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Abstract  
Methylmercury (MeHg) is a widely distributed contaminant with a significant risk to aquatic 

wildlife. It is known to bioaccumulate and biomagnify in marine food webs, leading to higher 

concentrations in top predators, such as fish. Long-term exposure to methylmercury might result 

in inhibition of antioxidant enzymes, oxidative stress and DNA damage in aquatic organisms. 

Continued exposure can induce more severe effects, such as mortality.  

 

This study aimed to quantify mercury accumulation and sublethal effects in juvenile Atlantic cod 

(Gadus morhua) following exposure to methylmercury, as well as clarifying whether selenium 

(Se) exposure would modulate accumulation and/or effects. Juvenile cod were intraperitoneally 

injected with different concentrations and mixtures of MeHg, selenium and PBS. Methylmercury 

concentrations were measured in liver and muscle to quantify mercury accumulation. Total, 

reduced and oxidized glutathione concentrations were quantified in cytosol. The activity of 

antioxidant enzymes glutathione S-transferase, glutathione peroxidase and glutathione reductase 

was quantified to determine oxidative stress in liver. DNA damage were measured using comet 

assay.  

 

The present study identified significantly higher concentrations of MeHg in muscle compared to 

liver. Fish exposed to 0.2 mg/kg MeHg had similar concentrations in liver and muscle compared 

to levels measured in Atlantic cod (Gadus morhua) collected from the Oslofjord in previous 

studies. Cod exposed to 2.0 mg/kg MeHg had much higher concentrations in muscle than cod 

from the Oslofjord. Exposure to 2.0 mg/kg MeHg caused significantly decreased levels of 

reduced glutathione (GSH) in cytosol, which may indicate oxidative stress in the cells. Exposure 

to 0.2 mg/kg MeHg was not sufficient to induce effects on GSH levels or oxidative stress. 

MeHg-treatment had no significant effect on oxidized glutathione levels. In addition, the results 

showed no significant differences in the activity of GST, GPx and GR between the treatment 

groups. Blood cells from fish injected with MeHg did not exhibit significantly more DNA 

damage compared to controls. Selenium and methylmercury co-exposure caused reduced 

concentration of methylmercury in muscle of Atlantic cod. There was a tendency for the same 

effect of selenium in liver, but this was not significant.  
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1 Introduction 
 

1.1 Environmental contaminants  
 

Environmental pollution is a serious global challenge (Chau 2006; Ren et al. 2013; Xing et al. 

2017). Both manmade and naturally occurring chemicals are continuously being released into the 

environment (Azad et al. 2019), and can have serious impacts on wildlife. This includes 

pollutants such as halogenated and polyaromatic hydrocarbons, pesticides and toxic metals 

(Cossarini-Dunier 1987; Soyut and Beydemir 2012; Sved et al. 1997). The metalloids and trace 

metals generally considered to be of largest toxicological concern are arsenic (As), lead (Pb), 

mercury (Hg) and cadmium (Cd). In 2017, they were ranked respectively as the first, second, 

third and seventh substances on the Substance Priority List made by the Agency for Toxic 

Substances and Disease Registry (ATSDR) and the US Environmental Protection Agency (EPA) 

(ATSDR 2017). Substances on this list are considered to pose a great threat to human health due 

to their suspected toxicity and potential for human exposure. Once released in the environment, 

they can accumulate in aquatic organisms such as fish (Jia et al. 2017), and stay in water and 

sediment for a long time (Doong et al. 2008). The metals can emanate from both human and 

natural processes (Bradl 2005), but most environmental contamination results from human 

activities such as industry, mining and agricultural activities (Masindi and Muedi 2018).  

 

Mercury (Hg) derives from both natural and anthropogenic processes and can potentially cause 

toxic effects (Dietz et al. 2013). Since the beginning of the Industrial Revolution, anthropogenic 

mercury emissions have been increasing rapidly (Fitzgerald et al. 1998). This has led to a 

significantly increased concentration of mercury in the environment (Azad et al. 2019). To 

protect the public health against mercury contamination, EU has set a limit for maximum 

mercury concentration of 0.5 mg/kg in most fish species (European Commission 2006). Mercury 

exists in three different chemical forms: elemental mercury (Hg), inorganic mercury (Hg+ and 

Hg2+) and organic mercury (methylmercury) (Walker et al. 2012). Methylmercury (MeHg) has 

been shown to have a much higher uptake and a different distribution pattern in tissues than 

inorganic mercury (Julshamn et al. 1982). It is also the most toxic of the mercury compounds and 

is formed by bacterial methylation of inorganic mercury in the aquatic environment (Compeau 
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and Bartha 1985). MeHg is a neurotoxic compound that can readily cross the blood-brain barrier 

(Hirayama 1985). Neurological damage such as reduced feeding activity has been reported in 

fish exposed to MeHg (Berntssen et al. 2003). Previous results indicate that fish readily take up 

methylmercury from their diet and accumulate it in several tissues (Amlund et al. 2007). Once 

absorbed in the bloodstream, it enters the red blood cells (National Research Council 2000). 

Further, it is transported via blood to all organs and tissues, resulting in high concentrations in 

liver and skeletal muscle of fish (Régine et al. 2006). It can bind to protein sulfhydryl groups (-

SH) in cells, leading to a slow elimination process (Vogel et al. 1985). The biological half-life of 

mercury can range from several weeks in Daphnia (Karimi et al. 2007), to years in other fish 

species (Ruohtula and Miettinen 1975). Due to its long half-life and lipophilic properties, MeHg 

can bioaccumulate and biomagnify up the marine food web, leading to higher concentrations in 

top predators (Amlund et al. 2007).  

 

1.2 Methylmercury and selenium interactions  
 

Selenium (Se) is an essential nutrient in fish, necessary for the function of the antioxidant 

defence system (Ralston and Raymond 2010). Recent studies have shown that selenium not only 

prevents MeHg-induced toxicity, but also reverses its severe effects (Olsvik et al. 2015; Penglase 

et al. 2014; Rasinger et al. 2017). The antagonistic effect of selenium on mercury toxicity was 

first described in 1967 by Parizek and Ostadalova (Parizek and Ostadalova 1967; Parizek et al. 

1971). Since this initial discovery, selenium has proven to be an effective agent in reducing both 

the toxicity and accumulation of mercury in fish (Dang and Wang 2011). The protective effects 

of selenium have been documented for both inorganic and organic mercury in cod (Olsvik et al. 

2015), with several possible explanations:  

 

1) Formation of HgSe complexes: Mercury has high affinity for selenium because it is very 

close to sulphur in the periodic table. The high affinity between the compounds can result 

in mercury binding to selenium, forming mercury selenide (HgSe) (Ralston and Raymond 

2010). When bound to selenium, mercury becomes less bioavailable (Wyatt et al. 2016). 

It is also possible that the HgSe complex is more limited in its distribution to target 

tissues and can more easily be excreted out of the organism (Wyatt et al. 2016).  
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2) Prevention of oxidative damage: Selenoenzymes are vital components in the antioxidant 

defence that protect against oxidative stress caused by mercury (Ralston and Raymond 

2010). Depletion of selenoenzymes due to mercury exposure can cause adverse effects in 

the organism (Ralston and Raymond 2010). However, supplemental selenium can reduce 

this depletion, thus protecting the cell against mercury toxicity (Ralston and Raymond 

2010).  

3) Redistribution: Transportation of mercury from one organ to another is a mechanism 

involved in the protection of selenium against mercury toxicity (Cuvin-Aralar and 

Furness 1991). Previous studies have shown that selenium can cause mercury 

redistribution from highly sensitive organs and tissues to less sensitive ones (Chen et al. 

1974).   

4) Competition for binding sites: Mercury and selenium might compete for the same 

receptors located in the animal tissue (Cuvin-Aralar and Furness 1991). The fact that 

selenium and mercury both have high affinities for sulfhydryl groups supports this theory 

(Cuvin-Aralar and Furness 1991).  

  

Even though the phenomenon of Hg and Se interactions has been widely investigated in 

laboratory and field studies, the results are inconsistent (Dang and Wang 2011). This proves that 

the mechanisms of the interaction between mercury and selenium are complex and still not well 

understood (Wyatt et al. 2016). Factors such as chemical species, concentrations and injection 

methods can affect the mechanism and lead to inconsistent results (Dang and Wang 2011).  

 

1.3 Oxidative stress and the glutathione antioxidant system  
 

Oxidative stress is a condition where the organism is unable to manage the excessive production 

of reactive oxygen species (ROS) (Sies 1985). ROS are naturally produced in several cellular 

processes (Kelly et al. 1998). Exposure to toxic metals can however increase the levels of ROS 

above the natural levels, leading to oxidative damage and potential cell death (Berntssen et al. 

2003). Fish tissues, specifically liver and kidney, contain a number of antioxidant defences to 

protect the organism against oxidative damage (Tkachenko et al. 2014), including antioxidant 

enzymes such as glutathione, glutathione reductases, glutathione S-transferases and glutathione 
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peroxidases. A change in the activity of these antioxidant enzymes has been suggested to be a 

good biomarker for oxidative stress (Almar et al. 1998; Pandey et al. 2003).  

 

The glutathione antioxidant system involves glutathione and several antioxidant enzymes (Farina 

and Aschner 2019). Glutathione is an antioxidant involved in cellular defence against toxic 

compounds (Mozhdeganloo et al. 2015). It reacts with reactive oxygen species non-

enzymatically and donate electrons for the detoxification of ROS, in a reaction catalysed by 

glutathione peroxidase enzymes (Farina and Aschner 2019). Glutathione has both a reduced 

(GSH) and oxidized (GSSG) state. In healthy cells, glutathione exists mostly in its reduced form 

(Zitka et al. 2012). However, exposure to toxic compounds such as methylmercury can lead to an 

increased GSSG to GSH ratio (Kenow et al. 2008; Ni et al. 2010). This ratio is frequently used as 

a biomarker for oxidative stress (Zitka et al. 2012). Maintenance of the proper GSH/GSSG ratio 

is crucial to avoid oxidative damage in the cell (Farina and Aschner 2019). Glutathione 

reductases (GR) are important enzymes of the glutathione antioxidant system that maintain the 

GSH/GSSG ratio by catalysing the reduction of GSSG to GSH (Tan et al. 2010). Another 

important component of the glutathione antioxidant system is glutathione peroxidase enzymes. 

Glutathione peroxidases (GPx) are a family of selenium-containing enzymes that protect the cells 

against oxidative damage (Muthukumar and Nachiappan 2010). They can catalyse the reduction 

of potential radical forming species, such as hydrogen peroxide (H2O2) (Kelly et al. 1998). 

Glutathione S-transferases (GST) are another group of enzymes part of the glutathione 

antioxidant system that catalyses the conjugation of reduced glutathione to toxic compounds 

(Domingues et al. 2010). The conjugation with GSH makes the compounds more water soluble, 

facilitating their excretion (Clark 1989). Both inorganic and organic mercury can bind to GSH, 

forming a GSH-Hg complex (Clarkson 1997). Several studies have shown that this binding can 

lead to decreased GSH levels in several types of cells (Ballatori and Clarkson 1982; Elia et al. 

2003).   

 

To summarise, the glutathione antioxidant system is a complex system present in most 

eukaryotic cells to protect organisms against oxidative stress. Analysis of the antioxidant 

enzymes activity in the glutathione system constitutes a sensitive indicator of oxidative stress 

caused by chemical pollution (Almar et al. 1998; Gül et al. 2004). Measurement of antioxidant 
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response to toxic compounds in the liver gives a strong indication of oxidative stress, because 

liver is a major site of multiple oxidative reactions (Gül et al. 2004).  

 

1.4 DNA damage  
 

The induction of DNA damage in marine fish due to exposure to different chemicals has been 

widely documented in several laboratory studies (Hylland et al. 2017). Chemicals with the 

potential to cause oxidative stress might cause DNA damage (Hylland et al. 2017). Previous 

studies have shown that mercury is one such chemical, of which long-term exposure can cause 

DNA damage (Grotto et al. 2011; Pereira et al. 2010; Zhang et al. 2017). Measurements of single 

strand DNA breaks by the comet assay (Azqueta and Collins 2013; Azqueta, Gutzkow, et al. 

2011; Azqueta, Meier, et al. 2011; Collins et al. 2008; Gutzkow et al. 2013; Singh et al. 1988; 

Tice et al. 2000) are widely used as a biomarker for DNA damage. The comet assay is a sensitive 

tool for measuring DNA damage at single cell level that requires only a small number of cells 

and can analyse samples rapidly (Ross et al. 1995). Since the first description of comet assay by 

Singh et al. (1988), the method has been increasingly used. Some studies include hydrogen 

peroxide as positive controls because H2O2 is known to induce oxidative damage to cells 

(Benhusein et al. 2010). A wide range of fish species has been used in comet assay, but mainly 

freshwater fish (Frenzilli et al. 2009). There is a scarcity of studies in which the comet assay has 

been used to quantify DNA damage in marine fish species exposed to methylmercury or other 

mercury compounds, but studies with golden grey mullet (Liza aurata) (Pereira et al. 2010), and 

tiger perch (Terapon jarbua) (Nagarani et al. 2012) suggest that the comet assay is a suitable 

method for quantifying mercury-induced DNA damage in marine fish.  

