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Abstract

Current antidepressant therapy has several disadvantages related to the properties of anti-
depressants. Considering their unfavourable features, the process of searching for new anti-
depressant drugs with better safety and tolerability requires consistent efforts and many
complementary studies. Serotonin 5-HT 4, receptor is considered as an interesting target of
antidepressant therapy. In the present study, the intrinsic activity at different signaling path-
ways coupled to serotonin 5-HT 5 receptor, antidepressant-like and pharmacokinetic prop-
erties, and the safety profile of two novel imidazopurine-2,4-dione derivatives, namely
compounds AZ-853 (8-(4-(4-(2-fluorophenyl)piperazin-1-yl)butyl)-1,3-dimethyl-1H- imidazo
[2,1-flpurine-2,4(3H,8H)-dione) and AZ-861 (1,3-dimethyl-8-(4-(4-(3-(trifluoromethyl)phe-
nyl)piperazin-1-yl)butyl)-1H-imidazo[2,1-f]purine-2,4(3H,8H)-dione), were studied in animal
models through in vitro and in vivo experiments. We demonstrated that AZ-853 and AZ-861,
which structurally differ by one substituent and its placement in the phenyl ring, showed var-
ied functional, pharmacological, and pharmacokinetic properties as well as side effect pro-
files. AZ-861 exhibited stronger agonistic action in all functional assays. After acute and
repeated administration in mice, both compounds showed antidepressant-like activity in the
forced swim test, which was partially mediated by 5-HT receptor activation. AZ-853
showed a more potent antidepressant-like effect, presumably due to its better penetration
into brain structures. Both compounds did not show anticholinergic properties, but after
repeated administration, they induced weak sedation and lipid metabolism disturbances
without affecting serum glucose level. The stronger a,-adrenolytic effect of AZ-853 is
responsible for decreased systolic blood pressure, and in contrast to AZ-861, AZ-853
induced weight gain in mice. The interesting comparative pharmacological profiles of AZ-
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853 and AZ-861 encourage to conduct further experiments to fully understand their mecha-
nisms and differences in action.

Introduction

World Health Organization (WHO) has predicted that major depressive disorder (MDD) will
become the second cause of illness worldwide by 2030 [1]. This implies an inevitable increase
in the consumption of antidepressant drugs (ADDs). In Europe, the use of ADDs has
increased substantially during the last few decades, and between 2001 and 2010, the use of
ADDs increased by an average of 20% per year [2]. The main disadvantage of antidepressant
therapy is side effects (SEs) of ADDs. SEs not only generate health, social, and economic costs,
but they are also some of the most common factors responsible for nonadherence and prema-
ture discontinuation of treatment [3].

Most ADDs may increase weight in a significant percentage of patients receiving acute and/
or maintenance therapy. Tricyclic antidepressants (TCAs), starting with amitriptyline, are the
most weight gain-inducing compounds among the ADDs during both short- and long-term
treatments. Mirtazapine is also associated with significant weight gain during acute and main-
tenance therapy. The short-term usage of selective serotonin reuptake inhibitors (SSRIs), sero-
tonin and noradrenaline reuptake inhibitors (SNRIs), moclobemide (a reversible inhibitor of
monoamine oxidase A), and bupropion (a dopamine and noradrenaline reuptake inhibitor)
induces weight loss. However, over the long-term period, bupropion alone maintains its influ-
ence on weight. Among SSRIs, paroxetine is considered to cause the greatest weight increase
during maintenance therapy [4]. TCAs and mirtazapine may also affect metabolic parameters
such as plasma lipid profile. Moreover, ADDs, mainly SSRIs and TCAs, increase the risk of
diabetes mellitus [3].

Cardiovascular SEs are another group of adverse effects caused by antidepressant therapy.
TCAs that cause life-threatening arrhythmias and orthostatic hypotension have the highest
potential of inducing such SEs [5,6]. The new generation of ADDs also has clinically important
cardiovascular effects. Among SSRIs, citalopram appears to most significantly prolong QT
interval, while paroxetine seems to be most frequently associated with orthostatic hypotension.
SNRIs may cause clinically significant increase in diastolic blood pressure [3,5,6]. The majority
of adverse effects of TCAs are due to blockade of histamine H; (sedation, weight gain, hypo-
tension), muscarinic (dry mouth, urinary retention, memory dysfunction), and adrenergic o
(orthostatic hypotension, dizziness) receptors. Most of the new generation ADDs are practi-
cally devoid of blocking effects for neurotransmitter receptors [7].

