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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Toxicity mediated by per- and polyfluoroalkyl substances (PFAS), and especially perfluoroalkyl acids (PFAAs),

has been linked to activation of peroxisome proliferator-activated receptors (Ppar) in many vertebrates. Here, we

Keywords: present the primary structures, phylogeny, and tissue-specific distributions of the Atlantic cod (Gadus morhua)
PFAS gmPparal, gmPpara2, gmPparb, and gmPparg, and demonstrate that the carboxylic acids PFHxA, PFOA, PFNA,
EE(A)‘:S as well as the sulfonic acid PFHxS, activate gmPparal in vitro, which was also supported by in silico analyses.
PFOS Intriguingly, a binary mixture of PFOA and the non-activating PFOS produced a higher activation of gmPparal
PENA compared to PFOA alone, suggesting that PFOS has a potentiating effect on receptor activation. Supporting the
PFHXS experimental data, docking and molecular dynamics simulations of single and double-ligand complexes led to the

identification of a putative allosteric binding site, which upon binding of PFOS stabilizes an active conformation
of gmPparal. Notably, binary exposures of gmPparal, gmPpara2, and gmPparb to model-agonists and PFAAs
Ppars produced similar potentiating effects. This study provides novel mechanistic insights into how PFAAs may
modulate the Ppar signaling pathway by either binding the canonical ligand-binding pocket or by interacting
with an allosteric binding site. Thus, individual PFAAs, or mixtures, could potentially modulate the Ppar-
signaling pathway in Atlantic cod by interfering with at least one gmPpar subtype.

Co-exposure
Potentiation

1. Introduction persistent in nature and biota (Poothong et al., 2012). Long-range
transportation, bioaccumulating and biomagnifying properties, as well
as observed adverse effects in experimental studies have made PFAS an

environmental concern (Conder et al., 2008, Dietz et al., 2008, Houde

Per- and polyfluoroalkyl substances (PFAS) are anthropogenic
chemicals that have been used globally in industrial production and

consumer products since the late 1940s. PFAS molecules are recognized
by their hydrophobic carbon backbone that is either fully or partially
saturated with fluorines, and by possessing a hydrophilic functional
group. These structures give PFAS both water- and oil-repellant prop-
erties that make them useful for consumer and industrial purposes such
as surfactants, non-stick coatings, cosmetic additives and flame re-
tardants (Wolf et al., 2008, Kissa, 2001, Renner, 2001, Lau, 2012). The
high-energy bonds between the carbons and the fluorines make PFAS
highly resistant against abiotic and biotic degradation, and therefore
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et al., 2011, Greaves et al., 2012, Gebbink et al., 2016, Boisvert et al.,
2019, Routti et al., 2016, Routti et al., 2017, Martin et al., 2004, Ken-
nedy et al., 2004, Lau et al., 2004, Lau et al., 2007, Kelly et al., 2009,
Lindstrom et al., 2011, Kwiatkowski et al., 2020). Perfluoroalkyl acids
(PFAAs) are a subgroup of PFAS that encompasses perfluoroalkane
sulfonic acids (PFSAs) and perfluoroalkyl carboxylic acids (PFCAs),
which include the well-recognized perfluorooctanesulfonic acid (PFOS)
and perfluorooctanoic acid (PFOA), respectively. In 2009, PFOS was
included in the Stockholm Convention on Persistent Organic Pollutants
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targeted for elimination of production or strict regulation of its use
(Stockholm Convention, 2009). Restrictions on the production and use
of PFOA were introduced in 2017 (REACH, 2017), and in 2019 PFOA
was enlisted in Annex A in the Stockholm Convention on Persistent
Organic Pollutants. However, PFOS and PFOA, in addition to many
other PFAS, are still abundant in the environment. This is partly due to
their persistence, but also because of the continued release of PFAS-
related precursors that are not yet covered by the Stockholm Conven-
tion (Moore et al., 2003, Lau et al., 2007).

Research focusing on the molecular mechanisms behind PFAS-
mediated toxicity has increased significantly in recent years (Wolf
et al., 2008, Bjork et al., 2011, Zhang et al., 2014, Wolf et al., 2014,
Beggs et al., 2016, Zhang et al., 2017, Behr et al., 2018, Behr et al.,
2020). One mechanism that may cause adverse outcomes from PFAS
exposure has been linked to peroxisome proliferator-activated receptor
alpha (PPARA) activation in species such as human, rat, mouse, and
chicken (Cwinn et al., 2008, Elcombe et al., 2010, Maloney and Wax-
man, 1999, Rosen et al., 2007, Shipley et al., 2004, Takacs and Abbott,
2007, Vanden Heuvel et al., 2006, Wolf et al., 2008, Behr et al., 2020).
PPARs are ligand-activated transcription factors that are members of the
nuclear receptor (NR) superfamily. In humans and primates, one of the
main functions of PPARs is to regulate the energy homeostasis by con-
trolling the expression of genes involved in the fatty acid utilization and
storage (Desvergne and Wahli, 1999, Georgiadi and Kersten, 2012,
Colliar et al., 2011, Kliewer et al., 1997). In addition, PPARs are
involved in other cellular processes, such as glucose utilization, cell
proliferation and differentiation, inflammatory processes, and adipo-
genesis (Ferré, 2004). The varying functions of PPARs have been linked
to the presence of several different subtypes, and their tissue distribution
is to a large degree reflected by their different physiological roles (Hihi
et al., 2002, Ferré, 2004, Georgiadi and Kersten, 2012, Wagner and
Wagner, 2010). Three PPAR paralogs have been described in mammals;
PPAR alpha (PPARA), PPAR beta/delta (PPARB/D) (from here on
denoted PPARB), and PPAR gamma (PPARG) (Desvergne and Wahli,
1999). The PPAR subtypes share a high degree of sequence similarity
(Desvergne and Wahli, 1999), but differ in their tissue distribution,
ligand specificity, and target genes in a species-specific manner.
Orthologs of the human PPARB and PPARG subtypes have been iden-
tified in teleosts, whereas two orthologs of the human PPARA subtype (i.
e. Pparal and Ppara2) appear to be present in some fish species, such as
Atlantic cod (Gadus morhua) (Star et al., 2011, Eide et al., 2018), Jap-
anese pufferfish (Fugu rubripes) (Maglich et al., 2003), green spotted
pufferfish (Tetraodon nigroviridis) (Metpally et al., 2007), zebrafish
(Danio rerio) (Tseng et al., 2011, Bertrand et al., 2007), and turbot
(Scophthalmus maximus) (Urbatzka et al., 2013).

