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ABSTRACT 

Nuclear receptors (NRs) comprise a large superfamily of ligand-activated transcription factors. 

Many NRs facilitate gene expression through heterodimeric binding to retinoid X receptor 

(RXR). RXR is thus part of a vast array of signaling pathways. Pollutants from anthropogenic 

origin are a concern as many have been found to cause endocrine disruption by acting as 

exogenous ligands for NRs. Organotin compounds, in particular, tributyltin (TBT) has been 

found to cause endocrine disruption through binding to RXR.  TBT exposure remains a concern 

in aquatic environments due to its long half-life in sediments, giving rise to hotspots in areas of 

former high use such as shipyards and marinas. Atlantic cod (Gadus morhua) has become an 

important bioindicator species, however, only recently have we begun to unravel the properties 

of Rxr in Atlantic cod. Previously, our research group has established that there are four 

subtypes of Rxr in Atlantic cod, Rxra, Rxrb1, Rxrb2 and Rxrg. The focus of this thesis was to 

study signaling pathways governed by Rxr that may be affected by TBT exposure of Atlantic 

cod liver. To do so, the binding properties of custom-made antibodies, designed against a 

peptide sequence of gmRxra, were characterized, to determine if these antibodies could be used 

in downstream analysis with immunoassays, such as chromatin immunoprecipitation (ChIP). 

Importantly, the antibodies were found to bind Rxrb1 in liver tissues by using two-dimensional 

polyacrylamide gel electrophoresis in combination with immunoblotting and mass 

spectrometry analysis. The molecular weight (MW) of the immunoreacting band/spot identified 

as Rxrb1 was estimated to be 35 kDa, which is lower than its theoretical MW close to 50 kDa. 

This could be due to a truncation of Rxrb1 in Atlantic cod. Also, the antibodies were found to 

bind the Rxrb1 while denatured, but they were not able to capture this protein under the standard 

non-denaturing immunoprecipitation (IP) technique used in this thesis. A hydropathy plot and 

structural analyses revealed that there were antigenic sites on the immunogen, which would 

likely be exposed in the protein under native conditions. I have thus speculated that the 

antibodies could work if optimizing the IP technique. Precision cut liver slices and gene 

expression analyses were used to study modulation of Rxr signaling pathways ex vivo upon 

exposure of TBT and the endogenous Rxr ligand, 9-cis-retinoic acid (9-cis-RA). Among the 

genes assessed (pparg involved in adipogenesis, rbp2 involved in retinol metabolism and ebp 

and sqlea involved in steroid biosynthesis), only pparg was differentially expressed after 9-cis-

RA exposure and all genes were differentially expressed after TBT exposure. Overall, this 

thesis has given insight into the role of Rxr in Atlantic cod liver in response to TBT.   



 
 

1 INTRODUCTION 

1.1 Environmental Pollutants 
With an increase in population sizes and growing industrialization globally, the release of 

chemicals has increased at an alarming rate (Rathi et al., 2021). Many compounds affect 

environmental processes negatively, either by occurring in excess of natural levels, hence 

disrupting the nature’s equilibrium, or because they exert toxic effects (Rathi et al., 2021; 

Suzuki et al., 2020). Such compounds are commonly termed environmental pollutants. These 

compounds are either organic or inorganic and derive from several anthropogenic sources, 

including pharmaceuticals, cosmetics, antibiotics, plastics, pesticides, fire retardants, and 

personal care products (Rasheed et al., 2019). They originate from manufacturing plants, e.g. 

industrial smoke, facilities such as hospitals, agriculture, and households (Rasheed et al., 2019). 

Specific examples of environmental pollutants include metals, such as cadmium and mercury, 

polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and 

polychlorinated dioxins, and dibenzofurans (PCDDs/PCDFs) (Rasheed et al., 2019; Scott & 

Sloman, 2004; Suzuki et al., 2020). 

 

1.2 Persistent organic pollutants 
Some chemicals are prone to persist for a longer time in the environment because they resist 

both biotic and abiotic degradation (Beyer et al., 2000). Such substances are commonly referred 

to as persistent organic pollutants (POPs)  (Alharbi et al., 2018). POPs typically have lipophilic 

characteristics and can move into lipid phases and bioaccumulate in organisms (Alharbi et al., 

2018; Chormare & Kumar, 2022). The concentrations of POPs generally increase in organisms 

found at higher trophic levels due to biomagnification (Windsor et al., 2020). However, several 

factors influence the accumulation of POPs in the food web, such as the physicochemical 

properties of the pollutant, its source, the environment, the diet of the organisms, and the food 

web in question (Borgå et al., 2004; Kelly et al., 2007). Due to their resistance towards 

degradation POPs can travel long distances with wind and water currents, and thus ending up 

in remote areas such as the Arctic (Fernández-Llamazares et al., 2020; Rasheed et al., 2019). 

POPs can exert toxic effects on both humans and biota. Examples of health risks linked to 

exposure of POPs in humans include cancer, cardiovascular diseases, obesity, reproduction 

issues, and endocrine disruption (Alharbi et al., 2018). In wildlife, the effects are commonly 
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linked to infertility, sex ratio shifts, and cancer, potentially causing ecological disruption 

(Alharbi et al., 2018). Due to concerns regarding the adverse effects of POPs, national and 

international efforts have been implemented to identify POPs, as well as to provide restrictions 

and regulations on their production and use (Beyer et al., 2000). The United Nations 

Environmental Programme (UNEP) promoted the Stockholm Convention in 2001, which was 

ratified in 2004. In this convention, 12 environmental contaminants were initially classified as 

POPs, referred to as “the dirty dozen” (Stockholm Convention, 2019). Several other POPs have 

been added to the Stockholm Convention at a later stage  (StockholmConvention, 2019). More 

pollutants may be annexed in the convention since new chemicals are constantly synthesized 

and the effects of them are yet to be learned. Such chemicals are often termed emerging 

contaminants, or chemicals of emerging concern (CECs), since their behavior, fate, and 

toxicological impacts are currently poorly understood (Hutchinson et al., 2013). 

 

1.3. Endocrine Disruptors 
Several physiological processes in the body, such as growth, maturation, development, and 

reproduction, are controlled by the endocrine system via the excretion of hormones from 

different glands, such as the pituitary gland, adrenal gland, and pancreas, as well as the 

reproductive organs (Alharbi et al., 2018). The hormones act as signals and dock to receptors 

on the surface or inside target cells, which initiates a cascade of biochemical processes that alter 

the action or activity of the cell (Hiller-Sturmhöfel & Bartke, 1998). Many POPs, but also other 

pollutants, function as endocrine disruptors (Alharbi et al., 2018). They do so by mimicking, 

blocking, or altering the actions of endogenous hormones (Gore et al., 2015). This can result in 

adverse reproductive, neurological, developmental, and immunological effects in humans and 

wildlife (Fischer and Engster, 2014; Gomes et al. 2018). Examples of endocrine related diseases 

in humans include obesity, type 2 diabetes, cardiovascular diseases, and certain types of cancers 

(Gore et al., 2015; Grün & Blumberg, 2009).  

 

1.4 Organotin Compounds (OTCs) 
Organotin compounds (OTCs) are chemicals in which several hydrocarbon chains form bonds 

to a central tin (Sn) atom (Martínez et al., 2020). Typically, the chemicals are represented by 

the formula RnSnX4-n, where R is a carbon-bonded organic group, X an inorganic substituent, 

and n ranges from 1 to 4 (Omae, 2003).  Over 800 different OTCs have been produced (Hoch, 
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2001). Production of OTCs increased with the development of the plastic industry in the 1940s, 

as they were often used in combination with poly(vinyl)chloride (PVC) to prevent its 

degradation from UV radiation and heat (Hoch, 2001; Omae, 2003). Biocidal properties of 

trisubstituted OTCs were discovered in the 1950s and the applications of these compounds 

spiraled to several other areas, such as fungicides, rodent repellents, wood preservatives, and 

antifouling paints (Hoch, 2001; Suzuki et al., 2020).  

OTCs were thought to be safe to use as antifouling paints. Firstly, because the toxicity of OTCs 

appeared to be dependent on the length of carbon chains, demonstrating reduced toxicity in 

insects and mammals with increasing alkyl length, while the opposite was observed in fungi 

and bacteria where the toxicity decreased with increasing numbers of alkyl length (Omae, 

2003). Secondly, due to the fact that OTCs were degraded by bacteria and easily cleaved by 

UV radiation in direct sunlight (Omae, 2003). Lastly, because the half-life of OTCs in water, 

under experimental conditions, spanned only a few days (Hoch, 2001; Omae, 2003). Therefore, 

the leaching of OTCs into the water from antifouling paints was not a matter of concern at the 

time (Omae, 2003). Later it has been discovered that OTCs have lipophilic characteristics, 

demonstrating similar accumulation properties as many POPs  (Hoch, 2001; Suzuki et al., 

2020). In water, OTCs typically last between six days and a few months. In sediments, however, 

the half-life ranges from 1 to 9 years (Omae, 2003). This makes them readily available for filter 

feeders such as zooplankton and bivalves, grazing invertebrates (e.g., gastropods), and fish 

(Antizar-Ladislao, 2008; Borghi & Porte, 2002).  OTCs have demonstrated their ability to 

bioaccumulate, and their toxic effects have also been linked to their role as EDCs (Mortensen 

& Arukwe, 2007). 

 

1.5 Tributyltin chloride (TBT) 
One of the most widely used and toxic OTCs is tributyltin (TBT) (Figure 1). Following the 

discovery in 1954 by van der Kerk and Luitjen, TBT became the main ingredient in antifouling 

paint on boats and ships, and became the primary source of trivalent OTCs generated from 

antifouling paints (Beyer et al., 2022; Lyssimachou et al., 2015). In the 1970’s, so-called 

“imposex” traits was first discovered in the oyster drill (Ocenebra erinacea) in Arachon Bay, 

France (Ruiz et al., 1996). Imposex was soon also discovered in the neogastropods dogwhelk 

(Nucella lapillus) in Great Britain and the American mud snail (Nassarius obsoletus say) in the 

early 1970s (Blaber, 1970; Smith, 1971). In these snails, male sexual tissues/organs grew 
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superimposed over the female ones (Beyer et al., 2022). Abnormalities in shell development in 

mollusks such as the oyster Crassostrea gigas were also observed (Alzieu et al., 1986; Waldock 

& Thain, 1983). In the most extreme cases, the changes in snails and oysters made them unable 

to reproduce, consequently placing the populations at risk (Alzieu et al., 1986; Langston et al., 

2015). For this reason, legislations were enacted nationally and internationally, which banned 

the use of antifouling paints containing OTCs on boats and ships. With the ban on TBT in 

antifouling paints, an increase in mollusk populations, such as that of N. lapillus, has increased 

along the coast of Norway and other European nations (Schøyen et al., 2019). However, the 

half-life of TBT in sediments and their continued use in some countries still cause them to be 

of concern, and TBT originating from both historical and recent sources are still present in the 

environment Beyer et al. (2022). 

 

 

Figure 1. Structure of TBT cation from which many derivatives exist, as well as the TBT derivative used in 
this thesis. The structures were prepared using ChemDraw.  

 

Chronic and acute poisonous effects of TBT are also observed in other aquatic animals such as 

zooplankton, algae, and certain fish species, particularly at early developmental stages (Hoch, 

2001). In mammals, TBT is a known obesogen, shown in mice models (Shoucri et al., 2017) 

and in placentas from humans (Rantakokko et al., 2014). TBT-mediated lipid accumulation has 

also been observed in fish, for instance in zebrafish (Danio rerio) (Lyssimachou et al., 2015) 

and in Japanese medaka (Oryzias latipes)  (Takai et al., 2020). Other abnormalities have also 

been recorded in fish after TBT exposure, such as spine deformation in juvenile Japanese 

medaka (K. Chen et al., 2021).  
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1.5.1 TBT Hotspots 

Due to the half-life of TBT spanning decades in some anerobic environments, so-called hot 

spots have developed where the concentration of TBT in the sediments is still relatively high 

(Beyer et al., 2022; Sousa et al., 2014). TBT hotspots are found globally, and typically around 

marinas and fishing ports (Oliveira et al., 2020). In Norway, a maximum tolerable risk limit of 

35 µg/kg dry weight (d.w.) in sediments has been set. However, TBT concentrations exceeding 

this limit have been detected in surficial sediments at 95 different locations along the Norwegian 

coast (Figure 2) (Beyer et al., 2022). In the top nine hot spot locations, the concentrations of 

TBT in the sediments are far higher than the set limit, with a mean concentration over 30 000 

µg/kg d.w., and the highest concentration exceeding 100 000 µg/kg d.w., as reviewed by Beyer 

et al. (2022). TBT bound to sediments leak slowly back into the environment and is therefore a 

long-term secondary source of recontamination and raise concerns due to chronic exposure of 

marine organisms (Beyer et al., 2022; Sousa et al., 2014).  

 

 
Figure 2. The geographical distribution of the 95 TBT hotspots along the Norwegian coastline. The hotspots 
(indicated with red dots) are in locations in which the TBT contents in superficial sediments exceed the maximum 
tolerance limit of 35 µg/kg dry weight (d.w.). The arrows and labels indicate the top 9 hot spots with a mean 
concentration exceeding 30 000 µg/kg d.w. The illustration was adapted from Beyer et al. (2022) 

 

 



6 
 

1.6 Nuclear Receptors 
Nuclear receptors (NRs) are found in all organisms apart from fungi and plants (Frigo et al., 

2021). In vertebrates, they comprise the largest family of transcription factors (Zhao et al., 

2015). They regulate a vast array of cellular processes, including development, cell proliferation 

and metabolism, reproduction, and overall homeostasis (Sever & Glass, 2013; Zhao et al., 

2015).  The 48 NRs located in humans have been divided into seven subfamilies based on 

sequence similarity (Frigo et al., 2021). The number of NRs in different species vary (Zhao et 

al., 2015). Eide et al. compared the number of NRs in five toxicological model teleosts, 

including zebrafish (Danio rerio), medaka (Oryzias latipes), Atlantic killifish, Atlantic cod and 

stickleback (Gasterosteus aculeatus) (Eide et al., 2021). A summary of the classification of the 

different NRs can be seen in Figure 3, in which the NR0 group consists of atypical NRs, and 

the NR2 group comprises the largest subfamily (Weikum et al., 2018). Two additional 

subfamilies, NR7 and NR8. Have also been classified, which are not present in vertebrates 

(Beinsteiner et al., 2022; Huang et al., 2015). 

 

 
Figure 3. Schematic overview of the nuclear receptor (NR) superfamily. The classification of the 48 NRs 
observed in humans (Homo sapiens) are shown based on the list available from Weikum et al., 2018. The figure 
was created with BioRender.com.  
 

All NRs share a common protein structure that is composed of a highly variable N-terminal 

domain (NTD),  the highly conserved DNA binding domain (DBD), a hinge region, the ligand-

binding domain (LBD), and the C-terminal domain (Figure 4) (Mukha et al., 2021; Weikum et 
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al., 2018). The DBD interacts directly with hormone responsive elements (HRE) in DNA 

sequences, facilitating the activation of gene transcription (Mukha et al., 2021; Sever & Glass, 

2013), The LBD acts as the binding site for ligands and is crucial for ligand-mediated 

transcriptional activation of NRs by recruiting coregulators that activate or repress transcription 

of target genes (Jin & Li, 2010)  Two regions, the activation factor-1 (AF-1) in the N-terminus 

and the activation factor-2 (AF-2) in the LBD, are also involved in transcriptional activation, in 

which AF1 is responsible for weak transcriptional activation when no ligand is present, and 

AF-2 is responsible for the ligand-dependent transcriptional activation (Mukha et al., 2021). 

The DBD also contains the sub-domain D-box responsible for dimerization to other NRs 

(Weikum et al., 2018). In some NRs there is also a C-terminal tail (Sever & Glass, 2013).  

 

 
Figure 4 General structure of nuclear receptors (NRs). The domains, A/B, C, D and E are indicated in different 
colors. NTD is the N-terminal domain, DBD is the DNA-binding domain, LBD is the ligand binding domain, and 
AF-1 and AF-2 are activation factor 1 and 2, respectively.  
 

NRs generally exist as monomers, homodimers or heterodimers (Sever & Glass, 2013). In broad 

terms, they are classified into two functional classes based on their mechanism of action (Khan 

& Okafor, 2022). Class I NRs form homodimers. Examples of this class of NRs include retinoid 

X receptor (RXR), as well as the steroid hormone receptors (SRs), such as the estrogen receptor 

(ER) (Beinsteiner et al., 2022).   Class II receptors form heterodimers, usually with RXR 

(Beinsteiner et al., 2022; Khan & Okafor, 2022). Examples of NRs in this group includes the 

NR1 subfamily, for instance the retinoic acid receptor (RAR), peroxisome proliferator-

activated receptor (PPAR), pregnane x receptor (PXR), and the liver X receptor (LXR) 

(Mangelsdorf & Evans, 1995; Toporova & Balaguer, 2020; Weikum et al., 2018). An additional 

class is sometimes defined with receptors that bind to DNA as monomers, although these are 

rare (Weikum et al., 2018). Common for most NRs is their activation or modulation through 

the binding of ligands, usually lipophilic molecules such as steroids (Weikum et al., 2018). 

Their ligands function as either agonists recruiting coactivators, or as antagonists recruiting 

corepressors, thus either eliciting or repressing expression of their target genes (Jin & Li, 2010). 

NRs are targeted unintentionally by exogenous compounds, which can cause a dysregulation 

of their transcriptional activity (Toporova & Balaguer, 2020). Thus, endocrine disruption can 

manifest in developmental, metabolic, or reproductive disorders and are of great concern, as 

discussed in section 1.3.  
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17 Retinoid X receptor  
Retinoid X receptor (RXR) is a NR belonging to the NR2B subgroup of the NR superfamily 

(Weikum et al., 2018). RXRs are found in most metazoans apart from the demosponges 

(Bridgham et al., 2010). RXRs function as a co-transcription factor and heterodimerize with 

one third of the human NRs, such as PPAR, LXR, and PXR (Toporova & Balaguer, 2020). 

RXR has also been shown to function as a homodimer (Evans & Mangelsdorf, 2014). In most 

vertebrates, three subtypes of RXR exist, RXRalpha (RXRa), RXRbeta (RXRb) and 

RXRgamma (RXRg), which are encoded by three separate genes (Mangelsdorf et al., 1992; 

Tallafuss et al., 2006). Splice variants of RXRs have also been identified, with three variants 

present in humans (hRXR; b1, b2, b3) and two in mice (mRXR; g1, g2) (Mukha et al., 2021).  

