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1  Long-term exposure to virgin and seawater exposed microplastic enriched-diet causes liver

2 oxidative stress and inflammation in gilthead seabream Sparus aurata, Linnaeus 1758.
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Abstract

Plastics accumulation in marine ecosystems has notable ecological implications due to their long
persistence, potential ecotoxicity, and ability to adsorb other pollutants or act as vectors of pathogens. The
present work aimed to evaluate the physiological response of the gilthead seabream (Sparus aurata) fed for
90 days with a diet enriched with virgin and seawater exposed low-density polyethylene microplastics
(LDPE-MPs) (size between 100-500 pM), followed by 30 days of depuration, applying oxidative stress and
inflammatory markers in liver homogenates. No effects of LDPE-MPs treatments on fish growth were
observed throughout this study. A progressive increase in antioxidant enzyme activities was observed
throughout the study in both treatments, although this increase was higher in the group treated with seawater
exposed MPs. This increase was significantly higher in catalase (CAT), glutathione reductase (GRd), and
glutathione-s-transferase (GST) in the seawater exposed MPs group, with respect to the virgin group. In
contrast, no significant differences were recorded in superoxide dismutase (SOD) and glutathione
peroxidase (GPx) between both groups. Exposure to MPs also caused an increase in the oxidative damage
markers (malondialdehyde and carbonyls groups). Myeloperoxidase activity significantly increased
because of MPs treatments. After 30 days of depuration, antioxidant, inflammatory enzyme activities and
oxidative damage markers returned to values similar to those observed in the control group. In conclusion,
MPs exposure induced an increase of antioxidant defences in the liver of S. aurata. However, these elevated
antioxidant capabilities were not enough to prevent oxidative damage in the liver since, an increased
oxidative damage marker was associated with MPs ingestion. The treatment with seawater exposed MPs
caused a more significant antioxidant response (CAT, GRs, and GST). Although after a depuration period
of 30 days a tendency to recover the initial values of the biomarkers was observed this does not seem to be

time enough for a complete normalization.
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1. Introduction
Nowadays, marine litter contamination is one of the most relevant pressing issues affecting numerous
aquatic and marine ecosystems worldwide(UNEP., 2009). Marine litter encompasses elements of different
compositions: metals, glass, paper, cloth or plastic, but among these, plastic is considered the most
persistent and problematic, representing up to 80-85% of the marine litter present in the oceans (Andrady,
2011). In this sense, the amount of plastic released into marine environments is increasing considerably
each year (Andrady, 2011; Boteler, 2017; UNEP., 2009). Microplastics (MPs) are plastic particles with a
diameter smaller than 5 mm (Andrady, 2011; Cozar et al., 2014). MPs can be classified as primary MPs
(that are expressly manufactured with a size less than 5 mm in diameter, commonly used to produce pellets,
cosmetics personal care and household products, synthetic fibres from washing clothes, etc.), and
secondary MPs (plastics derived from the fragmentation of larger plastics into smaller particles in the
marine environment due to the action of erosive agents, including the combination of ultraviolet radiation,

the abrasive force of waves and temperature, etc.)(Andrady, 2011; Cozar et al., 2014).

MP can be made up of a variety of compounds such as nylon, polypropylene (PP), polyethylene
terephthalate (PET), polyethylene (PE), bisphenols, or polyvinyl chloride (PVC) and can be toxic for
marine organisms due to contaminants like phthalates and bisphenols added during their manufacturing
processes (Hidalgo-Ruz et al., 2012; Rochman et al., 2013; Vert et al., 2012). Also, MPs consist of long
hydrophobic chains, which in aquatic and marine environments, can accumulate several pollutants present,
at water in higher concentrations than in the sediments (Andrady, 2011). Furthermore, due to its
physicochemical properties, MPs can accumulate several environmental pollutants in their surface, which
can potentially increase their toxicity across the food web (Rochman et al., 2013; Yuan et al., 2020).
Consequently, recent studies have identified that MPs can accumulate on their surface several substances
such as heavy metals, polycyclic aromatic hydrocarbons, antibiotics, aromatic and aliphatic compounds,
etc (Zhang et al., 2020). Due to their small size, MPs particles can be ingested or filtrated by a wide range
of marine organisms, and for this reason, MPs can enter the food web of marine ecosystems (Au et al.,
2017; Gallo et al., 2018; Li et al., 2019). Moreover, considering their size, colour and buoyancy, MPs can
be ingested by many fish species due to their similarity to preys (Giiven et al., 2017; Jovanovi¢, 2017). In
addition, MPs can be partially digested and their degradation products can be absorbed and distributed
throughout the organism and incorporated into different tissues or cells (Barboza et al., 2018). MPs or their
derivates can cause adverse health effects in marine organisms, including metabolic disorders,
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neurotoxicity, hepatic stress, oxidative stress, inflammation, decreased growth, blockage of feeding
appendages, behaviour alterations, obstruction of the gastrointestinal tract or cause pseudo-satiation

resulting in reduced food intake (Barboza et al., 2018).