 

1.5 Atlantic cod (Gadus morhua) 
 

As one of the most important commercial fish species in Norway (Ageeva et al. 2017), the 

Atlantic cod was chosen as a study species for this thesis. Its central ecological role, combined 

with its wide distribution and large biomass, has made it a good model species to study among 

marine fish (Mieszkowska et al. 2009). Atlantic cod is a suitable candidate for investigating both 

short- and long-term effects of environmental contaminants (Dale et al. 2019; Julshamn et al. 

2013; Karl et al. 2016; Sinkkonen and Paasivirta 2000; Storelli et al. 2004).  
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Atlantic cod was included on the OSPAR list of threatened and/or declining species in 2008 

(OSPAR 2008). Many of the cod stocks in the world, including the Norwegian populations, have 

declined in the last decade, which has caused large economic consequences in several regions 

(Myers et al. 1996). The largest threat to cod stocks is overfishing (Myers et al. 1996), but other 

studies indicate that global warming and environmental pollution can affect the abundance of the 

populations (Hjermann et al. 2013). Being mostly stationary, cod populations are highly 

susceptible to pollution (Berg et al. 2010). Environmental contaminants can accumulate from 

their diet or be absorbed directly from the water (Grung et al. 2009). Once taken up by the fish, 

contaminants can accumulate and cause adverse effects. Being susceptible to environmental 

contaminants, the species is widely used in environmental toxicology studies in Norway (Dale et 

al. 2019; Hjermann et al. 2013; Yadetie et al. 2013).  

 

1.6 Aims and objectives 
 

The overall aims of this study were to quantify mercury accumulation and sublethal effects in 

juvenile Atlantic cod (Gadus morhua) following exposure to methylmercury (MeHg), as well as 

clarifying whether selenium (Se) exposure would modulate accumulation and/or effects. Cod 

were exposed for 10 and 17 weeks to investigate the development of responses over time. 

Juvenile cod were intraperitoneally injected with different concentrations and mixtures of 

methylmercury, selenium and PBS. The aims of this study were formulated into the following 

objectives, each with hypotheses that were tested: 

 

Objective 1: Quantify mercury concentrations in liver and muscle of cod following exposure to 

MeHg and/or Se.  

• H0: There are no differences in mercury concentration in liver or muscle between 

treatment groups.   

• H1: The concentration of methylmercury in liver and muscle is higher in MeHg-treated 

fish compared to the control group. 

• H2: The concentration of methylmercury is higher in liver compared to muscle.  
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Objective 2: Quantify hepatic redox-status in cod following exposure to MeHg and/or Se 

through determining reduced and oxidized hepatic glutathione.  

• H0: There are no differences in the concentration of total, reduced or oxidized hepatic 

glutathione between treatment groups.  

• H1: The concentration of reduced glutathione (GSH) is lower in MeHg-treated cod than 

control cod. 

• H2: The concentration of oxidized glutathione (GSSG) is higher in MeHg-treated cod 

than control cod.  

 

Objective 3: Quantify hepatic oxidative stress in cod following exposure to MeHg and/or Se 

through determining the activity of antioxidant enzymes.  

• H0: There are no differences in the activity of GST, GPx and GR between treatment 

groups.  

• H1: The activities of glutathione S-transferase (GST), glutathione peroxidase (GPx) 

and/or glutathione reductase (GR) are different in MeHg-treated fish compared to the 

control group.  

 

Objective 4: Quantify DNA damage by measuring DNA strand breaks in whole blood from cod 

following exposure to MeHg and/or Se  

• H0: There are no differences in DNA strand break levels between treatment groups.  

• H1: There is more DNA damage in whole blood of MeHg-treated fish than in the control 

and selenium-treated groups.  

 

Objective 5: Clarify whether selenium exposure modulates the accumulation and/or effects of 

methylmercury exposure.  

• H0: Mercury accumulation and effects do not differ between the group receiving selenium 

and MeHg and group receiving PBS and MeHg.  

• H1: The mercury concentration in liver and/or muscle is lower in the group receiving 

selenium and MeHg than in the group receiving MeHg only.   

• H2: The concentration of reduced glutathione (GSH) is higher in selenium-treated cod 

exposed to MeHg than cod exposed to MeHg only.  
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• H3: The concentration of oxidized glutathione (GSSG) is lower in selenium-treated cod 

exposed to MeHg than cod exposed to MeHg only.  

• H4: The activity of GST, GR and/or GPx is different in selenium-treated cod exposed to 

MeHg than cod exposed to MeHg only.  

• H5: There is less DNA damage in whole blood of selenium-treated cod exposed to MeHg 

than cod exposed to MeHg only.   
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2 Materials and methods  
 

2.1 Exposure and sampling 
 

2.1.1 Study area 

 

Juvenile Atlantic cod utilized in the present study were produced at Nofima in Tromsø and 

transferred to NIVAs research station at Solbergstrand where exposure and sampling were 

conducted. Juvenile Atlantic cod of both gender were kept in a large tank containing 4000 L 

seawater during the 7-month long study period. The fish were acclimated in the tank for several 

weeks before experiments were conducted. The tank was supplied with approximately 1 L 

seawater per kg fish per minute, from 50 meters depth. The temperature of the seawater in the 

tank varied between 6.9°C and 7.5°C, while salinity was between 34.1 and 34.6 ppm. The water 

had a stable pH of 8.0 throughout the study period. The cod were fed once a day with Skretting 

pellets (Europa Marin) of different sizes. The fish were not fed 24 hours prior to sampling.  

 

2.1.2 Injection  

 

A total of 106 Atlantic cod were randomly distributed into 5 different treatment groups (n=19-

24/group). Phosphate buffered saline (PBS) and inorganic selenium (SeO2, 0.5 mg/kg) were 

injected on the 12th and 13th of February 2018. A total of 60 individuals were injected with PBS 

and 65 individuals with SeO2. Methylmercury of two different concentrations (0.2 and 2 mg/kg 

BW) was injected on the 2nd of March 2018 in both PBS and selenium individuals. The 5 

different groups are listed in the table below: 
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Table 0. The 5 different treatment groups with injected substances, number of individuals in each group, 

median (minimum-maximum) length (cm) and median (minimum-maximum) weight (kg). MeHg02 received 0.2 
mg/kg methylmercury, and MeHg2 received 2 mg/kg. The groups with selenium received 0.5 mg/kg.  

 1st 
injection  

2nd 
injection  

Number of 
individuals  

Median (min-max) 
fish length (cm) 

 

Median (min-max) fish weight 
(kg) 

 

1 PBS PBS 19 34.5 (30.0-38.0) 0.344 (0.238-0.425) 

2 PBS MeHg02  19 34.0 (29.5-37.5) 0.356 (0.212-0.414) 

3 PBS MeHg2  19 34.5 (30.5-39.0) 0.374 (0.252-0.468) 

4 Selenium  PBS 21 34.0 (29.5-39.0) 0.346 (0.246-0.472) 

5 Selenium  MeHg2  24 33.0 (30.0-38.0) 0.316 (0.238-0.464) 

 

 

 

Injection procedure 

 

The cod were collected using a hand net and transferred one by one into a bath containing the 

anaesthetic drug tricaine mesylate (MS-222). The anaesthesia was considered effective when the 

fish tilted on its side. The fish was then carefully placed on the working bench. Using a scalpel, a 

small cavity was cut and a PIT tag with an individual number was injected by hand into the body 

cavity (intraperitoneally). The PIT tag could be read using the handheld PIT reader (APR500, 

Agrident). Subsequently, the fish length (cm) and weight (kg) were registered (Appendix A). A 

syringe was loaded with either PBS or SeO2 and injected intraperitoneally by inserting the needle 

carefully into the abdominal cavity in all 106 fish individuals. After injection, the fish were 

placed in a recovery bath with seawater, continuously monitored, before being transferred back 

to the main tank. After 17 days, the second injection took place at Solbergstrand. Methylmercury 

of two different concentrations (0.2 mg/kg and 2 mg/kg) was injected on the 2nd of March 2018 

in both PBS and selenium individuals, using the same procedure as the first injection. The 

biometric data including treatment groups for each fish can be found in Appendix A.  
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2.1.3 Sampling  

 

A total of 89 individuals were sampled in May and September 2018. 53 fish were sampled on the 

15th and 16th of May 2018, and 36 fish were sampled on the 18th and 19th of September 2018. The 

lower number of fishes sampled in September was due to the fact that 17 fishes had died between 

May and September. 

 

Sampling procedure 

 

The fish were euthanized by a few gentle strokes to the head with a wooden stick. After the fish 

were euthanized, the PIT tag was scanned with the PIT tag reader (APR500, Agrident), and the 

length (cm) and weight (kg) of each fish registered (Appendix A). A heparin-coated syringe was 

used to draw 100 μL blood from the caudal vein of each fish. The syringes were coated with 

heparin to avoid coagulation. The blood was mixed with 400 μL PBS-EDTA in an Eppendorf 

tube, and quickly placed on ice. Subsequently, the fish was cut open with a scalpel and 3 samples 

of liver were taken per fish. Samples of bile, heart, kidney, spleen, muscle and brain were also 

collected from fish. All samples were transferred to cryotubes using metal tweezers, and quickly 

placed in liquid nitrogen. At the end of the day, all samples were brought back to the University 

of Oslo and stored in a -80 freezer until further analysis. Samples of blood, liver tissue and 

muscle tissue were used for further analyses.  

 

2.2 Laboratory 
 

The laboratory procedures were performed in the laboratory at UiO, University of Oslo. All 

reagents were purchased from Sigma-Aldrich.  

 

2.2.1 Mercury analysis  

 

Samples of liver and muscle tissue were analysed for total mercury (Hg) concentration by using 

a Direct Mercury Analyzer (DMA-80, Milestone Srl, Sorisole, Italy).   
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Materials  

 

o Dry plastic tweezer pre-rinsed in 1% hydrochloric acid  

o Dry metal spatula pre-rinsed in 1% hydrochloric acid 

o Quartz boats rinsed with water and oven-dried at 500°C 

o Reference materials: DORM-4, fish control (cod liver) 

 

Procedure  

 

89 samples of cod liver and muscle were analysed for mercury concentration. The samples were 

analysed directly. Triplicates, each weighing 10-20 mg, of the two matrixes (liver and muscle), 

were analysed for each sample. A fourth piece was freeze-dried at 40°C for 5-7 hours, to 

quantify the dry weight.  A plastic tweezer was used to transfer the samples to quartz vessels, 

and the samples were weighed using an analytical balance. The equipment was rinsed with 1% 

HCl between each fish sample. The vessels with the samples were then transferred to the 

Milestone DMA-80. For every run, blank boats, no boats, reference material and samples were 

included. After the sample vessels were loaded into the instrument, mercury was released from 

the sample and carried with oxygen to the catalyst section of the furnace. Interfering compounds 

were eliminated, and mercury was trapped in a separate furnace where it was heated and released 

into the spectrophotometer where it was quantitatively measured by absorption at 253.65 nm. 

The mercury concentration (µg/kg and ng) of each sample was exported to an Excel sheet.   

 

Every run included two empty vessels (blanks) at the beginning to detect any residue in the 

quartz vessels. The blanks were followed by duplicates of DORM 4 (fish protein) and control 

material (cod liver). The triplicates of samples were placed after the reference material. Two 

blanks and two empty spaces (no boats) were also included at the end to detect any residue in the 

vessels or instrument. The mean Hg concentration of the triplicates was calculated in each 

sample.  
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2.2.2 Tissue preparation 

 

Liver samples were homogenized to obtain cytosol (Dignam 1990). The cytosol was used in the 

protein assay and to quantify glutathione S-transferase, glutathione reductase and glutathione 

peroxidase concentrations in fish liver.  

 

Solutions  

 

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

KCL 

o Homogenizing buffer: sodium phosphate buffer with DTT (1 mM) and glycerol 

(5% v/v) 

o Microsomal buffer: sodium phosphate buffer with EDTA (1mM) and glycerol 

(20% v/v) 

 

Procedure  

 

Approximately 0.25 g liver tissue was placed in Precellys tubes with 20 ceramic beads. 

