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Abstract

Synthetic Glucocorticoids (GC) are prescribed to treat a variety of medical conditions. Similar, to other pharmaceuticals they have been
detected in aquatic environments and are contaminant of emerging concern. GCs act via binding to the Glucocorticoid Receptor (GR) to induce
or repress target gene expression. In teleost fish a whole genome duplication event resulted in a duplication of the GR genes. These genetically
distinct GRs have been retained in almost all fish studied to date. Functional transactivation analysis of teleost GRs has only occurred in a few
species and reveal 3 groups: those species with startling divergent transactivation sensitivities with GR2, being hypersensitive, whilst GR1,
hyposensitive; species with a moderate divergence in sensitivities and those species with no divergence. The salmonid rainbow trout is a fish
that has a hyper and hyposensitive GR. The molecular trait that confers hyposensitivity in trout is found at the protein’s N-terminus. Comparisons
between other salmonid and related species GR sequences show that this group of fish possess a conserved 6 or 7 amino acid extension at the
N-terminus. This is not present in the other ~70 species where genetic information is available. Thus, a hypothesis is that salmonid fish that
are important recreational fishing and aquaculture species maybe more susceptible to synthetic GC contamination due to the retention of a
hypersensitive GR. This is an example of the use of comparative genomics and in vitro gene functionality assays to predict species that may be
vulnerable to classes of pollutants.
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Introduction

a vast array of cellular and physiological functions, being involved
in immune function, metabolism, cell growth, development,
behaviour and the cardiovascular system [6]. A further WGD
event occurred in the basal teleost lineage and the majority of
teleost studied to date possess duplicated GRs, but only a single
MR, with one duplicate MR being lost [4]. The exemption to this
is the zebrafish which have lost the duplicated GR and thus only
express one GRand MR [7]. The retention of 2 GRs potentially adds
a layer of complexity in understanding the mechanisms by which

The steroid receptor-signalling pathway is an example of
a complex physiological system whereby a ligand, its receptor
and several co-activators or co-repressors interact to control a
diverse array of cellular processes. Studies have shown how the
steroid receptor family evolved from its simplistic deuterostome
origins to the myriad of receptors and ligands of protostomes [1-
3]. In the vertebrates, a whole genome duplication event in the
early vertebrate lineage approximately 500MYA resulted in the

duplication of an ancestral Corticosteroid Receptors (CR) gene [4]. these receptors regulate basic physiological processes in fish [3].

Over time, the duplicated CR genes have evolved new functions, But it is still unclear whether the two fish GRs regulate different,

resulting in the Mineralocortioid (MR) and Glucorticoid Receptor
(GR) which are found in extant tetrapods and sharks [5]. In
landbased vertebrates, the MR and associated Mineralocorticoid

or indeed the same, processes and there is no clear physiological
role identified yet for the MR. In medaka knockout of the MR using
Transcription Activator-Like Effector Nuclease (TALEN), suggests
a novel role in recognition of visual motion stimuli suggesting
the ancestral role for the MR may be linked to behaviour [8].

(MC) hormone aldosterone are implicated in the maintenance
of mineral homeostasis at a systemic and cellular level, whereas
Glucocorticoids (GC), such as cortisol or corticosterone, influence
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Due to the vast number of physiological processes the GC/GRs
influence, they are targets for drug development. These include
the synthetic GCs beclomethasone - used in a spray form to treat
asthmas and in a cream for psoriasis - prednisolone used to treat
allergies, blood disorders, skin diseases, infections and some
cancers and dexamethasone, which has recently been used to help
Covid-19 patients. GCs are thus widely prescribed for a variety of
ailments [9]. Their structure is often modified to include chloride
or fluoride atoms to increase stability and persistence and once
ingested may pass through the body without being transformed
[10]. Thus, they enter our sewage system through excretion or
via disposal of unused medication down the toilet. Synthetic GCs
are not readily removed by wastewater treatment plants and find
their way into the aquatic environment. Predicted concentrations
in the rivers of the Thames catchment in the United Kingdom,
based on the number of prescriptions prescribed, are in the
ng/L concentrations [11] and measured concentrations in other
rivers are similar [12,13]. In the laboratory, exposure of fathead
minnow to environmentally relevant concentrations (10ng/L)
of the synthetic GC, Beclomethasone Dipropriate (BcD) causes
increased gluconeogenesis and immunodepression [14,15].
Zebrafish embryos exposed to 0.1-1 pg/L prednisolone show
perturbations to development and behaviour [16,17]. Thus,
environmentally relevant concentrations of GCs cause adverse
effects in non-target organisms and are contaminants of emerging
concern and endocrine disrupting chemicals.

