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Biologically active environmental pollutants have significant impact on ecosystems, wildlife,
and human health. Microplastic (MP) and nanoplastic (NP) particles are pollutants that are
present in the terrestrial and aquatic ecosystems at virtually every level of the food chain.
Moreover, recently, airborne microplastic particles have been shown to reach and
potentially damage respiratory systems. Microplastics and nanoplastics have been
shown to cause increased oxidative stress, inflammation, altered metabolism leading
to cellular damage, which ultimately affects tissue and organismal homeostasis in
numerous animal species and human cells. However, the full impact of these plastic
particles on living organisms is not completely understood. The ability of MPs/NPs to carry
contaminants, toxic chemicals, pesticides, and bioactive compounds, such as endocrine
disrupting chemicals, present an additional risk to animal and human health. This review
will discusses the current knowledge on pathways by which microplastic and nanoplastic
particles impact reproduction and reproductive behaviors from the level of the whole
organism down to plastics-induced cellular defects, while also identifying gaps in current
knowledge regarding mechanisms of action. Furthermore, we suggest that the nematode
Caenorhabditis elegans provides an advantageous high-throughput model system for
determining the effect of plastic particles on animal reproduction, using reproductive
behavioral end points and cellular readouts.

Keywords: microplastic particles, reproduction, fertility, C. elegans model, ROS, nuclear hormone signaling

MICROPLASTICS AND NANOPLASTICS POSE HEALTH RISKS FOR
ANIMALS AND HUMANS

Plastics (long polymer chains) are widely used due to their versatility and durability, which has led to
the accumulation of substantial plastic waste in the environment (MacLeod et al., 2021). The most
common plastic polymers found in the environment are polyethylene (PE), polystyrene (PS),
polypropylene (PP), polyethylene terephthalate (PET), and polyvinyl chloride (PVC) (Bratovcic,
2019). Macroplastics (1 cm and larger) present ecological problems due to entrapment and
entanglement, digestive tract congestion, and physical barriers for food supply (Chapron et al.,
2018; Giindogdu and [YesilyurtErbas, 2019). Plastic polymers could be also transformed in size
(macro-, micro-, and nanoplastics) and in shape (spheres, fibers, and fragments) upon exposure to
UV light, heat, or waves in the aquatic environment, or by biological degradation. These processes
lead to environmental weathering of MPs/NPs, which, similarly to aging of plastic particles (Liu et al.,
2020a), enhances the leaching of chemicals from these pollutants (Yousif and Haddad, 2013).
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Endocrine disrupting chemicals (EDCs) used as additives to
create these plastics, such as the estrogenic and anti-estrogenic
phthalates, polychlorinated biphenyls, and bisphenol A, also
interfere with the biology of animals and humans, (Campanale
et al., 2020a; Darbre, 2020). Furthermore, because of their large
surface area to volume ratio, MPs and NPs can absorb various
environmental pollutants, such as polycyclic aromatic
hydrocarbons (PAHs), which also act as EDCs (Zhang et al,
2016; Lara et al, 2021), or hydrophobic persistent organic
pollutants ~ (POPs),  pesticides, heavy  metals, and
microorganisms (Frias et al, 2010; Curren and Leong, 2019;
Yu et al, 2019; Liu et al.,, 2021a; Coffin et al., 2018), all of
which could further aggravate the toxicity of plastics particles.
Nanoplastic particles and microplastic particles, which are less
than 100 nm, or less than 5 mm in diameter, respectively, have
been found in sewage, soil, oceans, seafood, drinking water, and
even table salts (Mason et al., 2018; Hartmann et al., 2019; Lee
et al., 2019). Since MPs are too small to be removed by sewage
filtration, they can wash into the sea where they accumulate in
most bodies of water. MPs have unique properties which can
facilitate internalization by biota. They provide visual stimulus for
ingestion by animal species (Carpenter et al., 1972; Gramentz,
1988; David and Robert, 1994), or chemical cues for other
foragers for preferential ingestion of MP-containing food
(Savoca et al., 2016; Savoca et al., 2017; Savoca et al., 2018;
Procter et al., 2019). Accumulation of MPs and NPs have been
widely recorded in various aquatic (Lusher et al., 2013; Avio et al.,
2015; Frydkjeer et al., 2017; Gambardella et al., 2017; Critchell and
Hoogenboom, 2018; Lo and Chan, 2018; Naidoo and Glassom,
2019; Masid et al., 2021; Stienbarger et al., 2021; Liu et al., 2022a)
(reviewed in: (Akdogan and Guven, 2019; Wang et al., 2019a;
Franzellitti et al., 2019)) and terrestrial animals (Huerta Lwanga
et al., 2017; Maafd et al, 2017; Souza Machado et al., 2018;
Panebianco et al, 2019; Lu et al, 2020; Mackenzie and
Vladimirova, 2021). These studies have reported significant
detrimental effects on animal development and health,
including intestinal defects, decreased body size, decreased
survival rate and reproduction, decreased motility, altered
behavior, neurotoxicity, increased inflammation, oxidative
stress, genotoxicity, altered fat and energy metabolism, and
changes in the microbiome (Tosetto et al, 2016a; Lu et al,
2016; Lei et al, 2018a; Jin et al, 2018; Fackelmann and
Sommer, 2019; Poma et al.,, 2019; Qiao et al,, 2019; Li et al,,
2020a; Araujo and Malafaia, 2020; Crump et al., 2020; Hirt and
Body-Malapel, 2020; Priist et al., 2020; Solleiro-Villavicencio
et al., 2020; Yong et al., 2020; Li et al., 2021a; Lear et al., 2021;
Tagorti and Kaya, 2022). MPs and NPs also pose health risks for
humans. MPs and NPs are taken up through inhalation, ingestion
and via skin contact (Leslie, 2014; Gasperi et al., 2018; Pivokonsky
et al., 2018; Prata, 2018; Hantoro et al., 2019; Koelmans et al.,
2019; Toussaint et al., 2019; Vianello et al., 2019; Campanale et al.,
2020b; Danopoulos et al., 2020; Prata et al., 2020; Rahman et al.,
2021; Senathirajah et al., 2021; Vethaak and Legler, 2021), and
these plastic particles have been found in the human lung (Pauly
et al., 1998; Vianello et al., 2019), intestine (Schwabl et al., 2019)
and placenta (Ragusa et al, 2021). Recently, NPs have been
shown to be transmitted to offspring of NP-exposed zebrafish
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mothers (Wang et al., 2019a), suggesting that MPs and NPs have
an impact on the health of multiple generations of animals and
potentially humans (Pitt et al., 2018; Ragusa et al., 2021). This
review aims to detail common effects of MPs/NPs on
reproduction compared across several model organisms and
provide evidence that C. elegans is an advantageous model to
study the effects of MPs/NPs on animal health.

REPRODUCTIVE EFFECTS OF
MICROPLASTICS AND NANOPLASTICS
EXPOSURE

Fertility is the ability to produce offspring and is critically
dependent on gonad tissue integrity, as well as egg and
sperm quality. In aquatic models such as Brine shrimp
(Artemia franciscana) (Gambardella et al., 2017), the water
flea (Daphnia magna) (An et al, 2021a; Liu et al, 2021b;
Trotter et al., 2021), the pacific oyster (Crassostrea gigas)
(Sussarellu et al., 2016; Tallec et al., 2021), marine medaka
(Oryzias melastigma) (Chisada et al., 2021; Wang et al., 2021),
sea urchins (Sphaerechinus granularis) (Gambardella et al,
2018), marine copepods (Cole et al., 2015; Heindler et al,
2017; Zhang et al., 2019; Yu et al, 2020a), and zebrafish
(Danio rerio) (Sarasamma et al., 2020; Qiang and Cheng,
2021), MP and NP-induced reproductive toxicity is
represented by production of fewer offspring or clutch, lower
number of spawned eggs per clutches, increased interval
between clutches, or the presence of lower number of gravid
females (Supplementary Tables S1, S2). In the following
sections we discuss some common effects of plastic particles
from studies where reproductive toxicity was shown upon MP
or NP exposure. We also provide an overview of how C. elegans
mechanistic studies can advance our knowledge on plastic-
mediated reproductive toxicity.

CHARACTERISTICS OF MPS AND NPS
THAT CAUSE REPRODUCTIVE TOXICITY

The Impact of Size, Shape or Chemical
Composition of Plastic Particles on
Reproductive Toxicity

Researchers have looked at the impact of a large size range of
NPs/MPs and tested the effects of various plastic types and shapes
in a wide variety of animal species. As shown in Supplementary
Tables S1, S2, it is clear that in most cases small MPs are more
toxic than larger ones. For example, PS-MPs sized from 0.05 um
(NP) to 6 um (MP) applied to marine medaka larvae led to
decreased hatching rate, with the lowest values observed upon the
smallest particle exposure. Paradoxically, this smallest sized NP
induced higher expression level of the low choriolytic enzyme
(LCE) (Chen et al., 2020a), a hatching enzyme, which could be a
compensatory mechanism to counteract MP/NP induced
reproductive inhibition. Similarly, in the pacific oyster, PS-NP
(50 nm) reduced gamete fertilization, larval development, and
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embryo hatching, and this occurred regardless whether or not the
PS-NPs were amino or carboxyl modified. On the contrary, PS-
MPs of 2 um had no effect on oyster reproduction (Tallec et al.,
2018). A similar study using 50 nm amino-modified PS-NP
showed no effect on reproduction in the oyster at lower NP
concentrations, while higher concentrations of plastic particles
reduced sperm motility due to sperm aggregation (Tallec et al,
2020), suggesting that concentration is a critical parameter in
MP/NP-induced reproductive toxicity. In marine rotifer species,
PS-NPs increased reproductive time and led to oxidative stress to
a greater extent that PS-MPs did (Jeong et al., 2016). Exposure to
smaller PE-MPs resulted in lower numbers of broods per female
in the water flea (Daphnia magna), when compared to exposure
to larger PE-MPs (Ogonowski et al., 2016). In C. elegans
hermaphrodites 20 nm NPs caused greater transgenerational
oxidative stress with greater induction of stress-responsive
genes in the offspring of treated mothers than 100 nm NPs
(Liu et al., 2021c), indicating that the smaller the NPs size is,
the greater the observed reproductive defects are. Microplastic
fibers were typically more toxic than beads. In the amphipod,
Hyalelia azteca, and in the water flea a greater decrease in
reproduction was observed with lower number of broods at
lower MP concentrations upon fiber exposure than with
plastic beads (Au et al., 2015; Ziajahromi et al., 2017). In the
earthworm (Lumbricus terrestris) (Huerta-Lwanga et al., 2021)
and springtail (Folsomia candida), microfibers decreased
reproduction by inhibiting spermatogenesis (Jemec Kokalj
et al, 2021). In the earthworm Eisenia andreii, PE-MP
breakdown into NP induced sperm damage and decreased
number of sperm bundles but did not cause damage to the
oocyte in females, showing sexually dimorphic reproductive
toxicity (Jeong et al, 2021). These data suggest that smaller
particles are more toxic than larger ones, independent of the
chemical composition of the MPs/NPs.

Smaller particles may be toxic because they might be
preferentially ingested and thereby decrease ingestion of food.
In the marine copepod, PS-MPs were preferred to food, and
this led to decreased ingestion of food and increased time to
egg hatching (Li et al., 2020b). However, MP ingestion does not
preferentially occur if there is an excess of natural food, as can be
seen with Daphnia magna (Aljaibachi and Callaghan, 2018),
marine medaka (Cong et al, 2019), and marine rotifers (Xue
et al, 2021). This suggests that active avoidance of plastic
particles is possible, though this phenomenon appears to be
reported in aquatic rather than in terrestrial species. When C.
elegans was exposed to PS-MPs reproductive toxicity has been
observed, even though the plastic particles were not detected in the
reproductive tissues. However, reproductive toxicity were not due
to styrene monomers leaching from the beads as their levels used in
the study were far below toxicity and PS-MPs do not have to be
ingested to have a toxic effect on the worms (Mueller et al., 2020).
PS-MPs might indirectly affect reproduction in C. elegans, limiting
food availability, as is suggested for copepods (Cole et al., 2015),
since the inhibitory effects of PS increased with decreasing bacterial
densities. In C. elegans, PS-MPs up to 3 um could be ingested, but
all sizes from 0.1 to 10 um decreased the number of offspring.
Indeed, the reproductive toxicity correlated with decreased food
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ingestion (Mueller et al., 2020), suggesting that the presence of PS-
MPs interfered with feeding. In the pearl oyster and the planktonic
doliolid, decreased feeding and lower ingestion of MPs have been
observed instead (Gardon et al., 2018; Paffenhofer and Koster,
2020); this led to gamete apoptosis to conserve energy for survival
in the pearl oyster (Gardon et al., 2018). Smaller sizes of plastics
may be more toxic due to longer periods of action, staying in the
gut for a longer period of time (Mueller et al., 2020), or easier and
preferential ingestion. Furthermore, when ingested, smaller
particles could be taken up more easily by cells, using the
cellular endocytic machinery or phagocytosis (Rejman et al.,
2004; Xia et al., 2008; Ekkapongpisit et al., 2012; Monti et al.,
2015). This could lead to cellular internalization and translocation
of NPs from exposure site to distant tissues (Rubio et al., 2020).

Combining MPs with other pollutants could also alter the
effect of MPs on reproduction due to change in particle size. For
example, aggregation of PS-MPs caused by dibutyl phthalate
(DBP) led to the formation of very large size particles which
could not be ingested by the marine copepod. Hence, the presence
of DBP decreased reproductive toxicity of PS-MP, measured as
time to hatch, while PS-MP absorbed DBP and decreased DBP
toxicity (Li et al., 2020b).

Surface Modification of MPs or NPs Could
Affect Their Toxicity

In C. elegans hermaphrodites, a study utilizing unmodified and
amino-modified polystyrene NPs revealed that amino-modified
NPs were more toxic to reproduction at both 10 pg/L and 100 pg/L
concentrations across multiple (FO-F3) offspring generations.
Amino modified NPs caused greater and dose dependent
reduction in the number of germline cells, fertilized eggs and
overall brood size, than pristine, unmodified NPs. The germline
defects were due to an upregulation of the pro-apoptotic ced-3 and
ced-4 genes and a concomitant decrease in the anti-apoptotic ced-9
gene expression (Sun et al, 2021). Overall, positively charged
amino-modified nanoplastics were more toxic in C. elegans than
neutral NPs, which however were more toxic than the negatively
charged carboxylated NPs, possibly due to differential interaction
of these compounds with membranes and organelles (Schultz et al.,
2021). However, at short-term exposure (i.e., 24h) and using
polystyrene MPs rather than NPs, decreased number of progeny
was seen independent of surface modification, although neutral PS
particles had larger impact than amino- or carboxy-modified
particles on another MP-altered pathway, purine metabolism
(Kim et al, 2020). This reinforces the idea that in case of
smaller sized particles, such as NPs, amino-modified plastic
particles are the most toxic under chronic exposure.

Plastic Particles of Various Chemical

Properties Cause Reproductive Defects

In Daphnia magna, exposure to various doses (10-500 mg/L) of
MPs (<60 pum) over 21 days revealed the greatest reduction in the
number of offspring in the PVC MP treated group, when
compared to polyurethane and polylactic acid particles
(Zimmermann et al, 2020). However, in C. elegans and
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zebrafish, a comparison of PS, PVC, poly (p-phenylene oxide)
(PPE), polyamide (PA) MPs at very low doses (0.001-10 mg/L)
and sizes (0.5, 1, 10 uM) showed decreased growth and
reproduction rate, independent of dose and chemical property
of the particles applied. MP exposure caused intestinal damage
and increased gluthathione-S-transferase (GST) levels in a
particle size dependent manner (Lei et al, 2018a). PS-MPs
also decreased sperm fertilization rate in the sea urchin to a
greater extent than polymethyl-methylacrylate (PMMA) particles
(Trifuoggi et al,, 2019). In general, PS-MPs appear to be more
reproductively toxic that other MPs in both aquatic species and in
C. elegans, although this might be a consequence of most studies
using PS particles and the general lack of comparative studies.

Combinations of MPs or NPs With Other
Pollutants Could Aggravate Toxicity on

Reproduction

When investigating the impact of MPs/NPs on living organisms,
we need to consider that bioactive compounds are almost always
present on and readily released from plastic particles. MPs and NPs
can carry various toxic pollutants, however, whether these act
synergistically, additively or have no impact on effects of MPs/NPs
is currently a controversial topic, due to the use of a diverse range of
animal species, types of MPs/NPs and pollutants, as well as
assessing various physiological or molecular readouts. Some
reports indicate that MPs/NPs and their leached EDCs modify
each other’s effects on animal survival, reproduction, stress or other
signaling pathways, while others report the lack of these (Eder et al.,
2021). For example, the pesticide deltamethrin caused delayed first
brood production and decreased fertility in Daphnia magna, and
similar impact was observed on the juvenile larvae number per
surviving adult upon PE-MP exposure. The combined exposure to
deltamethrin and PE-MPs led to a synergistic detrimental effect on
brood number and survival in this species (Felten et al., 2020).
However, addition of the insecticide and endocrine disruptor
dichlorodiphenyltrichloroethane (DTT) (Kelce et al, 1995) to
PE-MPs had neither additive nor synergistic effect on the larval
yield of inland silversides (Menidia beryllina).

Sex-specific differences in sensitivity towards MP-pollutant
mixtures have also been observed. For example, in the female
Japanese medaka (Oryzias latipes), a decrease in estrogen receptor
(ERa) expression, and expression of the egg proteins, vitellogenin
and choriogenin was recorded after 2-months dietary exposure to
virgin or marine-weathered PE-MPs (Rochman et al, 2014),
indicating possible adverse effects on oogenesis (Murata et al,
1997). However, in the male Japanese medaka, only virgin PE-
MPs influenced gene expression, and marine-weathered PE-MPs did
not cause significant alterations in the measured outputs (Andrady,
2011; Rochman et al,, 2014), suggesting sexual dimorphism in this
response. When the medaka was exposed to UV-treated or marine-
weathered MPs at larvae stage, it showed greater induction of
vitellogenin expression, an in vivo biomarker of estrogen action
linked to reproductive effects, than what was measured in larvae
exposed to virgin MPs. This suggests that early developmental stages
of marine species may be more sensitive to a combination of MPs
and their leached EDCs, than to MPs alone, consistent with the long-
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lasting impact of EDCs alone in early development of animals
(Patisaul and Adewale, 2009). This could indicate that timing and
length of MP-pollutant treatment would be crucial in determining
impacts of these relevant to environmental exposure. The synergistic
effects of MPs/NPs and their pollutants might be the consequence of
enhanced cellular uptake of the particles, as shown in mouse cell
culture experiments performed with weathered MPs (Ramsperger
et al, 2020). Interestingly, MPs and NPs could also act
antagonistically with persistent organic pollutants, by absorbing
and therefore decreasing bioavailability of EDCs. For instance,
exposing the crustacean Gammarus roeseli to MPs mixed with
the EDC phenanthrene led to less detrimental effects than
observed by exposure to phenanthrene alone (Bartonitz et al., 2020).

Systematic Analysis Under Strictly Defined
Experimental Conditions Are Vital to
Determine Reproductive Effects of MPs
and NPs

It should be noted that there are a number of studies, mostly
performed on aquatic species, where there were no negative effects
observed on reproduction upon MP/NP exposure. In Daphnia
pulex, NPs caused no difference in the offspring number/clutch
or female and the number of clutches in exposure during FO or F1
generations (Liu et al., 2020b). In another study, Daphnia magna
exposure to a mix of NPs and MPs showed no reproductive effects
despite uptake of these plastics (Rist et al., 2017). In quagga mussels
(Dreissena rostriformis), MP had no effect on reproduction perhaps
due to an acute and short (24 h) exposure (Pedersen et al., 2020).
Similarly, exposure of MP in Danio rerio (zebrafish) for a short
period (2 days) had no effect on egg fertilization (Pitt et al., 2018). In
some cases, such as in the blackworm, ingested PE-MPs over a
longer, 28-day exposure increased ROS and decreased aerobic
energy production but did not alter reproduction (Silva et al,
2021). In two studies, PS-MP exposure in Java and Japanese
medaka over 21 days (Assas et al, 2020) or in Daphnia magna
over 100 days (Kelpsiene et al., 2020) caused no reproductive defects.
It is possible that the used MP doses in these experiments, lying in
the lower end of environmental concentrations (i.e., 107 particles/]
equivalent to 44 pg/L for the medaka and 0.32 mg/L for Daphnia
magna), were too low to induce overt defects in the reproductive
function of these animals. In one case, MPs could be used as a
substrate for egg deposition which led to an increase in the numbers
of water strider adults and juveniles in the North Pacific (Goldstein
etal., 2012; Majer et al., 2012). It is therefore important to use a range
of concentrations of plastics over both acute and chronic durations
in a systematic way to test toxicity.

C. ELEGANS AS A MODEL FOR
COMPARATIVE STUDIES OF
PLASTICS-INDUCED REPRODUCTIVE
TOXICITY

From the studies considered above, it is clear that there are not
enough systematically performed comparative analysis that assess
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TABLE 1 | | Comparison of male sexual behavior steps in C. elegans, rats, and Japanese quail.

