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ARTICLE INFO ABSTRACT

Keywords: p-adrenergic receptors (BARs) belong to a key molecular targets that regulate the most important processes
G protein-coupled receptor occurring in the human organism. Although over the last decades a zebrafish model has been developed as a
Physiology

model complementary to rodents in biomedical research, the role of $2AR in regulation of pathological and
Anxiety behavior toxicological effects remains to elucidate. Therefore, the study aimed to clarify the role of f2AR with a particular
Homology modeling emphasis on the distinct role of subtypes A and B of zebrafish p2AR. As model compounds selective f2AR agonists
Zebrafish — (R,R)-fenoterol ((R,R)-Fen) and its new derivatives: (R,R)-4’-methoxyfenoterol ((R,R)-MFen) and (R,R)-4’-
methoxy-1-naphtylfenoterol ((R,R)-MNFen) — were tested. We described dose-dependent changes observed after
fenoterols exposure in terms of general toxicity, cardiotoxicity and neurobehavioural responses. Subsequently, to
better characterise the role of ps-adrenergic stimulation in zebrafish, we have performed a series of molecular
docking simulations. Our results indicate that (R,R)-Fen displays the highest affinity for subtype A of zebrafish
B2AR and P2pAR might be involved in pigment depletion. (R,R)-MFen shows the lowest affinity for zebrafish
B2ARs out of the tested fenoterols and this might be associated with its cardiotoxic and anxiogenic effects. (R,R)-
MNFen displays the highest affinity for subtype B of zebrafish f2AR and modulation of this receptor might be
associated with the development of malformations, increases locomotor activity and induces a negative chro-
notropic effect. Taken together, the presented data offer insights into the functional responses of the zebrafish
B2ARs confirming their intraspecies conservation, and support the translation of the zebrafish model in phar-
macological and toxicological research.

Toxicology

1. Introduction noradrenaline — potent and nonselective BAR agonists, which bind to the
receptor, activate intracellular cyclic adenosine monophosphate sig-

B-adrenergic receptors (BARs) belong to a key molecular targets that nalling, trigger ’downstream’ signals, and therefore promote a response
regulate the most important processes occurring in the human organism. from effector organs [1]. In humans, three types of BARs are distin-

The two endogenous ligands that stimulate the BARs are adrenaline and guished - subtype B1AR, B2AR and BsAR. p1AR is predominantly located

Abbreviations: f-OH, p-hydroxyl moiety; BAR, B-adrenergic receptors; TM, transmembrane domain; LCso, half-maximal lethal concentration; HB, hydrogen bond;
hpf, hours post-fertilisation; COI, compound of interest; R,R-MNFen, (R,R)-4’-Methoxy-1-naphtylfenoterol; R,R-MFen, (R,R)-4’-Methoxyfenoterol; R,R-Fen, (R,R)-
Fenoterol; R,R/S,S-Fen, (R,R)/(S,S)-Fenoterol.

* Corresponding author at: Department of Biopharmacy, Medical University of Lublin, 4a Chodzki Street, 20-093 Lublin, Poland.
** Corresponding author.
E-mail addresses: monikamaciag@umlub.pl (M. Maciag), anita.plazinska@umlub.pl (A. Plazinska).

1 ORCID 0000-0002-9866-9612.

2 ORCID 0000-0003-1427-8188.

3 ORCID 0000-0003-1047-2186.

4 ORCID 0000-0001-6018-5092.

5 ORCID 0000-0002-3698-2574.

https://doi.org/10.1016/j.biopha.2023.114355

Received 8 November 2022; Received in revised form 30 January 2023; Accepted 31 January 2023

Available online 3 February 2023

0753-3322/© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:monikamaciag@umlub.pl
mailto:anita.plazinska@umlub.pl
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2023.114355
https://doi.org/10.1016/j.biopha.2023.114355
https://doi.org/10.1016/j.biopha.2023.114355
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2023.114355&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Maciag et al.

in the area of the heart [2], f2AR is distributed in the pulmonary, car-
diovascular, digestive, reproductive and central nervous systems [3],
whereas p3AR distribution is mainly limited to adipose tissue and the
gastrointestinal tract [4]. The p2AR stimulation causes smooth muscle
relaxation, which may result in bronchodilation, as well as vasodilation
of uterine and liver muscles [5]. The clinical use of drugs that act on
B2AR is effective in a range of pulmonary diseases, including asthma and
chronic obstructive pulmonary disease, and there is no comparable
alternative to treat patients. What is more, $2AR has been extensively
studied as a new potential target for the therapy of complex disorders,
including heart disease [6], cancer [7,8], diabetes [9], obesity [10], as
well as its neuroprotective [11] and anti-inflammatory [12,13] prop-
erties have been demonstrated. Significant progress was recently made
towards answering the question on the role of stimulation of AR in
cardioprotection [2]. Although the hypothesis that B>AR can be
contributed to cardioprotection initially seemed surprising, since
adrenaline and noradrenaline were well-known to induce toxic effects
on the heart, i.e. an excessive level of catecholamines induces myocar-
dial destruction, reduces myocyte number and increases cardiomyocyte
necrosis [14], further studies demonstrated that a knock-out of f2AR
even exacerbated mortality and cardiomyocyte apoptosis in response to
catecholamine stimulation in rodents [6]. Detailed research elucidating
the switching role of PARs in cardiotoxicity/cardioprotection summed
that B;AR is mainly involved in cardiotoxicity, whereas f2AR takes part
in cardioprotection [15]. On the other hand, in recent years there has
been a growing interest in the potential use of p2AR agonists for cancer
management. }»AR modulation was proved effective against melanoma
[16], pancreatic [17] and glioma [18] cell lines mortality and motility.
Therefore, these dual therapeutic effects of AR agonists, i.e. car-
dioprotective and antitumor, can be helpful, in particular, in the new
emerging field of the cardio-oncology.

As B2AR has arisen as a promising molecular target for the therapy of
a broad set of disorders, the new sub-type selective f2AR agonists were
synthesised and tested for the B,AR activity and selectivity [19]. The
most selective f2AR agonists with a complex pharmacological profile are
fenoterol and fenoterol derivatives. Fenoterol has been shown to have
97.7 times higher selectivity for the human 2AR than for f;AR and 43.7
times higher selectivity for f2AR than for f3AR [20]. Nevertheless, along
with a dose-related loss of B2AR selectivity, fenoterol is able to cross--
react with p;AR and PsAR. It is often assumed that the side effects of
B2AR agonists are associated with drug overdose due to the stimulation
of B1AR [5]. It has been also shown that fenoterol stimulates the f3AR
and the selective p3AR antagonist — L-748,337 — is able to block this
activation [21]. However, comparing a selective poAR antagonist —
ICI-118,551 — with the selective f3AR antagonist, the former one is more
potent as a fenoterol blocker [22]. Although (R,R)/(S,S)-fenoterol ((R,
R)/(S,S)-Fen) is clinically used in the therapy of asthma, its adminis-
tration is limited by cardiac adverse events, including myocardial
repolarisation abnormalities observed in vitro [23] and in clinical [24]
studies. As mentioned before, for the reason that ;AR is mainly impli-
cated in cardiotoxicity, searching for more selective foAR stimulants was
conducted, concluding that the methoxy group and the aromatic moiety
on the aminoalkyl region of the fenoterol molecule contribute to
increasing P2AR subtype selectivity [25]. Additionally, Jozwiak and
colleagues [26] highlighted a significant role of fenoterol’s stereo-
chemistry on the AR system’s activation. Even though from a chemical
perspective enantiomers elicit similar properties, this enantiomeric
specificity might be crucial for agonist-mediated functional responses
from the stimulated receptor [5]. These discoveries led to the synthesis
of new compounds, among many these were: (R,R)-fenoterol ((R,
R)-Fen), (R,R)-4’-methoxyfenoterol ((R,R)-MFen) and (R,R)-4’-methox-
y-1-naphtylfenoterol ((R,R)-MNFen).