While Atlantic cod has a high commercial value for North-Atlantic
fisheries, it also influences the ecological structure and function of the
Arctic ecosystem (Link et al., 2009). Previous studies have detected
PFAS in the blood of Baltic cod and in the liver of Atlantic cod along the
Norwegian coast (Falandysz et al., 2006, Falandysz et al., 2007, Val-
dersnes et al., 2017). As a balanced lipid and energy homeostasis is vital
for fitness, perturbation of metabolic pathways at critical stages of the
life cycle could cause adverse effects. In a recent in vivo exposure study
with juvenile Atlantic cod and a mixture of PFAS congeners (PFOS,
PFNA, PFOA and PFTrDA), proteomics analysis revealed that many
enzymes involved in fatty acid f-oxidation pathways were upregulated
in the hepatic proteome (Dale et al., 2020). Additionally, lipidomics data
indicated an increased hydrolysis of mono-unsaturated triglycerides,
followed by hydrolysis into fatty acids channeled towards p-oxidation.
These findings suggested that some PFAS congeners might activate
Ppara receptors in Atlantic cod. In this study, we present the primary
structures, phylogeny, and tissue-specific distribution of the Atlantic cod
Ppar proteins (gmPparal, gmPpara2, gmPparb, and gmPparg). Further,
by establishing luciferase-based reporter gene assays, we have assessed
the ability of cod Ppar subtypes to bind and become activated by ten
PFAAs, including three PFSAs and seven PFCAs. The PFAAs were tested
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individually, in binary combinations together with a PPAR model-
agonist, and as a binary combination of PFOA and PFOS. The experi-
mental analyses were supported by in silico structural analyses,
including homology modeling, ligand docking, and molecular dynamics
simulations. Importantly, this study provides an increased mechanistic
insight into how PFAAs can exert its toxic effect through either agonistic
Ppar-activation or via interactions with allosteric binding sites present
elsewhere in the gmPpar protein structure, and suggest that exposure to
an individual PFAA, or mixtures, could modulate the lipid- and carbo-
hydrate metabolism in Atlantic cod, and possibly other teleost fish
species.

2. Materials and methods
2.1. Sequence analysis and phylogeny of the gmPpars

The full-length cod Ppar amino acid sequences (gmPparal,
gmPpara2, gmPparb, and gmPparg) were obtained by genome mining in
the GadMor3 database (Tgrresen et al., 2017). The amino acid sequences
were compared to their human orthologs (UniProtKB/ Swiss-Prot:
hsPPARA Q07869, hsPPARB(D) Q03181, hsPPARG P37231) through
pairwise and multiple sequence alignments (MSA) using the T-Coffee
Multiple Sequence Alignment online tool (EMBL-EBI) (Notredame et al.,
2000). The alignments were visualized and edited in Jalview v2.11.1.0
(Waterhouse et al., 2009). An MSA was made in T-Coffee (EMBL-EBI)
using the cod Ppars and a selected set of PPAR/Ppar sequences obtained
from other vertebrate species, including fish, bird, and mammals (pro-
tein sequence accession numbers are provided in Supplemental Infor-
mation Table S1). Based on the MSA, a phylogenetic tree was inferred
using a BLOSUM62 model, Bayesian interference (Coalescent: GMRF
Bayesian Skyride), and Markov Chain Monte Carlo (MCMC) analysis with
the BEAST v1.10.4 software package (Drummond and Rambaut, 2007).

2.2. Chemicals

The following compounds were purchased from Sigma-Aldrich, Oslo,
Norway, perfluorobutanesulfonic acid (PFBS, CF3(CF2)3SOsH), per-
fluorohexanesulfonic acid (PFHxS, CF3(CF2)sSO3H), per-
fluorooctanesulfonic acid (PFOS, CF3(CF3)7;SOsH), heptafluorobutyric
acid (PFBA, CF3(CF3)2COOH), perfluorohexanoic acid (PFHxXA,
CF3(CF2)4COOH), perfluorooctanoic acid (PFOA, CF3(CF3)sCOOH),

perfluorononanoic acid (PFNA, CF3(CF3)7COOH), non-
adecafluorodecanoic acid (PFDA, CF3(CF2)gCOOH), per-
fluoroundecanoic acid (PFUnDA, CF3(CF2)9COOH),

perfluorotridecanoic acid (PFTrDA, CF3(CF3);;COOH), WY14643
(PPARA agonist), GW6471 (PPARA antagonist), GW501516 (PPARB
agonist), rosiglitazone (PPARG agonist), and tetrabromobisphenol A
(TBBPA, brominated flame retardant). Stock solutions were made of
each individual compound by dissolving them in dimethyl sulfoxide
(DMSO) (>99.9 % pure, Sigma-Aldrich, Oslo, NO).

2.3. Fish and tissue sampling

Atlantic cod were acquired from the Institute of Marine Research
(IMR, Bergen, NO) research station at Austevoll (Norway) and from
Havbruksstasjonen in Tromsg (Nofima, Norway), and tended to at ILAB
(Industrilaboratoriet, Bergen, NO). Cod were kept in 500 L reservoirs
with circulating seawater of 8 °C with a 12:12 h (light:dark) photoperiod
and fed daily ad libitum with commercial feed from EWOS, NO. The cod
were sacrificed with a blow to the head in compliance with the Nor-
wegian animal welfare act — regulation on animal experimentation. Cod
tissues intended for semi-quantitative qPCR analyses were immediately
collected and flash frozen in liquid nitrogen and stored at —80 °C. Heart
and brain tissue designated for cloning purposes were immediately used
for RNA extraction and isolation.



S. Spderstrom et al.
2.4. Tissue-specific expression of gmppars

Total RNA was extracted from liver, head kidney, gonad, gill, skin,
heart, brain, spleen, mid-intestine, stomach, eye, and muscle tissue of
juvenile cod specimen (n = 3), using the TRI Reagent® protocol (Sigma-
Aldrich, Oslo, NO). cDNA was then synthesized in triplicates from 0.5 pug
of extracted RNA using the iScript™ cDNA Synthesis Kit (Bio-Rad,
Hercules, CA) according to the manufacturer’s protocol. Transcription
levels of gmpparal, gmppara2, gmpparb, and gmpparg were analyzed with
RT-qPCR using LightCycler® 480 SYBR Green I Master (Roche, Basel,
CH) and a CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Oslo. NO). The transcript levels of the gmppars were normalized across
tissues using ubiquitin (ubi) and acidic ribosomal protein (arp) as
reference genes. Mean normalized expression (MNE) of the gmppars in
the tissues was determined using the geNorm software (Vandesompele
etal., 2002) and a normalization factor based on ubi and arp (M < 0.73).
Primer sequences are shown in Supplemental Information Table S2.