Homogenizing buffer was added to a total volume of 1.5 mL. The Precellys tubes were placed in 

a Precellys 24 homogenizer using a balanced setup and a temperature of 4°C. The machine was 

set with run parameters: 6000 rpm, 3 times 10 seconds, with 5 second pauses. After 

homogenization, the Precellys tubes were transferred to a centrifuge (Heraeus Multifuge 3 S/ 3 

S-R) and run at 10 000 x g at 4°C for 30 minutes. The supernatant was transferred with a 

disposable pipette to a new Eppendorf tube and placed in a Thermo ultra-centrifuge where it was 

centrifuged at 100 000 x g at 4°C for 60 minutes. Using a plastic pipette, the supernatant 

(cytosol) was transferred to 4 different cryotubes and frozen at -80°C. 0.3 mL microsomal buffer 

was added to the pellet and transferred to an Eppendorf tube. The pellet was then homogenized 

by using a motorized disposable pellet mixer, distributed in cryotubes and frozen at -80°C.  
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2.2.3 Protein assay  

 

Protein concentration was determined in cytosol from liver using a modified Lowry assay 

(Lowry et al. 1951). The total protein concentration was used to standardise the activity of the 

glutathione enzymes and glutathione.  

 

Solutions  

 

o 0.1 M Tris buffer pH 8.0 

o Reagent A: alkaline copper tartrate solution  

o Reagent B: diluted Folin-Ciocalteu reagent (Folin reagent is a mixture of 

phosphomolybdate and phosphotungstate)  

o Bovine gamma globulin protein standard  

 

Procedure  

 

The cytosol of liver tissue that was prepared in the tissue preparation were used in this assay. A 

dilution series of bovine gamma globulin protein standard (0.1875 mg/mL, 0.375 mg/mL, 0.75 

mg/mL and 1.5 mg/mL) was prepared in Eppendorf tubes. Triplicates of 10 µL Tris buffer 

(blanks) and duplicates of the protein standard series were added to the microtiter plate. 10 µL of 

samples were then added in triplicates per sample. 25 µL of reagent A and 200 µL of reagent B 

were added to all wells at the end. After adding the solutions, the plate was incubated for 15 

minutes at room temperature and then transferred to BioTek’s Synergy Mx Microplate Reader, 

where the absorbance was read at 1-minute intervals for 15 minutes, at 750 nm. A standard curve 

was established by using the diluted protein standard, and the protein concentrations (mg/mL) 

were calculated from the linear part of the standard curve.  
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2.2.4 Glutathione assay  

 

Total glutathione (GSH and GSSG) was quantified in cytosol from liver using the Glutathione 

Assay Kit, catalogue number CS0260 Sigma-Aldrich (Akerboom and Sies 1981; Nair et al. 

1991).  

 

Solutions  

 

o 2-vinylpyridine  

§ 8,6 μL 2vp mixed with 31,4 μL ethanol.  

o DTNB stock solution (1.5 mg/mL)  

§ 8 mg DTNB dissolved in 5.33 mL DMSO.  

o NADPH stock solution (40 mg/mL)  

§ 25 mg NADPH dissolved in 0.625 mL dH2O. 

o 5% 5-Sulfosalicylic Acid solution (5% SSA) 

§   2.5 g SSA dissolved in 50 mL distilled water.  

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

§ Glutathione reduced in 0.1 mL distilled water. 

o 1 x assay buffer 

§  100 mM potassium phosphate buffer mixed with 1 mM EDTA.  

o Enzyme solution 

§  3.8 μL glutathione reductase diluted in 250 μL 1x assay buffer. 

o NADPH solution 

§  10 μL NADPH stock solution in 2.5 mL 1x assay buffer.  

o Working mixture 

§  Well-mixed 8 mL 1x assay buffer, 228 μL enzyme solution and 228 μL 

DTNB stock solution.  

o Glutathione standard solution 

§  Glutathione (GSH) standard stock solution and SSA, diluted 200 fold to 

50 μM.  
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Procedure 

 

The liver samples were cut into small pieces, each weighing about 0.1-0.3 g, and mixed with 5% 

5-Sulfosalicylic Acid (SSA) to a volume 10 times the sample weight. The SSA deproteinizes the 

biological sample. The samples were transferred to the Precellys 24 homogenizer to remove the 

precipitated protein. The Precellys homogenizer was set to 3 minutes, 10 000 x G at 4°C. After 

the homogenization, the samples were transferred to the centrifuge and ran at 10 000 x G for 10 

minutes. After the samples were centrifuged, the supernatant was transferred to Eppendorf tubes 

and the weight was measured. The GSH masking reagent 2-vinylpyridine (2vp) was added to 

half of the samples to allow for estimation of both reduced and oxidized glutathione. The 

samples were then incubated at room temperature for 1 hour. While the samples incubated, the 

glutathione standard solution was prepared by making a dilution series (3.125 µM, 6.25 µM, 

12.5 µM, 25 µM, and 50 µM). After incubation, the samples were diluted with SSA by mixing 4 

µL sample and 16 µL SSA. This dilution proved to be excessive, thus it was skipped in the 

remaining samples. Further, blanks (SSA), glutathione standard dilution series (duplicates) and 

samples (duplicates with and without 2vp) were added to a 96-well microtiter plate. NADPH and 

working mixture were added to all wells. The plate reader (BioTek’s Synergy Mx) was set to 412 

nm with kinetic read, and the plate was read at 1-minute intervals for 5 minutes.  

The concentration of total and oxidized glutathione of the samples was calculated by Equation 1. 

The concentration of reduced glutathione (GSH) was calculated by subtracting the oxidized 

glutathione (GSSG) concentration from the total (GSH+GSSG) concentration.  

 

𝑛𝑚𝑜𝑙𝑒𝑠	𝑝𝑒𝑟	𝑚𝐿	𝑜𝑓	𝑠𝑎𝑚𝑝𝑙𝑒 =
Δ𝐴012/min(𝑠𝑎𝑚𝑝𝑙𝑒) × 	𝑑𝑖𝑙
Δ𝐴012/min(1	𝑛𝑚𝑜𝑙𝑒) × 	𝑣𝑜𝑙

 

Equation 1 
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2.2.5 Glutathione S-transferase  

 

Glutathione S-transferase was quantified in cytosol from liver using Glutathione S-transferase 

Assay (Habig et al. 1974).  

 

Solutions  

 

o 0.1 M sodium phosphate, pH 7.5 

o 1 mM GSH: 32 mg GSH + 100 mL sodium phosphate  

o 100 mM CDNB: 254 mg CDNB + 12.5 mL DMSO 

 

Procedure 

 

Samples of cytosol from the tissue preparation were used in this assay. A part of the method was 

to test different dilutions of the samples in sodium phosphate. 50x, 100x and 200x dilution were 

tested. The samples for the assay were diluted 50x with 0.1 M sodium phosphate, pH 7.5.  

Blanks and samples were added to the microtiter plate and the plate reader (BioTek’s Synergy 

Mx) was set to 340 nm with a kinetic read. The plate was read at 1-minute intervals for 15 

minutes. The GST activity was determined by measuring the rate of produced conjugation 

between GSH and CDNB, which is proportional to the increase in absorbance at 340 nm over 

time. The GST activity was calculated by Equation 2: 

  

 

𝐺𝑆𝑇	𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 	
(∆𝐴E0F)/min 	× 	𝑉(𝑚𝐿)	× 	𝑑𝑖𝑙

ℇIJ 	×	𝑉KLM(𝑚𝐿)
=
𝜇𝑚𝑜𝑙
𝑚𝐿 /𝑚𝑖𝑛 

Equation 2 
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2.2.6 Glutathione peroxidase  

 

Glutathione peroxidase was quantified in cytosol from liver using the assay described in Mills 

(1959).  

 

Solutions  

 

o Buffer: 0.1 M potassium phosphate, pH 7.0 

o GSH solution: 215.1 mg GSH + 10 mL dH2O 

o NADPH solution: 4 mg NADPH + 1 mL buffer 

o NAN3: 13 mg NAN3 + 10 mL buffer  

o GR solution: 76.8 µL + 1 mL buffer  

o H2O2: 90.4 mL + 10 mL dH2O 

 

Procedure 

 

Different concentrations of glutathione reduced (GSH), glutathione reductase (GR), and NADPH 

was tested:  

• GSH 1x: 215.1 mg GSH + 10 mL dH2O 

• GSH 2x: 430.2 mg GSH + 10 mL dH2O 

• GR 1x: 76.8 µL GR + 1 mL potassium phosphate  

• GR 2x: 153.6 µL GR + 1 mL potassium phosphate  

• NADPH 1x: 4.0 mg NADPH + 1 mL potassium phosphate 

• NADPH 2x: 8.0 mg NADPH + 1 mL potassium phosphate 

• NADPH 4x: 16.0 mg NADPH + 1 mL potassium phosphate 

 

The results of the test showed that NADPH 1x and NADPH 2x were limiting. Therefore, the 

NADPH 4x concentration was used in the assay. The concentration of GR and GSH (1x) from 

the protocol was used.  
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1. A mixture containing the substances below was made for each sample. 

• 50 µL H2O2 

• 250 µL 0.1 M K-phosphate, pH 7.0 

• 25 µL NaN3 

• 90 µL dH2O 

• 25 µL glutathione reductase (GR 1x solution) 

• 25 µL glutathione reduced (GSH 1x solution)  

2. 10 µL cytosol sample (from tissue preparation) was added to each tube with the mixture.  

3. 100 µL of the mixture with the samples was added to the 96-well microtiter plate. 10 µL 

NADPH 4x solution was added to each well at the end using a multichannel pipette.  

4. The plate was transferred to the plate reader (BioTek’s Synergy Mx) and set to 340 nm with 

a kinetic read. The plate was read at 1-minute intervals for 15 minutes. The plate reader 

calculated the change in absorbance over time (Vmax). The Vmax values were used in the 

formula below to calculate the concentration of glutathione peroxidase.  

 

The glutathione peroxidase concentration was calculated by Equation 3: 

 

𝑛𝑚𝑜𝑙	𝑚𝑔	𝑝𝑟𝑜𝑡𝑒𝑖𝑛P1	𝑚𝑖𝑛P1 =
(𝑆𝑎𝑚𝑝𝑙𝑒	∆𝑂𝐷E0F𝑚𝑖𝑛P1 − 𝐵𝑙𝑎𝑛𝑘	∆𝑂𝐷E0F𝑚𝑖𝑛P1) ×	(1	𝑚𝐿)

0.0062	 × 	𝑠𝑎𝑚𝑝𝑙𝑒	𝑣𝑜𝑙𝑢𝑚𝑒	(0.01 − 0.1	𝑚𝐿) × 	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	(𝑚𝑔𝑚𝐿)
 

 
Equation 3 

 

2.2.7 Glutathione reductase  

 

Glutathione reductase (GR) was quantified in cytosol from liver using the assay described by 

Mapson and Goddard (1951).  

 

Solutions  

 

o Buffer: 0.1 M sodium phosphate, pH 7.6  

o GSSG solution: 310 mg GSSG + 50 mL buffer 

o NADPH solution: 10 mg NADPH + 10 mL buffer 
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o EDTA solution: 95 mg EDTA + 100 mL buffer 

o Assay buffer: 9 mL sodium phosphate buffer + 1 mL EDTA solution 

 

Procedure 

 

Samples of cytosol from liver tissue were used in the glutathione reductase assay. First, different 

concentrations of GSSG and NADPH were tested:  

• GSSG 1x: 310 mg GSSG + 50 mL phosphate buffer  

• GSSG 2x: 620 mg GSSG + 50 mL phosphate buffer  

• NADPH 1x: 10 mg + 10 mL phosphate buffer  

• NADPH 2x: 20 mg + 10 mL phosphate buffer 

• NADPH 4x:  40 mg + 10 mL phosphate buffer  

 

Conclusion of the tests: GSSG was not limiting and the 1x concentration was used in the assay. 

The concentrations of NADPH (1x and 2x) were apparently not sufficiently high, therefore the 

4x concentration was used.  

 

160 µL Assay buffer, 20 µL phosphate buffer, 20 µL samples and 20 µL NADPH were added to 

all wells of the 96-well microtiter plate. Oxidized glutathione (GSSG) was added to half of the 

blanks and half of the samples. After adding everything to the plate, it was transferred to the 

plate reader (BioTek’s Synergy Mx) and set to 340 nm with a kinetic read. The plate was then 

read at 1-minute intervals for 15 minutes.  

