Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 17 1403. Downloaded on 08/11/1404 11:43:10 ..

(cc)

¥® ROYAL SOCIETY

Environmental Science s OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue,

CRITICAL REVIEW

A review of the toxic effects of microplastics based

i'.) Check for updates
on studies on mammals and mammalian cell lines¥

Cite this: Environ. Sci.: Adv., 2024, 3,
1669 )
Kuok Ho Daniel Tang@

Microplastics have raised global alarm because of their pervasiveness, potential human toxicity, and
ecotoxicity. This paper reviews studies conducted on mammals and mammalian cell lines to illustrate the
toxic effects of MPs and the MP levels causing or not causing an observable negative response. Most
current studies in this area have been conducted on polystyrene with few studies dedicated to
polyethylene and polypropylene. In vivo studies commonly use mice or rats as the experimental subjects
and ingestion as the exposure mode, while in vitro studies use different types of cell lines, with intestinal
cell models being the most common. The toxic effects of microplastics are size- and biomarker-
dependent, with polystyrene microplastics at 1.49 x 10° to 4.55 x 107 particles per mouse not leading to
observable negative effects but 0.01 mg day™* to 0.15 mg day ™! per mouse yielding negative responses.
For cell lines, polystyrene microplastics at 10 pg mL™1-20000 particles mL™* did not induce negative
effects but a level of 0.01 pg mL1-5000 particles mL™* caused negative effects, depending on the types
of cells used. Polyethylene microplastics at 0.125 mg day ' generally could cause mice to respond
negatively, whereas polypropylene microplastics at 5000 particles mL™ were observed to cause
a negative response in THP-1 macrophages. The different units for the toxic doses used make
comparison of the doses challenging. It is, therefore, recommended that a common unit is used in
reporting the toxic levels of microplastics, particularly mg kg~*—bw day~? for in vivo studies and pg mL™*

Received 26th June 2024
Accepted 2nd October 2024

DOI: 10.1039/d4va00227] or mg L™ for in vivo studies. Standardized biomarkers and bioindicators could also be used to facilitate

rsc.li/esadvances comparison.

Environmental significance

Microplastics have permeated all compartments of the environment and are increasing in abundance with higher plastic consumption. Numerous papers have
highlighted the ecotoxicities of microplastics. However, it remains unclear how this emerging pollutant affects human health. Multiple in vitro and in vivo
studies have been conducted on cell lines and rodents, respectively, to examine the toxicity of microplastics, but there are few reviews that bring the information
on the toxic effects of microplastics together through a unique approach of presenting the microplastic levels producing no observable effects and those
producing adverse effects on the mammalian systems. This review represents one of these very few attempts. Through reviewing the toxic levels and effects of
microplastics on mammalian systems, it contributes to a better understanding of how microplastics could affect human health.

approximately 0.02 MPs per gram of sand samples collected in
the Kavir and Lut deserts of Iran.” It was also reported that 98%
of the wet and dry environmental samples collected from the

1 Introduction

Widespread use of plastic items and plastic waste mismanage-

ment have resulted in the detection of primary and secondary
microplastics (MPs) in the environment." MPs have been
extensively studied by the scientific community, particularly in
terms of their occurrence, abundance, distribution, and eco-
toxicity.>* It is now known that MPs have permeated all
compartments of the environment from soil, and water to air,
and they have contaminated remote and supposedly pristine
environments.*® A study revealed an average abundance of
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most isolated parts of the US, such as the Grand Canyon, con-
tained MPs.? Detection of MPs in the snow samples in Fram
Strait between Svalbard and Greenland pointed to the
contamination of the Arctic atmosphere by MPs.* Atmospheric
transport was deemed the major reason for MP detection in
these remote areas. Globally, an estimated 33.76 tons of MP
fibers are churned out into the atmosphere.®

The ubiquity of MPs in the environment means it is very
likely for organisms to be exposed to MPs. Indeed, studies have
shown the presence of MPs in different organisms ranging from
plankton to whales, as well as in various food items.'*" Feeding
mechanisms and difficulty in differentiating plankton from
MPs result in the ingestion of MPs by marine organisms.*?
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Ory et al. reported that Decapterus muroadsi in the South Pacific
consumed blue MPs due to their resemblance to copepods.*
MPs have been found to contaminate a planktonic community
at an abundance of 139 MPs m~* and their sizes (predominantly
500-1000 pm) fell into the common planktonic size range.**
Similarly, 140-180 MPs m > were retrieved from a shallow lake
in Argentina and their sizes (50-950 um) overlapped with those
of the dominant zooplankton comprising rotifers and cyclo-
poids (<200-600 um), thus exposing aquatic organisms at
higher trophic levels to MPs."> Degradation of MPs produces
smaller plastic particles, which could be ingested or entrained
by plankton, especially the filter-feeding zooplankton with
crucial roles in the marine food webs, leading to the transfer of
MPs along the food webs.'® MPs were detected in 20% of the fish
samples taken from the coast of Portugal” and 23% of the
edible fish samples comprising Merluccius merluccius and Mul-
lus barbatus gathered from the Mediterranean Sea."®