Steps C. elegans Rat Japanese quail

1 Contact Search and Contact Search and Contact/Head grab
2 Scanning Rooting Attempted mounting

3 Turning

4 Vulva location Mounting

5 Prodding Mounting with thrusting Successful mount

6 Spicule insertion Intromission during mounting Cloacal apposition

7 Ejaculation Ejaculation Sperm transfer

Mating behavior can be divided into analogous components (anticipatory or consummatory) for each species shown. C. elegans mating is described by 7 sub-behaviors, the rat mating is
characterized by 6 sub-behaviors, and in the Japanese quail there are 5 steps described. These model organisms all begin mating behavior with searching and contacting the female/
hermaphrodite at any place of the bodly. C. elegans and rat males then engage in a search for the vulva of the mate either through scanning and turning (C. elegans) or rooting (a form of
chemo-investigation in rats). Upon location of the vulva, all three species begin mounting/prodding to locate the vulva precisely. Once this has been achieved, they position their sexual
organs in order to aid ejaculation into the mate (Hull and Dominguez, 2007; Barr, 2014, dkins-Regan, 2014).

the impact of various shapes, types, and sizes of MPs/NPs as well
as sex or developmental stage at exposure on reproduction. In
addition, few studies have compared the adverse effects of virgin
plastic particles to plastic particles carrying pollutants, such as
EDCs (Eder et al, 2021), due to the complexity of chemical
mixtures found on MPs and NPs (Rochman et al., 2015; Bhagat
et al, 2021). The nematode C. elegans model has several
advantages that this research area could benefit from, in
particular its potential to serve as a high throughput screening
system, due to its small size, short lifespan, completely sequenced
genome and transparent body. C. elegans has been extensively
used in environmental toxicology research since it is sensitive to
multiple environmental toxins, including organic pollutants and
nanomaterials (Leung et al., 2008; Zhao et al., 2013; Jung et al,,
2015). C. elegans may even be a more sensitive indicator of
toxicity than other model organisms since they show
significant reproductive disruption in response to lower
concentrations of drugs or MPs when compared to other
organisms (Zhang et al., 2019; Yu et al, 2020b). Toxicology
screens performed in C. elegans show good correlation with
toxicity assays in the classical vertebrate models (Hunt, 2017).
Moreover, endpoints in C. elegans are similar to that examined in
vertebrates. For example, MP and NP intake by C. elegans is
linked to shorter lifespan, decreased survival rate, decreased
progeny number, decreased body size, altered motility, and
increased oxidative stress (Leung et al., 2008; Boyd et al., 2010;
Zhao et al., 2013). Therefore, C. elegans provides a cost-effective
promising model for testing varying types and sizes of plastics,
and the combination of these and chemically complex pollutant
mixtures. C. elegans offers high-throughput, whole animal
screening assays that can be performed under controlled
exposure conditions (Wittkowski et al., 2019), providing high
level of reproducibility due to widely established standardized
protocols. This is particularly important when comparing effects
that may occur when many pollutants act synergistically to the
impact of pollutants acting alone. In contrast to many in vitro
cellular systems or more expensive rodent models with longer
lifespans, high-throughput C. elegans toxicology assays using
reporter genes readily expressed in worms can quickly assess
the reproductive and endocrine response of the whole living, and
metabolically active animal (Boyd et al., 2012; Boyd et al., 2016;
Harlow et al.,, 2016). Results obtained in the C. elegans model

could perhaps be translated to humans, since 83% of the C.
elegans proteome has human orthologues (Lai et al., 2000).

The strong conservation of gene/protein structure and
function, and molecular pathways between humans and C.
elegans as well as the ease of gene deletion in worms makes
the worm an attractive candidate to investigate the impact of
environmental pollutants on organismal reproductive outputs
and link these outputs to signaling pathways. However, it must be
noted that C. elegans requires higher concentration of the
chemicals to note a similar effect to that observed in rodents
or in cell culture, due to their robust cuticle that forms a barrier to
chemical uptake (Leung et al, 2008; Xiong et al, 2017
Wittkowski et al., 2019).

IMPAIRMENT IN GONADAL INTEGRITY
AND GAMETE QUALITY COULD GIVE RISE
TO MP/NP-INDUCED REPRODUCTIVE
DEFECTS

Exposure to MPs/NPs was widely reported to alter gonadal
morphology and decrease gamete number and quality in both
sexes of aquatic and terrestrial species (Supplementary Tables
S1, S2). Following exposure to PS-MPs, the pacific oyster showed
significant decrease in sperm velocity similar to that of observed
in MP-exposed male mice (Sussarellu et al., 2016; Xie et al., 2020).
This may lower the ability of sperm to fertilize oocytes as lower
sperm motility has been linked to decreased success in
fertilization (Malo et al, 2006). What are the mechanisms
underlying lower sperm quality? MPs affect gonad
morphology by increasing cell death or apoptosis. MPs
accumulate in the testes of mice (Jin et al., 2021) and rats (Li
et al,, 2021b) and disrupt the arrangement of the spermatid cells
in the testicular seminiferous tubules (Hou et al., 2021a) leading
to apoptosis of spermatogenic cells (Li et al., 2021b). These cells
show pyknosis, nucleus rupture, and cell detachment upon MP-
exposure, with widespread dose-dependent apoptosis in the
testicular tissue. Similarly, male marine medaka (Oryzias
melastigma) testes showed clear histological changes after MP
exposure, with an increase in the interstitial tissue and disordered
seminiferous lobules (Wang et al., 2019b). In mice and rats, MPs
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caused disruption of the blood testis barrier (BTB), with
downregulation of the expression of associated junction
proteins (Li et al, 2021b; Jin et al, 2021). Therefore, MP-
driven direct testicular injury impedes spermatogenesis and
decreases fertility in many species. Exposure to MPs also alters
a testicular immune response, with increased expression of
inflammatory factors and cytokines, suggesting increased
testicular inflammation which may in turn also drive apoptosis
and disruption of gonadal morphology. Due to MP accumulation,
Nuclear factor-kB (NF-kB) was activated initiating apoptosis of
the affected cells (Hou et al, 2021a). At higher MP
concentrations, in male marine medaka there was dissolution
of the basal membrane and spermatocytes became disorganized,
perhaps due to the upregulation of chronic inflammation and
oxidative stress (Wang et al., 2019b). Hence, in males of many
species, a combination of an increase in apoptosis, oxidative stress
and inflammation upon MP exposure appear to be instrumental
in the detrimental changes to gonadal morphology and sperm
quality.

Parameters that are used as a predictor of oocyte quality, such
as number and diameter of oocytes, were significantly lower in
MP treated female mice than in unexposed females (Sussarellu
et al,, 2016) (Supplementary Table S1). MPs entered the ovary
of rats and decreased the volume of growing follicles when
compared to the control animals (An et al., 2021b). Similarly,
oysters exposed to MPs for 2 months showed a significant
decrease in oocyte diameter and number (Sussarellu et al,
2016). As larger oocytes positively correlate with larval
survival and growth, these studies suggest that MP exposure
decreases the viability of the oocytes (Baynes and Howell, 1996).
Consistent with this, in PS-exposed oyster females larval yield
decreased compared to controls, suggesting that MPs cause low
quality oocytes which in turn produce less larvae (Sussarellu
et al., 2016). Additionally, female ovaries in the marine medaka
had a lower number of mature spawning follicles and an
increase in early vitellogenic oocytes in response to MP
exposure. An MP-caused decrease in estrogen levels could be
responsible for the impaired oogenesis with smaller oocytes
(Wang et al., 2019b) and lead to delayed ovarian development in
the fish (Bourguiba et al., 2003; Wang et al., 2019b). Similarly to
its effect in testes, MPs caused apoptosis in the ovary and
triggered oxidative stress, causing downregulation of Bcl-2
and upregulation of Bax in the granulosa cells. This can have
an impact on female fertility as MP-triggered apoptosis may
effectively decrease the available ovarian cells for oocyte
development (Johnson et al., 2004; Johnson et al, 2005;
Dunlop et al., 2014).

THE EFFECTS OF MICROPLASTICS AND
NANOPLASTICS ON REPRODUCTIVE
BEHAVIORS

Reproductive behavior is a useful output since it is ethologically
relevant, possible to observe directly and reflective of both
alterations in the brain and in the whole animal. It is one of
the most sensitive indicators of toxin exposure of the central
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nervous system (Melvin and Wilson, 2013), as it can be observed
using sublethal concentrations of the relevant toxins.

The EDCs’ effect on behavior was extensively investigated in
vivo, including on behaviors that pertain to anxiety, feeding
behavior or cognition (Frye et al., 2012; Palanza et al., 1999).
Some studies also investigated exploration, aversion to novelty,
partner preference and social interaction (Gillera et al., 20205
Krentzel et al., 2021). The impact of plastic particles on behavior
is much less established, with only few studies reporting altered
predator-prey interactions and hiding responses, decreased
motility or changes to social interactions upon MP exposure
of fish (Sarasamma et al., 2020; de Sa et al., 2015; Chagas et al,,
2021; Wen et al., 2018; Yin et al., 2018; Chen et al., 2020b; Santos
et al,, 2021) or crustaceans (Gambardella et al., 2017; Tosetto
et al., 2016b; Rehse et al., 2016; Suwaki et al., 2020; Bai et al,
2021). Given the reproductive deficit seen with MPs/NPs and the
alterations seen in sex steroid hormone levels (as discussed below
in MPs/NPs Alter Nuclear Hormone Signaling and
Biotransformation), an interesting question is whether and to
what extent MPs and NPs disturb related complex social
behaviors, such as sexual behavior. The process of extensively
studied vertebrate sexual behavior can be split into anticipatory
and consummatory elements (Table 1), which are regulated by
sensory systems, reward circuits and hormone signaling
(particularly estrogen and androgens) in a sexually dimorphic
manner in the male and female brain (Pfaus et al., 1990; Agmo
et al, 2008; Swaney et al, 2012; Rebuli and Patisaul, 2016).
Estrogens and androgens signal by binding nuclear hormone
receptors i.e. the estrogen receptor (ER) and androgen receptor
(AR), respectively. These receptors play a critical role in sexual
differentiation of the brain in utero, to give rise to sexually
dimorphic neural circuitry that drives reproductive behaviors
in adulthood (McCarthy and Arnold, 2011). When signaling by
the ER and AR are disrupted, alterations in sexually dimorphic
behaviors are seen. Therefore adult behavioral “readouts” such as
sex behavior in rodents have often been used to showcase the
effect of prenatal exposure to low-dose EDCs (Patisaul and
Adewale, 2009) that disrupt nuclear hormone receptor
signaling, particularly if the exposure occurs during a critical
prenatal or perinatal window. The potential interaction of MPs
and NPs with nuclear hormone receptor signaling, such as
regulated by ER and AR, is a possible entry point where
plastic particles could affect a repertoire of complex
reproductive behaviors in adulthood or via acting during
development. Furthermore, as MPs and NPs show neurotoxic
effects (Priist et al., 2020), it is possible that disturbing neuronal
circuits of reproductive/sex behaviors also contribute to
decreased fertility and reproduction observed in animals. The
emerging evidence supporting these theories are presented in the
following sections.

The Impact of MPs/NPs on Sexual
Behaviors

Sexual motivation is the first step of reproductive behavior and is
part of the anticipatory component. As mating is key to species
survival, animals are naturally motivated to perform this
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behavior, and this is intrinsically rewarded by the release of
dopamine (Melis and Argiolas, 1995; Wise, 2004; Hull and
Dominguez, 2007; Udupa and Chen, 2016). The dopaminergic
meso (cortico)limbic system regulates the motivation for female
sexual behavior and this circuit is regulated by estrogen signaling
via the ER (Meisel and Mullins, 2006; Micevych and Meisel, 2017;
Sanna et al., 2020).

When the effect of MPs on reproduction was examined after
exposure to high levels of plastic particles, the planktonic
crustacean Daphnia magna showed increased inter-brood
periods and decreased average brood production, suggesting
they had decreased motivation for reproduction (Ogonowski
et al, 2016). In the zebra mussel (Dreissena polymorpha)
exposure to different sizes of virgin PS-MP for 6 days
increased dopamine levels (Magni et al., 2018), which could
alter the motivation for reproduction. In echinoderms and
bivalve molluscs, dopamine drives oogenesis (Khotimchenko,
1991). Since MP exposure causes dopaminergic neurotoxicity,
a decrease in dopamine may influence oocyte quality in oysters
(Hoelting et al., 2013). Similarly to what is observed in female
mice, PS-MPs cause neurotoxicity in dopaminergic neurons and
decreases dopamine levels in C. elegans. As dopamine also
promotes egg-laying (Nagashima et al., 2016), PS-exposure
leads to reduced egg-laying in the nematode model (Lei et al.,
2018b). Supporting this, after exposure to and internalization of
NPs, cultured human dopaminergic developed
neurospheres with increased oxidative stress (Hoelting et al.,
2013). Given that MPs can alter the brain’s dopamine
chemistry, possibly via ROS-induced apoptosis  of
dopaminergic neurons, the impact on reproductive motivation
during and after exposure would be important to study.

Though the impact of MPs/NPs on consummatory
components of sexual behavior has not yet been investigated,
toxicity of EDCs that could leach from plastics have been widely
studied, typically in rodents. For example, female rats and mice
exposed to bisphenol A (BPA) as adults have increased plasma
estrogen levels, which are linked to increased lordosis and
reduced rejective behaviors during mating (Ribeiro et al., 2012;
Wang et al., 2014). This may increase preference for less fit males
(Patisaul and Adewale, 2009). In male rats, chronic adult
exposure to BPA causes increased latencies to anticipatory and
consummatory behaviors, including first mount, pelvic thrust,
intromission, and ejaculation, and fewer intromissions when
compared to the control animals (Picot et al., 2014). New,
targeted studies assessing microplastic-induced alterations in
nuclear-hormone-receptor ~ signaling driving reproductive
behaviors could shed light on their potential toxicity.

neurons

Is C. elegans a Good Model to Explore the
Impact of MPs/NPs on Reproductive

Behaviors?

While C. elegans is a widely used model in investigating
toxicology of MPs in eukaryotic multicellular organisms, our
knowledge on the impact of MPs on reproductive behaviors even
in this extensively studied species is limited. As in rodents, C.
elegans male reproductive or sex behavior is a well-documented
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sequential mating behavior, with the males actively performing
most of the sensory and motoric behaviors during the process
(Figure 1) (Barr and Garcia, 2006). As in mammals, mating
behaviors in C. elegans result from sexually dimorphic nervous
systems. The hermaphrodite has 8 sex-specific neurons, whereas
the male has 91 sex-specific motor, inter and sensory neurons, of
which all but 4 are associated with the tail (Breedlove, 1986; Liu
and Sternberg, 1995; Barr et al., 2018).

Experimental testing of reproductive capacity and mating
behaviors so far has measured the time taken by the male to
find the hermaphrodite, male spicule insertion, or measuring
brood size to assess mating success (Barr, 2014). As in mammals,
male mating effectivity in C. elegans decreases with age due to
defects in mating execution rather than diminished sperm
quality, suggesting that C. elegans infertility develops similarly
to mammals (Chatterjee et al., 2013). Since there is a differential
requirement for protein products across the mating sequence, the
vulnerability of some behavioral mating stages to MPs/NPs may
enable the identification of genes and pathways that are targeted
by these pollutants. Due to the short lifecycle of C. elegans, which
reaches reproductive stage in just 3 days post-hatching, along
with the ease of obtaining replicates, and accuracy of behavior
“scoring” parameters (Figure 1), C. elegans provide a cost-
effective and rapid system for reproductive behavior testing
when compared to rodents. Furthermore, C. elegans can
provide insights into how early-life exposure to MPs/NPs
might lead to deleterious consequences in later life. Due to its
short lifespan, this nematode is ideal for studying the long term
impacts of MP/NP exposure during the course of the whole
lifetime (Litke et al., 2018). This is particularly relevant for the
longer-lived human populations. Therefore, we propose that C.
elegans is particularly suitable to investigate the impact of single
environmental pollutants or combinations of these on the male
mating behavior model (Figure 1) and resulting brood size in a
longitudinal manner. In addition, investigating this will clarify if
reproductive behavior and/or damage to the oocytes or sperms is
the critical driver underlying decreased reproduction rate in
animals upon exposure to plastics.

Dopamine signaling is well-conserved between vertebrates
and C. elegans, and its function has been characterized in
detail in the nematode model. C. elegans uses dopamine to
react to environmental conditions, adjust its physiology and
generate appropriate behaviors (McCloskey et al., 2017). The
hermaphrodites have eight dopaminergic neurons that
coordinates locomotion with egg-laying behavior (Cermak
et al., 2020). The males have dopamine expression in the male
ray sensory neurons, which enable them to respond to the
presence of the hermaphrodite by moving towards and begin
mating (Lints and Emmons, 1999), relevant to overall
reproductive success of males. In C. elegans the expression of
the dopaminergic neuron reporter dat-1pr::GFP shows decreased
fluorescence upon exposure to polystyrene nanoplastics (PS-NP).
This was also associated with decreased mitochondria function
and increased oxidative stress (Liu et al, 2020c), suggesting
dopaminergic specific toxicity upon PS-MP exposure. The
exposure to UV-aged PS-MPs caused more severe
dopaminergic defects than virgin MPs, probably due to the
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FIGURE 1 | Steps in mating behavior of C. elegans. (A) First contact: the male contacts the hermaphrodite with its head. (B) Scanning: the male presses the ventral

side of his tail against the hermaphrodite’s body then moves backwards while pressed against their body. (C) Turning: the male reaches the head or tail of the
hermaphrodite and engages in turning behavior. The tail is in contact with the hermaphrodite. (D) Vulva location: the male locates the vulva and stops forward
locomotion. The male’s tail is in contact with the hermaphrodite’s vulva. (E) Prodding: the male moves forward and backwards in small movements over the vulva to
locate the vulva opening precisely. The tail is in contact with the hermaphrodite’s vulva. (F) Spicule insertion: the male inserts his spicules to open the lips of the vulva and
allow sperm to flow freely into the uterus. The tail is in contact with the hermaphrodite’s vulva. (G) Ejaculation lasts for approximately 4 s and the spicules remain inserted
for approximately a minute, however, due to scoring, ejaculation is determined as the time point when the male loses complete contact with the hermaphrodite as it is
unclear when exactly ejaculation occurs (Barr and Garcia, 2006). The black arrow shows the position of the male’s head.
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leaching of toxic materials (Chen et al., 2021a). Interestingly, PS-
NP exposure in C. elegans causes significant increase in the
expression level of intestinal dop-1, a gene encoding for a
dopamine receptor (Qu et al., 2020a), further supporting the
idea of MP-driven interference with the dopaminergic system in
nematodes.

Changes of dopamine levels induced by MPs/NPs could affect
a number of different dopamine-dependent behaviors that could
be used to screen the toxic effects of MPs and their pollutants. For
example, in C. elegans hermaphrodites touch response
habituation is dependent on the availability of food. In the
absence of food animals are habituated faster to the touch-
triggered escape reflex than in the presence of food (Kindt
et al., 2007). This response is regulated by dopamine (Kindt
et al., 2007). Dopaminergic signaling is also required for the
transition between locomotory gaits and slowing movement upon
mechanosensation of food (Vidal-Gadea and Pierce-Shimomura,
2012; Sawin et al., 2000). Exposure to MPs decreased thrashing
frequency when swimming in liquid and crawling speed on solid
surface (Chen et al., 2021b) in a size and concentration dependent
manner (Lei et al., 2018b). These behavioral assays could be used
as high-throughput readouts upon exposure to plastic particles,
prior to testing these in reproductive behavior assays (discussed
in details in C. elegans is a Promising Model to Investigate
Molecular Pathways Mediating MP/NP-Induced Reproductive
Toxicity). Though reproductive motivation regulated by the
dopamine system has not been studied in C. elegans,
dopamine is involved in fine-tuning the activity of sensory-
motor neurons and muscles during male copulation (Correa
et al, 2012) and is a conserved candidate pathway. Hence,

using dopamine synthesis or signaling worm mutants in these
studies would be invaluable in understanding the contribution of
dopaminergic neurons to reproductive behaviors as well as
pinpointing possible action mechanisms for plastic pollutants.

SIGNALING PATHWAYS INVOLVED IN MP/
NP-INDUCED REPRODUCTIVE TOXICITY

As seen above, MPs/NPs have been shown to induce
reproductive toxicity in a wide range of aquatic and
terrestrial animals. As might be expected, when MPs/NPs
are ingested, their primary target site is the gut and
stomach, as shown in the zebrafish (Sarasamma et al., 2020),
pacific oyster (Sussarellu et al., 2016), mouse (Park et al., 2020),
Daphnia sp. (De Felice et al., 2019), amphipods (Au et al.,
2015), but eventually they could also spread to the liver, heart
and brain (Pitt et al., 2018; Deng et al., 2021; Kwak and An,
2021). In C. elegans, NPs can be found in various tissues of the
body, including the gut, pharynx, and vulva. Prolonged
exposure to PS-NPs caused acs-22 mutant worms to
accumulate NPs in the gonad due to the dysfunctional
intestinal barrier of this mutant (Kage-Nakadai et al., 2010).
Gonad accumulation of NPs is also seen in wild-type
nematodes albeit when exposed to 10-fold higher
concentration of plastic particles (Qu et al., 2018). Within
the cells of C. elegans, MPs/NPs have been found to localize
in lysosomes (Chu et al.,, 2021). C. elegans is proven to be an
ideal platform to study MP/NP accumulation due to its
transparency, enabling fluorescently labelled MPs to be
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observed in the worm without need for dissection (Zhao et al.,
2017). The mechanism by which MPs translocate from the
primary sites to the secondary sites are unknown, but at cellular
level endoctytosis or phagocytosis have been suggested as
relevant cellular uptake mechanism (Rejman et al., 2004; Xia
et al., 2008; Ekkapongpisit et al., 2012; Monti et al., 2015).

MPs/NPs Alter Nuclear Hormone Signaling

and Biotransformation

One commonly identified signaling pathway regulated by MPs
and NPs appears to be steroid hormone signaling, whereby
altered expression levels of steroidogenic enzymes impact
levels of steroid hormones, leading to possible changes in
feedback of the hypothalamic-pituitary gonadal axis
(Vadakkadath Meethal and Atwood, 2005) (Supplementary
Table S1). This could potentially alter social behaviors, with
detrimental consequences for reproduction.

As might be expected, cytochrome P450 enzymes involved in
xenobiotic transformations are upregulated upon MP/NP exposure
in some species. Long term PS-exposure in the marine medaka
(Wang et al., 2021) and Daphnia pulex (Liu et al., 2020b) induced
the expression of P450 enzymes. The P450 enzyme families also
contain steroidogenic synthesis enzymes, some of which are
affected by MPs or MP-EDC mixtures (Supplementary Table
S1). In the medaka, exposure to PS-MPs decreased the number of
mature eggs in the female and sperm in the male, and increased
several steroidogenic enzymes including STaR, the rate limiting
enzymes of steroid hormone synthesis, as well as the 11p-HSD and
aromatase enzymes required for cortisol and estrogen synthesis,
respectively. This leads to a higher estrogen/testerosterone ratio,
which in some cases, could be due to MP carried EDCs. For
example, co-exposure of male medaka to ethinylestradiol (EE) and
MPs synergistically decreased the level of GnRH in the brain and
increased Cyp19a in the testis, suggesting that increased estrogen/
testosterone ratio led to lower sperm counts (Wang et al., 2022).
Higher levels of estrogen could perhaps negatively feedback the
level of the pituitary reproductive hormones, follicle stimulating
hormone (FSH) and lutenizing hormone (LH) (Wang et al., 2021).
Similarly, in the adult male Nile tilapia, irregular sized NPs
decreased sperm numbers, and this was correlated with lower
levels of LH and FSH (Ismail et al., 2021). In male rat (Amereh
et al,, 2020; Tjaz et al.,, 2021) or mouse (Xie et al., 2020), there was
decreased testosterone and decreased LH/FSH (in rat only) upon
MP exposure, supporting demasculinisation of the hypothalamo-
pituitary-gonadal (HPG) axis. This was associated with altered
morphology and viability of sperms, with evidence for increased
DNA damage and tissue lesions (Amereh et al., 2020). In the adult
male zebrafish, reduced aggression and increased shoaling
behavior combined with increased vitellogenin synthesis and
aromatase expression (Sarasamma et al., 2020) is observed upon
MP exposure, suggesting possible demasculinisation of behavior,
possibly due to decreased dopamine levels. In some cases, sexual
dimorphism is seen in the hormone response to PS-MPs/NPs. For
example, in the marine medaka, unlike in the previous examples,
steroidogenic enzymes, estrogen, testosterone, LH and FSH
increased in males but decreased in females (Wang et al,
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2019b), though the mechanism that links MP/NPs to altered
steroidogenesis remains unknown.