 

The mean of blanks with GSSG was subtracted from the mean of samples with GSSG. The mean 

of blanks without GSSG was subtracted from the mean of samples without GSSG. The activity 

of glutathione reductase (GR) was calculated by Equation 4: 

 

𝐺𝑅	(𝑚𝑚𝑜𝑙	𝑚𝑖𝑛P1	𝑚𝑔	𝑝𝑟𝑜𝑡𝑒𝑖𝑛P1)

= 	
(𝑉𝑚𝑎𝑥	(𝑠𝑎𝑚𝑝𝑙𝑒	𝑤𝑖𝑡ℎ	𝐺𝑆𝑆𝐺) − 𝑉𝑚𝑎𝑥	(𝑠𝑎𝑚𝑝𝑙𝑒	𝑤𝑖𝑡ℎ𝑜𝑢𝑡ℎ	𝐺𝑆𝑆𝐺)) × 	60

6300	 × 	0.35  

 
Equation 4 
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2.2.8 Comet assay 

 

DNA damage was quantified in whole blood using the comet assay (Azqueta and Collins 2013; 

Azqueta, Gutzkow, et al. 2011; Azqueta, Meier, et al. 2011; Collins et al. 2008; Gutzkow et al. 

2013; Singh et al. 1988; Tice et al. 2000).  

 

Solutions and chemicals  

 

o Phosphate buffered saline (PBS) 

§ Stock solution: dH2O, NaCl, Na2HPO4, KH2PO4 

§ Working solution: PBS stock solution, dH2O, Na2EDTA*2H2O, NaOH 

o Lysis buffer  

§ Stock solution: dH2O, NaCl (58.44 g/mol), NaOH (40.0 g/mol), 

Na2EDTA*2H2O (372.2 g/mol), Trizma-base (121.2 g/mol) 

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

o Electrophoresis buffer  

§ Stock solution: dH2O, NaOH (40.0 g/mol), Na2-EDTA (372.24 g/mol)  

§ Working solution: stock solution, dH2O, 37% HCl 

o Neutralization buffer 

§ dH2O, Trizma-base (121.14 g/mol), Trizma-HCl (157.56 g/mol) 

o Tris-EDTA buffer 

§  0.5 M Tris buffer (pH 8), 0.5 M Na2EDTA (pH 8), dH2O 

o Staining solution (SYBR gold) 

§  Trizma EDTA (TE) buffer, SYBR gold (diluted)  

o 96% Ethanol  

o SYBR gold  

o 37% HCl 

 

Procedure  

 

The first part of the procedure took place at Solbergstrand the day of sampling. 2 L lysis buffer 

was prepared beforehand and brought to Solbergstrand. 100 µL blood samples were drawn from 
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each fish and mixed with 400 µL PBS in an Eppendorf tube. The samples were quickly placed 

on ice and transferred to the lab for further processing. Gelbond films were placed on a cold 

aluminium plate to cool. The blood samples were diluted 1000x in PBS. Using a pipette, 10 µL 

of the 1000x diluted sample was mixed with 90 µL agarose in Eppendorf tubes. Approximately 

25 µL of the mixture of sample in agarose was carefully applied to the Gelbond films. 12-16 gels 

were placed on each film. The films were placed in lysis buffer and brought back to the 

laboratory where samples were stored in the dark at 4°C overnight.  

 

Electrophoresis buffer was prepared and refrigerated before unwinding. The films were rinsed in 

ice-cold electrophoresis buffer for approximately 5 minutes. 4 films at a time were transferred to 

the electrophoresis chamber containing 1.4 L cold new electrophoresis buffer. Horizontal 

electrophoresis was run for 20 minutes. After electrophoresis, the films were removed from the 

chamber and rinsed in neutralizing buffer at room temperature for 5 minutes. The films were 

then transferred to fresh neutralizing buffer and rinsed again. The total time in neutralizing buffer 

was 15 minutes. After neutralization, the films were transferred to distilled water where they 

were briefly rinsed before they were transferred to 96% ethanol. The films were then placed in 

fresh 96% ethanol and fixed for 24 hours. The films were now able to be stored for up to 6 

months.  

 

Evaluation of DNA damage 

 

The films were stained with SYBR gold for 20 minutes on a gently rocking table. The films with 

gels were marked with a grid pattern using a diamond pen. The films were then applied to a 

plexiglass plate by adding a droplet of distilled water on the surface of the plate, and then 

bending the film gently down to avoid air bubbles under the film. Excess water was removed by 

tilting the plexiglass plate. A new coat of distilled water was added to the film before placing a 

cover glass on top. It was then transferred to the fluorescence microscope (Nikon Eclipse 

LV100ND). Visual scoring was used to score 50 cells per fish. Type of treatment the fish had 

been given was not known during visual scoring. Comets near edges and air bubbles was 

avoided. The instrument measured the intensity of the comet tail which reflected the number of 

DNA strand breaks. The median tail intensity was calculated per individual fish.  
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2.3 Statistical analysis   
 

All statistical analyses were performed in RStudio (version 1.1.423 – 2009-2018). The 

significance level was set to p = 0.05. Normal distribution was checked visually through 

diagnostic plots. The Shapiro-Wilks test was used as an additional test to see if the data were 

normally distributed (Shapiro and Wilk 1965). The non-normal data were loge-transformed, and 

Bartlett´s test (Bartlett 1937) was run to test homogeneity of variance. All data were 

homogenous (p > 0.05) aside from glutathione-S transferase activity (p < 0.05). Data with 

homogenous variances were analysed using parametric tests, including one-way analysis of 

variance (ANOVA) followed by a pairwise t-test to test which groups were significantly 

different. Welch´s t-tests were performed to test differences in mercury accumulation and 

reduced glutathione concentration between May and September. Kruskal-Wallis tests (Kruskal 

and Wallis 1952) were performed on the GST data to determine differences between more than 

two treatment groups.   
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3 Results  
 

3.1 Total mercury in liver and muscle of Atlantic cod 
 

Total mercury (Hg) concentration (ng/g wet weight) was measured in samples of liver and 

muscle of Atlantic cod (Figure 1). There was a significant difference in accumulation of mercury 

between the treatment groups in both tissues (Liver: One-Way ANOVA, F(4, 72) = 82.15, p < 

0.001 / Muscle: One-Way ANOVA, F(4, 65) = 89.82, p < 0.001). For both liver and muscle, the 

groups exposed to 2.0 mg/kg MeHg (PBS+MeHg2 and Selenium+MeHg2) had the highest 

concentration of MeHg, the fish exposed to 0.2 mg/kg MeHg and PBS were in-between, whereas 

the lowest concentration was measured in the fish treated with PBS and/or selenium.  

 

Welch´s t-test were run to compare the mercury concentrations in liver and muscle. The total 

mercury concentration were significantly higher (Welch´s t-test, t = -11.2, df = 143.4, p < 0.001) 

in muscle compared to the concentration in liver in all treatment groups. Welch´s t-test were run 

to test differences between fished sampled in May and September. The concentrations were not 

significantly different between May and September in either liver or muscle (Welch´s t-test, 

liver: t = 0.05, df = 74.9, p = 0.96, muscle: t = 0.48, df = 66.5, p = 0.63).  
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Figure 1. Boxplot of the loge total mercury concentrations (ng/g, wet weight) in liver and muscle of Atlantic 
cod for each treatment groups. The white coloured boxes represent log total Hg concentrations in liver and 

grey boxes represent the log total Hg concentration in muscle. Boxes represent the second and third quartiles. 

Horizontal lines represent the median. Whiskers represent the lower (first) and upper (fourth) quartiles. Points 
outside the whiskers and box are outliers. 
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A pairwise t-test was run after ANOVA to see which of the groups was significantly different. 

Table 1 shows the significance levels in log total mercury concentrations in liver, while Table 2 

shows the significance levels in muscle.  
 
 
Table 1. Summary of the treatment groups with significance levels in log total mercury concentration in liver. 
If p < 0.05 the concentration is significantly different between the two groups. The groups with significant 
differences are marked with *.   

 
PBS+MeHg02 PBS+MeHg2 PBS+PBS Selenium+MeHg2 

PBS+MeHg2 < 0.001* - - - 

PBS+PBS 0.0027* < 0.001* - - 

Selenium+MeHg2 < 0.001* 0.2848 < 0.001* - 

Selenium+PBS 0.0081*  < 0.001* 0.9273  < 0.001* 

 

 

 
Table 2. Summary of the treatment groups with significance levels in log total mercury concentration in 
muscle. If p < 0.05 the concentration is significantly different between the two groups. The groups with 
significant differences are marked with *. 

 
PBS+MeHg02 PBS+MeHg2 PBS+PBS Selenium+MeHg2 

PBS+MeHg2 < 0.001* - - - 

PBS+PBS < 0.001* < 0.001* - - 

Selenium+MeHg2 < 0.001* 0.039* < 0.001* - 

Selenium+PBS 0.02* < 0.001* 0.205 < 0.001* 
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3.2 Total, reduced and oxidized glutathione concentration in Atlantic cod  
 

Total, reduced and oxidized glutathione levels were measured in cytosol of Atlantic cod. The 

concentration of log total glutathione is presented in Figure 2, concentration of log oxidized 

hepatic glutathione (GSSG) in Figure 3, and concentration of log reduced glutathione (GSH) in 

Figure 4. The concentration of GSH was determined by subtracting GSSG from total glutathione.  

 

3.2.1 Total glutathione (GSH+GSSG) concentration  

 

Total glutathione concentration was measured in cytosol samples without 2vp. The concentration 

of log total glutathione was not significantly different between the treatment groups (One-Way 

ANOVA, F(4, 73) = 1.91, p = 0.118).  

 
Figure 2. Boxplot of the loge total glutathione (GSH and GSSG) concentration in cytosol in the different 
treatment groups. The plot shows the total glutathione concentration in nmoles per minute per mg protein in 

the original cytosol sample. Boxes represent the second and third quartiles. Horizontal lines represent the 
median. Whiskers represent the lower (first) and upper (fourth) quartiles.  
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3.2.2 Oxidized hepatic glutathione (GSSG) concentration 

 

The concentration of oxidized glutathione was measured in samples with 2vp. The concentration 

of log oxidized glutathione (GSSG) was not significantly different between the treatment groups 

(One-Way ANOVA, F(4, 72) = 1.286,  p = 0.284).   

 
 
Figure 3. Boxplot of the loge oxidized glutathione (nmoles GSH/mL of sample) concentration  in cytosol of fish 

receiving 2vp. The plot shows the GSSG concentration in nmoles per minute per mg protein in the original 
cytosol sample. Boxes represent the second and third quartiles. Horizontal lines represent the median. 
Whiskers represent the lower (first) and upper (fourth) quartiles. 
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3.2.3 Reduced glutathione (GSH) concentration  

 

The concentration of samples with 2vp (GSSG) was subtracted from samples without 2vp 

(GSH+GSSG) to determine GSH concentration (Figure 6). The concentration of log GSH was 

significantly different between the treatment groups (One-Way ANOVA, F(4, 70) = 3.22, p = 

0.0174). There was no significant difference between May and September (Welch´s t-test, t = -

0.58, df = 46.42, p = 0.56).  

 
Figure 4. Boxplot of the concentration of loge glutathione reduced (GSH) in cytosol of Atlantic cod. The plot 

shows GSH concentration in nmoles per minute per mg protein in the original cytosol sample. Boxes represent 
the second and third quartiles. Horizontal lines represent the median. Whiskers represent the lower (first) and 
upper (fourth) quartiles. Points outside the whiskers and box are outliers. 
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A pairwise t-test was run after ANOVA to see which groups was significantly different. Table 3 

shows the significance levels in reduced glutathione concentrations in liver.   

 
Table 3. Summary of the treatment groups with significance levels in log reduced glutathione concentration. If 
p < 0.05 the concentration is significantly different between the two groups (marked *).  

 
PBS+MeHg02 PBS+MeHg2 PBS+PBS Selenium+MeHg2 

PBS+MeHg2 0.073 - - - 

PBS+PBS 0.605 0.039* - - 

Selenium+MeHg2 0.046* 0.628 0.025* - 

Selenium+PBS 0.242 0.183 0.116 0.112 

 

 

Reduced glutathione (GSH) was significantly decreased in the MeHg (2 mg/kg) exposed fish 

compared to control (p = 0.039). GSH was also significantly (p = 0.025) decreased in 

Selenium+MeHg2 compared to the control group, and in Selenium+MeHg2 compared to 

PBS+MeHg02 (p = 0.046).  
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3.3 Glutathione S-transferase activity in Atlantic cod 
 

Glutathione S-transferase activity was measured in the cytosol of Atlantic cod and is presented in 

Figure 5. The difference in activity between the treatment groups was not significant (Kruskal-

Wallis rank sum test, c2 = 2.2, df = 4, p = 0.69).  

 

 
Figure 5. Boxplot of the glutathione S-transferase activity (μmol/mL/min) in cytosol of Atlantic cod. The plot 

shows the GST activity in µmol per minute per mg protein in the original cytosol sample. Boxes represent the 

second and third quartiles. Horizontal lines represent the median. Whiskers represent the lower (first) and 
upper (fourth) quartiles. Points outside the whiskers and box are outliers. 
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3.4 Glutathione peroxidase activity in Atlantic cod 
 

The glutathione peroxidase activity was measured in cytosol of Atlantic cod. The log of the 

glutathione peroxidase activities in each treatment groups are presented in Figure 6. The log GPx 

activity was not significantly different between the treatment groups (One-Way ANOVA, F(4, 

80) = 1.067, p = 0.4). 