Most pollutants, including MPs, together with additives or other adsorbed elements, accumulated in marine
organisms can induce the overproduction of reactive oxygen species (ROS) (Alomar et al., 2017; Barboza
et al., 2018; Sillero-Rios et al., 2018; Sureda et al., 2018). If the excess of ROS is maintained along the
time, an oxidative stress situation is established that can induce oxidative damage to cellular components,
as DNA, proteins and lipids (Livingstone, 2001). Oxidation of biomolecules generates several end products,
as malondialdehyde (MDA), carbonyl derivates, and 8-hydroxy-2-deoxyguanosine, that can be used as
biomarkers of oxidative stress (Bartoskova et al., 2013; Box et al., 2007). ROS overproduction can disrupt
vital functions, altering mitochondrial function and inducing apoptosis  (Halliwell, 2007; Regoli et al.,
2004). However, all organisms, including fishes, have developed a complex network of antioxidant and
detoxifying mechanisms to scavenge or avoid ROS generation, detoxify pollutants and repair or remove
damaged molecules (Barboza et al., 2018; Livingstone, 2001). This antioxidant system includes enzymatic
and non-enzymatic antioxidants. Enzymatic antioxidant mechanisms include enzymes such as superoxide
dismutase (SOD), which eliminates superoxide anion; catalase (CAT) and glutathione peroxidases (GPx)
that remove hydrogen peroxide; and glutathione reductase (GRd) that regenerates glutathione (GSH), an
essential non-enzymatic antioxidant. Glutathione-s-transferase (GST) is a phase Il detoxification enzyme
that contributes to eliminate xenobiotic compounds and oxidation products conjugating toxic compounds
with glutathione, and producing more hydrophilic and less toxic compounds (Cunha et al., 2005; Sureda et

al., 2006).

The gilthead seabream (Sparus aurata Linnaeus, 1758) is a common species in the Mediterranean Sea,
although it is also present along the eastern Atlantic coasts from Great Britain to Senegal. It is a highly
appreciated and consumed fish in Southern Europe, and, in this sense, gilthead seabream has experienced
an increased growth in the aquaculture industry (FAO, 2001-2020). In addition, this species is one of the
most used model fish species in aquaculture studies and in the natural environment. S. aurata is also often
used as a model in bioaccumulation studies (Grigorakis, 2007),as a bioindicator for toxicity(DelValls et al.,

1998; Espinosa et al., 2017),and endocrine studies (Forner-Piquer et al., 2018). Moreover, S. aurata is a
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very voracious predator in the wildlife, which suggests that it could bioaccumulate MPs or other pollutants

(Balart et al., 2009).

Nowadays, fishing resources are limited and are being overexploited. For this reason, aquaculture is a
growing industry supplying the world's increasing demand for seafood (FAO, 2020). According to data
from the Food and Agriculture Organization (FAQO) of The United Nations (UN), about 82.1 million tons
of aquatic animals were produced by aquaculture (FAO, 2020). This data gives an idea of the significant
impact aquaculture has in the world. Considering this, fish growing in aquaculture facilities are exposed to
the pollutants present in the sea but also from the infrastructure itself. Plastic materials have surrounded
these fishes throughout their life cycle as most of the materials used in aquaculture facilities are plastic
derived: from the fattening farms, juvenile tanks, nets, ropes, pipes, buoys and the structures that form the
cages (Wu et al., 2020; Zhu et al., 2019). Moreover, the continuous maintenance and cleaning to avoid
fouling organisms on aquaculture gear (nets, ropes, cages, etc..) also contributes to the release of fibres and

particles in the form of microplastics into the environment (FAO, 2020).

Consequently, the first objective of this study was to determine long term physiological effects in reared
Sparus aurata caused by the ingestion of MPs and assessed throughout oxidative stress and inflammatory
markers determined in fish liver. The secondary objective was to assess differential biochemical response
to pure polyethylene, compared to seawater exposed polyethylene enriched diets. Additionally, the study

also aimed to evaluate the effects of 30 days depuration period on the biochemical response of fish liver.
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2. Material and Methods

2.1 Diet preparation

For the experiment, three different types of diets were formulated: 1) a control diet (90% food and 10%
filler), 2) a diet with virgin MPs (90% food and 10% LDPE-MP) and 3) a diet with seawater exposed MPs
(90% food and 10% LDPE-MP previously exposed to seawater for 2 months in an area of high anthropic
impact (39°32'38.04" N 2°22'50,97"E). LDPE-MPs 022 pellets f were purchased from a Spanish distributor,

Repsol. This plastic was additive free.

Seawater exposed MPs were stored in nylon nets, hung from the aquaculture cages located in the Port of
Andratx and submerged at a depth of 0.5-1m from the sea surface. Weekly, the nets were manually shaken
to remove any large biofouled organisms. After two months, the pellets were removed from the nets,
cleaned with distilled water and oven-dried at 60°C for 48 h. The ingredients for the control treatment
consisted of 37 g of fishmeal LT94, 9.2 g wheat gluten, 21.5 g soybean meal, 8.3 g fish oil, 0.9 g soy
lecithin, 9.1 g wheat flour, 0.5 g choline chloride, 0.1 g vitamin C, 0.9 g vitamin and mineral mixes, 1.9 g
binders (%2 guar gum + ¥ carboxymethyl), 0.5 g amino acid mixture, mixture (methionine-lysine, 1: 1) and
10 g filler (sepiolite-cellulose-guar gum, 1:1:1) in 100 g dw. LDPE pellets for the virgin and seawater
exposed MPs enriched diet treatments were dipped in liquid nitrogen and ground. After grinding, plastics
were sieved in pre-cleaned stainless-steel metal sieves to collect fragments smaller than 0.5 mm.
Additionally, LDPE pellets (thereafter MPs) were ground into 500 - 100 um fragments, using conical
separation grinders for conventional use. MPs obtained were mixed with the same ingredients as the control

diet, but for 100g of food, 10 g of it were substituted with 10 g of virgin and seawater exposed MPs.

