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Abstract

Microscopic plastic particles, microplastics (MPs), have been found in all the world’s oceans,
and is ingested by marine organisms. Even though microplastic pollution is of increasing sci-
entific interest, little is known about the effects of ingested MPs. In this thesis, the aim was to
analyze the sub-lethal effects of ingested MPs in the Atlantic cod (Gadus morhua). The fish was
exposed to five different plastic treatments, each with different sizes: low density polyethylene
(LDPE) of 125-500 ptm, 20-25 um, and 4-6um, polystyrene (PS) of 0.2uum, and polyvinyl chlo-
ride (PVC). The fish went through a 21 days exposure where they were fed fish skretting pellets
coated in coconut oil containing MPs. Following the plastic feed treatment, several assays were
performed to examine effects in enzyme activity of glutathione reductase (GR), glutathione s-
transferase (GST), and glutathione peroxidase (GPx), as well as concentration of total cellular
glutathione (GSH). The analyses showed that there were no effect from any of the microplastic
treatments on any of the biomarkers. These results may indicate that MPs have no effect on the
examined biomarkers. However, more research is needed to get a better understanding of the

risks related to microplastic pollution.
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Introduction

1.1 Plastics

In the modern world, there is plastic everywhere. Due to their many beneficial properties e.g.
long durability, low cost and easy to produce, plastics are used in a wide variation: packaging,
construction, automotive, and electronics are the most plastic demanding sectors (Plastics Eu-
rope, 2018). With increasing population and an economic system which benefits consumption,
there will also be an increasing production of plastics. Plastics Europe (2018) has presented
figures that are showing an increase in the world’s plastic production from 335 million tonnes
in 2016 to 348 million tonnes in 2017, and the numbers are expected to grow (Jambeck et al.,
2015).

With the high consumption of plastic products, some of the plastics find their way into nature.
It is estimated that 4.8-12.7 metric tonnes of plastic annually find its way to the marine envi-
ronment from land-based sources (Haward, 2018). In the oceans, macroplastics, plastic items
having sizes >20 mm (Barnes et al., 2009), have the potential to inflict damage to marine organ-
isms after being ingested (GESAMP, 2016; Laist, 1997) or by entanglement (GESAMP, 2016;
Laist, 1987, 1997).

Macroplastic pollution is a visible problem, and there has therefore been a lot of studies regard-
ing this issue. However, in recent years scientists have discovered that smaller plastic fragments,
microplatics (MPs), plastic items <5 (Andrady et al., 1995), are present in the oceans. There
are a handful of sources of MPs, and they are divided into two categories: primary MPs, and
secondary MPs. Primary MPs are designed and produced as MPs such as microbeads used in
facial scrubs, body wash products, and toothpastes (Fendall and Sewell, 2009; Gregory, 1996).
Secondary MPs are MPs that originates from macroplastics which have broken down and un-
dergone fragmentation. This fragmentation process is caused by a variety of factors where the

most important are UV-radiation and physical stress.

Studies have shown that MPs are found in the oceans worldwide, e.g. the Atlantic ocean (Lusher
et al., 2014), and the Mediterranean (Collignon et al., 2012). Some studies even report that MPs
are present in the arctic (Kanhai et al., 2018; Mu et al., 2019), and in Antarctica (Absher et al.,
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2019; Cincinelli et al., 2017; Lusher et al., 2015; Morgana et al., 2018; Munari et al., 2017).
They are also found in several different parts of the ocean such as surface-waters (Lusher et al.,
2015), sub-surface waters (Desforges et al., 2014; Kanhai et al., 2018), deep sea and sediments
(Van Cauwenberghe et al., 2013).

1.2 Ingestion and translocation

With MPs present in all marine ecosystems, contact with marine life cannot be avoided. A wide
range of marine organisms from different phyla, habitats, and trophic levels are shown to ingest
MPs. Among these are plankton, polychaetes, echinoderms, bivalves, and fish (Boerger et al.,
2010; Possatto et al., 2011). MPs also have the ability of translocation (Browne et al., 2008;
Lu et al., 2016). One of the most common ways of uptake of MPs in fish is via oral uptake.
After ingestion the microplastic particles are subsequently transported through the stomach and
released into the intestine. In the intestine there is a potential for uptake of the particles. There
are different uptake routes and mechanics depending on the particle size, and there are three
general routes of uptake. These are through microfold cells (m-cells) in the Peyer’s patches,
through normal epithelial cells (enterocytes), and lastly paracellular transport past gap junctions
(Florence, 1997). The smallest particles (diameter <220 nm) are able to be taken up through
paracellular transport (Aprahamian et al., 1987) or via endocytosis, both pinocytosis and phago-
cytosis (Pratten and Lloyd, 1986), in the enterocytes. The intermediate microparticles (<10um)
can be taken up via phagocytosis in the m-cells in the Peyer’s patches (Eldridge et al., 1990;
Jani et al., 1990; LeFevre et al., 1978). The rates of uptake in the Peyer’s patches are dependent
on particle size. Jani et al. (1990) found that smaller particles (diameter 50 nm) had a higher
rate of uptake than larger particles (diameter 1100 nm). In addition to in vivo studies mainly
on mice, there has also been done in vitro studies on cell cultures on cellular uptake of mi-
croparticles. Desai et al. (1997) studied a culture of the cell line Caco-2 and found that particle
size, time, particle concentration, and temperature were factors affecting the uptake rates of
particles: larger particles have lower uptake rate than smaller particles, and the uptake increases

with increased incubation time, increased particle concentration, and increased temperature.

There is a smaller number of studies on uptake rates and mechanics of larger particles (>20um).
However, a European Food Safety Authority (EFSA) report concludes that the upper size limit
for absorption of microparticles is 150um (Alexander et al., 2016). On the other hand, more

recent studies show that MPs with size up to 0.6 mm are taken up which implies that the size
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limit for particulate uptake is much larger than first assumed.

Following microparticle uptake, the particles have the ability to remain in the cells responsible
for uptake for several weeks (LeFevre et al., 1978). They may however, be translocated via
blood or lymph to other tissue or organs. Reineke et al. (2013) have shown that polystyrene
MPs with sizes between 500 nm and 5 um were absorbed in the intestine and translocated to
organs such as heart, kidney and liver. Studies using larger polystyrene particles (5 um and 20
um) show that they accumulate in liver, kidney and gut in mice (Deng et al., 2017) and zebrafish
(Lu et al., 2016).

