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ABSTRACT

Microplastic pollution has drawn the attention of both scientists and the public regarding their potential eco-
toxicological risks. In the present study, we carried out aqueous exposure experiments to adult zebrafish with
polystyrene microplastics (5 pm) at a wide range of concentrations (0.001-20 mg/L, equals to 14.5~2.9 x 10°
particles/mL). Our results showed the gastrointestinal tract (GIT) was the dominant microplastic accumulation
site in zebrafish, followed by the gill, whereas no microplastics were detected in the brain or muscle.
Microplastic accumulation in GIT did not cause obvious damages to intestinal villi in general. However, the
thickness of muscularis layer in the foregut reduced by 32% after 1 mg/L (1.45 x 10* particles/mL) microplastic
exposure. As there were no signs of oxidative stress or other histological changes found in the fish, we further
investigated the energy-supplying influential factors. We found that the zebrafish became hyperactive after
microplastic exposure, whose swimming distance had increased to 1.3-2.4 folds than that of control, and also
stayed at manic and active states much longer. The fish behavioural alteration is probably attributed to the
particulate matter stimulation and the up-regulation of estrogen contents. Results also showed that the excessive
movements of zebrafish also led to decreased glucose and acetaldehyde metabolite contents and increased amino
acid amounts, which further proved the shortage of energy-supplying substances. Therefore, the present study
suggests that micro-sized microplastics can induce obvious behavioural abnormality at concentrations that some
other toxicological endpoints may not warn effects.

1. Introduction

inhaled by human beings through seafood or house dust and affect
people’s health (Chen et al. 2019; Zhang et al. 2020). Therefore, mi-

The wide usage of plastic has led to its ubiquitous presence in the
aquatic environment (Gallo et al. 2018). These plastic debris can de-
grade or fragment gradually into smaller particles, and they are termed
as microplastics when the particle size smaller than 5 mm (Anbumani
and Kakkar 2018). Recently, a special focus was given to small-sized
microplastics (< 10 pum) (Ofmann et al. 2018), and their concentration
in plastic mineral water bottles has been reported to reach 5.42 + 1.95
x 10* particles/mL (Zuccarello et al. 2019). Scientists have reported
the ingestion of microplastic by plankton (Cole et al. 2013; Sun et al.
2018), mollusks (Li et al. 2018; Li et al. 2015) and various species of
fishes (Jabeen et al. 2017), and furthermore be accumulated
throughout the food web together with co-existing pollutants (Au et al.
2017; Qu et al. 2020). Moreover, microplastics may even be ingested or
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croplastic has drawn the attention of both scientists and the public
regarding their toxicity and safety concerns.

Researchers have reported that 9.2-92.3% of fish from aquatic en-
vironments had more than one microplastics (Davison and Asch 2011;
Jabeen et al. 2017; Neves et al. 2015), which mostly accumulated in the
gastrointestinal tract (GIT) (Lusher et al. 2013; Vendel et al. 2017). So
far, researchers have mainly focused on the liver damage after micro-
plastic ingestion (Jabeen et al. 2018; Lu et al. 2016). But the in-
vestigation of microplastic toxicity to the GIT did not match with its
great occurrence. Recently, (Lei et al. 2018) found that microplastic
induced gut villi cracking and enterocytes splitting, but there is still a
lack of further discussion about the underlying mechanisms. Thus, more
investigations are necessary to explore whether microplastic has other
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potential toxicities to GIT.

Microplastic could impair the feeding ability in aquatic organisms
due to a false sense of satiation, which can lead to energy-supply related
changes (Barboza et al. 2018; Cole et al. 2015; Watts et al. 2015). After
uptake, the longer gut residence time of microplastics and inflammation
and depleted energy reserves were observed, which could cause mi-
croplastic blockages in the GIT (Wright et al. 2013). Similar phenomena
have been observed in field studies. Both macroplastics and micro-
plastics significantly reduced the skeletal growth rates of corals and
decreased their prey capture rates (Chapron et al. 2018; Morét-
Ferguson et al. 2010). Since microplastics retained in GIT for at least
one day, the egestion and counteracting with toxic effects of micro-
plastics require energy cost (Chapron et al. 2018). Along with the en-
ergy reserve depletion, inflammatory response, physical injuries, re-
lease of residual monomers and additives may also impact the health of
biota (Reichert et al. 2018; Rochman et al. 2013; Wright et al. 2013).
Disturbance of the energy metabolism in zebrafish by microplastics has
been observed (Lu et al. 2016) and nanoplastics can inhibit the loco-
motion ability of zebrafish larvae (Chen et al. 2017). These studies
suggest microplastic exposure may affect the energy supply and motor-
related pathways of the muscle tissue. However, there is a need for
further investigation as the specific causes are still unclear.

