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ABSTRACT: Microplastics are a globally emerging contaminant _ | |

in the environment, but little is known about the potential risks of @ —> A —4 |
microplastics to human health. Possible exposure routes of g | [

microplastics to humans include ingestion, inhalation, and dermal

penetration, with the last of these needing equal attention as the |

other two main routes. Evidence showed the presence of —> ‘.

microplastics in human-derived biological samples (i.e., excrement, |

biofluids, and tissues). Most of the toxicological studies of

microplastics on humans were based on laboratory rodents and &a _)l '

human-derived cells. Energy homeostasis, intestinal microflora, and —_— e —

the reproductive, immune, and nervous systems were regarded as

targets of microplastics. The toxicity of microplastics on microstructures including lysosomes, mitochondria, endoplasmic reticulum,
and the nucleus further revealed the potential risks of microplastics on human health at the cellular levels. As a carrier, microplastics
also had the potential to magnify the toxicity of other contaminants in the environment (e.g., plasticizer, metals, antibiotics, and
microorganisms). Studies of microplastics at environmentally realistic conditions are still in their infancy with many unsolved
questions to predict their risks on human health.
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1. INTRODUCTION human consumers. Domestic food with additives is another
origin of microplastics (0.10—1.48 items/g), resulting in an
annual individual consumption reaching 52,000 microplastics
from food and drink.'” If the inhalable microplastics are
considered, the figure could reach up to 121,000 items per year.”
The ubiquitous presence of microplastics around humans thus
results in inevitable exposure to humans, leading to the high
necessity to explore the side effects of microplastics on human
health.

Here, we searched articles mainly via Google Scholar with no
publication year restrictions, and 3 types of articles (review
articles, original articles, and reports by WHO) are included.

The term “microplastics” was first introduced in 2004, being
defined as the microscopic plastic fragments which are
ubiquitous and accumulated in the ocean.! The National
Oceanic and Atmospheric Administration (NOAA) further
specified “microplastics” in terms of size distribution, i.e., the
small plastic pieces of less than 5 mm. Based on the origin of
microplastics, they are classified as either primary microplastics,
which are typically applied for consumer and industrial
purposes, or secondary microplastics resulting from the
mechanical/chemical/biological transformation of larger plas-
. 2—4 . . . . .
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plastics were summarized. Given the comprehensive studies on
toxicity of microplastics on mammalian model and human-
derived cell lines, possible toxic mechanisms of microplastics on
human health were presented, and directions of future studies
were proposed.

2. EXPOSURE ROUTES OF MICROPLASTICS TO
HUMANS

Exposure routes of microplastics to humans include ingestion,
inhalation, and dermal penetration (Figure 1). Among all the
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Figure 1. Exposure routes of microplastics to humans.

exposure routes, the ingestion of microplastics was regarded as
the primary route.” Due to the intensive presence of micro-
plastics in the ocean (up to 102,000 particles/m?),” seafood was
considered as one main source of microplastics by the ingestion
route. Yearly microplastics uptake of each family from mollusks,
crustaceans, and fish reached up to 27,825 items, 17,716 items,
and 8,323 items, respectively.“ Although a recent World Health
Organization’s report found no proof of harmful effects caused
by microplastics in drinking water,"* the long-lasting effect of
continuous exposure of tap water (4.23 items/L) on humans
required more attention. The eating habits of humans directly
influenced the quantity of ingested microplastics. The annual
individual ingestion of table salt was 37 items in Europe, in
contrast to a nearly 3-fold increase of microplastics ingested by
Chinese.'*"> The source of table salt also largely determined the
ingested quantity of microplastics. The content of microplastics
in sea salt, lake salt, and rock/well salt was determined to be over
550, 43, and 7 items/kg, suggesting that sea products were more
likely to be contaminated by microplastics in the ocean." In
addition to the direct ingestion of microplastics from food items,
microplastics released from plastic containers aggravated the
human exposure, as illustrated by the increased 90,000 items
ingested by consumers who preferred bottled water to tap
water.'? Despite of the low concentration of microplastics, their
sizes in the tap water from groundwater sources was larger than
the sizes of water packaged in bottles (50—150 pm vs 6.5—20
um).'"” The difference was possibly due to the different
purification and transportation procedures. For drinks (e.g, soft
drinks, cold teas, and energy drinks) with more complicated
manufacturing procedures, the size of microplastics was further
increased to 0.1—3 mm.'® Similarly, compared with the size of
microplastics directly derived from seafood (38.2—820 ym), the
size of microglastics in canned seafood was bigger and reached
3800 um.'””" In addition to the direct release of microplastics
from food packaging, migration of chemical plasticizers from
food packaging to food further facilitated the exposure of those
chemical additives to humans.”'
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Synthetic textiles and city dust were considered as the most
important sources of primary microplastics, while plastic
fragments shedding from clothes, furniture, textiles, and buildin
materials led to secondary exposure to humans via inhalation.”
Inhalable plastic fibers (19.6 fibers/m?) of polypropylene nature
were found in indoor air, consistent with the chemical
composition of carpets, sofas, and chairs in the indoor
environment.”” The human lung is one of the main destinations
of inhaled microplastics, with 87% of lungs containing plastic
fibers made of petrochemicals.”* Simulating the human tidal
volume at 6 L/min, up to 130 airborne microplastics could be
individually inhaled per day, directly posing risks to the human
lung.”” Compared with the suspended MPs in an indoor
environment (1583 MPs/m?), the contents of microplastics in
outdoor areas were much lower at 224 MPs/m?® and 101 MPs/
m® in urban and rural areas, respectively.”” In terms of
particulate shape, bigger fractions (30—3000 ym, mostly fibers)
were observed in the urban air compared with those found in
rural air, consistent with the large size of sus;)ended atmospheric
microplastics up to 2191 pgm in megacities. ® In both indoor air
and outdoor air, the size of suspended particles was mostly less
than 300 ym and abundant at approximately 30 um,””’
suggesting the high possibility of these MPs reaching humans by
inhalation.