B2AR can signal either through G proteins or through p-arrestin [27,
28] and there are several groups of ligands that are able to activate
different signalling patterns; for instance, paths acting through different
G proteins, G protein vs f-arrestin or are biased from other signalling
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readouts [27,29]. Importantly from the cardiovascular research stand-
point, it has been shown that the inhibitory G; signalling of p2AR be-
comes exaggerated in heart failure causing various adverse structural
and functional consequences in the heart [29]. On the other hand,
B-arrestin has been shown to be cardioprotective, as it inhibits apoptosis,
inflammation and attenuates adverse cardiac remodelling [28]. There-
fore, the development of novel drugs that show biased agonism towards
the stimulatory G or f-arrestin might have new therapeutic potential.
(R,R)-Fen, (R,R)-MFen and (R,R)-MNFen differ in relation to their
selectivity towards the G proteins (stimulatory G and inhibitory G;). A
previous study showed that (R,R)-Fen and (R,R)-MFen belong to
Gs-biased P2AR agonists, whereas (R,R)-MNFen is unbiased in terms of
B2AR-G/G;j signalling, i.e. couples both Gg and G; protein to f2AR [30].
The continuation of this study was to characterise the p-arrestin-biased
agonism of B2AR for (R,R)-Fen and (R,R)-MNFen, among many other
compounds [29]. Woo and co-authors [29] showed that (R,R)-Fen and
(R,R)-MNFen activate G slightly stronger than f-arrestin, but the ligand
biases for these proteins have no difference compared with that of
(R)-isoprenaline, a non-biased agonist of AR used as the reference
compound. In spite of the fact that the fenoterol and its derivatives have
been extensively studied to define their pharmacological properties,
especially in the management of heart disease and cancer [6], it still
remains unclear how they affect a whole body, and what undesirable
effects on living organisms we could expect.

In recent years, a zebrafish (Danio rerio) model has emerged as a
powerful system to evaluate the effects of new compounds during the
initial phase of the drug discovery process [31,32]. External fertilisation,
small size and optical transparency allow for phenotypic screening of
thousands of embryos in a living whole animal. This provides a signif-
icant advantage for zebrafish, since permits screening on a scale beyond
what is now available in the other vertebrate models. Zebrafish shares
70 % of their genome with humans, and above 80 % of human disease
genes have a counterpart in zebrafish [33]. Molecular pathways, re-
ceptors and enzymes are analogous between zebrafish and humans,
which provides an intraspecific conservation of the functional activity of
drugs. Evidence from more than 20 years of zebrafish-based drug
screenings confirms that the zebrafish model can be successfully used to
recognise new therapeutic candidates, e.g. leflunomide, an agent iden-
tified in zebrafish, is in phase I of a clinical study to treat melanoma
[31], and to model a wide array of diseases, including heart failure,
cancer, liver disease, inflammation and psychiatric disorders [34].
Another unique advantage is that zebrafish are characterised by rapid
development during early embryonic stages. The development of most
organs is mostly completed between 48 and 72 h post-fertilisation (hpf).
Heart beating and blood flow circulation is initiated as early as 24 hpf
[35], and the first spontaneous movements appear around 18 hpf [36],
and are further turned into complex swimming repertoires, e.g. loco-
motor response within 96 hpf. While embryonic zebrafish were initially
used for the evaluation of environmental contaminants in toxicological
studies, in recent years increasing numbers of research have focused on
the use of zebrafish in the field of pharmaceutical toxicology, confirming
interspecies translation of this model [37-39].

Little is known about the $2AR system in zebrafish so far. Catechol-
aminergic cells are observed in zebrafish embryos as early as 24 hpf
[40]. Five BARs were distinguished; one B;AR, two distinct 2ARs
(herein termed P2pAR and PopAR) and two distinct f3ARs (PsaAR and
B3gAR) [41]. The zebrafish 2ARs are two distinct proteins encoded by
genes adrb2a (location: chromosome 14) and adrb2b (location: chro-
mosome 21). Both type of zebrafish f2ARs are orthologous to the human
B2AR [41]. An important difference between forms A and B of f2ARs in
zebrafish is the expression profile; type A of f2ARs is highly expressed in
the brain and skin, whereas type B is predominant in skeletal muscle,
liver and pancreas. In regard to other zebrafish receptors, p1AR is
expressed abundantly in the brain, heart and eye, whereas 3ARs are
restricted to the blood [41]. Both B2ARs variants are involved in the
regulation of cardiac functions; however, they may have specific
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functions. While p;AR and B2ARs are able to initiate the stimulatory Gg
protein, one or both zebrafish p2ARs may reduce cardiac functions by
interacting with the inhibitory Gj protein [42]. Furthermore, the
involvement of p2ARs has been highlighted in neuropharmacological
studies in zebrafish [43]; type A of zebrafish f3ARs may be able to
regulate the development of pigmentation [41] and the role of p; AR and
B2BAR during body axis straightening was recently pointed out by Wang
and co-authors [44].

In our study, we have evaluated the toxicological and pharmaco-
logical effects of selective f2AR agonists, i.e. (R,R)-Fen, (R,R)-MFen and
(R,R)-MNFen in embryonic zebrafish, which are parallel in respect to
enantiomeric specificity. Here, we described the whole organism
changes observed after these drugs’ exposure in terms of general
toxicity, cardiotoxicity, and neurological and behavioural responses.
Subsequently, to better characterise the role of pp-adrenergic stimula-
tion in zebrafish, we have performed a series of molecular dockings
aimed at elucidating the molecular details of interactions between the
two subtypes of zebrafish p2AR and ligands binding them, i.e. both the
fenoterol, fenoterol derivatives and B2AR agonists ((R)-adrenaline, BI-
167107 and (R,R)-formoterol).

2. Material and methods
2.1. Preparation of drugs

Chemicals were prepared in the zebrafish medium (pH 7.1 - 7.3; 5.0
mM NacCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) and diluted
to the final test concentrations immediately prior to the experiments. (R,
R)-Fen, (R,R)-MFen and (R,R)-MNFen were synthesised as described
previously [25]. The chemical structures of the tested compounds are
depicted in Fig. 1A.

2.2. Zebrafish maintenance

Zebrafish (Danio rerio) embryos were provided by the animal facility
at the Experimental Medicine Center, Medical University of Lublin,
Poland. Adult, AB strain was maintained at 28.5 °C, on a 14:10 h light/

dark cycle under standard aquaculture conditions. Zebrafish embryos
were collected following natural mating.
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2.3. Ethics declarations

All experiments were conducted in accordance with the National
Institute of Health Guidelines for the Care and Use of Laboratory Ani-
mals and the European Community Council Directive for the Care and
Use of Laboratory Animals of September 22, 2010. All methods
involving zebrafish embryos were in compliance with Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines. For the experi-
ment with larvae up to 120 hpf, the agreement of the Local Ethical
Committee is not required.

2.4. Chemical treatment

The toxicity of chemical substances was assessed using the zebrafish
model according to modified OECD Guidelines for the Testing of
Chemicals [45]. The experimental design scheme is depicted in Fig. 2A.
At least 48 embryos per treatment group were randomly selected and
transferred to 6-well plates filled with 2 mL of the compound of interest
(COI) in gradient concentration and control solution (negative) not later
than 90 min post fertilisation. Embryos were investigated under a light
microscope, and 24 viable fertilised embryos were selected and trans-
ferred to 96-well plates within 3 hpf. Embryos were individually incu-
bated in 200 pL of COI or control solution. Working solutions of the
drugs were refreshed every 24 h. The embryos were exposed to ‘control’
or ‘treatment’ solutions up to 96 h. Plates were kept at 28.5 + 0.5 °C
with a 14:10 h light/dark cycle. Immediately after the experiment,
larvae were euthanised by immersion in the overdose of 15 pM tricaine
methanesulfonate (MS-222) solution (Sigma-Aldrich). Experiments
were performed in two cohorts. Experiments on every cohort were
carried out at least one week apart. Within each cohort, there were two
batches of embryos obtained during two independent matings.