The aims of this study were to better understand the microplastic
accumulation and localization in zebrafish, and their downstream ef-
fects on the fish physiological state. For this, (i) the uptake of micro-
plastics in different tissues was explored; (ii) the potential threat of
microplastic to zebrafish from different histological levels was in-
vestigated; (iii) furthermore, due to the decreased thickness of muscu-
laris layers after microplastics exposure, we also explored how the
swimming behavior and muscle energy metabolism of zebrafish
changed during the exposure.

2. Materials and methods
2.1. Reagents and zebrafish maintenance

Fluorescent microplastics (polystyrene, 5 um, 10% m/V in water
suspension) were purchased from the Baseline Chromtech Research
Centre, China. The excitation and emission wavelengths are 418 nm
and 518 nm, respectively. The plastic composition was identified by
Raman microscopy (DXR 2, Thermo Fisher Scientific) with both single
point measurement and mapping (Fig. S1). Adult zebrafish were fed
twice a day with dry flakes and kept at a constant temperature of
26 =1 °C at pH 7.0 with a 14 h light: 10 h dark photoperiod.

2.2. Microplastic exposure experiment set-up

Zebrafish were exposed to two groups, namely the negative control
and the microplastic exposure groups in artificial freshwater. The ar-
tificial freshwater was prepared by mixing 960 mL Milli-Q water with
10 mL of 294 mg/L CaCl,-2H,0, 10 mL of 123.3 mg/L MgSO,7H,0, 10
mL of 63 mg/L NaHCOs, and 10 mL of 5.5 mg/L KCl. Microplastic
exposure concentration series consists of 0.001, 0.01, 0.1, 0.25, 0.5, 1,
2, 10, and 20 mg/L (equals to 14.5 to 2.9 x 10> particles/mL) micro-
plastics. The exposure lasted for 7 days and the tissue uptake con-
centrations and histological alterations were measured. To further in-
vestigate the uptake kinetics changes, we also exposed zebrafish at the
concentration of 1 mg/L (equals to 1.45 X 10* particles/mL, which is at
the same magnitude of current reported highest microplastic con-
centrations (Zuccarello et al. 2019)), to test the microplastic accumu-
lation and histological alterations along the 7-d exposure period.

All treatment media were prepared and aerated one day before
exposure in order to obtain a complete mixing and oxygen saturation,
and the fish exposure density was far below 1 g/L in exposure con-
tainers. The fish were fed with 2% of their body weight commercial fish
food once per day. The exposure was semi-static with 80% media
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refreshed daily after half an hour feeding in the morning. To achieve a
relatively even distribution of microplastics in the artificial freshwater,
we introduced gentle agitations during the exposure period. First, we
refreshed the exposure solutions daily to make up the lost and settled
microplastics; second, we used a glass rod to stir the exposure solutions
gently every 2 h during the 14 h light period.