Increased ROS Contributes to Reproductive
Dysfunction Upon MP/NP Exposure

Studies covering a wide range of aquatic and terrestrial animal
species indicated that oxidative stress, due to increased ROS
production in cells and tissues, is a major molecular event
triggered by MP/NP exposure (Supplementary Tables S1, S2).
Increased ROS levels and/or altered expression of oxidative stress
defense system were detected upon MP/NP exposure in the marine
rotifer Brachionus species, copepods (Tigriopus japonicus) (Xue
etal, 2021; Yoon et al., 2021), Daphnia species (Liu et al., 2021b),
green mussel (Perna viridis) (Hariharan et al, 2021), marine
medaka (Oryzias melastigma), zebrafish (Danio rero) (Qiang
and Cheng, 2021), Nile tilapia (Oreochromis niloticus) (Ismail
et al., 2021), as well as terrestrial organism including Eisenia sp.,
rat and mouse. In many instances, increased ROS content of cells
and tissues was associated with reproductive defects, defined as
decrease in viability, quality and number of oocytes or sperms, or
decreased tissue/gonad integrity, as discussed above. ROS in turn
induced apoptosis in the gonadal tissue leading to tissue damage,
indicated by histopathological changes in reproductive tissues/
gonads (Supplementary Table S1).

MPs/NPs could dysregulate the ROS scavenger system causing
decreased gene expression or activity of these enzymes.
Alternatively, higher ROS levels could deplete cellular ROS
scavenging molecules, by increased use of these in battling
oxidative stress. Increased oxidative stress in MP/NP exposed
organisms would be expected to drive upregulation of the
expression and/or activity of ROS-scavenging molecules and
detoxification enzymes, such as superoxide dismutase (SOD),
catalase (CAT), peroxidase, glutathione (GSH) and glutathione
peroxidase, or glutathione-S-transferase. However, depending on
the species, type of MP/NP used, exposure conditions and
presence of pollutants on the plastics, a range of different
responses were recorded. Studies found that expression levels
or activity of SOD, CAT, and some components of the
glutathione system decreased upon MP ingestion in worms
(Huang et al, 2021), in zebrafish brain and liver
(Umamaheswari et al, 2021), and the testes, ovaries and
fertilized eggs of marine medaka (Wang et al., 2021), as well
as in Daphnia pulex (Liu et al, 2020d), and Perna viridis
(Hariharan et al., 2021). On the contrary, in the Nile tilapia
nanoplastic particles of irregular shape caused increased serum
levels of SOD and CAT, although these enzyme levels were not
investigated in the reproductive organs of the fish, and the
observed male reproductive deficit was most probably due to
alterations in the serum luteinizing hormone and testosterone
levels (Ismail et al., 2021). PS-MPs caused decreased levels of
CAT and SOD in rats’ testes, which were associated with reduced
sperm count, sperm motility and viability, probably due to the
significant tissue damage seen in this tissue (Ijaz et al., 2021)
(Supplementary Table S1). It has been suggested that MP-
induced ROS could lead to DNA damage and defects in sperm
cells, such as observed in earthworms (Huang et al, 2021),
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leading to decreased fertility. Interestingly, the availability of
increased food supply in aquatic species could suppress the
reproductive toxicity of PS-NPs (50nm diameter spheres)
(Yoon et al, 2021) or PE-MPs (10-22 pm) (Xue et al., 2021),
affecting ROS levels or the function of endogenous ROS
scavenging system altered by MPs and their pollutants.
Therefore careful experimental design and replicable
experimental conditions are vital for developing understanding
of the real-life impact of MP/NP pollution on wild-life
reproduction.

Increased ROS could be the consequence of enhanced ROS
generation by mitochondria, as MP/NP exposure has been
associated with altered mitochondria function. Decreased
mitochondria membrane integrity was observed in MP treated
rotifers (Jeong et al., 2016; Jeong et al., 2021), whereby increased
oxidative stress and concurrent upregulation of the MAPK stress
signaling pathway correlated with decreased fecundity (Jeong
et al., 2016). Transcriptome analysis of PS-MP treated marine
medaka also indicated the activation of MAPK pathways (Chen
et al., 2020a) alongside reproductive deficits observed in the fish.
Mice that ingested PS-MPs showed increased mitochondria
membrane potential with increased ROS content and
decreased GSH levels in oocytes, which were developing in
inflamed ovaries, leading to overall decrease in reproduction
(Liu et al, 2022b). A potential explanation for the observed
mitochondrial dysfunction in various species upon MP/NP
exposure could be lysosomal accumulation, and subsequent
escape of the plastic particles to the cytosol via lysosomal
rupture, which could lead to increased mitochondrial Ca**
uptake and initiation of cell death, such as described in the
murine RAW264.7 macrophage cells (Xia et al, 2008).
Disruption of mitochondrial membrane potential was also
observed in PS-MP-treated human epithelial colorectal
adenocarcinoma cells (Caco-2) (Wu et al.,, 2019), suggesting a
universal mechanism that could lead to increased ROS
production and toxicity in animals upon plastic exposure. The
resulting oxidative stress could cause damage to the DNA, lipids
and proteins, ultimately leading to cell and tissue defects under
sustained high ROS levels. Thus, increased ROS-induced cellular
damage or mitochondria dysfunction-mediated cell death could
be a probable explanation for reproductive tissue damage
responsible to decreased fertility in animals.

It has been suggested that MP/NP-disruption of the blood-
testis-barrier (BTB) leading to oxidative stress activates the p38/
MAPK-Nrf2 pathway and induces apoptosis of spermatogenic
cells, which could be responsible for the reduced reproductive
capacity of PS-MP treated Wistar rats (Li et al., 2021c). PS-MP
ingestion-induced elevated ROS in the testes of male Balb/c mice,
which in turn activated the p38/MAPK stress signaling pathway,
causing reproductive toxicity, seen by lower number and
decreased motility of sperms, and increased rate of sperm
deformity (Xie et al., 2020). Decreased BTB integrity following
PS-MP feeding of male Balb/c mice was also linked to ROS-
induced imbalance in mTORC1 and mTORC2 signaling,
resulting in altered expression of actin cytoskeleton
components, ultimately leading to spermatogenesis dysfunction
(Wei et al., 2021). Transcriptome and protein expression data of
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PS-MP exposed mice also suggested an upregulation of the
inflammatory signaling pathways, orchestrated by NF-kB. This
was shown by increased expression of various inflammatory
factors, along with downregulation of the phase II
detoxification response regulator Nrf2 (Hou et al., 2021a; Jin
etal., 2021), resulting in lower sperm quality in males. The ovaries
of female rats fed with PS-MPs showed decreased GSH-Px, CAT,
and SOD and increased MDA activities, while the number of
growing follicles decreased with concurrent elevated levels of
ovarian granulosa cell apoptosis and increased ovarian fibrosis
(An et al,, 2021b; Hou et al., 2021b). The latter process is thought
to be enhanced by ROS initiated activation of Wnt/B-Catenin
signaling pathway. Importantly, both ovarian apoptosis and
fibrosis could contribute to the depletion of ovarian reserve
capacity in female rats upon MP exposure.

Importantly, increased ROS content measured by in vivo dyes
or fixative staining of NP/MP affected tissues/animals is broadly
observed, even in studies which did not observe reproductive
phenotypes (Silva et al., 2021). Furthermore, while reproductive
deficits seen upon NP/MP exposure might require longer
exposure times to plastic particles, cellular readouts of
increased oxidative stress could be observed even after short
(24h) exposure time (Supplementary Tables S1, S2). Most
studies reporting on reproductive deficits used polystyrene
NPs (Supplementary Table S1), although increased ROS
content, and consequently, upregulated oxidative stress
responses seem to be the uniform response to NPs and MPs
of various physicochemical properties. In support of the general
role of ROS and subsequent activation of MAPK signaling
pathway in mediating reproductive deficits of MPs/NPs, few
studies have shown that supplementing the MP/NP-treated
experimental models  with  antioxidants, such as
N-acetylcysteine (NAC), or specific inhibitors of p38 MAPK,
could lead to reversing or attenuating the deleterious effects of
MPs/NPs on reproductive function (Xie et al., 2020; An et al,
2021b).

C. elegans is a Promising Model to
Investigate Molecular Pathways Mediating
MP/NP-Induced Reproductive Toxicity

C. elegans was utilized widely to develop further understanding of
the molecular events associated with MP/NP exposure
(Supplementary Table S2). Taking advantage of tissue specific
RNAI silencing of individual pathway components as well as
utilizing readily available knockout mutants of virtually all genes
of its genome, MPs and NPs have been shown to affect a range of
signaling pathways in C. elegans. As shown by Shao et al. (Shao
et al,, 2019), PS-NP exposure (1 pug/L) caused downregulation of
the insulin/IGF-1 signaling (IIS) pathway, decreasing expression
levels of daf-2 (insulin receptor gene) and increasing the
expression of daf-16, encoding for the FoxO orthologue in C.
elegans. DAF-16 is a key transcription factor integrating signals
from various pathways, including IIS, AMPK pathway, JNK
pathway, germline and TOR signaling, to modulate aging and
stress, via shuttling from cytoplasm to nucleus (Sun et al.,, 2017).
Decreased insulin signaling leads to altered expression of DAF-16
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target genes involved in detoxification response (Freedman et al.,
1993; Honda and Honda, 1999). Other studies showed the
activation on ERK/MAPK or p38/MAPK in the neurons
(Yang et al., 2021) and changes to the ]NK/MAPK and the
insulin signaling in the intestinal cells of C. elegans upon PS-
NP exposure (Qu et al.,, 2020b; Liu et al., 2021d). These pathways
are all hallmarks of oxidative stress response. NP exposure
therefore has been linked to changes in the expression level
and activity of central transcriptional regulators in C. elegans
with well conserved functions and orthologues in mammals,
many of which are similarly involved in the MP/NP response.
Most of these transcription factors (TFs) are key mediators of
longevity and stress response pathways, that orchestrate the
organismal response to environmental stimuli and metabolic
status of the cells (Denzel et al, 2019). Although some of
these have been associated with regulation of reproduction,
currently there is no mechanistic link established between PS-
NP exposure, changes in TF signaling and altered reproduction
and fertility in C. elegans. A recent study using UV-aged PS-MPs
in C. elegans provided evidence of increased germline DNA
damage and consequent increased apoptosis of germ cells as
probable cause for declining reproduction rate in treated animals
(Chen et al., 2022). ROS content of worms indeed increased in
MP/NP-exposed hermaphrodites across numerous studies (Yu
et al., 2021). The incurred oxidative stress could lead to increased
germline apoptosis via activation of the MAPK pathway (Salinas
et al., 2006).

Altered oxidative stress response is an effect that is not only
universally observed in the treated animal populations, but can
also be transmitted to the offspring of MP/NP treated mothers
along with reproductive deficits, even in the absence of NP/MP in
the offspring generation (Zhang et al., 2019; Liu et al., 2020b;
Chen et al.,, 2021b; Liu et al., 2021¢; Sobhani et al., 2021; Wang
et al., 2021). Long-lasting impact of MPs/NPs on the oxidative
stress defense pathways could potentially contribute to
neurotoxicity detected in the offspring of plastic treated C.
elegans mothers (Chen et al., 2021b; Liu et al, 2021c). In C.
elegans, supplementation of sulphate modified PS-NPs in the
food led to decreased reproductive rate in four subsequent
offspring generation, probably due to higher proportion of
aberrant chromosomes formed in the oocytes (Yu et al., 2021),
which might be the result of oxidative damage to the DNA of
plastic exposed mothers. Increased germline apoptosis was
observed in multiple offspring generations of PS-NP exposed
C. elegans hermaphrodites, suggesting enhanced germline
depletion as explanation for the decreased brood size in
offspring (Sun et al., 2021; Yu et al., 2021).

As for the impact of MPs and NPs on NHR signaling and
consequent defects in reproductive behavior in the C. elegans
model organism, limited research is available in the literature.
Even though typical vertebrate hormones that act by binding
NHRs have not been identified in C. elegans, this nematode has
284 nuclear hormone receptors, considerably more than humans
and mice (Sluder et al,, 1999; Taubert et al.,, 2011; Zhang et al.,
2004). Additionally, C. elegans expresses an estrogen receptor (ER)
orthologue, NHR-14, and an androgen receptor (AR) orthologue,
NHR-69. Molecular docking simulations performed with NHR-14
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or NHR-69 have shown that the endogenous hormone ligands of
the human ER and AR, 17p-estradiol and testosterone
(respectively), have similar binding activity to NHR-14 and
NHR-69 as to the human receptors (Jeong et al, 2019).
Therefore, these NHRs might be relevant to study in regard of
deficits in reproductive behaviors and fertility upon MP and NP
treatment, as disturbance in the level of estrogen and androgen
receptor ligands have been widely observed upon MP/NP ingestion
in other species (as discussed in MPs/NPs Alter Nuclear Hormone
Signaling and Biotransformation, Supplementary Table S1)
(Wang et al., 2019b; Amereh et al., 2020; Xie et al,, 2020; Ijaz
etal., 2021; Jin et al., 2021; Wang et al,, 2021; Wang et al,, 2022). A
nuclear hormone receptor that has been investigated in relation to
MPs in C. elegans is the sterol-sensing NHR-8, which regulates fat
metabolism and stress responses (Jones et al., 2013; Magner et al.,
2013). PS-NP exposure significantly increased the expression of
nhr-8 in wild-type worms, while loss-of-function nhr-8 mutation
increased sensitivity towards PS-NP toxicity, decreased locomotion
and increased ROS production (Huanliang et al., 2020). PS-NP
exposure also increased the expressions of the intestinal linc-9 long
non-coding RNA, which targets the nuclear hormone receptor
NHR-77, linking nuclear hormone receptor signaling to MP/NP
toxicity. linc-9 RNAi treated C. elegans showed increased
susceptibility to PS-NP induced defects, which was diminished
upon RNAi knockdown of nhr-77, indicating a functional role for
NHR-77 in PS-NP toxicity (Zhao et al., 2021). This implies that
MPs and NPs could potentially intersect NHR signaling pathways
in worms, even without the additive effect of carried EDCs.
Uncovering the MP/NP-driven disruption of NHR signaling in
C. elegans may also give us clues as to what potential metabolic
defects could be expected in animals due to increased plastic
pollution in the environment and in the food chain, and what
implication for reproductive behaviors these might have. This will
allow us to generate new models of MP/NP action for behaviors
and cellular endpoints that might be common to most organisms
and for those that are specific for higher organisms.

Altogether, these studies have shown that 1) C. elegans
responds to MP/NP toxic insult with altering a set of
conserved signaling pathways, including oxidative stress-
MAPK, IIS or JNK pathways, as observed in other animals;
and 2) nuclear hormone signaling is probably one conserved
target of MPs and NPs across species. This provides us with an
excellent opportunity to further develop the C. elegans model for
high-throughput screening to unravel the mechanistic links of
MPs/NPs and reproductive toxicity.

TRANSGENERATIONAL REPRODUCTIVE
EFFECTS OF MPS AND NPS

An emerging pattern seen now is that MPs/NPs and even EDCs
seem to give rise to transgenerational effects impacting one or more
generations of offspring of exposed animals (Zhou et al., 2020)
(Supplementary Tables S1, S2). Therefore, the large quantities of
MPs and NPs accumulated in the environment and in the food
chain globally will continue to deliver adverse effects for a long
time, impacting many future generations. Transgenerational
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impacts of environmental pollutants have also been acknowledged
as critical contributors of many disease mechanisms (Skinner et al.,
2010; Ho et al., 2012; Nilsson et al.,, 2018). MPs and NPs cause
developmental and reproductive dysfunction in progeny of several
MP-treated aquatic species, including Daphnia magna (Martins
and Guilhermino, 2018), zebrafish (Pitt et al., 2018) (Lei et al.,
2018a) and the marine medaka (Wang et al., 2019b). The progeny
of MP exposed C. elegans mothers were shown to contain MPs and
had significant reduction in brood size, decreased locomotion, and
increased level of intestinal ROS (Zhao et al, 2017). These
transgenerational effects could be mediated by direct transfer of
MPs and NPs to the developing oocytes or to the embryos by the
mothers, such as seen in the zebrafish (Pitt et al., 2018). Conversely,
intestinal accumulation of NPs in exposed mothers could cause
brood size reduction in four subsequent generations of offspring
with no obvious accumulation of NPs observed in the germline or
gonad of mothers, suggesting maternal effect of reproductive
toxicity (Yu et al., 2021). Indeed, MP exposure could lead to
changes in the epigenetic marks of the genome in fruit fly (D.
melanogaster) (Zhang et al., 2020a).

Transgenerational effects have been well documented in C.
elegans and these are driven by conserved molecular mechanisms
involved in epigenetic regulation. MP/NP exposure could exert its
effect through maternal epigenetic changes as suggested by Yu
et al. (Zhao et al., 2017), who demonstrated that maternal NP
exposure led to altered expression of histone methyl transferase
genes and hypomethylation of the ced-3 promoter region,
encoding for the caspase 3 orthologue involved in apoptosis.
This led to decreased brood size due to increased germline
apoptosis in several offspring generations. Pointing to the
potential of the nematode model for investigating
transgenerational impacts of MPs on reproductive behaviors,
we note here, that a behavioral response, namely the C.
elegans pathogen avoidance behavior, has been transmitted
across multiple generations upon exposure of the parental
population to the pathogenic bacteria (Moore et al, 2019).
Interestingly, deletion of the C. elegans putative testosterone
receptor NHR-69 has recently been linked to loss of gentle
touch response upon testosterone supplementation (Fischer
et al., 2012). Remarkably, this impaired testosterone-mediated
touch response has been transmitted to multiple generations via
epigenetic alterations, a regulatory pathway that has also been
implicated in vertebrate testosterone signaling (Baum, 2009;
Murray et al.,, 2009). This provides further opportunities for
the utilization of behaviors as an assay in C. elegans system to
study the mechanisms underlying transgenerational reproductive
toxicity of MPs and carried pollutants (Baugh and Day, 2020).

CONCLUSION-WHAT CAN WE LEARN
FROM C. ELEGANS TO UNDERSTAND
MECHANISMS UNDERLYING MP/NP
TOXICITY

As we discussed above, male and female reproductive defects
upon MP/NP exposure are reported for many animal species
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(Andersson et al., 2008; D’Angelo and Meccariello, 2021;
Blackburn and Green, 2021; Vo and Pham, 2021; Ji et al,,
2021; Sharifinia et al., 2020). Although in recent years some
mechanistic insights into MP/NP action have been uncovered,
only few pathways have been directly linked to reproductive
deficits and it is still unclear what the first, initiating steps are in
MP/NP toxicity. We discussed the potential of oxidative stress
and altered NHR signaling as common regulatory pathways
targeted by MPs/NPs to cause reproductive dysfunction.
Importantly, plastic polymers can directly cause tissue
damage and apoptosis in the reproductive organs of
animals, increase ROS production, interfere with hormone
and nuclear hormone receptor levels, or alter energy status
of cells. Interestingly, endocrine disrupting chemicals carried
by NPs and MPs also cause similar alterations, including
increased ROS and changes to hormone and NHR levels or
activity. All of these pathways could be and partly have been
explored in C. elegans (Supplementary Table S2) due to strong
conservation of molecular pathways existing in the
nematode model.

One consequence of MP/NP accumulation in the gut across
species appears to be the alteration of gut microbiota. For
example, in the marine medaka (Yan et al., 2020), the soil
nematode Enchytraeus crypticus (Zhu et al., 2018) and in the
soil springtail (Folsomia candida) (Ju et al., 2019), ingestion of
PS-MPs or PE-MPs decreased the diversity of gut microbiota. A
recent study in the springtail has suggested that gut microbiota
dysbiosis caused by MP exposure could explain the observed
decrease in reproduction rate, as healthy gut microbiome is
essential for proper nutrient supply and immune protection for
springtails (Ju et al., 2019). Germ-free Drosophila with no
microbiota had lower aggression levels and lower
reproductive fitness due to alterations in octopamine
signaling (Jia et al., 2021), demonstrating that microbiota-
influenced social behaviors can cause reproductive deficits.
Furthermore, as microbiota can increase free estrogen levels
of the host by deconjugation (Littman and Pamer, 2011),
reduction of gut microbiota diversity decreases this process
with a negative impact on host fertility (Plottel and Blaser,
2011). Gut microbiota also produce many bioactive small
molecules that may act as nuclear hormone receptor ligands
(Donia and Fischbach, 2015), directly interacting with the NHR
signaling pathways of the host (Duszka and Wahli, 2018).
Therefore, MP/NP-mediated interference with microbiota
composition can be detrimental to host reproductive
capacity. Being bacterivore species, this can be more easily
explored in a C. elegans model where gut microbiota can be
changed by feeding a defined single or a combinations of
bacteria strains to worms (Zhang et al., 2017). Interestingly,
in C. elegans, fecal microbiota transplants reversed oxidative
stress by inducing GSH via the PMK/SKN-1 pathway, leading to
attenuation of NP-mediated toxicity (Chu et al., 2021).

Reproductive behavior could also be utilized as an endpoint in
C. elegans for investigating the behavioral deficits that decrease
reproductive capacity upon MP/NP exposure. In the C. elegans
model the whole neuronal connectome is mapped and changes in
the dopaminergic neurons caused by MPs/NPs could provide a
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probe to understand how these circuits drive reproductive
behavior. Given that a Pubmed search using the search terms
(rodent AND (microplastics OR nanoplastics) AND behavior)
resulted in only 11 studies (accessed on 25th January 2022) with
most of these studies detailing the accumulation of MPs, it is clear
that this is a field ripe for investigation, using any model and any
behavior that is tractable to analyze. Since this behavior is sexually
dimorphic, it could also point to a shift towards one sex and
potential disturbance of the sex ratio upon MP/NP exposure.
For example, in Daphnia pulex (Zhang et al., 2020b), increase in
doublesex transcripts and lower energy reserve upon exposure to
PS-NPs shifts the population to contain more males in a typically
asexual population. This is a response to stressors to increase the
rate of genetic recombination in the affected population (Mitchell
et al, 2004). C. elegans populations show a similar increase in male
populations in response to stressors and could be used to investigate
how the shift in sex can occur to pinpoint molecular pathways that
may be similar to other species (Morran et al., 2009).