Particles that are internalized via a transdermal route should
pass sublayers of epidermis before reaching microcirculation of
the dermis and being transported through the human body via
the circulatory system.”® Compared with the exposure routes of
ingestion and inhalation, absorption of microplastics via dermal
contact received much less attention since the dermal barrier
inhibited the absorption of particles larger than 100 nm.”
However, nanoplastics less than 100 nm in size were an
emerging environmental contaminant and had the potential to
pass through the dermal barrier.”” Microbeads up to 40 nm
could penetrate into epidermal Langerhans cells around hair
follicles, in contrast to the limited uptake of larger counterparts
including 750 nm/1500 nm particles.”’ Dermal absorption
occurred mostly when humans used personal care products,
including hand cleanser, facial/body scrubs, face masks, and
toothpaste, which may result in local toxicity and possible
absorption.*” Due to the size limitation of microplastics available
for dermal penetration, the dermal route was thus more
associated with the absorption of released monomers or organic
plasticizers like phthalates and bisphenols which were endocrine
disruptors.®® As the biggest organ of the human body,** human
skin has a surface area of 1.5—2 m” and provides an interface with
ubiquitous microplastics in the environment. Thus, potential
absorption of microplastics via dermal penetration requires
equal attention as the other two routes in future research.

3. ABUNDANCE AND TRANSLOCATION OF
MICROPLASTICS IN HUMAN BODY

The first publication of microplastics in a human biological
sample (feces) was in 2019, in which up to 50 items/g and 9
plastic types were found in the fecal sample.” After that, studies
to quantify microplastics in human biological samples
accelerated, especially from 2021 to 2022 when 80% of related
studies were published.” Due to the complicated preparations
for human biomonitoring studies, such as volunteer recruitment
and ethics approval, noninvasive biological sampling was
preferred, leading most studies to evaluate human feces. Besides
human feces, it was also feasible to sample saliva, sputum, hair,
skin, and hands noninvasively compared with sampling
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microplastics from blood, bronchoalveolar lavage fluid, and
tissues.” ™’

In human feces, over 95.8% of samples tested positive, with
the contents of microplastics up to 138.9 items/g in the form of
fragments, films, and fibers.*>***° The size of fecal micro-
plastics varied from 20 to 4813 um, and over 15 types of
microplastics were detected in fecal samples. In contrast to the
high abundance of microplastics in human feces, limited
microplastics were measured in human head hair, hands, face
skin, and saliva at 0.33—3.5 items per individual per day.41 The
category of plastic shape was also limited to fragments and fibers
with sizes mostly less than 100 gm, shorter than those found in
the feces. The detected microplastics in sputum sampled in
deeper places of the body were narrower in shape at up to 9
items/mL.** The average contents of microplastics extracted
from bronchoalveolar lavage fluid were approximately 9 items/
100 mL.** However, the size of those detectable microplastics
was mainly over 1000 ym as long plastic fibers had higher
penetration ability,44 in contrast to the shorter fibers (<500 ym)
found in sputum. The size of microplastics determined in human
lung tissue was smaller than those in bronchoalveolar lavage
fluid, mostly within 500 gm at up to 2.84 items/g.***