2.3. Microplastic quantification in different fish tissues

Triplicate glass containers with 12 fish per 4 L exposure media were
sampled after exposure. During the sampling, 3 males and 3 females
were collected from each group for the uptake quantification in the GIT,
gill and muscle tissues, and (1 male+1 female) zebrafish were pooled
together as one replicate for the microplastic uptake quantification in
the brain due to the small mass amount of brain from each fish. After
sampling, fish were placed in clean artificial freshwater and rinsed
thoroughly to remove any attached microplastics at the surface of the
skin, fins or gills. Then, fish were anesthetized with 0.4 g/L benzocaine
and then rinsed with Milli-Q water twice. In order to avoid con-
tamination, always freshly cleaned pairs of tweezers were used for
isolation of different tissues. For the GIT and gill, tissues were separated
and transferred to clean centrifuge tubes immediately. For the muscle
tissue, the top layer of skins above the muscle was stripped off first. For
the brain tissue, the cranium bones above the brain on the fish head
were separated first. Then, the muscle or brain tissues were taken out
with clean tweezers for further digestion and counting. During the
whole process, blank control tissues were also measured in parallel. No
fluorescent particles were found in the blank controls.

The zebrafish tissues were digested according to (Jabeen et al.
2018) with slight modifications. Briefly, the tissue samples were placed
into 15 mL clean centrifuge tubes (Corning, USA) for digestion and then
2 mL of 30 % H,0, was added, which volume was enough to digest the
organic matter of fish tissues. Then, the centrifuge tubes were covered
and rotated in an incubator at 65 °C with 80 rpm for 24 h. After di-
gestion, tissue samples were filtered through 20 um nylon membranes
(Millipore, USA). The digested debris larger than 20 pm were retained
on the membrane and microplastics were in the filtrates. The mem-
branes were rinsed with 0.5 mL of Milli-Q water twice. Then, 50 uL of
filtrate was added on a microslide carefully for microplastic quantifi-
cation under a fluorescent microscope (Olympus, BX53, Japan).

2.4. Histological observation of the gastrointestinal tract

As the GIT accumulated the largest amounts of microplastics than
all the other tissues, histological analysis was carried out for the GIT
samples. After fixing in 10 % of formalin, GIT samples were embedded
in paraffin wax, sectioned into 5 pum thickness, and then stained with
hemotoxylin and eosin (HE). The foregut sections were examined on the
Olympus microscope for villi and muscularis layer observation. The
hindgut sections were examined for goblet cells counting.
Morphological photographs were taken, and then the height of villus,
the number of the goblet cells, and the depth of muscularis layers were
measured using the Image Pro Plus software (version 6.0, Media
Cybernetics Inc., USA).

2.5. Oxidative stress responses

To test the oxidative stress responses in the fish, the fish liver
samples were separated immediately after dissection and preserved at
—80 °C until enzyme and antioxidant substance measurements. The
analyses of catalase (CAT), superoxide dismutase (SOD), glutathione
peroxidase (GPx), and reduced form of glutathione (GSH) were de-
termined with commercial kits (Jiancheng Biotech, China) at 405 nm,
550 nm, 412 nm, and 420 nm, respectively. All enzymatic activities and
GSH content were expressed as specific activity or content per milli-
gram of the total protein.
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Fig. 1. Microplastic uptake amounts in the GIT (a, b) and gill (¢, d) of zebrafish along with microplastic exposure concentration increasing after 7-d exposure and the
concentration changes during the exposure period the in the (e) GIT, (f) gill, and (g) brain/muscle tissues when exposure concentration is 1 mg/L microplastics
(equals to 1.45 x 10* particles/mL). * represents significant differences from that of control (p < 0.05), and different alphabet letters represent significant dif-
ferences between groups (p < 0.05). ND means no microplastic particle detected in the tissue.

2.6. Behaviour monitoring

To investigate if the swimming behaviour of zebrafish has been
changed, the locomotion monitoring test was carried out for the fish
immediately at the end of 7 d exposure in the DanioVision video-track
system at 26 °C (Noldus, The Netherlands), which has been used to
indicate particulate pollutants’ effects previously (Chen et al. 2017;
Legradi et al. 2018). The EthoVision XT software was applied for the
behavioral results analyses. Each experiment was conducted in a 24 X
12 cm (length x width) tank with 400 mL artificial freshwater with
female or male fish separately (N = 3). Before monitoring, fish were
put in the chamber in advance and acclimatized for 5 min. Then, a ten-
minute recording of the fish behavior was carried out in a soundproof
environment.