It is not only the microplastic particles that may impose a hazard to marine organisms. When
ingested, MPs may serve as vectors for chemical pollutants (Engler, 2012). Chemicals may
be added to the plastic to alter its properties, and they can also sorb to the plastic particles
from seawater. Some chemical pollutants include different persistent organic pollutants (POPs),
polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) (Hirai et al.,
2011).

Even though there is limited research on the field, it has been shown that trophic transfer of
MPs from one trophic level to the next is possible (Farrell and Nelson, 2013; Nelms et al.,

2018; Setdld et al., 2014). It is therefore reasonable to believe that bioaccumulation is possible.

1.3 Oxidative stress induced by microparticles

Oxidative stress happens when the production of reactive oxygen species (ROS) in the cell
is higher than the elimination, thus damaging the cell (Sies and Cadenas, 1985). Oxidative
stress can occur when excessive ROS are produced and react with biological structures such as
membranes, DNA or proteins (Valko et al., 2006). Effects of oxidative stress are numerous e.g.
apoptosis, inflammation and formation of cancer (Manke et al., 2013). ROS are shown to be
produced by metal ions (Stohs and Bagchi, 1995) and metal nanoparticles (NP) e.g. silver, ZnO
and TiO, NPs (AshaRani et al., 2009; Park et al., 2008; Sharma et al., 2012). The metal ions
and NPs react with molecular oxygen (O,) and produces peroxides. Wether MPs behave in the

same way is, however, less understood.

MPs are shown to induce oxidative stress in a variety of organisms such as lugworms (Arenicola

marina) and the nematode Caenorhabditis elegans (Lei et al., 2018). Lu et al. (2016) Found
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oxidative stress in zebrafish (Danio rerio) induced by 5 um MPs analyzing superoxide dismu-
tase (SOD) and catalase (CAT). Another study on Mullus surmuletur showed that MPs have no
effect on SOD or CAT, but show elevated levels of GST (Alomar et al., 2017).

In addition to oxidative stress in liver, MPs are shown to induce damage in several other tissue.
Examples of damages caused by MPsnare damaging on the villi and enterocytes in D. rerio
leading to mortality (Lei et al., 2018), behavioural disorder in Crucian carp (Carassius caras-
sius) caused by nanoplastics in brain tissue (Mattsson et al., 2017), and neurotoxic responses
(Deng et al., 2017).

1.4 Biomarkers

In this study, the focus is to look for effects on antioxidant concentrations and activity in Atlantic
cod (Gadus morhua) caused by exposure to MPs. The biomarkers chosen were total cellular
glutathione (GSH) concentration, glutathione reductase (GR) activity, glutathione s-transferase

(GST) activity, and glutathione peroxidase (GPx) activity.

ROS are constantly produced in the cells due to electron transfer processes in the mitochondria
(Halliwell, 1998). However, ROS levels can increase when exposed to toxicants. When there is
an imbalance between antioxidants and ROS , which may potentially cause cellular damage, it

is referred to as oxidative stress (Sies and Cadenas, 1985).

In fish liver, there is a large number of antioxidants to prevent damage from oxidative stress
(Tkachenko et al., 2014). Among the many antioxidants, we find GSH, GR, GST, and GPx
(Storey, 1996). The concentrations of GSH, and activity of GSH-linked enzymes are suggested
biomarker for oxidative stress (Almar et al., 1998; Storey, 1996).

GSH is a tripeptide that plays a major role in detoxification of xenobiotics and elimination
of hydroperoxides (Akerboom and Sies, 1981). To keep ROS levels low, GSH is used as a
cofactor in a reaction where H,O» is reduced to H,O. This process is catalyzed by the enzyme
GPx. When GSH is used in this reaction, it is converted to GSSG. This is the oxidized form of
GSH. In a healthy cell, it is assumed that the ratio of GSH/GSSG is 100:1 (Zitka et al., 2012).
In a cell exposed to toxicants however, GSSG levels may rise, and the ratio may be shifted. This

makes GSH/GSSG ratio suitable as a biomarker for toxic exposure to cells.
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Figure 1.1. GSH-GSSG cycle. GSH is converted to GSSG in the reduction of H,O, catalyzed
by glutathione peroxidase (GPx). GSSG is reduced to GSH catalyzed by the enzyme glutathione
reductase (GR). This reaction uses NADPH. Figure adapted from fig 1 in "Glutathione" by
Meister and Anderson (1983), Annual Review of Biochemistry, 52, p. 714. Copyright 1983 by

Annual Reviews Inc.

To prevent accumulation of GSSG in the cell, NADPH + H* is used in a reaction where GSSG
is reduced to GSH. This reaction is catalyzed by GR. Together, these components (figure 1.1),
GSH, GSSG, GPx and GR, make good biomarkers for the health status of the cell.

GST is another enzyme which is important for detoxification. It is a group of phase II enzymes
which catalyzes the conjugation of GSH and reactive electrophiles to prevent high levels of
ROS (Sies, 1997).

1.5 Model organism

In Norway, the Atlantic cod is an important economic and commercial species (Ageeva et al.,
2017). At the same time, it is reported that the populations have decreased both along the
Norwegian coast and in other regions (Myers et al., 1996). This has resulted in Atlantic cod
is included in the OSPAR list of threatened and/or declining species (OSPAR, 2008). Myers
et al. (1996) is reporting that the biggest treat against Atlantic cod populations is overfishing.
Atlantic cod is susceptible to environmental contaminants, which makes it a species well suited

for toxicological studies (Berg et al., 2010).



1.6 Aim

The main aim of this thesis was originally to examine GI uptake and translocation of MPs
of different sizes to other tissue in fish. However, problems arose which made analyses for
uptake impossible. Additionally, the fish were supposed to be examined for DNA-damage.
Unfortunately, there was a problem with the procedures, which lead to the exclusion of DNA-
damage assay in this thesis. Therefore, another aim was presented. The new aim was to examine
if there are sub-lethal effects caused by acute exposure to MPs of different sizes. To address this
question, an exposure study was set up using Atlantic cod and six different treatments: Control,
125-500 pum LDPE, 20-25 um LDPE, 4-6 um LDPE, 0.2 um PS, and PVC. A hypothesis along

with an alternative hypothesis were proposed:

e Hy: There is no difference in GSH concentration and/or GR, GST and/or GPx activity

between control group and plastic feed groups

e Hj:There is a difference in GSH concentration and/or GR, GST and/or GPx activity be-

tween control and at least one of the plastic feed groups.