 

 
Figure 6. Boxplot of the loge glutathione peroxidase activity (nmol mg protein-1 min-1 ) in cytosol of Atlantic 

cod. The plot shows the GPx activity in nmol per minute per mg protein in the original cytosol sample. Boxes 
represent the second and third quartiles. Horizontal lines represent the median. Whiskers represent the lower 
(first) and upper (fourth) quartiles.  
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3.5 Glutathione reductase activity in Atlantic cod 
 

Glutathione reductase activity was measured in cytosol of Atlantic cod. The log of the 

glutathione reductase activities in the different treatment groups are presented in Figure 7. The 

glutathione reductase activity was not significantly different between the treatment groups (One-

Way ANOVA, F(4, 67) = 0.688, p = 0.603).  

 

Figure 7. Boxplot of the loge glutathione reductase activity in cytosol of Atlantic cod. The plot shows the GR 
activity in nmol per minute per mg protein in the original cytosol sample. Boxes represent the second and third 

quartiles. Horizontal lines represent the median. Whiskers represent the lower (first) and upper (fourth) 
quartiles. Points outside the whiskers and box are outliers. 
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3.6 DNA damage in Atlantic cod   
 

Comet assay was performed in order to quantify DNA damage in blood cells of Atlantic cod. 

The log median tail intensities were plotted (Figure 8) to look at the difference between the 

treatment groups. There was not a significant difference in DNA damage between the treatment 

groups (One-Way ANOVA, F(4, 64) = 0.787, p = 0.54).  

 

 
Figure 8. Boxplot of the loge DNA damage in whole blood of Atlantic cod. The median tail intensity (y-axis) 

was plotted against the 5 different treatment groups (x-axis). Boxes represent the second and third quartiles. 
Horizontal lines represent the median. Whiskers represent the lower (first) and upper (fourth) quartiles. Points 
outside the whiskers and box are outliers. 
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4 Discussion  
 

The aim of this study was to quantify mercury accumulation and sublethal effects in juvenile 

Atlantic cod (Gadus morhua) following exposure to methylmercury, as well as clarifying 

whether selenium exposure would modulate accumulation and/or effects. Juvenile cod were 

exposed for 10 and 17 weeks to investigate responses over time. To quantify sublethal effects, 

the concentration of reduced and oxidized hepatic glutathione and activity of antioxidant 

enzymes (GST, GPx and GR) were measured in liver. To quantify methylmercury accumulation, 

the total mercury concentration was measured in liver and muscle. The antagonistic effects of 

selenium on accumulation and effects of methylmercury were investigated by comparing the 

group receiving selenium and MeHg2 and groups receiving PBS and MeHg2.  

 

4.1 Methylmercury accumulation in Atlantic cod  
 

4.1.1 Comparison of total mercury concentrations between treatments  

 

MeHg-treated fish had significantly increased total mercury concentrations in both liver and 

muscle compared to the control group (Figure 1). The increased concentration of MeHg 

compared to the control group was expected (Objective 1, H1) due to the potential of fish to take 

up methylmercury and accumulate it in several tissues (Amlund et al. 2007). The groups 

receiving 2.0 mg/kg MeHg had the highest concentrations, the group receiving 0.2 mg/kg MeHg 

had the second highest, whereas the lowest concentrations were found in the groups receiving 

PBS and/or selenium (Figure 1 and Appendix B). This shows that the higher concentration 

injected, the higher concentration is measured in tissues. It also confirms that the intraperitoneal 

injections of methylmercury and control treatment were successful and resulted in accumulation 

in both tissues. Previous studies on rainbow trout supports that intraperitoneal injection is a 

suitable method for sublethal effects studies involving MeHg (Hawryshyn and Mackay 1979). 

Their results showed retention of 90 % of the MeHg dose injected. They also showed a 

significant association between increased concentration of mercury in tissues and increased 

MeHg dose injected, which is consistent with the results of the present study.  
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The mean mercury concentrations of cod exposed to 0.2 mg/kg MeHg were 0.0152 mg/kg in 

liver and 0.136 mg/kg in muscle (Appendix B). Similar concentrations have been detected in 

Atlantic cod (Gadus morhua) collected from the Oslofjord (Julshamn et al. 2013). Julshamn et 

al. (2013) measured a mean liver Hg concentration of 0.11 mg/kg in cod from the eastern 

Oslofjord and 0.14 mg/kg in liver of cod from the western Oslofjord. The liver concentration 

measured in cod exposed to 0.2 mg/kg MeHg in the present study was lower compared to cod 

caught in the Oslofjord. The mean Hg concentration in muscle were 0.14 mg/kg in the eastern 

Oslofjord and 0.13 mg/kg in the western Oslofjord. This is relatively similar to the muscle 

concentration (0.136 mg/kg) in cod exposed to 0.2 mg/kg in the present study. This may indicate 

that the 0.2 mg/kg dose is relevant to environmental concentrations. The mean mercury 

concentrations of cod exposed to 2.0 mg/kg MeHg only, were 0.132 mg/kg in liver and 0.871 

mg/kg in muscle (Appendix B). The liver concentration of this study is very similar to the 

concentrations in cod from the Oslofjord (Julshamn et al. 2013), whereas the muscle 

concentration is much higher in this study. EU has set a maximum limit of 0.5 mg/kg mercury in 

fish for human consumption (European Commission 2006). Only three of the samples of 

Julshamn et al. (2013) showed a Hg concentration higher than 0.5 mg/kg, whereas 90 % of the 

muscle samples in the PBS+MeHg2 group of this study were higher than the maximum mercury 

limit. A possible explanation is that the injected dose (2.0 mg/kg) is a higher concentration than 

wild cod is exposed to in the environment, and when injected directly into the fish, causes a 

much higher uptake.  

 

The fish of the present study were exposed to MeHg for 10 and 17 weeks to investigate 

accumulation over time. The results from the comparison between May and September showed 

no significant difference in mercury concentration in liver and muscle between the two months, 

which may due to a short time period between the two samplings. In the future study, acute and 

chronic exposures might provide a better description of the accumulation of methylmercury 

within cod over time.  
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4.1.2 Comparison of mercury concentrations in liver and muscle  

 

Methylmercury accumulated in both liver and muscle tissue of Atlantic cod exposed to MeHg. 

As the primary route of absorption following intraperitoneal injection is into the mesenteric 

vessels, which leads to the portal vein passing through the liver (Lukas et al. 1971), it was 

hypothesized (Objective 1, H2) that the concentration of MeHg is higher in liver compared to 

muscle. The results of this study showed a significantly higher concentration of MeHg in muscle 

compared to liver (Figure 1). A possible explanation for this might be a redistribution of organic 

mercury after long-term exposure. This was documented in the study of Julshamn et al. (1982) 

who investigated the accumulation of inorganic mercury and methylmercury in liver and muscle 

of Atlantic cod (Gadus morhua) caught in Masfjord north of Bergen. Fish fed inorganic mercury 

(2 mg/kg) had the highest concentration of mercury in the liver. However, fish fed 

methylmercury (2 mg/kg) showed a much higher uptake and different distribution patterns. The 

MeHg concentration in liver reached its maximum after 8 days, and maintained this level for the 

rest of the study period. However, muscle showed a continuous increasing uptake throughout the 

study period, and exceeded the concentration of liver after 32 days of feeding exposure. The 

results showed varying patterns for different mercuric compounds, as well as a potential 

redistribution of methylmercury after long-term exposure. The fish in the present study were 

exposed for a longer period (70 and 119 days), which could have resulted in the same 

redistribution as that of  Julshamn et al. (1982). Another possible explanation for higher MeHg 

concentrations in muscle is that it is a protective mechanism to avoid exposure to the nervous 

system. This was hypothesized by Wiener and Spry (1996), who stated that storage of MeHg in 

muscle serves as a protective mechanism in fish because the accumulation in muscle reduces the 

exposure of the central nervous system to MeHg. This hypothesis is not well examined and 

further studies are required to get a better understanding of this possible protective mechanism. It 

could also be that methylmercury is transported directly to the muscle. Previous results suggests 

that muscle is a major sink of MeHg accumulation and may be the target destination for MeHg 

(Peng et al. 2016). The underlying mechanisms for transportation of MeHg within fish is still not 

fully known (Peng et al. 2016), and further study are needed to understand these mechanisms.  
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4.2 Effects of methylmercury on glutathione and antioxidant enzymes  
 

4.2.1 Total, reduced and oxidized glutathione  

 

Cod exposed to the highest MeHg concentration had significantly decreased GSH levels in cells 

compared to control fish (Table 3). This was predicted (Objective 2, H1) because previous 

studies have shown that exposure to methylmercury reduces the levels of GSH in cells (Elia et al. 

2003; Lee, Kang, et al. 2017; Stringari et al. 2008). A change in the concentration of GSH has 

been suggested to be a good biomarker for oxidative stress (Almar et al. 1998). Possible 

explanations for the depletion of GSH include a direct interaction of mercury with the thiol (-SH) 

group of GSH, forming a GS-HgCH3 or GS-Hg+ complex, or an increased oxidation of GSH to 

GSSG (Ballatori and Clarkson 1982; Elia et al. 2003). The latter might have induced increased 

GSSG levels in the cells, which was not detected. Another explanation could be reduced GR 

activity. GR enzymes are known to oxidize GSSG back to GSH in order to maintain the reduced 

environment in the cell (Farina and Aschner 2019). If the activity of GR is inhibited by mercury, 

less GSSG is oxidized back to GSH (Elia et al. 2003). The present results showed no significant 

effect of MeHg on GR activity (as discussed later), therefore this is not a likely explanation.  

 

Exposure to 0.2 mg/kg MeHg was not sufficient to induce significant effects on GSH levels. The 

results showed only significantly decreased GSH concentrations in the groups exposed to 2.0 

mg/kg MeHg. That includes both PBS+MeHg2 and Selenium+MeHg2. These results indicate 

that the inhibitory effects of MeHg on GSH are dose-dependent, and that the higher 

concentration of MeHg, the lower the detection level of GSH. Previous studies have shown that 

the inhibitory effects of MeHg depend on the administered dose (Lee, Kang, et al. 2017). Lee, 

Kang, et al. (2017) exposed copepod (Tigriopus japonicus) to seawater containing 0.1, 10, 100, 

500 and 1000 ng/L MeHg. In line with the present results, they found decreased levels of GSH 

only at 500 and 1000 ng/L MeHg.  

 

Other studies contradict the present results by finding increased levels of GSH in fish after 

exposure to mercury (Chatterjee and Bhattacharya 1984; Rana et al. 1995; Thomas and Wofford 

1984). Chatterjee and Bhattacharya (1984) found increased levels of GSH the first 48 hours of 

mercury (0.166 mg/L Hg2+) exposure, but a moderate decrease over time. Thomas and Wofford 
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(1984) found increased levels of GSH after short term exposure to mercury (0.2 mg/L) for 7 

days. Rana et al. (1995) found increased GSH after short-term mercury exposure and decreased 

GSH after long-term exposure. Increased GSH levels might be due to an adaptive mechanism to 

oxidative stress (Wu et al. 2011). The increased levels might provide protection against effects of 

toxic compounds (Thomas and Wofford 1984). A more severe oxidative stress may induce GSH 

depletion due to loss of these adaptive mechanisms (Wu et al. 2011). Overall, previous studies 

have shown a wide range of responses of GSH to mercury exposure. Wang et al. (2009) found 

that high concentrations of MeHg decreased GSH levels, whereas low concentrations increased 

intracellular GSH. Therefore, the different responses may be caused by different doses of 

mercury.  

 

To investigate the responses of GSH over time in this study, the concentration of GSH were 

compared between May and September. The results showed no significant differences in GSH 

concentration between the two months. This is contrary to results showing that the concentration 

of GSH changes over time (Chatterjee and Bhattacharya 1984; Rana et al. 1995). Rana et al. 

(1995) found increased GSH levels after 15 days of exposure to MeHg, but decreased levels after 

30 days. Chatterjee and Bhattacharya (1984) found increased levels of GSH during the first 48 h, 

but decreased levels after that. These results implies that increased levels can be measured after 

short-term exposure. In the present study, GSH was first measured after a longer time period (10 

weeks) which may be too long to detect increased GSH levels as an initial response. In any 

future study, a larger timeframe is recommended to better investigate the development of 

responses.   