2.5. Cloning and sequencing of the gmppars

The gmppars were cloned from brain and heart tissue collected from a
female cod specimen weighing 466 g (gmpparal and gmpparb from brain
tissue, while gmppara2 and gmpparg from heart tissue). Total RNA was
extracted using TRI Reagent® (Sigma-Aldrich, Oslo, NO) according to
the manufacturer’s instructions. cDNA was synthesized from 2 pg of
RNA using SuperScript® III reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) together with oligo (dT);2.1s and random hexamers according
to the manufacturer’s protocol. Gene specific primers were designed to
amplify the gene fragments encoding the hinge and ligand binding
domain (LBD) of the four gmppar subtypes. The primers were based on
the gene sequences present in the Ensembl cod genome database
(pparal: ENSGMOGO00000001060, ppara2: ENSGMOGO00000005934,
pparb:  ENSGMOGO00000008225, pparg: ENSGMOG00000001375).
Detailed information on the cloning and gene-specific primers is pre-
sented as supplementary information (Cloning of Atlantic cod Ppar-
encoding genes, Table S3, Table S4). The cloned gmppar fragments
were verified by sequencing according to the BigDye™ Terminator v 3.1
protocol. The Sanger sequencing was performed at the sequencing fa-
cility at the Department of Biological Sciences (BIO), University of
Bergen, NO, and the nucleotide sequences of the cloned hinge-LBD re-
gion of gmpparal, gmppara2, gmpparb, and gmpparg have been deposited
in Genbank with the accession numbers MW690582, MW690583,
MW690584, MW690585, respectively.

2.6. Luciferase reporter gene transactivation assay

Effector plasmids (expressing the cloned gmPpars) were constructed
to encode a fusion protein with the GAL4-dependent DNA-binding
domain (DBD) and the hinge + ligand-binding domain of the respective
gmPpars (i.e., gmPparal, gmPpara2, gmPparb, and gmPparg). The
luciferase reporter gene assays were performed essentially as described
previously using COS-7 simian (African green monkey) kidney cells
(Lille-Langgy et al. (2015). COS-7 cells were transiently co-transfected
with an effector GAL4-gmPpar plasmid, the GAL4-dependent lucif-
erase reporter gene plasmid (mh(1 00)x4tk luc), and a p-galactosidase-
encoding control plasmid (pCMV-f-Gal) at a mass ratio of 1:10:10 using
the TransIT®LT-1 transfection kit (Mirus Bio, Madison, WI, USA) ac-
cording the manufactures instruction. Subsequently after transfection,
the cells were exposed to increasing concentrations of the test ligand
(solubilized in 0.5% DMSO) for 24 h. Transactivation of the gmPpar
constructs was measured as luciferase enzyme activity using an EnSpire
2300 Multilabel Reader (PerkinElmer, Oslo, NO) and normalized against
the enzymatic activity of f-galactosidase as described in Lille-Langgy
et al. (2015). GraphPad Prism v.6 was used to produce dose-response
curves displaying the average fold activation as normalized luciferase
activity relative to control (0.5% DMSO), including standard error of
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mean (SEM). One-way ANOVA and Dunnett’s multiple comparison test
were used to calculate statistically significant fold activation. Expression
of the GAL4-gmPpar fusion proteins in the COS7 cells were confirmed
with Western Blotting, using mouse anti-Gal4 (DBD) (RK5C1) AC anti-
bodies (Santa Cruz Biotechnology, (cat# sc-510). Mouse anti beta-actin
antibodies (ab8224, Abcam) were used for detection of beta-actin as a
loading control. A secondary HRP-linked sheep-anti-mouse IgG antibody
(NA931V, GE-Healthcare) was used to visualize the primary antibodies.
The fluorometric indicator dyes Resazurin (alamarBlue®) and CFDA-AM
were used to assess if exposure levels produced any cytotoxic effects
(Dayeh et al., 2003). Detailed information on effector plasmid con-
struction and the LRA protocol (LRA protocol, effector plasmid con-
struction, Table S5, Table S6, S LRA protocol) is provided in
Supplemental Information. Cytotoxicity data is presented in Fig. S8 and
Fig. S9.

2.7. Molecular modeling

2.7.1. Homology modeling

The sequences of gmPparal and gmPpara2 were used as input to the
I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-TASSER) to
produce homology models, respectively. The best scored homology
models were then used in virtual docking calculations with PFOA, PFNA,
PFOS, or PFHxS, followed by molecular dynamics simulations. For both
the docking calculations and the molecular dynamics simulations, the
ligands were taken to be in their ionized forms.

2.7.2. Docking calculations

The AutoDock program version 4.2 was used to dock the PFCAs and
PFSAs to the best scored homology models of gmPparal and gmPpara2
(Morris et al., 2009). The calculations were piloted using AutoDockTools
(ADT) (Morris et al., 2009). The different PFAAs were initially con-
structed using the Avogadro software (Hanwell et al., 2012). Further
details on the docking calculations are provided in Supplemental
Information.

2.8. Molecular dynamics simulations

2.8.1. Minimization and molecular dynamics setup

The CHARMM all-atom force field (CHARMMS36) was used for
describing the protein, ions and the TIP3P model was used for water
molecules (MacKerell Jr et al., 1998). The CHARMM Generalized Force
Field (CGenFF36) was used for the ligand parameters (Vanommeslaeghe
et al., 2010), which were obtained from the ParamChem webserver
(available from: https://cgenff.paramchem.org). Further details on the
molecular dynamics simulations are provided in Supplemental
Information.

2.8.2. Double ligand docking and molecular dynamics simulations

Using the best model structure of gmPparal and gmPpara2 docked
with PFOA, we performed docking calculations with PFOS. The Auto-
dock4 software was used to place PFOS following the protocol described
earlier in this text. The structures having among the best binding en-
ergies were extracted and used for subsequent simulations. The
parameter and topology files for PFOA and PFOS molecules are those
used earlier in this study. These simulations followed the same protocol
as described in the previous section for the single-ligand molecular dy-
namics simulations.

3. Results
3.1. Genome mining and phylogenetic analyses of the Atlantic cod Ppars
Homology searches in the most recent and comprehensive Atlantic

cod genome assembly (GadMor3) identified four genes putatively
encoding different Ppar subtypes (Table 1). Phylogenetic analyses of the
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Table 1
Features and location of PPAR genes in the Atlantic cod genome (GadMor3, and
NCBI).

Gene Accession No. Chromosome Exons  Nucleotide Protein
location; (bp) (aa)
gmpparal XM_030366071 9; Fwd 6 1557 518
gmppara2  XM_030353486  4; Rev 7 1449 482
gmpparb XM_030352117  1; Fwd 7 1518 505
gmpparg XM_030374406  13; Rev 8 1632 543

deduced amino acid sequences and PPAR/Ppar protein sequences ob-
tained from a selected set of vertebrate organisms, including fish, bird,
and mammalian species, confirmed that the encoded proteins belong to
the subfamily 1, group C of nuclear receptors, and that the proteins
encoded by the XM 030366071, XM 030353486, XM_ 030352117, and
XM 030374406 transcripts cluster together with other teleost protein
sequences within the Pparal, Ppara2, Pparb, and Pparg sub-branches
(Fig.  S1). Accordingly, we have named XM 030366071,
XM _ 030353486, XM _ 030352117, and XM 030374406, as gmpparal,
gmppara2, gmpparb, and gmpparg, respectively. The in silico analyses also
revealed the chromosomal location of the four open reading frames as
well as the exon/intron distribution of the gmppar gene sequences
(Table 1).