Binding of NRs to RXRs occurs in a permissive or non-permissive manner. Permissive 

heterodimers, such as those with farnesoid X receptor (FXR), LXR,  PPARs, and PXR, can be 

activated by both their own agonist and an RXR-specific agonist, whereas non-permissive 

heterodimers, such as thyroid receptor (TR) heterodimers, are only activated by their own 

agonists prior to dimerizing with RXR (Figure 5) (Toporova & Balaguer, 2020). Permissive 

NR partners (PPARs, LXRs, FXRs and CAR) respond to dietary-derived lipids, and the 

synergistic effect of the heterodimer binding means that a robust transcriptional activity can be 

maintained despite low intake of lipids, achieving a profound biological response (Evans & 

Mangelsdorf, 2014). Non-permissive partners on the other hand, are generally hormone 

receptors with tight hormone control. In this way, the release of hormones is directly 

proportional to the transcriptional activity, which is a requirement of endocrine physiology 

(Shulman & Mangelsdorf, 2005).  
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Figure 5. RXR as a permissive and non-permissive heterodimer to other Nuclear Receptors (NRs), 
Transcription from permissive heterodimers is activated by the ligand of either RXR or the partner NR. Binding 
of ligands for both NRs results in synergistic effects giving increased transcription, as indicated with a larger 
arrow. Non-permissive heterodimers are activated by their own ligands and the ligand for RXR does not bind. The 
illustration was modified from Brtko and Dvorak (2015).  

 

1.7.1 Endogenous ligands of RXR 

Despite the importance of RXR in numerous signaling pathways, endogenous ligands for these 

NRs are not yet well defined (le Maire et al., 2022). 9-cis-RA, a vitamin A derivative, was the 

first endogenous ligand to be proposed for RXR, as it had high binding affinity to all RXR 

subtypes (Figure 6) (Heyman et al., 1992). However, due to little or even no presence of 9-cis-

RA in tissues, its role as an endogenous ligand was questioned (Arnold et al., 2012; Jones et 

al., 2015; Krężel et al., 2019). Other molecules have thus been suggested as endogenous RXR 

ligands, including free fatty acids, docosahexaenoic acid (DHA), docosatetraenoic acid, oleic 

acid, and arachidonic acids. However, the binding affinity of several of these are low (Krężel 

et al., 2019). 9-cis-13,14-dihydroretinoic acid (9cDHRA) has recently been proposed to be the 

new bona fide ligand for RXRs, as it binds with high affinity and is present in mammalians (de 

Lera et al., 2016). However its affinity to RXRs have been reported to be slightly lower than 9-

cis-RA (le Maire et al., 2022). Future knowledge about the mechanisms of these ligands isis 

thus of interest. Until then, 9-cis-RA continues to be used as a model-ligand in research due to 

its high binding affinity to RXRs. 
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Figure 6. Structure of 9-cis-retinoic acid (9-cis-RA employed in this thesis and presumed endogenous ligand 
of RXR. Illustration was prepared using ChemDraw. 

 

1.7.2 Exogenous ligands of RXR 

Exogenous ligands of RXR have both a natural and synthetic origin. These are molecules that 

are not synthesized by the organism, but nevertheless can bind to the organism’s RXR (Krężel 

et al., 2019). Many natural ligands have been isolated from traditional plant sources (Sharma et 

al., 2022). For instance, honokiol and magnolol from Magnolia spp. have been shown to interact 

with RXR:NR heterodimers and activate gene expression (Sharma et al., 2022). Synthetic 

ligands functioning as agonists and antagonists have been prepared based on the structure of 

retinoids, for instance LGD1069, 9cuAB30 and LG100754 (Krężel et al., 2019; Watanabe & 

Kakuta, 2018). Many of these have been found to function against carcinogenesis, and the 

development of ligands for RXR are considered valuable tools for treatment of signaling 

pathway disorders (Brtko & Dvorak, 2020). 

 

1.7.3 TBT – an Exogenous ligand of RXR 

TBT has been found to bind to RXR with high affinity, despite having no resemblance 

structurally or chemically to any known NR ligands (Toporova & Balaguer, 2020). This is 

achieved through a covalent bond between the tin atom of TBT and a sulfur atom of a conserved 

cysteine residue in the LBD of RXR (le Maire et al., 2009). TBT is thus thought to cause 

abnormal expression of genes, leading to endocrine disruption as described in Section 1.5. The 

binding of RXR to the RXR:PPARG heterodimer has been reported (Capitão et al., 2018; le 

Maire et al., 2009). The observed consequences are induction of lipogenesis and adipogenesis 

in mice and human mesenchymal stem cells and liver cells, as well as in zebrafish and medaka 

(K. Chen et al., 2021; Lyssimachou et al., 2015; Shoucri et al., 2017; Stossi et al., 2019). TBT 

exposure has also led to other discrepancies in normal functioning. For instance, in zebrafish 

embryo were cell viability and development effected, as well as the steroid metabolism 
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(Martínez et al., 2020). While in rare minnow disruption of the steroid biosynthesis and the 

retinoid metabolism were reported (Zhang et al., 2017). However, little is still known about the 

signaling pathways that are altered by TBT, and much research is still vital in this field.  

 

1.8 Atlantic cod (Gadus morhua) 
Atlantic cod (Gadus morhua) is a teleost with a pan-Atlantic distribution in the northern 

hemisphere (Figure 7) (Drinkwater, 2005). They can reside in waters ranging from -1 to 20 °C, 

but are typically found in waters ranging from 0 to 12 °C (Drinkwater, 2005). Atlantic cod 

reside in open oceans and fjords, coastal banks, and semi-enclosed bays, at 0–600 m depth 

(Berg & Albert, 2003). There are two distinct populations of Atlantic cod that exist; those that 

reside in the Northeast and those residing in the Northwest of the Atlantic (Matschiner et al., 

2022). In Norway, Atlantic cod are typically divided into two ecotypes based on their migration 

or absence of migration (Sarvas & Fevolden, 2005). One ecotype is known as the Northeast 

Atlantic cod (NEA cod) and the other as the Norwegian coastal cod (NC cod). A divergence of 

these ecotypes is currently thought to be due to supergenes, which are clusters of genes within 

genomic inversions (Matschiner et al., 2022).  The ecotypes spawn at overlapping coastal sites 

during winter and spring (March-May) (Strøm et al., 2023). However, the similarities between 

them stop there, as NC cod generally remain stationary in the fjords along the coastline, while 

the NEA cod migrate north to the Barents Sea (Berg & Albert, 2003; Strøm et al., 2023).  

 

 

Figure 7. Distribution map of Atlantic Cod. The red areas indicate waters where Atlantic cod can be found. The 
map was collected from the Food and Agriculture organization of the United Nations (FAO, 2023) and modified 
using Adobe Illustrator. 



12 
 

Atlantic cod have an important ecological role as piscivorous top predator (Casini et al., 2009). 

This was unfortunately shown by the population declines in the 1980’s and early 90’s due to 

overfishing, causing a near depletion of the species (Frank et al., 2005). Consequently, the 

biodiversity of fish communities were affected (Ellingsen et al., 2015). For instance, “top 

down” effects in the food chains have been observed in the Barents Sea, in which an increase 

in the cod’s prey fish, the planktivorous sprat (Sprattus sprattus) have been observed (Casini et 

al., 2008). This was followed by a decrease in zooplankton biomass, likely due to predation by 

sprat (Casini et al., 2009). Zooplankton are an important food source for cod larvae, and 

prolonged high populations of sprat could explain the inhibition of recovery of Atlantic cod 

stocks (Casini et al., 2009). 

Atlantic cod are also prey for other animals such as the minke whale (Balaenoptera 

acutorostrata) and harp seals (Pagophilus groenlandicus) (Haug et al., 2017). They are also a 

valuable food source for humans, and have gained interest as a cultivated organism in cooler 

climates, and are thus of interest to learn more about (Morais et al., 2001). Cod are exposed to 

environmental stressors, for instance pollutants (Karl et al., 2016; Ono et al., 2019), In 

particular, the liver which is an important organ for consumption due to high vitamin D 

contents, is an accumulation site of fat-soluble pollutants due to its high lipid contents 

(Birgisdottir et al., 2012; Karl et al., 2016; Trefts et al., 2017). Atlantic cod are therefore often 

used as bioindicator species, in relation to both human consumption and on environmental 

impacts (Karl et al., 2016). The whole genome sequencing of both migratory and stationary cod 

has been performed (Matschiner et al., 2022; Star et al., 2011). This has led to an increase in 

knowledge regarding this pivotal species, in relation to how they cope with environmental 

stressors (Dale et al., 2020; Eide et al., 2023).   

 

1.9 Atlantic cod Rxr1 
Until recently, there was little information about Rxr in Atlantic cod and in teleosts in general. 

However, some studies have been performed recently on teleost fishes, mostly with typical 

model organisms such as zebrafish and Japanese medaka (Zhao et al., 2015). In contrast to 

mammals, which generally possess only one gene encoding each of the subtypes RXRa, RXRb 

and RXRg, fish may have several paralogues rxr genes due to the teleost-specific whole genome 

 
1 In this thesis, the names for proteins were capitalized for all mammals, based on the nomenclature by HGNC 
guidelines. Only the first letter is capitalized in protein names from fish, as described in ZFIN guidelines (Dunn, 
2022) 
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duplication event (Philip et al., 2012). For instance, many fish species, including Atlantic cod, 

display paralogues genes encoding Rxrb, termed rxrb1 and rxrb2 (Zhao et al., 2015). Some 

fish, such as zebrafish and Japanese medaka, also have two copies of Rxra, i.e., Rxra1 and 

Rxra2 (Zhao et al., 2015). In Atlantic cod, four subtypes of Rxr have been identified, including 

gmRxra, gmRxrb1, gmRxrb2, and gmRxrg (Eide et al., 2018). Borge described the primary 

structure of their LBD and DBD, as well as the tissue-specific expression profiles of the gmRxrs 

(Borge, 2021). Recently, Prebensen discovered a splice variant of gmRxrb2, denoted as 

gmRxrb2d (2023). Furthermore, Borge and Prebensen studied ligand-activation of all the 

gmRxr subtypes (including the splice variant) in vitro with Luciferase reporter gene assays and 

discovered that Rxra, Rxrb2d, and Rxrg were activated by both 9-cis-RA and OTCs, with TBT 

demonstrating the highest potencies (Borge, 2021; Prebensen, 2023). Although we have now 

begun to unravel the molecular characteristics of the gmRxrs, such as their primary structures 

and activation by different ligands, much is still unknown about how signaling pathways are 

affected by activation of gmRxrs in vivo, as well as the adverse effects that could potentially 

arise in Atlantic cod from exposure to TBT and other OTCs.  

 

1.10 Antibody Applications 
Antibodies are valuable tools for studying different processes in molecular biology. Antibodies 

are proteins produced by B-lymphocytes known as plasma cells that reside in plasma and 

extracellular fluids and comprise one of the principal effectors of the immune response (Lipman 

et al., 2005). The function of antibodies is to recognize foreign molecules or organisms for the 

purpose of neutralizing or eliminating them (Lipman et al., 2005). Antibodies function by 

binding to recognition sites, so-called epitopes, on their targets via two Fragment antibody 

binding domains (Fabs) (Bass et al., 2017; Chiu et al., 2019). The binding property of antibodies 

has been exploited in therapeutic uses and is, for instance, important in the treatment of cancers, 

infections, and autoimmune diseases (Nasiri et al., 2017). In addition, antibodies are convenient 

research tools in molecular biology (Chiu et al., 2019). Three different types of antibodies are 

commonly used in research: monoclonal, polyclonal, and recombinant antibodies (Pillai-

Kastoori et al., 2020). Polyclonal antibodies targeting a specific protein can be produced by 

injecting a protein or a peptide into laboratory animals, for instance mice or rabbits. The serum 

is collected from the animal at different time intervals, and the antibody towards the injected 

protein/peptide is purified from the serum (Yang et al., 2007). This pool of antibodies comprise 

of several antibodies that recognize different epitopes (Lipman et al., 2005). Monoclonal 
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antibodies on the other hand are synthesized by one B-lymphocyte clone and recognizes only 

one epitope (Zahavi & Weiner, 2020). In recent years, recombinant antibody techniques have 

been developed, with for instance phages (Guliy et al., 2023). However, polyclonal antibodies 

remain a popular choice in many applications due to lower production times and costs (Lipman 

et al., 2005).  

Proteins of interest can be detected in immunoassays using antibodies. For instance, western 

blotting, a technique that employs antibodies to detect denatured proteins on a membrane, is a 

common tool used for protein analyses such as size determination, detecting splice variants, or 

post-translational modifications (PTMs) (Meftahi et al., 2021; Mishra et al., 2017). Western 

blotting can be coupled with immunoprecipitation (IP), a technique in which 

immunocomplexes between the protein and antibody are captured on solid supports and eluted 

for further analysis (Lal et al., 2005). Several forms of IP exist, such as chromatin IP that is 

often coupled with high-throughput sequencing (ChIP-seq), a valuable method for studying 

which genes transcription factors regulate (Ma & Zhang, 2020).  The function of RXR/Rxr can 

be studied using immunoassays. Studies of RXR in mammals with western blotting and IP have 

already been reported, providing valuable information regarding these NRs (Chatagnon et al., 

2015; Nam et al., 2016; Nielsen et al., 2008; Sugawara et al., 1995). However, information 

regarding Rxr in teleosts is still scarce, and provides a potential for future research. 

 

1.11 Aims and Objectives 
Cloning of Atlantic cod Rxr (gmRxr) subtypes, as well as their ligand-activation profiles by 

OTCs, has previously been described in previous MSc projects in our laboratory  (Borge, 2021; 

Prebensen, 2023). However, this work encompassed mainly in vitro luciferase reporter gene 

assays in COS-7 cells. No studies on the effects of OTCs on the Rxr signaling pathway at a 

higher biological level have so far been undertaken with Atlantic cod. Understanding the effects 

of OTCs on cellular signaling pathways is important as this could provide knowledge about 

possible adverse outcomes of OTC exposure, which is still a globally prevalent environmental 

pollutant in many coastal hotspots.  

We had previously ordered custom-made antibodies prepared against a peptide sequence of 

gmRxra. The aim of this thesis was to explore and confirm the binding of these antibodies to 

Rxrs in Atlantic cod tissue samples. This is an important step towards using antibodies in 

downstream analysis, such as ChIP, where antibodies are employed for studying gene 
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regulation networks. The second aim was to explore the effect of TBT exposure on different 

signaling pathways regulated by gmRxr by using ex vivo precision cut liver slices (PCLS) and 

gene expression analysis with quantitative polymerase chain reaction (qPCR). The specific 

objectives of this thesis are described below. 

Objectives 

i. Characterize antibody binding to gmRxr. With the following subobjectives: 

i. Explore in silico whether the custom-made antibodies produced towards 

gmRxra also could bind to the other Atlantic cod Rxr subtypes. 

ii. Assess whether the antibodies recognize and bind gmRxr in different Atlantic 

cod tissue homogenates.  

iii. Assess if the antibodies are suitable in immunoassays under both denaturing and 

non-denaturing conditions. 

 

ii. Examine the activation of Rxr signaling pathways in Atlantic cod liver tissue through 

exposure to 9-cis-RA and TBT, with the following subobjectives: 

i.  Examine the viability of liver tissues in PCLS cultures after exposure to 9-cis-

RA and TBT. 

ii. Study changes in gene expression of the selected genes: 

o  pparg – involved in lipogenesis and adipogenesis 

o retinol binding protein 2 (rbp2) – involved in retinol metabolism 

o 3-beta-hydroxysteroid-delta(8), delta(7)-isomerase (ebp) and 

squalene epoxidase (sqlea) – involved  in steroid synthesis  
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2 MATERIALS 

2.1 Atlantic cod  
Atlantic cod were obtained from Havbruksstasjonen in Tromsø AS (Nofima, Tromsø, Norway) 

and kept in 500 L tanks at 10°C, 34 ppt seawater with a 12 h light/l2 h dark cycle at the Industrial 

and Aquatic Laboratory (Bergen, Norway). Atlantic cod of approximately 1.5 years old with a 

mean body weight (bw) of 1.5 kg were used for the PCLS experiments described in this thesis. 

The fish were fed on a commercial diet (Amber Neptune, batch no. 3343368, Skretting, 

Stavanger, Norway). 

Cod tissues for western blot analyses were collected from the Environmental Toxicology 

Research Group’s tissue bank, stored at -80 °C.   

 

2.2 Chemicals and reagents 
Table  1.  Chemicals and reagents used are listed in alphabetical order, with CAS numbers for chemicals and the 
product number for reagents. 