We propose that the male C. elegans mating behavior is a
model reproductive behavior that is ethologically relevant,
reproducible, quick to analyze and can give information about
genes and signaling pathways that are impacted by microplastics
and nanoplastics. Given that MPs/NPs are almost always present
with EDCs, these nematodes provide a promising platform with
high-throughput potential to develop understanding of the
reproductive effects of environmentally relevant pollutant-MP
mixtures. We also emphasize that some of the genes targeted by
MPs/NPs and leachates that disrupt the endocrine system will be
nuclear hormone receptors and study of environmental
pollutants in a simpler model has the potential to elucidate
novel aspects of NHR signaling in biology.

REFERENCES

Agmo, A., Choleris, E., Kavaliers, M., Pfaff, D. W., and Ogawa, S. (2008). Social and
Sexual Incentive Properties of Estrogen Receptor Alpha, Estrogen Receptor
Beta, or Oxytocin Knockout Mice. Genes Brain Behav. 7, 70-77. doi:10.1111/j.
1601-183X.2007.00327.x

Akdogan, Z., and Guven, B. (2019). Microplastics in the Environment: A Critical
Review of Current Understanding and Identification of Future Research Needs.
Environ. Pollut. 254, 113011. doi:10.1016/j.envpol.2019.113011

Aljaibachi, R., and Callaghan, A. (2018). Impact of Polystyrene Microplastics on
Daphnia magna Mortality and Reproduction in Relation to Food Availability.
Peer] 6, e4601. doi:10.7717/peerj.4601

Amereh, F., Babaei, M., Eslami, A., Fazelipour, S., and Rafiee, M. (2020). The
Emerging Risk of Exposure to Nano(micro)plastics on Endocrine Disturbance
and Reproductive Toxicity: From a Hypothetical Scenario to a Global Public
Health challenge. Environ. Pollut. 261, 114158. doi:10.1016/j.envpol.2020.
114158

An, D,, Na, J., Song, J., and Jung, J. (2021). Size-dependent Chronic Toxicity of
Fragmented Polyethylene Microplastics to Daphnia magna. Chemosphere 271,
129591. doi:10.1016/j.chemosphere.2021.129591

An, R, Wang, X, Yang, L., Zhang, ., Wang, N,, Xu, F,, et al. (2021). Polystyrene
Microplastics Cause Granulosa Cells Apoptosis and Fibrosis in Ovary through
Oxidative Stress in Rats. Toxicology 449, 152665. d0i:10.1016/j.tox.2020.152665

Andersson, A.-M,, Jergensen, N., Main, K. M., Toppari, J., Meyts, E. R.-D., Leffers,
H., et al. (2008). Adverse Trends in Male Reproductive Health: We May Have
Reached a Crucial ’tipping point’. Int. J. Androl. 31, 74-80. doi:10.1111/j.1365-
2605.2007.00853.x

Microplastics and Reproduction

AUTHOR CONTRIBUTIONS

All authors discussed and commented on the manuscript. EJ, NV,
and EK have written the article, GA and LC had read the
manuscript and provided critical discussion and helpful advice
on the article.

FUNDING

EJ is funded by the BBSRC FoodBioSystems Doctoral Training
Partnership (Grant Ref: BB/T008776/1).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/ftox.2022.748912/
full#supplementary-material

Supplementary Table S1 | Toxic effects of MPs/NPs on reproduction and
reproductive behaviors with potential action mechanisms uncovered. Green
highlight indicates accumulation of cellular ROS, induced oxidative stress
pathway as major mediator of toxicity observed in the study. Blue highlights
indicate alterations in hormonal signaling, steroid hormone pathways as probable
effector of MP/NP toxicity. For detailed literature review on model organisms in
microplastics research the reader is suggested to read the publication from Prokic
et al. (2021).

Supplementary Table S2 | Toxic effects of MPs/NPs on reproduction and
reproductive behaviors in C. elegans with potential action mechanisms
uncovered. Green highlight indicates accumulation of cellular ROS, induced
oxidative stress pathway as major mediator of toxicity observed in the study.
Blue highlights indicate alterations in hormonal signaling, steroid hormone
pathways as probable effector of MP/NP toxicity.

Andrady, A. L. (2011). Microplastics in the marine Environment. Mar. Pollut. Bull.
62, 1596-1605. doi:10.1016/j.marpolbul.2011.05.030

Aratjo, A. P., and Malafaia, G. (2020). Can Short Exposure to Polyethylene
Microplastics Change Tadpoles’ Behavior? A Study Conducted with
Neotropical Tadpole Species Belonging to Order Anura (Physalaemus
Cuvieri). J. Hazard. Mater. 391, 122214.

Assas, M., Qiu, X, Chen, K, Ogawa, H., Xu, H, Shimasaki, Y., et al. (2020).
Bioaccumulation and Reproductive Effects of Fluorescent Microplastics in
Medaka Fish. Mar. Pollut. Bull. 158, 111446. doi:10.1016/j.marpolbul.2020.111446

Au, S. Y., Bruce, T. F,, Bridges, W. C., and Klaine, S. J. (2015). Responses ofHyalella
Aztecato Acute and Chronic Microplastic Exposures. Environ. Toxicol. Chem.
34, 2564-2572. doi:10.1002/etc.3093

Avio, C. G, Gorbi, S., Milan, M., Benedetti, M., Fattorini, D. G., d’Errico, G, et al.
(2015). Pollutants Bioavailability and Toxicological Risk from Microplastics to
marine Mussels. Environ. Pollut. 198, 211-222. doi:10.1016/j.envpol.2014.12.021

Bai, Z., Wang, N., and Wang, M. (2021). Effects of Microplastics on marine
Copepods. Ecotoxicology Environ. Saf. 217, 112243. doi:10.1016/j.ecoenv.2021.
112243

Barr, M., and Garcia, L. R. (2006). Male Mating Behavior. WormBook, 1-11. doi:10.
1895/wormbook.1.78.1

Barr, M. M. C. (2014). C. elegans Male Mating Behavior. Semin. Cel Developmental
Biol. 33, 1-2. doi:10.1016/j.semcdb.2014.06.006

Barr, M. M, Garcia, L. R., and Portman, D. S. (2018). Sexual Dimorphism and Sex
Differences in Caenorhabditis elegans Neuronal Development and Behavior.
Genetics 208, 909-935. doi:10.1534/genetics.117.300294

Bartonitz, A., Anyanwu, I. N., Geist, J., Imhof, H. K, Reichel, ., Grafmann, J., et al.
(2020). Modulation of PAH Toxicity on the Freshwater Organism G. Roeseli by
Microparticles. Environ. Pollut. 260, 113999. doi:10.1016/j.envpol.2020.113999

Frontiers in Toxicology | www.frontiersin.org

March 2022 | Volume 4 | Article 748912


https://www.frontiersin.org/articles/10.3389/ftox.2022.748912/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/ftox.2022.748912/full#supplementary-material
https://doi.org/10.1111/j.1601-183X.2007.00327.x
https://doi.org/10.1111/j.1601-183X.2007.00327.x
https://doi.org/10.1016/j.envpol.2019.113011
https://doi.org/10.7717/peerj.4601
https://doi.org/10.1016/j.envpol.2020.114158
https://doi.org/10.1016/j.envpol.2020.114158
https://doi.org/10.1016/j.chemosphere.2021.129591
https://doi.org/10.1016/j.tox.2020.152665
https://doi.org/10.1111/j.1365-2605.2007.00853.x
https://doi.org/10.1111/j.1365-2605.2007.00853.x
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.marpolbul.2020.111446
https://doi.org/10.1002/etc.3093
https://doi.org/10.1016/j.envpol.2014.12.021
https://doi.org/10.1016/j.ecoenv.2021.112243
https://doi.org/10.1016/j.ecoenv.2021.112243
https://doi.org/10.1895/wormbook.1.78.1
https://doi.org/10.1895/wormbook.1.78.1
https://doi.org/10.1016/j.semcdb.2014.06.006
https://doi.org/10.1534/genetics.117.300294
https://doi.org/10.1016/j.envpol.2020.113999
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Baugh, L. R,, and Day, T. (2020). Nongenetic Inheritance and Multigenerational
Plasticity in the Nematode C. elegans. Elife 9. doi:10.7554/eLife.58498

Baum, M. J. (2009). New Evidence that an Epigenetic Mechanism Mediates
Testosterone-dependent ~ Brain ~ Masculinization.  Endocrinology 150,
3980-3982. doi:10.1210/en.2009-0664

Baynes, S. M., and Howell, B. R. (1996). The Influence of Egg Size and Incubation
Temperature on the Condition of Solea solea (L.) Larvae at Hatching and First
Feeding. J. Exp. Mar. Biol. Ecol. 199, 59-77. d0i:10.1016/0022-0981(95)
00189-1

Bhagat, J., Nishimura, N., and Shimada, Y. (2021). Toxicological Interactions of
Microplastics/nanoplastics and Environmental Contaminants: Current
Knowledge and Future Perspectives. . Hazard. Mater. 405, 123913. doi:10.
1016/j.jhazmat.2020.123913

Blackburn, K., and Green, D. (2021). The Potential Effects of Microplastics on
Human Health: What Is Known and what Is Unknown. Ambio. doi:10.1007/
s13280-021-01589-9

Bourguiba, S., Genissel, C., Lambard, S., Bouraima, H., and Carreau, S. (2003).
Regulation of Aromatase Gene Expression in Leydig Cells and Germ Cells.
J. Steroid Biochem. Mol. Biol. 86, 335-343. doi:10.1016/s0960-0760(03)00343-1

Boyd, W. A,, McBride, S. ., Rice, J. R, Snyder, D. W., and Freedman, J. H. (2010). A
High-Throughput Method for Assessing Chemical Toxicity Using a
Caenorhabditis elegans Reproduction Assay. Toxicol. Appl. Pharmacol. 245,
153-159. doi:10.1016/j.taap.2010.02.014

Boyd, W. A, Smith, M. V., Co, C. A,, Pirone, J. R, Rice, J. R,, Shockley, K. R, et al.
(2016). Developmental Effects of the ToxCast Phase I and Phase II Chemicals in
Caenorhabditis elegans and Corresponding Responses in Zebrafish, Rats, and
Rabbits. Environ. Health Perspect. 124, 586-593. doi:10.1289/ehp.1409645

Boyd, W. A,, Smith, M. V., and Freedman, J. H. (2012). Caenorhabditis elegans as a
Model in Developmental Toxicology. Methods Mol. Biol. 889, 15-24. doi:10.
1007/978-1-61779-867-2_3

Bratovecic, A. (2019). Degradation of Micro- and Nano-Plastics by Photocatalytic
Methods. J. Nanosci Nanotechnol 3, 1-9.

Breedlove, S. M. (1986). Cellular Analyses of Hormone Influence on Motoneuronal
Development and Function. J. Neurobiol. 17, 157-176. doi:10.1002/neu.
480170304

Campanale, C., Massarelli, C., Savino, L., Locaputo, V., and Uricchio, V. F. (2020).
A Detailed Review Study on Potential Effects of Microplastics and Additives of
Concern on Human Health. Int. . Environ. Res. Public Health 17. d0i:10.3390/
jjerph17041212

Campanale, C., Massarelli, C., Savino, L., Locaputo, V., and Uricchio, V. F. (2020).
A Detailed Review Study on Potential Effects of Microplastics and Additives of
Concern on Human Health. Ijerph 17, 1212. doi:10.3390/ijerph17041212

Carpenter, E. J., Anderson, S. J., Harvey, G. R., Miklas, H. P., and Peck, B. B. (1972).
Polystyrene Spherules in Coastal Waters. Science 178, 749-750. doi:10.1126/
science.178.4062.749

Cermak, N., Yu, S. K,, Clark, R,, Huang, Y. C,, Baskoylu, S. N., and Flavell, S. W.
(2020). Whole-organism Behavioral Profiling Reveals a Role for Dopamine in
State-dependent Motor Program Coupling in C. elegans. Elife 9. doi:10.7554/
eLife.57093

Chagas, T. Q., Freitas, I. N., Montalvio, M. F., Nobrega, R. H., Machado, M. R. F.,
Charlie-Silva, I, et al. (2021). Multiple Endpoints of Polylactic Acid
Biomicroplastic Toxicity in Adult Zebrafish (Danio rerio). Chemosphere 277,
130279. doi:10.1016/j.chemosphere.2021.130279

Chapron, L., Peru, E., Engler, A., Ghiglione, J. F., Meistertzheim, A. L., Pruski, A.
M, et al. (2018). Macro- and Microplastics Affect Cold-Water Corals Growth,
Feeding and Behaviour. Sci. Rep. 8, 15299. doi:10.1038/s41598-018-33683-6

Chatterjee, ., Ibanez-Ventoso, C., Vijay, P., Singaravelu, G., Baldi, C., Bair, J., et al.
(2013). Dramatic Fertility Decline in Aging C. elegans Males Is Associated with
Mating Execution Deficits rather Than Diminished Sperm Quality. Exp.
Gerontol. 48, 1156-1166. doi:10.1016/j.exger.2013.07.014

Chen, H., Hua, X, Li, H, Wang, C, Dang, Y., Ding, P., et al. (2021).
Transgenerational Neurotoxicity of Polystyrene Microplastics Induced by
Oxidative Stress in Caenorhabditis elegans. Chemosphere 272, 129642.
doi:10.1016/j.chemosphere.2021.129642

Chen, H., Hua, X,, Yang, Y., Wang, C,, Jin, L., Dong, C,, et al. (2021). Chronic
Exposure to UV-Aged Microplastics Induces Neurotoxicity by Affecting
Dopamine, Glutamate, and Serotonin Neurotransmission in Caenorhabditis
elegans. ]. Hazard. Mater. 419, 126482. doi:10.1016/j.jhazmat.2021.126482

Microplastics and Reproduction

Chen, H., Yang, Y., Wang, C.,, Hua, X,, Li, H,, Xie, D, et al. (2022). Reproductive
Toxicity of UV-Photodegraded Polystyrene Microplastics Induced by DNA
Damage-dependent Cell Apoptosis in Caenorhabditis elegans. Sci. Total
Environ. 811, 152350. doi:10.1016/j.scitotenv.2021.152350

Chen, J.-C., Chen, M.-Y,, Fang, C., Zheng, R.-H,, Jiang, Y.-L., Zhang, Y.-S,, et al.
(2020). Microplastics Negatively Impact Embryogenesis and Modulate the
Immune Response of the marine Medaka Oryzias Melastigma. Mar. Pollut.
Bull. 158, 111349. doi:10.1016/j.marpolbul.2020.111349

Chen, Q., Lackmann, C., Wang, W., Seiler, T.-B., Hollert, H., and Shi, H. (2020).
Microplastics lead to Hyperactive Swimming Behaviour in Adult Zebrafish.
Aquat. Toxicol. 224, 105521. doi:10.1016/j.aquatox.2020.105521

Chisada, S., Yoshida, M., and Karita, K. (2021). Polyethylene Microbeads Are More
Critically Toxic to the Eyes and Reproduction Than the Kidneys or Growth in
Medaka, Oryzias latipes. Environ. Pollut. 268, 115957. doi:10.1016/j.envpol.
2020.115957

Chu, Q., Zhang, S., Yu, X., Wang, Y., Zhang, M., and Zheng, X. (2021). Fecal
Microbiota Transplantation Attenuates Nano-Plastics Induced Toxicity in
Caenorhabditis elegans. Sci. Total Environ. 779, 146454. doi:10.1016/j.
scitotenv.2021.146454

Coffin, S., Dudley, S., Taylor, A., Wolf, D., Wang, J., Lee, L, et al. (2018).
Comparisons of Analytical Chemistry and Biological Activities of Extracts
from North Pacific Gyre Plastics with UV-Treated and Untreated Plastics Using
In Vitro and In Vivo Models. Environ. Int. 121, 942-954. doi:10.1016/j.envint.
2018.10.012

Cole, M., Lindeque, P., Fileman, E., Halsband, C., and Galloway, T. S. (2015). The
Impact of Polystyrene Microplastics on Feeding, Function and Fecundity in the
marine Copepod Calanus helgolandicus. Environ. Sci. Technol. 49, 1130-1137.
doi:10.1021/es504525u

Cong, Y., Jin, F., Tian, M., Wang, J., Shi, H., Wang, Y., et al. (2019). Ingestion,
Egestion and post-exposure Effects of Polystyrene Microspheres on marine
Medaka (Oryzias Melastigma). Chemosphere 228, 93-100. doi:10.1016/j.
chemosphere.2019.04.098

Correa, P., LeBoeuf, B., and Garcia, L. R. C. (2012). C. elegans Dopaminergic D2-
like Receptors Delimit Recurrent Cholinergic-Mediated Motor Programs
during a Goal-Oriented Behavior. Plos Genet. 8, €1003015. doi:10.1371/
journal.pgen.1003015

Critchell, K., and Hoogenboom, M. O. (2018). Effects of Microplastic Exposure on
the Body Condition and Behaviour of Planktivorous Reef Fish (Acanthochromis
polyacanthus). PLoS One 13, €0193308. doi:10.1371/journal.pone.0193308

Crump, A., Mullens, C,, Bethell, E. J., Cunningham, E. M., and Arnott, G. (2020).
Microplastics Disrupt Hermit Crab Shell Selection. Biol. Lett. 16, 20200030.
doi:10.1098/rsb1.2020.0030

Curren, E., and Leong, S. C. Y. (2019). Profiles of Bacterial Assemblages from
Microplastics of Tropical Coastal Environments. Sci. Total Environ. 655,
313-320. doi:10.1016/j.scitotenv.2018.11.250

D’Angelo, S., and Meccariello, R. (2021). Microplastics: A Threat for Male Fertility.
Tjerph 18, 2392. doi:10.3390/ijerph18052392

Danopoulos, E., Twiddy, M., and Rotchell, J. M. (2020). Microplastic
Contamination of Drinking Water: A Systematic Review. PLoS One 15,
€0236838. doi:10.1371/journal.pone.0236838

Darbre, P. D. (2020). Chemical Components of Plastics as Endocrine Disruptors:
Overview and Commentary. Birth Defects Res. 112, 1300-1307. doi:10.1002/
bdr2.1778

David, G. S., and Robert, H. D. (1994). Colour- and Form-dependent Loss of Plastic
Micro-debris from the North Pacific Ocean. Mar. Pollut. Bull. 28, 39-43.

De Felice, B., Sabatini, V., Antenucci, S., Gattoni, G., Santo, N., Bacchetta, R., et al.
(2019). Polystyrene Microplastics Ingestion Induced Behavioral Effects to the
Cladoceran Daphnia magna. Chemosphere 231, 423-431. doi:10.1016/j.
chemosphere.2019.05.115

de S4, L. C,, Luis, L. G., and Guilhermino, L. (2015). Effects of Microplastics on
Juveniles of the Common Goby (Pomatoschistus Microps): Confusion with
Prey, Reduction of the Predatory Performance and Efficiency, and Possible
Influence of Developmental Conditions. Environ. Pollut. 196, 359-362. doi:10.
1016/j.envpol.2014.10.026

Deng, Y., Yan, Z., Shen, R,, Huang, Y., Ren, H., and Zhang, Y. (2021). Enhanced
Reproductive Toxicities Induced by Phthalates Contaminated Microplastics in
Male Mice (Mus musculus). J. Hazard. Mater. 406, 124644. doi:10.1016/j.
jhazmat.2020.124644

Frontiers in Toxicology | www.frontiersin.org

14

March 2022 | Volume 4 | Article 748912


https://doi.org/10.7554/eLife.58498
https://doi.org/10.1210/en.2009-0664
https://doi.org/10.1016/0022-0981(95)00189-1
https://doi.org/10.1016/0022-0981(95)00189-1
https://doi.org/10.1016/j.jhazmat.2020.123913
https://doi.org/10.1016/j.jhazmat.2020.123913
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1016/s0960-0760(03)00343-1
https://doi.org/10.1016/j.taap.2010.02.014
https://doi.org/10.1289/ehp.1409645
https://doi.org/10.1007/978-1-61779-867-2_3
https://doi.org/10.1007/978-1-61779-867-2_3
https://doi.org/10.1002/neu.480170304
https://doi.org/10.1002/neu.480170304
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.1126/science.178.4062.749
https://doi.org/10.1126/science.178.4062.749
https://doi.org/10.7554/eLife.57093
https://doi.org/10.7554/eLife.57093
https://doi.org/10.1016/j.chemosphere.2021.130279
https://doi.org/10.1038/s41598-018-33683-6
https://doi.org/10.1016/j.exger.2013.07.014
https://doi.org/10.1016/j.chemosphere.2021.129642
https://doi.org/10.1016/j.jhazmat.2021.126482
https://doi.org/10.1016/j.scitotenv.2021.152350
https://doi.org/10.1016/j.marpolbul.2020.111349
https://doi.org/10.1016/j.aquatox.2020.105521
https://doi.org/10.1016/j.envpol.2020.115957
https://doi.org/10.1016/j.envpol.2020.115957
https://doi.org/10.1016/j.scitotenv.2021.146454
https://doi.org/10.1016/j.scitotenv.2021.146454
https://doi.org/10.1016/j.envint.2018.10.012
https://doi.org/10.1016/j.envint.2018.10.012
https://doi.org/10.1021/es504525u
https://doi.org/10.1016/j.chemosphere.2019.04.098
https://doi.org/10.1016/j.chemosphere.2019.04.098
https://doi.org/10.1371/journal.pgen.1003015
https://doi.org/10.1371/journal.pgen.1003015
https://doi.org/10.1371/journal.pone.0193308
https://doi.org/10.1098/rsbl.2020.0030
https://doi.org/10.1016/j.scitotenv.2018.11.250
https://doi.org/10.3390/ijerph18052392
https://doi.org/10.1371/journal.pone.0236838
https://doi.org/10.1002/bdr2.1778
https://doi.org/10.1002/bdr2.1778
https://doi.org/10.1016/j.chemosphere.2019.05.115
https://doi.org/10.1016/j.chemosphere.2019.05.115
https://doi.org/10.1016/j.envpol.2014.10.026
https://doi.org/10.1016/j.envpol.2014.10.026
https://doi.org/10.1016/j.jhazmat.2020.124644
https://doi.org/10.1016/j.jhazmat.2020.124644
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Denzel, M. S., Lapierre, L. R,, and Mack, H. I. D. (2019). Emerging Topics in C.
elegans Aging Research: Transcriptional Regulation, Stress Response and
Epigenetics. Mech. Ageing Development 177, 4-21. doi:10.1016/j.mad.2018.
08.001

dkins-Regan, E. (2014). Male-male Sexual Behavior in Japanese Quail: Being "on
Top" Reduces Mating and Fertilization with Females. Behav. Process. 108,
71-79. doi:10.1016/j.beproc.2014.09.027

