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III.

Abstract
Due to its habitats near offshore oil platforms, petroleum recovery facilities, as well as
coastal industries and municipal wastewater treatment plants, Atlantic cod (Gadus
morhua) must cope with both legacy and emerging environmental contaminants.
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription
factors. Upon activation by either endogenous ligands (e.g., fatty acids and lipid
derivatives) or contaminants of certain structures, PPARs control the expression of
genes involved in lipid- and carbohydrate metabolism. By studying how the Atlantic
cod PPARs can bind and become activated by contaminants, especially by the
emerging and far less documented ones, the main objective of this thesis was to
contribute with new baseline data that can give insight into how the regulation of the
energy metabolism in Atlantic cod can be modulated by environmental pollutants.
The Atlantic cod PPARx hinge+LBDs were cloned from cod tissue using standard
molecular techniques, and further subcloned into eukaryotic expression vectors. In
silico sequence and phylogenetic analyses confirmed the Atlantic cod PPAR identities.
The ligand-binding characteristics of Atlantic cod PPARs were examined by
establishing i vitro UAS/Gal4-DBD based luciferase reporter gene assays in a COS-7
cell line. WY'14643 and GW501516 are well-established model compounds that act as
strong agonists of mammalian PPARa and PPAR[/d, respectively. Similarly,
WY14643 elicited a maximum activation of 126-fold on the Atlantic cod PPARaa
construct at 125 pM (EC50 = 41 pM), and 128-fold on the PPARab construct at 41
pM (EC50 = 26 pM). GW501516 elicited a maximum activation of 126-fold on the
Atlantic cod PPAR[/8 construct at 11.3 pM (ECs0 = 2 pM). But then, none of the
typical mammalian PPARYy agonists actived the Atlantic cod PPARy construct.
However, expression of the Gal4-PPARYy construct in COS-7 cells was confirmed with
Western Blotting using Gal-4 antibodies. Among fifteen pollutants tested, representing
a structurally diverse group of ligands, perfluorooctanoic acid (PFOA) and
perfluorononanoic acid (PFINA) were able to activate of the PPARab construct with a
maximum activation of 8-fold at 150 pM and 3-fold at 154 pM, respectively. The
other ligands tested did not activate any of the Atlantic cod PPAR constructs. Thus,
exposure of Atlantic cod to compounds with long carbon-backbones that harbors a
carboxyl-group, could potentially modulate the lipid- and carbohydrate metabolism

through directly interfering with at least one PPAR subtype.
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1 INTRODUCTION

1.1 The Big Picture

Like many of the world’s oceans the Northeast (NE) Atlantic suffers from increased
pressure of pollutants originating from various human activities. This includes marine-
and coastal industries, such as offshore oil platforms and petroleum recovery facilities,
as well as municipal effluent discharges (Bakke et al., 2013). Furthermore, long-range
transportation via air and ocean currents enable pollutants released by inland
industries to be transported to the most remote parts of the oceans, leaving few if any
pristine areas on the globe (Julshamn et al., 2013b; Julshamn et al., 2013c). Pollutants
present in the environment are often persistent and highly lipid-soluble, and tend to
accumulate in lipid-rich biota. When within an organism, some pollutants can
function as endocrine disruptors by either mimicking naturally occurring hormones or
blocking their actions. The result of such an event could lead to alternation of
hormone production or hormone signaling. Long-term exposure to chemicals
possessing metabolic and endocrine disrupting abilities can lead to negative biological
effects, such as impaired growth, reduced reproductive success, and ultimately
reduced survival of a species (Foekema et al., 2012; Rigaud et al., 2013; Westerlund et
al., 2000). Atlantic cod (Gadus morhua) in the NE Atlantic 1s of both commercial and
ecological importance, as Norwegian fisheries are dependent on cod, and the
Northeast arctic cod population influences the structure and function of the arctic
ecosystem (Link et al., 2009). Thus, Atlantic cod 1s a highly relevant species, and the
sequencing of the Atlantic cod genome in 2011 has made it a promising model-species
that 1s becoming more frequently used in toxicological contexts (Bizarro et al., 2016;
De Laender et al., 2011; Eide et al., 2014; Enerstvedt et al., 2017; Gokseyr et al.,
1987; Karlsen et al., 2011; Star et al., 2011; Yadetie et al., 2016; Yadetie et al., 2014;
Yadetie et al., 2013; Yadetie et al., 2017; Yin et al., 2016). Considering the amount of
anthropogenic chemicals present in the environment, our knowledge is still scarce
regarding how contaminants, alone or in mixtures, affect the biology of the Atlantic
cod. This thesis addresses potential effects on the lipid homeostasis in Atlantic cod by
focusing on the peroxisome proliferator-activated receptors (PPARs), which are
ligand-activated transcription factors that control the expression of genes involved in

