth factor β (TGF-β)
and JNK/MAPK signaling pathways.

The profiles of certain miRNAs might be affected by
MP/NP intake. miRNAs regulate gene expression, mostly
by inducing mRNA degradation and translational repression
(120). miRNAs are involved in the regulation of essential
physiological processes via regulation of gene expression
at the post-transcriptional level (121). The active secretion
of miRNAs by the cells has been suggested to mediate
intercellular communication (122). However, the biological
significance, the factors that modulate their secretion, as well
as the mechanisms by which they reach the target tissue
remain elusive. However, miRNAs are present in the systemic
circulation and are modulated by dietary components (123,
124). Exogenous miRNAs have also been found in plasma
(125, 126).

Evidence of the effects of NPs on miRNA is increasing.
However, the mechanisms responsible for NP toxicity on
miRNAs are still unclear. Qu and colleagues (127), after
exposure of L1-larvae to adult day-3 C. elegans, found
that 7 miRNAs, including miR-38, miR-76, or miR-794,
were dysregulated by nanopolystyrene in a dose-dependent
manner. Overexpression of miR-35, miR-38, or miR-354
induced resistance to nanopolystyrene toxicity, suggesting a
protective response to nanopolystyrene triggered by these
miRNAs and performed by various biological processes and
signaling pathways. An additional study conducted by Yang
and collaborators (117) found, in C. elegans, an overexpres-
sion of miR-38 caused by exposure to nanopolystyrene. This
miRNA works by increasing resistance to NP toxicity and
by regulating several epigenetic-related genes such as Nhl2,
Ndk1, or Wrt3, among others. Additionally, after exposure
to NPs, miR-76 appears to regulate the expression of Glb10:
both increase resistance to NP toxicity (128). In addition, Qiu
et al. (129) found that C. elegans intestinal overexpression
of miR-794 caused susceptibility to nanopolystyrene toxicity.
This can be attributed to miR-794–regulated expressions of
Daf-16, Skn1, and Mdt15—that is, genes that are linked to
insulin and p38 MAPK signaling pathways in nematodes.
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Therefore, miRNA expression appears to restrain or mod-
ulate the toxic effects that NPs produce on the epigenome:
miRNAs are emerging as an “immune system” that protects
from NP toxicity via alteration of the expression of several
genes. However, many more studies are needed to determine
the tolerance to NP exposure, the role of miRNAs versus
NPs, and the effects of large and prolonged exposures on the
epigenome’s modulation.

Given that epigenetic changes may be inherited, transgen-
erational epigenetic inheritance may be affected by MPs/NPs.
Transgenerational epigenetic inheritance has been indeed
observed in many organisms, including C. elegans (130–132),
suggesting a link with the ecological impact of plastics. This
issue is still vague in mammals, particularly humans, and
additional studies are needed. However, MP fragments of 5–
10 μm in size are able to reach the human placenta and,
depending on different physiological and genetic conditions,
the particles can enter all placental portions (i.e., maternal,
fetal, and amniochorial membranes), where they might
affect the developing fetus (133). Even though there is
still no evidence of a transgenerational effect in humans,
maternal transfer of MPs to the developing fetus has been
demonstrated in exposed laboratory animals. For example,
experiments performed in Daphnia magna described that
MP exposure negatively affected several parameters, such
as parental mortality, growth, several reproductive indices,
and population growth rate (132, 134). Experiments in
zebrafish using PS-MP exposure for 21 d resulted in notable
MP accumulation in adult fish intestines, but no transgen-
erational effects were observed (131). Additional analysis
in C. elegans showed that PS-MP exposure was related to
transgenerational decreased head thrash and body bends
(130).

With regard to mouse models, the administration to preg-
nant mice of PS MPs resulted in altered lipid metabolism—
namely, serum triglyceride, total cholesterol, HDL choles-
terol, and LDL cholesterol—in the offspring, suggesting a
potential relation between MPs and the risk of metabolic dis-
orders in the following generation (135). In addition, Luo et
al. (136) evaluated maternal PS-MP exposure in mice during
gestation and lactation. The authors observed that maternal
MP exposure during gestation and lactation affected glucose
and lipid metabolic variables in the 2 subsequent generations,
suggesting increased cardiometabolic risk.

With regard to exposure to NPs, transgenerational effects
were also observed. Yu et al. (110) exposed C. elegans to NPs
over 5 generations. Total litter size was significantly reduced
across all offspring generations. The authors also observed
chromosomal aberrations in oocytes. In addition, Sun et
al. (137) used pristine and amino-modified nanopolystyrene
to determine their transgenerational toxicity in C. elegans.
Exposure to pristine nanopolystyrene caused a decrease in
reproductive capacity and damage on gonad development
in successive generations. In contrast, exposure to amino-
modified nanopolystyrene caused reproductive capacity and
gonad development toxicity in the first generation, demon-
strating that a surface modification of NPs elicits a peculiar

transgenerational effect. Indeed, long-term exposition to NPs
was also related to transgenerational reproduction decline
(110).

Many organisms are being exposed to environmental
stress and chemical contaminants over several generations.
The adaptation to such stress is crucial to survival and
maintenance of the protective phenotype over generations.
Some of these strategies are related to epigenetic changes
that are important to protect against toxic effects. The data
presented here highlight the importance of such epigenetic
changes to better understand the multigenerational effects
of MPs and NPs, to further evaluate long- and short-term
exposures, and to understand the mechanisms involved
in MP and NP actions on health. The interconnection
of MPs and NPs with reproduction and growth suggests
malnutrition and, probably, the effect of some endocrine
disruptors carried by MPs and NPs.