Sequence alignments of gmPparal, gmPpara2, gmPparb, and
gmPparg with their human orthologs revealed high sequence identities
between the PPAR subtypes of these two distantly related species (i.e.
73, 61, 77, and 59 %, respectively) (Fig. 1). As anticipated, the gmPpar
proteins share the common structural features found in the nuclear re-
ceptor superfamily, including an N-terminal transactivation domain, a
DNA-binding domain, a hinge region, and a C-terminal ligand binding
domain (LDB) (Fig. 1). Other features are also conserved in the gmPpar
aa sequences, including the AF-2 motif important for coregulator
interaction in the C-terminal part of the LBD (Andersen et al., 2000,
Batista-Pinto et al., 2005), the linker region that allows flexibility be-
tween the DBD and LBD upon ligand- and DNA binding (Andersen et al.,
2000), as well as helices 1, 3, and 12 (H1, H3, and H12) that form and
stabilize the ligand-binding pocket (Fig. 1) (Zheng et al., 2015).

Human PPARs have been extensively studied for therapeutic pur-
poses and the amino acid residues important for binding certain ligands
have been identified. Pirinixic acid (WY14643), GW501516, and rosi-
glitazone are synthetic, selective, and potent agonists of hPPARA,
hPPARB, and hPPARG, respectively (Annapurna et al., 2013, Liberato
et al., 2012, Nolte et al., 1998, Chandra et al., 2008, Narala et al., 2010,
Bernardes et al., 2013, Wu et al., 2017). The WY14643-binding amino
acid residues were found positionally conserved in gmPparal and
gmPpara2, while five out of seven amino acids that bind to GW501516
are conserved in gmPparb (Fig. 1). Notably, only five out of eleven
amino acid residues that are recurrently identified as important for
binding of rosiglitazone by human PPARG are positionally conserved in
gmPparg (Fig. 1). Furthermore, additional stretches of amino acids that
are not present in the human orthologs were observed in the trans-
activation domain of gmPparal (49 aa) and gmPparb (65 aa), as well as
in the hinge region of gmPpara2 (17 aa) and gmPparg (39 aa) (Fig. 1).

3.2. Tissue-specific expression of gmppars

The tissue specific expressions of the gmppar subtypes were assessed
with qPCR in twelve different tissues obtained from juvenile Atlantic cod
(brain, eye, gill, ovary, head kidney, heart, liver, mid intestine, muscle,
skin, spleen, and stomach) (Fig. S2). All four gmppar receptors were
expressed in each tissue examined. However, the individual expression
profiles differed between the receptors, supporting a subtype specific
distribution and expression of the gmppars in Atlantic cod. Among the
twelve tissues, the abundance of gmpparal transcripts was highest in
liver and heart, while gmppara2 appeared to be ubiquitously expressed
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with low transcript abundance in most tissues. gmpparb transcripts were
most abundant in the ovary, whereas gmpparg transcripts were most
abundant in the mid intestine and liver.

3.3. In vitro transactivation of the Atlantic cod Ppar subtypes

Effector plasmids encoding the GAL4-gmPpar fusion proteins were
transiently transfected into COS-7 cells, and their protein translations
were confirmed with protein immunoblotting (Fig. 2 A). The GAL4-
gmPpar fusion proteins migrated according to their predicted molecu-
lar weights (gmPparal = 50.2 kDa, gmPpara2 = 51.5 kDa, gmPparb =
50.8 kDa, and gmPparg = 50.9 kDa) and were produced in similar
amounts. PPAR model-agonists known from mammalian studies were
initially used to characterize and confirm ligand-activation of the
gmPpar subtypes. WY14643 acted as an agonist for both gmPparal and
gmPpara2 and produced similar efficacies of 118 and 132 fold activa-
tion, respectively (Fig. 2 B). In contrast, the potencies differed between
the receptors, where WY14643 was a more potent agonist for gmPparal
(ECs0 = 25 pM) compared to gmPpara2 (ECsg = 42 pM) (Fig. 2 B). As
reported for mammalian PPARB orthologs, GW501516 also activated
gmPparb producing an efficacy of 126-fold activation and an ECs cor-
responding to 2 uM (Fig. 2 C). The GAL4-gmPparg construct however,
could not be activated by any of the mammalian PPARG model-agonists
tested (e.g., rosiglitazone and TBBPA) and was thus not included in the
further analyses (not shown).

3.4. Agonistic activation of gmPpars by PFAAs

A selected set of carboxylated and sulfonated PFAAs of varying
carbon backbone length was tested individually for their ability to
transactivate the gmPparal, gmPpara2, and gmPparb subtypes in vitro.
Three of these carboxylated congeners activated gmPparal, including
PFHxA, PFOA, and PFNA, as well as the sulfonated PFHxS, while neither
gmPpara2 nor gmPparb were activated by any of the PFAAs tested
(Fig. 3, Fig. S3). The efficacies of the PFCAs were non-linear, demon-
strating increased activation with increasing length of the fluorinated
carbon backbone, where PFOA exhibited the highest efficacy, and
thereafter decreased with PFNA and disappeared with further increased
carbon backbone length (Fig. 3).

3.5. Homology modeling of gmPpars and ligand docking of PFAAs

The most notable difference in the primary structure of gmPparal
and gmPpara?2 is the additional stretch of 17 amino acids present in the
omega loop region of the gmPPARa2 subtype (Fig. 1). Homology
modeling of the gmPpara 3D structures demonstrated that this sequence
insertion is positioned between H1 and H3, conceivably resulting in a
long loop extension that is situated near both the ligand-binding pocket
and the coregulator binding groove (AF-2 motif) (Fig. 4). Ligand-
docking analyses of PFOA to the gmPpara structures showed that the
carboxyl group of PFOA is oriented toward the C-terminal H12 in
gmPparal (Fig. 4 A, B). In contrast, PFOA does not find a favorable
binding position in gmPpara2. The molecular dynamics (MD) simula-
tions revealed that the omega loop region between H1 and H3 is more
flexible in gmPpara2 than gmPparal (Fig. 4 E, F). PFOS, which did not
activate any of the gmPpara subtypes, is distributed with several
different orientations of the sulfur group in the gmPparal LBD (Fig. 4 C).
Although PFOS appears to find a good orientation in gmPpara2, the MD
simulations show significant flexibility in the omega region of both
subtypes (Fig. 4 D, G, H). Similar ligand docking analyses and MD
simulations with PFHxA, PFNA, and PFHxS, all of which agonistically
activated Pparal, demonstrated favorable orientations of these mole-
cules in the gmPpar1 LBD, as well as less flexibility in the omega region
as opposed to gmPpara2 (Fig. 54, S5, S6).