Chemical / reagent  CAS or 
Catalog 
Number 

Manufacturer 

2-log DNA ladder N0469S New England 
BioLabsInc 

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) 

298-93-1 Sigma-Aldrich® 

6-[(3,4,5-
Trimethoxybenzoyl)amino]hexanoic acid 

21434-91-3 Sigma-Aldrich® 

Acrylamide/bis-acrylamide 30 % solution A3699 Sigma-Aldrich® 
Agarose 9012-36-6 Sigma-Aldrich® 

Ammonium persulfate (APS) 7727-54-0 Bio-Rad 
Antibiotic Antimycotic Solution (100x), 
stabilized 

A5955 Sigma-Aldrich® 

Blue/Orange 6X Loading Dye G1881 Promega 
β-mercaptoethanol 60-24-2 Sigma-Aldrich® 
Bovine Serum Albumin (BSA) 9048-46-8 Sigma-Aldrich® 
Bromophenol blue 115-39-9 Sigma-Aldrich® 
CHAPS BioChemica 75621-03-3 PanReac 

AppliChem ITW 
Reagents 

Chloroform 67-66-3 Sigma-Aldrich®  

Dimethyl sulfoxide 67-68-5 Sigma-Aldrich® 
DL-Dithiothreitol  3483-12-3 Sigma-Aldrich®  
Fetal Bovine Serum (FBS) South America, 
Charcoal stripped 

S181F Biowest 
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Formamide 75-12-7 Sigma-Aldrich®  
GelRed Nucleic Acid Stain, 10,000X in 
water 

41003 Biotium 

Glycerol, 99 % 56-81-5 Sigma-Aldrich®  
Glycine 56-40-6 Sigma-Aldrich®  
Ethylenediaminetetraacetic acid 
tetrasodium salt dihydrate (EDTA) 

6381-92-6 Sigma-Aldrich®  

Ethanol absolute 64-17-5 VWR Chemicals 
ImperialTM Protein Stain 24615 ThermoFischer 

Scientific 
Iodoacetamide 144-48-9 Sigma-Aldrich® 
IPG Buffer, pH 3-10 GE17-6000-87 GE Healthcare 
Isopropanol prima 67-63-0 Antibac®    
Leibovitz’s (1X) L-15 Medium 21083027 GibcoTM 
Magnesium sulfate heptahydrate  10034-99-8 Sigma-Aldrich® 

Methanol 67-56-1 Sigma-Aldrich® 
N,N,N’,N’-Tetramethyl-ethylenediamine 
(TEMED) 

110-18-9 Sigma-Aldrich® 

Nonidet P-40  9016-45-9 Sigma-Aldrich® 
Ponceau S stain 6226-79-5 VWR International 

AS 
Phosphate Buffered Saline, pH 7.4 806552 Sigma-Aldrich®  
PierceTM 660 nm Protein Assay Reagent  22660 ThermoFischer 

Scientific 
PlusOne DryStrip Cover Fluid 17-1335-01 GE Healthcare Life 

Sciences 
Potassium chloride 7447-7-40 Sigma-Aldrich®  
Precision Plus ProteinTM All Blue Standards 161-0373 Bio-Rad 
Protease inhibitor cocktail P8340 Merck 
Protein G Agarose 11 243 233 

001 
Roche 

Sodium chloride  7647-14-5 Sigma-Aldrich®  
Sodium deoxycholate 302-95-4 Sigma-Aldrich®  
Sodium dodecyl sulfate solution (SDS) 151-21-3 Sigma-Aldrich®  
Sodium hydrogen carbonate 144-55-8 Sigma-Aldrich® 
Sodium hydroxide 1310-73-2 Sigma-Aldrich® 
Sodium phosphate dibasic dihydrate 10028-24-7 Sigma-Aldrich® 
Sodium phosphate monobasic 
monohydrate 

10049-21-5 Sigma-Aldrich® 

   
Thiourea 28 615.231 VWR Prolabo BDH 
Tributyltin chloride (TBT) 1461-22-9 Sigma-Aldrich® 
TRI Reagent®  T9424 Sigma-Aldrich® 
Tris base 77-86-1 Merck 
Triton X-100 9036-19-5 Sigma-Aldrich® 
Tween® 20 electrophoresis 9005-64-5 Sigma-Aldrich® 
Urea 57-13-6 Merck 
Water Nuclease Free  7732-18-5 VWR Life Science 
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2.3 Primers 
Table  2.   Primers used for qPCR analysis of gene expression 

Oligonucleotide name Sequence 5 → 3 
gm_ACTB2f CGACGGGCAGGTCATCACCATC 
gm_ACTB2r CCACGTCGCACTTCATGATGCT 
gm_ebp_f CTTTCCTGACCAACAAGCCC 
gm_ebp_r TGTGAGCATATCCATCCCGG 
gm_pparg_f CCCGGCTTTGTAGATCTGGAT 
gm_pparg_r GCACCTCTATCACGCCGTACTT 
gm_rbp2_f GGGGTGGAGTTTGACGAGTACA 
gm_rbp2_r TACCAGCTTGTCTCCATCCCAG 
gm_sqlea_f GATCTGGAGGAGGAGTCTGC 
gm_sqlea_r GATGACTTGCGTTCCCAGTG 

 

 

2.4 Commercial Kits 
Table  3. Commercial kits 

Material / kit Product Number 
(#) 

Manufacturer 

Cytotoxicity Detection Kit PLUS (LDH) 4744926001 Roche  
SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate 

34580 Thermo Scientific 
 

iScript 170 – 8891 BioRad 
SsoAdvancedTM Universal SYBR® 
Green Supermix from BioRad 

172-5274 BioRad 

 

 

2.5 Buffers and Solutions 

2.5.1 Tissue homogenization  
Table  4. Tissue homogenization buffer 

Component Concentration 
Sodium phosphate monobasic monohydrate (NaH2PO4 · 
H2O) 

100 mM 

Potassium chloride (KCl) 150 mM 
EDTA 1.00 mM 
Glycerol 10.0 % 
DDT 1.00 mM 
Protease inhibitor cocktail 1:10-0 
Sodium hydroxide (NaOH) Enough for pH 

adjusting  
milliQ -  
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2.5.2 SDS-PAGE 
Table  5.  12 % Polyacrylamide Gel composition.   

Component 12 % resolving 
gel 

Stacking 
gel 

Acrylamide/bis-acrylamide, 37,5:1 12 % 4.90 % 
Tris pH 8.8 0.38 M -  
Tris pH 6.8 -  0.13 M 
Sodium dodecylsuphate (SDS) 0.10 % 0.19 % 
Ammonium persulfate (APS) 0.10 % 0.10 % 
N, N, N’, N’, Tetramethyl-ethylenediamine 
(TEMED) 

0.040 % 0.10 % 

 

Table  6.  5X sample buffer 

Component  Concentration 
Tris-HCl, pH 6.8  250 mM 
SDS  10 % 
Glycerol  30 % 
β-mercaptoethanol  5 % 
Bromophenol blue  0.02 % 

 

Table  7. 1X TGS Running buffer 

Component Concentration 
Glycine 192 mM 
Tris base 25 mM 
SDS 0.1 % 

 

 

 

2.5.3 Western Blot 
Table  8. 10X Tris-glycine (TG) buffer 

Component Concentration 
Tris base 250 mM 
Glycine 1.90 M 
MilliQ -  

 

Table  9. 1X Transfer Buffer 

Component Concentration 
TG buffer 1x 
Methanol (MeOH) 20 % 
MilliQ -  

 

 

Table  10. 0.1 % TBS-Tween 

Component Concentration  
Tris pH 7.5 20 mM 
Sodium chloride 
(NaCl) 

150 mM 

Tween-20 0.1 % 
MilliQ -  

 

Table  11. Blocking solution 

Component Concentration/amount 
Bovine 
serum 
albumin 
(BSA) 

5 % 

0.1 % TBS-
Tween 

50 mL 
 

 

Table 12.  2nd antibody incubation solution 

Component Concentration 
BSA 2 % 
Polyclonal Goat Anti-Rabbit Immunoglobulins/HRP antibody 1:2000 
TBS-Tween 0.1 % 
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2.5.4 2D-PAGE 
Table 13. Rehydration buffer. 

Component Concentration 
Urea 7.0 M 
Thiourea 2.0 M 
CHAPS 4 % (w/v) 
DTT 20 mM 
Triton X-100 0.5 % 
IPG buffer* 0.5 % (v/v) 
ddH20 -  
*IPG buffer added to the 
rehydration buffer prior to use 

 

Table 14. 2D-PA Gel components of 12.5 % polyacrylamide 
gels. 

Component Concentration 
Acrylamide/bisacrylamide 12.5 % 
Tris-HCl, pH 8.8 0.38 M 
SDS 0.10 % 
APS 0.080 % 
TEMED 0.080 % 
ddH20 -  

 

 

Table 15. SDS equilibration solution 

Component Concentration 
Tris-HCl, pH 8.8 50 mM 
Urea 6.0 mM 
Glycerol 30 % (v/v) 
SDS 2 % (w/v) 
Bromophenol blue A few corns 
ddH20 -  
2.5 mg/mL DDT or 0.045 g/mL IAA 

 

Table 16. Agarose 

Component Concentration 
Agarose 0.4 % 
TGS buffer 1X 
Bromophenol blue A few corns 

 

 

Table 17. 2D Anode solution I 

Component Concentration 
Tris, pH 10.4 0.3 M 
Methanol (MeOH) 20 % 

 

Table 18. 2D Anode solution II 

Component Concentration 
Tris, pH 10.4 25 mM 
MeOH 20 % 

 

 

Table 19.  2D Cathode Solution 

Component Concentration 
6-[(3,4,5-Trimethoxybenzoyl)amino]hexanoic acid 4 mM 
Methanol (MeOH) 20 % 

 

Table 20. Membrane rinse after ImperialTM Protein 
Stain 

Component Concentration 
Acetic acid 10 % 
MeOH 50 % 
MilliQ -  

 

Table 21. Methanol rinse of membrane  

Component Concentration 
MeOH 10 % 
MilliQ -  
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2.5.5 Immunoprecipitation  
Table 22. Homogenization/Wash buffer 1 

Component Concentration 
Tris-HCl, pH 7.5 50 mM 
NaCl 150 mM 
Nonidet P-40 1 % 
Sodium 
deoxycholate 

0.5 % 

Protease inhibitor 
cocktail (added 
upon usage) 

1:100 

ddH2O -  
 

Table 23. Wash buffer 2 

Component Concentration 
Tris-HCl, pH 7.5 50 mM 
NaCl 500 mM 
Nonidet P-40 0.1 % 
Sodium 
deoxycholate 

0.05 % 

ddH2O -  
 

                                                          

Table 24. Wash buffer 3 

Component Concentration 
Tris-HCl, pH 7.5 50 mM 
Nonidet P-40 0.1 % 
Sodium 
deoxycholate 

0.05 % 

ddH2O -  
 

Table 25. 1X sample buffer 

Component Concentration 
5X sample buffer 
stock 

1X 

ddH2O -  
 

 

 

2.5.6 PCLS 
Tab6e 26. PCLS buffer, pH 8.4 

Component Concentration (mM) 
Sodium chloride (NaCl) 122 
Potassium chloride (KCl) 4.80 
Sodium phosphate dibasic dihydrate HNa2O4 – 2H2O  11.0 
Magnesium sulfate heptahydrate (MgO4S - 7H2O) 1.20 
Sodium hydrogen carbonate (NaHCO3) 3.70 
ddH2O -  
*For more basic solution, Sodium hydroxide (NaOH) was added. For more acidic 
solution, hydrogen chloride (HCl) was added.   
 

 

Table 27. PCLS culture medium 

Component Volume (mL) 
L-15 Leibovitz  medium 44.5 
Charcoal-stripped Fetal bovine serum (csFBS) 5.0 
100x antimycotic myocin, final concentration 1x. 0.5 
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2.5.7 RNA extraction 

Table 28. Agarose gel 

Component Concentration 
TAE buffer 1X (100 mL) 
Agarose 1 % (w/v) 
GelRed 0.5 µL 

 

Table 29. Loading buffer for agarose gel 

Component Concentration 
Blue/Orange 6X 
Loading Dye 

1.2X 

Formamide 79 % 
 

 

 

2.6 Antibodies, immunogen, and pre-immune serum 
Table 30. Antibodies and pre-immune serum used. 

Antibody Product 
Number (#) 

Manufactur
er 

 Stock 
Concentratio
n 

End 
concentratio
n  

Affinity purified 
antibody, rabbit 
#5789 

U0864DC02
0-10 (#5789) 

GenScript 0.542 mg/mL 1 µg/µL for 
WB 
5 µg for IP 

Affinity purified 
antibody, rabbit 
#5859 

U0864DC02
0-10 (#5859) 

GenScript 0.537 mg/mL 1 µg/µL for 
WB 
5 µg for IP 

Rxra Immunogen UD864DC02
0-10 

GenScript 0.670 mg/mL Calculate 

Polyclonal Goat 
Anti-Rabbit 
Immunoglobulins/H
RP 

P0448 Dako -  1:2000 

 

 

2.7 Equipment 
Table 31. Overview of instruments and equipment, their supplier and application. 

Instrument  Application Supplier 
C1000TM Thermal Cycler qPCR amplification Bio-Rad 
ChemiDocTM XRS+  Imaging Gels and 

membranes 
Bio-Rad 

CFX96TM real-Time 
System 

qPCR Bio-Rad 

EnSpireTM 2300 Multilabel 
Reader 

Absorbance measurements PerkinElmer 

EttanTM IPGphorTM 3 IEF 
system 

IEF of strips for 2D GE Healthcare 

GD100 Water bath heat shock  
Heraeus pico 21 Centrifugation ThermoScientific 
HS 501 Digital Shaker IKA®-Werle 
MilliQ A10 advantage MilliQ H2O dispenser Merck 
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Motor handpiece MHX/E Tissue homogenization XENOX 
MP220 pH measurements Bergman 
Hidex Sense Plate reader Absorbance measurements  
Leica vibrating blade 
microtome VTI1200  

PCLS Leica, Wetzler, 
Germany 

Multifuge X3R Centrifuge Centrifugation of samples Heraeus 
NanoDrop™ One/OneC 
Microvolume UV-Vis 
Spectrophotometer 

Measure concentration and 
purity of RNA 

ThermoFischer 
Scientific 

PowerPacTM HC Electrophoresis power supply Bio-Rad 
T100TM Thermal Cycler cDNA synthesis Bio-Rad 
   

 

 

2.8 Software  
Table 32. Software Tools used 

Software  Application Supplier 
Adobe illustrator Figure 

preparation 
Adobe Creative Cloud  

BioRender 2023 Figure 
preparation 

BioRender®  

ChemDraw Preparing 
structures for 
figures 

 

Clustal Omega Multiple 
Sequence 
alignment (MSA) 

EMBL-EBI  
https://www.ebi.ac.uk/Tools/msa/clustalo/ 

Excel 2020 Data processing Microsoft 
Expasy, Compute 
pI/Mw 

Calculating pI 
and MW of RXR 
isoforms 

SIB  
https://web.expasy.org/compute_pi/ 

Image LabTM 

Software 
Imaging gels and 
membranes 

BIO RAD 

Jalview 2.0 Annotating MSA  
protein blast 
(pBLAST) 

Find hits 
matching 
antibody 
immunogen 

NCBI  
https://blast.ncbi.nlm.nih.gov/Blast.cgi   

Primer 3 Primer design NCBI 
Prism 9 Statistical 

analysis 
GraphPad 

Protein Data Bank 
(PDB) 

Retrieving 3D 
structure of 
hRXRa 

RCSB 
https://www.rcsb.org/  

Expasy ProtScale Hydropathy plot SIB 
https://www.expasy.org/resources/protscale  

PyMOL 2.5 3D visualization Schrödinger 

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://web.expasy.org/compute_pi/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.rcsb.org/
https://www.expasy.org/resources/protscale
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Word 2020 Thesis writing Microsoft 
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3. METHODS 

3.1 Experimental outline 
Throughout this thesis, several molecular biology techniques as well as bioinformatics were 

employed. An experimental outline of the steps in this thesis are viewed in Figure 8. 

 

Figure 8. Experimental outline of the techniques used in this thesis. A multiple sequence alignment (MSA) 
was generated with the immunogen sequence, used to synthesize pAb #5789 and pAb #5859, against Atlantic cod 
(Gadus morhua) Retinoid X receptor (gmRxrs) to assess the similarity in this region. 3D visualization of the 
immunogen was performed using human RXRa. A hydropathy plot was generated to predict surface amino acids 
in the immunogen. Atlantic cod tissue was homogenized and analyzed through an SDS polyacrylamide (SDS-
PAGE) gel and through western blot analysis. Western blot analysis with liver tissues was performed with pAb 
#5789 and pAb #5859, as well as their pre-immune serums. An immunoreactive band in the liver was identified 
through two-dimensional PAGE (2D-PAGE) and semi-dry western blot. 48 h exposure of liver cultures to 9-cis-
RA and TBT were also performed. An MTT and an LDH assay was performed to assess the viability of the cells. 
RNA was extracted from the tissues and ultimately was used for gene expression analysis using quantitative 
polymerase chain reaction (qPCR). The figure was created with BioRender.com. 
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3. 2 Bioinformatics 

3.2.1 Multiple sequence alignment (MSA) 

The amino acid (aa) sequences of Rxra (XP_030197437.1), Rxrb1 (XP_030214648.1), Rxrb2 

(XP_030202479.1) and Rxrg (XP_030228385.1) were retrieved from GenBank. Calculations 

of molecular weight (MW) and isoelectric point (pI) were made with the Compute pI/Mw tool 

(SIB). Clustal Omega (EMBL-EBI) was used to generate multiple sequence alignments (MSA) 

that were visualized and annotated in Jalview v2.0.  

 

3.2.2 3D visualization of Immunogen peptide 

The protein blast (pBLAST) alignment tool (NCBI) was used to find 3D structures with aa 

sequences similar to gmRxra in the Protein Data Bank (PDB) database. From the resulting hits, 

the 3D structure of hRXRa was downloaded from RCSB Protein Data Bank (RCSB-PDB) with 

the identification id: 3DZY. The structure consisted of a protein complex with hRXRa 

connected to PPARg, a DNA helix, as well as rosiglitazone, 9-cis Retinoic Acid and NCOA2 

peptide. Using PyMOL 2.5 (Schrödinger), the immunogen sequence was identified and 

highlighted, and the structure visualized to fit the needs of this thesis (i.e., the DNA helix, 

PPARg, NCOA2 peptide, and rosiglitazone were hidden in the image generated for this thesis).  

 

3.2.3 Hydropathy plot 

A hydropathy plot was generated with the immunogen sequence using the ProtScale tool (SIB), 

with the window size set to 9 and the window center set to 100 %. The hydropathy plot was 

generated using the aa scale generated by Kyte and Doolittle (1982). 

 

3.3 Tissue Collection 
Tissues were collected from juvenile Atlantic cod, selected at random, from the Industrial and 

Aquatic Laboratory (ILAB), as well as from the local tissue bank (TB) at the environmental 

toxicology research group (stored at – 80 °C).  
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3.4 Tissue Homogenization 

For western blot analyses, 50 mg of the following tissues, brain, skin, stomach, liver, muscle, 

heart, head kidneys, and ovaries were dissected from a juvenile female Atlantic cod. The tissues 

were rinsed in 1X phosphate buffered saline (PBS) before they were homogenized in 300 µL 

homogenization buffer (Table 4) containing a protease inhibitor cocktail and using an 

automated homogenizer tool (XENOX, MHX/E)  

For the IP experiment and the 2D-PAGE procedure, liver tissue from the Atlantic cod TB was 

used. About 1 g and 0.5 g liver tissue was homogenized for the IP and 2D-PAGE, respectively. 

The tissues were briefly washed in 1X PBS before they were homogenized in 2.25 mL lysis 

buffer (Table 22) for the IP experiment, and 2 mL rehydration buffer (Table 13) for the 2D-

PAGE. The IP lysis buffer contained protease inhibitor cocktail diluted 1:100. 

The tissue homogenates used for western blot were shaken for 30 min at 4 °C, then centrifuged 

at 12 000 x g for 20 min at 4 °C. The IP homogenates were centrifuged at 12 000 x g for 10 min 

at 4 °C, while 2D-PAGE samples were centrifuged at 13 000 x g for 10 min at 4 °C. The 

supernatants were transferred to new tubes, avoiding the pellets and lipid layers formed at the 

top. Centrifugation rounds were repeated, if necessary, until no pellet or lipid layer could be 

detected. All homogenates were stored at –80 °C. 

 

3.5 Colorimetric protein quantification assay 

Bovine serum albumin (BSA) standards were prepared with the following concentrations in 

mg/mL, 2, 1, 0.5, 0.25, 0.125, 0.0625, in the buffers the tissues had been homogenized in, but 

without including additional protease inhibitor cocktail. 10 µL of BSA standards, buffer blanks, 

and samples diluted in their respective homogenization buffer were added in triplicates into a 

96—well plate. The homogenates were diluted either 1:5, 1:8, 1:10, or 1:20, depending on how 

high their absorbance reads were in relation to the absorbances of the BSA standards. 150 µL 

PierceTM 660 nm Protein Assay Reagent was added into each well. The plate was shaken at 1 

rpm for 1 min and incubated for 5 min in the dark at RT. The absorbances were read at 660 nm 

using the Perkin Elmer Enspire plate reader. The average absorbance reads of the BSA 

standards and their corresponding protein concentrations were used to generate a regression 

line in a XY-plot. The equation of the regression line and the absorbances of the homogenized 

tissues were used to determine the protein concentration in the samples.  
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3.6 Sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

and western blotting (WB) 

3.6.1 SDS-PAGE 

1 mm PA gels were cast, consisting of a 12 % resolving gel and a 4.90 % stacking gel (Table 

5). After the gels had polymerized, they were either used right away or stored at 4 °C for up to 

one week. Upon usage, gels were transferred from the casting unit to the electrophoresis 

chamber and 1X TGS Running buffer (Table 7) was poured into the tank. 