Potential effects of plastics on chronic disease–related
phenotypes
Based on the evidence found in the literature, MPs and also
NPs are likely to enter the human body. Experiments in
mice have reported that the consequence of MP and NP
ingestion might impact a number of health aspects, causing
inflammation, genotoxicity, oxidative stress, apoptosis, as
well as necrosis. All these effects cause degenerative diseases
such as cardiovascular disease, cancer, autoimmune diseases,
and intestinal disorders (e.g., inflammatory bowel disease
and gut dysbiosis) (138–140). Zheng et al. (141) evaluated
the sensitivity to MPs of mice with a chronic disease (i.e.,
acute colitis). The authors observed that the exposure to
PS MPs induced inflammatory effects, affected some hepatic
metabolites, and exaggerated the effect of dextran sodium
sulfate (an agent used to induce acute colitis), which was
accompanied by other metabolic lipid and inflammatory
disorders. Therefore, this study suggests that exposure to
MPs of populations with chronic diseases might render them
more sensitive to the linked phenotypes. In addition, chronic
exposure to MPs may induce disruption of the symbiosis
between the host and the natural community of the gut mi-
crobiota, probably triggering gut dysbiosis [reviewed in (69)].
In addition, some authors suggest a possible link between
MP and NP consumption and obesity as modulated by the
gut microbiota, alteration of lipid and energy metabolism,
oxidative stress, and increased adipocyte differentiation (8).
Current knowledge gaps include time, quantity, and quality
of exposure; toxicity; and their relationship with adverse
health effects.

MPs/NPs as vectors of other diseases
Several studies reported that plastic fragmentation con-
tributes to releasing different hazardous chemical contami-
nants carried in the plastics, as they have a large capacity to
bind to many hydrophobic organic pollutants. For instance,
phthalates and bisphenols are widely known as endocrine
disruptors, which also may influence multiple endocrine-
related pathways (142). For instance, bisphenol A (BPA) is
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widely used as a building block of polycarbonate plastics
(often used for food and beverage storage) and is also a
component of epoxy resins that are used to seal food and
beverage containers (143). BPA (recognized as an endocrine
disruptor) can generate disorders such as low sex-specific
neurodevelopment, immune toxicity, and neurotoxicity via
interference with cellular pathways (142). The fragmentation
of plastics increases the surface area available to adsorption
of BPA, thereby increasing the bioavailability and effects
of this compound (92). Phthalates are also known by
their impact on male fertility (144) and pregnancy loss
(145).

MPs are also able to bind to hydrophilic organic
pollutants such as perfluoro-octanesulfonate, perfluoro-
octanesulfonamide, and many types of antibiotics (e.g.,
amoxicillin, tetracycline, or ciprofloxacin), which may have
a potential impact on antibiotic resistance [reviewed by Yu et
al. (146) and Joo et al. (147)]. Several studies have demon-
strated that MPs can interact with and bind heavy metals,
then release them. Therefore, the interaction between heavy
metals and MPs may lead to serious health risks. Indeed,
heavy metals such as chromium, zinc, lead, aluminum, or
mercury were also observed on the surface of MPs, which
explains the fast adsorption of such metals after a few days
of exposure (148). Additionally, it has been reported that
marine MPs may harbor diverse microbial species because
of the ability of some microorganisms (e.g., bacteria and
archaea) to aggregate on different kinds of surfaces. Examples
include potentially pathogenic species such as Escherichia
coli, Vibrio spp., Campylobacter spp., or fungal pathogens
of terrestrial ecosystems (149). Plastics as bacterial vectors
may directly contaminate seafood and drinking water, thus
spreading enteric diseases.

Concluding Summary and Future Perspectives
The penetration of MPs and NPs into the food system
may produce important consequences in terms of food
safety and, consequently, health. The available animal model
evidence suggests potential harmful short-term effects of
MPs, chiefly mediated by transitory damage to the intestine
and changes in the microbiota composition to stimulate the
inflammatory response. Additional studies (still in animal
models) also suggest that NPs deregulate many cellular
signaling pathways responsible for cell proliferation and dif-
ferentiation. Furthermore, they induce epigenetic alterations
to be speculatively interpreted as defense reactions. All of
these changes are typical phenotypes of metabolic disorders
and include an increase in systemic inflammation, alter-
ations in the cell cycle, and important metabolic disorders
based on lipid and glucose metabolism alterations. Marked
changes in metabolic phenotypes and malnutrition usually
lead to noncommunicable diseases, such as cardiovascular
or inflammatory bowel disorders, suggesting that long-
term exposures to MPs and NPs are risk factors for the
aforementioned pathologies. Therefore, the extent of MP and
NP ingestion and their metabolic fate must be thoroughly
evaluated, which requires detailed knowledge of the many

kinds of plastics—that is, their type, size, and shape; exposure
levels and quantities; and finally, their dose–response effects
in the human body.

In conclusion, the data reviewed here call for urgent
research on the human effects of MPs and NPs, start-
ing with the implementation of standardized methods to
measure their concentrations in, for example, body fluids
and stool. Concomitantly, we need to better understand
which phenotypes are associated with MP and NP intake,
either in vivo or by using novel available in vitro two-
and three-dimensional models, and determine the human
effects of both short- and long-term exposures. Future data
availability will allow suggesting personalized strategies to
avoid accidental ingestion and facilitate their elimination
from the body—in turn, lessening the untoward actions of
plastics.
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