Unlike the respiratory tracts, which contained plastic fibers
with high aspect ratios and large sizes, fragmented microplastics
with a diameter less than 30 ym were mainly distributed in the
human liver (4.6 items/g) and spleen (1.1 items/ g).46 Large
plastic fibers emerged again in colon tissue, with approximately
28.1 items/g and a size range of 800 to 1600 um,"” which were
consistent with the microfibers determined in feces. Although
previous reports showed the ubiquitous presence of micro-
plastics in human tissues including lung, liver, spleen, and colon,
no microplastics were observed in the kidney tissue, ** suggesting
the limited penetration of microplastics to kidneys. Fecal matter
would be the main pathway to remove microplastics from
human body. Besides various microplastics in different tissues,
the individual’s health status also made a difference on the
quantity of microplastics in the same tissue. Healthy liver
contained <1.9 items/g microplastics, while the concentration
increased to 11.9 items/g in patients with liver cirrhosis.*® A
higher content of microplastics (41.8 items/g) was found in the
feces of patients with inflammatory bowel disease compared
with those in healthy people (28 items/g).”

The fate of microplastics in the human body was dependent
on the in vivo translocation pattern, and crossing the epithelial
layers of the skin, lungs, and gastrointestinal tract was the first
step for translocation.”® Four layers (stratum corneum, viable
dermis, dermis, and subcutaneous connective tissues) were
included in human skin, rendering the difficulty for penetration
of microplastics.”” Simulating human skin with pigskin, the
negatively charged surface of microplastics facilitated the
translocation through the skin by enhancing the density of
particles, even when the particle size was as large as 500 nm.*’
Only ultrasmall particles (<4 nm) could pass across the skin, and
larger ones (<45 nm) could penetrate only if the skin was
predamaged.”' Before being transported to the epithelial layer, a
mucus layer which served to capture the exogenous particles
entrapped the microplastics in both the gastrointestinal tract and
lungs.”” Once ingested by humans, microplastics reached the
gastrointestinal system and could be either engulfed by M-cells
or directly adsorbed to gastrointestinal mucus.”> Numerous
microplastics would be trapped in the mucus and rapidly
removed due to the barrier effects of penetration by mucus
layers.”* Except for the direct ingestion from foodstuff to the
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gastrointestinal system, the ciliary movement of the respiratory
tract facilitated the transport of microplastics to the gastro-
intestinal system after inhalation.”> After being inhaled by
humans, the deposition of microplastics was the first step
affected by the physical—chemical properties of the particles,
physiological state of humans, and lung anatomy.*® Small-size
and low-density microplastics such as polyethylene were more
easily able to reach the low airway.”> The size distribution of
microplastics could also influence the mechanisms of deposition
in airways such as Brownian motion-dependent diffusion (<1
um), gravity-dependent sedimentation (1—S um), and
momentum-dependent impaction (5—30 um).***” Clearance
of inhaled microplastics from the respiratory system relied on
mucus progression to the pharynx, alveolar macrophage
phagocytosis, and lymphatic transport.”®*” Despite the barrier
effect of mucus layers, an abnormal thickness of the mucus layer
could be induced by microplastics-caused dysbiosis via altering
the microbiome’s composition,éo’61 facilitating the interaction
between microplastics and epithelial layers. Penetration may be
facilitated with increasing epithelial permeability due to
inflammation caused by microplastics.”> Transportation
through the epithelium was largely dependent on size, with
small plastics more likely to be internalized by endocytosis and
large plastics more likely to be transferred via paracellular
ways.”” The above results also supported that larger-sized
microplastics were found in dermal contact portions and
excreted feces, while smaller-sized ones within 50 um were
mostly translocated within the body.