lipid- and carbohydrate metabolism. By studying how PPARs can bind and become
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activated by contaminants, especially by the emerging and far less documented ones,
we aim to provide new insight into how the lipid metabolism in Atlantic cod can be

modulated by environmental pollutants.
1.2 Contaminants in the Marine Environment

1.2.1 Legacy Environmental Contaminants

Persistent organic pollutants (POPs) are environmental contaminants that exhibit
resistance against physical, chemical, and biochemical degradation. These properties
make them reside in the environment for long periods of time. POPs are also prone to
undertake long-range transportation via air mass movements (i.e., grasshopper effect),
or through water and ocean currents, to areas far from the source of their release
(Macdonald et al., 2000; Rigét et al., 2010; Shen and Wania, 2005). Most POPs are
also highly lipophilic. This property makes these compounds accumulate in biota, and
specifically in lipid-rich tissues. POPs may bioaccumulate over time if the organisms
detoxification system is not able to metabolize and excrete the compound faster than
they are absorbed from the environment (Bryan et al, 1979) (Fig 1). When
accumulated inside an organism, the characteristics of the compound will also decide
how much of the compound that will become bioavailable i.e., the amount able to
reach its site of action (e.g., receptor activation) and potentially cause adverse toxic
effects. In addition, if the organisms that bioaccumulate such compounds are at the
lower trophic levels, the compound may biomagnify up through the food web causing
predators at higher trophic levels to contain a high burden of pollutants (Suedel et al.,
1994) (Fig 1).
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Contamination
Low — High /‘ ,\ Trophic

{/\‘_Eﬂ' & level

Bioaccur\’\u‘af‘on
S

Figure 1. Schematic illustration of bioaccumulation and biomagnification of lipophilic

environmental contaminants in organisms. Illustration source: modified version from
Alexander Klevedal Madsen 2016.

There are many POPs (e.g., Aldrin, Mirex, DDT, Dioxins, and PCBs etc.) that after
decades of commercial use were shown to cause averse toxic effects to organisms
(including humans) by being either carcinogenetic, teratogenic, or exhibiting
endocrine disrupting properties that cause damage to the immune-, nervous-, or
reproduction systems (Bertazzi et al.,, 1998; Casals-Casas and Desvergne, 2011;
Darnerud, 2003; Fisher, 1999; Fonnum et al., 2006; Fry, 1995; Organization, 2010;
Tanabe, 2002; Tocher, 2003). Even though the production and use of several known
toxic POPs have been banned or phased out, many of them can still be found in the
environment today (Karl and Lahrssen-Wiederholt, 2009). Examples of such legacy
POPs are “the dirty dozen” (Aldrin, Chlordane, DDT, Dieldrin, Endrin, Heptachlor,
Hexachlorobenzene, Mirex, Toxaphene, PCB, Dioxin, and Furans) that were defined
for global elimination or strict regulations by the Stockholm Convection on Persistent
Organic Pollutants in 2004 (UNEP, 2001). In 2009, additional POPs were added to

the Stockholm Convection’s list of elimination or strict regulation, “the nasty nine”
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(Alpha-hexachlorocyclohexane, Beta-hexachlorocyclohexane, Lindane, Chlordecone,
HEXAbronobiphenyl (HBB), Octabromodiphenyl ether (OBDE), Pentabromodi-
phenyl eter (PBDE), Pentachlorobenzene (PeCB), and perfluorooctanesulfonic acid
(PFOS)), followed by the addition of “Evil endosulfan” to the list in 2011 (UNEP,
2011). Another agreement aiming to prevent dumping of pollution from offshore and
land-based sources into the marine environment is the Convention for the Protection
of the Marine Environment of the NE Atlantic (OSPAR Convention), which was
ratified in 1998.