Exposure to MPs has received much attention and studies on
the effects of such exposure have been conducted.**° Exposure
of zooplankton to MPs under laboratory conditions caused
altered feeding behavior, retarded growth, and development, as
well as decreased reproductivity and lifespan though a small
number of studies reported no significant effect.'® Zebrafish
(Danio rerio) exposed to polystyrene (PS) MPs in an experiment
were observed to accumulate MPs in gills, livers, and guts. This
triggered oxidative stress, elevated activities of superoxide dis-
mutase and catalase, as well as inflammation and disrupted
lipid metabolism in the liver.** Accumulation of MPs in the guts
of lugworms (Arenicola marina L.) resulted in increased rates of
respiration, probably due to inflammation triggered by MP.**
MPs were found to affect the benthic assemblage structures by
reducing species richness and abundance, as evident in the
reduction of juvenile periwinkles (Littorina sp.) and an isopod
(Idotea balthica).>® MPs have also been detected in humans. A
study found human blood samples to contain polyethylene
terephthalate (PET), polyethylene (PE), and PS primarily. The
total concentration of MP particles in the samples averaged 1.6
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pg mL~">* Montano et al. found human semen samples to
contain 16 MP particles sized 2 to 6 um. These included poly-
propylene (PP), PE, PET, PS, and polyvinyl chloride (PVC).>* MPs
sized 4-15 pm were observed in human urine, and they were
primarily polyethylene vinyl acetate (PVA), PVC, PP, and PE.>*

In addition, MPs act as carriers of other environmental
pollutants by providing the surfaces for the sorption of these
chemicals.”” Alimi et al. found PE fragments to exhibit high
sorption of environmental pollutants, and polychlorinated
biphenyls (PCBs) adsorbed to colorless MPs better than colored
plastics.?® Sorption of perfluorooctanesulfonamide (PFOSA) on
PE and PVC was also reported. This results in co-exposure of
living organisms to other environmental pollutants sorbed by
MPs.” Additionally, MPs can leach out additives, particularly
phthalates, which are endocrine-disrupting substances.**** Due
to a lack of strong covalent bonds between the additives and
plastic polymers, they could be released from MPs, causing
adverse health effects on organisms exposed to them. Human
and animal exposures to phthalates have been associated with
negative impacts on reproductive and cardiovascular systems.*?

Currently, most of the human health impacts of MPs have
been characterized through studies conducted on mice or rats
and human or mammalian cell lines.*® Animal and cell line
studies provide valuable information for the deduction of MP
toxicity in humans. These studies reveal the toxic levels of MPs,
particularly the levels at which there are no discernible effects
and those at which adverse effects begin to show. This review
aims to systematically present the toxicity of MPs based on the
levels of MPs causing adverse effects on mammals or human
cell line models.

2 Mammal and human cell line
studies on MP toxicity

The toxic effects of MPs on mammals are typically observed
either through in vitro experiments conducted on mammalian
cell lines or in vivo experiments conducted on mice or rats
(Fig. 1 and Table S11).>*** The duration of exposure and the
concentrations of MPs used in in vitro and in vivo studies differ,
with the former lasting usually for 24 hours and, in some cases,
up to 96 hours®***” and the latter lasting from 7 days to 90 days.*®
Shorter cell line studies over 6 hours have also been
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Fig.1 Invivo and in vitro toxicological studies of MPs were conducted
mostly for PS, PE, and PP MPs.
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conducted.**® Based on the duration of exposure, in vitro
studies usually indicate the acute toxicity of MPs on the cells
exposed, whereas in vivo studies commonly demonstrate the
sub-chronic or chronic toxicity of MPs on the organisms
exposed.***