To explore the non-linear effects of PFCA and PFSA congeners as a
function of carbon chain length, we carried out docking calculations for
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Fig. 1. Multiple sequence alignments of gmPpars and hsPPARs with annotated domains and ligand binding residues. The human PPARs were obtained from
Swiss-Prot and used for annotation of the different PPAR domains (indicated by dotted lines and arrows above the alignment), helices (indicated below alignment),
flexible loop and AF-2 motif (indicated above alignment). Residues important for ligand binding are indicated as either conserved (a), or not conserved (/\).
WY14643 second binding site residues (k). The alignments were edited in Jalview v 2.11.1.0 and have been colored according to percentage identity and

conservation.

gmPparal with the congeners listed in Table S7. The chain lengths go
from (CF2)3 to (CF2)13 for PFCAs, and from (CF2)3 to (CF2)9 for PFSAs.
The analysis focused on two observations from the docking calculations,
the energy score and the position of the congener in the ligand binding
pocket (LBP) and whether the charged group of the ligand interacts with
amino acids of H12, a canonical interaction seen in many PPAR/agonist
crystal structures. For gmPparal, this focus was on the interaction with

Tyr514.

We observed a correspondence with the fold induction results shown
in Fig. 3, where those compounds that activated gmPparal were also
compounds that showed a relatively strong binding energy and had a
good orientation of the charged head-group (COO- or SO3-) towards
Tyr514. Those compounds that did not activate gmPparal showed lower
binding energies and/or few or no interactions in the LBP. The longer
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Fig. 2. Synthesis and transactivation of gmPparal, gmPpara2, gmPparb,
and gmPparg in COS-7 cells. A) Protein levels of the GAL4-gmPpar constructs
in transfected COS-7 cells were confirmed with Western blotting using mouse-
anti Gal4 antibodies. Mouse-anti-beta actin antibodies were used for monitoring
protein loading. The secondary HRP-conjugated sheep-anti-mouse IgG antibody
was used to visualize the primary antibodies. B & C) Dose-response curves for
the activation of Atlantic cod Ppars by WY-14643 (Pparal and Ppara2) or
GW501516 (Pparb). COS-7 cells were exposed to B) WY14643 (gmPparal
(0-80 pM) and gmPpara2 (0-125 puM)), or C) GW501516 (gmPparb (0-18 pM)).
Each measured point represents mean fold induction of the GAL4-gmPpar
constructs relative to the solvent control (DMSO), derived from 12 experi-
mental replicates. Standard error of mean (SEM) is indicated. ECsq values are
indicated with dotted lines and significant difference between ECs is indicated
with ** (<0.005). Non-linear regression analyses were performed in PRISM
(GraphPad) to fit a dose-response curve.

chain compounds, such as PFDA, PFUnDA and PFTrDA did not bind in
the LBP, nor did the untested compounds, perfluorododecanoic acid
(PFDoA, CF3(CF3)10COOH), perfluorotetradecanoic acid (PFTeA,
CF3(CF3)12COO0OH) and perfluoropentanoic acid (PFPA,
CF3(CF3)13COOH).
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Concerning the active compounds PFHxA, PFOA and PFNA, the
docking results show that these compounds all have favorable energy
scores and they display interactions with Tyr514. PFOA has a signifi-
cantly higher number of conformations satisfying our criteria of energy
score and placement in the binding pocket (25% of the docked confor-
mations). PFOA is also the compound showing the highest activity.
Concerning the compound perfluoroheptanoic acid (PFHpA,
CF3(CF2)5COOH) the docking results show that it has a relatively
favorable binding energy and orientation. The shorter chain compounds,
even though they docked with relatively good interaction energies with
Tyr514, are likely to be too short to fill the LBP and stabilize the com-
plex. Similar conclusions were reached in Ren et al. (2016). The
observation that orientation of the compound towards the Tyr514 and
the interaction energy are correlated with activity was also made for the
PFSA congeners.

3.6. Binary exposures reveal potentiating effects of PFAAs on gmPpar
activation

Potential antagonistic properties of the PFAA congeners were also
assessed with the luciferase reporter gene assay. Initially, gmPparal,
gmPpara2, and gmPparb were activated with fixed concentration of
model agonists (equal to their ECyp) and exposed to increasing con-
centrations of GW6471 or GSK3787, which are known to antagonize
human PPARA and PPARB, respectively. As expected, a decrease in the
activation of the receptors was observed, and the ICsy values of
gmPparal, gmPpara2, and gmPparb were determined to 0.4 pM, 3.0 pM,
and 0.8 pM, respectively (Fig. S7). Corresponding experiments were also
performed where gmPparal was activated with fixed concentrations of
either PFHxS or PFOA, representing a sulfonated and carboxylated PFAA
agonist. Also here, a decrease in gmPparal activity with increasing
GW6471 concentrations were observed, supporting that WY14643, as
well as the sulfonated and carboxylated PFAA congeners, bind to the
canonical ligand-binding pocket and compete with GW6471 for this
binding site (Fig. S7).

Binary exposures were further carried out with individual PFAA
compounds together with a fixed concentration of WY14643
(gmPparal, gmPpara2) or GW501516 (gmPparb). However, no antag-
onistic effects were observed with any of the PFAAs on either of the Ppar
subtypes. Intriguingly, we observed on the contrary that the majority of
the PFAAs that did not demonstrate any agonistic features produced a
dose-dependent potentiation of the receptor activation of gmPparal,
gmPpara2, and gmPparb (Fig. 5). The strongest potentiating effect was
observed with gmPparb, where PFDA increased the GW501516-
mediated activity close to seven fold (Fig. 5). The increased efficacies
of gmPparal, gmPpara2, and gmPparb induced by co-exposure to PFAAs
may suggest the presence of a second binding site available for PFAA
molecules in these receptors.

To assess if interaction effects also could occur with exposures to
mixtures of PFAAs, gmPparal was exposed to a binary combination of
PFOA and PFOS (Fig. 6 A, B, C). As observed previously (Fig. 3), PFOS
alone was not able to activate gmPparal, while PFOA demonstrated a
dose-dependent activation of the receptor (Fig. 6 A). However, exposure
to equimolar mixtures of PFOA and PFOS elicited an increased activa-
tion of gmPparal compared to PFOA exposure alone (Fig. 6 A), sup-
porting that PFOS potentiates the PFOA-mediated activation. The same
exposure regimes did not activate gmPpara2 (Fig. 6 B). As an alternative
approach to study interaction effects, gmPparal was coexposed to PFOA
(increasing concentrations) together with fixed concentrations of PFOS
(either 50 or 100 pM). Notably, the addition of fixed PFOS concentra-
tions produced a higher fold induction in the PFOA-mediated dos-
e-response curve at the lower to mid-range concentrations of PFOA
(Fig. 6 C). Since none of the dose-response curves reached a plateau of
activation, EC50 values could not be calculated. However, a left-shift in
the dose-response curves was observed as the background concentration
of PFOS increased (Fig. 6 C).
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3.7. Double-ligand modeling

To further investigate the potentiating effect of PFOS, molecular
dynamics simulations were done for complexes where PFOS was docked
to gmPparal and gmPpara2 already docked with PFOA. Molecular dy-
namics simulations were carried out for favorable two-ligand complexes
following the same protocol as that for the single ligand simulations. The
docking analysis revealed a family of structures where both PFOA and
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Fig. 3. Ligand activation of the gmPparal
and gmPpara2 constructs exposed to sin-
gle PFAAs. Dose-response curves showing
average fold induction + standard error of
the mean (SEM) (GraphPad, Prism). A
consistent trend of > 2-fold induction was set
as a minimum requirement before consid-
ering the dose-response as consistent. Expo-
sure concentrations of PFCAs were as
follows: PFBA, PFHxA, PFOA, PFDA (35-267
uM), PENA (41-180 pM), PFUnDA, PFTrDA
(41-200 pM). Exposure concentrations to
PFSAs were as follows: PFBS, PFHxS, PFOS
(35-267 pM). All data points are based on
three experimental replicates, and the LRAs
were repeated three times (except for
PFUnDA and PFTrDA, which are based on
three technical replicates).