Perfluorinated compounds (PFCs) such as PFOS, as well as perfluorooctanoic acid
(PFOA, currently under review by the Stockholm convention) are of high interest in
this thesis due to their properties and characteristics. PFCs consist of hydrophobic
fluorinated carbon backbones of different lengths and a hydrophilic functional group
(Surma and Zielinski, 2015). The high-energy bonds between the carbons and
fluorines make them resistant against abiotic and biotic degradation (Poothong et al.,
2012). Martin et al. (2004) found that mammals and fish at higher trophic levels in the
Canadian arctic food web contained higher concentrations of the fluorosurfactant
PFOS than mammals feeding at lower trophic levels. Even though the PFOS
concentrations of mammals living in the arctic were not as high as in the same species
living at mid-latitude regions of USA, PFOS concentrations in arctic mammals were
still measurable. Thus, showing that PFOS is a contaminant that both bioaccumulate
and biomagnifies, and that somehow have ended up in remote arctic areas far from its
source of release. It is difficult to assess how much PFOS that is directly released to the
environment since PFOS can also result from degradation of several precursors and
PFOS-related compounds (Lau et al.,, 2007; Moore et al., 2003). Due to the low
volatility of PFOS and PFOAs, long-range transport in their gas phase via air is
unlikely (Lau et al., 2007; Martin et al., 2002). It is hypothesized that precursors and
perfluorinated-related compounds exhibiting higher volatility are undertaking long-
range transport, and when deposited, they are broken down into PFOS and PFOA
through abiotic (e.g., hydrolysis and photolysis) and biotic (e.g., microorganisms)
degradation (Lau et al., 2007; Renner, 2001; Wallington et al., 2006). PFCs have been
detected in the blood of Baltic cod, and liver of Atlantic cod along the Norwegian
coast (Falandysz et al., 2006; Falandysz et al., 2007; Valdersnes et al., 2017).
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1.2.2 Emerging Environmental Contaminants

International regulations and measures taken to lower the production and release of
POPs have reduced their presence in biota in and around the NE Atlantic, especially
in Polar and Arctic regions (Vorkamp and Rigét, 2014). However, it is continuously
being produced new chemicals, where many are intended as substitutes for chemicals
that have been banned after proven toxic to organisms. Unfortunately, many of these
new chemicals exhibit similar characteristics as those found in other POPs. Currently,
both new and previously undetected chemicals are emerging in environmental
compartments in concerning concentrations (Bao et al., 2015; Vorkamp and Rigét,
2014), including in Atlantic cod (Herzke et al., 2013; Warner et al., 2014).
Importantly, the toxicological data we possess of these emerging and far less
characterized contaminants is still incomplete (e.g., transport potential, persistence,
and toxicity) (Vorkamp and Rigét, 2014). Many of the emerging contaminates are still
produced and utilized today and can be found in currently used pesticides (e.g.,
chlorpyrifos), flame retardants (e.g., 2,3-bibromopropyl-2,4,6-tribromophenyl ether
(DPTE)), and “down the drain chemicals” such as pharmaceuticals and compounds
found in personal care products (e.g., siloxanes and phthalates). Many anthropogenic
chemical ends up in aquatic environments (Clark et al., 1989), so to assume that
species living in, or close to, marine and limnic habitats are suffering increased risk of
exposure 1s not farfetched. This demands for research to bridge the gap in knowledge
needed to guide regulatory authorities to where action is needed, and where strict
regulation of certain chemicals are reqired in order to protect marine nature and
wildlife. Choosing Atlantic cod as a model species is a stratedgic choise. Its position in
the trophic levels makes it highly ecologically relevant; both as a marine top predator,
and at the same time a pray in the marine/terrestrial food web where it’s prayed upon

by marine mammals and birds (Fig 1).

1.3 Atlantic Cod as a Model Species

Atlantic cod 1s a common teleost in the North Atlantic Ocean with several populations
distributed from east to west (Fig 2). The Norwegian fisheries are dependent on the
cod stocks inhabiting the NE Atlantic. These stocks are separated according to their
geographic distribution with 1) the Northeast arctic cod residing within the Barents
Sea, 2) the North Sea cod residing in the North Sea, Skagerrak, and the eastern part

of the English channel, and 3) the costal cod inhabiting costal areas of the Norwegian
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Sea and along Norwegian fjords, where the environmental heterogeneity has given
rise to several local subpopulations along the coastline. The Northeast arctic cod is the
worlds largest cod population and influences the structure and function of the arctic
ecosystem. In the Barents Sea it is one of the main piscivores predating on both
capelin and herring, in addition it is also prayed upon by harp seals (Pagophilus

groenlandicus) and minke whales (Balaenoptera acutorostrata) (Link et al., 2009).