Donia, M. S., and Fischbach, M. A. (2015). HUMAN MICROBIOTA. Small
Molecules from the Human Microbiota. Science 349, 1254766. doi:10.1126/
science.1254766

Dunlop, C. E,, Telfer, E. E., and Anderson, R. A. (2014). Ovarian Germline Stem
Cells. Stem Cel Res Ther 5, 98. doi:10.1186/scrt487

Duszka, K., and Wahli, W. (2018). Enteric Microbiota-Gut™Brain Axis from the
Perspective of Nuclear Receptors. Int. J. Mol. Sci. 19. doi:10.3390/
ijms19082210

Eder, M. L, Oliva-Teles, L., Pinto, R,, Carvalho, A. P., Almeida, C. M. R,, Hornek-
Gausterer, R,, et al. (2021). Microplastics as a Vehicle of Exposure to Chemical
Contamination in Freshwater Systems: Current Research Status and Way
Forward. J. Hazard. Mater. 417, 125980. doi:10.1016/j.jhazmat.2021.125980

Ekkapongpisit, M., Giovia, A., Follo, C., Caputo, G., and Isidoro, C. (2012).
Biocompatibility, Endocytosis, and Intracellular Trafficking of Mesoporous
Silica and Polystyrene Nanoparticles in Ovarian Cancer Cells: Effects of Size
and Surface Charge Groups. Int. J. Nanomedicine 7, 4147-4158. doi:10.2147/
IJN.S33803

Fackelmann, G., and Sommer, S. (2019). Microplastics and the Gut Microbiome:
How Chronically Exposed Species May Suffer from Gut Dysbiosis. Mar. Pollut.
Bull. 143, 193-203. doi:10.1016/j.marpolbul.2019.04.030

Felten, V., Toumi, H., Masfaraud, J.-F., Billoir, E., Camara, B. 1., and Férard, J.-F.
(2020). Microplastics Enhance Daphnia magna Sensitivity to the Pyrethroid
Insecticide Deltamethrin: Effects on Life History Traits. Sci. Total Environ. 714,
136567. doi:10.1016/j.scitotenv.2020.136567

Fischer, M., Regitz, C., Kahl, M., Werthebach, M., Boll, M., and Wenzel, U. (2012).
Phytoestrogens Genistein and Daidzein Affect Immunity in the Nematode
Caenorhabditis elegans via Alterations of Vitellogenin Expression. Mol. Nutr.
Food Res. 56, 957-965. doi:10.1002/mnfr.201200006

Franzellitti, S., Canesi, L., Auguste, M., Wathsala, R. H. G. R, and Fabbri, E. (2019).
Microplastic Exposure and Effects in Aquatic Organisms: A Physiological
Perspective. Environ. Toxicol. Pharmacol. 68, 37-51. doi:10.1016/j.etap.2019.
03.009

Freedman, J. H,, Slice, L. W., Dixon, D., Fire, A., and Rubin, C. S. (1993). The Novel
Metallothionein Genes of Caenorhabditis elegans. Structural Organization and
Inducible, Cell-specific Expression. J. Biol. Chem. 268, 2554-2564. doi:10.1016/
$0021-9258(18)53810-2

Frias, J. P. G. L., Sobral, P., and Ferreira, A. M. (2010). Organic Pollutants in
Microplastics from Two Beaches of the Portuguese Coast. Mar. Pollut. Bull. 60,
1988-1992. doi:10.1016/j.marpolbul.2010.07.030

Frydkjeer, C. K., Iversen, N., and Roslev, P. (2017). Ingestion and Egestion of
Microplastics by the Cladoceran Daphnia magna: Effects of Regular and
Irregular Shaped Plastic and Sorbed Phenanthrene. Bull. Environ. Contam.
Toxicol. 99, 655-661. doi:10.1007/s00128-017-2186-3

Frye, C., Bo, E., Calamandrei, G., Calza, L., Dessi-Fulgheri, F., Ferndandez, M., et al.
(2012). Endocrine Disrupters: a Review of Some Sources, Effects, and
Mechanisms of Actions on Behaviour and Neuroendocrine Systems.
J. Neuroendocrinol 24, 144-159. doi:10.1111/j.1365-2826.2011.02229.x

F. Sanna, P. Porcu, and L. Fattore, Editorial: Sexual Behavior as a Model for the
Study of Motivational Drive and Related Behaviors. Front. Behav. Neurosci. 14
(2020) 121.

Gambardella, C., Morgana, S., Bramini, M., Rotini, A., Manfra, L., Migliore, L., et al.
(2018). Ecotoxicological Effects of Polystyrene Microbeads in a Battery of
marine Organisms Belonging to Different Trophic Levels. Mar. Environ. Res.
141, 313-321. doi:10.1016/j.marenvres.2018.09.023

Gambardella, C., Morgana, S., Ferrando, S., Bramini, M., Piazza, V., Costa, E., et al.
(2017). Effects of Polystyrene Microbeads in marine Planktonic Crustaceans.
Ecotoxicology Environ. Saf. 145, 250-257. doi:10.1016/j.ecoenv.2017.07.036

Gardon, T., Reisser, C., Soyez, C., Quillien, V., and Le Moullac, G. (2018).
Microplastics Affect Energy Balance and Gametogenesis in the Pearl Oyster
Pinctada Margaritifera. Environ. Sci. Technol. 52, 5277-5286. doi:10.1021/acs.
est.8b00168

Microplastics and Reproduction

Gasperi, J., Wright, S. L., Dris, R., Collard, F., Mandin, C., Guerrouache, M., et al.
(2018). Microplastics in Air: Are We Breathing it in? Curr. Opin. Environ. Sci.
Health 1, 1-5. doi:10.1016/j.coesh.2017.10.002

Gillera, S. E. A., Marinello, W. P., Horman, B. M., Phillips, A. L., Ruis, M. T,
Stapleton, H. M., et al. (2020). Sex-specific Effects of Perinatal FireMaster 550
(FM 550) Exposure on Socioemotional Behavior in Prairie Voles.
Neurotoxicology and Teratology 79, 106840. doi:10.1016/j.ntt.2019.106840

Goldstein, M. C., Rosenberg, M., and Cheng, L. (2012). Increased Oceanic
Microplastic Debris Enhances Oviposition in an Endemic Pelagic Insect.
Biol. Lett. 8, 817-820. doi:10.1098/rsbl.2012.0298

Gramentz, D. (1988). Involvement of Loggerhead Turtle with the Plastic, Metal,
and Hydrocarbon Pollution in the central Mediterranean. Mar. Pollut. Bull. 19,
11-13. doi:10.1016/0025-326x(88)90746-1

Giindogdu, S., Yesilyurt, I. N, and Erbas, C. (2019). Potential Interaction Between
Plastic Litter and green Turtle Chelonia mydas during Nesting in an Extremely
Polluted beach. Mar. Pollut. Bull. 140, 138-145.

Hantoro, I, Léhr, A.J., Van Belleghem, F. G. A.]., Widianarko, B., and Ragas, A. M.
J. (2019). Microplastics in Coastal Areas and Seafood: Implications for Food
Safety. Food Additives & Contaminants: A 36, 674-711. doi:10.1080/19440049.
2019.1585581

Hariharan, G., Purvaja, R,, Anandavelu, I, Robin, R. S., and Ramesh, R. (2021).
Accumulation and Ecotoxicological Risk of Weathered Polyethylene (WPE)
Microplastics on green Mussel (Perna Viridis). Ecotoxicology Environ. Saf. 208,
111765. doi:10.1016/j.ecoenv.2020.111765

Harlow, P. H,, Perry, S. J., Widdison, S., Daniels, S., Bondo, E., Lamberth, C, et al.
(2016). The Nematode Caenorhabditis elegans as a Tool to Predict Chemical
Activity on Mammalian Development and Identify Mechanisms Influencing
Toxicological Outcome. Sci. Rep. 6, 22965. doi:10.1038/srep22965

Hartmann, N. B, Hiffer, T., Thompson, R. C., Hassellov, M., Verschoor, A.,
Daugaard, A. E., et al. (2019). Are We Speaking the Same Language?
Recommendations for a Definition and Categorization Framework for
Plastic Debris. Environ. Sci. Technol. 53, 1039-1047. doi:10.1021/acs.est.
8b05297

Heindler, F. M., Alajmi, F., Huerlimann, R., Zeng, C., Newman, S. J., Vamvounis,
G,, etal. (2017). Toxic Effects of Polyethylene Terephthalate Microparticles and
Di(2-Ethylhexyl)phthalate on the Calanoid Copepod, Parvocalanus
Crassirostris. Ecotoxicology Environ. Saf. 141, 298-305. doi:10.1016/j.ecoenv.
2017.03.029

Hirt, N., and Body-Malapel, M. (2020). Immunotoxicity and Intestinal Effects of
Nano- and Microplastics: a Review of the Literature. Part. Fibre Toxicol. 17, 57.
doi:10.1186/512989-020-00387-7

Ho, S.-M., Johnson, A., Tarapore, P., Janakiram, V., Zhang, X,, and Leung, Y.-K.
(2012). Environmental Epigenetics and its Implication on Disease Risk and
Health Outcomes. ILAR J. 53, 289-305. doi:10.1093/ilar.53.3-4.289

Hoelting, L., Scheinhardt, B., Bondarenko, O., Schildknecht, S., Kapitza, M.,
Tanavde, V., et al. (2013). A 3-dimensional Human Embryonic Stem Cell
(hESC)-Derived Model to Detect Developmental Neurotoxicity —of
Nanoparticles. Arch. Toxicol. 87, 721-733. d0i:10.1007/s00204-012-0984-2

Honda, Y., and Honda, S. (1999). The Daf-2 Gene Network for Longevity Regulates
Oxidative Stress Resistance and Mn-superoxide Dismutase Gene Expression in
Caenorhabditis elegans. FASEB j. 13, 1385-1393. doi:10.1096/fasebj.13.11.1385

Hou, B, Wang, F.,, Liu, T., and Wang, Z. (2021). Reproductive Toxicity of
Polystyrene Microplastics: In Vivo Experimental Study on Testicular
Toxicity in Mice. J. Hazard. Mater. 405, 124028. doi:10.1016/j.jhazmat.2020.
124028

Hou, J., Lei, Z., Cui, L, Hou, Y., Yang, L., An, R, et al. (2021). Polystyrene
Microplastics lead to Pyroptosis and Apoptosis of Ovarian Granulosa Cells via
NLRP3/Caspase-1 Signaling Pathway in Rats. Ecotoxicology Environ. Saf. 212,
112012. doi:10.1016/j.ecoenv.2021.112012

Huang, C,, Ge, Y., Yue, S., Zhao, L., and Qiao, Y. (2021). Microplastics Aggravate
the Joint Toxicity to Earthworm Eisenia fetida with Cadmium by Altering its
Availability. Sci. Total Environ. 753, 142042. doi:10.1016/j.scitotenv.2020.
142042

Huanliang, L., Huimin, S., Zongjie, G., and Dayong, W. (2020). Nanopolystyrene
Exposure Activates a Fat Metabolism Related Signaling-Mediated Protective
Response in Caenorhabditis elegans. NanoImpact 17, 100204.

Huerta Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Saldnki, T., van der Ploeg,
M., et al. (2017). Incorporation of Microplastics from Litter into Burrows of

Frontiers in Toxicology | www.frontiersin.org

15

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1016/j.mad.2018.08.001
https://doi.org/10.1016/j.mad.2018.08.001
https://doi.org/10.1016/j.beproc.2014.09.027
https://doi.org/10.1126/science.1254766
https://doi.org/10.1126/science.1254766
https://doi.org/10.1186/scrt487
https://doi.org/10.3390/ijms19082210
https://doi.org/10.3390/ijms19082210
https://doi.org/10.1016/j.jhazmat.2021.125980
https://doi.org/10.2147/IJN.S33803
https://doi.org/10.2147/IJN.S33803
https://doi.org/10.1016/j.marpolbul.2019.04.030
https://doi.org/10.1016/j.scitotenv.2020.136567
https://doi.org/10.1002/mnfr.201200006
https://doi.org/10.1016/j.etap.2019.03.009
https://doi.org/10.1016/j.etap.2019.03.009
https://doi.org/10.1016/s0021-9258(18)53810-2
https://doi.org/10.1016/s0021-9258(18)53810-2
https://doi.org/10.1016/j.marpolbul.2010.07.030
https://doi.org/10.1007/s00128-017-2186-3
https://doi.org/10.1111/j.1365-2826.2011.02229.x
https://doi.org/10.1016/j.marenvres.2018.09.023
https://doi.org/10.1016/j.ecoenv.2017.07.036
https://doi.org/10.1021/acs.est.8b00168
https://doi.org/10.1021/acs.est.8b00168
https://doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1016/j.ntt.2019.106840
https://doi.org/10.1098/rsbl.2012.0298
https://doi.org/10.1016/0025-326x(88)90746-1
https://doi.org/10.1080/19440049.2019.1585581
https://doi.org/10.1080/19440049.2019.1585581
https://doi.org/10.1016/j.ecoenv.2020.111765
https://doi.org/10.1038/srep22965
https://doi.org/10.1021/acs.est.8b05297
https://doi.org/10.1021/acs.est.8b05297
https://doi.org/10.1016/j.ecoenv.2017.03.029
https://doi.org/10.1016/j.ecoenv.2017.03.029
https://doi.org/10.1186/s12989-020-00387-7
https://doi.org/10.1093/ilar.53.3-4.289
https://doi.org/10.1007/s00204-012-0984-2
https://doi.org/10.1096/fasebj.13.11.1385
https://doi.org/10.1016/j.jhazmat.2020.124028
https://doi.org/10.1016/j.jhazmat.2020.124028
https://doi.org/10.1016/j.ecoenv.2021.112012
https://doi.org/10.1016/j.scitotenv.2020.142042
https://doi.org/10.1016/j.scitotenv.2020.142042
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Lumbricus Terrestris. Environ. Pollut. 220, 523-531. doi:10.1016/j.envpol.2016.
09.096

Huerta-Lwanga, E., Mendoza-Vega, J., Ribeiro, O., Gertsen, H., Peters, P., and
Geissen, V. (2021). Is the Polylactic Acid Fiber in Green Compost a Risk for
Lumbricus Terrestris and Triticum aestivum? Polymers (Basel) 13.

Hull, E. M., and Dominguez, J. M. (2007). Sexual Behavior in Male Rodents. Horm.
Behav. 52, 45-55. doi:10.1016/j.yhbeh.2007.03.030

Hunt, P. R. (2017). The C. elegans Model in Toxicity Testing. J. Appl. Toxicol. 37,
50-59. doi:10.1002/jat.3357

Tjaz, M. U,, Shahzadi, S., Samad, A., Ehsan, N., Ahmed, H., Tahir, A., et al. (2021).
Dose-Dependent Effect of Polystyrene Microplastics on the Testicular Tissues
of the Male Sprague Dawley Rats. Dose Response 19, 15593258211019882.
doi:10.1177/15593258211019882

Ismail, R. F,, Saleh, N. E., and Sayed, A. E.-D. H. (2021). Impacts of Microplastics
on Reproductive Performance of Male tilapia (Oreochromis niloticus) Pre-fed
on Amphora Coffeaeformis. Environ. Sci. Pollut. Res. 28, 68732-68744. doi:10.
1007/s11356-021-14984-2

Jemec Kokalj, A., Dolar, A., Titova, J., Visnapuu, M., Skrlep, L., Drobne, D., et al.
(2021). Long Term Exposure to Virgin and Recycled LDPE Microplastics
Induced Minor Effects in the Freshwater and Terrestrial Crustaceans
Daphnia magna and Porcellio scaber. Polymers (Basel) 13.

Jeong, C.-B., Kang, H.-M,, Byeon, E., Kim, M.-S., Ha, S. Y., Kim, M, et al. (2021).
Phenotypic and Transcriptomic Responses of the Rotifer Brachionus Koreanus
by Single and Combined Exposures to Nano-Sized Microplastics and Water-
Accommodated Fractions of Crude Oil. J. Hazard. Mater. 416, 125703. doi:10.
1016/j.jhazmat.2021.125703

Jeong, C.-B., Won, E.-J., Kang, H.-M.,, Lee, M.-C., Hwang, D.-S., Hwang, U.-K,,
et al. (2016). Microplastic Size-dependent Toxicity, Oxidative Stress Induction,
and P-JNK and P-P38 Activation in the Monogonont Rotifer (Brachionus
Koreanus). Environ. Sci. Technol. 50, 8849-8857. doi:10.1021/acs.est.6b01441

Jeong, J., Kim, H., and Choi, J. (2019). In Silico Molecular Docking and In Vivo
Validation with Caenorhabditis elegans to Discover Molecular Initiating Events
in Adverse Outcome Pathway Framework: Case Study on Endocrine-
Disrupting Chemicals with Estrogen and Androgen Receptors. Int. J. Mol.
Sci. 20. doi:10.3390/ijms20051209

Ji, Z.,Huang, Y., Feng, Y., Johansen, A., Xue, J., Tremblay, L. A., et al. (2021). Effects
of Pristine Microplastics and Nanoplastics on Soil Invertebrates: A Systematic
Review and Meta-Analysis of Available Data. Sci. Total Environ. 788, 147784.
doi:10.1016/j.scitotenv.2021.147784

Jia, Y., Jin, S., Hu, K., Geng, L., Han, C,, Kang, R,, et al. (2021). Gut Microbiome
Modulates Drosophila Aggression through Octopamine Signaling. Nat.
Commun. 12, 2698. doi:10.1038/s41467-021-23041-y

Jin, H,, Ma, T., Sha, X,, Liu, Z,, Zhou, Y., Meng, X,, et al. (2021). Polystyrene
Microplastics Induced Male Reproductive Toxicity in Mice. J. Hazard. Mater.
401, 123430. doi:10.1016/j.jhazmat.2020.123430

Jin, Y., Xia, J., Pan, Z.,, Yang, ], Wang, W., and Fu, Z. (2018). Polystyrene
Microplastics Induce Microbiota Dysbiosis and Inflammation in the Gut of
Adult Zebrafish. Environ. Pollut. 235, 322-329. doi:10.1016/j.envpol.2017.
12.088

Johnson, J., Bagley, J., Skaznik-Wikiel, M., Lee, H.-J., Adams, G. B., Niikura, Y.,
et al. (2005). Oocyte Generation in Adult Mammalian Ovaries by Putative
Germ Cells in Bone Marrow and Peripheral Blood. Cell 122, 303-315. doi:10.
1016/j.cell.2005.06.031

Johnson, J., Canning, J., Kaneko, T., Pru, J. K., and Tilly, J. L. (2004). Germline Stem
Cells and Follicular Renewal in the Postnatal Mammalian Ovary. Nature 428,
145-150. doi:10.1038/nature02316

Jones, L. M., Rayson, S. J., Flemming, A. J., and Urwin, P. E. (2013). Adaptive and
Specialised Transcriptional Responses to Xenobiotic Stress in Caenorhabditis
elegans Are Regulated by Nuclear Hormone Receptors. PLoS One 8, €69956.
doi:10.1371/journal.pone.0069956

Ju, H., Zhu, D., and Qiao, M. (2019). Effects of Polyethylene Microplastics on the
Gut Microbial Community, Reproduction and Avoidance Behaviors of the Soil
Springtail, Folsomia candida. Environ. Pollut. 247, 890-897. doi:10.1016/j.
envpol.2019.01.097

Jung, S.-K., Qu, X, Aleman-Meza, B., Wang, T., Riepe, C., Liu, Z., et al. (2015).
Multi-endpoint, High-Throughput Study of Nanomaterial Toxicity in
Caenorhabditis elegans. Environ. Sci. Technol. 49, 2477-2485. doi:10.1021/
€s5056462

Microplastics and Reproduction

Kage-Nakadai, E., Kobuna, H., Kimura, M., Gengyo-Ando, K., Inoue, T., Arai, H,,
et al. (2010). Two Very Long Chain Fatty Acid Acyl-CoA Synthetase Genes,
Acs-20 and Acs-22, Have Roles in the Cuticle Surface Barrier in Caenorhabditis
elegans. PLoS One 5, €8857. doi:10.1371/journal.pone.0008857

Kelce, W. R, Stone, C. R., Laws, S. C., Gray, L. E., Kemppainen, J. A., and Wilson, E.
M. (1995). Persistent DDT Metabolite P,p’-DDE Is a Potent Androgen Receptor
Antagonist. Nature 375, 581-585. doi:10.1038/375581a0

Kelpsiene, E., Torstensson, O., Ekvall, M. T., Hansson, L.-A., and Cedervall, T.
(2020). Long-term Exposure to Nanoplastics Reduces Life-Time in Daphnia
magna. Sci. Rep. 10, 5979. doi:10.1038/s41598-020-63028-1

Khotimchenko, Y. S. (1991). Biogenic Monoamines in Oocytes of Echinoderms
and Bivalve Molluscs. A Formation of Intracellular Regulatory Systems in
Oogenesis. Comp. Biochem. Physiol. C: Comp. Pharmacol. 100, 671-675. doi:10.
1016/0742-8413(91)90059-3

Kim, H. M., Long, N. P, Min, J. E,, Anh, N. H,, Kim, S. J., Yoon, S. J., et al. (2020).
Comprehensive Phenotyping and Multi-Omic Profiling in the Toxicity
Assessment of Nanopolystyrene with Different Surface Properties.
J. Hazard. Mater. 399, 123005. doi:10.1016/j.jhazmat.2020.123005

Kindt, K. S., Quast, K. B,, Giles, A. C, De, S., Hendrey, D., Nicastro, L, et al. (2007).
Dopamine Mediates Context-dependent Modulation of Sensory Plasticity in C.
elegans. Neuron 55, 662-676. doi:10.1016/j.neuron.2007.07.023

Koelmans, A. A., Mohamed Nor, N. H., Hermsen, E., Kooi, M., Mintenig, S. M.,
and De France, J. (2019). Microplastics in Freshwaters and Drinking Water:
Critical Review and Assessment of Data Quality. Water Res. 155, 410-422.
doi:10.1016/j.watres.2019.02.054

Krentzel, A. A., Kimble, L. C., Dorris, D. M., Horman, B. M., Meitzen, J., and
Patisaul, H. B. (2021). FireMaster 550 (FM 550) Exposure during the Perinatal
Period Impacts Partner Preference Behavior and Nucleus Accumbens Core
Medium Spiny Neuron Electrophysiology in Adult Male and Female Prairie
Voles, Microtus Ochrogaster. Horm. Behav. 134, 105019. doi:10.1016/j.yhbeh.
2021.105019

Kwak, J. I, and An, Y.-J. (2021). Post COVID-19 Pandemic: Biofragmentation and
Soil Ecotoxicological Effects of Microplastics Derived from Face Masks.
J. Hazard. Mater. 416, 126169. doi:10.1016/j.jhazmat.2021.126169

Lai, C.-H., Chou, C.-Y., Ch’ang, L.-Y. Liu, C.-S,, and Lin, W.-c. (2000).
Identification of Novel Human Genes Evolutionarily Conserved in
Caenorhabditis elegans by Comparative Proteomics. Genome Res. 10,
703-713. doi:10.1101/gr.10.5.703

Lara, L. Z., Bertoldi, C., Alves, N. M., and Fernandes, A. N. (2021). Sorption of
Endocrine Disrupting Compounds onto Polyamide Microplastics under
Different Environmental Conditions: Behaviour and Mechanism. Sci. Total
Environ. 796, 148983. doi:10.1016/j.scitotenv.2021.148983

Lear, G., Kingsbury, J. M., Franchini, S., Gambarini, V., Maday, S. D. M., Wallbank,
J. A, etal. (2021). Plastics and the Microbiome: Impacts and Solutions. Environ.
Microbiome 16, 2. doi:10.1186/s40793-020-00371-w

Lee, H., Kunz, A, Shim, W. J, and Walther, B. A. (2019). Microplastic
Contamination of Table Salts from Taiwan, Including a Global Review. Sci.
Rep. 9, 10145. d0i:10.1038/541598-019-46417-z

Lei, L, Liu, M., Song, Y., Lu, S., Hu, J., Cao, C,, et al. (2018). Polystyrene (Nano)
microplastics Cause Size-dependent Neurotoxicity, Oxidative Damage and
Other Adverse Effects inCaenorhabditis Elegans. Environ. Sci. Nano 5,
2009-2020. doi:10.1039/c8en00412a

Lei, L., Wu, S, Lu, S,, Liu, M., Song, Y., Fu, Z, et al. (2018). Microplastic Particles
Cause Intestinal Damage and Other Adverse Effects in Zebrafish Danio rerio
and Nematode Caenorhabditis elegans. Sci. Total Environ. 619-620, 1-8. doi:10.
1016/j.scitotenv.2017.11.103

Leslie, H. (2014). Review of Microplastics in Cosmetics. IVM Inst. Environ. Stud.
476, 1-33.