Homogenate samples and the immunogen control (provided by GenScript), consisting of the 

part of Rxra used for immunization (Table 30), were prepared in 1X sample buffer (Table 6) 

and milliQ to a final volume of 20 µL. All samples were heated in a water bath at 95 °C for 5 

min, before spinning them down briefly. The samples were loaded into the wells and the gels 

were run at 80 V for 10 min, and then at 150 V until done. The gel was stained with ImperialTM 

protein stain (Coomassie dye R-250) for 30 min, then rinsed 3X with distilled water, before 

O/N rinse in distilled water while shaking at RT. The gel image was taken using the 

ChemiDocTM XRS+ imaging system from Bio-Rad.  

 

3.6.2 Western blot procedure 

Components of the blotting sandwich, including sponges, filter paper, SDS-PA gel, and 

nitrocellulose blotting membrane (AmershamTM ProtranTM Premium 0.45 µm NC, prod. no. 

10600008) were soaked in 1x transfer buffer containing 20 % methanol (MeOH) (Table 8), and 

then assembled and placed into the transfer cell. The chamber was filled with transfer buffer 

and the membrane blotted at 100 V for 1 h. 

The membrane was transferred to a tray and rinsed in 0.1 % TBS-Tween (Table 10), before it 

was stained in Ponceau S to briefly visualize the presence of protein bands. An additional 0.1 

% TBS-Tween rinse for 10 min whilst shaking at RT was done before blocking the membrane 

with 5 % bovine serum albumin (BSA) in 50 mL 0.1 % TBS-Tween (Table 11) for 1 h whilst 

shaking at RT.  

The membrane was rinsed before O/N incubation with 1 µg/mL of either antibody #5759 or 

antibody #5859 (Table 30), or with the same volume of the pre-immune serums (concentrations 

not available from GenScript), prepared in 8 mL TBS-Tween at 4 °C. The membrane was rinsed 

in 0,1 % TBS-Tween for 10 min at RT while shaking X3 (Table 10). Then incubated with the 
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secondary antibody Polyclonal Goat anti-Rabbit Immunoglobulin HRP (Table 30), diluted 

1:2000 in 8 mL 0.1 % TBS-Tween with 2% BSA for 1h (Table 12). The membrane was rinsed 

again same as above, after incubation with the secondary antibody. 

To visualize immunoreactive proteins, the SuperSignalTM West Pico PLUS Chemiluminescent 

Substrate kit was used. A 1 mL working solution was prepared and the protocol provided by 

the manufacturer was followed. Images were taken using ChemiDocTM XRS+ imaging system 

(BIO RAD).   

 

3.7 Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 

3.7.1 Sample preparation 

IPG buffer, pH 3 – 10 (GE Healthcare) was added to rehydration buffer to a final volume of 0.5 

% to a total of 256.05 µL in two tubes (Table 13). A few corns of bromophenol blue were also 

added to give the solution a blue color. 750 µg Homogenate, determined by protein assay, was 

added to each tube, with a final volume of 540.05 µL. The samples were vortexed at low rpm, 

then centrifuged at 13 000 x g for 10 min at RT. 

 

3.7.2 Rehydration of gel strips 

The samples were carefully distributed across each of their wells in the rehydration tray, 

avoiding disturbing the pellet. Due to lack of 18 cm strips in our lab, 24 cm long IEF strips, pH 

3 - 10 (Serva IPG BlueStrip, 24 cm, Lot no. IPG14162) were employed and gently submerged, 

face down, into the wells. 2.6 mL cover fluid was gently distributed across the strip using a 

pipette. The strips were left to rehydrate, with the lid of the tray placed on top, O/N for 22 h.  

 

3.7.3. Isoelectric focusing (IEF) 

108 mL cover fluid was spread evenly across the tray of the isoelectric focusing system that 

had been pre-cooled to 20°C, distributing the fluid into all the wells. The strips were gently 

transferred from the wells of the rehydration tray into wells of the IEF system, with the acidic 

end placed towards the anode and the basic end towards the cathode end of the system, and with 

the gel portion now facing upwards. Paper wicks (GE Healthcare) were hydrated with distilled 

water and placed at each end of the strips. The system’s electrode clamps were attached right 
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above the paper wicks, and the machine was turned on with the steps described in Table 33). 

The strips were frozen at – 80 °C after the run ended.  

                                 Table 33. Iso-electric focusing steps 

Step Voltage (V) Time (h) 
1 Step 150 3 
2 Step 300 3 
3 Gradient 1000 6 
4 Gradient 10 000 1 
5 Step 12 000 4.5 
Total time / duration  17.5 / ~ 52 kVh 

 

3.7.4 Equilibration of gel strips 

The IPG strips were equilibrated in the same trays as they had been frozen in, by first incubating 

them in 10 ml SDS equilibration solution with 2.5 mg/mL Dithiothreitol (DDT) added to it, 

whilst shaking at 1 rpm for 15 min, then by incubating with 10 ml SDS equilibration solution 

with 45 mg/mL iodoacetamide (IAA) added to it, following the same parameters (Table 15).  

 

3.7.5 SDS-PAGE of strip 

Two 12.5 % PA gel solutions were prepared in each of their 50 mL falcon tubes (Table 14). 20 

cm x 20 cm large gels were cast, adding the gel mixture between the pre-cleaned glass plates, 

leaving 1 cm at the top of the shorter glass plate. 70 % Ethanol was poured over the gels, and 

the gels were left to solidify. The gels were kept at 4 °C until use.  

The ends of the gel strips were cut. 5 cm of the acidic end and 2 cm of the basic end was cut off 

one strip, reducing the length to 17 cm, while on the other strip 4 cm of the acidic end and 2 cm 

of the basic end was cut off, reducing the length to 18 cm. The gel strips were rinsed in 1X TGS 

before placing them in between the glass plates of the 12.5 % PA gels. The acidic end was 

placed towards the left and the basic end towards the right, with the gel part of the strip facing 

outwards.  

Furthermore, for one of the gels, 30 µg liver Homogenate was mixed with 1X sample buffer 

(Table 6) and milliQ to a final volume of 10 µL. The sample was boiled at 95 °C and spun 

down, before being transferred onto a 0.5 cm x 0.5 cm piece of filter paper. 10 µL of the protein 

ladder (Precision PlusTM Standards) was also added to a paper piece of same size. The two paper 
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pieces were placed next to the strips on top of the gels and run as a regular SDS-PAGE alongside 

the second-dimension electrophoresis.  

0.4 % agarose, dissolved in 1X TGS buffer with some bromophenol added, was used to seal the 

IPG gel strips and the paper pieces to the gels (Table 16). The cavity above the gels was filled 

with agarose. The glass plates, holding the gels, were transferred to the electrophoresis chamber 

(BIIO RAD) and the chamber was filled with 2.5 L 1X TGS Running buffer (Table 7). The gels 

were run at 10 mA for 2 h and then at 70 mA until done.  

 

3.7.6 Staining of gel and visualization 

One of the gels from 2D-PAGE was rinsed in MilliQ, then stained with Imperial protein stain 

for 2 h whilst shaking at 70 rpm at RT. The gel was rinsed over three days, in milliQ, whilst 

gently shaking at RT. Images were taken with ChemiDocTM XRS+ imaging system.  The gel 

was kept in milliQ and stored at 4 °C.  

Two protein spots were cut out of the gel and stored at –80 °C in Eppendorf tubes until they 

were sent to Mass Spectrometry (MS) analysis. The analysis was performed by the Proteomics 

Unit (PROBE) at UiB. There, the samples were in-gel trypsinated and the resulting peptides 

were analyzed with an LTQ Orbitrap MS. 

 

3.7.7 Semi-dry western blotting of gel from 2D-PAGE 

The other gel from the 2D-PAGE was used for semi-dry western blotting. The cathode and 

anode electrodes of the transfer apparatus were placed in milliQ water for 2 hours. Excess water 

was dried off the parts and the anode electrode was placed on a tray on the table. Filter paper 

and nitrocellulose membrane were cut to fit the size of the electrode. Six pieces of filter paper 

were soaked in anode solution I (Table 17) and placed on top of the anode electrode. Three 

filter papers were soaked in anode solution II (Table 18) and placed on top of the other filter 

papers. A nitrocellulose membrane was also soaked in anode solution II and placed on top of 

the soaked filter papers. The gel was placed on top of the membrane. The edges on the right 

side and the bottom of the gel were cut so the gel could fit exactly on the nitrocellulose 

membrane.  Nine filter papers were soaked in cathode solution (Table 19) and placed on top of 

the gel. Air bubbles were pushed out with a roller between each step of adding filter paper or 
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the membrane. The cathode electrode was placed on top, the safety lid lowered, and the system 

was connected to a power supply. The blotting procedure was run at 250 mA for 1 h.  

The membrane was blocked and incubated with pAb #5859, similarly as described in Section 

6.2. However, the volumes were adjusted for the size of the membrane. Only pAb #5859 was 

tested, because the 2D-PAGE procedure was quite extensive and because the antibodies gave 

similar results in the regular WB analyses. Detection and visualization of bands were also 

performed similarly as described in Section 3.6.2, with adjusted volumes.  

The membrane was rinsed in milliQ for 30 min on a shaker at RT. ImperialTM protein stain was 

added to the tray, covering the membrane. The membrane was left in the stain for 5 min at RT 

on a shaker. The background was reduced with 10 % acetic acid and methanol, prepared in 

milliQ (Table 20) O/N with the same conditions. The membrane was rinsed with 10 % methanol 

in milliQ (Table 21), and an image was taken using the ChemiDocTM XRS+ imaging system 

from Bio-Rad (results not shown). 

 

3.8 Immunoprecipitation  
Immunoprecipitation was performed with protein G agarose beads (Roche, Ca. no. 

11 243 233 001) and the protocol from Roche describing the use of these particular G-beads in 

IP. The antibodies pAb #5789 and pAb #5859 were tested individually (denoted as “IP eluate” 

further on, as it becomes the sample eluate for analysis). Two controls were also included, one 

in which antibody was not added to the tissue Homogenate (denoted as “IP control 1” further 

on), and another in which no homogenate was added (denoted as “IP control 2” further on) 

(Table 34).  

Table 34. Composition of the samples used for immunoprecipitation. 

IP eluate IP control 1 IP control 2 
Liver homogenate Liver homogenate Lysis buffer and protease 

inhibitor cocktail, diluted 
1:100, 

pAb #5789 or pAb 
#5859 

Lysis buffer and protease 
inhibitor cocktail, diluted 1:100 

pAb #5789 or pAb #5859 

 

1 mL liver homogenate was added to two Eppendorf tubes each, for the IP eluate and IP control 

1. A small amount of the homogenate was stored at -80 °C for protein assay and WB analysis 

and denoted the “IP homogenate” (Section 3.5 and 3.6). The Protein G agarose beadswere 
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mixed in their containers to homogenize the beads with the solution. 50 µL of the bead solution 

was added to each of the Eppendorf tubes with homogenate (IP eluate and IP control 1). The 

tubes were incubated while rotating at 9 rotations per minute (rpm) for 3 h at 4 °C. The agarose 

beads were pelleted by centrifugation at 12 000 x g for 20 sec, at 4 °C. The agarose beads were 

left behind, while the supernatants were transferred to each their own new Eppendorf tubes and 

carried on for the next steps of the procedure. Fractions of the supernatants were stored at -80 

°C, as “Unbound fraction 1”). 1 mL lysis buffer was added to IP control 2 including protease 

inhibitor cocktail diluted 1:100 (Table 22, 34). 5 µg of either antibodies (pAb #5789 or pAb 

#5859) was added to IP eluate and to IP control 2, substituted by the same amount of lysis 

buffer and protease inhibitor cocktail in IP control 1. All tubes were incubated at 4 °C for 1 h 

whilst rotating at 9 rpm.  

50 µL of vortexed beads were added to IP eluate, IP control 1 and IP control 2. They were then 

incubated while rotating at 9 rpm O/N, between 16 and 18 h, at 4 °C. The beads were pelleted 

by the same parameters as described above. Supernatants were stored at – 80 °C, as “Unbound 

fraction 2”. 

The pelleted beads were resuspended in 1 mL Wash buffer 1 (Table 22), and incubated whilst 

rotating at 9 rpm, for 20 min at 4 °C. The beads were pelleted again as described above. The 

bead wash was repeated once more with Wash buffer 1, then two times with Wash buffer 2 

(Table 23), and once with Wash Buffer 3 (Table 24). Supernatants were kept as controls and 

stored at – 80 °C. Supernatants were denoted “Wash 1” for the first wash round, and “Wash 

1.2” for the second wash with Wash buffer 1. A fraction from the first wash with Wash buffer 

was kept as “Wash buffer 2”. The fraction from the Wash buffer 3 wash was denoted as “Wash 

3”. After the final wash, as much of the buffer was removed, by spinning down the tubes.  

The samples were resuspended in 60 µL 1X sample buffer (SDS-PAGE) diluted in MilliQ 

(Table 6), then heated at 100 °C for 3 min, with flicking of the tubes now and again, to separate 

the beads from the antibodies and proteins. The samples were centrifuged same as before but 

at RT. The eluates were transferred to new tubes. The eluates were stored at – 80 °C.  

Eluates and kept fractions were analyzed. The eluate samples as well as the wash samples were 

analyzed with SDS-PAGE and western blot analysis, following the same procedure as described 

in section 3.6. 

. 
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3.9 Precision cut liver slices (PCLS) 
Five juvenile cod, selected at random (two females and three males), were collected from tanks 

at ILAB. The fish were euthanized with a blunt force to the head and the weight and length of 

the fish were recorded. The fish were sterilized with 70 % ethanol before they were cut open 

using sterile equipment. The livers were carefully dissected out of the fish and placed in a tray 

containing PCLS buffer and weighed. The sex of the fish as well as the weight of the 

reproductive organs were recorded.  

The livers were cut into blocks, approximately 3 cm long, 2 cm wide and 1-2 cm in height. The 

blocks were placed in petri dishes containing culture medium (Table 27) and kept on ice. One 

of the blocks was glued with superglue to the specimen plate of Leica Vibrating Blade 

Microtome VTI1200 (Leica, Wetzler, Germany). When the glue had dried, the specimen plate 

was placed into the buffer tray and the buffer tray was filled with cold PCLS buffer (Table 26). 

The surrounding ice tray was filled with ice.  

The surface of the liver blocks was refined by slicing the top surface before slicing 250 µm 

slices used for the ex vivo liver culture. Slices were cut with a speed of 0.9 mm/s and an 

amplitude of 3mm. 250 µm slices of good quality were transferred to a petri dish containing 

cooled culture medium and placed on ice. The slices were further cut into squares with a scalpel, 

with a diameter of approximately 5 mm x 5 mm. Five liver tissue squares were placed into 9 

wells (five in each well) of a 12 well plate, using one plate per fish. The plates were incubated 

at 10 °C whilst shaking at 50 rpm for 2 h. 

 

3.9.1 Exposure chemicals 

Stocks of 9-cis-RA and TBT were prepared in dimethyl sulfoxide (DMSO) with the following 

concentrations, 50 µM, 500 µM and 5 mM, made to a final volume of 500 µL. The liver tissues 

were exposed to 0.1 µM, 1 µM and 10 µM final exposure concentrations of either 9-cis-RA or 

TBT, prepared in culture medium. One control well was set up in each well, in which the liver 

tissues were exposed to 0.2 % DMSO. 5 pieces per fish were in each exposure well. The tissue 

cultures were exposed to the chemicals for 48 h at 10 °C whilst shaking at 50 rpm. After this, 

the tissues were snap-frozen in liquid nitrogen (N2) and stored at -80 °C.  
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3.10 MTT metabolic activity assay 
For the MTT assay, 12-well plates with PCLS were made as described above. However, liver 

slices from four instead of five fish were cultured and left to acclimatize for 1 h at 10 °C whilst 

shaking at 50 rpm before exposure to TBT and 9-cis-RA following the same method as 

described above. After 48 h exposure, the weight of the slices in each well were recorded. 

Afterwards, the media was removed from the wells, and replaced by 1 mL of 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution, made by adding 2 mg 

per mL Leibovitz’s L-15 medium, to a final volume of 40 mL.  The plates were incubated at 

RT for 90 min whilst shaking at 70 rpm in the dark. MTT was removed completely, and the 

tissues washed once with 1 mL 1x PBS before 1 mL100 % DMSO was added into each well 

and the plates incubated for 20 min while shaking at RT. 100 µL of the DMSO from each well 

was pipetted in triplicates into 96-well plates, and the metabolic activity was measured at 570 

and the background absorbance was measured at 650 nm using the PerkinElmer EnSpire plate 

reader.  

 

3.11 LDH cytotoxicity assay  
Culture medium from exposed PCLS were collected for measurements of lactate 

dehydrogenase activity and were pipetted in triplicates of 50 µL into 96-well plates. Fresh 

complete culture medium was also pipetted in triplicates of 50 µL into both plates as a blank 

control. The bottles from the cytotoxicity detection kit PLUS (LDH) (Roche) were thawed and 

mixed in a ratio of 1:45 of solution 1 and 2. 50 µL of the mixture was added to each well. The 

contents were mixed by gently moving the plates from side to side, before incubating the plates 

in the dark for 5 min. The absorbance of lactate dehydrogenase (LDH) enzymatic activity was 

measured at 490 nm and the background absorbance measured at 650 nm using the PerkinElmer 

EnSpire plate reader.  

 

3. 12 RNA extraction from PCLS 

3.12.1 RNA Extraction procedure 

The lab bench and equipment were washed with 70 % ethanol. PCLS samples were kept on dry 

ice and weighed. The liver tissues were homogenized in 300 µL TRI Reagent (Sigma, T9424) 

using the manual homogenizer tool. 950 µL additional TRI reagent was added after 
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homogenization and the contents mixed by inverting the tubes. The tubes were placed 

immediately on ice.  

Once all samples were homogenized, they were incubated at RT for 5 min. 250 µL chloroform 

(Sigma-Aldrich, 34854) was added and the tubes were shaken vigorously for 15 sec, incubated 

at RT for 8-9 min, and then centrifuged at 12.000 x g for 15 min at 4 °C. 0.4 mL of the top 

layers, referred to as the aqueous phases in the protocol, were transferred to new sterile tubes 

and equal amounts of isopropanol were added. The aqueous phase and isopropanol were mixed 

and incubated at RT for 8–13 min, before centrifugation at 12.000 x g for 10 min at 4 °C. The 

supernatants were discarded, and the RNA pellets were washed with 1 mL 75 % ethanol 

prepared in RNase free water. The samples were vortexed, then centrifuged at 7.500 x g for 1 

min at 4 °C, and stored at -20 °C O/N. 