Caco-2 cells from human colorectal adenocarcinoma cells
are most commonly used as a model of the intestinal epithelial
barrier and they express tight junctions, microvilli as well as
enzymes and transports typical of enterocytes (Fig. 1).**** Caco-2
cells can also be cultured together with HT29-MTX-E12 cell line,
macrophages and/or dendritic cells to form different intestinal
models.*>** Other cell lines such as HepaRG, NIH/3T3 fibro-
blasts, cardiomyocytes, BeWo be30 and CHO-K1 have been
employed to study the hepatoxicity, embryotoxicity, and car-
diotoxicity of microplastics as well as the effects of micro-
plastics on placental and intestinal barriers, respectively*>*
(Table S17). While Caco-2, HepaRG, BeWo b30 and HT29-MTX-
E12 are human cell lines, NIH/3T3 fibroblasts and ES-D3 come
from mice.*>** CHO-K1 originated from the ovary of an adult
Chinese hamster.* Raji-B cells, used in certain intestinal
models as a type of lymphocytes, are also derived from
humans.*® Mice and rats are typically used in in vivo studies, but
they are different in numerous aspects.*® Mice are usually
smaller than rats and have shorter lifespans. They have higher
metabolic rates and are more genetically diverse than rats. Mice
are more commonly used in microplastic toxicological studies
than rats.”* Genetically identical inbred strains such as
C57BL/6 are frequently used to reduce the effects of genetic
variation on toxicological responses.* Ingestion is the exposure
mode in all the studies reviewed, except one involving intra-
tracheal instillation.>*

2.1. Levels of MPs producing no observable adverse effects

Numerous studies found MPs to have no significant effects on
the experimental subjects.*®*® Stock et al. did not observe
significant changes in body weights as well as the weights of the
liver, spleen, kidney, heart, lungs, and testes when mice were
fed daily with 4.55 x 10" PS MPs sized 1 um and 4 um respec-
tively, and 1.49 x 10° PS MPs sized 10 um (Table S11).” There
was no significant effect on the activities of the B-galactosidase
reporter and heme oxygenase 1-dependent reporter, both indi-
cating oxidative stress and inflammation.>” PS MPs sized 0.5 pm
were reported to not produce a significant effect on the volume
of growing mice follicles at 0.15 mg day ' over 90 days, but
increasing the dose to 1.5 mg day ' caused a decrease in the
follicle volume.*® Having conducted a 28-day study on the
effects of PS MPs on mice, Jin et al. found that mice exposed to
the same dosage of 100 puL (10 mg mL ™" or 1 mg) PS MPs with
different sizes produced different results with MPs of 0.5 pm
not causing any noticeable weight change but those sized 4 pm
and 10 pm decreased their body weights, indicating variable
effects of MP sizes on the same bioindicator (Table S1%).%%"°
Another study showed that exposure of mice to nano-PS 50 nm
in diameter for 30 days at a dose of 10 mg kg~ ' did not result in
significant changes in their body weights, anxiety-like behavior,
locomotor function as well as biomarkers related to intestinal
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inflammation, oxidative stress, intestinal epithelial cell tight
junction proteins, inflammation and oxidative stress of cortex,
lung, and liver, in addition to IL-1B, IL-6 and TNF-a levels in
serum® (Table S17).

Additionally, Domenech et al. reported that PS MPs sized
0.05-0.1 pm did not induce cytotoxicity in Caco-2/HT29 intes-
tinal cells and Caco-2/HT29 + Raji B cells at 200 pg mL ™},
neither did they significantly alter intestinal barrier integrity
and permeability, as well as induce the production of intracel-
lular reactive oxygen species (ROS) and oxidative deoxy-
ribonucleic acid (DNA) damage at 100 pg mL ™" (Table S1%).5°
Cortés et al. revealed exposure of the Caco-2 cell line to PS MPs
sized 0.05-0.1 pm resulted in no significant cytotoxicity at 150
pum mL~" after 48 hours of exposure, and no significant alter-
ation in intracellular ROS levels, oxidative DNA damage, and
chromosome damage at 100 ug mL ™" after 24 hours of expo-
sure, in parallel to the findings of Domenech et al.***° However,
200 pg mL~" of PS MPs induced mild toxicity, whereas 24-hour
exposure to 50 pg mL~' PS MPs and 48-hour exposure to 25 pg
mL~"' PS MPs increased the expression of ROS-related genes.*
This implies that exposure duration and level influence the
effect on a biomarker.** Liu et al. found 20 pg mL™" of trans-
formed PS MPs sized 100 nm and 5 pm to yield no significant
effects on lactate dehydrogenase of Caco-2 cells - an indicator of
tissue damage, and intestinal transport elicited through
changes in the permeability of paracellular marker Lucifer
Yellow (Table S1f).*” Nonetheless, these biomarkers showed
significant changes when exposed to 20 pg mL™ ' original PS
MPs of similar sizes for 96 hours.”” These findings indicate MP
transformation via in vitro digestion could reduce MP toxicity as
coronas develop on the surfaces of MPs, leading to potential
changes in their charges and sizes.”