Following the penetration of epithelial layers of the skin,
lungs, and gastrointestinal tract, various immune cells were
responsible for capturing the invasive microplastics followed by
translocation of microéplastics in the circulatory system (as well
as lymphatic system).®” Transportation from the nasal cavity to
the lymphatic system and finally to the bloodstream was found in
BALB/c mice after exposure to microspheres via an intranasal
approach.®® After oral administration, latex microspheres at 0.87
pum could be transferred to the circulatory system of a Wistar rat
via the gastrointestinal tract within 15 min.®* A recent study
documented the presence of microplastics over 700 nm in
human blood at 1.6 ug/mL,”” confirming the possible
translocation from the environment to systemic circulation.
After that, circulation carried microplastics to distant tissues,
where microplastics and pathological change were observed.
Microparticles (S and 20 ym) were fed to ICR mice, and high
concentrations of microplastics (up to 107 items/ g) were
accumulated in liver, kidney, and gut tissues through the
circulatory system.’® Although no evidence showed the presence
of microplastics in the lung of stillborns,>® newborns might be
exposed to microplastics before contacting a contaminated
environment. Approximately 12 plastic fragments (within 10
um) were found in 4 placentas, and 10 types of microplastics
were present in meconium.’®®’ Additionally, over 76% of
human breastmilk samples contained small plastic fragments
(2—12 um).*® The above evidence thus indicated the high
possibility of translocation of microplastics from mother to
newborns via maternal transfer. Abundances of microplastics in
different parts of the human body are summarized in Figure 2.

4. POTENTIAL TOXICITY OF MICROPLASTICS ON
HUMAN HEALTH

Due to the widely detected microplastics in various human
tissues and the possible translocation of microplastics in the
human body, there are considerable concerns of the toxicity of
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Figure 2. Abundance of microplastics in the human body. “BALF”
indicates bronchoalveolar lavage fluid.

microplastics on human health. To evaluate the toxicity of
microplastics on human health, laboratory rodents and human-
derived cells were generally used as the model animals/cell lines.

4.1. Toxicity of Microplastics on Laboratory Rodents

The most conventional model organisms were ICR mice,
C57bl/6 mice, C57 mice, CD-1 mice, Wistar rats, C57/B6 mice,
Balb/c mice, Sprague—Dawley rats, and Swiss mice, and almost
all applied microplastics were the commercially synthesized
polystyrene and polyethylene.” The administration routes in
these studies included water drinking (ingestion), gastrostomy
tube (ingestion), food source (ingestion), intratracheal
instillation (inhalation), air exposure (inhalation), and intra-
peritoneal injection. Both male and female (including pregnant
female) mice were employed in these toxicological studies of
microplastics. Detailed information on the toxicity of micro-
plastics on laboratory rodents is shown in Table 1.

4.1.1. Energy Homeostasis and Intestinal Disturbance.
One important effect of microplastics on laboratory rodents was
the disrupted energy homeostasis between available energy and
expenditure. There was a decreased body, liver, and lipid weight
in mice associated with disorders of hepatic lipid.** Similarly, the
liver lost weight and degenerated due to the disorders of energy
and lipid metabolism.®> One mechanism resulting in the energy
imbalance was attributed to the side effects of microplastics on
metabolic enzymes. Anaerobic metabolism in both fish and mice
was observed with activation of lactate dehydrogenase enzyme

accompanied by a rapid reduction of ATP production.

65,69

Table 1. Toxicity of Microplastics on Laboratory Rodents”

Organism

S-week-old ICR mice

S-week-old male ICR mice

7-week-old pregnant ICR
mice

S-week-old ICR mice

8-week-old male C57/B6
mice

6-week-old male BALB/C
mice

6-week-old female Wistar
rats

S to 6-week-old male
Balb/c mice

6-week-old female Wistar
rats

S-week-old male CS7BL/
6 mice

6-week-old- Sprague—
Dawley rats

6-week-old male ICR mice

3-month-old male Swiss
mice

4 to 6-week-male Swiss
mice

MPs

PS

PS

PS

PS

PS

PS

PS

PS

PS

PS

PS

PE

PE

PS

Size/Shape
0.5 and 50 ym

Spherical shape

S and 20 ym
Spherical shape
S um

Spherical shape
S pum

Spherical shape
0.07/5 pym
Spherical shape
0.5, 4, 10 ym
Spherical shape
0.5 pm
Spherical shape
5.0-5.9 yum
Spherical shape
0.5 um
Spherical shape
0.5 ym
Spherical shape
0.10 ym
Spherical shape
40—48 ym
Irregular shape
35.46 um

Irregular shape (mostly in
spherical shape)

23.03 nm
Spherical shape

“PS: polystyrene; PE: polyethylene.