2.5. Toxicity assessment

Developmental toxicity endpoints were examined every 24 h, up to
96 hpf. At 96 hpf, the number of dead embryos was scored and LCsp
(lethal concentration, 50 %) values were generated for each drug. At 24
hpf death was judged by coagulation of embryos, while at later time-
points also by the absence of the heartbeat and the lack of movement
observed for 20 s. Dead embryos were discarded. A test was considered
valid when the mortality in the negative control did not exceed 10 %.
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(R,R)-4’-Methoxyfenoterol

@==0)

Hs

(R,R)-4’-Methoxy-1-naphtylfenoterol

Fig. 1. Chemical structures of fenoterol and fenoterol derivatives. Chemical structure of (R,R)-fenoterol ((R,R)-Fen), (R,R)-4 -methoxyfenoterol ((R,R)-MFen) and (R,
R)-4’-methoxy-1-naphtylfenoterol ((R,R)-MNFen). The chemical structures were drawn in a free online Chem-Space tool (chem-space.com).
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Fig. 2. Experimental design scheme for zebra-
fish treatment with fenoterol and its derivatives
in zebrafish. Animals were exposed to com-

pounds of interest (COI) every 24 h, starting
l’ immediately after fertilisation (hpf). The last
treatment was performed at 72 hpf. Mortality
dose-response curves were generated for data
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obtained at 24 and 96 hpf. Spontaneous coiling

activity was monitored in 24 hpf embryos.
T T Heart rate was analysed at 48, 72 and 96 hpf.
Hatching and morphological abnormalities
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Larvae Activity to COI (A). To assess anxiety-like behaviours
larvae were exposed to COI starting from 76
hpf. Behavioural analyses were performed at
B C Acclimation Experiment two distinct time points, i.e. 96 hpf and 116 hpf
COol — 76 hpf (B). The anxiety-related behaviour was assessed
LioHT Cl77 258 under the light-dark transition test. The first
l 20 hours 0 10 20 30 40 50 60 10 min were an acclimatisation phase, and then
Anxiety Time (min) equal 10 min of light and dark challenging pe-
assessment 96 hpf riods were an experimental procedure (C).
l 20 hours D Outer Thigmotaxis was used as an indicator of
zone anxiety-like behaviour in larvae (D).
Anxiety 116 hpf
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2.6. Morphological analysis

Larvae were assessed morphologically using a light microscope
(Zeiss Stemi 508 microscope) throughout the experiment. The percent-
age of cardiac abnormalities (pericardial oedema, stretched heart, hae-
morrhage and/or impaired blood flow) was determined at 96 hpf, as the
ratio of abnormal zebrafish over the number of alive zebrafish. Other
types of malformations including head malformation, tail malformation,
growth retardation and pigment depletion were also scored. For imag-
ing, zebrafish larvae were immobilised on 3 % methylcellulose, and the
photos were captured using Zeiss SteREO Discovery.V8 microscope.

2.7. Heart rate assessment

Heart rate was measured in 5 randomly selected larvae per treat-
ment. At 48 hpf and 72 hpf, the heartbeats were counted under a ste-
reomicroscope (Zeiss Stemi 508 microscope) for 20 s. At 96 hpf, the
animals were immobilised on 3 % methylcellulose (Sigma-Aldrich). The
heart was recorded using an AxioCam camera for 20 s per animal (Zeiss
SteREO Discovery.V8 microscope). Heartbeat videos were then analysed
using the DanioScope (Noldus, Wageningen, the Netherlands) software.

2.8. Motor activity measurement

24 hpf embryos were embedded in low melting agarose and their
movements inside the chorion were recorded using an AxioCam camera
(Zeiss SteREO Discovery.V8 microscope) for 20 min. The Danioscope
software was used to quantify the percentage of total time during which
the embryos were active [46]. At 96 hpf larvae were transferred indi-
vidually into a 96-well plate and locomotor activity was recorded for
10 min using Basler GenlCam [acA1300-60] camera and DanioVision
recording chamber. Analyses were performed using the Ethovision XT
15 software (Noldus, Wageningen, the Netherlands) to quantify the
distance swam and velocity under lightening conditions.

2.9. Anxiety-related behaviour assessment

To further evaluate the neuroactive properties of the fenoterol
compounds, zebrafish larvae were exposed acutely to the compounds
starting from 76 hpf (Fig. 2B). 24 larvae per treatment group were
randomly selected and transferred to 24-well plates filled with 1 mL of
the COI in gradient concentration and control solution (negative). The
concentrations were selected based on the toxicological studies, i.e. non-
toxic doses of 1/100, 1/1000 and 1/10000 of LCs, for each compound
were tested. Zebrafish were tested in two separate time points: after 20
(96 hpf) and 40 (116 hpf) hours of exposure. By 96 hpf — 120 hpf, larvae
start to exhibit an array of behaviours, e.g. phototaxis and thigmotaxis,
and therefore are useful for testing numerous neurobehavioral end-
points [47-49]. The same fish were used in both experiments. To
minimise stress from the behavioural procedure, the experiments were
conducted out within 20 h intervals. Working solutions of the drugs
were refreshed every 20 h. The anxiety-related behaviour was assessed
under the light-dark transition test (Fig. 2C). The first 10 min were an
acclimatisation phase, and then equal 10 min of light and dark chal-
lenging periods were an experimental procedure:
light-dark-light-dark-light. Thigmotaxis was used as an indicator of
anxiety-like behaviour in larvae. The percentage of the total distance
moved in the inner zone over the whole area of the well under dark
phases was used to assess the level of anxiety in fish according to Schnorr
and colleagues [50] with a small modification. The changes in anxiety
level were only assessed under dark condition since fish at this devel-
opmental stage do not display adequate and stable level of behavioural
exploration under basal conditions [50]. General locomotor activity was
measured as the total distance moved per one minute time bin, under
different light on/off conditions. Animals were recorded using Basler
GenlCam [acA1300-60] camera and DanioVision recording chamber
and analyses were performed using the Ethovision XT 15 software
(Noldus, Wageningen, the Netherlands).
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2.10. The involvement of f2ARs in the observed effects of the fenoterol
compounds

To evaluate whether the fenoterol compounds act through p2ARs also
in zebrafish, zebrafish larvae were co-treated with (R,R)-Fen and a
highly selective f2AR antagonist: ICI-118,551 hydrochloride (Cayman
Chemical) and the changes in heart rate were examined. 72 hpf zebrafish
larvae were exposed to (R,R)-Fen for 24 h. Pre-treatment of zebrafish
with ICI-118,551 or control solution was conducted two hours prior to
(R,R)-Fen exposure.

2.11. Statistical analysis

For statistical analysis, nonlinear regression was performed on dose-
response mortality data. Four parameters sigmoidal curve was used for
the calculation of concentration that was lethal to 50 % of the animals
(LCsp). Normality was tested using D’Agostino-Pearson omnibus K2
method. F and Brown-Forsythe tests were used to compare variances
between two and more groups, respectively. Hatching rate, morpho-
logical abnormalities and heart rate data were analysed using a two-way
analysis of variance followed by Bonferroni’s post-hoc test. Heart rate
data and behavioural data were analysed using a one-way analysis of
variance followed by Tukey’s post-hoc test. Kruskal-Wallis test with
Dunn'’s posthoc test was used for datasets that failed normality testing or
had significantly different variances. The confidence limit of p < 0.05
was considered as statistically significant. Data were presented as mean
or mean =+ the standard deviation (SD). All analysis was carried out
using Prism v8.3.1 from GraphPad software.

2.12. Receptor structures

Molecular models for subtype A and subtype B of f2AR of zebrafish
were created using comparative modelling techniques. The amino acid
sequences for the two target receptor subtypes were obtained from the
UniprotKB database [51], identifiers: I7GPU6 (length 405) for b2-adre-A
(B2aAR) and F1QBF9 (length 405) for b2-adre-B (f25AR), respectively.
To predict the structures of target receptors in their active conforma-
tions, two experimental structures of the human B>AR-G; protein com-
plex with bound agonist were chosen as templates: PDB IDs: 3SN6 [52]
and 7BZ2 [53], respectively. In both selected structures receptor pre-
sented a fully active conformation. The selected targets included an
incomplete ICL3 structure. The loop coordinates were taken from the
structure of the nanobody-stabilised active state of the human (3AR,
PDB ID: 3POG [54] (chain fragment form Alal74 to Asnl96) after
structural superimposition of receptor structures. The multiple sequence
alignment of amino acid sequences of the two template proteins and the
two targets was performed using ClustalW program [55]. The alignment
was manually optimised in the intracellular loop regions. The homology
modelling procedure was conducted using Modeller ver. 10.1 [56]
resulting in the two distinct molecular models for each receptor sub-
types: A and B.