Similarly, exposure of the intestinal cell line, Caco-2 cells, to
20 000 PP and PS particles mL ", both fresh and weathered, did
not produce a noticeable change in the levels of lactate dehy-
drogenase, IL-6, IL-8, and TNF-o..** HepG2 cells exposed to the
same dosage and type of PP and PS MPs also did not demon-
strate significant changes in the biomarkers except that fresh PS
MPs at 5000 particles mL ™" led to higher IL-6 but the changes
did not seem to be dose-dependent (Table S1f). In THP-1
macrophage, only weathered PP MPs at 20 000 particles mL "
did not noticeably change lactate dehydrogenase and IL-1f
levels (Table S17). All types of MPs increased the MIP-1f level of
THP-1 macrophage at 5000 particles mL~".®* Hesler et al. con-
ducted a study to test the toxicity of nanoscale (46.3 nm) and
microscale (465.8 nm) COOH-modified PS on different cell lines
and revealed that a 24-hour exposure to 100 ug mL ™" of nano-PS
and micro-PS, respectively, did not noticeably alter the trans-
epithelial electrical resistance of Caco-2/HT29-MTX-E12-culture
representing intestinal barrier and BeWo b30 cells representing
placental barrier (Table $11).** 100 ug mL™" of nano-PS did not
cause cytotoxicity to NIH/3T3 fibroblast and mouse ES-D3, both
of which were used to indicate embryotoxicity. 50 pg mL "
nano- and 10 pg mL~" micro-PS were not observed to result in
substantial genotoxicity when tested on HepG2CDKN1A
biosensor cells, whereas PS MPs of both sizes did not produce
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observable genotoxicity to CHO-K1 cells exposed at a dosage of
100 pg mL~" over 24 hours (Table S17).

Mice exposed to the PE MPs sized 16.9 pm for 90 days did not
experience noticeable changes in their epididymis, duodenum,
ileum, colon, heart, brain, uterus, and thymus tissues at a dose of
2 mg day ', while lower doses ranging from 0.125 mg day ' to
0.5 mg day ' were found to affect lung, kidney and spleen
tissues.* This, again, points to the fact that different MP doses
may induce changes in different biomarkers. Additionally, Park
et al. observed that exposure of mice to PE for 90 days at a dose of
0.125 mg day ' or 3.75 mg kg '-bw day ' did not yield observ-
able pathological changes in the heart, intestinal, uterine, and
brain tissues. However, they used larger PE MPs with sizes
between 40-48 ng (Table S11).** A study on an intestinal cell
model unveiled that healthy and inflamed cells have different
susceptibility to PE sized 200-9000 nm where exposure of the
inflamed culture to 50 ug cm 2 of PE did not increase inflam-
matory cytokine, IL-8, in contrast to the healthy culture® (Table
S1t). Both healthy and inflamed cultures did not exhibit
a significant increase in pro-inflammatory cytokines comprising
IL-1B, IL-6, and TNF-a. as well as DNA damage at 50 pg cm 2 PE
MPs.% Huang et al. did not observe substantial fluctuation in the
lactate dehydrogenase level of Caco-2 cells exposed to PE with
a size range of 30-140 um for 48 hours at 1000 mg L™".%

2.2. Levels of MPs producing adverse effects

At least one adverse health effect associated with MPs has been
reported in almost all the studies (Table S17). 28-day exposure
of mice to 0.01 mg day " of 5 um and 20 pm PS MPs led to an
observable decrease in adenosine triphosphate and total
cholesterol (indicative of lipid metabolism) levels and an
increase in lactate dehydrogenase.®” 0.1 mg day * of the PS MPs
significantly induced oxidative stress. Superoxide dismutase
was, in fact, reduced by 0.01 mg day " of 20 um PS MPs (Table
S1f). Histological observations revealed inflammation and
formation of liquid droplets in the liver at 0.5 mg day " of the PS
MPs.*” Similarly, the research conducted by Lu et al. provides
strong evidence that exposure to PS sized 0.5 um and/or 50 pm
at a concentration of 1000 pg L' leads to decreased body
weight and relative liver and fat weights in mice. Decreased
mucin secretion was reported after 5 weeks of exposure to 100
g L~" of the PS particles (Table S11).°® Inhalation of 2.64 x 10"
nano-PS particles by rats for 24 hours caused lower fetal and
placenta weights.** Mice ingesting 0.01-0.1 mg day " of PS MPs
sized 5-5.9 pm for 42 days had lower spermatogenic cells,
sperm count, succinate dehydrogenase and lactate dehydroge-
nase activities, and testosterone levels, as well as higher
oxidative stress and inflammatory factors.* Ingestion of 0.15-
1.5 mg day ' PS particles with a size of 0.5 um by rats for 90 days
resulted in a decreased volume of growing follicles, the secre-
tion of anti-Mullerian hormone, increased oxidative stress,
apoptosis of granulosa cells and ovary fibrosis.* Jin et al. (2021)
found that 28-day exposure of mice to 10 mg L™" of PS MPs sized
0.5 um, 4 um, and 10 pm led to decreased sperm quality and
testosterone levels, increased testicular inflammatory factor
and disrupted integrity of the blood-testis barrier.>® These
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findings imply the potentially deleterious effects of PS MPs on
male and female reproductive health.