Current knowledge of the transactivational activity properties
exists for only 7 fish species’ CRs (Table 1). The transactivation
assays involve insertion of the full-length coding region of each
receptor into an expression vector. Cell lines are then transfected
with the expression vector as well as a reporter plasmid
containing the Glucocorticoid Response Element (GRE) upstream
of a luciferase gene. Once the cells express the receptor to which
they are exposed, GCs and the GC/GR complex bind to the GRE
to induce luciferase synthesis. In this system, the teleost MR is
activated at lower concentrations of the natural hormone cortisol
than one or both GRs, similar to the scenario in mammals. Fish
do not synthesise aldosterone and it has been proposed that
11-deoxycorticosterone is its natural ligand in fish (Table 1),
however, the ancestral ligand for the MR is debated [18]. From
this data the other 2 teleost fish CRs, GR1 and 2, can be placed into
one of 3 categories based on their transactivation characteristics:
Category 1, species with startling divergent transactivation
sensitivities between the GRs, with GR2, being hypersensitive,
whilst GR1, hyposensitive; Category 2, species with a moderate
divergence in sensitivities and Category 3, those species with no
divergence in sensitivities (Table 1). This hypo/hypersensitivity
trait has emerged in two unrelated species, whose lineages are
separated by approximately 90 million years ago [19], the rainbow
trout and Japanese medaka, belonging to the Salmoniformes and
the Beloniformes, respectively.

Table 1: Cortisol induced transactivational activity for the known teleost CRs.

Cortisol EC50 (nM) for teleost CRs
Species Sensitivity Category
GR1 GR2 MR
Rainbow trout (Oncorhynchus mykiss) 46nM 0.72nM 1.1 nM 1[22,24]
Japanese medaka (Oryzias latipes) 57nM 0.85pM 12.05PM 1[23]
Common carp (Cyprinus carpio) 7.1nM 2.4nM 4.1nM 2 [25]
Butterflyfish (Pantadon buchholzi) 10.4nM 2.7nM 2 [26]
Burton’s mouthbrooder (Astatotilapia burtoni) 5.4nM 3.6nM 0.02nM 3[27]
Marine Medaka (Oryzias dancena) 21.8nM 9.9nM 2[28]
Zebrafish (Danio rerio) 10.1nM 0.59nM [18]

We have previously identified regions of the GRs that
conferred GR hypo- and hypersensitivity in rainbow trout [20].
The C-terminus of the rainbow trout GR1 possesses an additional
6 amino acids as well as two amino acid substitutions QK to AL
(Figure 1) [20]. The C-terminus B-strand forms a conserved
-sheet with a B-strand between helices 8 and 9 of the GR
protein, suggesting it is important in stabilising the active ligand/
GR conformation [21]. Thus, a change from a charged (K) to a
hydrophobic (L) side chain or the additional C-terminal amino
acids may be a contributing factor to hyposensitivity [20]. The
other Pro acanthopterygian, which includes the salmonids, GR1s
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also possess these substitutions and the additional amino acids
at the C-terminal and in the Japanese medaka, there is only the
substitution of QK to SS. These substitutions are not seen in other
teleost GR sequences studied to date [4], and it is only in these two
species where a hypersensitive GR has been observed.