2.2 Pollutants detection

A subsample of seawater exposed MPs was collected from the harbour after two months submerged in the
water. Pollutants present in MPs (both virgin and seawater exposed) were determined by gas
chromatography coupled to quadrupole-time-of-flight mass spectrometry (GC-QTOF) following
standardized procedures. In order to decrease background contamination of phthalates, all glass material
were baked at 300°C for 12 hours, 3% (w/w) alumina was added to ethyl acetate (Worsfold, 2019). Next,
0.2 g of MPs seawater exposed pellets were sonicated with 2 mL of ethyl acetate for 30 min at room
temperature in vials covered with aluminium foil. The ethyl acetate was transferred to a new vial and the
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extraction was repeated with a fresh 2 mL of ethyl acetate aliquot. The 4 mL of solvent was mixed and
evaporated under a nitrogen stream and the dry residue was redissolved in 200 pL of ethyl acetate. An
aliquot of ethyl acetate extracts was derivatized with N-Methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA, 60:40) at 60°C for 1 hour. One microliter of each extract was injected in split less mode using an
Agilent 7693B series (Agilent Technologies, Santa Clara, CA, USA) into the gas chromatograph 7890A
interfaced with a 7200 QTOF mass spectrometer (Agilent Technologies). The separation was performed in
aHP-5MS column (Agilent Technologies J&W, 30 m x 0.25 mm x 0.25 pm) with helium (99.9999%,
Nippon gases, Madrid, Spain) as carrier gas at a flow ratel mL/min. The temperature programme startedat
50°C for 1 minute, then ramped until 290°C at 10°C/min and held for 15 minutes. The acquisition was
performed in electron impact ionization (EI) mode at 70 eV with an emission current filament set at 5 pA.
QTOF MS was operated at 5 spectra/s in the mass range 40 to 1000 Da and the resolution was about 3714
FWHM (full width half maximum) at 68.9947 m/z and 7875 FWHM at 501.9708 m/z. Mass calibration
was performed each three samples, in accordance with the recommendation of the manufacturer, using

perfluoro tributyl amino (PF-43).

A suspect screening was performed by comparison of MS spectra for each feature with those of spectral
libraries. The libraries used for data processing were (1) an in-house empirical high-resolution pollutants
library (356compounds in total, 236 underivatized compounds and 120 derivatized compounds),(2) a
commercial high-resolution library of pesticides containing 844 compounds supplied by Agilent, (3) a low-
resolution plastic additives composed of 626 compounds created as of the information obtained from the
European Chemicals Agency (ECHA, 2020)and AccuStandard pages (Bolgar, 2015) and (4) library

NIST.17(306,622 compounds).

2.3 Experimental procedure

The experimental procedure was carried out at the LIMIA (Laboratorio de Investigaciones Marinas y
Acuicultura) in Andratx (Mallorca, Balearic Islands) laboratory facilities between June 2018 and February
2019. A total of 2000 specimens of cultured alevine ofS. aurata of about 3 g were allocated into a large
2000 L seawater tank and left to acclimate for 4 months prior to commencing the experimental procedure.
After the acclimation period, 600 alevins of S. aurata (7 months old, total length 11.8 £ 0.3 cm and weight
44.9 + 3.1 g) were randomly assigned to 12 tanks of 1000 L with an equal stocking rate of 100 fish per

tank. Tanks were located inside the laboratory and were protected from climate and weather, ensuring the
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same physical and chemical conditions in each tank. The photoperiod was of 16 h light / 8 h dark cycle.
There was no difference in the average daily temperature between the tanks, and it was maintained at 19 +
2 °C, with a water flow rate of ~1L/minute to ensure 1.5 water-cycles per day, and the oxygen concentration
was of 5.9-6.1 ppm. Three different diet treatments were applied: control diet (Control) without MPs, virgin
MPs diet enriched with 10% MPs, and seawater exposed MPs diet (enriched with 10% of seawater exposed
MPs). Three replicate tanks were randomly assigned to each treatment. The experimental procedure lasted
120 days, including a 90 days exposure period in which the MPs treatment group was exposed to a diet
enriched in MPs and followed a 30 days depuration period. During the depuration period, all tanks were
fed with the same original control diet. During the exposure, feeding of fish was done twice daily at a 2%

body weight rate -day* using an automatic feeder (FIAP Belt Feeder with clock (12 hours).

2.4 Fish sampling

For each sampling period (To, T30, Teo, Too and T120) and treatment, 9 randomly selected fish (3 from each
tank) were sampled after a period of 24 h of feed deprivation from each of three treatments. Individuals
from each treatment were randomly caught using a hand net, placed into a smaller tank and anesthetized
with tricaine methanesulfonate/MS-222 (1g in 10 L of water) to minimize stress. Individuals were sacrificed
by decapitation and immediately dissected. From each fish, the liver was placed into a microtube and stored
individually at —80 °C until further processing. One liver slice of each fish was stored at room temperature
in 10% phosphate-buffered formalin until histological analysis. The total weight (g) and the total length
(cm) of each individual were recorded at 0, 30, 60 90 and 120 days of the beginning of the experiment. To
investigate the possible effect of MPs ingestion on fish's fitness or physical condition, Fulton's condition
factor (CF) was calculated (Nash et al., 2006). CF was subsequently calculated individually (total weight

in g/ (total length in cm)®) x 100.