Methods

2.1 Set-up and exposure

2.1.1 Set-up

The experiment was done at Norsk institutt for vannforskning (NIVA)’s experimental facility at
Solbergstrand in the outer Oslofjord, Norway. 90 Atlantic cod were kept in 30 separate glass
aquaria. Prior to the experiments, the fish were not fed for seven days.The aquaria were supplied

with sea water from 60 m depth with temperature and salinity reported in table 2.1.

Treatment

The aquaria were randomly assigned one of six treatments (n=5 per treatment):

e Control (C): Skretting pellet covered in coconut oil only

e 125-500 LDPE: Skretting pellet covered in coconut oil containing 125-500um LDPE

particles
e 20-25 LDPE: Skretting pellet covered in coconut oil containing 20-25um LDPE particles
e 4-6 LDPE: Skretting pellet covered in coconut oil containing 4-6um LDPE particles
e 0.2 PS: Skretting pellet covered in coconut oil containing 0.2um PS particles

e PVC: Skretting pellet covered in coconut oil containing PVC particles (unknown sizes).

The experiment lasted three weeks: The fish were transferred to their aquaria June 1st. The
feeding began seven days later, on the 8th of June. 14 days later, on the 22nd of June the

experiment ended.

Table 2.1

Temperature and salinity in aquaria.

Factor Min Max Mean
Temperature 7.2°C 7.6°C 7.4°C
Salinity 333ppm 34.7ppm 34.3ppm




2.1.2 Treatment preparation: Skretting pellets with plastic particles

Control feed

10 mL of coconut oil was poured into a beaker containing 60 skretting pellets. The content was
mixed well so that every skretting pellet was covered in coconut oil. One at a time the skretting

pellets were transferred to a weighing dish placed on ice for the coconut oil to thicken.

Plastic feed

200 mg (50 droplets in the case of the 0.2um PS particle treatment) plastic particles were
dissolved into 10 mL of coconut oil in a beaker containing 60 skretting pellets. The content was
mixed well so that every skretting pellet was covered in coconut oil. One at a time the skretting
pellets were transferred to a weighing dish placed on ice for the coconut oil to thicken. This
procedure was repeated for every plastic treatment one day before every feeding. The prepared

pellets were kept in one falcon tube for every treatment, which were stored at 4°C.

2.1.3 Exposure

Each aquarium received 12 pellets per feeding. The fish were fed three times: seven days after
they were transferred to the aquaria, 8th of June, four days later, 12th of June, and three days

later, 15th of June. The experiment ended seven days after the last feeding.

2.2 Sampling

At the end of the experiment, all the fish from one aquarium at a time, chosen randomly, were
euthanized by a blow to the head with a wooden stick and subsequently weighed. Because all
three fish from the same aquarium were pseudo-replicates only one fish from each aquarium
was sampled. The intestines from all three fish from the same aquarium were evaluated, and the

fish with highest content of skretting pellets were chosen for biological samples.
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Table 2.2

Weight (g) before and after exposure, and length (cm) of fish

Fishno Treatment WBE WAE Difference Length
1 PVC 203 184 -19 29
2 0,2PS 285 256 -29 32
3 0,2PS 273 256 -17 32
4 20-25 LDPE 270 244 -26 31
5 4-6 LDPE 215 190 -25 30
6 PVC 215 208 -7 30
7 20-25 LDPE 251 242 -9 30
8 Control 240 190 -50 29
9 Control 317 286 -31 31

10 4-6 LDPE 292 274 -18 31
11 PVC 197 172 -25 29
12 0,2PS 273 240 -33 31
13 0,2PS 224 192 -32 29
14 125-500 LDPE 265 238 -27 32
15 Control 222 214 -8 31
16 4-6 LDPE 280 238 -42 32
17 0,2PS 236 208 -28 28
18 20-25 LDPE 206 190 -16 30
19 125-500 LDPE 265 246 -19 31
20 125-500 LDPE 334 308 -26 33
21 PVC 245 212 -33 30
22 20-25 LDPE 291 266 -25 31
23 20-25 LDPE 263 236 -27 31
24 4-6 LDPE 398 306 -92 34
25 PVC 252 228 -24 31
26 125-500 LDPE 266 248 -18 29
27 4-6 LDPE 251 234 -17 32
28 Control 136 126 -10 26
29 Control 200 194 -6 30
30 125-500 LDPE 270 256 -14 33

Note. WBE = weight before exposure, WAE = weight after exposure

Following fish termination, a 1 mL blood sample was taken using a 1 mL syringe. 100 uL
was put into a 1.5 mL eppendorf tube containing 400uL PBS which was kept on ice for comet
assay and handled for assay procedure consecutively (see section 2.3.1). The rest of the blood
was transferred to a 1.5 mL eppendorf tube which was kept on ice. The eppendorf tubes not

intended for comet assay were centrifuged eight at a time using a mini centrifuge resulting in
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the red blood cells separating from the plasma. The plasma was transferred to glass containers

using disposable transfer pipettes. The plasma samples were stored in a freezer at -20°C. The

stomach of the fish was cut open from head to anus with a scalpel. The liver was removed
from the fish using a scalpel. A small piece equivalent to 1-1.5 mL was cut off and put into a
cryotube. The cryotube was put in liquid nitrogen, and later stored at the University of Oslo in
a freezer at -80°C for protein analyses.

The rest of the liver was put into a pre-labelled glass container which was kept on ice, and

later stored in a freezer at -20°C.

Using a knife, the head of the fish was cut horizontally in the frontal bone so that the brain
was exposed. The spinal cord and the olfactory bulb were cut close to the brain with a pair of
scissors so that the brain was loose. The brain was removed and put into a glass container. The

brain samples were stored in a freezer at -20°C.

A 1 cmx1 cm piece of muscle tissue was cut out from above the pectoral fin using a scalpel.

The sample was put in a glass container which was stored in a freezer at -20 °C.