2.13. Ligand-receptor docking

Molecules of studied ligands ((R)-adrenaline, BI-167107, (R,R)-for-
moterol, (R,R)-Fen, (S,S)-Fen, (R,R)-MFen and (R,R)-MNFen) were
drawn manually by using the Avogadro 1.1.1 software [57] and opti-
mised within the UFF force field [58] (5000 steps, steepest descent al-
gorithm). Optimised ligands were docked to the four homology models
of type A and B of zebrafish p2AR, based on two crystal structures of
human p2AR (see the previous subsection). The docking simulations
were carried out by using the AutoDock Vina software [59]. The pro-
cedure of docking was carried out within the cuboid region of di-
mensions of 20 x 20 x 20 A% which covers all the originally
co-crystallised ligands present in the original PDB structures as well as
the closest amino-acid residues that exhibit contact with those ligands.
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All the default procedures and algorithms implemented in AutoDock
Vina were applied during docking. In addition to the flexibility of the
ligands molecules the residues created the binding site was allowed to
rotate as well. In addition to compounds considered in the experimental
part of the study, the three further ligands were considered in order to
comparison of their binding characteristics with those corresponding to
the available resolved structures of human ppAR-ligand complexes:
BI-167107 (PDB: 3SN6) [52], (R,R)-formoterol (PDB: 7BZ2) [53] and
(R)-adrenaline (PDB: 4LDO) [60].

3. Results
3.1. Negative control group

The mortality and spontaneous malformations in the negative con-
trol group did not exceed 10 % (data not shown).

3.2. Toxicological assessment of fenoterol and its derivatives

Overdose of the drugs that stimulate the f-adrenergic system affects
in particular the cardiovascular and neuromotor systems in humans.
B2AR agonists applied at higher doses lose their selectivity for f2AR, and
therefore f;AR-related effects may be observed, leading to the impair-
ment of cardiac functions, skeletal muscle tremors and an increase in
anxiety level [5]. Since toxicity endpoints directly depend on exposure
level [61], we decided to perform complete dose-response analyses of
the pharmacological and toxicological effects, e.g. mortality rate,
developmental malformation, cardiotoxic and neurotoxic properties, of
fenoterol and its derivatives in embryonic fish.

3.2.1. (R,R)-Fenoterol displayed the lowest mortality rate

The first tested compound - (R,R)-Fen elicited a 50 % lethality (LCs)
at the concentration equal to 5.58 mM, after 96 h of exposure (Fig. 3A).
A significant delay in the hatching rate was observed at the doses of
5.0 mM and 10.0 mM (Fig. 3B). Interestingly, (R,R)-Fen substantially
suppressed the development of pigmentation (Fig. 3C). Representative
photos are provided in Supplemental Information (Fig. S1A). However,
the effect was associated with both mentioned toxicity endpoints, i.e. an
increase in mortality and inhibition in hatching rate. The dose- and time-
ranging heart rate analysis revealed that (R,R)-Fen did not affect the
heart rate at 48 hpf, and only later significantly increased the heart rate
at the lowest tested dose of 0.01 mM at 72 hpf. As expected, the heart
rate decreased with a further increase in the compound concentrations.
(R,R)-Fen reduced heart rate in the doses above 2.5 mM at 72 hpf. The
effect was maintained at the doses of 2.5 mM and 5.0 mM at 96 hpf
(Fig. 3D). (R,R)-Fen enhanced locomotor activity in 24 hpf embryos up
to the doses of 0.25 mM, indicated by an increase in the percentage of
total time during which the embryos were active (Fig. 3E). The effect
was followed by a reduction in the coiling activity. As a result of this
inhibitory effect, the motor activity returned to baseline at the sub-lethal
dose of 5.0 mM. The tested compound changed no distance (Fig. 3F) nor
velocity (Fig. 3G) swam by larvae after prolonged 96 h of exposure.

3.2.2. (R,R)-4’-Methoxyfenoterol reduced heart rate at a wide range of
concentrations

Toxicological assessment of the next tested fenoterol derivative — (R,
R)-MFen showed that the compound displayed similar lethality resulting
in an LCsg value equal to 5.21 mM (Fig. 4A). (R,R)-MFen significantly
reduced the hatching rate at 10.0 mM (Fig. 4B). In contrast to the parent
compound, (R,R)-MFen did not affect morphological development,
including pigmentation (Fig. 4C and Fig. S1B). Regarding cardiac
changes, the heart rate was increased at the dose of 0.1 mM (Fig. 4D)
after 24 h of exposure. With an increase in doses, heart rate returned to
baseline and significantly dropped at 2.5 and 5.0 mM. The effect was
sustained over 72 hpf at 5.0 mM. At 96 hpf, the compound reduced heart
rate at a wide range of concentrations between 0.25 mM and 5.0 mM. 24
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Fig. 3. Toxicity and activity of (R,R)-fenoterol in zebrafish. Effects of (R,R)-Fen on the mortality (A), hatching rate (B), morphological changes (C), heart rate (D),
coiling activity (E), distance (F) and velocity (G) swam by larvae. Nonlinear regression was performed on dose-response mortality data (A) at 24 h post fertilisation
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significant. The p values and n size are depicted below the graphs.

hpf embryos exhibited an increase in spontaneous contractions upon
exposure to the doses of 0.01-5.0 mM (Fig. 4E). There were no signifi-
cant differences between distance (Fig. 4F) and velocity (Fig. 4G) swam
by larvae as compared to control at 96 hpf.

3.2.3. (R,R)-4’-Methoxy-1-naphtylfenoterol induced developmental
malformations

(R,R)-MNFen exhibited around 8-fold higher lethality in comparison
with the above-mentioned compounds, resulting in an LCsg value equal

to 0.65 mM at 96 hpf (Fig. 5A). (R,R)-MNFen did not significantly delay
the hatchability (Fig. 5B), however, was able to induce substantial
morphological abnormalities, i.e. cranial and fin malformations, and
growth retardation starting from the dose of 0.25 mM (frequency 20 %;
Fig. 5C and Fig. S1C). In contrast to the above-described compounds, (R,
R)-MNFen reduced heart beating at nanomolar doses equal to 10 nM and
100 nM, while an increase in heart rate was observed at no point in time
(Fig. 5D). The heart rate inhibition associated with an increase in mor-
tality was observed at the dose of 1.0 mM, as well as 0.5 mM and
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Fig. 4. Toxicity and activity of (R,R)-4 -methoxyfenoterol in zebrafish. Effects of (R,R)-MFen on the mortality (A), hatching rate (B), morphological changes (C),
heart rate (D), coiling activity (E), distance (F) and velocity (G) swam by larvae. Nonlinear regression was performed on dose-response mortality data (A) at 24 h post
fertilisation (hpf) and 96 hpf. Hatching rate (B) and malformation rate (C) are presented as the frequency of occurrence at 72 hpf and 96 hpf, respectively. Data are
presented as mean and were assessed using two-way ANOVA followed by Bonferroni’s post-hoc test. Data are presented as mean =+ the standard deviation (SD) and
were analysed using one-way analysis of variance followed by Tukey’s post-hoc test (heart rate; D: 48 hpf). Kruskal-Wallis test was used for datasets that failed
normality testing or had significantly different variances: heart rate (D: 72 hpf; 96 hpf), coiling activity (E), distance (F) and velocity (G). The confidence limit of

* p < 0.05 was considered as statistically significant. The p values and n size are depicted below the graphs.

0.75 mM, at 48 and 72 hpf, respectively. The effect was maintained at

doses of 0.25mM and 0.5 mM at 96 hpf (Fig. 5D). The compound
increased the time when embryos were active in a clear dose-dependent

manner between 0.005 mM and 0.05 mM doses (Fig. 5E). Then, the
embryonic activity returned to the baseline and it was accompanied by
an increase in both mortality and the frequency of occurrence of
abnormal fish. After 96 h of exposure, (R,R)-MNFen altered neither
distance (Fig. 5F) nor velocity (Fig. 5G) swam by larvae.

3.3. Behavioural assessment of fenoterol and its derivatives

Because the common effects observed after the stimulation of PARs

are tremor, anxiety and sympathetic arousal [62], we further evaluated
whether similar effects are reflected in a zebrafish model. To assess the
effect of fenoterol and its derivatives on locomotor response and
anxiety-like behaviour in fish, we adapted an assay that is used to
measure anxiety in the rodent models. A thigmotaxic response — the
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Fig. 5. Toxicity and activity of (R,R)-4’-methoxy-1-naphtylfenoterol in zebrafish. Effects of (R,R)-MNFen on the mortality (A), hatching rate (B), morphological
changes (C), heart rate (D), coiling activity (E), distance (F) and velocity (G) swam by larvae. Nonlinear regression was performed on dose-response mortality data
(A) at 24 h post fertilisation (hpf) and 96 hpf. Hatching rate (B) and malformation rate (C) are presented as the frequency of occurrence at 72 hpf and 96 hpf,
respectively. Data are presented as mean and were assessed using two-way ANOVA followed by Bonferroni’s post-hoc test. Heart rate data (D), coiling activity (E),
distance (F) and velocity (G) are presented as mean =+ the standard deviation (SD) and were analysed using Kruskal-Wallis test. The confidence limit of * p < 0.05

was considered as statistically significant. The p values and n size are depicted below the graphs.

tendency to move close to the boundaries and to avoid the centre of the
open arena — was used as an index of anxiety. The procedure was
enriched with alteration in light and dark conditions, which was proven
to elevate an anxiety level in larvae at early developmental stages,
demonstrated by a robust increase in a locomotor activity referred to as
the visual motor response [38,50].