Leung, M. C. K., Williams, P. L., Benedetto, A., Au, C., Helmcke, K. J., Aschner,
M, et al. (2008). Caenorhabditis elegans: an Emerging Model in Biomedical
and Environmental Toxicology. Toxicol. Sci. 106, 5-28. doi:10.1093/toxsci/
kfn121

Li, B, Ding, Y., Cheng, X, Sheng, D., Xu, Z., Rong, Q., et al. (2020). Polyethylene
Microplastics Affect the Distribution of Gut Microbiota and Inflammation
Development in Mice. Chemosphere 244, 125492. doi:10.1016/j.chemosphere.
2019.125492

Li, S, Wang, Q,, Yu, H, Yang, L, Sun, Y., Xu, N,, et al. (2021). Polystyrene
Microplastics Induce Blood-Testis Barrier Disruption Regulated by the MAPK-

Frontiers in Toxicology | www.frontiersin.org

16

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1016/j.yhbeh.2007.03.030
https://doi.org/10.1002/jat.3357
https://doi.org/10.1177/15593258211019882
https://doi.org/10.1007/s11356-021-14984-2
https://doi.org/10.1007/s11356-021-14984-2
https://doi.org/10.1016/j.jhazmat.2021.125703
https://doi.org/10.1016/j.jhazmat.2021.125703
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.3390/ijms20051209
https://doi.org/10.1016/j.scitotenv.2021.147784
https://doi.org/10.1038/s41467-021-23041-y
https://doi.org/10.1016/j.jhazmat.2020.123430
https://doi.org/10.1016/j.envpol.2017.12.088
https://doi.org/10.1016/j.envpol.2017.12.088
https://doi.org/10.1016/j.cell.2005.06.031
https://doi.org/10.1016/j.cell.2005.06.031
https://doi.org/10.1038/nature02316
https://doi.org/10.1371/journal.pone.0069956
https://doi.org/10.1016/j.envpol.2019.01.097
https://doi.org/10.1016/j.envpol.2019.01.097
https://doi.org/10.1021/es5056462
https://doi.org/10.1021/es5056462
https://doi.org/10.1371/journal.pone.0008857
https://doi.org/10.1038/375581a0
https://doi.org/10.1038/s41598-020-63028-1
https://doi.org/10.1016/0742-8413(91)90059-3
https://doi.org/10.1016/0742-8413(91)90059-3
https://doi.org/10.1016/j.jhazmat.2020.123005
https://doi.org/10.1016/j.neuron.2007.07.023
https://doi.org/10.1016/j.watres.2019.02.054
https://doi.org/10.1016/j.yhbeh.2021.105019
https://doi.org/10.1016/j.yhbeh.2021.105019
https://doi.org/10.1016/j.jhazmat.2021.126169
https://doi.org/10.1101/gr.10.5.703
https://doi.org/10.1016/j.scitotenv.2021.148983
https://doi.org/10.1186/s40793-020-00371-w
https://doi.org/10.1038/s41598-019-46417-z
https://doi.org/10.1039/c8en00412a
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1093/toxsci/kfn121
https://doi.org/10.1093/toxsci/kfn121
https://doi.org/10.1016/j.chemosphere.2019.125492
https://doi.org/10.1016/j.chemosphere.2019.125492
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Nrf2 Signaling Pathway in Rats. Environ. Sci. Pollut. Res. Int. doi:10.1007/
s11356-021-13911-9

Li, S., Wang, Q., Yu, H,, Yang, L., Sun, Y., Xu, N,, et al. (2021). Polystyrene
Microplastics Induce Blood-Testis Barrier Disruption Regulated by the MAPK-
Nrf2 Signaling Pathway in Rats. Environ. Sci. Pollut. Res. 28, 47921-47931.
d0i:10.1007/s11356-021-13911-9

Li, Z., Feng, C., Pang, W., Tian, C., and Zhao, Y. (2021). Nanoplastic-Induced
Genotoxicity and Intestinal Damage in Freshwater Benthic Clams (Corbicula
Fluminea): Comparison with Microplastics. ACS Nano 15, 9469-9481. doi:10.
1021/acsnano.1¢02407

Li, Z., Zhou, H., Liu, Y., Zhan, J., Li, W., Yang, K., et al. (2020). Acute and Chronic
Combined Effect of Polystyrene Microplastics and Dibutyl Phthalate on the
marine Copepod Tigriopus Japonicus. Chemosphere 261, 127711. doi:10.1016/j.
chemosphere.2020.127711

Lints, R, and Emmons, S. W. (1999). Patterning of Dopaminergic
Neurotransmitter Identity Among Caenorhabditis elegans ray Sensory
Neurons by a TGFbeta Family Signaling Pathway and a Hox Gene.
Development 126, 5819-5831. doi:10.1242/dev.126.24.5819

Litke, R., Boulanger, E., and Fradin, C. (2018). Caenorhabditis elegans, un modele
d’étude du vieillissement. Med. Sci. (Paris) 34, 571-579. doi:10.1051/medsci/
20183406017

Littman, D. R., and Pamer, E. G. (2011). Role of the Commensal Microbiota in
normal and Pathogenic Host Immune Responses. Cell Host ¢ Microbe 10,
311-323. doi:10.1016/j.chom.2011.10.004

Liu, H,, Tian, L., Qu, M., and Wang, D. (2021). Acetylation Regulation Associated
with the Induction of Protective Response to Polystyrene Nanoparticles in
Caenorhabditis elegans. ]. Hazard. Mater. 411, 125035. doi:10.1016/j.jhazmat.
2020.125035

Liu, H,, Tian, L., Wang, S., and Wang, D. (2021). Size-dependent Transgenerational
Toxicity Induced by Nanoplastics in Nematode Caenorhabditis elegans. Sci.
Total Environ. 790, 148217. doi:10.1016/j.scitotenv.2021.148217

Liu, J., Xu, D., Chen, Y., Zhao, C,, Liu, L., Gu, Y., et al. (2022). Adverse Effects of
Dietary virgin (Nano)microplastics on Growth Performance, Immune
Response, and Resistance to Ammonia Stress and Pathogen challenge in
Juvenile Sea Cucumber Apostichopus Japonicus (Selenka). J. Hazard. Mater.
423, 127038. doi:10.1016/j.jhazmat.2021.127038

Liu, K. S., and Sternberg, P. W. (1995). Sensory Regulation of Male Mating
Behavior in Caenorhabditis elegans. Neuron 14, 79-89. d0i:10.1016/0896-
6273(95)90242-2

Liu, P., Zhan, X,, Wu, X,, Li, ]., Wang, H., and Gao, S. (2020). Effect of Weathering
on Environmental Behavior of Microplastics: Properties, Sorption and Potential
Risks. Chemosphere 242, 125193. doi:10.1016/j.chemosphere.2019.125193

Liu, Q. Chen, C, Li, M, Ke, J, Huang, Y., Bian, Y, et al. (2020).
Neurodevelopmental Toxicity of Polystyrene Nanoplastics in Caenorhabditis
elegans and the Regulating Effect of Presenilin. ACS Omega 5, 33170-33177.
doi:10.1021/acsomega.0c04830

Liu, S., Shi, J., Wang, J., Dai, Y., Li, H,, Li, J., et al. (2021). Interactions between
Microplastics and Heavy Metals in Aquatic Environments: A Review. Front.
Microbiol. 12. doi:10.3389/fmicb.2021.652520

Liu, Z., Cai, M., Wu, D,, Yu, P, Jiao, Y., Jiang, Q., et al. (2020). Effects of
Nanoplastics at Predicted Environmental Concentration on Daphnia pulex
after Exposure through Multiple Generations. Environ. Pollut. 256, 113506.
doi:10.1016/j.envpol.2019.113506

Liu, Z., Huang, Y., Jiao, Y., Chen, Q., Wu, D., Yu, P,, et al. (2020). Polystyrene
Nanoplastic Induces ROS Production and Affects the MAPK-HIF-1/NFkB-
Mediated Antioxidant System in Daphnia pulex. Aquat. Toxicol. 220, 105420.
doi:10.1016/j.aquatox.2020.105420

Liu, Z, Li, Y., Sepulveda, M. S., Jiang, Q., Jiao, Y., Chen, Q., et al. (2021).
Development of an Adverse Outcome Pathway for Nanoplastic Toxicity in
Daphnia pulex Using Proteomics. Sci. Total Environ. 766, 144249. doi:10.1016/j.
scitotenv.2020.144249

Liu, Z., Zhuan, Q., Zhang, L., Meng, L., Fu, X,, and Hou, Y. (2022). Polystyrene
Microplastics Induced Female Reproductive Toxicity in Mice. J. Hazard. Mater.
424, 127629. doi:10.1016/j.jhazmat.2021.127629

Lo, H. K. A,, and Chan, K. Y. K. (2018). Negative Effects of Microplastic Exposure
on Growth and Development of Crepidula Onyx. Environ. Pollut. 233, 588-595.
doi:10.1016/j.envpol.2017.10.095

Microplastics and Reproduction

Lu, S, Qiu, R, Hu, J,, Li, X,, Chen, Y., Zhang, X,, et al. (2020). Prevalence of
Microplastics in Animal-Based Traditional Medicinal Materials: Widespread
Pollution in Terrestrial Environments. Sci. Total Environ. 709, 136214. doi:10.
1016/j.scitotenv.2019.136214

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., et al. (2016). Uptake and
Accumulation of Polystyrene Microplastics in Zebrafish (Danio rerio) and
Toxic Effects in Liver. Environ. Sci. Technol. 50, 4054-4060. doi:10.1021/acs.est.
6b00183

Lusher, A. L, McHugh, M., and Thompson, R. C. (2013). Occurrence of
Microplastics in the Gastrointestinal Tract of Pelagic and Demersal Fish
from the English Channel. Mar. Pollut. Bull. 67, 94-99. doi:10.1016/j.
marpolbul.2012.11.028

Maaf3, S., Daphi, D., Lehmann, A., and Rillig, M. C. (2017). Transport of
Microplastics by Two Collembolan Species. Environ. Pollut. 225, 456-459.
doi:10.1016/j.envpol.2017.03.009

Mackenzie, C. M., and Vladimirova, V. (2021). Preliminary Study and First
Evidence of Presence of Microplastics in Terrestrial Herpetofauna from
Southwestern Paraguay. Stud. Neotropical Fauna Environ., 1-9. doi:10.1080/
01650521.2021.1895466

MacLeod, M., Arp, H. P. H,, Tekman, M. B., and Jahnke, A. (2021). The Global
Threat from Plastic Pollution. Science 373, 61-65. doi:10.1126/science.abg5433

Magner, D. B., Wollam, J., Shen, Y., Hoppe, C., Li, D., Latza, C,, et al. (2013). The
NHR-8 Nuclear Receptor Regulates Cholesterol and Bile Acid Homeostasis in
C. elegans. Cel Metab. 18, 212-224. doi:10.1016/j.cmet.2013.07.007

Magni, S., Gagné, F., André, C,, Della Torre, C., Auclair, J., Hanana, H., et al.
(2018). Evaluation of Uptake and Chronic Toxicity of virgin Polystyrene
Microbeads in Freshwater Zebra Mussel Dreissena polymorpha (Mollusca:
Bivalvia). Sci. Total Environ. 631-632, 778-788. doi:10.1016/j.scitotenv.2018.
03.075

Majer, A. P., Vedolin, M. C., and Turra, A. (2012). Plastic Pellets as Oviposition Site
and Means of Dispersal for the Ocean-Skater Insect Halobates. Mar. Pollut.
Bull. 64, 1143-1147. doi:10.1016/j.marpolbul.2012.03.029

Malo, A. F,, Gomendio, M., Garde, J., Lang-Lenton, B., Soler, A. J., and Roldan, E.
R. S. (2006). Sperm Design and Sperm Function. Biol. Lett. 2, 246-249. doi:10.
1098/rsbl.2006.0449

Martins, A., and Guilhermino, L. (2018). Transgenerational Effects and Recovery
of Microplastics Exposure in Model Populations of the Freshwater Cladoceran
Daphnia magna Straus. Sci. Total Environ. 631-632, 421-428. doi:10.1016/j.
scitotenv.2018.03.054

Masid, P., Ardura, A, and Garcia-Vazquez, E. (2021). Virgin Polystyrene
Microparticles Exposure Leads to Changes in Gills DNA and Physical
Condition in the Mediterranean Mussel Mytilus Galloprovincialis. Animals
(Basel) 11.

Mason, S. A., Welch, V. G, and Neratko, J. (2018). Synthetic Polymer
Contamination in Bottled Water. Front. Chem. 6, 407. doi:10.3389/fchem.
2018.00407

McCarthy, M. M., and Arnold, A. P. (2011). Reframing Sexual Differentiation of
the Brain. Nat. Neurosci. 14, 677-683. doi:10.1038/nn.2834

McCloskey, R. J., Fouad, A. D., Churgin, M. A., and Fang-Yen, C. (2017). Food
Responsiveness Regulates Episodic Behavioral States in Caenorhabditis elegans.
J. Neurophysiol. 117, 1911-1934. doi:10.1152/jn.00555.2016

Meisel, R. L., and Mullins, A. J. (2006). Sexual Experience in Female Rodents:
Cellular Mechanisms and Functional Consequences. Brain Res. 1126, 56-65.
doi:10.1016/j.brainres.2006.08.050

Melis, M. R,, and Argiolas, A. (1995). Dopamine and Sexual Behavior. Neurosci.
Biobehavioral Rev. 19, 19-38. d0i:10.1016/0149-7634(94)00020-2

Melvin, S. D., and Wilson, S. P. (2013). The Utility of Behavioral Studies for
Aquatic Toxicology Testing: a Meta-Analysis. Chemosphere 93, 2217-2223.
doi:10.1016/j.chemosphere.2013.07.036

Micevych, P. E., and Meisel, R. L. (2017). Integrating Neural Circuits Controlling
Female Sexual Behavior. Front. Syst. Neurosci. 11, 42. d0i:10.3389/fnsys.2017.
00042

Mitchell, S. E., Read, A. F., and Little, T. J. (2004). The Effect of a Pathogen
Epidemic on the Genetic Structure and Reproductive Strategy of the Crustacean
Daphnia magna. Ecol. Lett. 7, 848-858. doi:10.1111/j.1461-0248.2004.00639.x

Monti, D. M., Guarnieri, D., Napolitano, G., Piccoli, R., Netti, P., Fusco, S., et al.
(2015). Biocompatibility, Uptake and Endocytosis Pathways of Polystyrene

Frontiers in Toxicology | www.frontiersin.org

17

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1007/s11356-021-13911-9
https://doi.org/10.1007/s11356-021-13911-9
https://doi.org/10.1007/s11356-021-13911-9
https://doi.org/10.1021/acsnano.1c02407
https://doi.org/10.1021/acsnano.1c02407
https://doi.org/10.1016/j.chemosphere.2020.127711
https://doi.org/10.1016/j.chemosphere.2020.127711
https://doi.org/10.1242/dev.126.24.5819
https://doi.org/10.1051/medsci/20183406017
https://doi.org/10.1051/medsci/20183406017
https://doi.org/10.1016/j.chom.2011.10.004
https://doi.org/10.1016/j.jhazmat.2020.125035
https://doi.org/10.1016/j.jhazmat.2020.125035
https://doi.org/10.1016/j.scitotenv.2021.148217
https://doi.org/10.1016/j.jhazmat.2021.127038
https://doi.org/10.1016/0896-6273(95)90242-2
https://doi.org/10.1016/0896-6273(95)90242-2
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1021/acsomega.0c04830
https://doi.org/10.3389/fmicb.2021.652520
https://doi.org/10.1016/j.envpol.2019.113506
https://doi.org/10.1016/j.aquatox.2020.105420
https://doi.org/10.1016/j.scitotenv.2020.144249
https://doi.org/10.1016/j.scitotenv.2020.144249
https://doi.org/10.1016/j.jhazmat.2021.127629
https://doi.org/10.1016/j.envpol.2017.10.095
https://doi.org/10.1016/j.scitotenv.2019.136214
https://doi.org/10.1016/j.scitotenv.2019.136214
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1016/j.marpolbul.2012.11.028
https://doi.org/10.1016/j.marpolbul.2012.11.028
https://doi.org/10.1016/j.envpol.2017.03.009
https://doi.org/10.1080/01650521.2021.1895466
https://doi.org/10.1080/01650521.2021.1895466
https://doi.org/10.1126/science.abg5433
https://doi.org/10.1016/j.cmet.2013.07.007
https://doi.org/10.1016/j.scitotenv.2018.03.075
https://doi.org/10.1016/j.scitotenv.2018.03.075
https://doi.org/10.1016/j.marpolbul.2012.03.029
https://doi.org/10.1098/rsbl.2006.0449
https://doi.org/10.1098/rsbl.2006.0449
https://doi.org/10.1016/j.scitotenv.2018.03.054
https://doi.org/10.1016/j.scitotenv.2018.03.054
https://doi.org/10.3389/fchem.2018.00407
https://doi.org/10.3389/fchem.2018.00407
https://doi.org/10.1038/nn.2834
https://doi.org/10.1152/jn.00555.2016
https://doi.org/10.1016/j.brainres.2006.08.050
https://doi.org/10.1016/0149-7634(94)00020-2
https://doi.org/10.1016/j.chemosphere.2013.07.036
https://doi.org/10.3389/fnsys.2017.00042
https://doi.org/10.3389/fnsys.2017.00042
https://doi.org/10.1111/j.1461-0248.2004.00639.x
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Nanoparticles in Primary Human Renal Epithelial Cells. J. Biotechnol. 193,
3-10. doi:10.1016/j.jbiotec.2014.11.004

Moore, R. S., Kaletsky, R., and Murphy, C. T. (2019). Piwi/PRG-1 Argonaute and
TGF-p Mediate Transgenerational Learned Pathogenic Avoidance. Cell 177,
1827-1841. doi:10.1016/j.cell.2019.05.024

Morran, L. T., Cappy, B. J., Anderson, J. L., and Phillips, P. C. (2009). Sexual
Partners for the Stressed: Facultative Outcrossing in the Self-Fertilizing
Nematodecaenorhabditis Elegans. Evolution 63, 1473-1482. doi:10.1111/j.
1558-5646.2009.00652.x

Mueller, M.-T., Fueser, H., Trac, L. N., Mayer, P., Traunspurger, W., and Héss, S.
(2020). Surface-Related Toxicity of Polystyrene Beads to Nematodes and the
Role of Food Availability. Environ. Sci. Technol. 54, 1790-1798. doi:10.1021/acs.
est.9b06583

Murata, K., Sugiyama, H., Yasumasu, S., Iuchi, I, Yasumasu, I, and Yamagami, K.
(1997). Cloning of cDNA and Estrogen-Induced Hepatic Gene Expression for
Choriogenin H, a Precursor Protein of the Fish Egg Envelope (Chorion). Proc.
Natl. Acad. Sci. 94, 2050-2055. doi:10.1073/pnas.94.5.2050

Murray, E. K., Hien, A., de Vries, G.J., and Forger, N. G. (2009). Epigenetic Control
of Sexual Differentiation of the Bed Nucleus of the Stria Terminalis.
Endocrinology 150, 4241-4247. doi:10.1210/en.2009-0458

Nagashima, T., Oami, E., Kutsuna, N., Ishiura, S., and Suo, S. (2016). Dopamine
Regulates Body Size in Caenorhabditis elegans. Developmental Biol. 412,
128-138. doi:10.1016/j.ydbio.2016.02.021

Naidoo, T., and Glassom, D. (2019). Decreased Growth and Survival in Small
Juvenile Fish, after Chronic Exposure to Environmentally Relevant
Concentrations of Microplastic. Mar. Pollut. Bull. 145, 254-259. doi:10.
1016/j.marpolbul.2019.02.037

Nilsson, E. E., Sadler-Riggleman, I., and Skinner, M. K. (2018). Environmentally
Induced Epigenetic Transgenerational Inheritance of Disease. Environ. Epigenet
4, dvy016. doi:10.1093/eep/dvy016

Ogonowski, M., Schiir, C.,, Jarsén, A., and Gorokhova, E. (2016). The Effects of
Natural and Anthropogenic Microparticles on Individual Fitness in Daphnia
magna. PLoS One 11, e0155063. doi:10.1371/journal.pone.0155063

Paffenhofer, G.-A., and Koster, M. (2020). The Effects of Microplastics on
Dolioletta Gegenbauri (Tunicata, Thaliacea). Arch. Environ.
Toxicol. 78, 94-105. doi:10.1007/s00244-019-00676-z

Palanza, P., Morellini, F., Parmigiani, S., and vom Saal, F. S. (1999). Prenatal
Exposure to Endocrine Disrupting Chemicals: Effects on Behavioral
Development. Neurosci. Biobehavioral Rev. 23, 1011-1027. doi:10.1016/
$0149-7634(99)00033-0

Panebianco, A., Nalbone, L., Giarratana, F., and Ziino, G. (2019). First Discoveries
of Microplastics in Terrestrial Snails. Food Control 106, 106722. doi:10.1016/j.
foodcont.2019.106722

Park, E.-]., Han, J.-S., Park, E.-]., Seong, E., Lee, G.-H., Kim, D.-W,, et al. (2020).
Repeated-oral Dose Toxicity of Polyethylene Microplastics and the Possible
Implications on Reproduction and Development of the Next Generation.
Toxicol. Lett. 324, 75-85. doi:10.1016/j.toxlet.2020.01.008

Patisaul, H. B., and Adewale, H. B. (2009). Long-term Effects of Environmental
Endocrine Disruptors on Reproductive Physiology and Behavior. Front. Behav.
Neurosci. 3, 10. doi:10.3389/neuro.08.010.2009

Pauly, J. L., Stegmeier, S. J., Allaart, H. A., Cheney, R. T., Zhang, P. ]., Mayer, A. G.,
et al. (1998). Inhaled Cellulosic and Plastic Fibers Found in Human Lung
Tissue. Cancer Epidemiol. Biomarkers Prev. 7, 419-428.