PFOS were favorably situated in or near the ligand-binding pocket and
the omega loop. Subsequent molecular dynamics (MD) simulations of
the gmPparal complex revealed that the PFOS molecule reorients itself
in such a way as to occupy an alternative binding site where the hy-
drophobic fluorocarbon chain places itself in a hydrophobic pocket
formed by the beta sheets, H2 and H3. Analysis of the molecular dy-
namics simulations shows that the PFOS in this alternative binding
pocket leads to further stabilization of the omega loop region between
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Fig. 4. Results from ligand docking analyses and molecular dynamic simulations of gmPparal and gmPpara2; representative best-scoring complexes from
docking, a) gmPparal with PFOA, b) gmPpara2 with PFOA, c¢) gmPparalwith PFOS and d) gmPpara2 with PFOS. The RMS fluctuations are represented by a putty
drawing. The thicker, intensely red colored tube, the greater the flexibility. e) gmPparal with PFOA, f) gmPpara2 with PFOA, g) gmPparalwith PFOS and h)
gmPpara2 with PFOS. The activation response to the ligand is indicated below the structures. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

H1 and H3 with respect to gmPparal in complex with PFOA alone (Fig. 7
A, B), leading to a structurally more stable ligand binding domain and in
particular the region near the coactivator binding site. No such stabili-
zation was observed in the simulations of the gmPpara2 dual ligand
complex (Fig. 7 C, D).

4. Discussion

Genome mining combined with phylogenetic analyses identified the
genes encoding the gmPparal, gmPpara2, gmPparb, and gmPparg pro-
teins in the Atlantic cod genome. Tissue-specific expression analyses
revealed that all gmppar subtypes were ubiquitously expressed and
similar abundances of their transcripts were found in brain, eye, gill,
head kidney, muscle, skin, and spleen. Elevated transcript levels of
gmpparal were observed in liver and heart, while gmppara2 was
expressed in all tissues at lower levels. The expression of pparal and
ppara2 reported from turbot (Scophthalmus maximus) demonstrated the
opposite pattern (Urbatzka et al. (2013), but the gmpparal expression is
more in line with tissue expression of pparal reported from sea bream
(Sparus aurata), plaice (Pleuronectes platessa), and brown trout (Salmo
trutta), (although these teleosts only have one Ppara subtype) (Batista-
Pinto et al., 2005, Leaver et al., 2005), as well as the expression pattern
of the mammalian PPARA that also predominate in tissues with high
metabolic rates, such as liver and heart (Escher et al., 2001, Ferré, 2004,
Bookout et al., 2006, Georgiadi and Kersten, 2012). The abundant
occurrence of a PPAR/Ppar subtype in a certain tissue may reflect its
physiological function. Mammalian PPARA is mainly, but not exclu-
sively, involved in releasing stored energy through peroxisomal and
mitochondrial fatty acid catabolism (Hihi et al., 2002). Atlantic cod uses
the liver as a lipid depot for energy storage (Karlsen et al., 2006, Kjer
etal., 2009), and the high abundance of gmpparal in liver may support a
role of this receptor in regulating the release of stored energy. The exact
function of the second Ppara subtype in teleosts is still not well under-
stood, but gmppara2 may be more active at certain developmental

stages, or in a tissue type that was not examined in this study. Although
less studied, mammalian PPARB tissue expression appears to be ubig-
uitous (Georgiadi and Kersten, 2012, Ferré, 2004), and it is believed to
be involved in balancing energy homeostasis and muscular development
(Wagner and Wagner, 2010). This could also be the case for gmpparb as it
was expressed in all tissues examined, although elevated levels were
observed in the ovary where it was most abundant of all subtypes.
Similarly, Batista-Pinto et al. (2005) also found the expression of pparb
in brown trout to be high in the reproductive organ, among other tissues.
Mammalian PPARB has been linked to a role in embryo implantation
(Hihi et al., 2002), so it is possible that the gmPparb has a reproductive
role, e.g. in involvement in ovarian tissue remodelling or ovary matu-
ration. Mammalian PPARG is expressed in adipose tissue and lower in-
testine, where its main role is believed to be promotion of energy storage
by lipid accumulation and adipogenesis (Hihi et al., 2002, Ferre, 2004).
The higher expression of gmpparg in the liver and mid intestine is in
agreement with these tissues being important for absorbing lipids and
storing them as excess energy in accordance with Atlantic cod physi-
ology. High mRNA levels of pparg in the intestine has also been found in
other teleost species (Luo et al., 2015, Leaver et al., 2005, You et al.,
2017).

Transactivation studies were carried out with the GAL4/UAS system
and the LBDs from the different Ppar subtypes. This assay does not
include the inherent DNA binding domain of the receptor, nor receptor-
specific response elements controlling the reporter, which potentially
may affect activation profiles. However, the GAL4/UAS system is
commonly used to study activation of a great variety of nuclear re-
ceptors and allows for comparative studies of both receptor subtypes
and receptors obtained from different species. The mammalian PPAR
agonists, WY14643 and GW501516, were in this assay potent agonists
for gmPparal/gmPpara2 (ECsq 25 pM/ECsg 42 pM) and gmPparb (ECsg
2 pM), respectively, and produced similar ECs( values as reported from
other teleost species (e.g., GW501516 ECsg approx. 1 pM) (Leaver et al.,
2005, Kondo et al., 2007, Colliar et al., 2011, Leaver et al., 2007). In
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Fig. 5. gmPparal, gmPpara2, and gmPparb exposed to a binary combination of fixed concentrations ofmodel-agonist and increasing concentrations of
seven different PFAAs. All data points are based on three experimental replicates, and the LRAs were repeated at least 3 times. Significant % Relative Response
compared to control is indicated with * <0.05, ** <0.005, *** < 0.0005, **** < 0.0001 (GraphPad, Prism).
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Fig. 6. Ligand activation of gmPparal
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contrast, the typical mammalian PPARG model-agonist, rosiglitazone, in
addition to other PPARG ligands tested (e.g. TBBPA) was not able to
activate the gmPparg subtype, although protein immunoblotting
confirmed that the GAL4-gmPparg fusion protein was synthesized in
transfected COS-7 cells. Notably, only five out of eleven amino acid
positions important for binding rosiglitazone in human PPARG are
conserved in the gmPparg protein sequence, which most likely
contribute to the lack of activation. In line with the findings in this study,
the absence of teleost Pparg-stimulated target gene expression or ligand
activation by rosiglitazone and fatty acids have been reported in several
other studies on plaice, sea bream, medaka (Oryias latipes), and Japanese
pufferfish (Kondo et al., 2007, Kondo et al., 2010, Colliar et al., 2011, He
et al., 2012). As mentioned, gmPparg had 39 additional amino acids in
the region spanning the omega loop, which has also been reported for
other teleost species (Batista-Pinto et al., 2005, You et al., 2017, Bou-
kouvala et al., 2004, Raingeard et al., 2009, Andersen et al., 2000, Wafer
et al., 2017, Cho et al., 2009, Zheng et al., 2015, He et al., 2015, Kondo
et al., 2007, Leaver et al., 2005). Both He et al. (2015) and Zheng et al.
(2015) suggested from in silico analyses that these additional amino
acids in the omega loop region would cause teleost Pparg to fold into a
different tertiary structure compared to the human ortholog, and
possibly rendering it unable to become activated by fatty acids and
synthetic ligands normally activating human PPARG.