2.7. Metabolites analysis of zebrafish muscle tissue

To investigate the energy metabolism status, the fish muscle sam-
ples were also used for metabolomics analysis. Thirty mg of muscle
were weighed from each sample, 10 yL internal standard (2-chloro-
phenylalanine) and 250 pL lysis buffer (methanol: acetonitrile: water =
2:2:1) were added. The samples were homogenized by adding two small
steel balls on a shaker for 1 min, and then extracted in an ice-water bath
for 5 min. Then, the supernatant was obtained after 15 min cen-
trifugation at 13,400 g. The lysis, grind, extraction, and centrifugation
processes were repeated again. Three hundred pL supernatant was
transferred to a centrifuge tube, 300 pL chloroform added, and then
mixed for 20 s using a vortex. After 30 min, the sample was centrifuged
at 13,400 g for 5 min. Finally, 180 uL supernatant was quantified by
utilizing liquid chromatography- high resolution mass spectrometry
(LC-HRMS).

The LC-HRMS was equipped with a binary solvent delivery manager
and a sample manager, and a Mass Spectrometer (Waters VION IMS Q-
TOF) with an electrospray interface (Waters, USA). The separation

column was Acquity BEH C18 column (100 mm X 2.1 mmi.d., 1.7 pm).
Solution A was 10 mM ammonium acetate in acetonitrile (pH = 9, v/v
= 9:1), and solution B was 10 mM ammonium acetate (pH = 9). Three
uL of sample was injected and the column temperature was set at 45 °C
initially. The column was maintained at 45 °C and separation was
achieved using the following gradient: 5-25% B over 0-1.5 min, 25-
100% B over 1.5-10.0 min, 90% B over 10-13 min, the composition was
held at 5% B for 2 min at a flow rate of 0.4 mL/min. The mass spec-
trometric data was collected using a Waters VION IMS Q-TOF Mass
Spectrometer equipped with an electrospray ionization (ESI) source
operating in either positive or negative ion mode. The source tem-
perature and desolvation temperature was set at 120 °C and 500 °C,
respectively, with a desolvation gas flow of 900 L/h. The quality control
samples were injected at regular intervals (every 6 samples) throughout
the analytical run.

2.8. Cryo-Transmission Electron Microscopy

To observe the fine structures alteration in muscularis layers, we
applied the cryo-Transmission Electron Microscopy (cryo-TEM) to
preserve and observe the sample original biological states. The foregut
samples were quickly separated on ice, and then frozen inside thin
copper tubes with an inner diameter of 200 pm (Leica EM PACT2).
High-pressure freezing accomplished consistent sample vitrification
within 5 s. Then, fixation, dehydration, infiltration, embedding and
polymerization of samples were performed on a freezer replacement
equipment (Leica EM AFS2/FSP). Frozen samples were then stained and
transferred to and cut on a frozen ultra-thin slicer (Leica EM UC7/FC7).
Grids containing the frozen-hydrated thin sections were mounted into a
Gatan cryoholder for direct observation at —170 °C in a FEI Tecnai G2
Spirit Twin energy-filtered cryo-TEM.
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2.9. Statistical analysis

All the data were confirmed to be normally distributed by utilizing
the Shapiro-Wilk test, and t-test or ANOVA analysis was applied to
compare the differences among two or more than three groups with the
SPSS (version 22.0, SPSS Co., USA), respectively. Partial least squares
discriminant analysis of metabolomics were analyzed in the
MetaboAnalyst 4.0 (Chong et al. 2018).

3. Results
3.1. Uptake of microplastics in different tissues

The uptake abilities for microplastic in zebrafish tissues were fairly
different. GIT and gill tissues accumulated microplastics at the magni-
tude of ug/mg wet weight (ww), whereas no microplastics were found
in brain or muscle (Fig. 1). For both female and male fish, the micro-
plastic concentrations in the GIT increased rapidly initially from 0.001
to 2 mg/L and then slowly at high concentrations (2-20 mg/L) (Fig. 1a&
b). This pattern of accumulation did not show gender differences. At 2
mg/L (equals to 2.9 x 10* particles/mL), which can be deemed as the
highest environmental relevant concentration according to our knowl-
edge (Zuccarello et al. 2019), the accumulation amounts in the GIT
were 0.8 = 0.9 and 2.6 = 1.9 pg/mg for female and male fish, respec-
tively.