Hou et al. exposed mice to 5 pm PS MPs for 35 days and
observed decreased live sperm in epididymis as well as
increased pro-apoptotic protein and inflammatory responses at
100 pg L ™" or 0.6-0.7 ug day '. When the dosage was increased
to 10 mg L™ (60-70 pg day '), increased sperm malformation
and more inflammatory responses were observed (Table S1t).7°
In contrast, mice exposed to PS sized 50 nm up to 30 days at
a dosage of 10 mg kg~ " did not experience noticeable changes in
body weight, anxiety-like behavior, inflammatory responses,
and oxidative stress, except for a noticeable increase in Tff3 and
KlIf3, signaling intestinal mucus secretion.®® Rawle et al. re-
ported that 80 pg kg™' day " of PS MPs sized 1 pum triggered
transcriptional changes and mild inflammatory signature in the
colon of mice as well as increased inflammation and leukocytes
over a 33- to 41-day exposure.”

In terms of cell model, nanoscale (46.3 nm) COOH-modified
PS resulted in increased cell viability of an intestinal barrier
model at 100 ug mL~* while 5 g mL ™" nano-PS and 0.01 ug mL ™"
micro-PS increased the cell viability of a placental barrier
model.** Embryotoxicity was triggered at 12.6 pg mL™" micro-PS
and cytotoxicity of cardiomyocytes was induced by 89.9 pg mL ™"
nano-PS and 0.1 pg mL™" micro-PS.* A loss of the viability of
Caco-2 was also reported at 1 x 10" pg mL " and 1 x 10° pg
mL~" PS MPs sized 1 pm and 4 pm respectively.”” Moreover, 12-
hour exposure of Caco-2 cells to PS MPs sized 0.1 um and 5 pm
at 200 pg mL ™" was found to increase intracellular ROS.** In
terms of mitochondrial depolarization, 0.1 pm PS MPs caused
an adverse effect at =20 ug mL™", while 5 pm PS MPs caused an
adverse effect at =1 ug mL ™" (Table S17). This is in contrast to
the findings of Stock et al., which showed smaller PS MPs
exerted an adverse health effect at a lower level.*>*

Wang et al. revealed a mixture of PS MPs of different sizes
(Table S11) caused increased intracellular ROS at 120 pg mL ™",
and this is lower than the 200 pug mL ™" reported by Wu et al. for
PS MPs sized 0.1 pum and 5 pm.**”* The study also revealed that
120 pm mL ™" of PS MPs of all sizes could induce mitochondrial
depolarization, with larger MPs having a more pronounced
effect, in parallel to the findings of Wu et al.** Cortés et al.
observed mild cytotoxicity in Caco-2 cell line exposed to 200 pg
mL~' PS MPs sized 0.05-0.1 um for 24 and 48 hours and
increased ROS at 25-50 pg mL~.*® Original PS MPs at 20 pg
mL ™! induced more adverse effects in Caco-2 cells than diges-
ted PS MPs, and these effects are related to cell membrane
disruption and decreased intestinal transport.’” 100 um fresh
PS MPs increased the level of IL-6 in HepG2 cells at 5000
particles mL™" without a clear dose-dependence trend. The
same dose of fresh PS MPs also increased lactate dehydroge-
nase, IL-18, and MIP-1 B in THP-1 macrophage. These effects
were only observed when treated with weathered PS MPs at 10
000 particles mL~".%* Upon exposing HepaRG cells to modified
PS sized 20 nm, 40 nm, and 1 um for 24 hours, Stock et al. found
adose of 1.5 x 10" to 2.5 x 10"> um? PS particle surface per mL
resulted in a slight increase in caspase-3 activity (a measure of
apoptosis) with 20 nm carboxy (—) PS inducing a negative effect
at the lowest level (Table S11).”® The same PS particles are more
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potent than amino (+) PS particles in raising caspase-9 activity.”
500 pg mL~' UV-treated PS MPs of 1.0-1.9 um decreased cell
viability and increased plasma membrane damage of Caco-2
cells.*