The scalpel was cleaned in methanol after every tissue extraction and before a new fish was

processed.

Due to unexpected problems, the samples could not be analyzed for MPs content. Therefore
only the liver was used in analyses for biomarkers of oxidative stress, and blood was used for

DNA-damage analyzes.

2.3 Laboratory

The first step of comet assay laboratory work was done at Solbergstrand. The rest of the labo-
ratory work was performed at the University of Oslo
2.3.1 Comet assay

Solutions

e Phosphate buffered saline (PBS)
— Stock solution: dH,O, NaCl, Na,HPO4, KH,POy4

10



— Working solution: PBS stock solution, dH,O, NA,EDTA-2H,0, NaOH

Lysis buffer

— Stock solution: dH20, NaCl (58.44 g/mol), NaOH (40.0 g/mol), NA,EDTA-2H,0
(372.2 g/mol), Trizma-base (121.2 g/mol)

— Working solution: Lysis stock solution, DMSO, Triton X-100

Electrophoresis buffer

— Stock solution: dH,0O, NaOH (40.0 g/mol), NA,EDTA (372.24 g/mol)
— Working solution: Stock solution, dH,0O, 37% HCI

Neutralization buffer

— dH,O0, Trizma-base (121.14 g/mol), Trizma-HCI (157.56 g/mol)

e Tris-EDTA buffer

— 0.5 M Tris buffer (pH 8), 0.5 M NA,EDTA (pH 8), dH,0

Staining solution

— Trizma EDTA buffer, SYBR gold

96% ethanol

Procedure

The eppendorf tubes containing 100 uL blood and 400 uL. PBS were further diluted 1000 in
PBS. 10 uL was transferred to an eppendorf tube containing 90 uL agarose. 25 uL of sample
mixed with agarose was pipetted onto pre-cooled Gelbond films. When finished, there were two
Gelbond films each containing 15 samples. The Gelbond films were placed in lysis buffer and
stored in the ark at 4°C overnight at the University of Oslo.

The next day the films were rinsed in ice-cold electrophoresis buffer for 5 minutes. The Gel-
bond films were immediately transferred to the electrophoresis chamber containing 1.4 L new
ice-cold electrophoresis buffer. Electrophoresis was then run for 20 minutes. When finished,
the Gelbonds films were rinsed in neutralizing buffer in separate containers for five minutes in
room temperature. After five minutes in neutralizing buffer, the Gelbond films were moved to

new containers with fresh neutralizing buffer and rinsed for another ten minutes. Following
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rinsing in neutralizing buffer, the Gelbond films were transferred to new containers containing
dH,O and rinsed briefly before transferring them to new containers with 96% ethanol. The
Gelbond films were then transferred to another set of containers with fresh 96% ethanol where

they were fixed for 24 hours.

Unfortunately something happened during the procedure which led to the samples vanishing
from the Gelbond films. Therefore it was impossible to score the samples and there is therefore

no results from the comet assay

2.3.2 Tissue preparations for protein, glutathione reductase, glutathione

s-transferase, and glutathione peroxidase assays

Solutions

e Sodium phosphate buffer: 0.1 M phosphate buffer (pH 7.8) containing 0.15 M KCL

e Homogenizing buffer: sodium phosphate buffer with DTT (1 mM) and glycerol (5% v/v)

Procedure

An approximately 0.25 mg piece of liver sample was put into a 1.5 mL precellys tube containing

15 ceramic precellys beads.
Homogenizing buffer was added to a total volume of 1.5 mL.

The sample was homogenized using a Precellys 24 homogenizer programmed to 6000 rpm,

3x10 sec. The samples were kept cool, at 3-4°C using a Cryolys and liquid nitrogen.
The tubes were transferred quickly to centrifugation at 10,000 x g for 30 minutes at 4°C.

Avoiding the pellet at the bottom and the fatty layer at the top of the tube, the supernatant

was transferred to a new eppendorf tube.

The samples were centrifuged at 100,000 x g at 4°C for 60 minutes.

The supernatant was transferred to four different pre-cooled cryotubes: 50 uL. were trans-
ferred to a cryotube for protein assay. The rest of the supernatant was evenly distributed into
three different cryotubes for GR, GST, and GPx assays.

All the cryotubes were put into liquid nitrogen, and later stored in a freezer at -80°C for

further analyses.
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2.3.3 Protein

The procedure is based on a modified Lowry assay (Lowry et al., 1951). Results were used to
standardize the results from GR, GST, and GPx assays.

Solutions

Tris buffer pH 8

Reagent A

— Alkaline copper tartrate solution

Reagent B

— Diluted Folin-Ciocalteu reagent

Bovine y-globulin protein standard

Standard solutions:

— A dilution series was prepared by adding 39.7 uL tris buffer and 0.3uL 200mg/mL
Bovine y-globulin protein standard to an eppendorf tube. The eppendorf tube was

vortexed.
— 20uL tris buffer was added to three other eppendorf tubes

— 20uL tris buffer + Bovine y-globulin protein standard mix was transferred from the

first eppendorf tube to the second eppendorf tube. The eppendorf tube was vortexed.

— 20uL tris buffer + Bovine y-globulin protein standard mix was transferred from
the second eppendorf tube to the third eppendorf tube. The eppendorf tube was

vortexed.

— 20uL tris buffer + Bovine y-globulin protein standard mix was transferred from the

third eppendorf tube to the fourth eppendorf tube. The eppendorf tube was vortexed.

— The concentrations in eppendorf tubes were now 1.5 mg/mL, 0.75 mg/mL, 0.375
mg/mL and 0.1875 mg/mL respectively.
Procedure

The 96-well microplate was loaded follows: 10uL tris-buffer was pipetted into three wells as

blanks, 10uL standards of concentrations 1.5, 0.75, 0.375 and 0.1875. were pipetted into wells
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marked 1.5, 0.75, 0.375 and 0.1875. The samples were added as three replicates into wells.
25uL Reagent A was added to each well using a multichannel pipette. 200 uL. Reagent B was
added to each well using a multichannel pipette. The plate incubated 15 minutes and then the
absorbance was read at 750 nm once every minute for 15 minutes using BioTek’s Synergy Mx

Microplate Reader.

2.3.4 Glutathione

The procedure is based on the technical bulletin of Sigma-Aldrich® glutathione assay kit, cat-
alog number CS0260.