Our time-course study showed that the distance swam by larvae
increased under dark conditions at both 96 and 116 hpf. As expected, the
effect stood out at the latter time point in comparison to the former one,

and the older fish were more overall active than the younger ones, which
stays in line with the literature [63] and can be ascribed to less inflated
swim bladder.

The first tested compound — (R,R)-Fen — elicited no behavioural re-
sponses after both 20 h and 40 h of exposure. At the first time point,
none of the tested doses affect the total distance swam (Fig. 6A) and the
distance moved by larvae in the inner zone (Fig. 6B). After 40 h of
exposure, (R,R)-Fen-treated zebrafish showed no change in locomotor
activity (Fig. 6C), and even though the highest tested dose tended to
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The confidence limit of * p < 0.05 was considered as statistically significant. n = 24.

increase thigmotaxis, the effect was not statistically significant (Fig. 6D).

(R,R)-MFen had no effect on fish behaviours at 96 hpf (Fig. 7A and
7B). Further observation revealed that the tested derivative did not
change the distance moved by larvae (Fig. 7C), whereas significantly
decreased the distance moved by fish in the inner zone at all tested doses
of 0.5uM, 5.0 uM and 50 uM in a clear dose-dependent manner
(Fig. 7D), and this indicates an increase in the level of anxiety in fish.

At 96 hpf, acute 20 h of exposure to the next tested compound - (R,
R)-MNFen - did not change locomotor activity nor had an influence on
anxiety-like behaviour in larvae (Fig. 8A and B). The next 20 h of
exposition to the compound significantly increased the distance moved
by larvae at the dose of 6.5 uM (Fig. 8C) and lessened the distance
moved in the inner zone at the dose of 0.65 pM and 6.5 uM (Fig. 8D),
suggesting a similar anxiogenic property of (R,R)-MNFen to that
observed for (R,R)-MFen; however, in this case, it cannot be excluded
that the effect was ascribed to increased locomotor activity. Represen-
tative heatmaps show the anxiety-like behaviour of the individual fish
exposed to fenoterol and its derivatives at 116 hpf.

3.4. B2ARs are involved in the observed effects of the fenoterol compounds
in zebrafish

To evaluate whether the fenoterol compounds act through poARs in
zebrafish, we tested a potent and highly selective p2AR antagonist — ICI-

118,551 - with respect to (R,R)-Fen. For (R,R)-Fen the cardio-
stimulatory dose of 0.01 mM was selected, based on the toxicological
studies (Fig. 3). For ICI-118,551, a minimum inhibitory heart rate con-
centration (i.e. 0.025 mM) and sub-effective concentration (0.01 mM)
were selected, based on our preliminary dose-ranging study (Fig. 9A).
We observed here that (R,R)-Fen significantly increased the heart rate
and the effect was reversed after exposure to both concentrations of ICI-
118,551 (Fig. 9B), confirming an implication of f2ARs in the observed
effects of the fenoterol compounds.

3.5. Molecular docking

3.5.1. General mechanism of agonist binding to zebrafish f2ARs

The structure of the zebrafish p2AR molecule has not yet been
resolved, the two alternative homology models were used instead (see
the Methods section for details). For sake of consciousness in the main
article contains only the results obtained for models relying on the
PDB:3SN6 structure of human poAR (Table S1). The results obtained for
the PDB:7BZ2-based models are given in Supporting Information
(Table S2). Nevertheless, the differences between those two types of
models are of rather minor magnitude and both lead to qualitatively the
same conclusions.

All studied agonists molecules are arranged in the binding cavity of
both p2AR structures (subtypes A and B) in a similar manner, i.e. the
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individual functional groups (the amine and the hydroxyl moieties)
adopt the same orientation in the binding cavity (see Fig. 10). Such
qualitatively similar poses agree with the experimentally-resolved po-
sition of a series of different ligands in a binding cavity of the human
B2AR; for instance: (i) agonists: adrenaline (PDB 4LDO), formoterol
(PDB: 7BZ2), BI-167107 (PDB: 4LDE) and isoprenaline (PDB: 7DHR);
inverse agonist: salbutamol (PDB: 7DHI); and (iii) antagonist: timolol
(PDB: 6PS6), propranolol (PDB: 6PS5) and alprenolol (PDB: 3NYA) [53,
60,64-66]. This clearly demonstrates that the general pattern of in-
teractions between the agonist molecules and f2AR is conserved within
the collective group of human and zebrafish receptors. The results ob-
tained for all docked ligands were presented in Supplemental Informa-
tion (Tables S1 and S2).

3.5.2. Interactions of fenoterol and its derivatives with subtype A of f2AR
($24AR)

In general, the pattern of interactions between fenoterol or its de-
rivatives ((R,R)-MFen and (R,R)-MNFen) and zebrafish f35AR is similar
to that observed for the same compounds bound by human B,AR, as
described in our earlier works [67-69]. When focusing on the structural
details of the ligand-receptor contacts, we found that the most important
and conserved interaction is the ionic bridge between the protonated
amine moiety of the ligand and the carboxyl moiety of the aspartic acid
residue, located on the 3rd transmembrane domain (TM3), D%32 (in the

10

whole text, the amino-acid residues are numbered according to the
Ballesteros-Weinstein scheme [70]). In addition, the same protonated
amine moiety of (R,R)-MNFen, contrary to both (R,R)-Fen and (R,
R)-MFen can interact with N3 (amine moiety) mainly as hydrogen
bond (HB) acceptor (Fig. 11). Another contact involving D332 is the
interaction with the g-hydroxyl moiety (f-OH) located at the first chiral
centre of all fenoterols. However, this interaction was observed only for
(R,R)-Fen (Fig. 11). It is worth emphasising that the most energetically
favourable arrangement corresponds to the situation when the -OH
group of ligand can simultaneously interact with both the carboxyl
moiety of D>32 and the amine moiety of N’ as occurred only in this
single case (Fig. 11, Table S1). The 3,5-dihydroxyphenyl moiety of all
fenoterols creates hydrogen bonds (HBs) with sidechains of serines §5-42
and S located on TM5. In addition, HB between the 3,5-dihydroxy-
phenyl moiety and N®%° was observed but only for (R,R)-Fen
(Fig. 11). The N-alkyl chain of (R,R)-Fen lies close to F188 located on the
second extracellular loop (ECL2), Y264 (TM2) and W38 (TM3). The
N-alkyl chain of fenoterol analogues is directed towards mainly F’-3°,
thus the n-r interactions between the aromatic groups of (R,R)-MFen or
(R,R)-MNFen and the phenyl ring of F7-35 can be created (Fig. 11).
Different orientations of the methyl moiety located at the second chiral
centre of fenoterol analogues can be observed, e.g. the methyl moiety of
(R,R)-Fen is directed towards W328 but in the case of (R,R)-MFen and (R,
R)-MNFen the same group is closer to F188 (ECL2) (Fig. 11).
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Fig. 8. Behavioural response of (R,R)-4’-methoxy-1-naphtylfenoterol in zebrafish. Effects of (R,R)-MNFen on the fish locomotor activity (A) under the light-dark
transition test and anxiety-like behaviours (B) measured by the distance swam in the inner zone in 96 h post fertilisation (hpf) larvae. The experiment was
repeated at 116 hpf for measuring the locomotor activity (C) and anxiety-like behaviour (D). Data are presented as mean + the standard deviation (SD). Data were
analysed using one-way analysis of variance followed by Tukey’s post-hoc test (A, C). Kruskal Wallis test was used for datasets that failed normality testing or had
significantly different variances (B, D). The confidence limit of * p < 0.05 was considered as statistically significant. n = 23-24.