The overall microplastic accumulation amounts in the gill was an
order of magnitude lower than that of GIT, without showing a cumu-
lative trend with the increase of concentration. Moreover, the highest
cumulative microplastic amounts in the gill occurred around 1-2 mg/L
for both fish genders with 0.6 = 0.5 and 0.2 = 0.2 ug/mg for female
and male fish, respectively (Fig. 1c&d).

The uptake kinetics results in Fig. 1e also showed that the micro-
plastic accumulation amounts in the GIT increased generally during the
whole exposure period, with the maximum accumulation concentration
occurring on the 7™ day after 1 mg/L microplastic exposure. When
looking at gill uptake kinetics, the microplastic accumulation amounts
in the gill peaked on the 3" day with 1.8 * 0.6 pg/mg ww, and then
decreased by 89% on day 7 (Fig. 1f).

3.2. Histological changes in the gastrointestinal tract

In general, the histological changes of the GIT after microplastic
exposure was not significant, but some effects showed up when the
concentration larger than 1 mg/L (Fig. 2). As for the height of the
foregut villus, it first increased slightly, then decreased and reached the
shortest height of villus at 2 mg/L (p < 0.05), and then gradually re-
turned to the normal state (Fig. 2b). As for the goblet cells which lo-
cated in the hindgut, they are responsible for antigen uptake and im-
mune responses (Pelaseyed et al. 2014). The number of goblet cells
gradually increased with microplastic exposure concentration in-
creasing, but significant differences only occurred at the highest con-
centration of 20 mg/L (p < 0.05) (Fig. 2c).

Zebrafish have a thick foregut wall, which ensures its digestive
function with the muscularis layers (Press and Evensen 1999). The
thickness of the muscularis layer in the foregut, has decreased with
microplastic concentration increasing at the beginning, and then gra-
dually levels off (Fig. 2d). A significant thickness reduction occurred at
the concentration of 1 mg/L (equals to 1.45 x 10* particles/mL), which
is an environmental relevant microplastic concentration, attracts our
attention. The foregut muscularis layer thickness decreased to
13.8 = 7.1 um in the microplastic exposure group, significantly thinner
than control (20.2 * 15.2 um) after 7-d exposure (p < 0.05). According
to the kinetics results, this phenomenon appeared on the 3™ day at the
latest (Fig. 2e & f). Furthermore, the muscle weight changes of zebra-
fish after exposure would give a direct and visual evidence of muscle
content decrease (Fig. $2). It showed that the muscle weight decreased
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gradually with microplastic concentration increase on the whole, and
exhibited significant differences when microplastic concentrations
higher than 10 mg/L.

3.3. Muscle metabolic analysis

By measuring the relative amounts of metabolites in the muscle
tissues, we screened out the metabolites and pathways that showed
differential expressions (Fig. 3). We also found that two important
metabolites of glucose and acetaldehyde in the Glycolysis pathway
were decreased in the microplastic group. As for the glucose content in
the microplastic group (relative value = 129.8 + 38.5) has decreased
by 50% compared to control (258.3 + 15.3) after 7-d exposure (p =
0.006) (Fig. 4).

The total amount of amino acids increased by 7% in the microplastic
group compared to the control, which is probably because that the
catabolism of proteins may have been increased. The detailed changes
in the amino acids can be found in Table S1.

The ratio of unsaturated fatty acids (UFA) to saturated fatty acids
(SFA) has been used as an important indicator for fatty acids compo-
sition alteration (Chen et al. 2016). The UFA:SFA ratios were 2.9 + 0.4
and 2.8 + 0.9 for the control and microplastic groups respectively,
which suggests that the fatty acids composition did not seem to be af-
fected after 1 mg/L microplastic exposure. The detailed changes in the
amino acids can be found in Table S2.

Moreover, in view of steroids alteration, the contents of estrogen
(estradiol), progestogens (11-dehydrocoricosterone), and glucocorti-
coids (cortisol, aldosterone) increased significantly in the microplastic
group (p < 0.05) (Table S3).