 

The results showed no difference in concentration of total or oxidized glutathione between the 

treatment groups (Figure 2 and 3). This does not support the hypothesis (Objective 2, H2) 

predicting that GSSG activity was higher in MeHg-treated cod, due to an increased GSSG to 

GSH ratio induced by oxidative stress. These results were unexpected, as several studies 

indicates that MeHg exposure can induce accumulation of GSSG levels in different species 

(Kenow et al. 2008; Ni et al. 2010; Robitaille et al. 2016). The reason may be due to low MeHg 

concentration in liver, as most of the mercury accumulated in muscle. This is supported by the 

study of Wang et al. (2009) who found that exposure to 0.1-1 µM MeHg induced increased GSH 

levels, but caused no changes in GSSG. Higher MeHg concentration (10 µM) induced a 
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depletion of GSG and GSSG in the same study. This study indicates that the effects of MeHg on 

GSSG depends on the exposure concentration of MeHg. Another possible explanation could be 

that GSH is the first component to react in the defence against toxic compounds. GSH is a very 

important component of the antioxidant defence that conjugates with toxic compounds (Clarkson 

1997). GSH may therefore be the first line of defence against oxidative stress (Wu et al. 2011).  

 

4.2.2 Glutathione S-transferase, glutathione peroxidase and glutathione reductase  

 

Cells contain a number of antioxidant defences to protect organisms against oxidative damage, 

including glutathione S-transferase (GST), glutathione peroxidase (GPx) and glutathione 

reductase (GR). A change in the activity of these enzymes has been shown to be a good indicator 

of oxidative stress (Almar et al. 1998). It was therefore hypothesized that the activity of different 

antioxidant enzymes in fish exposed to MeHg is different compared to control fish (Objective 3, 

H1). The results showed no significant effects of MeHg exposure on the activity of GST, GPx 

and GR (Figure 5, 6 and 7). A possible reason for non-significant effects of MeHg exposure on 

the antioxidant enzymes is low MeHg-concentrations in the liver. Berntssen et al. (2003) found 

similar results. They measured a mean concentration of 6.69 mg/kg MeHg in liver of Atlantic 

salmon fed 10 mg/kg MeHg, and found increased levels of GPx in liver compared to the control. 

Atlantic salmon exposed to 5 mg/kg accumulated a mean concentration of 4.06 mg/kg MeHg in 

liver, and had no significant changes in GPx activity compared to control. Their suggested 

explanation was relatively low MeHg concentration in the liver of fish exposed to 5 mg/kg 

MeHg. The present study measured a mean concentration of 0.132 mg/kg in liver of fish exposed 

to 2.0 mg/kg MeHg and 0.0152 mg/kg in liver of fish exposed to 0.2 mg/kg MeHg (Appendix 

B). These concentrations are much lower compared to the findings of Berntssen et al. (2003). A 

higher MeHg dose might induce alterations in the antioxidant enzyme activity.  

 

Previous studies have found a wide range of responses of the antioxidant enzymes due to 

mercury exposure. For example, Chang and Suber (1982) exposed rats by i.p injection to 2.0 

mg/kg MeHg every day for 8 weeks. Analysis of glutathione peroxidase activity in blood cells 

showed no significant change after 3 weeks of exposure, but a significantly decreased activity of 

GPx after 6 weeks. They used the same concentration as this study, but injected daily for 8 

weeks. Daily injections could result in more severe effects of MeHg on GPx. Lee, Kang, et al. 
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(2017) evaluated the effects of methylmercury on the antioxidant system in copepod (Tigriopus 

japonicus), detecting increased levels of GST, GPx and GR, and concluded that methylmercury 

can induce oxidative stress. Wu et al. (2018) evaluated the response of the antioxidant defence in 

large yellow croaker (Pseudosciaena crocea) under methylmercury exposure. They found 

increased levels of GSH and GPx. On the other hand, Stringari et al. (2008) studied oxidative 

stress in mouse brains caused by prenatal methylmercury exposure, and found decreased levels 

of GPx and GR in the brain tissue. A study that evaluated effects of mercury on the brain´s 

antioxidant responses in European sea bass (Dicentrarchus labrax) found increased GR, GPx 

and GST levels (Mieiro et al. 2011). There are several explanations for both the inhibitory and 

stimulating effects of mercury on the antioxidant enzymes among these studies. Glutathione 

reductase (GR) is an important enzyme in the antioxidant defence that maintains a reducing 

environment in the cell by catalysing the reduction of GSSG to GSH. The mechanisms of 

regulation of GR in response to toxic compounds is still unclear, but increased GR levels might 

be due to an adaptive response to oxidative stress (Wu et al. 2011), or may be a mechanism to 

compensate for decreased glutathione antioxidant protection (Branco et al. 2011). If the activity 

of GR increases, more GSSG is reduced back to GSH. Decreased GR levels could be caused by 

mercury binding to the enzyme (Mykkanen and Ganther 1974). GSTs are another group of 

enzymes that plays an important role in protecting cells against oxidative stress, as they catalyse 

the conjugation of GSH to toxic compounds (Domingues et al. 2010). Increased GST levels 

could indicate an adaptation response to the toxic compound (Wu et al. 2011). If there is greater 

GST activity in the cell, more GSH may conjugate with the toxic compound, thus facilitating its 

excretion. Other findings suggest that transcription levels of antioxidant genes are up-regulated 

by MeHg-exposure, leading to increased GST levels (Lee, Kim, et al. 2017). Glutathione 

peroxidases are enzymes that are part of the detoxification of toxic compounds that oxidizes 

reduced GSH to GSSG (Lee, Kang, et al. 2017). Several studies have found inhibitory effects of 

methylmercury on GPx (Farina et al. 2005; Hirota et al. 1980; Stringari et al. 2008), which may 

be related to a direct binding of MeHg with the selenol group of GPx (Zemolin et al. 2012). In 

contrast, fish (Pseudosciaena crocea) and copepod (Tigriopus japonicus) exposed to 

methylmercury showed increased GPx levels (Lee, Kang, et al. 2017; Wu et al. 2018). The 

increased activity of GPx could be associated with a compensatory response of decreased GST 

activities (Lee, Kang, et al. 2017).  
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The wide range of responses may indicate that the effects of mercury on the activity of 

antioxidant enzymes depend on species, type of tissue, mercuric compounds and mercury dose. 

For example, Mykkanen and Ganther (1974) found that methylmercury was far less inhibitory to 

GR than inorganic mercury in rats. The difference between organic and inorganic mercury might 

be due to structural differences, causing GR to preferably bind with inorganic mercury 

(Mykkanen and Ganther 1974). Another study found species differences in the response of 

antioxidant enzymes to PAH exposure. Goksøyr et al. (1987) studied species differences between 

Atlantic cod and rainbow trout exposed to PAHs, and found lower levels of GR and higher levels 

of GST in Atlantic cod compared to rainbow trout. Similarly, it might be expected that 

antioxidant responses to methylmercury exposure are different between fish species. This might 

be due to different sensitivities to the toxic compound. Comparative studies with rainbow trout 

and Atlantic cod in future studies could provide a better indication of species differences.  

 

4.3 Effect of methylmercury on DNA damage  
 

In contrast to the hypothesis (Objective 4, H1), there was no differences in DNA strand break 

levels between treatment groups in Atlantic cod (Figure 8). This is contrary to several studies 

reporting MeHg-induced DNA damage in a wide range of other species. For example, Pereira et 

al. (2010) found higher levels of DNA damage in golden grey mullets (Liza aurata) from a 

mercury contaminated site compared to the reference site. Other studies have detected DNA 

damage in MeHg-treated rats (Barcelos et al. 2011; Grotto et al. 2011). Zhang et al. (2017) found 

mercury-induced oxidative stress and DNA damage in duckweed (Lemna minor) and Amaral et 

al. (2019) showed DNA damage in golden mussels (Limnoperna fortunei) exposed to different 

concentrations of inorganic mercury (HgCl2). DNA damage has also been detected in blue 

mussels (Mytilus edulis) exposed to 20 μg/L inorganic mercury (Tran et al. 2007). 

 

This study detected no DNA damage due to exposure of MeHg in cod. This may have several 

explanations, e.g. methodological errors, low MeHg concentrations or uninhibited antioxidant 

enzyme activity. Methodological errors could have occurred during visual scoring. The comets 

may have been chosen from near debris, as several of the Gelbond films contained debris 

particles surrounding the comets. To detect methodological errors in the future study, hydrogen 

peroxide could be used as a positive control.  
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Non-significant change in DNA damage in MeHg-treated fish compared to control might also be 

caused by low concentrations of MeHg in the blood. This is confirmed by previous results that 

methylmercury induces DNA single-strand breaks in a dose-dependent manner (Betti and Nigro 

1996). The results showed that most of the MeHg accumulated in muscle after 10 and 17 weeks 

of MeHg exposure, which may indicate that low concentrations accumulated in blood. On the 

other hand, previous studies have shown that MeHg is transported by red blood cells in blood by 

binding to the hemoglobin in the cells (Kershaw et al. 1980; National Research Council 2000). 

This might lead to accumulation of MeHg in red blood cells. The total Hg concentration in blood 

was not measured in this study, making it difficult to confirm whether the blood had high or low 

MeHg concentrations.     

 

The present results showed no evidence of inhibition of antioxidant enzymes by MeHg, which 

could be an explanation for methylmercury not causing DNA damage. Studies have shown that a 

possible mechanism behind mercury-induced DNA damage might be increased levels of 

hydrogen peroxide in the cells (Tran et al. 2007). Inhibition of antioxidant enzymes such as 

glutathione reductase and glutathione peroxidase may lead to such elevation of H2O2 levels (Tran 

et al. 2007). Other studies have showed similar results. For example, Grotto et al. (2009) detected 

DNA damage in total blood of rats exposed to MeHg. They found that decreased GSH levels 

may induce DNA damage in rats. This was not observed in the present study as decreased GSH 

concentration was detected, but not DNA damage. The activity of glutathione peroxidase may 

also be directly involved in the DNA damage caused by MeHg (Grotto et al. 2009). Their results 

showed decreased GPx activity due to MeHg exposure and a possibly significant relationship 

between decreased GPx activity and DNA damage. Contrary to these studies, the present results 

showed no effect of MeHg on GPx and GR activity, which may explain why DNA damage was 

not detected.  
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4.4 Effects of selenium on accumulation and toxicity of methylmercury 
 

4.4.1 Effects of selenium on methylmercury accumulation  

 

Another aim of this study was to clarify whether selenium exposure would modulate 

accumulation of methylmercury. As expected (Objective 5, H1), when fishes were co-exposed to 

MeHg and selenium, accumulation was significantly lower in muscle (p = 0.039) compared to 

exposure to solely 2.0 mg/kg MeHg. Contrary to the expectations, this was not observed in liver 

(p = 0.285). The detected significance level in liver can be interpreted as a relatively low 

probability (28%) that the two groups have the same accumulation patterns. In addition, the 

median total mercury concentration in liver was lower in fish exposed to selenium and MeHg 

compared to fish exposed to MeHg only. A possible explanation is that the MeHg concentrations 

in muscle were much higher than liver, so it takes less to induce significant effects of selenium 

co-exposure in muscle than liver. Higher MeHg concentrations in liver would likely induce 

significant effects of selenium protection on mercury accumulation. The results also showed 

when fish were co-exposed to MeHg and Se, accumulation of mercury was significantly 

increased compared to when they were exposed solely to selenium (Selenium + PBS) in liver. 

Co-exposure also resulted in increased accumulation compared to the group exposed to 0.2 

mg/kg MeHg in both liver and muscle. The increased accumulation of the co-exposed group is 

probably due to the high mercury concentration injected, and not a particular effect of selenium. 

It was also shown that co-exposed fish had increased accumulation compared to the control 

group in muscle, which is probably also due to the injected MeHg.  

 

The protective effect of selenium on mercury accumulation in muscle may have several 

explanations. It could be that selenium binds to MeHg due to the high affinity between the 

compounds, forming mercury selenide (HgSe) (Ralston and Raymond 2010). When bound to 

selenium, mercury becomes less bioavailable (Wyatt et al. 2016). It is also possible that the HgSe 

complex is more limited in its distribution to target tissues and can more easily be excreted out of 

the organism (Wyatt et al. 2016). Another explanation could be that mercury and selenium 

compete for the same receptors located in the animal tissue (Cuvin-Aralar and Furness 1991). No 

simple explanation has been offered as to why selenium reduce mercury accumulation in tissues, 
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indicating that the underlying mechanisms behind the interaction of these two element are 

complex.  

 

4.4.2 Effects of selenium on methylmercury toxicity  

 

This study found no significant antagonistic effects of selenium co-exposure on GSH 

concentration. This was contrary to expectations (Objective 5, H2), as selenium has been shown 

to be an effective agent in reducing the toxicity of methylmercury in fish (Rasinger et al. 2017). 