Solutions

e 2vp

— 8.6 uL 2-vinylpyridine in 31.4 uL ethanol

e 5% SSA

— 2.5 g 5-Sulfosalicylic acid in 50 mL dH,0

e Assay buffer

— 100 mM potassium phosphate buffer mixed with 1 mM EDTA

e DTNB stock solution (1.5 mg/mL)

— 8 mg DTNB in 5.33 mL DMSO

e Enzyme solution

— 3.8 uL glutathione reductase in 250 uL assay buffer

e Glutathione standard solution

— Glutathione standard stock solution and SSA, diluted to 50 uM

e Glutathione (GSH) standard stock solution (10 mM)

— Glutathione reduced in 0.1 mL distilled water

e NADPH solution
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— 10 uL NADPH stock solution in 2.5 mL assay buffer

e NADPH stock solution (40 mg/mL)

— 25 mg NADPH in 0.625 mL dH,0O

e Working mixture

— 8 mL assay buffer, 228 uL enzyme solution, and 228 uL. DTNB stock solution

Procedure

A 0.1-0.13 g piece of liver tissue from each sample was cut with a scalpel, and then weighed
precisely using disposable plastic weighing vessels and an analytical balance. The liver was
put into a precellys tube containing 15 ceramic precellys beads. 10 volumes (1-1.3 mL) SSA
was added to the tube. The samples were homogenized using a Precellys 24 homogenizer
programmed to 6000 rpm, 3x10 sec. The samples were kept cool, at 3-4°C using a Cryolys
and liquid nitrogen.

After homogenization, the tubes were transferred quickly to a centrifuge, and ran at 10,000 x g
for 10 minutes at 4°C. The supernatant from each sample, avoiding the pellet at the bottom and
the fatty layer at the top of the tube, was transferred and divided to two new eppendorf tubes.
The weight of the eppendorf tubes were measured using an analytical balance.

solution was added to one eppendorf tube for each sample under a fume hood. This was to
be able to estimate oxidized glutathione, glutathione disulphide (GSSG). All eppendorf tubes

incubated in room temperature for 60 minutes.

After incubation, a 96-well microplate was loaded as follows:

Three replicates of 10 L. SSA was pipetted as blanks.

Two replicates of 10 uL standard 1x was pipetted into wells. Two replicates of 10 uL
standard 0.5x was pipetted into wells. Two replicates of 10 uL standard 0.25x was pipetted
into wells. Two replicates of 10 uL standard 0.125 x was pipetted into wells. Two replicates of
10 puL standard 0.0625x was pipetted into wells.

Three replicates of 10 uL of sample without 2vp was pipetted into wells. Three replicates
of 10 uL of sample 1 containing 2VP was pipetted into wells.

Using a multichannel pipette, 150 uL. working mixture was added to each well. The samples

were mixed well by pipetting up and down. The plate incubated in room temperature for five
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minutes before 50 uL. NADPH solution was added to each well with a multichannel pipette.
The samples were mixed well by pipetting up and down.
The 96-well microplate was read once every minute at 412 nm for five minutes with kinetic

read using a BioTek’s Synergy Mx plate reader.

The glutathione concentrations were calculated using equation 1

AA41/min(sample) x dil
AA41/min(1nmole) x vol

nmoles GSH/mL sample = (D)

where AA412/min(sample) is the slope generated by the sample.
AA412/min(1 nmole) is the slope generated by the standard curve for 1 nmole GSH.
dil is the dilution factor of sample

vol is volume of sample in mL.

2.3.5 Glutathione Reductase

Glutathione reductase activity is quantified using the assay described in Mapson and Goddard
(1951)

Solution preparations

e Phosphate buffer:

— 0.1 M sodium phosphate, pH 7.6

GSSG-solution:

— 310 mg GSSG in 50 mL phosphate buffer.

NAPH-solution:

— 40 mg NADPH in 10 mL phosphate buffer.

EDTA-solution:

— 95 mg EDTA in 100 mL phosphate buffer.

Assay buffer:
— 1 mL EDTA solution in 9 mL phosphate buffer.
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Procedure

The liver samples were prepared for GR assay earlier (see section 2.3.2)
A 96-well microplate was loaded using the following procedure:

160 uL assay buffer was added to all wells.

20 uL phosphate buffer was added to wells 1 A-H as blanks.

20 uL Eight replicates of sample was added to wells.

20 uL NADPH-solution was added to all wells.

25 uL GSSG-solution was added to half of the blank wells and half of wells containing
sample.

25 uL Phosphate buffer was added to wells not containing GSSG.

The plate was read once every 40 seconds for 15 minutes at an absorbance of 340 nm with
kinetic read using a BioTek’s Synergy Mx plate reader.

The GR activity was calculated using equation 2

(Vmax (sample + GSSG) — Vyax (sample) x 60

2
6300 x 0.35 )

GR activity(mmol min~'mg protein—!) =

2.3.6 Glutathione S-Transferase

Glutathione S-Transferase activity was quantified using GST assay (Habig et al., 1974)

Solutions

Assay buffer: 0.1M Na-phosphate, pH 7.5.
Glutathione solution: 1 mM GSH

— 16 mg GSH in 50 mL assay buffer. The Glutathione solution was made the same

day as the assay was executed, and stored on ice.

CDNB-solution: 100 mM CDNB

— 25.4 mg CDNB in 1.25 mL DMSO.

e Reaction mixture

— 400 uL. CDNB solution in 20 mL glutathione solution. The reaction mixture was
made shortly before loading samples to the 96-well microplate, and mixed well

using a magnetic stirrer in room temperature.
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Procedure

The liver samples were prepared for GST assay earlier (see section 2.3.2).

The samples were diluted 50x by mixing 10uL sample with 490 uL. assay buffer. 50 uL
sample was pipetted into wells on a 96-well microplate. Four replicates were done for each
sample. 50 uL assay buffer was pipetted into four wells as blanks. 200uL reaction mixture was
added to all wells using a multipipette. The 96-well microplate was read once every 38 seconds
for 15 minutes at an absorbance of 340 nm with kinetic read using a BioTek’s Synergy Mx plate
reader.