I Atlantic cod distribution

Figure 2. Geographic distribution of Atlantic cod throughout the Atlantic Ocean. Map
source: modified version from Aquamaps (2015).

Atlantic cod is used as a bioindicator species to monitor the presence of pollutants in
the environment (OSPAR). In addition to legacy contaminants such as arsenic (As),
mercury (Hg), cadmium (Cd), led (Pb), dioxins, PCBs, alkylphenols (AP) and
polyaromatic hydrocarbons (PAH) (Bakke et al., 2013; Julshamn et al., 2013a;
Julshamn et al., 2013b; Julshamn et al., 2013c), there is found an increasing number
of structurally diverse emerging environmental contaminants in the liver tissue of
Atlantic cod, including polybrominate diphenyl ethers (PBDEs) (Julshamn et al.,
2013a), perfluorinated alkylated substances (PFASs), brominated flame retardants
(BFRs), chlorinated paraffins (CPs) (Herzke et al., 2013), siloxanes (Schlabach et al.,
2007; Warner et al.,, 2010), phthalates, and organophosphorus flame retardants
(PFRs) (Evenset, 2009; Green et al., 2015), as well as ingestion of microplastics (Brate
etal, 2016).
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As in other vertebrates, the detoxification of xenobiotics (such as pollutants) in
Atlantic cod occurs mainly in the liver through three phases in the biotransformation
pathway. Phase I contributes to make the xenobiotics more hydrophilic by
introducing or revealing a hydrophilic group (-OH, - NHs, -SH, or -COOH) through
oxidation, hydrolysis, or reduction. If phase I modifications are not sufficient to allow
elimination of the xenobiotic compound, phase II reactions further increases the
polarity of the xenobiotic by adding a larger polar group through conjugation
reactions with specific enzymes (e.g. attachment of glutathione by glutathione S-
transferase). Phase III is the final step in the biotransformation pathway, were the
metabolites of the xenobiotics are transported out of the cell by membrane bound
efflux transporter proteins. Cytochrome P-450 mono-oxygenase enzymes are crucial
in phase I reactions, and have to some extent been characterized in Atlantic cod
(Goksayr, 1985; Gokseyr, 1995; Goksoyr et al., 1987; Goksoyr and Husey, 1998;
Goksoyr et al., 1986; Karlsen et al., 2012). However, the knowledge of how each
contaminant alone, and in mixtures, affects the biology of the Atlantic cod 1s far from
completely understood. The publishing of the Atlantic cod genome in 2011 (Star et
al., 2011) made it possible to conduct large-scale toxicogenomic studies. Genomic and
proteomic studies have been initiated where the ultimate goal is to obtain
comprehensive data on toxicological responses to toxic compounds in Atlantic cod.
(Bizarro et al., 2016; Eide et al., 2014; Karlsen et al., 2011; Yadetie et al., 2016;
Yadetie et al., 2014; Yadetie et al., 2013; Yadetie et al., 2017).

1.4 Peroxisome Proliferator-Activated Receptors Role in Lipid

Metabolism

1.4.1 Peroxisome Proliferator-Activated Receptors

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription
factors that are members of the superfamily of nuclear receptors (NRs). Their
longwinded name originates from the first discovery of a PPAR in rodents,
demonstrating its regulation of peroxisome proliferation when activated by industrial
chemicals. However, this was later found not to be the case for PPARs present in
humans and primates, but still the transcription factors have kept their name despite
being somewhat misleading and outdated. In humans and primates, it was later found
that one of the main functions of PPARs is to regulate lipid homeostasis by controlling

the expression of genes involved in the fatty acid utilization and storage (Colliar et al.,
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2011; Desvergne and Wahli, 1999; Georgiadi and Kersten, 2012; Kliewer et al.,
1997). In addition, it has also been shown that PPARs are involved in other cellular
processes as well, such as glucose utilization, cell proliferation and differentiation,

inflammatory processes, adipogenesis etc (Ferré, 2004).