Ethanol was removed completely by centrifuging the pellets at 7.500 x g for 1 min at 4 °C and 

by pipetting out any remaining fluid. The pellets were left to dry with the cap of the tubes open 

until the pellets had dried completely (35–38 min). The RNAs were dissolved in 100 µL 

RNAse-free water by vortexing and spinning down the tubes, then incubating them at 60 °C in 

a heating cabinet for 20 min. During the incubation period, the tubes were vortexed and spun 

down at intervals to help with dissolving RNA. The samples were then immediately placed on 

ice. The concentration and purity of the RNAs were measured using nanodrop. 

 

3.12.2 Assessing RNA integrity with agarose gel electrophoresis 

1 % agarose was dissolved in 1X TAE buffer by heating in the microwave. The agarose solution 

was left to acclimatize to 60 °C in the heating cabinet. 0.5 µL GelRed was added to 50 mL 

agarose solution and mixed before casting (Table 28). The gel was left to cast for 1 h in the 

casting tray, before submerging the gel in 1x TAE buffer.  

RNA loading buffer was prepared with 1.2X Blue/Orange loading dye and 79 % formamide, to 

a final volume of 1 mL (Table 29). 9 µL of the loading buffer was mixed with 1 µL dissolved 

RNA. Prior to loading, the samples were vortexed and spun down, then incubated at 60 °C for 

5 min before they were spun down again and placed on ice. The samples were loaded on the 

gels together with 5 µL 2-log DNA ladder and run at 80 V for 1 h and 30 min. BioRad’s 

ChemiDocTM XRS+ imaging system was used for gel visualization. 
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3.13 Complementary DNA (cDNA) synthesis 

cDNA was synthesized using extracted RNA as templates (Section 3.12) and by following the 

instructions in the cDNA protocol provided by iScriptTM. 1 µg RNA was mixed with nuclease-

free water (NF-water) to a total of 10 µL and incubated at 70 °C for 5 min, followed by cooling 

at 4 °C in the PCR machine (Bio-Rad, T100TM Thermal Cycler). A mixture was prepared with 

2x iScript reaction mix, 1 µL iScript Reverse transcriptase, and NF-water for each reaction. The 

volume was adjusted to match the number of reactions needed. 10 µL of this mixture was added 

to 1 µg RNA and the samples were spun down. One reaction was set up as a no reverse 

transcriptase control (NRC) and consisted of 1 µg RNA (selected at random) and iScript reverse 

transcriptase substituted by NF-H2O.  cDNA was produced in the PCR machine using the 

program described in Table 35. The cDNAs used in qPCR analyses were diluted 1:10 in NF-

H2O. cDNA used for assessing primer efficiency were pooled from 8 samples and a serial 

dilution was performed as required. The cDNA was stored at –20 °C until qPCR analyses were 

performed.  

               Table 35. PCR program for cDNA synthesis 

Step Temperature Time 
Priming 25 °C 5 min 
Reverse 
transcription 

46 °C 30 min 

Reverse 
transcriptase 
inactivation 

95 °C 1 min 

Storage 4 °C -  

 

3. 14 quantitative Polymerase Chain Reaction (qPCR) 

5 µL synthesized cDNA were pipetted in duplicates into a 96-well plate. The NRC was also 

pipetted in duplicates, as well as a control with NF-H2O. A master mix was prepared with 

SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad) and 2 µM forward and reverse 

primer for the gene of interest (Table 2). The primers were designed using the primer3 database 

and were specific for the following genes: pparg, sqlea, rbp2 and ebp. actb2 was included in 

the qPCR analyses as a housekeeping gene. 15 µL of the master mix was pipetted into the wells 

containing cDNA and mixed thoroughly by gently pipetting. The plate was centrifuged at 2000 

x g for 2 min at 4 °C, before running in the qPCR machine (Bio-Rad, CFX96TM Real-Time 

System) according to Table 35. Each gene was tested per plate. A second plate, set up the same, 
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was also run in qPCR, so the Cq values obtained could be compared between the two plates. 

This was to make sure there were no large discrepancies due to pipetting errors. 

 

    Table 35. Cycle program for qPCR 

Step Temperature Time Cycles 
Denaturation 95 °C 1 min 1 
Denaturation 95 °C 10 sec 39 
Extension/Annealing 55 °C 15 sec 
Elongation 72 °C 20 sec 
Melting curve 95 °C 10 sec -  

65 °C  5 sec -  
95 °C -  -  

 

3. 15 Data treatment and statistics   

3.15.1 MTT and LDH assays 

The MTT and LDH data were treated the same. The background absorbance values were 

subtracted from the actual absorbance reads (data obtained from the PerkinElmer EnSpire plate 

reader) in Excel. The average absorbance reads were calculated and divided by the weight of 

the tissue pieces (abs/mg). The values were normalized against the solvent control (0.2 % 

DMSO), adjusted to 100 %. One-way-ANOVA with Dunnett’s multiple comparisons test was 

performed in Prism 9 (GraphPad).  

3.15.2 qPCR analysis 

The Cq values obtained from the qPCR machine were processed to obtain the fold change 

values in Excel (Microsoft, 2020) using the protocol from Schmittgen and Livak (2008). The 

average Cq-values of the genes tested, pparg, rbp2, ebp and sqlea, were normalized against the 

reference gene, actb.2. Change in target gene expression was then calculated as fold change to 

relative to the solvent control (0.2 % DMSO). Statistical analysis on the average fold change 

values was performed in GraphPad Prism 9, which was also used to produce graphical 

illustrations of the data. Mixed effects analysis and Dunnett’s multiple comparisons test was 

performed on transformed data (y = log2(Y)). Gaussian distribution and sphericity were 

assumed, and the experimental design was set to matching/pairing.  
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4 RESULTS 

4.1 Comparison of the immunogen sequence between the gmRxr subtypes 
Two custom-made polyclonal antibodies (pAb), denoted as pAb #5789 and pAb #5859, were 

produced by GenScript by using a peptide sequence originating from gmRxra as an immunogen. 

As there are three additional subtypes of Rxr in Atlantic cod, i.e. gmRxrb1, gmRxrb2 and 

gmRxrg (Borge, 2021; Prebensen, 2023), it was of interest to assess the sequence similarity 

between the proteins in the region that was used for immunization. Sequence similarity was 

hence analyzed with a multiple sequence alignment (MSA). 

The results of the MSA showed high sequence similarity among the gmRxr subtypes in the 

region used as an immunogen (Figure 9). The most prominent difference between the sequences 

in this part of the proteins were observed by 14 additional aa residues present in helix 7 of the 

two gmRxrb isoforms, which is not present in gmRxra or gmRxrg (Figure 9). In the region used 

for immunization, gmRxrg shared the highest sequence similarity to gmRxra, with only 13 

substituted residues. Of the two gmRxrb subtypes, gmRxrb2 demonstrated the highest sequence 

identity to gmRxra (Figure 9). Thus, the order of similarity to the immunogen was as follows: 

gmRxrg, gmRxrb2, and gmRxrb1, with the percent identity scores of 93 %, 86 %, and 82 %, 

respectively.  
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Figure 9. Multiple sequence alignment (MSA) of the retinoid X receptor (Rxr) amino acid sequences from 
Atlantic cod (Gadus morhua). The MSA covers the full sequences of gmRxra, gmRxrb1, gmRxrb2, and gmRxrg, 
as well as the immunogen. Percentage (%) identities between the sequences are indicated with a blue color scheme, 
with the darkest blue showing identical residues in all the sequences. Clustal Omega (EMBL-EBI) was used for 
constructing the alignment and visualization was done in Jalview. Annotation of the DNA binding domain (DBD), 
the hinge region, the ligand binding domain (LBD) and helices 1, 3-13 is included. The annotation was made based 
on the annotation by Borge (2021). 
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4.2 Assessment of antibody binding to proteins in Atlantic cod tissues 
Since the region in Rxra that was used as an immunogen is very similar among all the subtypes 

(Figure 1), it was anticipated that the pAbs (pAb #5789 and pAb #5859) could also bind 

gmRxrb1, gmRxrb2, and gmRxrg. To determine in which tissues immunoreactive proteins 

would occur, WB analysis was performed on homogenized tissues of brain, skin, stomach, liver, 

muscle, heart, head kidney, and ovaries. These tissues were chosen based on previous data from 

tissue-specific gene expression analyses of Atlantic cod Rxr subtypes (Borge, 2021). Prior to 

WB analysis, an SDS-PA gel was stained with Coomassie dye R-250 to visualize if any tissues 

appeared extensively degraded after homogenization and to compare the protein pattern in the 

different tissues. Distinct bands were detected in all tissues, apart from some smearing in the 

sample derived from head kidney (Figure 10A). Overall, the SDS-PAGE analyses suggested 

little visible protein degradation after homogenization. An immunogen control corresponding 

to the gmRxra immunogen was provided by GenScript (Table 28) and included as a positive 

control for antibody recognition and binding.  

WB analyses were performed with the two antibodies pAb #5789 and pAb #5859 individually. 

The immunogen control was observed as an immunoreactive band at approx. 19 kDa (Figure 

10B, arrow a, Figure 10C, arrow f), estimated with a standard curve generated from the MW 

protein standards (Figure A1, in Appendix). This corresponded roughly with the theoretical 

MW provided by GenScript (20 kDa). Another band at 42 kDa was also detected in the 

immunogen control, which may represent a dimer of the immunogen (Figure 10B, arrow b, 

Figure 10C, arrow g).    
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Figure 10. SDS-PAGE and WB analyses of 
homogenized tissues from Atlantic cod. 15 µg of protein 
from each tissue sample were run in three parallel 12 % 
SDS-PA gels. Sample annotations (tissues) are provided 
above the figures. “+Control” indicates 0.335 µg of the 
immunogen control provided by GenScript. A) PA-gel 
stained with ImperialTM Protein Stain. B) WB of the 
samples corresponding to those shown in A) using 1 µg/µL 
of the antibody pAb #5789, C) WB of the samples 
corresponding to those shown in A) using 1 µg/µL of the 
antibody pAb #5859. Immunoreactive bands were 
visualized with Super SignalTM West Pico Plus 
Chemiluminescent Substrate kit (Thermo Scientific, Cat. 
no. 34580). Images were taken with Bio-Rad’s 
ChemiDocTM XRS+ imaging system. Molecular weight 
markers are indicated on the left of A), B, and C). Labelled 
arrows are included to indicate immunoreactive bands of 
interest.  

 
  

The resulting patterns of immunoreactive bands produced by the two antibodies were very 

similar (Figure 10B, 2C). Immunoreactive proteins were detected in all the tissue samples, but 

the patterns revealed in the various tissues differed from each other, although some bands of 

the same size were identified in many tissues. At the expected MWs of the canonical (full-

length) gmRxr proteins (55.4 kDa Rxra, 49.1 kDa Rxrb1, 51.9 kDa Rxrb2 and 51.3 kDa Rxrg), 

a band with intermediate intensity was located in the muscle tissue sample, while two weaker 

bands were found in the heart and ovaries samples at approx. 49 kDa (Figure 10B, arrow c, 

Figure 10C, arrow h). Above the expected MW, a prominent band in the muscle and liver 

samples with a MW of approx. 82 kDa was observed, with a few fainter bands in the brain, 

liver, and heart samples (Figure 10B, arrow d, Figure 10C, arrow i). Below the theoretical MW 

of the Rxr subtypes, the most prominent immunoreactive band was detected in the liver 

samples, with a MW of approx. 35 kDa (Figure 10B, arrow e, Figure 10C, arrow j). Less 

prominent bands at approximately the same size were observed in the ovaries, particularly on 

the pAb #5859-incubated membrane (Figure 10C). Weaker bands at 35 MW were also detected 

in brain, skin, stomach, and head kidney tissues (Figure 10B, 10C). 
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4.3 Comparing pre-immune and immune serum in WB analyses 
Although immunoreactive bands were detected in several tissues (Figure 10), the liver was 

chosen for further studies since precision cut liver slices (PCLS) were to be used in later 

experiments. The liver was also of interest due to its important role in relation to the 

biotransformation of xenobiotics in teleosts (Churcher et al., 2015).  

To determine if any of the immunoreactive bands in the Atlantic cod liver samples originated 

from antibodies present in serum prior to the injection of rabbits with the Rxra immunogen, 

WB analyses were repeated with pre-immune serum. SDS-PAGE was performed with 

homogenized liver and thereafter electroblotted onto two nitrocellulose membranes. The 

resulting blots were briefly stained with Ponceau S and the membranes were cut in half, 

resulting in four membranes containing the same liver samples. One of the membranes was 

incubated with pre-immune serum from the rabbit in which pAb #5789 had been purified from, 

while the other membrane was incubated with pre-immune serum from the rabbit in which pAb 

#5859 had been purified from. The two remaining membranes were incubated with either pAb 

#5789 or pAb #5859. 

The immunogen control (peptide used for immunization) was also included in these WB 

analyses, and as observed earlier the same band at approx. 19 kDa appeared when the 

membranes were incubated with either pAb #5789 or pAb #5859 (Figure 11A, 11D). 

Importantly, no bands were detected for the immunogen control when the membranes were 

incubated with either of the two pre-immune serums (Figure 11B, 11E).  
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Figure 11. Comparison of immunoreactive proteins in liver by incubation with antibodies and pre-immune 
serum in western blot analyses.  15 µg liver tissue homogenates were separated in 12 % SDS-PA gels, as well 
as 0.335 µg of immunogen control (provided by GenScript), against. The nitrocellulose membranes were cut in 
half, to a total of 4 membranes. The membranes were incubated O/N with 1 µg/µL of A) pAb #5789, B) Pre-
immune serum of pAb #5789, C) membrane in B, re-incubated with 1 µg/µL pAb #5789, D) 1 µg/µL pAb #5859, 
E) Pre-immune serum of pAb #5859, and F) membrane in E, re-incubated with 1 µg/µL pAb #5859. 
Immunoreactive bands were visualized with Super SignalTM West Pico Plus Chemiluminescent Substrate kit.  
Images were taken with Bio-Rad’s ChemiDocTM XRS+ imaging system. Precision Plus ProteinTM All blue 
standards molecular weight markers are indicated on the left of each subfigure. Arrows are included to indicate 
the presence or absence of the band of interest at 35 kDa.  

As shown previously, two immunoreactive bands were observed in the liver tissue with MWs 

of 82 and 35 kDa for membranes treated with both pAb #5859 and pAb #5789, in which the 35 

kDa band was more prominent (Figure 11A, 11D, arrows). In the membranes incubated with 

pre-immune serums, no immunoreactive bands at 35 kDa were detected (Figure 11B, 11D, 

arrows) 

The membranes treated with the pre-immune serums were also re-incubated with their 

corresponding antibodies to directly compare the patterns of immunoreactive proteins. Upon 

doing so, the band with a MW of 35 kDa appeared in both membranes (Figure 11C, 11F, 

arrows). This was also visualized by merging the images recorded of the membranes treated 
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with pre-immune serum with the membranes treated with the corresponding antibodies 

(Appendix, Figure A2).  

 

4.4 Identification of the 35 kDa immunoreactive protein 
An immunoreactive protein of 35 kDa was detected in the western blot analysis of liver tissue 

with both pAb #5789 and pAb #5859 (Figure 10), and this protein was not stained when 

incubating with pre-immune serums (Figure 11). It was thus of relevance to confirm the identity 

of the immunoreactive protein as a gmRxr subtype. To do that, 2D-PAGE was employed and 

followed by semi-dry western blotting and mass spectrometry (MS) analyses. 2D-PAGE has 

the advantage of separating proteins based on both MW and pI, and thus increasing the 

resolution of the protein sample. 

Liver tissue homogenates were separated with 2D-PAGE as described in Section 3.7. In 

addition, a liver tissue homogenate sample was applied on a filter paper and run besides the 

MW marker as a regular 1D separation. Proteins on one of the 2D-PA gels were transferred to 

a nitrocellulose membrane by use of semi-dry western blotting. After the electrophoretic 

transfer, the membrane was stained for proteins with Ponceau S and an image was taken using 

the Bio-Rad’s ChemiDocTM XRS+ imaging system. This was done for creating a reference map 

for later identifying the immunoreactive spots on a parallel gel stained with ImperialTM Protein 

stain (Coomassie dye R-250) (Figure 12B). This procedure was performed with only one of the 

antibodies since the antibodies had shown similar results in the WB experiments described 

above. Immunoreactive spots were visualized with Super SignalTM West Pico Plus 

Chemiluminescent Substrate kit (Figure 12A). The images recorded of the Ponceau S-stained 

membrane and of the PICO substrate-treated membranes (showing immunoreactive spots) were 

merged in silico to locate the immunoreactive spots in the Ponceau S-stained membrane. 

In the Ponceau S-stained membrane, only the most abundant proteins were visualized, both 

from the liver homogenate control (1D sample) and those migrating from the IPG strip (Figure 

12A). Proteins of varying MW were present and most of the protein spots were centered on the 

membrane around pH 6 (Figure 12A). Furthermore, several immunoreactive spots were 

detected on the membrane after treatment with PICO substrate, with the most abundant spot 

located around 35 kDa (Figure 12B, arrow a). An immunoreactive band from the homogenate 

control (1D sample) was also detected with a MW of 35 kDa (Figure 12B, arrow b), 
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Figure 12. Western blot (WB) analysis of 2D-PA 
gel. 24 cm long Isoelectric focusing (IEF) strips (pH 
3-10) were rehydrated with xx µg of liver homogenate. 
After isoelectric focusing, the strips were cut to 17 cm 
and the second-dimension electrophoretic separation 
was run in a 12.5 % polyacrylamide (PA) gel. 30 µg 
liver homogenate (in SDS-PAGE sample buffer) and 
the protein ladder was applied to filter papers and 
included to the far left in the second-dimension 
electrophoresis. Semi-dry WB was performed, and the 
resulting nitrocellulose membrane was stained with 
Ponceau S stain (A), and an image was taken using 
Bio-Rad’s ChemiDocTM XRS+ imaging system. The 
Ponceau S stain was removed and the membrane was 
treated with Ab #5859. Immunoreactive spots were 
visualized with Super SignalTM West Pico Plus 
Chemiluminescent Substrate kit (Thermo Scientific, 
Cat. no. 34580) (B). To locate the immunoreactive 
spots in the Ponceau S-stained membrane, the images 
of both (A and B) were merged (C). Labelled arrows 
are included to indicate the protein of interest. Spots 
marked with yellow squares indicate landmark 
proteins used for comparison to a ImperialTM stained 
2D gel (Fig. 6). pH and MW markers are indicated.  

corresponding to the immunoreactive protein observed in the previous WB analyses. The spot 

at 35 kDa was thus predicted to be the spot of interest.  