As for PE MPs, healthy and inflamed intestinal cell models
exposed to 50 pg cm > PE particles sized 200-9900 nm for 24
hours showed increased lactate dehydrogenase levels while the
same dose increased IL-8 of the healthy cell model.** Fresh PP
MPs of 100 pm were also observed to increase lactate dehy-
drogenase and IL-1B levels in THP-1 macrophage at 20 000
particles mL ™" and 5000 particles mL ", respectively.® Huang
et al. observed that PE MPs of 30-140 um decreased the viability
of Caco-2 cells at 1000 mg L™ " and increased intracellular ROS
at 100 mg L™ " after 48 hours of exposure.® In mice, 600 ug PE
MPs sized 10-150 pum caused intestinal inflammation after 5
weeks of exposure.® 90-day exposure of mice to PE MPs sized
16.9 um at doses ranging from 0.125 mg day ' to 0.5 mg day "
led to lesions in tissues of multiple organs, germ cell degrada-
tion, and adverse changes in the ovary.>* Additionally, Park et al.
also reported numerous changes in immune response after
mice were exposed to 0.5 mg day ' (15 mg kg '-bw day ') to
2 mg day ' (60 mg kg~ '~bw day ') of PE MPs sized 40-48 um for
90 days, in addition to reduced live births per dam and reduced
body weight of pubs (2 mg day ').** Pathologically, 0.125 mg
day ' (3.75 mg kg '-bw day ') of the PE MPs caused degen-
erated testicular germ cells, stomach mucosal hypertrophy,
ovary cyst, and deleterious changes in lung and kidney tissues.®*
Behavioral changes in terms of reduced locomotion activity
were noted when mice were exposed to 60 mg L~ " PE MPs with
a mean diameter of 35.46 um for 7 days.”™

2.3. Implications of MP toxic levels and their influencing
factors

It becomes apparent at this point that the abilities of MPs and
smaller plastic particles to induce negative health effects vary
considerably with different types and sizes of MPs, the
biomarkers or bioindicators used, the types of cell models used,
and in some instances, the gender of the experimental subjects
(Tables S1T and 1). Frequently, the comparison between the MP
levels producing adverse effects is complicated by the different
units used, and most of the time, they are not convertible due to
the varying methods used in determining the levels. Further-
more, weathering of MPs through digestion and ultraviolet
irradiation could alter their toxicity. Table 1 attempts to present
the levels of MPs producing no observable health effect and an
adverse effect according to the types and sizes of MPs, taking
the lowest or most conservative levels reported in Table S1.¥
Modified MPs are treated as a subset of the major MP types;
for instance, COOH-modified PS is considered as PS. PS parti-
cles =1 um are those commonly in the nanoscale. Nano-PS at
levels ranging from 10 pg mL ™" to 100 ug mL " did not produce
an observable effect on certain cell line models (e.g,
HepG2CDKN1A). From 4.55 x 10’ particles up to 10 mg kg,
nano-PS did not yield an observable effect in mice (Table 1).
However, for other cell lines (e.g., BeWo b30), some studies
revealed that nano-PS began to cause a negative response at
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alevel of 0.01 pg mL ™" to 89.0 pg mL ", while the levels needed
tobeat 100 ug L', 0.15 mg day ™', 2.64 x 10" particles, or 80 pg
kg~ " day ' to produce adverse effects in mice (note the different
units used in different studies due to the different methods in
measuring MP abundance) (Table 1).

For PS MPs with sizes ranging from more than 1 pm to 20
um, a study revealed that ingestion of 1.49 x 10° particles did
not induce an observable negative response in mice®” (Table 1).
The deduced levels inducing adverse effects are 0.6-0.7 pg day "
or 100 pg L™ " for mice, and 1 pg mL ™" for Caco-2 cells (Table 1).
PS MPs in the size range of more than 20 pm to 50 pm produced
negative effects in mice at 100 ug L™ or 0.01 mg day ' whereas
PS MPs sized more than 50 um induced negative responses in
HepG2 cells and THP-1 macrophage at 5000 particles mL ™"
(Table 1). Due to limited studies on PE MPs, the size ranges
used in those studies are presented as they are. There is much
overlapping in the MP size range of 10-150 pm and the MP level
causing a negative response for this size range was deduced at
600 pg or 0.125 mg day " for mice (Table 1). As for Caco-2 cells,
the level is 100 mg L. Exposure to PE particles of 200-9900 nm
at 50 ug cm > generally gives rise to a negative effect in intes-
tinal cell models. PP MPs sized 100 um were deduced to
produce a negative effect at 5000 particles mL ™", while MPs
resembling those of tires and polyolefins might cause an
adverse response at 1028.58 g cm > (Table 1).