The varying functions of PPARs are associated to the presence of several subtypes,
and in mammals three PPAR paralogs have been described; PPARa, PPAR[/8, and
PPARy (Desvergne and Wahli, 1999). In teleosts, one ortholog of the human
PPAR[3/8 and PPARY subtypes has been identified. However, two orthologs of the
human PPARa subtype (i.e., PPARaa and PPARab) appear to be present in some
teleosts, e.g. in Japanese puffer (Fugu rubripes) (Maglich et al., 2003), green spotted
pufter (Tetraodon mgroviridis) (Metpally et al., 2007), zebrafish (Danio rerio) (Bertrand et
al., 2007; Tseng et al., 2011), turbot (Scophthalmus maximus) (Urbatzka et al., 2013), and
Atlantic cod (Star et al., 2011) (Eide, 2016. The Atlantic cod (Gadus morhua) chemical
defensome lacks a pregnane x receptor, and the phylogeny of pxr loss in fishes.
Manuscript in prep). Allthough encoded by different genes, the PPAR subtypes share
a high degree of sequence similarity (Desvergne and Wahli, 1999). The PPAR
subtypes differ by their tissue distribution, ligand specificity and target genes in a
species-specific manner. The different PPAR subtypes seem to predominate in tissues
that reflect their different physiological functions. In mammals, PPARa is highly
expressed in liver, heart, and muscle tissue (Ferré, 2004; Georgiadi and Kersten, 2012)
where they are mainly, but not exclusively, involved in releasing stored energy
through peroxisomal and mitochondrial FA catabolism (Hihi et al., 2002) (Fig 3).
Although less studied, mammalian PPAR[3/d tissue expression appears to be
ubiquitous (Ferré, 2004; Georgiadi and Kersten, 2012). PPAR[/d is believed to be
involved in balancing energy homeostasis and building muscles by e.g. releasing
energy stored as fat in muscles while initiating fat synthesis in the liver (Wagner and
Wagner, 2010) (Fig 3). Mammalian PPARY is highly expressed in adipose tissue
(Ferré, 2004; Georgiadi and Kersten, 2012) where their main role are to promote

energy storage by lipid accumulation and adipogenesis (Hihi et al., 2002) (Fig 3).
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Figure 3. PPARs as metabolic regulators. Lipid and glucose homeostasis is maintained by the
interacting roles of the three PPAR subtypes. The role of PPARY is to regulate lipid storage and insulin
sensitivity, while PPARa and PPARS/[3 counteract by regulating the lipid utilization and distribution.
Picture source (Nelson et al., 2008)

Functional Domain Organization

PPARs exhibit four distinct functional domains that are shared by nearly all nuclear
receptors. Starting at the N-terminal region, there is a ligand-independent domain
with transcriptional activation function (AF-1), followed by a DNA binding domain
(DBD), a hinge region providing flexibility between the functional parts of the protein,
and finally a ligand binding domain (LBD) that includes a dimerization interface for
retinoid X receptor (RXR) and a ligand-dependent activation function (AF-2) at its C-

terminal region (Desvergne and Wabhli, 1999; Ferr¢, 2004; Kota et al., 2005) (Fig 4).
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Figure 4. Schematic representation of a peroxisome proliferator-activated receptor
(PPAR). General domain organization of a nuclear receptor is indicated. Illustration made by Sofie
Soderstrom.