(R,R)-Fenoterol + 1CI-118,551

Fig. 9. The role of B,ARs in (R,R)-fenoterol-
mediated effects. The concentrations of a highly
selective BoAR antagonist — ICI 118,551 — were
selected based on our preliminary dose-ranging

study (A). Effect of ICI-118,551 against (R,R)-
Fen-induced tachycardia after 24 h exposure
(B). Data are presented as =+ the standard de-
viation (SD; A) or mean (B) and were assessed
using Kruskal-Wallis test (A) or two-way
ANOVA followed by Bonferroni’s post-hoc test
(B). The confidence limit of *p < 0.05 was
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118,551 is depicted by a solid line. n = 13-20.

The lowest binding energy was obtained in the case of (R,R)-Fen
(—9.9 kcal/mol). For (R,R)-MFen (—8.8 kcal/mol) and (R,R)-MNFen
(—9.1 kcal/mol) slightly higher binding energies were observed, indi-
cating that these derivatives bind to the receptor with smaller affinity
comparing to (R,R)-Fen (Table S2). Apart from that, all calculated
binding energies suggest very high ligand-receptor affinities.
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considered as statistically significant. The dif-
ference between control solution and (R,R)-Fen
or ICI-118,551 is depicted by a dashed line,
whereas the difference between (R,R)-Fen alone
and the co-administration of (R,R)-Fen and ICI-

3.5.3. Interactions of fenoterol and its derivatives with subtype B of 2AR
(B28AR)

The general pattern of the orientation of the ligand in the binding
cavity as well as the majority of the most essential interactions are
analogous as those described as characteristic of subtype A. However, in
contrary to subtype A of zebrafish p2AR, in the case of subtype B the
docked ligands are located deeper in the binding pocket of the receptor
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Fig. 10. The superposition of all most energetically-favourable structures of
ligands in the binding cavity of zebrafish p2AR (subtype B).

and locater closer to TM7. The simultaneous interactions of 4-OH and
the protonated amine moiety of fenoterols with both D332 and N73°
were observed (Fig. 12). Apparently, such an enhanced network of
contacts is not explicitly correlated with more favourable ligand-
receptor interactions expressed in terms of binding energies (see the
next paragraph). A further difference between subtypes A and B is that
now the 3,5-dihydroxyphenyl ring of fenoterol derivatives creates the
n-m interactions with F&->! (Fig. 12). This residue is a component of the
so-called toggle switch, involved in the activation of the human f,AR
[71,72]. A noticeable divergence in the orientation of the N-alkyl
chain-bound groups of fenoterols can be observed, i.e. 4-hydroxy--
phenyl, 4-methoxy-phenyl and 4-methoxy-naphthyl moieties. In the
case of (R,R)-Fen, the 4-hydroxy-phenyl moiety is directed towards TM2
and creates a HB with Y*%4, On the other hand, the 4-methoxy-phenyl
and 4-methoxy-naphthyl moieties of (R,R)-MFen and (R,R)-MNFen,
respectively, lie in the neighbourhood of TM7 and may create the n-n
interactions with F/-3° (Fig. 12).

The determined binding energies are systematically less favourable
in comparison to those obtained for the same compounds and subtype A
of the receptor. More precisely, the values of —9.4, —8.8 and
—10.9 kcal/mol were determined for (R,R)-Fen, (R,R)-MFen and (R,R)-
MNFen, respectively. Moreover, the affinity trend is different in com-
parison to the subtype A.

3.5.4. Stereoselective binding of fenoterol to zebrafish f2AR
The previous subsection contains the results obtained for one ste-
reoisomer of fenoterol ((R,R)-Fen). When applying the same docking
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procedure for other stereoisomers of fenoterol ((S,S)-Fen), we observed
a series of differences in a binding pattern that are the result of stereo-
selective effects. The stereoselective binding was observed for both A
and B subtypes of pf2AR.

The protonated amine moiety of ligand interacts simultaneously with
D332 and N7-3° only in the case of (S,S)-Fen (Fig. 13B). In the complex
containing (R,R)-Fen and subtype A of AR the ligand molecule is closer
to D>32, which disrupts the potential HBs with N”->° but only allows for
the formation of an ionic bridge with the carboxyl moiety of D>32
(Fig. 13A). The second important difference between (R,R)-Fen and (S,
S)-Fen is that the -OH moiety of (S,S)-Fen is more distant from D332 and
cannot create a HB with the carboxyl moiety of this residue. In the case
of (R,R)-Fen the -OH moiety can maintain contact with D332 thus, the
unique contribution of D>32 in the receptor-ligand contact may result
from the favourable arrangement of the ligand in the orthosteric binding
site (Fig. 13A and B).

The arrangement of the methyl group, located at the second chiral
centre, is also different in complexes created by (R,R)-Fen and (S,S)-Fen.
In the case of (S,S)-Fen interacting with subtype A the methyl group is
directed towards V33, In the case of (R,R)-Fen the same group is
directed towards W>2® and the F188 residue located on ECL2. This
divergence is correlated with different arrangements of the p-hydrox-
yphenyl moiety of both compounds; in the case of (R,R)-Fen it is directed
to Y26% (TM2) or W38 (TM3), whereas the p-hydroxyphenyl group of
(S,S)-Fen lies closer to TM7 and can create the n-n interaction with the
phenyl moiety of F7-35 which corresponds to tyrosine 308 (Y7‘35) present
in the human AR (Fig. 13A and B). The latter residue has been iden-
tified as crucial in the Gs selective effects in ligand-mediated signalling
[30].

The stereoselective effects occur also in the case of fenoterol ste-
reoisomers interacting with subtype B of f2AR. They result in different
arrangements of the p-hydroxyphenyl groups of particular stereoisomers
in the binding pocket. In the case of (R,R)-Fen, the p-hydroxyphenyl
moiety interacts with Y24 or C185 (ECL2) via hydrogen bonding. The
same, p-hydroxyphenyl moiety of (S,S)-Fen is located deeper in the
binding site and exhibits the n-r interactions involving Y”-*3. This Y743
residue corresponds to tyrosine 316 (Y7**3) present in the human B,AR,
which participate in the binding of antagonists. Moreover, for fopAR we

/ /
3.33 /\ w3.28

D332/

Fig. 11. Graphical illustrations of interactions
between (R,R)-fenoterol (A), (R,R)-4’-methox-
yfenoterol (B) and (R,R)-4’-methoxy-1-naph-
tylfenoterol (C) and zebrafish p2aAR (subtype A
of PB2AR). Some essential hydrogen bonds
involving Y264, D332, §5:42, g546 N6.55 N7-39,
F7-35 and F188 (ECL2) are highlighted by black,
dotted lines. The most important amino acid
residues and the ligand molecules are shown in
the stick and ball-and-stick representations,
respectively (A, B, C). The superposed locations
of ligands bound to the receptor: (R,R)-Fen
(purple), (R,R)-MFen and (R,R)-MNFen (yel-
low) (D) (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article).

F188 (ECL2)

V4
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Fig. 12. Graphical illustrations of interactions
between (R,R)- fenoterol (A), (R,R)-4’-methox-
yfenoterol (B) and (R,R)-4’-methoxy-1-naph-
tylfenoterol (C) and zebrafish papAR (subtype B
of P2AR). Some essential hydrogen bonds
involving Y264, D332, §542, g546 N655 N7-39
and F7-3® are highlighted by black, dotted lines.
The most important amino acid residues and
the ligands molecules are shown in the stick and
ball-and-stick representations, respectively (A,
B, C). The superposed locations of the ligands
bound to the receptor: (R,R)-Fen (purple), (R,
R)-MFen and (R,R)-MNFen (yellow) (D) (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

(D)

/
‘WBJS

)

subtype A

B.AR
subtype B

Fig. 13. Graphical illustration of the complexes created by zebrafish p,AR subtypes A and B with (R,R)-fenoterol (A, C) and (S,S)-fenoterol (B, D).

also observed the same tendency in the arrangements of the methyl
groups of (R,R)- and (S,S)-Fen as in the case of subtype A, e.g. the methyl
moiety of (R,R)-Fen is directed towards W328 and F200 (ECL2), whereas
in the case of (S,S)-Fen, the same group is directed towards V333 instead
(Fig. 13C and D).