  

. 

 

 

 

To locate the immunoreactive spot on the corresponding ImperialTM Protein -stained 2D gel, 

the images of the membrane after treatment with Ponceau S stain and after treatment with PICO 
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substrate were merged in silico (Figure 12C). When comparing the spot pattern adjacent to the 

most abundant immunoreactive spot in the merged image with the spot pattern of the ImperialTM 

Protein-stained gel, it was possible to locate spots of interest and it became evident that the 

large immunoreactive spot in the membrane covered two spots (Figure 12C, arrow c, Figure 

13). pAb #5859 could hence have bound to either of these proteins, or both, as the signal from 

the antibody binding could have been so strong that it masked both proteins. Thus, the two spots 

were of interest and excised from the ImperialTM -stained 2D-PA gel and sent to the proteomics 

core facility (PROBE) at the University of Bergen for protein identification with mass 

spectrometry (MS) analysis. 

 

Figure 13.  Locating the immunoreactive proteins in a Coomassie stained 2D-PA gel. A 24 cm long isoelectric 
focusing (IEF) gel strips (pH 3–10) were rehydrated with 750 µg liver homogenate prepared in rehydration prior 
to IEF. The IPG strip was cut to 18 cm, and the second-dimension electrophoresis was run in a 12.5 % 
polyacrylamide (PA) gel. Precision Plus ProteinTM All Blue Standards Molecular weight markers are indicated to 
the left and pH above the gel. The gel was stained with Imperial ProteinTM stain (Coomassie dye R-250). The 
image was taken with the Bio-Rad ChemiDocTM XRS+ imaging system. The membrane from Figure 12 was used 
to locate the proteins of interest in the gel, here denoted as spot 1 and 2.  
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4.4.1 Protein identification by mass spectrometry (MS) analysis 

The results of the MS analysis revealed that each spot contained numerous different proteins. 

However, no peptides belonging to any Rxr subtype was detected in spot 1, while in spot 2 there 

were four peptide hits that matched with high significance to parts of the gmRxrb1 aa sequence 

(Figure 14). The combination of these four sequences could only be found in the LBD of 

gmRxrb1. 

 
Figure 14. Mass spectrometry peptide identifications displayed in the gmRxrb1 protein sequence. Two 
protein spots from a 2D PA gel (Figure 13) were sent to MS analysis at the PROBE unit at the University of Bergen 
(UiB). Of the protein hits that were retrieved in gel spot 2, one hit consisted of four peptides identical to those 
found in gmRxrb1. The four peptide sequences have been indicated in the sequence of gmRxrb1 in green, blue, 
purple, and yellow. The protein sequence was prepared in Jalview and annotated in Adobe Illustrator. The DNA-
binding domain (DBD), hinge region, ligand-binding domain (LBD) and helix 1 and 3-12 are also shown, based 
on the annotation by Borge (2021). 

 

4.6 Immunoprecipitation 
After confirming that pAb #5859 recognizes and binds to gmRxrb1, it was of interest to use the 

antibodies in immunoprecipitation (IP) experiments to assess whether they were able to bind to 

the gmRxrb1 protein when it is in its native state. IP was performed in two rounds and testing 

the antibodies individually. IP fractions were then analyzed in WB and the resulting membranes 

were incubated with either pAb #5789 or pAb #5859, depending on which pAb had been used 

in the IP.  

The immunogen control and the immunoreactive protein in liver homogenates were stained at 

their expected locations at 19 and 35 kDa in the WB analyses (Figure 15) (Ponceau S stains can 

be found in Appendix, Figure A3).  As expected, the IP liver homogenates prior to IP treatment 

were found to have the same immunoreactive band as in the homogenate control (located at 35 

kDa in both membranes (Figure 15A, arrow a, Figure 15B, arrow d). Bands of the same size 
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were also observed in the Wash 1 fraction. There seemed to be little to no immunoreactive 

protein in the Wash 2 and Wash 3 wells (Figure 15).  

 

 

Figure 15. Immunoprecipitated (IP) liver homogenates analyzed with western blotting (WB). 1 mL liver 
homogenates were immunoprecipitated with Protein G agarose beads (Roche, Ca. no. 11 243 233 001). 
Immunoprecipitation was performed with both pAb #5789 and pAb #5859. Two IP controls were included, one 
consisting of beads and homogenate, but no antibody added (“IP control 1”), and one consisting of beads and 
antibody, but no homogenate (“IP control 2”). Western blot analysis was performed with the IP eluates and the IP 
controls, 0.335 µg immunogen control, 15 µg liver homogenates tested previously (“Homogenate control”), as 
well as against the homogenate used in IP (“IP homogenate”) and wash fractions (“Wash 1/2/3”). A) Membrane 
incubated with 1 µg/µL pAb #5789 with the IP procedure tested with pAb #5789. B) Membrane incubated with 1 
µg/µL pAb #5859 with the IP procedure tested with pAb #5859. Immunoreactive bands were visualized with Super 
SignalTM West Pico Plus Chemiluminescent Substrate kit. Images were taken with Bio-Rads ChemiDocTM XRS+ 
imaging system. Molecular weight markers are indicated on the left of A) and B). Labelled arrows are included to 
present the immunoreactive band at 35 kDa, and the heavy and light chains belonging to IgG. bands at different 
MWs. 

No immunoreactive band at 35 kDa were detected in the IP eluates, nor in IP control 1 and 2 

(Figure 15). Instead, abundant bands were observed slightly above 50 kDa and some weaker 

bands at approx. 26 kDa in the IP eluate and in IP control 2, which only contained beads and 

antibodies, and no liver homogenate (Figure 15A, arrow b and c, Figure 15B, arrow e and f). 

These bands reflect the polypeptide chains of the IgG antibodies, which have expected MWs 

of about 55 and 25 kDa for the heavy chains and the light chains, respectively (Lal et al., 2005). 

These results indicated that a gmRxr specific band was not retained in the IP eluates, and thus 

had been removed during the washing steps. In addition, no immunoreactive bands could be 

observed in IP control 1, consisting of homogenate and beads and no antibody (Figure 15A, 

15B). This showed that there was no unspecific binding of immunoreactive bands from gmRxr 

to the agarose beads.  
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4.6.1 Verification of gmRxrb1 in the Wash fractions of Immunoprecipitation 

Since the band of interest was not detected in the IP eluates (Figure 15), WB analysis was 

performed with unbound fraction 1 and 2 of the IP procedure, as well as with the second wash 

with Wash buffer 1 (Table 22), to see if there were any remaining bands of interest after the 

first wash (Figure 15). If any bands were present in these wash fractions, it could indicate that 

the antibodies did not bind the immunoreactive protein during the IP. 

Treatment with the two antibodies gave similar results this time as well (Figure 16). In the 

unbound fractions, the band of interest was detected at 35 kDa, and had approximately the same 

intensity as the control IP homogenate from before starting IP (Figure 16).  

 

 
Figure 16. Western blot analysis of unbound fractions from immunoprecipitation. Immunoprecipitation was 
performed with 1 mL liver homogenate and using either pAb #5789 or pAb #5859 attached to agarose G beads 
(Roche, Ca. no. 11 243 233 001) and the protocol from Roche (described in section 3.8). Western blot analysis 
was performed with fractions of the liver homogenate prior to starting IP, pre- and clearings, as well as a fraction 
of the second wash in Wash buffer 1. The resulting nitrocellulose membranes were incubated O/N with 1 µg/µL 
of A) pAb #5789 and B) pAb #5859. Immunoreactive bands were visualized with Super SignalTM West Pico Plus 
Chemiluminescent Substrate kit (Thermo Scientific, Cat. no. 34580). Images were taken with Bio-Rad’s 
ChemiDocTM XRS+ imaging system. Molecular weight markers are indicated on the left of A) and B). 

The band of interest was prominent in the unbound fractions at 35 kDa (Figure 16). No visible 

bands were observed in the well containing a sample from the second wash with wash buffer 1 

(Table 22) of the homogenate treated with pAb #5789 (Wash 1.2) (Figure 16A). However, in 

the “wash 1.2” well for the pAb #5859-treated sample it was a weak band in this region, 

suggesting some immunoreactive protein was still present during this wash step (Figure 16B).  

In summary, the results showed that there were no bands of interest in the IP eluate samples 

(Figure 15). Instead, they were present in the primary wash fractions, as well as the clearings 

(Figure 16). This suggests that the antibodies pAb #5789 and pAb #5859, did not bind to the 
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immunoreactive protein detected in the WB analyses under the non-denaturing conditions used 

in this IP assay. 

 

4.7 3D visualization of the topology of the peptide sequence used to immunize 

rabbits 
A 3D crystal structure of hRXRa was modified in PyMOL to visualize potential binding sites 

for antibodies in the native structure of gmRxrs. To date, there are no structures for Rxr from 

Atlantic cod that exists. However, structures of RXR from other species with similar sequences 

exist. Thus, the gmRxra sequence was run in pBLAST against the RCSB Protein Data Bank 

(RCSB-PDB database). The structure of the top hit from human RXRa (hRXRa) was retrieved 

with the PDB id 3DZY. The structure was downloaded into PyMol and modified so that only 

hRXRa and the protein sequence corresponding to the region in gmRxra that was used for 

immunization were visualized. 

To assess the similarity between hRXRa and gmRxra, particularly in the region of gmRxra used 

for immunization, the aa sequences were aligned in an MSA using Clustal Omega. The region 

of hRXRa corresponding to the region in gmRxra used for immunization, differed by only two 

aa residues, substituting glycine in gmRxra with alanine in hRXRa (Figure 17A). The 

percentage identity (%) between the two sequences was 99 %. Due to this strong sequence 

identity, the human version of the RXRa protein was a good candidate for visualizing the 3D 

structure of the immunogen. 
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Figure 17. 3D visualization of the peptide sequence used for immunization. (A) The MSA covers the region 
in gmRxra used for immunization and corresponding regions in hRXRa. The immunogen is included in the 
alignment as well as a few flanking residues on each side of hRXRa and gmRxra. Percentage (%) identity between 
the sequences is indicated with a blue color scheme, with the darkest blue showing identical residues in all the 
sequences. Clustal Omega was used for constructing the alignment and visualization was done in Jalview. (B) 3D 
visualization of hRXRa with the immunogen sequence colored in blue, and the remaining protein shown in grey. 
The structure was created using the PyMol software and was modified from the structure obtained in PDB with 
the id: 3DZY. The DNA-binding domain (DBD), the hinge region and the ligand-binding domain (LBD) are 
annotated.  

 

From the final structure prepared in PyMol, it was shown that hRXRa consisted of the DBD 

and the LBD linked together by the hinge region (Figure 17B). The immunogen sequence 

comprised most of the LBD, and thus covered a large area of the protein (Figure 17B). Many 

of the helices in the immunogen sequence are exposed to the outside of this domain. The 

epitopes would therefore be assumed to be accessible for some of the antibodies.  
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4.8 Hydropathy plot 

To predict if any epitopes were accessible for antibody binding, a hydropathy plot was 

generated. These plots can provide knowledge on hydrophobic and hydrophilic properties of 

segments in proteins. They can thus help predict which parts of the peptide are more likely to 

be found at the core and which parts are more likely to be found at the surface of the protein. 

Generally, hydrophobic segments are found on the inside of water-soluble globular proteins, 

while hydrophilic segments are found on the outside of the protein.  

Positive scores in a hydropathy plot indicate hydrophobic residues while negative scores 

indicate hydrophilic residues. The hydrophilic regions were of particular interest, as they are 

more likely to be accessible for antigen binding. The resulting plot of the gmRxra-based 

immunogen peptide showed a mixture of both hydrophobic and hydrophilic regions (Figure 

18). The first aas, 4 – 36, displayed short stretches of both hydrophilic and hydrophobic residues 

(Figure 18). The region with the longest stretches of hydrophobic and hydrophilic segments 

occurred between the 37th aa and onwards.  For the hydrophilic aas, three regions of the peptide 

were of interest, due to their length, from 96 to 107 aa, 119 to 129 aa and 143 to 156 aa. The 

last one of these consisted of the longest stretch of hydrophilic residues (14 aas). These regions 

were thus presumed to be possible antigenic sites.  

 

Figure 18.  Hydropathy plot of the immunogen sequence. The plot was generated with ProtScale from Expasy, 
with a window size of 9 and with the Kyte and Doolittle amino acid (aa) scale (Kyte & Doolittle, 1982). The plot 
displays the aa residues on the X-axis, and the hydropathy score on the Y-axis. A positive score indicates a 
hydrophobic aa and a negative score indicates a hydrophilic aa.  
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4.9 Modulation of Rxr-signaling pathways by 9-cis-RA and TBT 
To learn more about the possible effects of 9-cis-RA and TBT on Rxr signaling pathways, an 

ex vivo approach was used to mimic an in vivo situation of the Atlantic cod liver. PCLS cultures 

were used for this purpose to study the effects of different concentrations of 9-cis-RA and TBT 

on selected genes belonging to cellular signaling pathways where Rxr is involved in modulating 

their expression.  

 

4.9.1 Cell viability and Cytotoxicity determination 

To assess that the concentrations used of TBT and 9-cis-RA were not cytotoxic for the PCLS, 

an MTT assay and a LDH assay were used to monitor the metabolic activity and structural 

integrity of the cells within the liver tissues.    

The MTT assay displayed no significant changes in the metabolic activity when tissues were 

exposed to increasing concentrations of either 9-cis-RA or TBT in comparison to the solvent 

control (Figure 19). However, a non-significant trend of reduced metabolic activity was 

observed at higher TBT concentrations. Like the MTT assay, the LDH assay resulted in some 

variations between the different exposure groups and the solvent control (Figure 20). However, 

these variations were not statistically significant. In this assay, no trend in reduced cellular 

integrity was observed when increasing the exposure concentrations of TBT, as was observed 

in the MTT assay (Figure 19, 20). 

  

Figure 19. MTT viability assay performed on Atlantic cod precision cut liver slices. PCLS were prepared in 
four replicates from four individual Atlantic cod livers. The liver cultures were exposed to 0.2 % DMSO as a 
solvent control, and 0.1, 1 and 10 µM of the exposure chemicals 9-cis-RA and tributyltin (TBT) for 48 h. The 
MTT assay was performed in triplicates and the absorbance measurement reads were recorded. Mean values in 
absorbance at 570 nm are presented here as percent change in metabolic activity ± SEM in comparison to the 
solvent control (DMSO) (n = 4) plotted in GraphPad Prism. One-way Anova with Dunnett’s multiple comparisons 
test was performed and gave no significant differences between the DMSO control and the exposure groups.  
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Figure 20. LDH cytotoxicity assay performed on Atlantic cod precision cut liver slices. PCLS were prepared 
in five replicates from five individual Atlantic cod livers. The liver cultures were exposed to 0.2 % DMSO as a 
solvent control, and 0.1, 1 and 10 µM of the exposure chemicals 9-cis-RA and tributyltin (TBT) for 48 h. The 
LDH assay was performed in triplicates and the absorbance measurement reads were recorded. Mean values in 
absorbance at 490 nm are presented here as percent change in cytotoxicity ± SEM in comparison to the solvent 
control (DMSO (n = 5) plotted in GraphPad Prism. One-way Anova with Dunnett’s multiple comparisons test was 
performed and gave no significant differences between the DMSO control and the exposure groups. 

 

4.9.2 RNA Quality Assessment 

After the 48 h exposure of the PCLS cultures to 9-cis-RA and TBT, the tissues were 

homogenized, and RNA was extracted. Prior to cDNA synthesis and subsequent qPCR analyses 

the RNA purity was assessed through spectrophotometric measurements with Nanodrop 

One/Onec instrument, while the integrity of the RNA was assessed with agarose gel 

electrophoresis.  

The spectrophotometric measurements demonstrated that most of the RNA samples had an 

A260nm/280nm absorbance ratio of 1.9, suggesting that there was little protein contamination in the 

samples (presented in Table A1 in the Appendix). The A260nm/230nm ratios, which provide an 

indication of solvent impurities, showed some more variations with most values occurring 

below 2.0. This could indicate some impurities resulting from the reagents used during the RNA 

extraction procedure. When assessing the RNA integrity with agarose gel electrophoresis, two 

abundant bands were detected between 3.0 and 1.0 kilobase pairs (kbp), representing the 28S 

and 18S ribosomal RNAs, respectively (Figure 21). The presence of these bands indicates that 

the RNA integrity was maintained during the isolation. The RNA samples were used further 

for cDNA synthesis and qPCR analyses. 
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Figure 21. Assessment of RNA integrity with agarose gel electrophoresis. RNAs were extracted from Atlantic 
cod liver tissues derived from PCLS cultures. PCLS from five Atlantic cod were exposed to a solvent control (0.2 
% DMSO) and three concentrations (0.1, 1 and 10 µM) of the two chemicals, 9-cis-RA, and TBT. RNA samples 
were separated in a 1 % agarose gel and visualized with GelRed. The figure displays only a small selection of 
representative samples isolated from liver tissues.  2-log DNA ladder, denoted by M, is indicated in the figure. 

 

4.9.3 9-cis-RA and TBT-mediated changes in the expression of genes linked to Rxr-signaling 

pathways 

The expression of four genes associated to different Rxr-signaling pathways, including pparg, 

rbp2, ebp, and sqlea, were analyzed using qPCR. The cycle threshold (Ct) values obtained from 

these analyses were used to calculate the fold changes in gene expression in PCLS exposed to 

0.1, 1 and 10 µM of either TBT or 9-cis-RA relative to the solvent control (0.2 % DMSO). 

Among the PCLS exposed to 9-cis-RA, only the pparg demonstrated a significant differential 

expression (Figure 22). Here, an upregulation with a mean of 1.67-fold change in comparison 

to the solvent control was revealed. The fold change in the expression of rbp2, ebp and sqlea 

decreased slightly with increasing concentrations of 9-cis-RA, but these were not statistically 

significant changes (Figure 22).  
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Figure 22. Gene expression data of pparg, rbp2, ebp and sqlea after exposure of PCLS to 9-cis-retinoic acid 
(9-cis-RA) and tributyltin (TBT). PCLS were prepared from five Atlantic cod and exposed to 0.1, 1 and 10 µM 
of 9-cis-RA, TBT, or a solvent control (0.2% DMSO) for 48 h at 10 °C. The graphs display the mean fold change 
in gene expression relative to the solvent control with the standard error of the mean (SEM) (n = 5 for all samples 
except the 1 µM TBT exposure where n = 4). Statistical significance was calculated with log2-transformed data, 
using a mixed effects model and Dunnett’s post hoc test. The following significance levels are denoted as follows: 
* p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 

 

TBT exposure of PCLS resulted in significant differential expression of all the genes assessed 

(Figure 22). An increased expression of both pparg and rbp2 were observed (Figure 22). For 

pparg, a significant upregulation was found at 1 µM and 10 µM TBT exposure, with a mean 

fold change of 1.78 and 1.68, respectively. For rbp2, a significant upregulation occurred with 

10 µM TBT exposure, with a mean fold-change of 1.86. 