2.5 Histological analysis

Portions of liver which had been fixed in 10%(w/v) phosphate-buffered formalin, were dehydrated using a
graded series of ethanol solutions and cleared with X-Free® (Bio-Optica), embedded in paraffin wax at
60°C and sectioned at 3-4 um thickness, using a rotation microtome (MICROM HM330). One section of

each sample was taken and stained with Mayer's Hematoxylin and Eosin (H&E). All sections were then
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mounted using Eukitt ® (Sigma-Aldrich), and observed under a light microscope (Olympus BX51) with an

attached photographic camera (Olympus DP20).

2.6 Gastrointestinal tract analysis for microplastic ingestion

Gastrointestinal tract samples were used to determine MPs ingestion. All instruments were cleaned with
acetone previously before the start of each analysis. To isolated MPs in fish's gastrointestinal tract, tissues
were dissolved in 10% of potassium hydroxide(KOH) (20 mL of KOH / g tissue) as described by Dehaut
and collaborators (Dehaut et al., 2016). The chemical digestion took place during 48-96 h at room
temperature inside a fume hood. The digested solution was filtered through polycarbonate membrane filters
(20.0 um, diameter 47 mm) and left to dry at room temperature for 24 h. Filters were observed under the
stereomicroscope for microplastic identification. Given the high number of plastic pellets observed in the
filters, the ingestion of MPs by S. aurata was assessed by applying a Covering Index following the Braun-
Blanquet system (Boudouresque, 1971). For this, the filter was divided into quadrants and the percentage

coverage of the quadrants by MPs was estimated (microplastic ingestion index).

2.7 Sample preparation for biochemical determinations

Around 0.15 g of liver sample was homogenized in ten volumes (w/v) of 100 mM Tris-HCI buffer pH 7.5
using a small sample dispersing system (ULTRA-TURRAX® Disperser,IKA). Each homogenate was
briefly sonicated (2—3 s) using an ultrasonic processor. Homogenates were centrifuged at 9000 xg, 10 min,
4 °C and supernatants were recovered and used for biochemical assays. All biochemical analyses were
normalised per mg of total protein, measured with a commercial kit (Biorad®), using bovine serum albumin

as a standard.

2.8 Enzymatic activities

Antioxidant (CAT, SOD, GRd and GPx), inflammatory (Myeloperoxidase (MPQO)) and detoxification
(GST) enzymatic activities were measured with a Shimadzu UV-2401 PC spectrophotometer at 25°C. CAT
activity was measured following the method described by Aebi (Aebi, 1984). GRd activity was measured
by a modification of the Goldberg and Spooner's spectrophotometric method (Goldberg DM Spooner R. ,

1984). GPx activity was determined using the method described by Flohe (Flohe and Gunzler, 1984).
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Measurements were recorded at a wavelength of 550 nm. SOD activity was determined by the degree of
inhibition of the reduction of cytochrome C through the superoxide anion generated by the xanthine
oxidase/hypoxanthine system (Flohe and Otting, 1984). MPO activity was measured by guaiacol oxidation,
following the method described by Capeillere (Capeillére-Blandin, 1998). GST activity was determined at
314 nm, using reduced glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB) as substrates (Habig

etal., 1974).

2.9 Malondialdehyde determination

MDA levels, a marker of lipid peroxidation, were analysed using a colorimetric assay based on the reaction
of MDA with a chromogenic reagent to yield a stable chromophore with maximal absorbance at 586 nm.
Briefly, samples or standards were placed in polypropylene tubes containing n-methyl-2-phenylindole (10.3
mM) in acetonitrile:methanol (3:1). Then, HCI (12 N) was added, and the samples were incubated for 1 h
at 45°C. The absorbance was measured at 586 nm. MDA concentration was calculated using a standard

curve of known concentration.

2.10 Protein carbonyls derivates

Protein carbonyl derivatives were measured in homogenate supernatants by an adaptation of the method
Levine et al. (1994) (Levine et al., 1994). Samples were deproteinised with metaphosphoric acid.
Precipitates were resuspended with 2,4-dinitrophenylhydrazine (DNPH) 10 mM, and incubated for 60 min
at 37°C. Then, samples were precipitated with 20% trichloroacetic acid, and centrifuged for 10 min at 1000
g and 4°C. The precipitate was washed twice with ethanol:ethyl acetate (1:1). Precipitated were resuspended
with Guanidine 6 M in phosphate buffer 2 mM, pH 2.3. The concentration of carbonyl groups was
calculated from the absorbance at 340 nm using the value of 22000 M~* cm™ for the molar absorption of

aliphatic DNPH derivatives. Samples were analysed against a blank of guanidine solution.

2.11 Statistical analysis

In order to study differences in the physiological response of S. aurata to a MPs enriched diet, a two-way
analysis of variance (ANOVA) was performed for each biomarker. The two analysed factors were the diet

treatment (control diet, virgin MPs diet and seawater exposed MPs diet) and the time of MPs exposure (To,
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T30, Teo, Too and T120). Normality of distribution and equality of variance were evaluated by Shapiro-Wilk
test and Levene's test, respectively. Least significant difference t-test (LSD) post hoc tests were conducted
to determine the statistical differences of biological parameters between control and treatment (Solomando
et al., 2020). Differences between treatments and times were considered significant at P value < 0.05. The
results were presented as mean + standard error of the mean (S.E.M.). Statistical analyses were carried out

using the SPSS statistical analysis package (version 25.0).