These levels without or with observation health effects were
deduced from MP toxicological studies conducted on mice and
cell models. These levels were not explicitly stated in those
studies and the deductions were made based on statistically
significant changes in the biomarkers reported in the studies. If
a particular level of MPs induced a statistically significant
alteration in the biomarker, the level is deemed to cause an
adverse effect. In some studies, however, even though an MP
dose produced a substantial change in the biomarker, a clear
dose-response relationship after the dose may not be readily
discernible or could only be observed up to a certain
extent.*>*>”® In these instances, the levels at which the negative
effects started to show were noted. A lack of dose-response
relationship is an obvious limitation in some toxicological
studies on MPs.

Besides, certain crucial information, such as the weights of
mice, were not made available, making the conversion of dose
units challenging. A lack of standardized biomarkers adds to
the complexity in determining the levels of MPs causing adverse
effects. Currently, a wide range of biomarkers have been used
and they tend to give different MP levels with or without adverse
effects even with the same type and size of MPs tested (Table
S1f). Certain biomarkers examine changes at enzymatic and
genetic levels while others gauge changes at cellular and organ
levels. Measuring mortality and acute lethal toxicity caused by
MPs may require unrealistically large doses of MPs due to their
inherently low toxicity.

In the environment, MPs could come from a variety of
sources and undergo different degrees of weathering, which
alter their toxicity. Similarly, it is likely for environmental MPs
to interact with a gamut of chemicals, each with different
toxicity. Weathering may result in the physical and chemical
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Table1l A conservative compilation of the MP levels not causing observable health effects and causing adverse health effects based on MP types

and sizes
MP type Size range Level without observable effects” Level causing adverse effects”
PS =1 pum ¢ 10 g mL~ " (HepG2CDKN1A) © 100 pug L™ (mice)
¢ 0.01 pg mL~" (BeWo b30)
© 12.6 pg mL ™' (NIH/3T3 fibroblasts & mouse ES-
D3)
© 89.0 ug mL ™" (cardiomyocytes)
® 10 pg mL ™" (Caco-2)
© 2.64 x 10" particles (mice)
© 100 ug mL™" (CHO-K1 cells) © 0.15 mg day ™" (mice)
 4.55 x 10’ particles (mice) o 1 ug mL " (rat granulosa cell)
© 100 ug mL ™" (intestinal cell model) e 1.5 x 10" um? particle surface per mL (HepaRG)
¢ 10 mg kg " (mice) 0 80 ug kg ' day ' (mice)
>1 pm to 20 um e 1.49 x 10° particles (mice) © 0.6-0.7 pug day " (mice)
e 1 pug mL " (Caco-2)
© 100 pg L' (mice)
>20 um to 50  — © 100 pg L' (mice)
pm © 0.01 mg day ™" (mice)
>50 pm 20000 particles mL ™" (Caco-2) © 5000 particles mL ™" (HepG2 & THP-1
macrophage)
PE 200-9900 nm  — © 50 ug cm 2 (intestinal cell model)
10-150 pm — ® 600 pg (mice)
30-140 um — ¢ 100 mg L™ (Caco-2)
16.9 pm — © 0.125 mg day ' (mice)
40-48 pm — ©0.125 mg day ' or 3.75 mg kg~ "~bw day " (mice)
PP 100 pm — © 5000 particles mL ™" (THP-1 macrophage)
MPs akin to those of tires and 50-500 pm © 1028.58 pg cm 2 (intestinal cell —
polyolefins model)

“ These are conservative levels showing either the highest levels a specific experimental subject can be exposed to a particular type of MPs in
a certain size range without any observable adverse effects or the lowest levels producing an observable adverse effect on a particular subject.