Dose

100 and 1000 pug/L

0.1 mg/d

100 and 1000 ug/L

100 and 1000 g/L

0.2 and 2 mg/kg

1 mg/d

0.015, 0.15, 1.5 mg/kg

0.01, 0.1, 1 mg/d

0.015, 0.15, 1.5 mg/d

0.1 and 0.5 mg/d

0.75 X 10%, 1.5 X 10° and 3 X 10°
particle/cm?®

0.125, 0.5, or 2 mg/d

60 mg/L via water

14.6 ng/kg
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Route

Drinking water $
weeks

Oral gavage 28 d

Drinking water 6
weeks

Drinking water 6
weeks

Oral gavage 28 d

Oral gavage 28 d

Drinking water
90d

Oral gavage 42 d

Drinking water
90d

Oral gavage 28 d

Inhalation 60 h

Oral gavage 90 h

Oral gavage 7 d

Intraperitoneal
route 3 d

Toxicity
1000 pg/L 0.5 and 50 ym: energy
homeostasis;

100 pg/L 0.5 and S0 pm: intestinal
disturbance

;6
Energy homeostasis®®

Energy homeostasis and intestinal
disturbance”®

Energy homeostasis and intestinal
disturbance

Intestinal disturbance””
R . s T4
eproductive toxicity

0.15 and 1.5 mg/kg: reproductive
toxicity75

0.01, 0.1, 1 mg/d: reproductive
toxicity ©

0.15 and 1.5 mg/d: reproductive
toxicity

0.5 mg/d/individual:

immunotoxicity
Immunotoxicity (insignificant)”’
0.125, 0.5, or 2 mgo/d:

immunotoxicity

L. 81
Neurotoxicity

L 82
Neurotoxicity
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However, humans require higher energy than rodents, resulting
in possibly different metabolic responses facing microplastics.
When the pregnant female mice were exposed to microplastics,
the first and second offspring may have a disordered fatty acid
metabolism,”® indicating the possibly maternal transfer of these
ingested microplastics. The administration routes were also
important in the microplastics toxicity. Microplastics adminis-
tered to mice by drinking water or food sources induced energy
imbalance, which then caused intestinal inflammation, dis-
turbance of the intestinal barrier, decreased mucin secretion, and
most importantly, the pronounced changes of intestinal
microflora.”””" At the genus level, a total of 15 types of bacteria
were significantly altered, with most altered genera belonging to
beneficial microbes performing maintaining functions of the
intestine.”"”* Specifically, short-chain fatty acids produced by
genera such as Anaerotruncus and Ruminiclostridium were
responsible for maintaining intestinal barrier functions, while
these producers were decreased by microplastics. The decreased
genera, including Anaerotruncus and Roseburia with tight
junction-promoting functions, were also decreased by micro-
plastics. The mechanism for plastic-induced change of intestinal
microflora was mostly due to the plastic-associated pollutants
including organics, metals, and even colonized microbes that
could be desorbed in the 7§ut environment and interacted with
local microbes in the gut.

4.1.2. Reproductive Toxicity. Another main target of
microplastics was reproduction by ingestion routes such as
drinking water and food sources. Degeneration of reproduction
in male mice included a decreased testosterone level, decreased
number and mobility of viable spermatozoa, enhanced
deformation, atrophy, and apoptosis of spermatozoa.”*”"°
Microplastics were also detected in ovarian granulosa cells,
resulting in the apoptosis, pyroptosis and development of
ovarian fibrosis.”>”” Side effects of microplastics on reproduc-
tion were mostly attributed to the induced oxidative stress
(evidenced by the decreased antioxidants and increased level of
malondialdehyde) and loss of metabolism-related enzyme
activity (includin_g succinate dehydrogenase and lactate
dehydrogenase).”>"

4.1.3. Immunotoxicity. The immune system was another
target of microplastics via both the ingestion and inhalation
routes. Hematopoiesis was influenced by microplastics, with a
decreased number of leukocytes, increased Pit count, and
inhibition of the growth of the colony-forming unit with over 40
differentially expressed genes.”® Similarly, a decrease of
leukocyte and lymphocyte was found in the blood.”” Polystyrene
microplastics were used in these two studies, but the
administration routes were different (i.e.,, ingestion vs
inhalation). Therefore, the exposure route might not influence
the immune response, as microplastics successfully penetrating
the epithelial layers of either the lungs or gastrointestinal tract
could eventually reach the circulatory system. In contrast to the
reduction of leukocyte number, the proportion of neutrophils in
the bloodstream increased along with the altered lymphocytes
subpopulation.®