2.12 Ethics statement

Care, maintenance, handling and sampling of fish was carried out following the protocols previously
established by LIMIA, according to legal qualifications, in strict accordance with the recommendations
from the Directive 2010/63/UE, and in compliance with the Spanish law (RD53/2013, BOE n. 34 February
8t 2013). All experimental procedures were approved by the Animal Experimentation Ethics Committee

of the University of the Balearic Islands (Reference CEEA 96/05/18).
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3. Results

3.1 Biometric parameters

All fish maintained an adequate state of health with no signs of any specific disease, and no mortality was
observed at any time during the experimental period. No significant differences (»>0.05) were observed
between total fish length (11.94£0.23 cm at Ty, 13.2+0.25 cm at Tao, 14.1+0.18 cm at Tgo, 15.3+0.15 cm at
Tgo and 16.9£0.23 cm at T120) and total weight (44.9+2.6 g at To, 64.8+3.11 g at T3, 81.94£3.5 g at Teo, 102
+18.1g at Tg and 128+4.9 g at T120) among the three treatment diets and throughout the experiment. No
differences (Freedom degrees (3, 46) F=1.21 p=0.315) in Fulton's Condition factors (CFs) were observed
between To and T1z0 (2.59£0.03 at Ty, 2.68+0.05 in the control group at Ti2, 2.63+0.05 g at T1z in virgin

MPs group and 2.58+0.05 at T120 in MPs seawater exposed group.

3.2 Pollutants analysis

The presence of compounds adhered in seawater exposed MPs is presented in table 1. A total of 31
compounds were detected in MPs after 2 months of seawater exposure in an area characterized by high
anthropic impact. Of these compounds, only 13 of these compounds were identified in the original virgin
MPs. There was a wide variety of compounds, including phthalates, chemical antioxidants, fatty acids,

personal care products, benzenes, surfactants, and phenols.

3.3 Microplastic ingestion

Table 2 shows the gastrointestinal MPs contents. No plastic ingestion was observed in the control group
throughout the study. However, a progressive and significant increase (Freedom degrees (12, 224)
F=19.454 p=0.00) was observed in MPs treatments, virgin and seawater exposed MPs, at times T3, Teoand
Toeo. Both MPs treatments showed a higher plastic ingestion after 90 days of MPs exposure (42.6+6.8% in
the virgin MPs group and 44.9+6.8% in the seawater exposed MPs group). After the 30-day depuration
period, at which MPs were eliminated from the diet of both MPs treatments, plastic ingestion was not

observed in the gastrointestinal tract content analysis.

3.4 Histological analysis
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No liver lesions were observed in any of the fish exposed to MPs enriched diets, nor in the control fish (Fig.
1 A, B, C) nor in those subjected to treatments (Fig. 1C, D, F, G). Figure 1 shows liver histological samples
at To, Tgo and T1zo in the three different treatments. At Tgo, control samples (Fig. 1B) did not show significant
damage compared to Ty samples (Fig. 1A), but both MPs treatment caused an increase in the number of
lymphocytes and eosinophils. These were located around pancreatic islets (Fig.1H), although lymphocytes
were mainly observed around bile ducts in the epithelium of which rodlet cells were also detected (Fig. 11).
Likewise, no structural damage was seen in any of the treatments at T (Fig. 1 E, F, G), observing the

same histological findings as in the Ty exposure.

3.5 Biochemical determinations

Biomarkers of oxidative stress and detoxification mechanism after MPs exposure measured in the liver of
S. aurata are presented in Figure 2. In general, a progressive increase was observed in antioxidant enzyme
activities due to MPs treatment (both virgin and seawater exposed MPs) throughout the study, reaching a
maximum value at Tgo. However, this increase was slightly higher in seawater exposed MPs. CAT activity
remained stable throughout the study in the control group. However, a progressive increase in CAT activity
was observed in the MPs-treated groups. In T3, both virgin and seawater exposed MPs significantly
increase CAT activity in fish liver compared to T, and control Tso. However, this increase was significantly
higher in seawater exposed MPs both in Teo and Tgo. It is interesting to highlight a decrease in CAT activity
in the seawater exposed MPs group in Tixwith respect to Teo and Teo (Fig. 2A). SOD activity (represented
in Figure 2B) followed a similar pattern as the response of CAT activity throughout the study. In this case,
no differences in SOD activity throughout the study were observed within the control group. MPs treatment,
both virgin and seawater exposed, caused an increase in SOD activity throughout the study after T¢o. GRd
enzyme activity was modulated by MPs, and GRd activity in the control group remained stable throughout
the study. Seawater exposed MPs caused a significant increase in GRd activity at Tso, Teo, Too and Tizo, in
comparison to the control group. Fish from the virgin MPs treatment only showed a significant increase of
GRd activity in Tgo (Fig. 2C). MPs treatment causes an increase in GPx activity both in virgin and seawater

exposed groups. This increase was significant from Tep to T12o in both treatments (Fig.2D).

GST activity as a marker of detoxification is presented in Figure 3. No variations in GST activity in the
control group were detected throughout the study. However, MPs supplementation significantly increased

GST activity in fish liver. In this sense, both virgin and seawater exposed MPs caused an increase in GST
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activity with respect to the control in Tso, Teo, Too and T1iz. In addition, GST activity in Teo and Tgo Was
significantly higher than GST activity in Ty, in both treatments. GST activity in virgin MPs at T12 decrease

in comparison to Teo and Tgo. However, this decrease was not observed in the seawater exposed MPs group.

MPO activity in liver homogenate supernatants, a marker of inflammation, is represented in Figure 3. MPO
activity did not change throughout the study in the control group. However, exposure of fish to virgin and
seawater exposed MPs caused an increase in MPO activity. Different responses between the two treatments
were observed. While, virgin MPs treatment causes a significant increase in MPO activity at Tzo; MPO
activity decreased at Teo, Too and Tizo With respect to Tso. On the other hand, MPO in seawater exposed

MPs reached its highest value at Teo, remained stable at Tgo and decreased at T1zo.