The GSH concentration was however significantly decreased in selenium and MeHg co-exposed 

cod compared to cod exposed to 0.2 mg/kg MeHg and the control group (Table 1). This does not 

prove any antagonistic effects of selenium on the MeHg-induced depletion of GSH; it rather 

shows a potential binding of MeHg or selenium to GSH, inducing decreased GSH levels. A 

significant difference between Selenium+MeHg2 and PBS+MeHg2 would indicate protective 

effects of selenium on GSH concentration. The present results showed no significant difference 

between the groups (p = 0.628), which can be interpreted as a relatively high probability (63 %) 

that the two groups have the same GSH concentration. Similar to the present results, Di 

Simplicio and Leonzio (1989) detected no altered GSH or GSSG levels in liver of Japanese quail 

(Coturnix coturnix japonica) after selenium and MeHg co-exposure. They offered no simple 

explanation, but concluded that the response of glutathione dependent enzymes to selenium and 

mercury co-exposure is very complex.  

 

The results showed no significant difference in the concentration of oxidized glutathione in 

selenium-treated fish compared to the fish exposed to MeHg. As MeHg exposure alone did not 

induce effects on GSSG, it was not possible to determine whether selenium had any additional 

effects. Therefore, the hypothesis (Objective 5, H3) could neither be confirmed nor rejected. 

Other studies have found that selenium can protect against MeHg-induced changes in GSSG 

concentrations. For example, Hoffman and Heinz (1998) exposed mallard ducks (Anas 

platyrhynchos) to 10 ppm selenium and 10 ppm MeHg for 10 weeks through diet and detected 

decreased GSSG levels in co-exposed ducks and increased GSSG levels in ducks exposed to 

MeHg only. They suggest that a possible mechanism for the protective effect of selenium may be 

the formation of a HgSe complex which has a lower inhibitory potential than that of MeHg. 

Another possible mechanism behind the protective effects of selenium may be competition for 
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binding sites (Yang et al. 2008). Selenium might bind to GSH, causing less GSH to oxidize to 

GSSG.  

 

The results showed no significant difference in concentration of GST, GPx and GR in selenium-

treated fish compared to the fish exposed to MeHg. Because MeHg exposure alone did not 

induce effects on these enzymes, it was not possible to determine the protective effects of 

selenium. Therefore, the hypothesis (Objective 5, H4) could neither be confirmed nor rejected. 

Selenium has been shown to modulate the effects of MeHg on these enzymes (Balthrop and 

Braddon 1985; Chang and Suber 1982; Di Simplicio and Leonzio 1989). For example, Balthrop 

and Braddon (1985) showed that injection of selenium prior to methylmercury reduced the effect 

of MeHg on glutathione-S transferase. Other studies have found that selenium co-exposure can 

prevent inhibition of GPx by MeHg. For example, Di Simplicio and Leonzio (1989) detected 

increased GPx levels in liver of Japanese quail (Coturnix coturnix japonica) after selenium and 

MeHg co-exposure, and Chang and Suber (1982) demonstrated that co-exposure of selenium 

reduced the inhibitory effects of MeHg on GPx in rats by increasing the GPx levels.  

 

There was no differences in DNA strand break levels between treatment groups in Atlantic cod. 

Because MeHg exposure alone did not induce effects on these enzymes, it was not possible to 

determine the protective effects of selenium. Therefore, the hypothesis (Objective 5, H5) could 

neither be confirmed nor rejected. Previous studies have shown the protective effects of selenium 

on mercury-induced DNA damage in blue mussel (Tran et al. 2007). A possible mechanism 

behind the reduced DNA damage could involve the detoxification of hydrogen peroxide by a Se-

GPx complex (Tran et al. 2007), but little is known about the antagonistic effects of selenium on 

mercury-induced DNA damage in aquatic organisms.  
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5 Conclusion  
 

The present study investigated accumulation of methylmercury in Atlantic cod and identified 

significantly higher MeHg concentrations in muscle compared to liver. Fish exposed to 0.2 

mg/kg MeHg had similar concentrations in liver and muscle as to concentrations found in 

Atlantic cod (Gadus morhua) collected from the Oslofjord. Cod exposed to 2.0 mg/kg MeHg had 

much higher concentrations in muscle than cod from the Oslofjord. The mechanisms underlying 

accumulation of MeHg within cod is not fully known, but the present study emphasizes the 

crucial role of muscle in methylmercury accumulation and confirms that it is important to 

include muscle tissue in the future studies of accumulation in Atlantic cod.  

 

Atlantic cod exposed to 2.0 mg/kg methylmercury had a significantly decreased concentration of 

reduced glutathione (GSH) in cytosol, which may indicate oxidative stress in the cells. 

Conjugation of MeHg to the thiol (-SH) group of reduced glutathione is a possible explanation as 

to why the concentration decreased. Exposure to 0.2 mg/kg MeHg was not sufficient to induce 

effects on GSH levels or oxidative stress. Neither of the MeHg concentrations were sufficient to 

induce effects on total or oxidized glutathione concentrations. In addition, the results showed no 

significant effect of MeHg on DNA damage or the activity of GST, GPx and GR. A simple 

explanation could not be found. Further study are needed to provide a better description of the 

effects of methylmercury exposure to DNA and antioxidant enzymes in Atlantic cod.  

 

Selenium and methylmercury co-exposure caused a reduced concentration of methylmercury in 

muscle of Atlantic cod compared to cod exposed to MeHg only. There was a tendency for the 

same effect of selenium in liver, but this was not significant. The mechanisms underlying the 

protective effects of selenium on mercury accumulation are still not known, but possible 

explanations could be the formation of HgSe complexes that is much easier excreted or 

competition for binding sites. As most of the sublethal effects of methylmercury was not 

demonstrated in this study, the effects of selenium on mercury toxicity could not be described. In 

conclusion, further studies are needed to get a better understanding of the mechanisms 

underlying the antagonistic effects of selenium on methylmercury accumulation and toxicity in 

Atlantic cod.   
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6 Future perspectives  
 

The effects of methylmercury exposure on the glutathione antioxidant system and DNA damage 

in Atlantic cod were not clearly demonstrated in this study. The reason may be too low 

concentrations of methylmercury to induce effects. Further studies with higher concentrations 

might provide a clearer description of the defence mechanisms of antioxidant enzymes and 

mercury-induced DNA damage. In addition, quantification of total Hg in blood would confirm 

whether the blood has high or low MeHg concentrations.     

 

Previous studies have shown a wide range of responses of the antioxidant enzymes, indicating 

that the activity depends on species, type of tissue, mercury compounds and dose. Future studies 

comparing the responses between different tissues and species, could provide a better 

explanation as to why the enzymes have shown a wide range of responses in previous studies. It 

would also be relevant to compare accumulation of mercury in experimental cod with 

accumulation in wild cod to clarify differences between controlled experiments and natural 

conditions. With unlimited resources, sampling of fish several times during the year could be 

performed to investigate seasonal differences. In addition, acute and chronic toxicity tests would 

provide a better picture of the accumulation of methylmercury and responses within cod over 

time.  
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8 Appendices 
 

Appendix A: Table of biological data  
 
Table A1. Biometric data for each Atlantic cod (Gadus morhua) sampled in May and September.   

Fish 
number 

Pit 
tag 
ID 

Month Treatment Length 
(cm) 
injection 

Weight 
(kg) 
injection 

Length 
(cm) 
sampling 

Weight 
(kg) 
sampling 

Sex  

1 2573 May PBS+PBS 35 0.425 41 0.905 Female 

2 2537 May Selenium+MeHg2 32.5 0.294 38 0.618 Male 

3 2316 May PBS+MeHg2 36.5 0.438 44 0.858 Male 

4 2588 May PBS+PBS 36.5 0.382 42 0.698 Male 

5 2563 May PBS+PBS 35 0.366 40 0.699 Female 

6 2530 May PBS+MeHg02 35 0.326 39 0.5 Male 

7 2507 May PBS+MeHg02 35.6 0.39 42 0.824 Male 

8 2326 May PBS+MeHg2 35 0.326 40 0.566 Male 

9 2340 May Selenium+MeHg2 34.5 0.336 41 0.688 Male 

10 2329 May Selenium+MeHg2 30 0.238 36 0.536 Female 

11 2400 May Selenium+MeHg2 35 0.38 40.5 0.784 Female 

12 2381 May Selenium+MeHg2 30 0.258 36 0.589 Female 

13 2536 May PBS+PBS 30 0.382 34 0.705 Male 

14 2341 May PBS+MeHg2 37.5 0.4 42.5 0.706 Female 

15 2576 May PBS+PBS 38 0.422 42.5 0.699 Male 

16 2386 May PBS+MeHg2 35 0.374 40 0.699 Female 

17 2560 May PBS+MeHg2 34 0.35 40.5 0.74 Male 

18 2385 May Selenium+PBS 35 0.368 40.5 0.687 Female 

19 2364 May PBS+MeHg2 34.5 0.336 38 0.492 Female 

20 2338 May PBS+PBS 32.3 0.316 37.5 0.566 Female 

21 2544 May Selenium+MeHg2 33.5 0.342 38 0.655 Female 

22 2380 May PBS+MeHg02 35.5 0.4 42 0.824 Female 

23 2383 May Selenium+PBS 31.5 0.306 35.5 0.509 Female 

24 2539 May Selenium+PBS 35 0.358 37 0.468 Male 

25 2547 May Selenium+PBS 33 0.316 38 0.612 Male 
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Fish 
number 

Pit 
tag 
ID 

Month Treatment Length 
(cm) 
injection 

Weight 
(kg) 
injection 

Length 
(cm) 
sampling 

Weight 
(kg) 
sampling 

Sex  

26 2595 May Selenium+PBS 36 0.316 38 0.377 Female 

27 2336 May PBS+MeHg02 34 0.37 40 0.736 Female 

28 2312 May Selenium+MeHg2 37.5 0.462 42 0.741 Male 

29 2354 May Selenium+MeHg2 31.5 0.256 37.5 0.5 Male 

30 2327 May PBS+PBS 35.5 0.362 42 0.787 Female 

31 2372 May PBS+MeHg02 35 0.338 41 0.686 Male 

32 2394 May PBS+MeHg2 39 0.448 44 0.849 Male 

33 2307 May PBS+MeHg02 32 0.274 35 0.421 Male 

34 2581 May PBS+PBS 32 0.342 35.5 0.479 Male 

35 2504 May Selenium+PBS 35.5 0.368 41.5 0.739 Female 

36 2390 May PBS+MeHg02 33.5 0.366 38 0.604 Male 

37 2514 May Selenium+MeHg2 32.5 0.278 39 0.602 Female 

38 2512 May Selenium+PBS 33.5 0.33 37.5 0.546 Female 

39 2333 May PBS+MeHg02 32.5 0.314 40 0.63 Female 

40 2367 May Selenium+PBS 36.5 0.434 42 0.814 Female 

41 2574 May PBS+MeHg2 34 0.41 38 0.769 Female 

42 2324 May Selenium+PBS 36 0.472 41.5 0.947 Male 

43 2347 May PBS+PBS 35 0.382 42 0.801 Male 

44 2362 May Selenium+MeHg2 38 0.464 45 0.943 Female 

45 2566 May PBS+MeHg02 35.5 0.38 39 0.564 Male 

46 2303 May PBS+MeHg2 35.5 0.382 42 0.822 Male 

47 2325 May Selenium+MeHg2 34.5 0.312 39 0.569 Female 

48 2538 May Selenium+MeHg2 31.5 0.316 37 0.589 Female 

49 2342 May PBS+MeHg2 34.5 0.382 39.5 0.62 Male 

50 2348 May Selenium+PBS 32.5 0.298 38 0.597 Male 

51 2313 May PBS+MeHg2 36.5 0.432 42.5 0.744 Female 

52 2357 May Selenium+PBS 39 0.472 46.5 0.98 Female 

53 2502 May PBS+PBS 32.4 0.274 39 0.616 Male 

1 2557 September Selenium+PBS 34 0.32 51 0.151 Male 

2 2513 September Selenium+MeHg2 30.5 0.262 39 0.632 Male 

3 2350 September Selenium+PBS 32 0.294 42 0.54 Female 
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Fish 
number 