3.4. Microplastic leads to behavioural alteration in zebrafish

We found the locomotion ability of fish after microplastic exposure
had increased. For the females, the moved distance was 763 + 307 cm
within 10 min for the control, whereas it significantly increased in the
microplastic group with 1801 = 116 cm by 1.4-fold (p < 0.05)
(Fig. 5a). Similar phenomenon was observed for the male fish, the
swimming distance had increased 1.3-fold to 1896 = 115 cm (in the
microplastic group) than that of control (p < 0.05) (Fig. 5b). Further-
more, the swimming status of zebrafish in the microplastic group also
changed significantly by prolonging manic and active states sig-
nificantly to 1.3-2.9 folds and 1.6-2.0 folds compared to the control
(p < 0.05), respectively. Meanwhile, the static states for zebrafish after
microplastic exposure had decreased by 66-83% than that of control
significantly (p < 0.05) (Fig. 5¢&d).

3.5. Oxidative stress

All the enzymatic activities of CAT, SOD, and GPx in the liver did
not show significant differences after 1 mg/L of microplastic exposure
for 7 days (Fig. S3). For the reduced form of GSH, though its content
was significantly lower than the control group on day 1 which may be
due to the transient stress response at the beginning, its content re-
turned to the normal state during the subsequent exposure. GSH is an
important redox buffer inside cells, maintaining the normal reduced
state (Farooqui and Farooqui 2011). The content of GSH in the muscle
also did not show significant differences after 7 d exposure (Fig. 3),
which is in accordance with phenomenon that no oxidative damage was
found as shown in Fig. S3.

4. Discussion
4.1. Uptake of microplastics in different tissues

It is reasonable that microplastic can be accumulated in GIT and gill
of the zebrafish, because these two tissues had direct access to
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microplastics during aqueous exposure (Fig. 1). The microplastic up-
take concentrations in the GIT increased rapidly initially and then
slowed down to approach a relative plateau state with microplastic
concentrations increasing. However, there was no significant regularity
for the microplastic accumulation in the gill tissue. It is probable that
microplastics can adhere to gill tissues but cannot stick firmly. The
loosely associated microplastics may fall from and up onto gills due to
the variation of organism conditions, such as the respiratory move-
ments of the fish. This way may be similar to the microplastic’s ad-
herence to mussel’s foot filaments (Kolandhasamy et al. 2018). Simi-
larly, (Watts et al. 2014) have also found that the residence of
microplastics in gills can greatly vary among different crabs (Carcinus
maenas), and even the left and right chamber of gills exhibited different
microplastic uptake amounts. Therefore, this indicates that micro-
plastics can be retained or adhered onto gills, but the microplastic re-
sidence time in the gill is an order of magnitude lower and relatively
variable compared to the GIT.

No access of micro-sized microplastics to the brain and muscle tis-
sues was observed in the present study. Micro-sized plastics have not
been found in the muscle tissue, probably because that particles en-
tering muscle tissue often need to penetrate the circulatory system first,
which have only been reported for nanoplastics (Browne et al. 2008).
This phenomenon has also been corroborated by a field study (Su et al.
2019). As for the brain tissue, the blood-brain barrier (BBB) creates an
impenetrable obstacle for most substances to protect the micro-
environment of the brain. (Pardridge 2001) stated that only lipophilic
chemicals with a molecular weight smaller than 400 Da could easily
cross the BBB. Researchers have also stated that fine particles can pe-
netrate through and get into the brain, but usually within the size of
100 nm (Patel et al. 2012; Sela et al. 2015). Therefore, it is very likely
that 5-um microplastics would be blocked outside the brain.