Finally, the binding stereoselectivity demonstrates itself by different
binding energy values. For both subtypes of the receptor, the (S,S)-Fen
stereoisomer displays less favourable binding in comparison to (R,R)-
Fen. The corresponding difference is equal to 1.2 kcal/mol in the case of
both subtypes of the receptor.
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4. Discussion

The presented study is the first demonstration of pharmacological
modulation of B2ARs in zebrafish using full active and selective agonists:
fenoterol and its derivatives. Here, we presented toxicological and
pharmacological effects observed after exposure to these fo2AR agonists
in terms of general toxicity, cardiotoxicity, neurotoxicity and behav-
iours. Moreover, we described the mechanism of binding of fenoterol
and its derivatives to both subtypes of f2AR (f2aAR and PopAR) on the
molecular level by using the ligand-receptor docking methodology. The
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outputs of the research provide detailed insights into the role of zebra-
fish f2ARs and can be leveraged towards a better understanding of
zebrafish as a novel animal model during the drug discovery process.
Also, the presented study speculates about the potential toxicological
effects of fenoterol and its derivatives in the therapy.

(R,R)-Fen is a full agonist with high selectivity towards human f2AR.
It has been demonstrated that the introduction of the new moiety to the
fenoterol scaffold increases its affinity for p2AR and potentiates the
stimulation of the receptor [19]. Here, (R,R)-Fen elicited relatively low
mortality resulting in LCsq value equal to 5.58 mM, indicating lower
toxicity of (R,R)-Fen in comparison to its derivatives, i.e. (R,R)-MFen
and (R,R)-MNFen. The introduction of methoxy group resulted in only a
slight increase in embryo mortality (LCso = 5.21 mM), whereas an
additional methoxynaphtyl group exacerbated toxicity around 8-times
in comparison to the parent compound (LCsy = 0.65 mM) demon-
strating its significant role in toxic actions. There are at least two arising
options why an additional methoxynaphtyl moiety determinates higher
toxicity in fish. One of them could be that mortality directly depends on
the lipophilicity of tested compounds. The most common method to
treat embryonic zebrafish is to immerse animals in solution; therefore,
water solubility and lipophilicity determine the absorption through the
fish skin, and then internal concentrations [73]. Exchange of the
hydroxyphenyl group present in (R,R)-Fen into metoxynaptyl moiety is
correlated with the drastically increased log P value (1.22 vs 2.96 ac-
cording to the theoretical predictions of KOWWIN (Estimation Programs
Interface Suite™ for Microsoft® Windows, v. 4.11. The United States
Environmental Protection Agency, Washington, DC, USA)). Our previ-
ous work [74] shows that mortality and lipophilicity of AR ligands are
well correlated, i.e. more lipophilic compounds displayed higher
toxicity. The highest lipophilicity of (R,R)-MNFen might, therefore,
trigger higher mortality in comparison with other tested compounds. On
the other hand, we previously demonstrated that exposure to nonse-
lective BAR agents caused lethality at higher doses compared to selective
B2AR, as well as a racemic mixture of the (R,R)/(S,S)-Fen produced
around a 1.9-fold lower mortality rate to that observed here for (R,
R)-Fen [74]. It has been shown that (R,R)-isomers have a higher affinity
for B2AR and thus are more effective to stimulate pAR in humans in
comparison to its racemate [25]. A similar effect was observed here.
Theoretical investigations demonstrated that (R,R)-Fen exhibits stronger
binding either to subtype A or B of p2AR in comparison to its stereo-
isomer (S,S)-Fen. The corresponding differences in binding energies are
equal to 1.2 kcal/mol. Therefore, one could speculate that a more robust
activation of one or both forms of pyARs led to an increase in fish
mortality.

An impairment of early development and weak motor skills
contribute to the delay of fish hatchability [75,76]. We observed here
that both (R,R)-Fen and (R,R)-MFen reduced the hatching rate of fish in
72 hpf. Since no significant abnormalities were noticeable after the (R,
R)-Fen exposure, the effect may be related to the altered movement of
embryos. A similar delay in hatching was observed for (R,R)-MFen;
however, it cannot be excluded that in this case the observed effect was
associated with a high mortality rate. It is further interesting to note that
while we did not observe any malformations after (R,R)-Fen exposure,
the treatment with this f2AR agonist induced considerable inhibition of
pigment synthesis. A similar effect was observed for (R,R)/(S,S)-Fen
[74], nonetheless compared with the racemic mixture the effect was
more marked for (R,R)-Fen, confirming a superior activity in B2ARs
stimulation of (R,R)-isomer to that of racemate also in zebrafish. In the
research of Wang and co-authors [41], the knock-down of B2ARs by
morpholino oligonucleotides revealed the functional importance of
B2aAR in pigmentation. This suggests that (R,R)-Fen, which exhibits
depigmentation properties, should interact stronger with f2sAR in
comparison to either (S,S)-Fen, racemic mixture or fenoterol derivatives.
Indeed, the docking results reflected this expectation, showing the most
favourable binding energy for (R,R)-Fen interacting with B2aAR,
exceeding those obtained for (S,S)-Fen, (R,R)-MFen and (R,R)-MNFen by
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1.2, 1.1 and 0.8 kcal/mol, respectively. The competition effects present
in the case of the racemic mixture of fenoterols may reduce the number
of the (R,R)-Fen-faaAR complexes and diminish the depigmentation
magnitude. Thus, the stereoselective depigmentation can be explained
on the ground of ligand-receptor interaction strength. However, some
alternative explanations may be proposed, also based on the docking
results. For instance, (R,R)-Fen is the only compound for which the
interaction with TM2 (namely: with Y264 was observed. This may
suggest the slightly different conformational response contributing to
the further stages of signalling process and the final depigmentation
effect. The hypotheses about depigmentation occurring via diverse sig-
nalling mechanisms induced by (R,R)-Fen and (S,S)-Fen is additionally
supported by experimental findings related to human p2AR. Both ste-
reoisomers differ in their selectivity towards G protein and induced
signalling paths; (R,R)-Fen is Gs-selective whereas (S,S)-Fen is not se-
lective and may activate both G5 and Gj proteins [30]. Although it is
impossible to state if the same mechanisms hold for zebrafish 25 AR, the
differences between ligand-receptor interactions observed in our dock-
ing studies allow speculating about that. Moreover, it is worth noting
that human p2AR and both zebrafish p2aAR and BapAR share another
feature related to interactions with stereoisomers of fenoterol. Namely,
both theoretical and experimental studies demonstrated that (R,R)-Fen
interacts much stronger with human p2AR in comparison to (S,S)-Fen
[19,25,67].

In comparison to the parent compound, (R,R)-MFen did not cause
any apparent morphological abnormalities, whereas (R,R)-MNFen
induced severe alteration of cranial and tail developments at higher
concentrations. Wang and co-authors [44] revealed that f; AR and papAR
are the main pARs that regulate body axis straightening in zebrafish, and
demonstrated that the knock-down of f25AR produced a severe ventral
curly axis phenotype. Thus, (R,R)-MNFen-induced malformations may
be ascribed to the modulation of pagAR in embryonic zebrafish. This
effect can be explained by significantly stronger interactions of (R,
R)-MNFen with BopgAR in comparison to (R,R)-Fen or (R,R)-MFen, as
indicated by docking study; the corresponding binding energies are
equal to —10.9, —9.4 and —9.1 kcal/mol, respectively. Moreover, the
different patterns of interactions of the N-alkyl chain and its substituents
with receptor observed for (R,R)-MFen and (R,R)-MNFen may be
responsible for diverse conformational responses.

Our previous works confirmed that the pharmacological response of
the B-adrenergic system is well conserved across species [74,77]. Both
BAR agonists and antagonists closely mimicked the cardiac effects
observed in mammalian models [74] and PAR blockers were able to
ameliorate heart dysfunctions under various heart failure-based ap-
proaches [77]. In humans, B2AR is involved in the regulation of car-
diovascular functions via the stimulatory Gg protein and the inhibitory
Gj protein. Stimulation of AR leads to an increase in cardiac contrac-
tility and heart rhythm; however, its persistent activation may cause a
reversal of the effects [1]. In zebrafish, all BARs couple the stimulatory
G; protein, whereas one or both forms of zebrafish f;ARs may reduce
cardiac functions by interacting with G; protein [42]. Recently, Joyce
and colleagues [78] proved that the chronotropic effect of adrenergic
stimulation persists even in the p;AR knock-out fish, likely due to the
upregulation of other BAR subtypes. Consistent with this hypothesis is
our previous observation that selective f2AR agonists are able to boost
heart rate, albeit at higher doses compared to nonselective ones, and this
may be a consequence of larger expression of p;AR in comparison to
B2ARs in zebrafish heart [41]. We observed here that (R,R)-Fen and (R,
R)-MFen initially increased heart rate; i.e. (R,R)-Fen at 72 hpf and (R,
R)-MFen even earlier at 48 hpf, however, at the higher dose. An increase
in heart rate was observed at 125-times lower dose for (R,R)-Fen in
comparison with the racemic micture of (R,R)/(S,S)-Fen [74], con-
firming that (R,R)-isomer is more potent to stimulate ppARs also in
zebrafish. Moreover, our docking study indicated that (R,R)-Fen in-
teracts more intensively with BysAR in comparison to (S,S)-Fen. The
crucial difference in this context is the arrangement of the
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p-hydroxyphenyl group. In the case of (R,R)-Fen this group created HB
Y2'64, whereas in the case of (S,S)-Fen it forms HB with Y7'43, i.e. the
residue the counterpart of which is responsible for antagonist binding in
the human receptor. In sharp contrast, the third tested compound - (R,
R)-MNFen, which is the most selective BoAR out of the tested agonists (K;
p1aR/Ki p2ar = 573 [19]), suppressed heart rhythm at nanomolar doses
after 96 h of exposure, suggesting that its higher affinity for the zebra-
fish BopAR than for either ;AR or BaaAR might be involved in this
inhibitory effect. One could also speculate that this effect was associated
with the stimulation of the inhibitory G; protein of the zebrafish f25AR.