1.4.1.1 Ligand Binding and Activation of PPARs

PPARs bind to DNA as obligate heterodimers with the RXR (Desvergne and Wahli,
1999), and the heterodimerization is ligand-independent (Chandra et al., 2008) (Fig
5). The PPAR:RXR heterodimer is attached to specific DNA regulatory elements
located in the promoter region of its target genes, denoted peroxisome proliferator
response elements (PPREs). These response elements consist of two direct repeats of
AGGTCA spaced with a single nucleotide (Ferré, 2004). While unbound to ligands,
PPAR:RXR bound to PPREs will repress gene transcription because corepressors are
associatied to the heterodimer (Den Broeder et al., 2015). Upon binding of an
endogenous or dietary PPAR agonist (e.g., fatty acids, fatty acid derivatives,
phospholipids, eicosanoids, and prostaglandin) or RXR agonist (9-cis-retinoic acid) a
conformational change occur in the PPAR:RXR heterodimer causing the
corepressors to be released and coactivators to be recruited, further facilitating the
docking of RNA polymerase and subsequent gene transcription of target genes (Fig 5)
(Den Broeder et al., 2015; Ferré, 2004) .
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Figure 5. Peroxisome proliferator-activated receptors (PPARs) regulate transcriptional
gene activation through heterodimerization with retinoid X receptor (RXR). The
PPAR:RXR heterodimer binds at specific DNA regulatory elements called peroxisome proliferator
response elements (PPREs) located in the promoter region of target genes. While unbound to ligands,
PPAR:RXR heterodimers bound to PPREs will repress transcription due to the presence of
corepressors. The PPAR:RXR heterodimer is permissive, i.e. either a PPAR agonists (L) or RXR
agonist (R) can activate the PPAR:RXR complex, or by both ligands simultancously. Ligand binding
will cause corepressors to be released and coactivators to be recruited, allowing the transcription of the
target genes. Illustration made by Sofie Séderstrom.

1.4.1.2 Endogenous and Dietary PPAR Ligands

Fatty acids are not only energy storing molecules but they also regulate metabolic
processes through hormone-like signaling for transcription factors acting as lipid
sensors, such as PPARs (Desvergne and Wahli, 1999; Kliewer et al., 1997; Varga et
al., 2011). The shared structure for all fatty acids are the long carbon chains having a
methyl group at one end and a carboxyl group at the other end of the molecule (one
carboxyl group in monocarboxylic acids and two carboxyl groups in dicarboxylic
acids). The most common saturated fatty acids have a chain length of 12-22 carbon
atoms (often an even number), while monounsaturated fatty acids (MUFAs) have a

chain length of 16-22 carbon atoms (Rustan and Drevon, 2005). Polyunsaturated fatty
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acids (PUFAs) such as omega-3- and omega-6 fatty acids have a chain length of 18-22
carbon atoms (Holub, 2002) (Fig 6).

Figure 6. Fatty acids.
Schematic illustration of
saturated-,
monounsaturated-, and
polyunsaturated fatty acids.

Picture originating from
http://ketogenic.com/wp-
content/uploads/2017/01/Fat-
Graphic.jpg.

Due to their relatively large ligand binding pockets, PPARs are promiscuous
compared to many other nuclear receptors as numerous ligands can bind with
relatively low affinity (Kliewer et al., 2000; Varga et al., 2011). Endogenous and
dietary fatty acids, fatty acid derivatives, phospholipids, eicosanoids (e.g.
prostaglandin) are examples of endogenous ligands for PPARs (Chakravarthy et al.,
2005; Delerive et al., 2000; Kliewer et al., 1997). MUFAs and PUFAs are more potent
PPAR ligands than saturated FAs (Forman et al., 1997; Kliewer et al., 1997; Krey et
al., 1997; Varga et al., 2011). Examples of eicosanoids, derived from 20 carbon long
PUFA precursors, that are considered selective or potent agonists for human PPARs
are 8(S)-hydroxyeicosatetraenoic acid (8(S)-HETE) for PPARa (Choi and Bothwell,
2012; Ferré, 2004; Forman et al, 1997; Kliewer et al, 1997), 15-
hydroxyeicosatetraenoic acid (15-HETE) for PPARB/8 (Choi and Bothwell, 2012;
Naruhn et al., 2010), and 15-deoxy-A12,14-prostaglandin J2 (15d-PGJ2) for PPARy
(Choi and Bothwell, 2012; Diab et al., 2002; Forman et al., 1995a; Kliewer et al.,
1997; Sauer, 2015). Through @ vitro transactivation assays with synthetic ligands, well-
established agonists for the different mammalian PPAR subtypes have been identified,
including WY 14643 for PPARa (Ip et al., 2004; Varga et al., 2011), GW501516 for
PPAR[/8 (Barroso et al., 2011; Varga et al., 2011), and thiazolidinedione’s (TZDs)
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such as rosiglitazone (Rosi) for PPARYy (Higgins and DePaoli, 2010; Lehmann et al.,
1995; Sauer, 2015; Varga et al., 2011)