4.2. No obvious villus damage or oxidative stress

We did not observe significant villus damage in the GIT in general,
especially when the microplastic exposure concentration lower than 1
mg/L (equals tol1.45 X 10* particles/mL) (Fig. 2). This result is dif-
ferent from a previous study which found microplastics could lead to
cracking of villus in zebrafish intestines (Lei et al. 2018). Most of the
tested microplastics used in that study were manually ground made in a
mortar, thus producing sharper edges than the spherical round-shaped

active static

microplastics in our study. Besides, no obvious differences were ob-
served for the goblet cell numbers at microplastic environmental re-
levant exposure concentrations. The main role of the goblet cells is to
protect the mucous membranes by secreting mucins and large glyco-
proteins (Pelaseyed et al. 2014). Thus, this result indicates that mi-
croplastic aqueous exposure below 10 mg/L (equals tol.45 x 10°
particles/mL) may not affect the immune system.

The oxidative damages have been reported as one of the main ef-
fects caused by microplastics (Chen et al. 2017; Jeong et al. 2016; Yu
et al. 2018), so we measured several oxidative stress biomarkers, but no
obvious effects were found for the enzymatic activities of CAT, SOD,
and GPx (Fig. S3). In addition, as we know that the oxidative mod-
ification of fatty acids is one of the best described effects of reactive
oxygen species (ROS) (Pamplona et al. 2002). Thus, the ratio of UFA to
SFA in the microplastic group was similar to that of the control, which
also implies that the fatty acids composition was largely unchanged
(Table S2), and provides another evidence that there was no obvious
oxidative stress after microplastic exposure.

4.3. Decreased thickness of muscularis layer

What deserves our attention is that the thickness of muscularis layer
decreased significantly when the microplastic concentration reached 1
mg/L (equals to1.45 x 10* particles/mL) (Fig. 2d). Further observation
revealed that microplastic exposure had led to fine structure alterations
in the muscularis layer, including muscle dissociations and muscle
morphological changes in the microplastic group. It clearly shows that
the thickness of the muscularis layer was thick and uniform, and the
myocytes connected with each other firmly in the control group (Fig. 6a
&b). However, the muscularis thickness decreased in the microplastic
exposure group (Fig. 6¢). More interestingly, the intercellular space
between myocytes can be clearly observed, which is possibly due to the
myocytes became thinner and loosely connected (Fig. 6d). The above
evidence suggests that zebrafish were probably under energy reserve
depletion after microplastic exposure. The energy depletion phenom-
enon has also been observed previously in the copepod Centropages
typicus after 7.3 um sized microplastics exposure (> 4000 m LY (Cole
et al. 2015), and the crab (Carcinus maenas) after 4-week feeding with
1% plastic (Watts et al. 2015).

One possible explanation is that the decrease of muscularis thick-
ness in the microplastic group is probably due to the microplastics
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Fig. 6. Fine structures of zebrafish GIT observed under the cryo-TEM. (a) the muscularis layer of zebrafish from the control group; (b) the myocytes of the muscularis
from the control group; (¢) the muscularis layer of zebrafish from the 1 mg/L microplastic exposure group; (d) the myocytes of the muscularis from the 1 mg/L

microplastic exposure group.

blockage in the GIT that decreased the food feeding. As microplastics
had a longer intestinal residence time than the food (Bellehumeur et al.
2016; Watts et al. 2015), the retained microplastics can occupy a part of
the intestinal space, resulting in a decrease in the actual food intake by
fish. The digestive capacity of the zebrafish foregut would decline, and
then its digestion and nutrient absorption may be affected, which de-
teriorated the supply of energy from food. Another possible explanation
is that the presence of microplastic particles stimulated the hyper-
activity of zebrafish, leading to increased swimming movements and
energy consumption. In the case of a fixed food supply, the fish muscle
amounts may decrease. The first hypothesis has been evidenced in
Fig. 1, while the second one still needs to be verified.

4.4. Microplastic leads to hyperactivity in zebrafish

To test the above hypothesis, we carried out the zebrafish locomo-
tion behavioural analysis. It was evidenced that zebrafish did appear
hyperactivity after microplastic exposure for 7 days (Fig. 5). The lo-
comotion hyperactivity phenomenon in zebrafish may be attributed to
multiple factors. According to previous researches, the hyperactivity
behaviour of zebrafish after particulate pollutants exposure was mainly
attributed to the oxidative stress effect (Chen et al. 2014; Gonzalez et al.
2018). However, the microplastics (5 um) used in this study was much
larger than nanoparticles and the oxidative damage phenomenon was
not obvious (Fig. S3).