The GST activity was calculated using equation 3

AAzyg (min_]) X Viix (mL) x DF

GST activity(pmol min 'mL™1) = — 3)
£mM(uM lcm_l) X f(CI’Il) X Vsample(mL)
where AA3yg is the change in absorbance per minute
Vmix 1S the volume of mixture in each well in mL
DF is the dilution factor of each sample
e€mM 1s the extinction coefficient for CDNB at 340 nm per ttmol per cm
¢ is the path lenght of 96-well microplate in cm
Vsample 18 the volume of sample in mL /£ is 0.552 cm &, is 0.0096
The results were standardized using the protein concentrations calculated in section 2.3.3
GST activity(nmol min~'mL ") @

protein concentration(mg mL ™)

2.3.7 Glutathione Peroxidase

The Glutathione peroxidase activity was quantified using the GPx assay (Mills, 1959).

Solutions

Assay buffer: 0.1 M K-phosphate, pH 7.0.
GSH solution: 215.1 mg GSH to 10 mL dH;0.
NADPH solution: 16 mg NADPH to 1 ml assay buffer.

NaNj solution: 13 mg NaN3 to 10 mL assay buffer.
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e GR solution76.8 uL. GR to 1 mL assay buffer.
e H,0,: 90.4 uL H,O; to 10 ml dH,0.

Samples and solutions were kept on ice.

Procedure

The liver samples were prepared for GPx assay earlier (see section 2.3.2 on page 12).

50 uL. H,O, + 250 uL assay buffer + 25 uL NaN3 + 25 uL GSH + 25 uL. GR + 90 uL dH,0
+ 10 uL supernatant sample was mixed together in an eppendorf tube. This was repeated for
every sample.

Four replicates were done for every sample. 100uL of mixture was pipetted into each well,
and one blank, where 100 uLL mixture containing assay buffer instead of supernatant sample,
was added for every tenth sample.10 uLL NADPH was added to all wells using a multipipette.
The 96-well microplate was read once every 38 seconds for 15 minutes at an absorbance of 340

nm kinetic read using a BioTek’s Synergy Mx plate reader.

The GPx activity is calculated using equation 5

AAz40(min~1) x Vi (mL) x DF
emm (UM~ Tem—1) x £(cm) x Viample (ML)

GPx activity(nmol min~'mL™!) = 3)
where AA3yg is the change in absorbance per minute

Vmix 1S the volume of mixture in each well in mL

DF is the dilution factor of each sample

€mM 1s the extinction coefficient for NADPH at 340 nm per pmol per cm

¢ is the path lenght of 96-well microplate in cm

Vsample 18 the volume of sample in mL. £is 0.552 cm

Enm 15 0.00622

The results were standardized using the protein concentrations calculated in section 2.3.3.

GPx activity(nmol min~'mL~")

(6)

protein concentration(mg mL ™)
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2.4 Statistics

To look for equal variance between treatment groups, a Barlett’s test was used. For this test, the
null hypothesis, Hy: All groups have equal variance. The alternative hypothesis, Ha: At least

two groups have different variance. A significance level of rejecting Hy was set to .05 (o =.05)

For biomarkers with equal variance between all groups, a one-way analysis of variance (ANOVA)
was conducted to compare the means between treatment groups. The null hypothesis, Hy: There
is no difference in the means between treatment groups. The alternative hypothesis, Ha: At least
two groups have different means. A significance level of rejecting Hy was set to .05 (o = .05)

For biomarkers with unequal variance (GR only), a Kruskal Wallis test was conducted in-
stead of ANOVA.

To conduct statistical analyses, the statistical software R (version 1.1.383 — (©)2009-2017 RStu-
dio, Inc.) was used. The only R-package used was ggplot2, a graphics package used to make

boxplots. Microsoft Excel (version 16.28) was used to process raw data.
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Results

3.1 Glutathione

One-ways ANOVAS between each treatment groups revealed no significant differences in total
cellular glutathione concentration (figure 3.1), F(5, 24)=0.49, p=.778 (Appendix 5, table A2);
GSH concentration (figure 3.2), F(5, 24)=2.16, p=.0921 (Appendix 5, table A3); GSSG concen-
tration (figure 3.3), F(5, 24)=0.07, p=.996 (Appendix 5, table A4) or GSH/GSSG ratio (figure
3.4), F(5, 24)=1.02, p=.428 (Appendix 5, table AS).

Total glutathione concentration (log{nmol/mL})

Control 125-500pm LDPE  20-25um LDPE 4-6um LDPE 0.2um PS PVC
Treatment

Figure 3.1. Boxplot showing each treatment group’s total cellular glutathione concentrations
in liver expressed as nmol/mL. n=5 for each group. Each box represents a treatment group.
Top and bottom line of each box represent third and first quartile respectively. The horizontal
line inside the box represents the group median. Whiskers represent data points outside first
and third quartile, but within 1.5 X interquartile range. Data points outside 1.5 X interquartile

range are shown as single dots. There were no significant difference between treatment groups

(p=.778).
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0.751 L]

0.251

0.00 1

GSH concentration (log{nmaol/mL})

-0.25 9

Contral 125-500pm LDPE  20-25um LDPE 4-6um LDPE 0.2um PS PVC
Treatment

Figure 3.2. Boxplot showing each treatment group’s GSH concentrations in liver expressed as
nmol/mL. n=5 for each group. Each box represents a treatment group. Top and bottom line
of each box represent third and first quartile respectively. The horizontal line inside the box
represents the group median. Whiskers represent data points outside first and third quartile, but
within 1.5 X interquartile range. Data points outside 1.5 X interquartile range are shown as

single dots. There were no significant difference between treatment groups (p=.0921).

22



GSSG concentration (log{nmal/mL))

Contral 125-500pm LDPE ~ 20-25um LOPE 4.6um LDPE 0.2pm PS PVC
Treatment

Figure 3.3. Boxplot showing each treatment group’s GSSG concentrations in liver expressed
as nmol/mL. n=5 for each group. Each box represents a treatment group. Top and bottom line
of each box represent third and first quartile respectively. The horizontal line inside the box
represents the group median. Whiskers represent data points outside first and third quartile, but
within 1.5 X interquartile range. Data points outside 1.5 X interquartile range are shown as

single dots. There were no significant difference between treatment groups (p=.996).
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GSH/GSSG ratio

Control 125-500um LDPE 20-25um LDPE 4-6um LOPE 0.2pm PS PVC
Treatment

Figure 3.4. Boxplot showing each treatment group’s GSH/GSSG ratio in liver. n=5 for each
group. Each box represents a treatment group. Top and bottom line of each box represent third
and first quartile respectively. The horizontal line inside the box represents the group median.
Whiskers represent data points outside first and third quartile, but within 1.5 X interquartile
range. Data points outside 1.5 X interquartile range are shown as single dots. There were no

significant difference between treatment groups (p=.428).