Pit 
tag 
ID 

Month Treatment Length 
(cm) 
injection 

Weight 
(kg) 
injection 

Length 
(cm) 
sampling 

Weight 
(kg) 
sampling 

Sex  

4 2391 September PBS+MeHg2 34 0.346 46 0.59 Male 

5 2586 September PBS+PBS 30 0.254 44 0.823 Male 

6 2323 September PBS+MeHg2 32 0.322 43.5 0.58 Male 

7 2562 September Selenium+MeHg2 36 0.406 50 1.104 Male 

8 2596 September PBS+MeHg02 33 0.266 47 0.79 Female 

9 2503 September PBS+MeHg02 34.5 0.37 45 0.921 Female 

10 2570 September PBS+PBS 35.8 0.322 50 0.94 Male 

11 2306 September Selenium+PBS 37 0.45 47.5 0.883 Female 

12 2388 September PBS+MeHg02 32 0.29 48 0.97 Male 

13 2356 September PBS+MeHg02 29.5 0.212 44 0.701 Female 

14 2310 September Selenium+MeHg2 32 0.298 48 1.335 Female 

15 2555 September PBS+PBS 32.5 0.288 47 0.859 Male 

16 2376 September Selenium+MeHg2 36.5 0.446 48 1.073 Female 

17 2320 September Selenium+MeHg2 33 0.36 44 1.131 Female 

18 2318 September PBS+MeHg02 35 0.382 52 1.495 Female 

19 2565 September Selenium+PBS 32.5 0.35 45 0.931 Male 

20 2369 September Selenium+PBS 32 0.3 45 0.621 Male 

21 2374 September Selenium+PBS 35 0.38 46 0.894 Female 

22 2332 September PBS+MeHg2 33 0.33 49 1.353 Male 

23 2321 September Selenium+MeHg2 36 0.366 46.5 0.925 Female 

24 2308 September Selenium+MeHg2 32 0.348 45 1.21 Male 

25 2553 September PBS+PBS 34.5 0.38 49 1.453 Female 

26 2317 September Selenium+PBS 29.5 0.246 40 0.668 Female 

27 2527 September Selenium+MeHg2 33 0.336 44 1.024 Male 

28 2590 September PBS+MeHg2 36.5 0.468 51.5 1.306 Male 

29 2515 September PBS+MeHg02 32 0.356 46 1.321 Male 

30 2305 September PBS+PBS 35 0.33 49.5 1.157 Female 

31 2587 September PBS+MeHg02 34 0.356 45.5 1.092 Male 

32 2373 September Selenium+MeHg2 30.5 0.26 46 0.963 Male 

33 2358 September PBS+MeHg02 37.5 0.408 53 1.434 Male 

34 2584 September PBS+PBS 34 0.346 49 1.319 Male 
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Fish 
number 

Pit 
tag 
ID 

Month Treatment Length 
(cm) 
injection 

Weight 
(kg) 
injection 

Length 
(cm) 
sampling 

Weight 
(kg) 
sampling 

Sex  

35 2371 September Selenium+PBS 34 0.346 48 1.221 Male 

36 2377 September PBS+MeHg2 34.5 0.338 47.5 0.949 Male 
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Appendix B: Table of mean total Hg concentrations in mercury and liver  
 
Table B1. Total mercury concentrations (ng/g w.w) in liver and muscle of Atlantic cod; number of individuals 

(N), mean and confidence interval (conf.inf). The concentrations are sorted from lowest to highest mean 
concentration 

Treatment N  Mercury in 

liver 

Mercury in 

muscle  

PBS+PBS 15 Mean 7.16  67.46  

Conf.int 5.72-8.61 61.51-73.42 

Selenium+PBS 19 Mean 8.20  130.46  

Conf.int 5.76-10.66 7.27-253.66 

PBS+MeHg02 16 Mean 15.25  135.72  

Conf.int 9.87-20.63 113.19-158.26 

Selenium+MeHg2 16 Mean 98.11  639.1  

Conf.int 72.49-123.74 508.54-769.66 

PBS+MeHg2 11 Mean 132.3  870.67  

Conf.int 86.81-177.79 678.23-1063.11 
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Appendix C: Table of measured variables  
 
Table C1. Protein concentration (mg/mL), total glutathione (nmoles per mL of sample), oxidized glutathione 

(nmoles per mL of sample), GST activity (μmol/mL/min), GPx activity (nmol/mg protein/min), GR activity 
(nmol/mg protein/min), total Hg concentration (ng/g) in liver and muscle, and tail intensity (%). The numbers 
presented is data before loge transformation.   
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1 May 0.969 NA NA 7.39 -9.37 0.781 3.2 64.4 15.755 

2 May 1.922 16.82 28.86 7.66 -12.40 -0.246 80.2 836.0 0.554 
3 May 1.315 23.23 23.07 4.98 -15.02 5.022 129.4 972.9 0.777 

4 May 1.223 35.91 36.61 4.77 -10.55 5.403 8.5 76.1 1.605 

5 May 1.212 5.06 4.36 4.77 -9.78 8.353 NA NA 4.981 
6 May 1.350 3.13 2.41 4.63 -7.69 0.869 29.5 200.7 2.982 

7 May 1.289 11.17 7.31 4.59 -13.36 9.077 5.9 151.3 9.045 

8 May 0.959 14.74 15.53 4.98 -16.04 1.500 123.8 775.8 4.848 
9 May 0.801 5.24 7.41 2.78 -15.95 2.316 NA NA 1.307 

10 May 1.523 11.67 9.48 7.80 -10.27 4.890 69.6 575.4 0.445 

11 May 0.987 23.52 22.77 3.24 -11.34 0.719 155.0 703.1 1.709 
12 May 1.437 25.12 26.52 6.97 -12.77 5.980 NA NA 0.076 

13 May 1.099 NA NA 1.00 -13.58 7.639 9.8 63.0 4.806 

14 May 1.031 9.68 11.35 6.19 -12.45 1.381 NA NA 10.576 
15 May 0.994 15.12 15.34 3.80 -11.93 4.351 7.9 65.0 20.619 

16 May 0.955 NA NA 5.77 -7.95 7.201 NA NA 4.914 

17 May 1.526 20.66 19.98 7.58 -12.47 5.651 146.5 952.9 11.753 
18 May NA 20.18 19.59 5.43 -11.49 5.425 2.3 1121.7 0.778 

19 May 1.411 4.75 4.27 5.56 -11.18 1.061 NA NA 20.255 

20 May NA 16.26 11.61 NA -17.00 5.806 7.1 54.9 2.893 
21 May 1.598 3.13 3.13 9.56 -9.05 3.227 104.0 977.7 9.965 

22 May 1.205 9.42 6.00 6.16 -10.77 -3.461 16.2 155.8 0.487 

23 May 0.927 37.32 36.53 5.22 -9.26 2.695 7.7 71.6 0.544 
24 May 1.330 44.77 43.81 5.49 -13.49 8.224 18.4 68.6 NA 
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25 May 1.506 21.58 20.57 6.26 -13.86 -2.088 9.1 64.7 NA 
26 May 1.398 41.18 33.98 7.02 -8.56 1.933 18.6 66.2 43.075 

27 May 0.922 20.87 17.73 5.00 -9.16 5.552 5.6 125.6 36.789 

28 May 1.014 1.64 2.16 4.03 -11.72 5.815 184.9 1071.5 65.852 
29 May 0.261 5.86 5.61 3.16 -4.90 3.237 NA NA 21.988 

30 May 1.202 NA NA 1.84 -8.81 3.599 6.4 72.9 39.430 

31 May 0.807 4.18 4.27 2.90 -8.12 0.327 NA NA 23.825 
32 May 1.290 16.17 14.86 6.58 -7.40 4.268 190.0 992.2 21.805 

33 May 0.803 7.43 5.50 1.78 -11.32 5.461 18.5 156.6 9.366 

34 May 1.190 17.31 13.28 3.97 -8.29 3.410 10.0 66.0 NA 
35 May 1.016 12.05 10.38 4.21 -9.89 5.765 2.7 65.6 NA 

36 May 0.728 10.91 12.66 3.09 -10.89 3.262 22.5 175.1 NA 

37 May 1.215 8.45 11.96 4.70 -15.28 1.669 136.1 813.3 6.499 
38 May 0.785 17.14 15.56 2.95 -11.96 2.241 4.7 64.5 NA 

39 May 1.005 4.20 3.63 3.03 -6.23 8.150 8.9 160.2 3.595 

40 May 1.211 38.11 39.42 3.64 -10.91 4.842 10.3 95.4 NA 
41 May 0.608 22.13 21.45 3.80 -5.61 -0.796 122.2 1242.8 28.547 

42 May 1.165 7.60 6.99 4.66 -11.66 -0.377 6.1 80.6 NA 

43 May 1.172 7.31 7.05 3.86 -10.06 0.352 2.4 68.1 4.202 
44 May NA 8.93 7.27 2.41 -8.06 4.132 NA NA 41.086 

45 May 1.740 3.50 3.09 4.99 -9.83 2.607 42.5 168.6 2.246 

46 May 1.202 14.15 12.86 2.78 -8.47 2.405 NA NA NA 
47 May 0.827 21.35 30.12 4.31 -7.78 -1.816 94.6 802.1 1.325 

48 May 1.018 5.07 5.18 2.06 -11.14 1.465 NA NA 2.740 

49 May 0.528 27.18 22.03 2.12 -9.66 3.273 NA NA 1.259 
50 May 0.827 NA NA 3.80 -11.57 4.612 8.0 55.9 NA 

51 May 1.097 4.80 4.18 4.09 -14.81 5.120 149.3 1235.9 6.225 

52 May 1.407 26.52 26.35 5.99 -17.80 -3.597 5.2 65.8 10.272 
53 May 1.084 5.57 3.44 5.46 -7.94 8.692 6.0 62.2 2.811 

1 September 0.685 1.64 1.86 4.95 -13.80 11.370 3.3 75.5 9.990 

2 September 0.869 3.90 2.68 3.84 -10.32 7.622 137.7 711.2 0.000 
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3 September 0.800 18.19 15.29 4.25 -14.07 0.324 17.3 106.0 0.019 
4 September 1.110 8.36 9.99 5.85 -11.39 10.191 240.0 605.8 0.079 

5 September 0.926 10.95 8.71 6.85 -10.12 -3.435 7.4 77.1 17.811 

6 September 0.835 2.43 3.40 3.89 -16.39 2.919 218.1 NA 0.000 
7 September 0.941 13.80 13.10 5.57 -10.61 8.583 69.1 258.2 3.144 

8 September 1.007 14.86 7.84 7.50 -11.24 9.742 20.6 91.7 2.228 

9 September 1.662 3.30 NA 9.03 -10.56 0.619 15.5 NA 0.011 
10 September 1.306 6.08 6.35 3.81 -8.84 16.950 7.8 69.8 2.284 

11 September 0.923 NA 1.64 6.70 -10.59 1.276 8.1 74.6 0.081 

12 September 1.274 1.40 1.21 6.96 -11.73 2.015 5.4 93.1 1.630 
13 September 0.813 2.08 NA 5.94 -11.18 0.352 6.8 86.2 0.534 

14 September 0.821 5.89 6.89 5.83 -12.94 3.580 53.0 389.3 0.028 

15 September 1.150 6.91 7.92 6.66 -11.11 9.554 12.4 49.7 0.008 
16 September 1.308 10.31 10.16 4.06 -10.51 2.094 64.1 427.8 1.232 

17 September 1.174 2.41 2.41 4.03 -14.51 -0.117 96.7 599.7 0.000 

18 September 2.077 0.94 1.86 5.36 -8.24 0.587 5.9 66.1 1.570 
19 September 1.594 3.13 2.56 5.95 -15.35 -1.228 6.1 50.5 0.000 

20 September 1.562 3.37 3.77 5.57 -9.37 3.732 7.0 82.4 0.000 

21 September 1.205 13.66 14.12 4.68 -11.36 15.086 8.2 NA 0.000 
22 September 1.788 1.44 1.46 8.81 -15.27 1.853 36.1 416.1 17.247 

23 September 1.149 13.31 10.42 7.18 -7.01 -0.956 185.2 615.4 4.403 

24 September 0.732 0.59 -0.99 3.83 -10.72 3.943 51.1 NA 13.118 
25 September 1.274 1.55 1.05 5.93 -9.01 0.930 8.4 88.0 0.484 

26 September 1.657 11.26 10.43 7.84 -11.16 1.604 11.0 64.0 11.776 

27 September 0.847 11.94 10.86 4.86 -6.56 4.965 51.6 432.0 0.757 
28 September 1.016 NA NA 6.00 -15.05 4.650 44.9 622.9 17.138 

29 September 0.975 17.58 14.07 5.79 -6.95 9.948 13.7 141.4 0.000 

30 September 1.170 13.10 11.00 NA NA NA 5.0 NA 0.035 
31 September 1.300 2.38 2.19 4.64 -11.23 -2.382 14.4 127.5 0.097 

32 September 1.161 2.25 1.99 4.53 -12.12 -0.976 36.9 373.9 0.000 

33 September 1.033 2.38 2.08 3.07 -16.54 1.768 12.0 NA 0.399 
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34 September 0.867 6.34 2.22 6.90 -10.46 14.960 5.1 NA 0.000 
35 September 1.191 NA 0.89 NA -15.91 1.719 1.8 74.7 0.685 

36 September 1.856 2.22 2.63 7.53 -11.73 4.621 54.9 889.3 0.000 

 