A reasonable explanation is that the prolonged manic and active

states of fish may be caused by particle stimulation. It has been reported
that adult zebrafish became more active after exposure to total parti-
culate matter of cigarette smokes (= 0.3 pm), and this kind of effect was
not caused by nicotine in tobacco (Massarsky et al. 2015; Massarsky
et al. 2018). Furthermore, the metabolomics result also showed that the
estrogen 17 B-estradiol (E2) has increased significantly (Table S3),
which could be another cause of hyperactivity, because E2 has been
reported to stimulate the body's ability to accelerate movement due to
neurodevelopmental disorder with upregulation of genesis within the
hypothalamus brain region (Kinch et al. 2015; Saili et al. 2013).
Through the above analysis, it shows that the zebrafish hyperactivity
after microplastic exposure was not attributed to oxidative stress, but
very likely due to the stimulation of the micro-sized particles.

It is interesting and noteworthy that our former study has found that
nanoplastics (50 nm polystyrene) exposure could lead to 5dpf zebrafish
larvae’s hypoactivity, whereas we found an opposite phenomenon in
zebrafish adults after exposure to microplastics (5 pm polystyrene)
here. The possible explanations are as follows. First, nanoplastics can
enter the circulatory system of organisms, and can subsequently affect
the neural system and body development of zebrafish larvae (Browne
et al. 2008; Chen et al. 2017). However, microplastics can only be found
in the gill and gut tissues of zebrafish adults. Therefore, the tox-
icological mode of action between micro- and nanoplastics are not the
same. Second, the hypoactivity occurred in fish larvae were mainly due
to their reduced body length and oxidative damage (Chen et al. 2017).
But in the present study, the body lengths of zebrafish adults were
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almost not changed as they have already grown up. Besides, no obvious
oxidative damage occurred in the adult zebrafish after microplastic
exposure.

4.5. Fish energy depletion

In the case of a fixed food supply, excessive movements of zebrafish
may lead to energy depletion. Therefore, we further analyzed whether
the metabolite contents in the muscle tissue of zebrafish has been
changed. We found that two important metabolites of glucose and
acetaldehyde decreased after microplastic exposure (Fig. 4). In muscle,
the process of glycolysis is the main energy-providing process, in which
glucose is broken down into lactic acid and ATP is produced. The de-
cline in glucose, which is a key energetic substance, was likely to be the
direct cause of acetaldehyde content decline. Under anaerobic condi-
tions of the muscle, glucose can be metabolized into pyruvate and
acetaldehyde with the presence of the pyruvate dehydrogenase complex
and alcohol dehydrogenase (van Waarde et al., 1983).

In addition, the slight increase of total amino acid contents (by 7%)
may also due to the shortage of energy-supplying substances (Fig. 3,
Table S1). Increased amounts of amino acids may be attributed to in-
creased proteins catabolism for energy generation. The energy gen-
eration process breaks down protein and releases free amino acids (Fu
et al. 2019). Other studies have also shown an elevation of amino acids
in polystyrene nanoplastics treated bronchus epithelial cells, which was
probably because polystyrene particle autophagy process led to protein
breakdown to utilize amino acids for cellular fueling (Lim et al. 2019).
Therefore, the excessive swimming movement of zebrafish have caused
a decrease in the content of energy-supplying substances, suggesting
that there can be energy depletion occurred in zebrafish after micro-
plastic exposure.

5. Conclusions

In the present study, we have found that micro-sized microplastics
were mainly accumulated in the GIT and gill tissues. At en-
vironmentally relevant microplastic exposure concentrations, there was
no significant villus damage occurred. However, the thickness of mus-
cularis layers became thinner, which is probably due to the behavioural
hyperactivity caused by the stimulation effects of microplastics, to-
gether with the lack of energy-supplying substances in the case of a
fixed food supply. This study presents new findings about microplastic’s
effects to aquatic organisms, especially on the behavioural alteration,
which is worthy of extensive attention in the future microplastic eco-
toxicological studies.
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