The effects of MPs in liver oxidative damage markers (MDA and Carbonyl protein derivates) are indicated
in Figure 4. MDA levels remained stable throughout the study in the control group. MPs ingestion increased
MDA levels in both virgin and seawater exposed treatments. Specifically, MP intake induced an increase
in MDA at T3 with respect to To; this increase was also significant in Teo With respect to To and the control
group at Teo. However, no differences between virgin MPs and the control group were detected between
Toao and T120. Both MPs treatment causes an increase in carbonyls protein derivates. An increase in carbonyl
protein derivates was also observed in the control group at Tgo, although its values remained consistently
lower than for both MPs treatments. Virgin and seawater exposed MPs caused an increase in carbonyl

protein derivates at Teo and Tgo, and these values significantly decreased at Tzo.
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4. Discussion

The amount of plastics released to the seas and oceans is a growing problem and with a complex solution
in the short term due to society's significant dependence on these materials. It was estimated that in 2017
near 8 million tons of plastics were discarded into the sea, and it is believed that this amount could increase
year by year (UNEP. 2009; Boteler 2017). Risks derived from MPs come from the material itself and their
high persistence in the environment, as well as from the chemicals and pollutants adsorbed to the surface

(Rochman et al., 2013).

The effects of ingestion of MP in marine organisms have been widely studied; however, there is a lack of
knowledge about the effects at the molecular level of long-term MPs intake as well as the effects derived
from a depuration period. A growing number of studies mostly report a food-borne exposure to MPs within
a great diversity of marine organisms from plankton (Cole et al., 2013), to bivalves (Berglund et al., 2019),
crustaceans (Hara et al., 2020), fish (Alomar et al., 2017; Mancia et al., 2020), marine turtles (Duncan et
al., 2019) and cetaceans (Lusher et al., 2015). The present results showed that a 90-day exposure to a diet
enriched with MPs significantly increases the plastic content in the gastrointestinal tract of S. aurata. In

addition, the 30 day of depuration period reduces MPs content in the gastrointestinal tract.

There is growing scientific evidence supporting the presence of pollutants, including MPs, which can cause
ROS overproduction and induce an oxidative stress situation in the exposed organisms (Alomar et al., 2017;
Capo et al., 2015b; Sureda et al., 2018). The present study evaluated the possible toxic effects in the liver
of S. aurata exposed for 90 days to a diet enriched with virgin MPs and MPs which had been exposed for
two months to seawater in a busy and impacted harbour (seawater exposed MPs). Additionally, the effects
of a 30-day depuration period were also evaluated to determine whether the adverse effects of MPs intake
could be reversible. All organisms are provided with antioxidant and detoxifying mechanisms to prevent
deleterious effects associated with pollutants and excessive ROS production (Barboza et al., 2018;
Livingstone, 2001). In this sense, it has been hypothesised that variations in this antioxidant, and
detoxifying mechanism can be used as biomarkers of aquatic and marine pollution (Capo et al., 2015b;
Sureda et al., 2011). The current results evidenced a progressive increase in the activities of CAT, SOD,
GPx and GRd in fish liver as a consequence of the exposure to a diet enriched with MP, both virgin and
seawater exposed. The results are in agreement with biochemical determinations quantified in the liver of

other species as it is the case of red tilapia which was fed with a diet enriched with 1,8 x 108MPs particles
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per mL for 14 days (Ding et al., 2018), zebrafish (Danio renio, Hamilton, 1822) (Lu et al., 2016) and the
sea bass (Dicentrarchus labrax) fed with a diet enriched with between 0,25-0,69 mg of MPs per L for 96
hours (Barboza et al., 2018). An increase in SOD activity was also found in O. niloticus liver samples after
an exposure to 0.1 pm polystyrene MPs for 14 days (Ding et al., 2018). Similarly, an increase in liver CAT
and SOD activities has been reported in D. renio after 7-day exposure to5 um polystyrene-MPs (Lu et al.,
2016). In the same line, a study performed with sea bass observed an increase in muscle and brain oxidative
damage after ingestion of MPs at 0.25-0.69 mg/L, during 96 hours (Barboza et al., 2018). On the other
hand, studies performed with D. labrax after 3 weeks of PVC-MPs supplementation did not show an
increase in antioxidant enzymes (Espinosa et al., 2019). The absence of differences in antioxidant enzymes
was also observed in striped red mullet (Mullus surmuletus; Linnaeus, 1758) when comparing fish with
MPs present in their digestive tract to fish without MPs (Alomar et al., 2017). However, all these studies
were carried out within short periods of exposure to MPs, with a wide range of MPs concentrations, or with
samples collected from the wild, while our study consisted of 90-day MPs exposure. Our results show that
antioxidant (CAT, GRd and GPx) and detoxification (GST) activities are slightly higher in seawater
exposed MPs, treatment in comparison to virgin MPs. In this sense, a previous study has reported an
increase in the toxicity response of fish species as a consequence of chemicals adsorbed on the surface of
plastics (Rochman et al., 2013). In this work, several compounds were found adhered to the MPs after two
months exposed to seawater in an area of high anthropogenic impact, and between these compounds a wide
variety of compounds as plastic, food and paint additives, aromatic hydrocarbons and industrial
antioxidants were detected. The presence of these compounds in seawater exposed MPs is a consequence
and indication of anthropic pressure in marine environments, which is particularly high in port areas
(Buruaem et al., 2012; Solis-Weiss et al., 2004). These results are in accordance with several studies that
have detected several compounds as metals, organic pollutants, or polycyclic aromatic hydrocarbons
sorbing and accumulating on the surface of marine MPs, typically in concentrations higher than those

present in the marine environment (Rios et al., 2007; Rochman et al., 2013; Rochman et al., 2014).