Our time-course study imitated a clinical phenomenon, wherein
prolonged exposure to drugs induces toxicological effects. As car-
diotoxicity directly depends on exposure level, we compared how
zebrafish heart responds to the drugs at higher tested doses after 96 h of
exposure. Comparing the ratio between the lowest dose that caused
heart rate suppression and the dose that was lethal for 50% of animals, it
is clearly noticed that (R,R)-MFen reduced heart rate at the widest range
of concentrations, i.e. the inhibitory dose was 21-times lower than LCsq
value, indicating its cardiotoxic potential. Both (R,R)-Fen and (R,R)-
MNFen treatments also reduced heart rhythm, however, to a lesser
extent; the suppressive doses were around 2.2-times and 2.6-times lower
than the LCsq value, respectively. As discussed before, f2AR agonists at
higher doses lose selectivity for p2AR, and an increased risk of adverse
cardiovascular events might be associated with their action at the ;AR
[5], thus one could speculate that (R,R)-MFen may display smaller
selectivity towards zebrafish p2AR vs p;AR in comparison with
remaining fenoterols. The docking simulations confirmed this by indi-
cating that (R,R)-MFen exhibits the weakest interactions with B2AR
among all fenoterols except of (S,S)-Fen (Table S1). Whilst it has been
previously shown that fenoterol is able to activate f3AR in humans [21],
we did not consider the role of the zebrafish PsARs in the
fenoterols-related effects. f3ARs have only been found in zebrafish
blood, and this is, therefore, unlikely that these receptors play a signif-
icant role in the presented study. Moreover, we further showed that a
highly selective poAR antagonist — ICI-118,551 — was able to antagonise
the (R,R)-Fen-induced tachycardia suggesting that the foARs are indeed
involved in the observed effects of the fenoterol compounds in zebrafish.

The most common dose-dependent sympathomimetic side effect
observed during the BAR agonist therapy is tremor and anxiety [79].
Non-selective PAR agonists, adrenaline [80] and isoprenaline [81] as
well as selective B2AR, salbutamol [82], have been known to induce
tremors by increasing muscle activity, changing the gain of muscle re-
ceptors and spinal reflex loops, mediated via peripherally located 2AR;
BAR blockers are able to alleviate these effects [83]. In zebrafish muscle
both variants of p2ARs are predominant receptors; however, P2pAR is
expressed to a greater extent [41]. In our study, all tested poAR agonists
increased coiling activity after 24 h of exposure, suggesting increased
activity in primary motor neurons [84] after exposure to non-toxic
doses. A further increase of (R,R)-Fen and (R,R)-MNFen concentra-
tions decreased the motor behaviour. It has been proved that early
embryonic movements provide an accessible readout for testing how
chemicals interfere with the developing nervous system and therefore
can serve as useful early endpoints of neurotoxicity [84]. Among the
tested compounds, (R,R)-Fen started to reduce embryonic movement at
a dose that was around 22-times lower than the LCsg value, suggesting
its toxic effects on either the motor or nervous systems. The observation
is consistent with the above-described decline in hatchability after (R,
R)-Fen exposure, which might be related to poor motor skills. A similar
failure was observed after (R,R)-MNFen exposure; however, the effect
was associated with an increase in mortality rate, while (R,R)-MFen
caused no drop in embryonic movements, which may suggest little or
lack of neurotoxicity from both compound exposures. To further find out
how prolong exposure to fenoterol derivatives changes spontaneous
swimming in fish, the distance and velocity swam by 96 hpf larvae were
analysed under continuous light conditions. We observed here that none
of the tested compounds altered distance nor velocity swam, therefore,
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no alteration in fish locomotion has been found [84].

The widespread and abundant distribution of B2AR in the brain
suggests an important role of this receptor in the central nervous system.
The B2AR expression has been reported in neurons of the cerebellum
[85], hippocampus [86] and amygdala [87] in mammalian models. In
the zebrafish brain, subtype A of P2AR is mostly expressed [41].
Extensive evidence points out that the stimulation of the sympathetic
system modulates locomotion and anxiety state in humans [79,88],
whereas neuropharmacological effects of p-adrenergic stimulation in
fish are defined vaguely. Few studies demonstrated that the mode of
action of adrenergic ligands is reflected in fish and seems to be
conserved across the species. Noradrenaline — endogenous catechol-
amine - is essential to promote wakefulness and arousal in fish [89].
Isoprenaline — a non-selective BAR agonist — has been shown to stimulate
the photomotor response and act as a potent anxiogenic agent in
zebrafish embryos and larvae [90]. Propranolol — BAR antagonist — is
able to block behavioural effects mediated by BAR agonists [90,91]. To
further reveal the specific role of $2AR in anxiety behaviour, we decided
to test the fenoterol compounds. A common outcome of the tested
compounds was the induction of an anxiety state in fish and this sup-
ports the notion that p-adrenergic neural response is a highly conserved
intraspecies. Furthermore, our findings suggest a more complex role of
B2ARs in the modulation of anxiety-related behaviours in zebrafish.
Among the tested compounds only (R,R)-Fen-treated zebrafish exhibited
no behavioural effect. Consistent with the above, since (R,R)-Fen dis-
played a higher affinity for f2aAR than for f2pAR, and f2aAR are mainly
distributed in zebrafish brain [41], the anxiogenic behaviour might be,
therefore, mediated through the peripheral action. As expected, both (R,
R)-MFen and (R,R)-MNFen showed an anxiogenic-like effect, but in the
case of (R,R)-MNFen it can be attributed to changes in locomotor ac-
tivity. Loss of selectivity towards PaARs leading to dysregulation of
B-adrenergic transmission might arise as one of the proposed mecha-
nisms of the observed anxiety-like behaviour if (R,R)-MFen is consid-
ered. Whereas, due to the highest affinity of (R,R)-MNFen for the fypAR,
which is expressed mainly in fish muscle [41], an increase in locomotion
and therefore an intensification of anxiety level could be observed.

5. Conclusions

In this study, we comprehensively clarify the role of p2ARs in the
modulation of toxicological and behavioural effects in zebrafish, with a
particular emphasis on the distinct roles of subtypes A and B in the
observed effects. Selective agonists — fenoterol and its derivatives — were
used as new model compounds because of their well-described high
affinity for p2AR along with their growing potential in the therapy of a
broad range of disorders. Our results indicate that: (i) functional
response of the B2AR is highly conserved intraspecies; (ii) (R,R)-isomers
are more potent to stimulate zebrafish f2ARs than (S,S)-isomers; (iii) (R,
R)-Fen displays the highest affinity for subtype A of zebrafish p2AR.
B2aAR might be involved in pigment depletion and regulates a neuro-
toxic effect at early stages; (iv) (R,R)-MFen shows the lowest affinity for
zebrafish p2ARs out of the tested fenoterols and this might be associated
with its cardiotoxic effect; (vi) (R,R)-MNFen displays the highest affinity
for subtype B of zebrafish 2AR and modulation of this receptor might be
associated with the development of malformations and causes a negative
chronotropic effect; (v) p-adrenergic stimulation induces anxiety-like
behaviours in zebrafish. Taken together, the presented data offer in-
sights into the functional responses of the zebrafish pARs, and support
the value of the zebrafish model in pharmacological and toxicological
research.
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