Pedersen, A. F., Gopalakrishnan, K., Boegehold, A. G., Peraino, N. J., Westrick,
J. A., and Kashian, D. R. (2020). Microplastic Ingestion by Quagga Mussels,
Dreissena Bugensis, and its Effects on Physiological Processes. Environ. Pollut.
260, 113964. doi:10.1016/j.envpol.2020.113964

Pfaus, J. G., Mendelson, S. D., and Phillips, A. G. (1990). A Correlational and Factor
Analysis of Anticipatory and Consummatory Measures of Sexual Behavior in
the Male Rat. Psychoneuroendocrinology 15, 329-340. doi:10.1016/0306-
4530(90)90058-h

Picot, M., Naul¢, L., Marie-Luce, C., Martini, M., Raskin, K., Grange-Messent, V.,
et al. (2014). Vulnerability of the Neural Circuitry Underlying Sexual Behavior
to Chronic Adult Exposure to Oral Bisphenol a in Male Mice. Endocrinology
155, 502-512. doi:10.1210/en.2013-1639

Pitt, J. A,, Trevisan, R., Massarsky, A., Kozal, J. S., Levin, E. D., and Di Giulio, R. T.
(2018). Maternal Transfer of Nanoplastics to Offspring in Zebrafish (Danio

Contam.

Microplastics and Reproduction

rerio): A Case Study with Nanopolystyrene. Sci. Total Environ. 643, 324-334.
doi:10.1016/j.scitotenv.2018.06.186

Pivokonsky, M., Cermakova, L., Novotna, K., Peer, P., Cajthaml, T., and Janda, V.
(2018). Occurrence of Microplastics in Raw and Treated Drinking Water. Sci.
Total Environ. 643, 1644-1651. doi:10.1016/j.scitotenv.2018.08.102

Plottel, C. S., and Blaser, M. J. (2011). Microbiome and Malignancy. Cell Host ¢
Microbe 10, 324-335. doi:10.1016/j.chom.2011.10.003

Poma, A., Vecchiotti, G., Colafarina, S., Zarivi, O., Aloisi, M., Arrizza, L., et al.
(2019). Vitro Genotoxicity of Polystyrene Nanoparticles on the Human
Fibroblast Hs27 Cell Line. Nanomaterials (Basel) 9.

Prata, J. C. (2018). Airborne Microplastics: Consequences to Human Health?
Environ. Pollut. 234, 115-126. doi:10.1016/j.envpol.2017.11.043

Prata, J. C,, da Costa, J. P., Lopes, L, Duarte, A. C., and Rocha-Santos, T. (2020).
Environmental Exposure to Microplastics: An Overview on Possible Human
Health Effects. Sci. Total Environ. 702, 134455. doi:10.1016/j.scitotenv.2019.
134455

Procter, J., Hopkins, F. E., Fileman, E. S., and Lindeque, P. K. (2019). Smells Good
Enough to Eat: Dimethyl Sulfide (DMS) Enhances Copepod Ingestion of
Microplastics. Mar. Pollut. Bull. 138, 1-6. doi:10.1016/j.marpolbul.2018.11.014

Prokic, M. D., Gavrilovic, B. R., Radovanovic, T. B., Gavric, J. P., Petrovic, T. G.,
Despotovig, S. G., et al. (2021). Studying Microplastics: Lessons from Evaluated
Literature on Animal Model Organisms and Experimental Approaches.
J. Hazard. Mater. 414, 125476.,

Priist, M., Meijer, J., and Westerink, R. H. S. (2020). The Plastic Brain:
Neurotoxicity of Micro- and Nanoplastics. Part. Fibre Toxicol. 17, 24.
doi:10.1186/512989-020-00358-y

Qiang, L., and Cheng, J. (2021). Exposure to Polystyrene Microplastics Impairs
Gonads of Zebrafish (Danio rerio). Chemosphere 263, 128161. doi:10.1016/j.
chemosphere.2020.128161

Qiao, R,, Sheng, C,, Lu, Y., Zhang, Y., Ren, H., and Lemos, B. (2019). Microplastics
Induce Intestinal Inflammation, Oxidative Stress, and Disorders of Metabolome
and Microbiome in Zebrafish. Sci. Total Environ. 662, 246-253. doi:10.1016/j.
scitotenv.2019.01.245

Qu, M,, Li, D,, Qiu, Y., and Wang, D. (2020). Neuronal ERK MAPK Signaling in
Response to Low-Dose Nanopolystyrene Exposure by Suppressing Insulin
Peptide Expression in Caenorhabditis elegans. Sci. Total Environ. 724,
138378. doi:10.1016/j.scitotenv.2020.138378

Qu, M, Li, D., Zhao, Y., Yuan, Y., and Wang, D. (2020). Exposure to Low-Dose
Nanopolystyrene Induces the Response of Neuronal JNK MAPK Signaling
Pathway in Nematode Caenorhabditis elegans. Environ. Sci. Eur. 32, 58. doi:10.
1186/512302-020-00331-8

Qu, M,, Xu, K,, Li, Y., Wong, G., and Wang, D. (2018). Using Acs-22 Mutant
Caenorhabditis elegans to Detect the Toxicity of Nanopolystyrene Particles. Sci.
Total Environ. 643, 119-126. doi:10.1016/j.scitotenv.2018.06.173

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O.,
et al. (2021). Plasticenta: First Evidence of Microplastics in Human Placenta.
Environ. Int. 146, 106274. doi:10.1016/j.envint.2020.106274

Rahman, A., Sarkar, A., Yadav, O. P., Achari, G., and Slobodnik, J. (2021). Potential
Human Health Risks Due to Environmental Exposure to Nano- and
Microplastics and Knowledge Gaps: A Scoping Review. Sci. Total Environ.
757, 143872. doi:10.1016/j.scitotenv.2020.143872

Ramsperger, A. F. R. M,, Narayana, V. K. B., Gross, W., Mohanraj, J., Thelakkat,
M., Greiner, A., et al. (2020). Environmental Exposure Enhances the
Internalization of Microplastic Particles into Cells. Sci. Adv. 6, eabd1211.
doi:10.1126/sciadv.abd1211

Rebuli, M. E., and Patisaul, H. B. (2016). Assessment of Sex Specific Endocrine
Disrupting Effects in the Prenatal and Pre-pubertal Rodent Brain. J. Steroid
Biochem. Mol. Biol. 160, 148-159. doi:10.1016/j.jsbmb.2015.08.021

Rehse, S., Kloas, W., and Zarfl, C. (2016). Short-term Exposure with High
Concentrations of Pristine Microplastic Particles Leads to Immobilisation of
Daphnia magna. Chemosphere 153, 91-99. doi:10.1016/j.chemosphere.2016.
02.133

Rejman, J., Oberle, V., Zuhorn, 1. S., and Hoekstra, D. (2004). Size-dependent
Internalization of Particles via the Pathways of Clathrin- and Caveolae-
Mediated Endocytosis. Biochem. J. 377, 159-169. doi:10.1042/bj20031253

Ribeiro, A. C., Musatov, S., Shteyler, A., Simanduyev, S., Arrieta-Cruz, I., Ogawa, S.,
et al. (2012). siRNA Silencing of Estrogen Receptor- Expression Specifically in

Frontiers in Toxicology | www.frontiersin.org

18

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1016/j.jbiotec.2014.11.004
https://doi.org/10.1016/j.cell.2019.05.024
https://doi.org/10.1111/j.1558-5646.2009.00652.x
https://doi.org/10.1111/j.1558-5646.2009.00652.x
https://doi.org/10.1021/acs.est.9b06583
https://doi.org/10.1021/acs.est.9b06583
https://doi.org/10.1073/pnas.94.5.2050
https://doi.org/10.1210/en.2009-0458
https://doi.org/10.1016/j.ydbio.2016.02.021
https://doi.org/10.1016/j.marpolbul.2019.02.037
https://doi.org/10.1016/j.marpolbul.2019.02.037
https://doi.org/10.1093/eep/dvy016
https://doi.org/10.1371/journal.pone.0155063
https://doi.org/10.1007/s00244-019-00676-z
https://doi.org/10.1016/s0149-7634(99)00033-0
https://doi.org/10.1016/s0149-7634(99)00033-0
https://doi.org/10.1016/j.foodcont.2019.106722
https://doi.org/10.1016/j.foodcont.2019.106722
https://doi.org/10.1016/j.toxlet.2020.01.008
https://doi.org/10.3389/neuro.08.010.2009
https://doi.org/10.1016/j.envpol.2020.113964
https://doi.org/10.1016/0306-4530(90)90058-h
https://doi.org/10.1016/0306-4530(90)90058-h
https://doi.org/10.1210/en.2013-1639
https://doi.org/10.1016/j.scitotenv.2018.06.186
https://doi.org/10.1016/j.scitotenv.2018.08.102
https://doi.org/10.1016/j.chom.2011.10.003
https://doi.org/10.1016/j.envpol.2017.11.043
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.1016/j.marpolbul.2018.11.014
https://doi.org/10.1186/s12989-020-00358-y
https://doi.org/10.1016/j.chemosphere.2020.128161
https://doi.org/10.1016/j.chemosphere.2020.128161
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.scitotenv.2020.138378
https://doi.org/10.1186/s12302-020-00331-8
https://doi.org/10.1186/s12302-020-00331-8
https://doi.org/10.1016/j.scitotenv.2018.06.173
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.scitotenv.2020.143872
https://doi.org/10.1126/sciadv.abd1211
https://doi.org/10.1016/j.jsbmb.2015.08.021
https://doi.org/10.1016/j.chemosphere.2016.02.133
https://doi.org/10.1016/j.chemosphere.2016.02.133
https://doi.org/10.1042/bj20031253
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Medial Preoptic Area Neurons Abolishes Maternal Care in Female Mice. Proc.
Natl. Acad. Sci. 109, 16324-16329. doi:10.1073/pnas.1214094109

Rist, S., Baun, A., and Hartmann, N. B. (2017). Ingestion of Micro- and
Nanoplastics in Daphnia magna - Quantification of Body Burdens and
Assessment of Feeding Rates and Reproduction. Environ. Pollut. 228,
398-407. doi:10.1016/j.envpol.2017.05.048

Rochman, C. M., Kurobe, T., Flores, I, and Teh, S. J. (2014). Early Warning Signs of
Endocrine Disruption in Adult Fish from the Ingestion of Polyethylene with
and without Sorbed Chemical Pollutants from the marine Environment. Sci.
Total Environ. 493, 656-661. doi:10.1016/j.scitotenv.2014.06.051

Rochman, C. M. (2015). “The Complex Mixture, Fate and Toxicity of Chemicals
Associated with Plastic Debris in the Marine EnvironmentMarine
Anthropogenic ~ Litter, Springer International Publishing,”. Editors
M. Bergmann, L. Gutow, and M. Klages, 117-140. doi:10.1007/978-3-319-
16510-3_5Cham

Rubio, L., Marcos, R., and Hernéndez, A. (2020). Potential Adverse Health Effects
of Ingested Micro- and Nanoplastics on Humans. Lessons Learned from In
Vivo and In Vitro Mammalian Models. . Toxicol. Environ. Health B 23, 51-68.
doi:10.1080/10937404.2019.1700598

Salinas, L. S., Maldonado, E., and Navarro, R. E. (2006). Stress-induced Germ Cell
Apoptosis by a P53 Independent Pathway in Caenorhabditis elegans. Cell Death
Differ 13, 2129-2139. doi:10.1038/sj.cdd.4401976

Santos, D., Luzio, A., Matos, C., Bellas, J., Monteiro, S. M., and Félix, L. (2021).
Microplastics Alone or Co-exposed with Copper Induce Neurotoxicity and
Behavioral Alterations on Zebrafish Larvae after a Subchronic Exposure. Aquat.
Toxicol. 235, 105814. doi:10.1016/j.aquatox.2021.105814

Sarasamma, S., Audira, G., Siregar, P., Malhotra, N, Lai, Y. H,, Liang, S. T, et al.
(2020). Nanoplastics Cause Neurobehavioral Impairments, Reproductive and
Oxidative Damages, and Biomarker Responses in Zebrafish: Throwing up
Alarms of Wide Spread Health Risk of Exposure. Int. J. Mol. Sci. 21. doi:10.
3390/ijms21041410

Savoca, D., Arculeo, M., Barreca, S., Buscemi, S., Caracappa, S., Gentile, A., et al.
(2018). Chasing Phthalates in Tissues of marine Turtles from the
Mediterranean Sea. Mar. Pollut. Bull. 127, 165-169. doi:10.1016/j.marpolbul.
2017.11.069

Savoca, M. S., Tyson, C. W., McGill, M., and Slager, C. J. (2017). Odours from
marine Plastic Debris Induce Food Search Behaviours in a Forage Fish. Proc.
Biol. Sci. 284. doi:10.1098/rspb.2017.1000

Savoca, M. S., Wohlfeil, M. E., Ebeler, S. E., and Nevitt, G. A. (2016). Marine Plastic
Debris Emits a keystone Infochemical for Olfactory Foraging Seabirds. Sci. Adv.
2, €1600395. doi:10.1126/sciadv.1600395

Sawin, E. R., Ranganathan, R., and Horvitz, H. R. C. (2000). C. elegans Locomotory
Rate Is Modulated by the Environment through a Dopaminergic Pathway and
by Experience through a Serotonergic Pathway. Neuron 26, 619-631. doi:10.
1016/s0896-6273(00)81199-x

Schultz, C. L., Bart, S., Lahive, E., and Spurgeon, D. J. (2021). What Is on the outside
Matters-Surface Charge and Dissolve Organic Matter Association Affect the
Toxicity and Physiological Mode of Action of Polystyrene Nanoplastics to C.
elegans. Environ. Sci. Technol. 55, 6065-6075. doi:10.1021/acs.est.0c07121

Schwabl, P., Koppel, S., Konigshofer, P., Bucsics, T., Trauner, M., Reiberger, T.,
et al. (2019). Detection of Various Microplastics in Human Stool. Ann. Intern.
Med. 171, 453-457. doi:10.7326/m19-0618

Senathirajah, K., Attwood, S., Bhagwat, G., Carbery, M., Wilson, S., and Palanisami,
T. (2021). Estimation of the Mass of Microplastics Ingested - A Pivotal First
Step towards Human Health Risk Assessment. J. Hazard. Mater. 404, 124004.
doi:10.1016/j.jhazmat.2020.124004

Shao, H., Han, Z., Krasteva, N., and Wang, D. (2019). Identification of
Signaling cascade in the Insulin Signaling Pathway in Response to
Nanopolystyrene Particles. Nanotoxicology 13, 174-188. doi:10.1080/
17435390.2018.1530395

Sharifinia, M., Bahmanbeigloo, Z. A., Keshavarzifard, M., Khanjani, M. H., and
Lyons, B. P. (2020). Microplastic Pollution as a Grand challenge in marine
Research: A Closer Look at Their Adverse Impacts on the Immune and
Reproductive Systems. Ecotoxicology Environ. Saf. 204, 111109. doi:10.1016/
j.ecoenv.2020.111109

Silva, C. J., Patricio Silva, A. L., Campos, D., Soares, A. M., Pestana, J. L., and
Gravato, C. (2021). Lumbriculus Variegatus (Oligochaeta) Exposed to
Polyethylene Microplastics: Biochemical, Physiological and Reproductive

Microplastics and Reproduction

Responses. Ecotoxicology Environ. Saf. 207, 111375. doi:10.1016/j.ecoenv.
2020.111375

Skinner, M. K., Manikkam, M., and Guerrero-Bosagna, C. (2010). Epigenetic
Transgenerational Actions of Environmental Factors in Disease Etiology.
Trends Endocrinol. Metab. 21, 214-222. doi:10.1016/j.tem.2009.12.007

Sluder, A. E., Mathews, S. W., Hough, D., Yin, V. P, and Maina, C. V. (1999). The
Nuclear Receptor Superfamily Has Undergone Extensive Proliferation and
Diversification in Nematodes. Genome Res. 9, 103-120. doi:10.1101/gr.9.2.103

Sobhani, Z., Panneerselvan, L., Fang, C., Naidu, R., and Megharaj, M. (2021).
Chronic and Transgenerational Effects of Polystyrene Microplastics at
Environmentally Relevant Concentrations in Earthworms ( Eisenia fetida ).
Environ. Toxicol. Chem. 40, 2240-2246. doi:10.1002/etc.5072

Solleiro-Villavicencio, H., Gomez-De Ledn, C. T., Del Rio-Araiza, V. H., and
Morales-Montor, J. (2020). The Detrimental Effect of Microplastics on Critical
Periods of Development in the Neuroendocrine System. Birth Defects Res. 112,
1326-1340. doi:10.1002/bdr2.1776

Souza Machado, A. A., Kloas, W., Zarfl, C., Hempel, S., and Rillig, M. C. (2018).
Microplastics as an Emerging Threat to Terrestrial Ecosystems. Glob. Change
Biol. 24, 1405-1416. doi:10.1111/gcb.14020

Stienbarger, C. D., Joseph, J., Athey, S. N., Monteleone, B., Andrady, A. L.,
Watanabe, W. O., et al. (2021). Direct Ingestion, Trophic Transfer, and
Physiological Effects of Microplastics in the Early Life Stages of
Centropristis striata, a Commercially and Recreationally Valuable Fishery
Species. Environ. Pollut. 285, 117653. doi:10.1016/j.envpol.2021.117653

Sun, L., Liao, K., and Wang, D. (2021). Comparison of Transgenerational
Reproductive Toxicity Induced by Pristine and Amino Modified
Nanoplastics in Caenorhabditis elegans. Sci. Total Environ. 768, 144362.
doi:10.1016/j.scitotenv.2020.144362

Sun, X., Chen, W.-D., and Wang, Y.-D. (2017). DAF-16/FOXO Transcription
Factor in Aging and Longevity. Front. Pharmacol. 8, 548. doi:10.3389/fphar.
2017.00548

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M. E. .,
et al. (2016). Oyster Reproduction Is Affected by Exposure to Polystyrene
Microplastics. Proc. Natl. Acad. Sci. USA 113, 2430-2435. doi:10.1073/pnas.
1519019113

Suwaki, C. H., De-La-Cruz, L. T., and Lopes, R. M. (2020). Impacts of Microplastics
on the Swimming Behavior of the Copepod Temora Turbinata (Dana, 1849).
Fluids 5, 103. doi:10.3390/fluids5030103

Swaney, W. T., Dubose, B. N., Curley, J. P., and Champagne, F. A. (2012). Sexual
Experience Affects Reproductive Behavior and Preoptic Androgen Receptors in
Male Mice. Horm. Behav. 61, 472-478. doi:10.1016/j.yhbeh.2012.01.001

Tagorti, G., and Kaya, B. (2022). Genotoxic Effect of Microplastics and COVID-19:
The Hidden Threat. Chemosphere 286, 131898. doi:10.1016/j.chemosphere.
2021.131898

Tallec, K., Paul-Pont, 1., Petton, B., Alunno-Bruscia, M., Bourdon, C., Bernardini,
L, et al. (2021). Amino-nanopolystyrene Exposures of Oyster (Crassostrea
gigas) Embryos Induced No Apparent Intergenerational Effects.
Nanotoxicology 15, 477-493. doi:10.1080/17435390.2021.1879963

Tallec, K., Huvet, A., Di Poi, C., Gonzélez-Fernandez, C., Lambert, C., Petton, B.,
et al. (2018). Nanoplastics Impaired Oyster Free Living Stages, Gametes and
Embryos. Environ. Pollut. 242, 1226-1235. doi:10.1016/j.envpol.2018.08.020

Tallec, K., Paul-Pont, 1., Boulais, M., Le Goic, N., Gonzéilez-Ferniandez, C., Le
Grand, F, et al. (2020). Nanopolystyrene Beads Affect Motility and
Reproductive  success of Oyster Spermatozoa (Crassostrea  gigas).
Nanotoxicology 14, 1039-1057. doi:10.1080/17435390.2020.1808104

Taubert, S., Ward, J. D., and Yamamoto, K. R. (2011). Nuclear Hormone Receptors
in Nematodes: Evolution and Function. Mol. Cell Endocrinol. 334, 49-55.
doi:10.1016/j.mce.2010.04.021

Tosetto, L., Brown, C., and Williamson, J. E. (2016). Microplastics on Beaches:
Ingestion and Behavioural Consequences for Beachhoppers. Mar. Biol. 163,
199. doi:10.1007/s00227-016-2973-0

Tosetto, L., Brown, C., and Williamson, J. E. (2016). Microplastics on Beaches:
Ingestion and Behavioural Consequences for Beachhoppers. Mar. Biol. 163,
1-13. doi:10.1007/s00227-016-2973-0

Toussaint, B., Raffael, B., Angers-Loustau, A., Gilliland, D., Kestens, V., Petrillo, M.,
et al. (2019). Review of Micro- and Nanoplastic Contamination in the Food
Chain. Food Additives & Contaminants: Part A 36, 639-673. doi:10.1080/
19440049.2019.1583381