The PPARA subtype is recurrently shown to be a target of PFAAs
exposure in both mammalian and teleost species (Leaver et al. (2005),
(Cwinn et al., 2008, Elcombe et al., 2010, Maloney and Waxman, 1999,
Rosen et al., 2007, Shipley et al., 2004, Takacs and Abbott, 2007,
Vanden Heuvel et al., 2006, Wolf et al., 2008, Behr et al., 2020, Dale
et al., 2020). Accordingly, we show that gmPparal is activated by
PFAAs, specifically by three PFCAs (i.e. PFHxA, PFOA and PFNA), but
only one PFSA (PFHxS). Our results emphasize that the functional group
in PFAS molecules has an important role in agonistic recognition and
receptor activation. However, several studies have shown that other
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sulfonates (e.g., PFOS) can act as mammalian PPARA agonists in
transactivation assays, although being less potent compared to the
carboxylated congeners (Shipley et al., 2004, Heuvel et al., 2006, Takacs
and Abbott, 2007, Wolf et al., 2008). Furthermore, the length of the
PFCAs carbon backbone appears as determinative for gmPparal acti-
vation efficacy, which increased with the length of the fluorinated car-
bon backbone up to C7 (PFOA), and thereafter decreased with further
increasement in carbon backbone length. The docking results suggested
that both the interaction with Tyr514 of H12, as well as the chain
lengths contribute to these non-linear effects. Short-chain compounds,
even though they may bind in the LBP and interact with Tyr514, are
likely to be too short to stabilize the LBD, in particular the omega loop,
while the mid-length compounds, which show activity, can both bind in
the LBP and stabilize the LBD as demonstrated by the molecular dy-
namics simulations for those compounds. Activity then decreases with
chain length as the chains become too long to bind the LBP. These results
are in agreement with what has been demonstrated previously in
mammalian GAL4-PPARA ligand activation assays, which also reported
a correlation between the length of the carbon backbone and receptor
activation (Wolf et al., 2008, Buhrke et al., 2013, Behr et al., 2020).
However, the correlations observed for activation of gmPparal with
both PFAA carbon-chain length and functional group show some dis-
crepancies from that observed for mouse and human PPARA, which also
differ between them (Takacs and Abbott, 2007). CASTp topology cal-
culations (Tian et al., 2018) on experimental and homology model PPAR
alpha structures suggest that the PPARA/Ppara ligand binding pockets
from the different species vary in volume (not shown), which may be
implicated in these differential efficacies.

Short-chain PFAAs have been shown to have a higher elimination
rate and a lower bioaccumulation potential and are currently being
evaluated for replacing the commercial use of PFOA and PFOS
(Bowman, 2015). It is therefore interesting to notice that the short-chain
PFAAs, i.e. PFBA and PFBS, did not demonstrate any agonistic potential
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gmPpara + PFOA

Omega loop
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to gmPparla. This is in agreement with other studies showing that short-
chain PFAS have relatively low activity and weaker binding affinity
towards nuclear receptors in comparison to long-chain PFAS (Goodrum
et al., 2021). It has thus been assumed that shorter-chain PFAS are less
toxic, although more and more studies are questioning this assumption.
Nevertheless, it must be emphasized that short-chain PFAAs are as
persistent in nature as long-chain PFAAs and more knowledge regarding
other possible adverse effects of the new generation of PFAS molecules
on wildlife and humans are still of great demand.

Similar to Ppargs in teleosts, it has been reported that also Ppara in
several teleost species contain additional amino acids in their omega
loop region in comparison to the human ortholog (You et al., 2017,
Boukouvala et al., 2004, Raingeard et al., 2009, Kondo et al., 2007). In
gmPpara2, the additional stretch of 17 amino acids in the omega loop
may explain the observed discrepancies between gmPparal and
gmPpara2 regarding both PFAAs activation, as well as the differences in
activation profiles produced by WY14643. This was supported by ho-
mology modeling of the gmPpara 3D structure, which confirmed that the
longer loop extension in gmPpara?2 is situated between H1 and H3 near
the ligand-binding pocket, as well as in close proximity to the cor-
egulator binding site. The ligand-docking analyses of PFOA to the
gmPparal and gmPpara2 3D models further indicated that the carboxyl
group of PFOA was positioned in a favorable orientation in the ligand-
binding pocket for stabilizing the LBD and promoting an active
conformation of the gmPparal. A similar orientation was also observed
in the crystal structure of human PPARG complexed with decanoic acid
and the PGC-la coactivator peptide (Malapaka et al., 2012). Ligand
docking analyses also produced favorable orientations of the other
PFAAs that activated gmPparal (i.e. PFHxXA, PFNA, and PFHxS),
demonstrating a good agreement between the observed experimental

gmPpara+PFOA+PFOS
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Fig. 7. Results from the double ligand
docking analyses and molecular dy-
namics simulations of gmPparal and
gmPpara2. The RMS fluctuations are repre-
sented by a putty drawing. The thicker, more
intensely red colored tube, the greater the
flexibility. a) gmPparal with PFOA, b)
gmPparal with PFOA and PFOS, c¢)
gmPpara2 with PFOA, and d) gmPpara2 with
PFOA and PFOS. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

ligand-activation results in vitro and those obtained in silico. In contrast,
the docking results showed that PFOA does not find an energetically
favorable position in gmPpara2. Potential consequences of this result
were highlighted by molecular dynamics (MD) simulations demon-
strating that the loop region between H1 and H3, which is the region
where the additional amino acids are situated in gmPpara2, is more
flexible in gmPpara2 than in gmPparal and may therefore interfere with
ligand and/or co-activator binding. Despite failing to activate either of
the cod Ppara subtypes, the docking calculations positioned PFOS in a
more favorable orientation in the gmPpara2 ligand-binding pocket,
while its orientation was more varied in gmPparal. However, the MD
simulations of these complexes indicated high flexibility in the H1-H3
region of gmPparal and gmPpara2, which suggests structural insta-
bility in both LBDs and a possible explanation for the inability of PFOS to
activate either gmPparal or gmPpara2. Notably, a similar difference in
binding of PFOA and PFOS has been observed with another nuclear
receptor. Beggs et al. (2016) reported that in silico docking of these two
compounds to HNF4 alpha, an orphan receptor believed to bind fatty
acids, showed that PFOA orients into a similar conformation as the
endogenous ligand, while PFOS bound to a different binding site and
had a different conformation compared to either the endogenous ligand
or PFOA.