3.2 Glutathione Reductase

A Kruskal-Wallis test was conducted to examine the difference in GR activity according to
plastic feed treatment. There were no significant differences between the six treatment groups

(x> =0.86, df =5, p =.522) (Appendix 5, table A6). Visualized in figure 3.5

24



GR activity {log{mmol/{{min*mg protein))

Contral 125-500pm LDPE ~ 20-25um LOPE 4.6um LDPE 0.2pm PS PVC
Treatment

Figure 3.5. Boxplot showing each treatment group’s GR activity in liver expressed as
mmol/(min*mg protein). n=5 for each group. Each box represents a treatment group. Top
and bottom line of each box represent third and first quartile respectively. The horizontal line
inside the box represents the group median. Whiskers represent data points outside first and
third quartile, but within 1.5 X interquartile range. Data points outside 1.5 X interquartile
range are shown as single dots. There were no significant difference between treatment groups

(p=.522).

3.3 Glutathione S-Transferase

A one-way ANOVA was conducted to examine the difference in GST activity according to

plastic feed treatment. There were no significant differences between the six treatment groups
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(F(5, 24)=1.21, p=.334) (Appendix 5, table A7)

8.5 1 ‘

8.0

GST activity (log(umol/{(min*mg protein)))

Control 125-500pm LDPE  20-25pm LDPE 4-6um LDPE 0.2um PS PVC
Treatment

Figure 3.6. Boxplot showing each treatment group’s GST activity in liver expressed as
umol/(min*mg protein). n=5 for each group. Each box represents a treatment group. Top
and bottom line of each box represent third and first quartile respectively. The horizontal line
inside the box represents the group median. Whiskers represent data points outside first and
third quartile, but within 1.5 X interquartile range. Data points outside 1.5 X interquartile
range are shown as single dots. There were no significant difference between treatment groups

(p=.334).

3.4 Glutathione Peroxidase

A one-way ANOVA was conducted to examine the difference in GPx activity according to

plastic feed treatment. There were no significant differences between the six treatment groups (
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GPx: F(5, 24)=0.35, p=.878) (Appendix 5, table AS8).

o
N

o
N

GPx activity (log{pmal/(min*mg protein)})

Control 125-500pm LDPE 20-25um LOPE 4-6um LDPE 0.2um PS PVC
Treatment

Figure 3.7. Boxplot showing each treatment group’s GPx activity in liver expressed as
umol/(min*mg protein). n=5 for each group. Each box represents a treatment group. Top
and bottom line of each box represent third and first quartile respectively. The horizontal line
inside the box represents the group median. Whiskers represent data points outside first and
third quartile, but within 1.5 X interquartile range. Data points outside 1.5 X interquartile

range are shown as single dots. There were no significant difference between treatment groups

(p=.878).
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Discussion

In this thesis where Atlantic cod were treated with microplastics and analyzed for oxidative
stress. The results show that there are no effects from microplastic exposure on any of the

biomarkers examined. This implies one or more of the following:
e MPs were not taken up in the intestine
e MPs were taken up in the intestine but were not translocated to the liver
e MPs were translocated to the liver but did not induce oxidative stress on the liver
e Oxidative stress was induced in the liver by the MPs but not detected in the analyses

It seems unlikely that the MPs were not taken up in the instestines for some of the treatment
groups, but more likely for others. The fish were treated with 0.2, 4-6, 20-25 and 150-500 um.
The smaller particles — 0.2 and 4-6 um — are shown to be taken up at relatively high rates (Desai
et al., 1997; Jani et al., 1990). Deng 2017 and Lu 2016 also show that particles with size 20 um
are taken up. Therefore, it seems likely that the 20-25 um group also will be taken up, but at
a slower rate than the smaller particles (Desai et al., 1997; Jani et al., 1990). As for the larger
treatment group, the 150-500 um, there is more uncertainty. Volkheimer et al. (1968) argues
that 150 um is the upper size limit for particle uptake, which an EFSA report also concludes
with (Alexander et al., 2016). However more recent studies show uptake of larger MPs (Avio
et al., 2015; Jovanovic et al., 2018; Lu et al., 2016). Avio et al. (2015) reports that microplastic
particles with sizes up to 0.6mm are located in the liver. This finding indicates that the upper
size limit for particle uptake in the intestine is much larger than first assumed. For this reason it
is likely that even the biggest MPs in this thesis (150-500 uM) also may have been taken up in

the intestine.

Even though MPs are taken up by the intestinal epithelial cells, it is not given that they are
translocated to organs. Particles may instead be transported along the blood system and removed
via the bile (Alexander et al., 2016). There is no evidence that this is the explanation for the
lack of effects in this thesis. However, the process of removing MPs from the organism cannot

be disregarded.
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MPs have the potential to be translocated to different tissues in the organism when they are
not removed. It is reported that MPs have been found to translocate to brain, liver and kidney
(Deng et al., 2017; Lu et al., 2016). Jovanovic et al. (2018) shows, however, that only 5% of the
fish had MPs in the liver after ingestion which indicated that although possible, translocation
to liver is an uncommon process. This may be one of the most important reasons why there
were no effects in neither this thesis nor many other’s studies. If this slow translocation rate is
accurate, it is not unreasonable that this explains the results presented in this thesis. In addition
Collard et al. (2017) and Jovanovic et al. (2018) both discovered that the livers containing MPs

contained on average ~1 particle per liver.

Extremely high concentrations of MPs will induce inflammation and oxidative stress in fish,
but not because of the MPs per se. The high concentration of MPs overstimulates the immune
system and phagocytes which leads to these effects (Jovanovi¢ and Pali¢, 2012). When exposed
to smaller and more ecological relevant concentrations, studies show no effects on oxidative
stress from MPs (Avio et al., 2015) . As a consequence, studies should use ecological relevant

concentrations to avoid finding effects from overstimulation rather than the MPs.