Notably, the expression levels of ebp and sqlea were downregulated in a dose-dependent 

manner when the concentrations of TBT were increased (Figure 22). For both genes, exposure 

to 0.1 µM TBT did not yield any significant changes to the gene expression. On the other hand, 

exposure to 1 µM and 10 µM TBT produced significant downregulation, with mean fold 

changes of 0.48 and 0.14 for ebp, and 0.42 and 0.08 for sqlea, respectively.  
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5 DISCUSSION 

In our research group, much focus has been placed on characterizing the Rxr subtypes in 

Atlantic cod, including studying their ligand-activation properties by the endogenous ligand 9-

cis-RA, as well as by exogenous OTCs (Borge, 2021; Prebensen, 2023). However, these studies 

dealt with cloned gmRxr subtypes expressed transiently in a COS-7 cell line and did not 

examine Rxr in Atlantic cod cells and tissues. This master thesis was thus a continuation of the 

mentioned projects, in which effects of 9-cis-RA and TBT exposure to liver tissues and the 

consequent effect on the Rxr signaling pathway were in focus. There were two overall aims in 

this thesis. First, the aim was to characterize the binding of the antibodies to gmRxr, by 

determining, in silico, if the antibodies could bind to other gmRxrs than gmRxra they were 

produced towards, assessing if the antibodies bind gmRxrs in different Atlantic cod tissues and 

finally to determine if the antibodies are suitable for immunoassays under denaturing and non-

denaturing conditions. The second aim was to examine the activation of gmRxr signaling 

pathways in liver tissue cultures through exposure to 9-cis-RA and TBT, by first examining the 

viability of liver tissues in PCLS after exposure, then studying alterations in gene expression of 

the selected genes pparg, rbp2, ebp and sqlea. To achieve this, it was important to determine if 

the available custom-made polyclonal antibodies produced against a 184-aa sequence in 

Atlantic cod Rxra could recognize and bind to Rxr. It was observed in WB analyses that the 

pAbs bound to a protein in cod liver with a MW of 35 kDa, and by using 2D-PAGE in 

combination with mass spectrometry it was shown that this band was indeed Rxrb1. However, 

the antibodies were not successfully used for IP in this thesis, which would enable downstream 

analyses such as ChIP. Studies of gene expression with PCLS was also performed in which the 

four genes ebp, pparg, rbp2 and sqlea were differentially expressed after TBT exposure, 

indicating a pronounced effect of TBT ex vivo on three pathways where Rxr is involved.  

 

5.1 Multiple sequence alignment of gmRxr subtypes revealed similar antigen 

sequences  
The sequence alignment of the different subtypes of gmRxr showed high sequence similarity 

between the gmRxr variants, particularly in the region used for immunization. Fourteen 

additional residues were observed in H7 in gmRxrb1 and gmRxrb2 in comparison to gmRxra. 

It has previously been shown that these additional residues prevent ligand binding to  gmRxrb2 

(Prebensen, 2023). A possible consequence of these 14 additional residues could also be a 
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structural change of the gmRxrb proteins that renders epitopes near this region inaccessible. 

However, polyclonal antibodies are comprised of antibodies recognizing different epitopes on 

the antigen, and although if epitopes in this region were affected, other epitopes would still be 

intact (Lipman et al., 2005; Nasiri et al., 2017). The length of the region used for immunization 

also strengthens this claim, as it provides a template for many epitopes. Even though epitopes 

close to these 14 amino acids could be altered by the structural changes, others were likely 

unaffected (Lipman et al., 2005). Hence, it was anticipated that the antibodies constructed 

towards Rxra also could bind to the other subtypes of Rxr, which we also observed through the 

identification of Rxrb1 as the immunoreactive band in liver tissue, as discussed further below.  

A gmRxra-based polypeptide was used for immunization when the custom antibodies were 

made. However, based on previous studies on tissue specific expression of the Rxr subtypes in 

Atlantic cod, Rxra appears to be the least dominant subtype in most tissues (Borge, 2021). A 

cross reaction of the pAbs with the other Rxr subtypes could therefore be an advantage in 

downstream analyses when aiming to study the signal pathways affected by all gmRxrs. 

However, it proposes a disadvantage if wanting to study the different and specific roles the Rxr 

subtypes may have in cellular signaling pathways. Different roles for different subtypes have 

previously been hypothesized due to their different tissue localizations. RXRb is ubiquitously 

expressed in most tissues of vertebrates, including teleosts (Borge, 2021; Mangelsdorf et al., 

1992). In mammals, RXRa and RXRg show a more tissue specific expression, where RXRa is 

abundant in liver, kidneys, spleen, and visceral tissues, while RXRg is detected primarily in 

muscles and the brain (Mangelsdorf et al., 1992). In teleosts, the expression of Rxra is 

significantly lower than in mammals, and a divergence of RXRa/Rxra roles has been proposed 

by Tallafuss et al. (2006). RXRs are thought to play a critical role in several developmental 

processes as well as in the regulation of physiology and metabolism due to their function as the 

main dimerization partner for many NRs, and because they are abundant in most tissues (Szanto 

et al., 2004). Using studies with knock-out animals, both general and specific effects have been 

observed for the different subtypes. Specific tissue effects of RXRa occurred in the adipocyte 

tissue, causing perturbed differentiation and resistance to obesity. RXRb knockout resulted in 

alopecia and dermal cyst formation, while RXRg knockout resulted in disturbed lipid 

metabolism and impaired regenerative capacity in the liver and multifocal hyperplasia in the 

prostate in mouse models, as reviewed by Szanto et al. (2004). Little knowledge exists 

regarding knockout effects of Rxr in teleosts. In addition, the expression pattern of many Rxr 

subtypes differ from that of the mammalian counterparts. Thus, there is still much to learn 
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regarding the Rxr subtype functions in Atlantic cod and other fish species. It would certainly 

be advantageous to be able to study the different roles of the Rxr subtypes by using subtype-

specific antibodies. However, due to the little knowledge regarding Rxr signaling in Atlantic 

cod, knowledge of the Rxr signaling as a whole still provides valuable information. 

 

5.2 Identification of Rxrb1 in liver tissues 
WB analyses with pAb #5789 and pAb #5859 consistently revealed an immunoreactive band 

at 35 kDa in liver homogenates. WB with pre-immune serum was performed to assess 

occurrence of immunoreactive bands deriving from unspecific binding to proteins by antibodies 

present in the pre-immune serum (MacPhee, 2010).  Importantly, these analyses showed that 

the band corresponding to the immunogen control appeared on the WB only when exposed to 

the antibodies and not when exposed to the pre-immune serum. Hence, this supports that there 

were no other antibodies in the affinity purified antibody solutions that could bind to the 

antigen. Similarly, the 35 kDa immunoreactive band was not detectable in WB of liver samples 

when the pre-immune serum was used. Thus, it was established that the staining of the 

immunoreactive band at 35 kDa was due to binding of pAb #5789 and pAb#5859. The exact 

identities of all the immunoreactive bands observed in the liver and other tissues could not be 

determined in this thesis. However, as there were several immunoreactive bands appearing in 

the pre-immune serum-incubated membranes that migrated with the same MW as 

immunoreactive bands observed in the membranes incubated with the antibodies, it can be 

assumed that several of these were likely due to unspecific binding by antibodies already 

present in rabbit serum prior to the immunization. The identity of the immunoreactive 35 kDa 

band as Rxrb1 was confirmed by using 2D-PAGE and western blotting in combination with 

mass spectrometry analyses. Two protein gel spots were sent to analysis and in the second of 

these, four peptide sequences belonging to the LBD of Rxrb1 were identified. This confirmed 

that the polyclonal antibodies that were prepared specifically against a region in gmRxra could 

also recognize and bind to other gmRxr subtypes, which also was suggested from the high 

sequence identities between these proteins.  
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Borge has previously established that mRNA levels of gmRxr subtypes varies in the different 

tissues of Atlantic cod (Borge, 2021). Interestingly, the initial WB analyses with several 

different tissues also revealed a 35 kDa immunoreactive band that appears to correspond to the 

one identified as gmRxrb1 in the brain, skin, stomach, head kidney and ovary tissue samples. 

From the expression data from Borge, it was found that the expression of Rxrb1 was higher 

than the expression of the other subtypes in ovaries, head kidney, stomach and liver (Borge, 

2021). The results of the western blot in this thesis agree with the expression data from Borge, 

as these bands are detected in the blots.  The brain and skin tissues differed in this respect, as 

the levels of gmRxrb1 were not higher than the level of other gmRxrs. (ibid.). A comparison of 

gene expression and protein levels is a difficult task. However, it is interesting that the same 

levels were found in the tissues as in Borge’s gene expression results. This could indicate that 

the immunoreactive bands observed in the other tissues could also be from gmRxrb1. However, 

this needs to be confirmed by additional analyses such as mass spectrometry.  

 

5.3 Is the lower MW of gmRxrb1 than expected due to proteolytic cleavages? 
As noted in the results, the theoretical MW for gmRxrb1 was 49.1 kDa, whereas the WB results 

consistently showed a band corresponding to a protein of ~35 kDa in liver. The difference 

between observed and expected MW could be due to proteolytic cleavages, or cleavage of an 

unknown signal peptide (Pillai-Kastoori et al., 2020). Although few reports on truncation of 

RXRb have been published, some information on this topic exists for RXRa (Casas et al., 2003; 

Cho et al., 2010; Di Martino et al., 2022; Nagaya et al., 1998). Of particular interest are the 

results published by Casas et al., in which truncated RXRa with a MW of 44 kDa was identified 

in the mitochondria of rat liver, differing from the full length size of the protein at 54 kDa 

(Casas et al., 2003). They found that RXRa was cleaved into the truncated form by m-calpain 

and that the N-terminal end product from this cleavage was degraded (Casas et al., 2003). Later, 

Cho et al. established the presence of a 30 kDa LBD fragment of RXRa in human cancer cell 

lines, including Hep62 hepatocarcinoma cells, also due to proteolytic cleavage, with cathepsin 

L-type protease as another proposed lysosomal enzyme functioning on RXRa (Cho et al., 2010; 

Nagaya et al., 1998). The reduction in MW of RXRa in human and rat agrees with a smaller 

protein band observed for Rxrb1 in this thesis. In addition, the MS analysis of gmRxrb1 

retrieved four peptide sequences that belonged solely to the LBD. The LBD region has also 

been reported as part of the truncated forms of RXRa. Nagaya et al. reported that the truncated 

RXRa lacked the N-terminus, and they suspected that the cleavage by Cathepsin L-type 
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protease was a mechanism for modulating thyroid hormone action (Nagaya et al., 1998). Casas 

et al. reported that the hinge region and the LBD remained after cleavage and reported an 

involvement of the truncated RXRa in mitochondrial activity (Casas et al., 2003). Finally Cho 

et al. reported that a 30 kDa RXRa truncation in SiHa cell lines consisting of the LBD remained 

after cleavage and inhibited radiosensitization by retinoic acid (Cho et al., 2010). Thus, it could 

be that the protein band observed here is a truncated form of Rxrb1 resulting from a controlled 

proteolytic cleavage. As there is little gmRxra present in Atlantic cod, particularly in the liver, 

it could be speculated that Rxrb1 acquired the role of RXRa in mammals (Borge, 2021). This 

should be studied further as the mechanism of such a truncation and its functional implication 

are very interesting. 

 

5.4 The unsuccessful immunoprecipitation using conventional techniques was 

surprising 
In the IP experiments conducted in this thesis the antibodies were not able to bind and capture 

gmRxrb1 when using non-denaturing conditions. The IP results were a bit surprising as the 

antibodies were expected to bind natively folded gmRxrs due to several reasons. The first being 

that the manufacturer had tested the Ab-binding to the immunogen through indirect ELISA. 

ELISA is an immunoassay that generally employs native proteins (Lechtzier et al., 2002). 

Secondly, the region of Rxra used for antibody generation comprised quite a large part of the 

protein. 3D visualization of hRXRa, which shared 99 % sequence identity to gmRxra, revealed 

that the region of the protein used for immunization contained many exposed stretches. This 

was also suggested in the hydropathy plot, which showed several regions with hydrophilic 

properties. Thirdly, the polyclonal nature of the antibodies suggest that they should recognize 

several epitopes in the antigen and thus increasing the likelihood of binding to a native protein 

(Lipman et al., 2005). Employing IP techniques with RXR has been done before by others. 

Sugawara et al. produced pAbs against peptides of each of the known mouse RXR subtypes 

present in the pituitary gland (Sugawara et al., 1995). ChIP assays has also been performed 

using pAbs designed for RXRa from Santa Cruz Biotechnology (Chatagnon et al., 2015) in 

adipocyte cell cultures prepared from 3T3-LI fibroblasts (Nielsen et al., 2008) and in mouse 

brain tissue and embryonic stem cells (Nam et al., 2016). To my knowledge, no results have 

been published with IP techniques for Rxr in teleosts, although studies on transcriptional 

regulation in liver of teleost fish have been performed using ChIP and antibodies towards other 

transcription factors (Q. Chen et al., 2021; Xu et al., 2023). It can also be mentioned that it has 
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been noted by others that IP has not worked as reported by manufacturers of antibodies. For 

instance, Trivedi et al. were also not able to perform IP from liver homogenates when using a 

commercial antibody towards the transcription factor HSF1 from Proteintech. However, the 

antibody was successful in IP with homogenates from heat-shocked HeLaS3 cells (Trivedi et 

al., 2021). In their case, they overcame the issue by discarding the use of their antibodies and 

instead employing an oligonucleotide which was specific for HSF1 coupled to magnetic beads 

for IP (ibid.).  

According to Lechtzier et al., antibodies generally recognize either linear or conformational 

epitopes, although in some cases they can recognize both types (Lechtzier et al., 2002). The 

WB results in this thesis have shown that the antibodies did bind gmRxrb1 while the protein 

was denatured. Thus, it is concluded that pAb #5789 and pAb #5859 recognize denatured linear 

epitopes. In addition, our samples derive from tissues consisting of complex protein 

environments with competing proteins (Pillai-Kastoori et al., 2020).  When dealing with 

homogenates consisting of complex protein interactions, analyte-dependent interference can 

occur in which the results can be quite different (Tate & Ward, 2004)  This is important as the 

total avidity, i.e. the total binding strength, could have been altered (Oostindie et al., 2022).  

The binding affinity between the antibodies and the antigens might not have been strong enough 

for immunochemical methods using native conditions (Weller, 2018). This seems likely, as the 

proteins were located in the wash fraction, thus assuming that they did bind to the antibodies, 

but that they were easily washed off during the wash steps. The Rxr proteins might thus not 

have been readily accessible in the homogenate mixture in classical IP procedures. 

For the IP experiment undertaken in this thesis, the procedure might have been able to work if 

optimizations were performed. For instance, changes to the protocol could have been made to 

reduce possible interferences in the sample from the buffers used during the IP procedure (Tate 

& Ward, 2004), Other antibodies could have been used in conjunction with the antibodies 

designed for gmRxra, such as has been done by Nielsen et al.(2008) and Chatagnon et al. 

(2015). However, in these two studies, they focused on RXR as a heterodimer partner. Thus, 

including more antibodies might restrict the study of the RXR signaling pathway. Furthermore, 

many of the studies mentioned above employed commercial antibodies. This might have been 

a better approach in this thesis, as the antibodies are already validated by others, This can, as 

stated by Weller, increase the likelihood of successful immunoassays (Weller, 2018). However, 

few such antibodies exist for gmRxr, and it might thus not have been possible to use previously 

validated antibodies for this purpose. Nevertheless, antibodies that function in one assay are not 
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necessarily good for other assays, and antibody specificity and selectivity for different assays 

can be difficult to predict (Pillai-Kastoori et al., 2020). A final option could be to discard the 

use of antibodies and instead use oligonucleotides as done by Trivedi et al. (2021). However, 

due to the time restrictions in a master thesis it was deemed more important to move on to 

addressing the second aim of the thesis. 

 

5.5 Modulation of Rxr-signaling pathways through exposure to TBT and 9-cis-

RA 
The LDH and MTT assays showed that the concentrations of TBT and 9-cis-RA used in this 

thesis did not yield any significant cytotoxic effects on the PCLS, which may be a concern when 

acquiring gene expression data. Similar results have also been reported previously in our lab 

with COS-7 cells, although significant decreases in structural integrity was observed from 0.25 

µM TBT (Borge, 2021; Prebensen, 2023). Four genes were chosen for studying their 

transcriptional response in ex vivo liver tissue to different concentrations of the endogenous 

ligand 9-cis-RA and the OTC TBT. These genes include pparg, sqlea, ebp, and rbp2, which are 

connected to different signaling pathways that involves Rxr. 

Exposure to both 9-cis-RA and TBT resulted in similar trends in how they affected the gene 

expression, in particular for pparg, ebp and sqlea. However, TBT exposure resulted in larger 

and more significant changes. This is of particular interest as 9-cis-RA is classified as an 

endogenous ligand for RXR/Rxr due to its high binding affinity (Heyman et al., 1992). From 

the results provided in this thesis, it could be speculated that TBT is a more potent ligand than 

9-cis-RA. This is of particular interest as TBT does not bind to the whole ligand binding pocket 

in the LBD, but only binds covalently to a sulfur atom of a conserved cysteine residue  (le Maire 

et al., 2009). Potent binding of TBT to LBD in gmRxr subtypes have also been recorded in vitro 

by Borge and Prebensen for gmRxra, gmRxrb2d and gmRxrg (Borge, 2021; Prebensen, 2023). 

Similar results have also been observed by others. For instance, Grün et al. reported that TBT 

was just as potent as 9-cis-RA in gene expression induction, but less potent than the RXR 

specific synthetic ligands LG100268 and AGN195203 (Grun & Blumberg, 2006). This is an 

area for important future studies, in particular also for the understanding of 9-cis-RA as an 

endogenous ligand (Krężel et al., 2019).  
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5.6 Upregulation of pparg in PCLS 
The effect of TBT on the PPARg:RXR / Pparg:Rxr heterodimer is one of the most studied 

pathways in relation to TBT exposure and alterations of gene expression. Pparg is found in most 

vertebrates so the consequent effects of TBT exposure can affect many organisms (Capitão et 

al., 2018). TBT exposure is related to lipogenesis and adipogenesis in both mammals and fish, 

and is thought to induce lipogenesis by binding to the PPARg:RXR / Ppar:Rxr heterodimer 

(Lyssimachou et al., 2015; Shoucri et al., 2017; Stossi et al., 2019). In mammals, TBT has 

already been classified as an obesogen since it contributes to metabolic imbalance and obesity, 

particularly during exposure in early development (Grun et al., 2006). In this thesis, an 

upregulation of pparg mRNA was observed with increased concentrations of both 9-cis-RA 

and TBT. 9-cis-RA gave the most significant effect at 10 µM with the other concentrations not 

differing from the solvent control. TBT exposure on the other hand, caused the same significant 

changes in pparg expression at 1 and 10 µM exposures. An upregulation of pparg agrees with 

the findings of previous studies, also displaying an upregulation of this gene from TBT 

exposure. For instance, exposure of zebrafish to 10 ng/L TBT before hatching resulted in 

significant upregulation of pparg in the liver (Lyssimachou et al., 2015). Lyssimachou et al. 

observed the strongest upregulation of pparg at 10 ng/L and lower upregulation at 50 ng/L. In 

human mesenchymal cells, upregulation of pparg was observed during exposure to both TBT 

and the rexinoid IRX4204 (Shoucri et al., 2017). Here, the highest upregulation of pparg was 

from 100 nM IRX204, followed by 5 nM TBT, and finally 50 nM TBT (Shoucri et al., 2017). 