changes of MPs, thus changing their brittleness, density, size,
shape, and surface charges. This was elucidated by the study of
Liu et al., which transformed MPs through an in vitro digestive
process and found the transformed MPs to have a lower toxic
effect on membrane integrity and permeability of Caco-2 cells
(Table S1%).*” The authors attributed the alteration to the
formation of corona on the surfaces of transformed MPs that
could change their sizes, zeta potentials, and sorption poten-
tials. The zeta potentials of MPs were marginally increased after
digestion, causing reduced electrostatic repulsion between
particles, and this potentially facilitated their agglomeration.*”
Such agglomeration was evidenced by an increase in the average
sizes of the transformed MPs, making their internalization by
Caco-2 cells more difficult. Another possible reason for this is
that the corona contained proteins that might trigger an
immune response, hence repulsion by the cell membrane.”
Jeon et al. also reported lower toxicity of weathered MPs on THP-
1 macrophage, particularly its cytotoxicity and pro-
inflammatory responses because of a decline in ROS genera-
tion, possibly due to the higher affinity of weathered MPs to
serum protein which scavenges ROS.* Stock et al. observed that
the sizes and surface charges of nano-PS particles influenced
their cellular uptake and transport, where the smallest particles
(20 nm) and those with positively charged surfaces had higher
cellular uptake by and transport into an intestinal cell model. PS
particles of 20 nm with carboxy groups (—) and those of 100 nm

1674 | Environ. Sci.. Adv, 2024, 3, 1669-1678

with amine groups (+) were also found to induce intrinsic
apoptosis mechanism more notably than neutral 100 nm PS in
HepaRG cells.”

While sizes of nanoplastics have been shown to affect their
toxicity with those of smaller sizes tending to have larger
toxicity, the correlation is less consistent in MPs. For instance,
PS MPs sized 5 pm were reported to induce a negative response
at a lower level than those sized 0.1 um when tested on Caco-2
cells.** Upon comparing the findings of two separate studies on
Caco-2 cells, PS MPs sized 0.05-0.1 um seemed to have lower
toxicity than PS MPs sized 5 um.*”*® In addition, Table S17
shows a lack of size dependence in the levels of PS MPs yielding
adverse effects on mice, with a level of 100 pg L' reported
across three size ranges.

3 Conclusion

This review presents the toxicity of MPs based on diverse in vivo
studies conducted primarily on mice and in vitro studies on
different cell models, especially intestinal cells. It is crucial as
there are currently very few reviews that aim to provide a better
understanding of MP toxicity from the perspective of the MP
levels causing or not causing adverse effects on the experi-
mental subjects. Examining MP toxicity in mammals and cell
models enables the toxic effects of MPs on humans to be better
characterized. The levels of MPs producing or not producing an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observable negative effect deduced from the studies reviewed
widely differ due to the different sizes of MPs used, different cell
lines tested, and the different biomarkers/bioindicators
employed. A lack of uniformity in the units of dosage due to
the variations in MP preparation and, in some instances, a lack
of weight measurement of the experimental animals makes the
comparison of these levels challenging. This review, therefore,
proposes a standardization of the methods for measuring MP
toxicity. Specifically, it recommends the following:

e Use a common unit in reporting the toxic levels of MPs. For
in vivo studies, mg kg '-bw day ' is recommended since this
unit is widely used in reporting toxicological doses. For in vitro
studies, the commonly used unit based on the studies reviewed
ismg L™ or ug mL ™",

e To allow the reporting of dosage in mg kg™~ *~bw day " for in
vivo studies, the weights of MPs need to be obtained or deduced
from the number of particles administered. This involves better
particle characterization of MPs. The weights of the experi-
mental animals need to be measured.

e Use standardized biomarkers and bioindicators. For in
vitro studies, the biomarkers/bioindicators may encompass
behavioral changes, liver and brain immune markers, blood
glucose metabolism, lipid metabolism, reproductive function,
inflammatory cytokine level, digestive tract histopathology, and
nervous system. For in vivo studies, the biomarkers may include
cytotoxicity, oxidative stress, immune response, membrane
integrity, and gene expression.

e More experiments need to be conducted on different types
of MPs, including bioplastics and biodegradable plastics,
particularly polyethylene terephthalate, PE, PP, polyurethane,
polyamide, polymethyl methacrylate, styrene acrylate, poly-
hydroxyalkanoates, polylactic acid and polyesteramides.

e For each of the MP types, the effects of different environ-
mentally relevant sizes of MPs should be tested. This may
require the use of standardized size ranges to enable compar-
ison across different studies.

eMore studies on weathered MPs are needed. Since MPs
undergo different degrees of weathering and interactions with
other environmental pollutants upon entering the environ-
ment, toxicological studies on weathered MPs and MPs inter-
acted with environmental pollutants are important.
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