4.1.4. Neurotoxicity. The study of the neurotoxicity of
microplastics was still in its infancy, although some studies
focused on the effects of microplastics on the brain. When the
microplastics were consumed via a gastric tube, the locomotor
activity decreased in mice, associated with a high anxiety and loss
of behavior.”" The concentrations of microplastics used in most
studies on mice (1.2 X 10" items/m?) were 10°fold higher than
the realistic concentration in the environment (2 X 10* items/
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m?).” By lowering the concentration of exposed microplastics to
an environmentally relevant dose (14.6 ng/kg), there was no
change of locomotor activity or anxiogenic behaviors in mice.*”
However, the use of nanoplastics (approximately 20 nm) still
influenced the cognitive function with a decreased activity of
acetylcholinesterase in the mouse brain, suggesting the
importance of the small size of microplastics in inducing
neurotoxicity.

4.2. Cytotoxicity of Microplastics

Some connections were found between tissue damage of mice
and subcellular structures. Microplastics caused damage of
cardiac structure and impaired the mitochondrial integrity in
cardiomyocytes.” Histopathological lesions in the kidneys of
mice were associated with endoplasmic reticulum stress in
kidney cells.** To study the underlying mechanisms of tissue
damage, the subcellular effects of microplastics should be
examined. Several studies on the cytotoxicity of pristine
microplastics on human-derived cells showed insignificant
toxicity except at high concentrations of microplastics.”> The
diameter of human cells ranged between S ym (e.g.,
lymphocytes) and 200 um (e.g, mature egg cells),*® which
may limit the internalization of microplastics. Thus, the size of
microplastics available to cells should be within 5 ym, and the
largest microplastics found in the cells was 4.5 um.*” Compared
with large polystyrene microplastics, smaller nanoplastics were
internalized by A549 cells more rapidly.* Surface modification
of microplastics also influenced the cellular uptake efficiency, as
evidenced by the 20—40 times faster uptake of positively
charggd microplastics than the uptake of negatively charged
ones.

Cellular uptake of microplastics included passive trans-
portation and active endocytosis, which was the most common
pathway. Contacting with the lipid bilayer of the plasma
membrane, microplastics might physically disrupt the mem-
brane and damage the important structures on the cell surface
such as proteoglycans or other extracellular matrix compo-
nents.®> Similar to other metal-based nanoparticles, micro-
plastics were first entrapped in the early endosomes, followed by
the maturation and differentiation of the early endosomes to late
endosomes for intracellular transportation.”® After being
transported to digestive organelles such as lysosomes, micro-
plastics would interact with hydrolytic enzymes in lysosomes, as
evidenced by the overlay of polystyrene nanoplastics and
lysosomes in rat basophilic leukemia cells.”’ Nanoplastics
ingested in lysosomes caused the imbalance of the lysosomal
environment, in association with the enhanced permeabilization
of embryonic zebrafish fibroblasts and the subsequent lysosomal
escape of microplastics.”” Microplastics escaped from lysosomes
or endosomes were transported to cytosol and other organelles
such as mitochondria, the endoplasmic reticulum, and the
nucleus. The overproduction of ROS represented mitochondrial
damage by microplastics as a byproduct of mitochondrial
metabolism. With the decreased size of microplastics, oxidative
stress in Caco-2 cells increased as well as the enhanced
mitochondrial depolarization.”

In addition to the size-dependent cytotoxicity caused by
microplastics, the surface chemistry of microplastics also made a
difference. After irradiation-promoted aging, obvious surface
oxidation and surface microcracks could be found in secondary
MPs and the changed characters would result in the different
bioeffects of MPs.”* After aging by UV irradiation, aged
microplastics exhibited higher cytotoxicity compared with
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Table 2. Cytotoxicity of Microplastics®