Similar results were observed in this thesis, with the highest upregulation of pparg from TBT 

exposure occurring from 1 µM TBT and not 10 µM TBT.  

Interestingly, TBT has been found to function as an agonist also for PPARg (in addition to 

RXR) in several vertebrates, demonstrating significant upregulation of PPARg target genes in 

humans (mammals), African clawed frog (X. tropicalis), spotted gar (L. oculatus), and little 

skate (L. erinacea), when exposed to 100–250 nM TBT (Capitão et al., 2018). However, in 

zebrafish, no significant changes in Ppar-target genes were observed, and it is speculated that 

the function of TBT as a Pparg agonist is lost in teleosts (Capitão et al., 2018). From this 

perspective, we can assume that the increase in expression found here could be due to the 

binding of TBT to Rxr and not Pparg. However, this needs to be further investigated in Atlantic 

cod and in general in more detail, to verify this claim. 
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5.7 Upregulation of rbp2 mRNA from TBT exposure 
Retinol binding proteins (RBPs) are members of the family of intracellular lipid binding 

proteins (Parmar et al., 2013). RBP was first discovered in mammals, residing in the intestines, 

and is thought to be involved in the uptake of retinols (Blaner et al., 2020). In fish, such as 

zebrafish and medaka, rbp2a, which is the ortholog of the gene tested in this thesis, is dominant 

in the intestines but also resides in the liver (Parmar et al., 2013). The results in this thesis also 

show the expression of rbp2 in the Atlantic cod. RBP2 is involved in the uptake of retinols by 

binding to them and are at present hypothesized to be a part of the metabolism of retinols 

(Napoli, 2016). Thus, the results presented here, in which 10 µM TBT resulted in upregulation 

of rbp2, could illustrate an upregulation of this metabolism pathway. This is interesting, as it 

defies the results shown by Zhang et al., which indicated a TBT-mediated downregulation in 

expression of the genes involved in this pathway (Zhang et al., 2017). However, changes in the 

expression of one gene do not necessarily give an indication of the entire pathway and more 

genes should thus be tested to make a firm conclusion. 

The RXR:PPARa transcriptional complex has been proposed to facilitate the transcription of 

Rbp2 in mammals (Blaner et al., 2020). Although little data are published regarding the effect 

of TBT exposure on retinol uptake and metabolism, these suggestions match with the 

upregulation of rbp2 observed in this thesis, and likely as a result of TBT binding the RXR. 

Thus, it is proposed that TBT exposure influences the Rxr:Ppara heterodimer, and the genes in 

this signaling pathway.  

 

5.8 Genes related to the steroid biosynthesis were downregulated by TBT 
Two genes assessed in this thesis, sqlea and ebp, are involved in the steroid biosynthesis 

pathway. sqlea encodes squalene epoxidase a| (also known as squalene monooxidase). This is 

an enzyme which facilitates the first step of steroid oxygenation (Gill et al., 2011). Exposure of 

TBT to zebrafish eleutheroembryos and to adult male rare minnow have led to an increase in 

the expression of these two proteins (Martínez et al., 2020; Zhang et al., 2017). In this thesis, a 

significant decrease in gene expression for both genes were reported, with lower mRNA 

synthesized with increasing TBT concentrations. In vertebrates and fungi, a decrease in 

squalene epoxidase results in a decrease in steroids, in particular the synthesis of cholesterol 

and ergosterol (Belter et al., 2011). ebp encodes EBP delta isomerase, another enzyme involved 

in steroid synthesis. This enzyme lies further down in the steroid biosynthesis pathway and 

deals with the conversions of precursors of cholesterol and Vitamin D3 (Martínez et al., 2020; 
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Zhang et al., 2017). Cholesterol is an important precursor for bile acid biosynthesis and steroid 

hormone metabolism (Martínez et al., 2020; Tokarz et al., 2013; Zhang et al., 2017). Several 

processes are thus affected by downregulation of cholesterol, depleting the precursor for further 

metabolism and processes.  

 

5.9 Elucidating differences in gene expression from this study and other studies 
The expression of rbp2 was upregulated, while the expression of sqlea and ebp were 

downregulated upon TBT exposure in this thesis. These results displayed opposite trends to 

what has previously been described for similar genes and pathways in other teleost fish 

(Martínez et al., 2020; Zhang et al., 2017). Differences in gene expression observed from other 

studies might be due to the nature of the experiment and species-specific differences. Martinez 

et al. employed zebrafish embryos while Zhang et.al employed male rare minnow for their 

experiments (2020; 2017). In this thesis, juvenile Atlantic cod was used and there was no 

differentiation between genders.  To do so, the sample size should be bigger, as in this 

experiment two females and two males were selected at random. When Chen et al. were 

performing their TBT exposure experiments on juvenile Japanese medaka, they found 

adipocyte areas to decrease over time, despite this being an opposite trend of what has been 

observed by others (K. Chen et al., 2021). They made the assumption that this is due to the 

decomposition of fat during juvenile development (K. Chen et al., 2021). Sexual differential 

expression patterns caused by TBT exposure has previously been described (Lyssimachou et 

al., 2015; McGinnis & Crivello, 2011). In addition, this study employed ex vivo studies using 

PCLS, in which the cultures were exposed to TBT in a 48 h time span, whilst the studies 

mentioned here consisted of fish that were exposed to waterborne TBT in their tanks. Martinez 

et al. exposed zebrafish embryos from 2–5 dpf , while Zhang et al. exposed their rare minnows 

for 60 days (Martínez et al., 2020; Zhang et al., 2017), thus enabling more time for adverse 

effects to occur and allowing the study of TBT-mediated effects on whole organisms instead of 

only organs. Thus, the study here can be said to be valuable at the organ level and still of 

relevance as the liver is important for metabolism, detoxification and endocrine regulation, and 

can at times also reflect whole body metabolic disorders (Churcher et al., 2015; Lyssimachou 

et al., 2015).  
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6 CONCLUSION 

The first objective of this thesis was to characterize the binding of the custom-made pAbs to 

gmRxr. The antibodies were anticipated to be good candidates for binding all gmRxr subtypes, 

due to the strong aa similarities in the region of gmRxra used as an immunogen, as well as the 

polyclonal nature of the antibodies causing them to recognize several epitopes. The antibodies 

were able to bind to gmRxrb1, hence, showing a specificity towards Rxr. However, the 

specificity of the pAbs towards other subtypes were not explored in this thesis, as the focus was 

solely on the most prominent immunoreactive band in cod liver tissue.  

In this thesis the antibodies only recognized gmRxrb1 when it was in a denatured condition. 

From the results obtained in this thesis the antibodies were not able to capture any gmRxr in 

their native states with a standard IP technique. However, this can be due to numerous different 

parameters, such as low binding strength between the antibodies and gmRxrb1 in the 

conformation present under non-denaturing conditions, the complex environment of the 

homogenates causing interferences with antibody binding, non-optimal buffer conditions, or 

other reasons not explored.  

The second aim of the thesis was to explore differential gene expression in liver tissues from 

PCLS after a 48 h exposure to 9-cis-RA and TBT. No significant decrease in viability was 

observed, thus strengthening the results of the gene expression analysis. Of the genes tested, 

only pparg displayed differential expression by being upregulated when liver tissues were 

exposed to 9-cis-RA. For most genes a similar trend in gene expression pattern was observed 

with both TBT and 9-cis-RA, but TBT produced greater differential expression than 9-cis-RA. 

This could suggest that the affinity of TBT for Rxr is stronger than that for 9-cis-RA. TBT 

exposure resulted in upregulation of pparg and rbp2. These genes are connected to lipogenesis 

and retinoid metabolism. On the other hand, TBT exposure resulted in a downregulation of 

sqlea and ebp, which are important enzymes in the steroid biosynthesis pathway. Thus, in this 

thesis, three signal pathways were shown to be affected through TBT exposure in Atlantic cod. 

The alterations of the signaling pathways observed here are likely to cause lipid accumulation, 

more uptake of retinols and disturbed homeostasis in Atlantic cod. However, these effects can 

only be speculated, and need to be investigated in an in vivo exposure experiment, preferably 

using early life stages of Atlantic cod. 
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7. FUTURE PERSPECTIVES 

This thesis deals with primary investigation of antibody specificity as this was the first time 

these antibodies were tested on cod samples. Reporting the quality of the antibodies using 

different immunochemical techniques, as described in this thesis, is important for antibody 

validation (Pillai-Kastoori et al., 2020). In hindsight though, it could be a good idea to use 

antibodies that have already been established to work for the immunoassays planned for. For 

instance, several ChIP procedures using antibodies from Santa Cruz biotechnology have been 

mentioned in the discussion. As shown in this thesis, the sequence of hRXRa and gmRxra are 

very similar and it is possible that antibodies designed against hRXRa also could have worked 

for Atlantic cod. 

In this thesis, a peptide sequence from gmRxra was used to generate polyclonal antibodies and 

the quality of the synthesized antibodies was assessed. The peptide was chosen from an area of 

high similarity between the Rxr subtypes in Atlantic cod. Here, the immunoprecipitation was 

unsuccessful.  Further studies with the antibodies should attempt to find the reason as to why 

this was. Optimization of the IP could thus be performed. For instance, by modifying the steps 

in the protocol, such as reducing wash steps or changing buffer conditions. The antibodies 

should also be tested using different homogenates from other tissues, and even from cod cell 

lines. This will generate a larger validation library.  

In relation to the Immunoprecipitation, interference in the homogenate was proposed as a 

possible reason for why IP might not have functioned. Although several controls were included 

in the assay, one important control should have been included. This is the immunogen control, 

which had been used throughout the western blotting procedure. If IP was performed with 

homogenate that had some of the immunogen control added to it, the immunogen control would 

be in the same environment as the native Rxr in the liver homogenates, and if the immunogen 

control showed up in the resulting western blot, this could disclaim the assumption above, 

whereas no band would strengthen this claim. Thus, more thought should be placed into the 

controls prior to starting the IP procedures, and to spend time modifying the procedure.  

In this thesis, only a subset of genes within a signaling pathway was assessed. This gives an 

indication of possible consequences of TBT exposure; however, it does not give clear 

indications of the effects on the entire signaling pathways. Relevant ideas for further studies 

could be to focus on more genes in the adipogenesis and lipogenesis, steroid biosynthesis, and 

retinol metabolism pathways investigated in this thesis. Particularly since there is little 
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information on this topic in many teleost fish, apart from model organisms. Studies on adverse 

effects on Atlantic cod exposed to TBT could also be conducted by performing in vivo exposure 

studies, for instance during development, over time, in order to get an indication of the actual 

effects caused by TBT on the organism level. This is important, since TBT and other OTCs are 

still prevalent in the aquatic environment and adverse health effects on aquatic organisms such 

as fish from these pollutants are therefore still highly relevant.  

Rxr functions as a heterodimeric partner with several other NRs, and a general toxicity trend of 

TBT has been proposed based on heterodimerization with other NRs and because of the vast 

array of DEGs found in zebrafish after TBT exposure (Martínez et al., 2020). In addition, since 

RXR/Rxr has mostly been studied in relation to heterodimers, the role of RXR/Rxr homodimers 

remains largely elusive. Thus, there is far more to learn about effects of TBT exposure on gene 

expression in Atlantic cod and other animals. Furthermore, RXR/Rxr is widely expressed in 

several tissues and has multiple roles in the development of organs. There is thus concern 

regarding disruption of development of multiple organ functions from exposure to 

environmental pollutants, such as OTCs (Shoucri et al., 2017). The results presented in this 

thesis thus present only the tip of the iceberg, with far more genes to be tested and evaluated. 

Further approaches for this could be through high throughput next generation sequencing 

(NGS), such as mRNA-seq and ChIP-seq (K. Chen et al., 2021; Martínez et al., 2020). 
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Figure A1 Standard curve for MW determination. Extreme points were removed from the plot, to generate 
linear curves with R2 values as close to 1.00 as possible, for accurate prediction of MW of proteins in gels and 
membranes. Rf values indicate the migration distance of the proteins divided by the migration of the gel fronts. 
The standard curves were prepared for the following gels and western blot membranes with Atlantic cod (Gadus 
morhua) tissues: Membrane with different tissues incubated with pAb # 5789 (A) and p8Ab # 5859 (B), Membrane 
with liver tissues incubated with pAb #5789 (C), pre-immune serum of pAb #5789 (D), pAb #5859 (E), pre-
immune serum of pAb #5859 (F). Membrane from two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) (G). ImperialTM Protein-stained membrane from 2D-PAGE (H). Membranes from the 
immunoprecipitation (IP) procedure incubated with pAb #5789 (I) and pAb #5859 (J). Membrane with the 
unbound fractions from the IP procedure incubated with pAb #5789 (K) and pAb # 5859 (L). 
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Figure A2. Comparison of immunoreactive proteins in liver by incubation with antibodies and pre-immune 
serum in western blot analyses.  15 µg liver tissue homogenates were separated in 12 % SDS-PA gels, as well 
as 0.335 µg of immunogen control (provided by GenScript), against. The nitrocellulose membranes were cut in 
half, to a total of 4 membranes. The membranes were incubated O/N with 1 µg/µL of A) pAb #5789, B) Pre-
immune serum of pAb #5789, C) A and B computationally merged. D) 1 µg/µL pAb #5859, E) Pre-immune serum 
of pAb #5859, and F) D and E computationally merged. Immunoreactive bands were visualized with Super 
SignalTM West Pico Plus Chemiluminescent Substrate kit.  Images were taken with Bio-Rad’s ChemiDocTM XRS+ 
imaging system. Precision Plus ProteinTM All blue standards molecular weight markers are indicated on the left of 
each subfigure. Arrows are included to indicate the presence or absence of the band of interest at 35 kDa.  
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Figure A3. Immunoprecipitated (IP) liver homogenates shown in Ponceau S-stained western blot (WB) 
prior to antibody incubations. 1 mL liver homogenates were immunoprecipitated with Protein G agarose beads 
(Roche, Ca. no. 11 243 233 001). Immunoprecipitation was performed with both A) pAb #5789 and B) pAb #5859. 
Two IP controls were included, one consisting of beads and homogenate, but no antibody added (“IP control 1”), 
and one consisting of beads and antibody, but no homogenate (“IP control 2”). Western blot analysis was 
performed with the IP eluates and the IP controls, 0.335 µg immunogen control, 15 µg liver homogenates tested 
previously (“Homogenate control”), as well as against the homogenate used in IP (“IP homogenate”) and wash 
fractions (“Wash 1/2/3Molecular weight markers are indicated on the left of A) and B).  

 

Table A1. Raw data from the Nanodrop measurement. Fish has been abbreviated to F. with the number of the 
fish next to it.  

 
Sample 
Name 

Nucleic 
Acid(ng/uL) 

A260/
A280 

A260/
A230 

 Corrected 
(ng/uL) 

Impurity 
1 

Impurity 
1 A260 

F
1 

DMSO (0.2 
%) 223,207 1,9 1,5       

 
TBT (0.1 
µM) 248,089 1,9 0,3       

 
TBT (1 
µM) 259,766 1,9 1,4       

 
TBT (10 
µM) 118,229 1,8 1,3       

 
9-cis-RA 
(0.1 µM) 178,332 1,9 1,4 165,04 

Guanadin
e ITC   

 
9-cis-RA (1 
µM) 199,743 1,8 0,5 171,52 

Guanadin
e ITC   

 
9-cis-RA 
(10 µM) 168,404 1,8 1,5       

F
2 

DMSO (0.2 
%) 251,654 1,8 1,8       

 
TBT (0.1 
µM) 221,16 1,9 0,7 207,28 

Guanadin
e ITC   

 
TBT (1 
µM) 209,452 1,9 0,7 185,76 Phenol 0,532 

 
TBT (10 
µM) 210,621 1,9 0,9 198,96 

Guanadin
e ITC   

 
9-cis-RA 
(0.1 µM) 235,534 1,9 0,4 195,84 

Guanadin
e ITC   
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9-cis-RA (1 
µM) 229,794 1,9 0,6 204,24 

Guanadin
e ITC   

 
9-cis-RA 
(10 µM), 198,992 1,9 0,9 192,56 

Guanadin
e ITC   

F
3 

DMSO (0.2 
%) 244,276 1,9 1,3 234,12 

Guanadin
e ITC   

 
TBT (0.1 
µM) 252,224 1,9 1,1 238,64 

Guanadin
e ITC   

 
TBT (1 
µM) 175,458 1,9 0,6 155,32 

Guanadin
e ITC   

 
TBT (10 
µM) 205,986 1,9 0,4 188,68 

Guanadin
e ITC   

 
9-cis-RA 
(0.1 µM) 292,245 2,0 1,0 283,16 

Guanadin
e ITC   

 
9-cis-RA (1 
µM) 238,94 1,9 0,9 229,76 

Guanadin
e ITC   

 
9-cis-RA 
(10 µM) 229,519 1,9 0,7 210,88 

Guanadin
e ITC   

F
4 

DMSO (0.2 
%) 398,6 2,0 1,4 395,72 

Guanadin
e ITC   

 
TBT (0.1 
µM) 367,645 2,0 1,4 366,8 

Guanadin
e ITC   

 
TBT (1 
µM) 251,004 1,9 2,0       

 
TBT (10 
µM) 328,611 2,0 1,3 325,32 

Guanadin
e ITC   

 
9-cis-RA 
(0.1 µM) 232,469 1,9 1,8       

 
9-cis-RA (1 
µM) 244,22 1,9 2,1       

 
9-cis-RA 
(10 µM) 263,718 1,9 1,7       

F 
5 

DMSO (0.2 
%) 372,866 1,9 1,5       

 
TBT (0.1 
µM) 195,962 1,9 0,7 191,88 

Guanadin
e ITC   

 
TBT (1 
µM) 287,554 1,9 0,6 271 

Guanadin
e ITC   

 
TBT (10 
µM) 168,818 1,9 0,5 153,8 

Guanadin
e ITC   

 
9-cis-RA 
(0.1 µM) 261,211 1,9 1,6       

 
9-cis-RA (1 
µM) 342,469 2,0 1,3       

 
9-cis-RA 
(10 µM) 312,987 1,9 1,7       
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