1.4.1.3 Exogenous PPAR Ligands

PPARSs are normally activated by their natural ligands mentioned above. Although,
vitro transactivation assays have shown that several environmental contaminants are
able to activate mammalian PPARs, such as phthalates and PFCs (Bility et al., 2004;
Heuvel et al., 2006; Hurst and Waxman, 2003; Lapinskas et al., 2005; Shipley et al.,
2004; Takacs and Abbott, 2007; Zhang et al., 2014). Mammalian PPARs have been
studied quite extensively, however less information is currently available about teleost
PPARs. This study will therefore test a set of structurally diverse contaminants
comprised of both legacy- and emerging contaminants for agonistic effects on the
Atlantic cod PPAR receptors. Contaminants have been selected according to
relevance in regard to their presence in the marine environment and their structural
characteristics. Environmental contaminants resembling fatty acids could be potential
PPAR activators, for example both PFCs and phthalate molecules contain long
carbon chains. One study has previously shown that human PPARYy activation of
perfluorinated carboxylic acids (PFCAs) increased with increasing carbon number up
till C11 (Zhang et al., 2014). Another study showed mouse- and human PPARa and
PPARY activation of phthalates increased with increasing side-chain length of the
molecules (Bility et al., 2004). Phthalates are not persistent in the environment and
organisms rapidly metabolize them, however they are extensive and worldwide use in
plastics and every day products (e.g., industrial paints, solvents, cosmetics, perfumes,
medicines etc.), causing their continuous release and thus their prominent presence in
the environment (Frederiksen et al., 2007). Acute or chronic exposure to exogenous
ligands can cause an abnormal activation of the PPARs, where metabolic- or
endocrine disruptions are possible consequences (Casals-Casas et al., 2008). For
example, modulation of PPAR activation could disturb the regulation of their target

genes and thus impact the lipid homeostasis.
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1.5 Gene Reporter Assays to Study Ligand Binding and Transcriptional

Activation

1.5.1 Luciferase Reporter Assay (LRA)

Luciferase reporter gene assays are established 2 vitro systems commonly used to study
the function of different nuclear receptors (Bainy et al., 2013; Sotoca et al., 2010),
including PPARs (Bility et al., 2004; Hurst and Waxman, 2003; Routti et al., 2016).
These types of assays allow high-throughput ligand screening, and exhibit relatively
low endogenous interference (Paguio et al., 2010). There are several types of reporter
gene assays, and in this study a UAS/Gal4-DBD based luciferase reporter gene assay
in a COS-7 simian kidney cell line has been established and utilized (Fig 7). In this
system, COS-7 cells are co-transfected with a luciferase reporter gene plasmid
harbouring a Gal4 upstream activation sequence (Gal4-UAS) that control the
expression of a luciferase-encoding gene (Forman et al., 1995b), a [3-galactosidase-
encoding control plasmid (pCMV-p-Gal) that constitutively express [3-galactosidase
(through CMV promoter) (Blumberg et al.,, 1998), and an effector plasmid. The
effector plasmid will constitutively express (through CMV promoter) the nuclear
receptor-LBD of interest fused to the DBD acquired from Gal4; a transcription
activator protein derived from yeast. When a ligand binds the LBD of the fusion
protein, the protein will undergo a conformational change and become activated.
This activation will make the fusion protein bind to the Gal4-UAS on the reporter
plasmid via the Gal4-DBD. Thereby, the assembly of the transcription complex and
docking of RNA polymerase will be facilitated, which in turn will initiate the
transcription of the luciferase-encoding gene. After addition of luciferin, the translated
luciferase protein will catalyse the oxidation of luciferin into the luminescent product,
oxyluciferin. Ligand activation can thus be measured as luciferase activity,
quantifiable as the amount of light (550-570 nm) emitted from the reaction it catalyzes

(Fig 7).
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Figure 7. Luciferase reporter gene assay. The assay is performed by co-transfecting an effector
plasmid containing the Nuclear Receptor (NR)-Ligand Binding Domain (LBD) fused to the Gal4-DNA
binding domain (DBD) into COS-7 cells, together with a luciferase reporter gene plasmid. Luciferase
will be expressed when the ligand-NR-LBD-Gal4-DBD fusion protein binds to the Gal4-Upstream
activation sequence (UAS) in the reporter plasmid. Ligand activation of NR is measured as luciferase
activity that can be quantified by the amount of light emitted during the conversion of luciferin into
oxyluciferin (550-570 nm). Illustration source: modified version from Alexander Klevedal Madsen

2016.