Frontiers in Toxicology | www.frontiersin.org

19

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1073/pnas.1214094109
https://doi.org/10.1016/j.envpol.2017.05.048
https://doi.org/10.1016/j.scitotenv.2014.06.051
https://doi.org/10.1007/978-3-319-16510-3_5
https://doi.org/10.1007/978-3-319-16510-3_5
https://doi.org/10.1080/10937404.2019.1700598
https://doi.org/10.1038/sj.cdd.4401976
https://doi.org/10.1016/j.aquatox.2021.105814
https://doi.org/10.3390/ijms21041410
https://doi.org/10.3390/ijms21041410
https://doi.org/10.1016/j.marpolbul.2017.11.069
https://doi.org/10.1016/j.marpolbul.2017.11.069
https://doi.org/10.1098/rspb.2017.1000
https://doi.org/10.1126/sciadv.1600395
https://doi.org/10.1016/s0896-6273(00)81199-x
https://doi.org/10.1016/s0896-6273(00)81199-x
https://doi.org/10.1021/acs.est.0c07121
https://doi.org/10.7326/m19-0618
https://doi.org/10.1016/j.jhazmat.2020.124004
https://doi.org/10.1080/17435390.2018.1530395
https://doi.org/10.1080/17435390.2018.1530395
https://doi.org/10.1016/j.ecoenv.2020.111109
https://doi.org/10.1016/j.ecoenv.2020.111109
https://doi.org/10.1016/j.ecoenv.2020.111375
https://doi.org/10.1016/j.ecoenv.2020.111375
https://doi.org/10.1016/j.tem.2009.12.007
https://doi.org/10.1101/gr.9.2.103
https://doi.org/10.1002/etc.5072
https://doi.org/10.1002/bdr2.1776
https://doi.org/10.1111/gcb.14020
https://doi.org/10.1016/j.envpol.2021.117653
https://doi.org/10.1016/j.scitotenv.2020.144362
https://doi.org/10.3389/fphar.2017.00548
https://doi.org/10.3389/fphar.2017.00548
https://doi.org/10.1073/pnas.1519019113
https://doi.org/10.1073/pnas.1519019113
https://doi.org/10.3390/fluids5030103
https://doi.org/10.1016/j.yhbeh.2012.01.001
https://doi.org/10.1016/j.chemosphere.2021.131898
https://doi.org/10.1016/j.chemosphere.2021.131898
https://doi.org/10.1080/17435390.2021.1879963
https://doi.org/10.1016/j.envpol.2018.08.020
https://doi.org/10.1080/17435390.2020.1808104
https://doi.org/10.1016/j.mce.2010.04.021
https://doi.org/10.1007/s00227-016-2973-0
https://doi.org/10.1007/s00227-016-2973-0
https://doi.org/10.1080/19440049.2019.1583381
https://doi.org/10.1080/19440049.2019.1583381
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Trifuoggi, M., Pagano, G., Oral, R, Pavi¢i¢-Hamer, D., Buri¢, P., Kovaci¢, L, et al.
(2019). Microplastic-induced Damage in Early Embryonal Development of Sea
Urchin Sphaerechinus Granularis. Environ. Res. 179, 108815. doi:10.1016/j.
envres.2019.108815

Trotter, B., Wilde, M. V., Brehm, ., Dafni, E., Aliu, A., Arnold, G. ], et al. (2021).
Long-term Exposure of Daphnia magna to Polystyrene Microplastic (PS-MP)
Leads to Alterations of the Proteome, Morphology and Life-History. Sci. Total
Environ. 795, 148822. doi:10.1016/j.scitotenv.2021.148822

Udupa, K., and Chen, R. (2016). Deeper Understanding of the Role of Dopamine in
Reward, Learning, and Motivation. Mov Disord. 31, 498. doi:10.1002/mds.
26623

Umamaheswari, S., Priyadarshinee, S., Bhattacharjee, M., Kadirvelu, K., and
Ramesh, M. (2021). Exposure to Polystyrene Microplastics Induced Gene
Modulated Biological Responses in Zebrafish (Danio rerio). Chemosphere
281, 128592. doi:10.1016/j.chemosphere.2020.128592

Vadakkadath Meethal, S., and Atwood, C. S. (2005). Alzheimer?s Disease: the
Impact of Age-Related Changes in Reproductive Hormones. Cmls, Cel. Mol.
Life Sci. 62, 257-270. d0i:10.1007/s00018-004-4381-3

Vethaak, A. D., and Legler, J. (2021). Microplastics and Human Health. Science
371, 672-674. doi:10.1126/science.abe5041

Vianello, A., Jensen, R. L, Liu, L., and Vollertsen, J. (2019). Simulating Human
Exposure to Indoor Airborne Microplastics Using a Breathing Thermal
Manikin. Sci. Rep. 9, 8670. doi:10.1038/s41598-019-45054-w

Vidal-Gadea, A. G., and Pierce-Shimomura, J. T. (2012). Conserved Role of
Dopamine in the Modulation of Behavior. Communicative Integr. Biol. 5,
440-447. doi:10.4161/cib.20978

Vo, H. C,, and Pham, M. H. (2021). Ecotoxicological Effects of Microplastics on
Aquatic Organisms: a Review. Environ. Sci. Pollut. Res. 28, 44716-44725. doi:10.
1007/s11356-021-14982-4

Wang, J., Li, X,, Gao, M,, Li, X,, Zhao, L., and Ru, S. (2022). Polystyrene
Microplastics Increase Estrogenic Effects of 17a-Ethynylestradiol on Male
marine Medaka (Oryzias Melastigma). Chemosphere 287, 132312. doi:10.
1016/j.chemosphere.2021.132312

Wang, J,, Li, Y., Lu, L., Zheng, M., Zhang, X., Tian, H,, et al. (2019). Polystyrene
Microplastics Cause Tissue Damages, Sex-specific Reproductive Disruption and
Transgenerational Effects in marine Medaka (Oryzias Melastigma). Environ.
Pollut. 254, 113024. doi:10.1016/j.envpol.2019.113024

Wang, J., Zheng, M, Lu, L., Li, X,, Zhang, Z., and Ru, S. (2021). Adaptation of Life-
History Traits and Trade-Offs in marine Medaka (Oryzias Melastigma) after
Whole Life-Cycle Exposure to Polystyrene Microplastics. J. Hazard. Mater. 414,
125537. doi:10.1016/j.jhazmat.2021.125537

Wang, W., Gao, H,, Jin, S., Li, R,, and Na, G. (2019). The Ecotoxicological Effects of
Microplastics on Aquatic Food Web, from Primary Producer to Human: A
Review. Ecotoxicology Environ. Saf. 173, 110-117. doi:10.1016/j.ecoenv.2019.
01.113

Wang, X, Chang, F., Bai, Y., Chen, F., Zhang, J., and Chen, L. (2014). Bisphenol A
Enhances Kisspeptin Neurons in Anteroventral Periventricular Nucleus of
Female Mice. J. Endocrinol. 221, 201-213. doi:10.1530/joe-13-0475

Wei, Y., Zhou, Y., Long, C., Wu, H,, Hong, Y., Fu, Y., et al. (2021). Polystyrene
Microplastics Disrupt the Blood-Testis Barrier Integrity through ROS-
Mediated Imbalance of mTORC1 and mTORC2. Environ. Pollut. 289,
117904. doi:10.1016/j.envpol.2021.117904

Wen, B., Zhang, N,, Jin, S.-R,, Chen, Z.-Z., Gao, J.-Z., Liu, Y., et al. (2018).
Microplastics Have a More Profound Impact Than Elevated Temperatures on
the Predatory Performance, Digestion and Energy Metabolism of an
Amazonian Cichlid. Aquat. Toxicol. 195, 67-76. doi:10.1016/j.aquatox.2017.
12.010

Wise, R. A. (2004). Dopamine, Learning and Motivation. Nat. Rev. Neurosci. 5,
483-494. doi:10.1038/nrn1406

Wittkowski, P., Marx-Stoelting, P., Violet, N., Fetz, V., Schwarz, F., Oelgeschlager,
M, et al. (2019). Caenorhabditis elegans as a Promising Alternative Model for
Environmental Chemical Mixture Effect Assessment-A Comparative Study.
Environ. Sci. Technol. 53, 12725-12733. doi:10.1021/acs.est.9b03266

Wu, B, Wu, X,, Liu, S., Wang, Z., and Chen, L. (2019). Size-dependent Effects of
Polystyrene Microplastics on Cytotoxicity and Efflux Pump Inhibition in
Human Caco-2 Cells. Chemosphere 221, 333-341. doi:10.1016/j.
chemosphere.2019.01.056

Microplastics and Reproduction

Xia, T., Kovochich, M., Liong, M., Zink, J. I, and Nel, A. E. (2008). Cationic
Polystyrene Nanosphere Toxicity Depends on Cell-specific Endocytic and
Mitochondrial Injury Pathways. ACS Nano 2, 85-96. doi:10.1021/nn700256¢

Xie, X., Deng, T., Duan, J., Xie, J., Yuan, J., and Chen, M. (2020). Exposure to
Polystyrene Microplastics Causes Reproductive Toxicity through Oxidative
Stress and Activation of the P38 MAPK Signaling Pathway. Ecotoxicology
Environ. Saf. 190, 110133. doi:10.1016/j.ecoenv.2019.110133

Xiong, H., Pears, C., and Woollard, A. (2017). An Enhanced C. elegans Based
Platform for Toxicity Assessment. Sci. Rep. 7, 9839. doi:10.1038/s41598-017-
10454-3

Xue, Y.-H., Sun, Z.-X,, Feng, L.-S., Jin, T., Xing, J.-C., and Wen, X.-L. (2021). Algal
Density Affects the Influences of Polyethylene Microplastics on the Freshwater
Rotifer Brachionus Calyciflorus. Chemosphere 270, 128613. doi:10.1016/j.
chemosphere.2020.128613

Yan, W., Hamid, N., Deng, S., Jia, P.-P., and Pei, D.-S. (2020). Individual and
Combined Toxicogenetic Effects of Microplastics and Heavy Metals (Cd, Pb,
and Zn) Perturb Gut Microbiota Homeostasis and Gonadal Development in
marine Medaka (Oryzias Melastigma). . Hazard. Mater. 397, 122795. doi:10.
1016/j.jhazmat.2020.122795

Yang, Y., Dong, W., Wu, Q.,, and Wang, D. (2021). Induction of Protective Response
Associated with Expressional Alterations in Neuronal G Protein-Coupled
Receptors in Polystyrene Nanoparticle Exposed Caenorhabditis elegans. Chem.
Res. Toxicol. 34, 1308-1318. doi:10.1021/acs.chemrestox.0c00501

Yin, L., Chen, B., Xia, B., Shi, X,, and Qu, K. (2018). Polystyrene Microplastics Alter the
Behavior, Energy reserve and Nutritional Composition of marine Jacopever (Sebastes
Schlegelii). . Hazard. Mater. 360, 97-105. doi:10.1016/j jhazmat.2018.07.110

Yong, C. Q. Y., Valiyaveetill, S., and Tang, B. L. (2020). Toxicity of Microplastics
and Nanoplastics in Mammalian Systems. Int. J. Environ. Res. Public Health 17.
doi:10.3390/ijerph17051509

Yoon, D.-S., Lee, Y., Park, J. C., Lee, M.-C., and Lee, J.-S. (2021). Alleviation of
Tributyltin-Induced Toxicity by Diet and Microplastics in the marine Rotifer
Brachionus Koreanus. J. Hazard. Mater. 402, 123739. doi:10.1016/j.jhazmat.
2020.123739

Yousif, E., and Haddad, R. (2013). Photodegradation and Photostabilization of
Polymers, Especially Polystyrene: Review. Springerplus 2, 398. doi:10.1186/
2193-1801-2-398

Yu, C.-W.,, Luk, T. C., and Liao, V. H.-C. (2021). Long-term Nanoplastics Exposure
Results in Multi and Trans-generational Reproduction Decline Associated with
Germline Toxicity and Epigenetic Regulation in Caenorhabditis elegans.
J. Hazard. Mater. 412, 125173. doi:10.1016/j.jhazmat.2021.125173

Yu, F,, Yang, C., Zhu, Z., Bai, X., and Ma, J. (2019). Adsorption Behavior of Organic
Pollutants and Metals on Micro/nanoplastics in the Aquatic Environment. Sci.
Total Environ. 694, 133643. doi:10.1016/j.scitotenv.2019.133643

Yu, J., Tian, J.-Y., Xu, R, Zhang, Z.-Y., Yang, G.-P., Wang, X.-D., et al. (2020).
Effects of Microplastics Exposure on Ingestion, Fecundity, Development, and
Dimethylsulfide Production in Tigriopus Japonicus (Harpacticoida, Copepod).
Environ. Pollut. 267, 115429. doi:10.1016/j.envpol.2020.115429

Yu, Y., Chen, H., Hua, X,, Dang, Y., Han, Y., Yu, Z, et al. (2020). Polystyrene
Microplastics (PS-MPs) Toxicity Induced Oxidative Stress and Intestinal Injury
in Nematode Caenorhabditis elegans. Sci. Total Environ. 726, 138679. doi:10.
1016/j.scitotenv.2020.138679

Zhang, C. Jeong, C.-B,, Lee, ].-S., Wang, D., and Wang, M. (2019).
Transgenerational Proteome Plasticity in Resilience of a Marine Copepod in
Response to Environmentally Relevant Concentrations of Microplastics.
Environ. Sci. Technol. 53, 8426-8436. doi:10.1021/acs.est.9b02525

Zhang, F., Berg, M., Dierking, K., Félix, M.-A., Shapira, M., Samuel, B. S., et al.
(2017). Caenorhabditis elegans as a Model for Microbiome Research. Front.
Microbiol. 8, 485. doi:10.3389/fmicb.2017.00485

Zhang, W, Liu, Z., Tang, S., D. LiJiang, Q., and Zhang, T. (2020). Transcriptional
Response Provides Insights into the Effect of Chronic Polystyrene Nanoplastic
Exposure on Daphnia pulex. Chemosphere 238, 238-124563. doi:10.1016/j.
chemosphere.2019.124563

Zhang, Y., Dong, S., Wang, H., Tao, S., and Kiyama, R. (2016). Biological Impact of
Environmental Polycyclic Aromatic Hydrocarbons (ePAHs) as Endocrine
Disruptors. Environ. Pollut. 213, 809-824. doi:10.1016/j.envpol.2016.03.050

Zhang, Y., Wolosker, M. B., Zhao, Y., Ren, H., and Lemos, B. (2020). Exposure to
Microplastics Cause Gut Damage, Locomotor Dysfunction, Epigenetic

Frontiers in Toxicology | www.frontiersin.org

20

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1016/j.envres.2019.108815
https://doi.org/10.1016/j.envres.2019.108815
https://doi.org/10.1016/j.scitotenv.2021.148822
https://doi.org/10.1002/mds.26623
https://doi.org/10.1002/mds.26623
https://doi.org/10.1016/j.chemosphere.2020.128592
https://doi.org/10.1007/s00018-004-4381-3
https://doi.org/10.1126/science.abe5041
https://doi.org/10.1038/s41598-019-45054-w
https://doi.org/10.4161/cib.20978
https://doi.org/10.1007/s11356-021-14982-4
https://doi.org/10.1007/s11356-021-14982-4
https://doi.org/10.1016/j.chemosphere.2021.132312
https://doi.org/10.1016/j.chemosphere.2021.132312
https://doi.org/10.1016/j.envpol.2019.113024
https://doi.org/10.1016/j.jhazmat.2021.125537
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1530/joe-13-0475
https://doi.org/10.1016/j.envpol.2021.117904
https://doi.org/10.1016/j.aquatox.2017.12.010
https://doi.org/10.1016/j.aquatox.2017.12.010
https://doi.org/10.1038/nrn1406
https://doi.org/10.1021/acs.est.9b03266
https://doi.org/10.1016/j.chemosphere.2019.01.056
https://doi.org/10.1016/j.chemosphere.2019.01.056
https://doi.org/10.1021/nn700256c
https://doi.org/10.1016/j.ecoenv.2019.110133
https://doi.org/10.1038/s41598-017-10454-3
https://doi.org/10.1038/s41598-017-10454-3
https://doi.org/10.1016/j.chemosphere.2020.128613
https://doi.org/10.1016/j.chemosphere.2020.128613
https://doi.org/10.1016/j.jhazmat.2020.122795
https://doi.org/10.1016/j.jhazmat.2020.122795
https://doi.org/10.1021/acs.chemrestox.0c00501
https://doi.org/10.1016/j.jhazmat.2018.07.110
https://doi.org/10.3390/ijerph17051509
https://doi.org/10.1016/j.jhazmat.2020.123739
https://doi.org/10.1016/j.jhazmat.2020.123739
https://doi.org/10.1186/2193-1801-2-398
https://doi.org/10.1186/2193-1801-2-398
https://doi.org/10.1016/j.jhazmat.2021.125173
https://doi.org/10.1016/j.scitotenv.2019.133643
https://doi.org/10.1016/j.envpol.2020.115429
https://doi.org/10.1016/j.scitotenv.2020.138679
https://doi.org/10.1016/j.scitotenv.2020.138679
https://doi.org/10.1021/acs.est.9b02525
https://doi.org/10.3389/fmicb.2017.00485
https://doi.org/10.1016/j.chemosphere.2019.124563
https://doi.org/10.1016/j.chemosphere.2019.124563
https://doi.org/10.1016/j.envpol.2016.03.050
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

Jewett et al.

Silencing, and Aggravate Cadmium (Cd) Toxicity in Drosophila. Sci. Total
Environ. 744, 140979. doi:10.1016/j.scitotenv.2020.140979

Zhang, Z., Burch, P. E., Cooney, A. ], Lanz, R. B,, Pereira, F. A.,, Wu, ], et al. (2004).
Genomic Analysis of the Nuclear Receptor Family: New Insights into Structure,
Regulation, and Evolution from the Rat Genome. Genome Res. 14, 580-590.
doi:10.1101/gr.2160004

Zhao, L., Qu, M., Wong, G., and Wang, D. (2017). Transgenerational Toxicity of
Nanopolystyrene Particles in the Range of pg L-1 in the Nematode
Caenorhabditis elegans. Environ. Sci. Nano 4, 2356-2366. doi:10.1039/
c7en00707h

Zhao, Y., Wu, Q., Li, Y., and Wang, D. (2013). Translocation, Transfer, and In Vivo
Safety Evaluation of Engineered Nanomaterials in the Non-mammalian
Alternative Toxicity Assay Model of Nematode Caenorhabditis elegans. RSC
Ady. 3, 5741-5757. doi:10.1039/c2ra22798¢c

Zhao, Y., Xu, R, Chen, X,, Wang, J., Rui, Q., and Wang, D. (2021). Induction of
Protective Response to Polystyrene Nanoparticles Associated with Dysregulation
of Intestinal Long Non-coding RNAs in Caenorhabditis elegans. Ecotoxicology
Environ. Saf. 212, 111976. doi:10.1016/j.ecoenv.2021.111976

Zhou, R, Lu, G, Yan, Z, Jiang, R,, Bao, X, and Lu, P. (2020). A Review of the
Influences of Microplastics on Toxicity and Transgenerational Effects of
Pharmaceutical and Personal Care Products in Aquatic Environment. Sci.
Total Environ. 732, 139222. doi:10.1016/j.scitotenv.2020.139222

Zhu, B.-K,, Fang, Y.-M.,, Zhu, D., Christie, P., Ke, X,, and Zhu, Y.-G. (2018).
Exposure to Nanoplastics Disturbs the Gut Microbiome in the Soil Oligochaete
Enchytraeus Crypticus. Environ. Pollut. 239, 408-415. doi:10.1016/j.envpol.
2018.04.017

Microplastics and Reproduction

Ziajahromi, S., Kumar, A., Neale, P. A,, and Leusch, F. D. L. (2017). Impact of
Microplastic Beads and Fibers on Waterflea (Ceriodaphnia Dubia) Survival,
Growth, and Reproduction: Implications of Single and Mixture Exposures.
Environ. Sci. Technol. 51, 13397-13406. doi:10.1021/acs.est.7b03574

Zimmermann, L., Gottlich, S., Oehlmann, J., Wagner, M., and Vélker, C. (2020).
What Are the Drivers of Microplastic Toxicity? Comparing the Toxicity of
Plastic Chemicals and Particles to Daphnia magna. Environ. Pollut. 267,
115392. doi:10.1016/j.envpol.2020.115392

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jewett, Arnott, Connolly, Vasudevan and Kevei. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Toxicology | www.frontiersin.org

21

March 2022 | Volume 4 | Article 748912


https://doi.org/10.1016/j.scitotenv.2020.140979
https://doi.org/10.1101/gr.2160004
https://doi.org/10.1039/c7en00707h
https://doi.org/10.1039/c7en00707h
https://doi.org/10.1039/c2ra22798c
https://doi.org/10.1016/j.ecoenv.2021.111976
https://doi.org/10.1016/j.scitotenv.2020.139222
https://doi.org/10.1016/j.envpol.2018.04.017
https://doi.org/10.1016/j.envpol.2018.04.017
https://doi.org/10.1021/acs.est.7b03574
https://doi.org/10.1016/j.envpol.2020.115392
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/toxicology
www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles

	Microplastics and Their Impact on Reproduction—Can we Learn From the C. elegans Model?
	Microplastics and Nanoplastics Pose Health Risks for Animals and Humans
	Reproductive Effects of Microplastics and Nanoplastics Exposure
	Characteristics of MPs and NPs That Cause Reproductive Toxicity
	The Impact of Size, Shape or Chemical Composition of Plastic Particles on Reproductive Toxicity
	Surface Modification of MPs or NPs Could Affect Their Toxicity
	Plastic Particles of Various Chemical Properties Cause Reproductive Defects
	Combinations of MPs or NPs With Other Pollutants Could Aggravate Toxicity on Reproduction
	Systematic Analysis Under Strictly Defined Experimental Conditions Are Vital to Determine Reproductive Effects of MPs and NPs

	C. elegans as a Model for Comparative Studies of Plastics-Induced Reproductive Toxicity
	Impairment in Gonadal Integrity and Gamete Quality Could Give Rise to MP/NP-Induced Reproductive Defects
	The Effects of Microplastics and Nanoplastics on Reproductive Behaviors
	The Impact of MPs/NPs on Sexual Behaviors
	Is C. elegans a Good Model to Explore the Impact of MPs/NPs on Reproductive Behaviors?

	Signaling Pathways Involved in MP/NP-Induced Reproductive Toxicity
	MPs/NPs Alter Nuclear Hormone Signaling and Biotransformation
	Increased ROS Contributes to Reproductive Dysfunction Upon MP/NP Exposure
	C. elegans is a Promising Model to Investigate Molecular Pathways Mediating MP/NP-Induced Reproductive Toxicity

	Transgenerational Reproductive Effects of MPs and NPs
	Conclusion–What can we Learn From C. elegans to Understand Mechanisms Underlying MP/NP Toxicity
	Author Contributions
	Funding
	Supplementary Material
	References