In my thesis I used GSH concentration and GST, GR and GPx activity as indicators for ox-
idative stress in liver. these bioindicators do not show oxidative stress or damage on cellular
structures but are indicators that oxidative stress has occurred due to their role as antioxidant
proteins. There are other bioindicators used to indicate oxidative stress as well e.g. catalase,
lipid peroxidation levels and superoxide dismutase. My results show no indication of oxidative
stress in any of the biomarkers. Some get the same result as the results in this thesis (Avio et al.,
2015). Other research on the same field have opposing results however. Others do in fact find
indicators that MPs induce oxidative stress in fish (Barboza et al., 2018; Qiao et al., 2019; Wen
et al., 2018). This shows that microplastic-induced oxidadive stress is possible. As a conse-
quence, I cannot disregard that MPs may have induced oxidative stress in fish in my experiment

if they were taken up and translocated to the liver.

Regarding the last point, that the MPs in fact did induce oxidative stress that was not detected
is possible, but improbable. Given the small sample size (n=5) one or more group may not

represent the true mean. Having larger sample sizes will reduce the uncertainty.

If the fish tissue had been analyzed for content of MPs, it would be more easy to understand

the results. If MPs were shown to have translocated to other the liver, it would seem that there
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was uptake and translocation yet no effects on oxidative stress . On the other hand, if the liver
turned out to not contain MPs, it would seem to be either no uptake from the intestine or no

translocation to organs. Without the tissue analyzes one can only speculate in the results.

When doing toxicological experiment on fish it is common to use D. rerio as model organism
(Spitsbergen and Kent, 2003). Although not as well suited because of the bigger size, I used
Atlantic cod (Gadus morhua as model organism in my experiment because it is an economically
and ecologically important fish in Norway and the rest of the north-east Atlantic (Ageeva et al.,
2017). Research has found that the populations of Atlantic cod are decreasing (Myers et al.,
1996) and it is therefore important to understand what is affecting the populations. With Atlantic
cod being one of the most common fish consumed in Norway it is also important to have a better

understanding of the uptake of MPs in Atlantic cod for food safety reasons.

Looking back, there are a few things that could have been done different when doing the ex-
posure. One thing is to reduce the amount of treatments from six to five. Since there was a
limitation of space and number of aquaria, there was also a limit to the number of replicates. It
seems reasonable to exclude PVC group because I was unable to find out the size of the parti-
cles which makes the group less useful. This reduction in treatment groups would allow me to

increase the sample size to get a more robust experiment.

Most studies uses microplastic concentrations higher than found in the oceans. Cole et al. (2011)
has reviewed over 100 articles addressing MPs pollution in the sea, and the concentrations
ranged from >1 item m 800m off the coast of California to over 2,500 items m™ in the North
Pacific central gyre. When waters not immediate close to plastic gyres, estuaries or bays have
such a low concentration of MPs, one may question the studies’ ecological relevance. However,
the organisms living in the oceans may be exposed to MPs for several years, which short term

studies are unable to replicate.

Despite being a field of interest, where several studies are done on MPs, translocation from
the intestine to other tissue in fish is a poorly studied area. Everaert et al. (2018) estimates
that the amount of MPs on the oceans will increase 50-folds between 2010 and 2100. To get a
better understanding of the risks associated to the microplastic pollution and exposure in marine
organisms that is reported, more studies are needed. However, there is more attention to this
subject now than ever before. Most likely our knowledge in this field will grow drastically in

future years.
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Conclusion

Research show that nano- and microparticles have the ability to translocate and cause oxidative
stress in marine organisms. To get at better understanding of the risk of microplastic ingestion
on fish, an exposure study on Atlantic cod was done. This study was performed to examine
the effects on GSH, GPx, GST, and GR by acute exposure to microplastics of different sizes.
Results show that there are no effects on any of the biomarkers from any plastic treatments
compared to the control group. This may be because the plastic particles are too big to be
absorbed from the intestines and translocated to other tissue. Another possibility is that MPs
have no effects from acute MPs exposure on the biomarkers tested. Other studies have shown
both translocation and effects on different biomarkers several biomarkers, including biomarkers
suited for oxidative stress. Because there was no content analyzes on the liver, it is impossible
to say wether the results shown in this thesis is due to no translocation or that the MPs did not

have any effects on the biomarkers.
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Appendix A

Statistical analyses

Table A1l

One-way analysis of variance of protein concentration by treatment groups.

df SS MS F p
Between groups 5 0.2848 0.05696 0.899 498
Within groups 24 1.525  0.06336
Total 29 1.8053

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.

Table A2

One-way analysis of variance of total cellular glutathione concentration by treatment groups.

df SS MS F p
Between groups 5 1.052  0.2103 0.493 .778
Within groups 24 10.245 0.4269
Total 29 11.297

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.

Table A3

One-way analysis of variance of GSH concentration by treatment groups.

df SS MS F p
Between groups 5 0.6046 0.12092 2.164 .0921
Within groups 24 13412 0.05588
Total 29 1.9458

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.
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Table A4

One-way analysis of variance of GSSG concentration by treatment groups.

df SS MS F p
Between groups 5 0.164  0.0328 0.074 .996
Within groups 24 10.649 0.4437
Total 29 10.813

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.

Table A5

One-way analysis of variance of GSH/GSSG ratio by treatment groups.

df SS MS F p
Between groups 5 8774 01755 1.019 .428
Within groups 24 41315 1722
Total 29 50089

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.

Table A6

Kruskal-Wallis rank sum test of GR concentration by treatment group

x%=52323,df =5, p=.3882

Note. x* = Kruskal-Wallis chi squared, df = degrees of freedom, p = p value.

Table A7

One-way analysis of variance of GST activity by treatment groups.

df SS MS F )4
Between groups 5 9672374 1934475 1.21 .334
Within groups 24 38300671 1595861
Total 29 47973045

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.
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Table A8

One-way analysis of variance of GPx activity by treatment groups.

df SS MS F p
Between groups 5 331537 66307 0.35 .878
Within groups 24 4568027 190334
Total 29 4899564

Note. df = degrees of freedom, SS = sum of squares, MS = mean square, F = F value, p = p value.
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Appendix B

Fish biometrics
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