The activity of [3-galactosidase, measured at 420 nm, is used to normalize transfection
efficiency between experimental replicates and experiments. By providing the (-
galactosidase with the substrate ONGP (ortho Nitrophenyl-f-galactoside), it will
catalyze the hydrolysis of ONGP into galactose and ONP (o-nitrophenol). ONP
exhibits a yellow color and can be quantified by measuring the absorbance at 420 nm

(Formula 1).

ONPG

A
A

> Galactose + ONP (1)
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1.6 Objectives

Due to its habitats near offshore oil platforms, petroleum recovery facilities, as well as
coastal industries and municipal wastewater treatment plants, Atlantic cod must cope
with both legacy and emerging environmental contaminants. By studying how the
Atlantic cod PPARs can bind and become activated by contaminants, especially by
the emerging and far less documented ones, the main objective with this thesis is to
contribute with new baseline data that can give insight into how the regulation of
lipid- and carbohydrate metabolism in Atlantic cod can be modulated by

environmental pollutants. This will be done by:

e Isolate and clone the hinge + ligand-binding domain (LBD) of the genes
encoding PPARaa, PPARab, PPAR[3/8, and PPARY from Atlantic cod.

e Phylogenetically examine and validate their identity as cod PPAR
hinge+LBDs by comparison with PPAR-encoding genes from other relevant
species.

e Examine Atlantic cod PPAR activation by using a luciferase gene reporter
assays, 1.e. to study their abilities to bind and become activated by a selected
set of pollutants representing a structurally diverse group of compounds,

including both legacy and emerging contaminants found in the NE Atlantic.
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2 MATERIALS

2.1.1 List of Chemicals

Table 1. Chemicals and reagents utilized in the thesis.

Materials

Name CAS # Supplier

10x Loading buffer TaKaRa

2-log DNA Ladder New England Biolabs
5-CFDA-AM (5-Carboxyfluorescein Diacetate, 124412-00-6 Thermo Fisher Scientific
Acetoxymethyl Ester)

Acetic acid 64-19-7 Sigma-Aldrich
Agar Agar 9002-18-0 Merck
Agarose 9012-36-6 Sigma-Aldrich
Ampicillin sodium salt 69-52-3 Sigma-Aldrich
ATP (Adenosine 5'-trifosfat dinatrium salthydrat) 34369-07-8 Sigma-Aldrich
Boric acid 10043-35-3 Sigma-Aldrich
Bovine Serum Albumin (BSA) 9048-46-8 Sigma-Aldrich
CHAPS hydrate 331717-45-4 Sigma-Aldrich
Chloroform 67-66-3 Sigma-Aldrich
Coenzyme A 18439-24-2 Fisher Scientific
Coomassie Brilliant Blue R250 staining solution Bio-Rad
D-Luciferin Firefly 115144-35-9 Biosynth®
DDT (DL-Dithiothreitol) 3483-12-3 Sigma-Aldrich
DMSO (Dimethyl sulfoxide) 67-68-5 Sigma-Aldrich
Dulbecco’s Modified Eagle’s Medium Sigma-Aldrich
(high glucose, with phenol red)

Dulbecco’s Modified Eagle’s Medium Sigma-Aldrich
(high glucose, without phenol red)

EDTA (Ethylenediaminetetraacetic acid disodium 6381-92-6 Sigma-Aldrich
salt dehydrate)

EGTA (Ethylene glycol-bis(2-aminoethylether)- 67-42-5 Sigma-Aldrich
N,N,N’,N’-tetraacetic acid

Ethanol 64-17-5 Sigma-Aldrich
Fetal Bovine Serum (FBS) Sigma-Aldrich
GelRed Botium
Glycerol 56-81-5 Sigma-Aldrich
Isooctane 540-84-1 Merck Millipore
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Isopropanol
L-Glutamine

L-a-Phosphatidylcholine

Magnesium carbonate hydroxide pentahydrate
Magnesium chloride hexahydrate

Magnesium sulfate heptahyd