MDA is a biomarker widely used to determine lipid oxidative damage (Capo et al., 2015b; Sureda et al.,
2011). A significant increase in liver MDA levels was found after the MPs exposure, and it is interesting
to highlight that this increase was more evident in the seawater exposed MPs group. Similarly, carbonyl
protein derivates are used to indicate oxidative protein damage (Capo et al., 2020). We have evidenced a

considerable increase in liver protein damage as a consequence of MPs exposure; however, this increase
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was only significant from Tgo, both in virgin and seawater exposed treatments. These results are in
accordance with previous studies (Alomar et al., 2017; Barboza et al., 2018; Ding et al., 2018) suggesting
that the increase in antioxidant defences observed after MPs ingestion was not enough to prevent oxidative

damage in S. aurata liver.

Several studies have demonstrated a direct relationship between pollutants and inflammation (Auffret,
1988; Bayne and Lowe, 1985), and it has also been observed that MPs can induce inflammation and immune
system alterations (Brown et al., 2001). MPO is a pro-inflammatory enzyme located in neutrophils, and its
primary function is to produce hypochlorous acid, with antimicrobial activity, which is released into
extracellular space during degranulation (van der Veen et al., 2009). It is evidenced that an excessive MPO
activity is related to an increase in oxidative damage and inflammation (Capo et al., 2015a; van der Veen
et al., 2009). An increase in MPO activity in tissues is directly related to immune cell infiltration and
inflammation (Solomando et al., 2020). Our results showed an increase in MPO activity as a consequence
of MPs exposure, suggesting that MPs induces an inflammatory response in S. aurata liver. Our results are
in accordance with previous studies evidencing that microplastics exposure induces an inflammatory
response in S. aurata and D. renio gut (Qiao et al., 2019; Solomando et al., 2020), in copepods (Jeong et

al., 2017) and bivalves gills (von Moos et al., 2012).

MPs ingestion not only causes oxidative stress but also can causes toxicity (Barboza et al., 2018; Rochman
et al., 2013; Rochman et al., 2014). Toxic molecules should be rapidly metabolized and/or excreted by
organisms in order to avoid its accumulation in their body (Sureda et al., 2006). The metabolization of toxic
compounds is carried out in two phases. In the first phase, compounds are metabolized by cytochrome P450
system, which catalyses the addition of an oxygen atom to the molecule; in the second phase, the compound
generated by the cytochrome P450 system is conjugated with endogenous substances as glutathione,
glucuronic acid or sulphate, to convert them in more hydrophilic compounds (Falfushynska et al., 2019;
Uno et al., 2012). GST is an enzyme involved in phase II detoxification process that produces a more
hydrophilic glutathione conjugate of the toxic compound, therefore favouring their elimination (Sureda et
al., 2006). An increase in GST activity has been reported as a consequence of MPs ingestion in wild M.
surmuletus showing MPs in their gastrointestinal tract (Alomar et al., 2017) and in D. labrax juveniles,
exposed during 96 h to MPs (Barboza et al., 2018). Our results showed an increase in GST activity as a

consequence of MPs diet supplementation. In this sense, the higher GST activity was observed after 90
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days of MPs exposure. However, no significant differences were found between virgin or seawater exposed

MPs, even though GST activity was slightly higher in the seawater exposed treatment in all sampling times.

In addition, the effects of 30-day depuration period on oxidative stress and detoxification markers were also
investigated. A decrease in oxidative stress and detoxification markers was identified in the liver of S.
aurata after the depuration period. CAT activity also decreased after the depuration period, but this decrease
was only significant in the seawater exposed MPs treatment. In the same way, GRd activity also decreased
after the 30-day depuration period. However, this decrease was only significant in virgin MPs treatment,
whereas SOD, GPx and MPO activities did not decrease as a consequence of the depuration period.
Carbonyl protein derivates also decreased after a 30 days depuration period, reaching levels like those
detected on the 30" day of the study. On the other hand, no effects of the depuration period were found in

MDA levels.

Our results did not show evident histological damage due to the MPs exposure and intake at Tgo. However,
the increase in the infiltration of immune cells observed in Tgo could explain the increase in MPO activity
observed in Tgo. In this sense, histological analysis in samples from T120 shows a reduction in the infiltration
of immune cells in the liver that would be related to the decrease in enzymatic activities observed at the

same time.