Cell MPs Size/Shape Dose Subcellular Damage
Myocardial cells of 6-week-old Wistar rats PS 5104 nm 0.5, 5, and 50 mg/L in water for rats S and 50 mg/L: Mitochondrial damage83
Spherical shape 90d
Human kidney proximal tubular epithelial PS 2um 0.025—0.8 mg/L Mitochondrial damage (>0.2 mg/L);
cells (HK-2 cells) Spherical shape Endoplasmic reticulum stress*
Human alveolar type II epithelial cell line PS  25and 70 nm 25 mg/L for 25 nm and 160 mg/L for ~Mitochondrial damage and genotoxicity®®
(As49) Spherical shape 70 nm
Rat basophilic leukemia (RBL-2H3) cells PS  50nm,500nmand 10 mg/L Mainly located in lysosome”"
S um
Spherical shape
Embryonic zebrafish fibroblast cell lines PS 100 and 1000 nm 20 mg/L Lysosomal and mitochondrial damage”
(ZF4) Spherical shape
Caco-2 cells PS 300 nm—6 ym 20 mg/L Mitochondrial damageg3
Spherical shape
Human alveolar type II epithelial AS49 cells PSS 100 nm S, 50, and 100 mg/L Genotoxicity;
Spherical shape Mitochondrial damage caused by aged MPs >
50 mg/L”
Murine splenic lymphocytes of female wild-  PS 20 and 50 nm 5—160 mg/L for 20 nm and 25—800  Mitochondrial damage”
type BALB/c mice Spherical shape mg/L for SO nm
Mouse macrophage-like cell line RAW 264.7 PE 65 nm 300—-1000 mg/L Endoplasmic reticulum stress’’
Spherical shape
Human alveolar type II epithelial cell line PS 20 and 200 nm 250 mg/L 20 nm: Membrane disruption and interaction
(AS49) Spherical shape with chromosome

“PS: polystyrene; PE: polyethylene.

Immune system Molecular pathway
. —— P
Intraperitoneal route Y
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Figure 3. Toxicity of microplastics on laboratory rodents and human-derived cells. “MP”, “M”, “L”, “N”, and “ER” represent microplastics,
mitochondria, lysosome, nucleus, and endoplasmic reticulum, respectively.

pristine microplastics.”” The produced ROS further caused Detailed information about the toxicity of microplastics on
mitochondrial damage; for example, the membrane damage was human/rodent-derived cells is shown in Table 2.
closely related to cellular storage of energy. Exposure of 4.3. Pollutants Carried by Microplastics

ositively charged nanoplastics reduced the mitochondrial
P 7 & P Microplastics could also act as a carrier to harbor endogenous

chemical additives and other contaminants in the environment.
Additives, dyes, and pigments incorporated into microplastics
during the manufacturing process could cause toxicity,
carcinogenicity, and mutagenicity.'”’ For example, plasticizers
including phthalates, bisphenol A, and styrene have been applied
in the manufacturing of plastics. Microplastics enhanced the
toxicity of phthalates by facilitating their transport and release to
intestines of mice.'”" Over 56% of polymers were composed of
monomers with severe bioeffects, such as the carcinogenic

membrane potential which was a prerequisite for maintaining
the mitochondrial oxidative phosphorylation procedure.”® Cell
apoptosis was induced by polystyrene nanoplastics due to
mitochondrial damage and mitochondria-mediated autopha-
gy.”® Apart from the mitochondrial damage, stress of the
endoplasmic reticulum was found in the RAW 264.7 cells after
exposure to polyethylene nanoplastics, with an overexpression of
IRE1-a, Bip, and CHOP proteins.”” In addition, the internalized
microplastics could even attach to the nuclear envelope

following interaction with the inside components. Nanoplastics polyvinyl chloride.'” With hydrophobic properties, micro-
as small as 20 nm were observed in the vicinity of chromosomes plastics were found to adsorb the persistent organic pollutants,
with no surrounding nuclear membrane, in contrast to the facilitating the migration and ingestion of mixtures to
insignificant contact with chromosomes by 200 nm ones,” organisms.'® Similarly, various metals and antibiotics could
suggesting the possible genotoxicity caused by nanoplastics. be adsorbed on the surface of microplastics, resulting in
Polystyrene nanoplastics further upregulated the gene ex- unpredictable bioeffects during transportation in the environ-

929

pression relating to DNA proliferation, synthesis and repair. ment. There was no chemical bond between microplastics and
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those chemicals, suggesting that the chemicals would leach from
the microplastics to environment during transportation.'”’ In
addition to the potentially enhanced toxicity of chemicals,
microplastics could also act as a colony of pathogens to protect
them from identification by the immune system. For instance,
vibrio spp. could colonize the surface of microplastics,** which
then altered the gut microbiome in the presence of micro-
plastics. The toxicity of microplastics on laboratory rodents and
human-derived cells is summarized in Figure 3.