In the study where physiological effects were observed in
fathead minnow, plasma concentration of BcD reached a human
therapeutic dose of between 2-28nM (1-15pg/L) [13]. The fathead
minnow GRs transactivation properties have not been assessed,
but this plasma concentration is between 2.7 and 38-fold higher
than the BcD EC50 for the hypersensitive rainbow trout GR2 and

ble to the Class of Contaminants of Emerging Concern the Synthetic

Glucocorticoid?. Open Acc J of Toxicol. 2021; 4(5):5565650. DOI: 10.190800AJT.2021.04.555650


http://dx.doi.org/10.19080/OAJT.2021.04.555650

Open Access Journal of Toxicology

22.4 to 1.6 lower than the EC50 for the hyposensitive rainbow
trout GR1 [22]. The Japanese medaka’s GR2 is incredibly ~1000
fold more sensitive to the natural hormone cortisol [23] compared
to rainbow trout GR2, whilst the other Japanese medaka GR, GR1,

is similar in sensitivity to the rainbow trout GR1 (Table 1). It can
be hypothesised that species in category 1 are more susceptible
to aquatic synthetic GC pollution because one of their GRs will be
activated at a lot lower plasma GC concentrations [24-28].

e N
PikeGR1 LSVEFPDMLAEITIISNQLPKFKDGSVKPLLFHNALNHDOMP
PikeGR2 LSVEFPEMLAEIISNQLPKFKAGSVKPLLFHQOK
RtrouGR1 LSVEFPEMLAETISNQLPKFKDGSVKPLLFHALNHDTMP
RtroutGRZ2 LSVEFPEMLAETISNQLPKFKAGSVKPLLFHQOK
AsalmGRI1 LSVEFPEMLAEIISNQLPKFKDGSVKPLLFHALNHDTMP
AsalmGRZ2 LSVEFPEMLAEIISNQLPKFKAGSVKPLLFHQK
MarenaGR1 LSVEFPEMLAETIISNQLPKFKDGSVKPLLFHALNHDTMP
BtroutGR1 LSVEFPEMLAETIITNQI PKFKDGSVKPLLFHALNHDTMP
PerchGR1 FSVEFPEMLAETITITNQIPKFKDGSVKPLLFHQK
PerchGR2 LSVEFPEMLAETITISNQLPKFKAGSVKPLLFHQR
StickleGR1 LSVEFPEMLAETITISNQIPKFKDGSVKPLLFHQK
StickleGR2 LSVEFPEMLAETITISNQLPKFKAGSVKPLLFHQR

Figure 1: The C-terminal of the Protacanthopterygii GRs (European Pike, Pike GR1 and GR2; Rainbow trout, Rtrout Gr1 and GR2;
Atlantic salmon, AsalmGR1 and GR2; Marena whitefish, MarenaGR1 and Brown trout, Btrout GR1) and for perch and stickleback GR1
and GR2. Accession numbers: Northern pike, GR1 XP_010869409.1, GR2 XM_010871111.2; Atlantic Salmon GR1 XP_014053534.1,
GR2 XP_014054152.1; Brown trout GR1 AY863149; rainbow trout GR1 Z254210.1, GR2 AY495372.1; Marena whitefish GR1 CEP28034;
European perch GR1 EU861040.1, GR2 KC847473.1 and the stickleback, GR1 ENSGACT 00000027452, GR2, ENSGACT 00000024121.
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Conclusion 3. Baker ME (2019) Steroid receptors and vertebrate evolution. Mol Cell

Identifying the risks associated with exposure to emerging
contaminants of concern to aquatic organisms is required to
enable the appropriate regulatory measures to be implemented
and mitigation to be prioritised. Pollution is one factor that is
influencing the biodiversity loss [29] we are witnessing globally
and combating pollution is an integral component of several
the United Nations Sustainable Development Goals. The use of
comparative genomics and in vitro gene functionality assays can
be used to predict those species that may be vulnerable to classes
of pollutants. Using this approach suggests that salmonids may be
more susceptible to synthetic GCs than other fish species. However,
without knowing the gene pathways the receptors control, we are
unable to predict the physiological consequences of activations of
the more sensitive GR. This is applicable to the health of both feral
fish in rivers receiving wastewater treatment plant effluent and
caged farmed fish located in waters close to large conurbation.
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