Moreover, a significant decrease in GST activity was also found after the depuration period, although this
decrease was only significant in the virgin MPs treatment. The GST activity in the virgin MPs treatment
after 30 days of depuration period is similar to the GST activity measured at day 30 of the study. The results
suggest that 30-days of depuration can slightly reduce the oxidative stress and hepatotoxicity status in S.
aurata, but it is not enough to observe a complete recovery from MPs exposure in the liver. In this sense,
there is a lack of literature considering the effects of depuration periods in the antioxidant and detoxification
mechanism in fish. A study performed in liver from juveniles of catfish (Clarias gariepinus,Burchell, 1822)
did not find any differences in the antioxidant defences after a depuration period (lheanacho and Odo,
2020). Other studies performed on bivalves exposed to MPs for 14 days, followed by 7 days period
depuration, did not find effects in SOD and CAT activities, while a decrease in GPx and GST activities

after the depuration period was reported (Ribeiro et al., 2017).
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In conclusion, long-term MPs exposure induced an increase in the antioxidant defences in the liver of S.
aurata. However, this increase in antioxidant capabilities was not enough to prevent oxidative damage since
there was an increase in MDA levels due to MPs ingestion. MPs exposure also caused an increase in GST
activity; these results suggest an activation of detoxification systems as a consequence of MPs ingestion.
Seawater exposed MPs cause a higher antioxidant response (CAT, GRd and GST). A depuration period of
30 days induces a tendency to recover initial values of biomarkers determinations in fish liver, although it

does not seem to be enough for its complete normalization.
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Figure 1

Histopathology analysis of the effects of MPs ingestion in the liver at different sampling
times.H&E staining. A) Histological section of the liver at To. Bar 500um. B-D) Micrographs of
the liver at Too, corresponding to B) Control, C) Virgin and D) Sea water exposed MPs treatments.
Bar 500um. E-G) Micrographs of the liver at Tiz, corresponding toE) Control, F) Virgin and G)
sea water exposed MPs. Bar 500um. H) Presence of eosinophils (white star) surrounding a
pancreatic islet. Bar 50um. I) Detail of a rodlet cell (arrowhead) in the epithelium of a bile duct.
Bar 20um.Pancreatic islet (black arrow), blood vessel (white arrow), bile ducts (black star) are

indicated.

Figure 2

Effects of MPs treatment on Antioxidant enzymes activities

Statistical analysis: two-way ANOVA. MPs mean significant effect of treatment (# means differences
respect control group; % means differences respect Sea water exposed treatment); T, significant effect of
time (* means differences respect TO, $ reveals differences respect T30, @ reveals differences respect T60,
° means differences respect T90) MPsxT significant interaction between both factors. When interaction

exists, different letters reveals significant differences.

Figure 3

Effects of MPs treatment on GST and MPOactivities

Statistical analysis: two-way ANOVA. MPs mean significant effect of treatment (# means differences
respect control group; % means differences respect Sea water exposed treatment); T, significant effect of
time (* means differences respect T0, $ reveals differences respect T30, @ reveals differences respect T60,
% means differences respect T90) MPsxT significant interaction between both factors. When interaction

exists, different letters reveals significant differences.

Figure 4

Effects of MPs treatment on oxidative damage markers

Statistical analysis: two-way ANOVA. MPs mean significant effect of treatment (# means differences
respect control group; % means differences respect Sea water exposed treatment); T, significant effect of
time (* means differences respect TO, $ reveals differences respect T30, @ reveals differences respect T60,
° means differences respect T90) MPsxT significant interaction between both factors. When interaction

exists, different letters reveals significant differences.
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Table 1 Click here to access/download;Table;Table 1.docx %

Table 1. Compounds isolated from MPs after 2 months exposed to sea water

Virgin Seawater

Compound Mlgs exposed MPS Use
oo | X | X |
Butylated Hydroxytoluene (BHT) X Antioxidant additive
1-Hexadecanol X X Emulsifier
Isopropyl palmitate X Personal care product
Triacetin X X Plasticizer
Di-n-butyl phthalate (DnBP) X X Plasticizer
Bis(2-ethylhexyl) phthalate (DEHP) X X Plasticizer
Diethyl phthalate (DEP) X X Plasticizer
Dimethyl phthalate (DMP) X X Plasticizer
Galaxolide X Personal care product
Benzophenone X X Photostabilizer (UV filter)
Triisobutyl phosphate (TiBP) X X Flame retardant
X | e ot e
Phenanthrene X Polycyclic aromatic hydrocarbon (PAH)
Benzothiazole X X Multiples uses (dye, pesticide and drug)
Diethyl succinate X Personal care product
1,2,4-Trichlorobenzene X :\:grlltlcglrfs uses (dye, pesticide and
9,12 (Z,2)-Octadecadienoic acid X Lubricant
2-Ethylhexyl salicylate X X Photostabilizer (UV filter)
Bisphenol A X Plasticizer
Lactic acid X I;I]Lélip;(lgfet;ses (personal care products
(2)-Oleic acid X X Surfactant
Palmitic acid X Surfactant
Hexanoic acid X Lubricant
Myristic acid X X Surfactant
Stearic acid X Lubricant
Phenol X Precursor plastic synthesis
2-Dodecanol X Lubricant
2-Decanol X Lubricant
1-Monopalmitin X Emulsifier
1-Octadecanol X X Emulsifier
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Table 2

Click here to access/download;Table;Table 2.docx %

Table 2. MPs index ingestion during the experimental procedure

TO T30 T60 T90 T120 ANOVA
MPs | Time | MPs X T
Control 0.034+0.003a| 0.05+0.002a | 0.02+0.0002a | 0.05+0.02a
MPs Virgin 0.05+0.002a | 9.94+3.54b 18.2+7.6b 42.6+6.8c | 0.05+0.02a| X X X
Index Marinated 11.1+3.80b 12.5+5.7b 44.9+6.8c | 0.160.02a

Statistical analysis: two-way ANOVA. MPs mean significant effect of treatment (# means differences respect control

group; % means differences respect Marinated treatment); T, significant effect of time (* means difernces respect T0, $
reveals differences respect T30, @ reveals differences respect T60, © means differences respect T90) MPsxT significant
interaction between both factors. When interaction exists, diferent letters reveals significant differences.
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