Binary exposures with a PFAA together with either the WY14643 or
GW501516 model-agonists caused an unprecedented potentiation (in-
crease) of the gmPparal/gmPpara2 and gmPparb receptor activities,
which may suggest the existence of a second binding site for PFAA
molecules. Moreover, a binary exposure of Pparal with PFOA and PFOS
revealed that PFOS potentiated the PFOA-mediated Pparal activation,
demonstrating that this interaction effect also can occur in the presence
of a PFAA agonist. Notably, it has previously been demonstrated that
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two WY14643 molecules can bind simultaneously to two different sites
in a crystal structure of human PPARA (Bernardes et al. (2013). One of
the WY14643 molecules binds conventionally in the ligand-binding
pocket and stabilizes the positioning of H12 in the active receptor
conformation, while the second molecule binds to an alternative site
sandwiched between the flexible omega loop and H3, and its carboxyl
end is in contact with the residues E251, K266, and H274 (marked with
%, Fig. 1). Mutagenesis of the non-canonical binding site combined with
functional analyses suggested that human PPARA becomes activated in a
bipartite manner where binding of the second WY14643 molecule
further stabilizes helix 12 in a fashion that promotes the interaction with
coactivator proteins (Bernardes et al., 2013). Two of these amino acids
in the second binding site for WY14643 in human PPAR are conserved in
gmPparal, apart from the conservative substitution of K266R. On the
other hand, this site appears to be disrupted in gmPpara2 where two of
these residues are substituted with amino acids possessing other chem-
ical properties, i.e. K266G and H274L.

In human PPARA, the aromatic rings of WY14643 makes hydro-
phobic contacts with 1241, 1L.254, 1272, C275, V332, among others in the
second binding site. These amino acids are conserved in both gmPparal
(1289, L302, 1323, €326, V383) and gmPpara2 (1240 L253, 1287, C290,
V347), and equivalent residues in human PPARG are 1249, 1262, 1281,
C285 and 1341, respectively. These human PPARG amino acids consti-
tute an alternative binding site previously identified by Hughes et al.
(2014a) using NMR analysis. In the average structure calculated from
the end of the simulation of gmPparal complexed with PFOA and PFOS,
the PFOS molecule makes contacts with 1289, 1323, C326 Val383 in the
alternative binding site. Such interactions could provide an explanation
for the mechanism of the potentiating effect of PFOS on the PFOA-
mediated activation of the gmPparal subtype observed in the lucif-
erase reporter gene assay. Different scenarios of “hyperactivation”
through allosteric coupling of the human PPARG by a second ligand
have also been suggested by e.g. 1) binding of two molecules of the same
ligand, one to the canonical binding site and stabilizing LBD, and the
second ligand to an alternative site, or 2) binding of a second ligand
when the canonical LBD was already occupied and stabilized by an
endogenous ligand (Hughes et al., 2014b). For the nuclear receptor PXR,
it has been demonstrated that mixtures of xenobiotics that individually
exhibited low efficacies could act together to synergistically activate this
receptor. Crystallographic studies revealed that PXR can accommodate
multiple binding modes, including those where two different xenobi-
otics are bound simultaneously in the ligand binding pocket (Delfosse
et al.,, 2021). Although our experimental data and in silico analyses
support a scenario where a PFAA molecule binds to a putative second
binding site in the gmPpar protein structures, the binding site for PFAAs
is perhaps not the same as the second binding site for WY14643 in
human PPARA and may also not be common for the different Atlantic
cod Ppar subtypes. However, the molecular dynamics simulations sug-
gest that PFOS could bind in an alternative binding site that exploits
similar interactions as WY14643 in human PPARA.

A recent in vivo study demonstrated that exposure to a PFAA-mixture
consisting of PFOS, PFOA, PFNA and PFTrDA, at environmentally rele-
vant concentrations affected the Ppar signaling pathways in Atlantic cod
liver (Dale et al., 2020). Here, we provide supporting data by demon-
strating that PFOA and PFNA can act as agonists and activate gmPparal
in vitro. In addition, we have demonstrated that simultaneous exposure
to PFOA and PFOS potentiates the activity of gmPparal, where PFOS
significantly enhanced the receptor activation compared to the activa-
tion observed with PFOA alone. Wolf et al. (2014) also reported inter-
action effects in a binary mixture of PFOA and PFOS when exposing
human PPARA, although the predicted effect was additive in the lower
concentration range (1-32 pM), the effect exceeded the predicted ad-
ditive response at higher concentrations. In contrast to gmPparal, the
co-exposure of PFOA and PFOS did not activate gmPpara2, thereby
inferring that the presence of a ligand that is able to bind and stabilize
the LBD is essential to allow for a second ligand to modulate Ppara2
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activity via another interaction site. The double-ligand docking, and
molecular dynamics simulations provided support to this theory, as the
double-ligand complex (gmPpara2 + PFOA + PFOS) did not show any
additional structural stability in the flexible omega loop with respect to
the single ligand complex gmPpara2 + PFOA. The results presented in
this study suggest that a PFAA, seemingly unable to activate Ppara, may
potentiate the toxicity when co-occurring in conjunction with a
receptor-activating PFAA congener. This finding also emphasizes one of
the major shortcomings in performing only single compound risk
assessment.

In summary, the hinge region and LBD from gmPparal, gmPpara2,
gmPparb, and gmPparg were cloned and further subjected to functional
characterization of ligand activation using Gal4/UAS-based luciferase
reporter gene assays. PFHxA, PFOA, PFNA, as well as PFHxS, activated
solely the gmPparal subtype. In accordance with other studies, we could
observe a relationship between receptor activation and carbon backbone
length, as well as the functional group of the PFAAs. Intriguingly, a
potentiating effect was observed when exposing the gmPparal/a2 and
gmPparb to a binary combination of one PFAA and the corresponding
model-agonist, as well as when co-exposing gmPparal to PFOA and
PFOS. This suggests that PFAS molecules that on their own are unable to
act as Ppar agonists may still modulate receptor activities when present
together with an agonist. PFAAs are continuously released into the
environment as they are still being used for commercial purposes. The
compiling indications of gmPpars having a second binding site in their
LBDs make PFAAs (singly or in mixtures) possible modulators of gmPpar
signaling pathways, but acting in an unprecedented fashion. PFAAs
disrupting the lipid- and energy metabolism through Ppar activation in
Atlantic cod could potentially lead to adverse effects affecting physio-
logical parameters such as growth, reproduction, and survival, a finding
that is potentially transferrable to other teleost species.
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