5. CONCLUSIONS AND FUTURE PERSPECTIVES

Due to the widespread distribution of microplastics in the
environment, humans are inevitably exposed to microplastics.
Different tissues of the human body accumulate microplastics,
highlighting the necessity to study the potential side effects of
microplastics on human health. Intensive studies on mammals,
especially using laboratory rodents and human-derived cells,
have been conducted to reveal the toxicity targets and the
underlying mechanisms. To further improve our understanding
of potential toxicity to humans, the following recommendations
for experimental designs are proposed.

In terms of properties (i.e., chemical composition and shape)
of microplastics applied in previous studies, microplastics made
of polystyrene or polyethylene were mostly applied, with
primary spherical shapes to facilitate the procurement. However,
reported types of microplastics are updated based on an
increasingly standard definition of microplastics. Types of
microplastics should not be limited to the conventional
petroleum-based plastics. Carried by personal care products,
artificially synthesized polymers with solid state, insoluble, and
more complicated chemical structures require further identi-
fication and assessment. Also, microplastics with different types
do not exist independently; studies on which type of
microplastics could be preferentially taken up and accumulated
by organisms are required. Additionally, UV irradiation and
weathering during the transportation of microplastics in the
environment induce cleavage of the chemical bonds of
microplastics, suggesting that in addition to spherical micro-
plastics, other irregularly shaped microplastics should be
introduced in toxicological studies. Furthermore, the environ-
mentally relevant properties of microplastics should be
considered. Due to the complexity of the environment and
human biofluid, the surface of microplastics is inevitably
modified with eco-corona or biocorona during transportation,
leading to totally different bioeffects caused by modified
microplastics compared with the pristine ones. Studies reporting
biodegradation of microplastics were mostly related to micro-
organisms; hence, understanding the fate of microplastics in the
intestines and feces of biota could help to predict the
environmental fate of microplastics in terms of biology. As a
result, properties of these secondary microplastics such as
translocation capacity, bioavailability, and biocompatibility
should be re-evaluated.

To make toxicological studies of microplastics on humans
more relevant, a comparison of the toxic effects with different
administration routes should be conducted. The administration
route of microplastics to the laboratory rodent was mostly via
oral paths including drinking water, food source, and gastric
tube, followed by administering by inhalation, intratracheally, or
intraperitoneally. Although it was difficult for microplastics to
penetrate the dermal barrier, in vivo studies on the effects of
microplastics on laboratory rodents via dermal penetration are
rather limited. Although different types of cells were used to
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evaluate the cytotoxicity of microplastics, the most used ones
were the adherent cells that attached on the culture dish.
However, microplastics with low density were more likely to
float in the culture medium, leading to inadequate contact of
microplastics with the cells. Therefore, more types of cells, such
as suspension cells, should be used to simulate the interaction
between cells and microplastics. Also, the cell density would
influence the final toxicity of microplastics by affecting the
number of plastics assigned to each cell; thus, cell density in the
cytotoxicity test should be standardized.

In addition to the optimization of the experimental design,
some key questions remain to be further explained. First,
microplastics have been detected in various tissues of the human
body, but it remains unclear whether the health conditions of
these volunteers could be connected to the detected contents of
microplastics. Although high accumulation of microplastics
could be associated with human disease, it was uncertain
whether the damaged tissue in humans would lose the ability to
resist the penetration of microplastics. Also, the potential side
effects of these accumulated microplastics on the recovery of
human diseases remain unknown. Thus, follow-up studies on
participants, especially those with chronic diseases and high
exposure risks, are required. Also, the most direct approach to
connect human health with exposure of microplastics is based on
real-time wearable devices that could accurately differentiate
microplastics from other particulates and measure physiological
indicator simultaneously. Since microplastics potentially carry
other pollutants and facilitate their transportation in the
environment, a long-term epidemiological study is required on
a certain human population which is considered at high risk of
coexposure of microplastics and conventional pollutants.
Additionally, few studies have illustrated the bioeffects of plastic
debris directly sampled from the environment. This was largely
due to the limited standardized extraction approach across
diverse environmental sample types. High heterogeneity of
environmentally relevant microplastics would make the result of
following toxicological studies difficult to explain; thus, the
proper identification and classification methods would facilitate
screening the key factors of microplastics determining the
resulting toxicity.
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