Since 1950s, when the introduction of TCAs and monoamine oxidase inhibitors revolution-
ized the treatment of depression, tremendous progress has been made in the development of
better tolerated ADDs. Nevertheless, the existing disadvantages of antidepressant therapy
necessitate consistent efforts to develop ADDs with better safety and tolerability profile.

The present study aimed to investigated the antidepressant-like properties of two novel
derivatives of imidazopurine-2,4-dione, namely compounds AZ-853 (8-(4-(4-(2-fluorophenyl)
piperazin-1-yl)butyl)-1,3-dimethyl-1H- imidazo[2,1-f]purine-2,4(3H,8H)-dione) and AZ-861
(1,3-dimethyl-8-(4-(4-(3-(trifluoromethyl)phenyl) piperazin- 1-yl)butyl)-1H-imidazo[2,1-f]
purine-2,4(3H,8H)-dione) (Fig 1), in the forced swim test (FST) in mice after single and
repeated administration. In our earlier paper, we demonstrated that AZ-853 and AZ-861 pos-
sessed high affinity for serotonergic 5-HT 5 receptor (5-HT;sR) (K; = 0.6 nM and K; = 0.2
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Fig 1. Chemical structures of the studied compounds AZ-853 (a) and AZ-861 (b).
https://doi.org/10.1371/journal.pone.0237196.9001

nM, respectively) and moderate/low affinity for serotonergic 5-HT; receptor (5-HT,R) (K; =
508 nM and K; = 136 nM, respectively). The compounds act as potent 5-HT R antagonists in
CHO-K1 cells in the Ca** mobilisation assay (K, = 2.7 nM and K, = 1.4 nM, respectively) [8].
Given that 5-HT; sR is associated with several different transduction pathways and that
5-HT;sR ligands may activate them to varying degrees or even act as an agonist in one of them
and as an antagonist in other pathways, in the present study, we investigated the ability of both
the selected compounds to regulate other signaling pathways coupled to 5-HT 4R (i.e., extra-
cellular-regulated kinase 1/2 phosphorylation (pERK1/2), adenylyl cyclase inhibition (cAMP),
B-arrestin recruitment) and subsequently determined whether their 5-HT, 4R intrinsic activity
is responsible for the effects observed in FST. As pharmacokinetic studies are quite important
for developing new bioactive compounds, we examined the pharmacokinetic properties of
AZ-853 and AZ-861 through a single intraperitoneal (i.p.) administration. We also performed
a battery of tests to investigate the safety profile of the tested compounds, particularly their
potency to induce cardiologic and metabolic SEs.

Materials and methods
Functional assays for the 5-HT1AR in vitro

Test and reference compounds were dissolved in DMSO at a concentration of 10 mM. E .«
values were defined as the response of the ligand expressed as a percentage of the maximal
response elicited by serotonin, determined by nonlinear regression using GraphPad Prism 6.0
software.

Cells. CHO-KI cell line transfected with 5-HT1A receptor, were commercially obtained
from Perkin Elmer (Cat. No. ES-310-C, Lot Number M2W-C1). Cells were cultured according
to manufacturer’s instruction. Cell Line Development: Proprietary bicistronic expression plas-
mid containing the sequence coding for the human serotonin 5-HT1A receptor was trans-
fected in CHO-KI cells. Geneticin-resistant clones were obtained by limit dilution and
compared for receptor expression levels using a radioligand binding assay. The clone with the
highest receptor expression level was selected for characterization in binding and functional
assays. DNA Sequence: Identical to coding sequence of GenBank M83181.1. with the excep-
tion of a silent mutation in codon # 117 (GTG becomes GTC, both coding for a Val). Corre-
sponding Protein Sequence: Identical to GenBank NP_000515.2. Receptor expression level
(BMAX): Estimated to be 3.7 + 2.3 pmol/mg protein, using [3H] 8-OHDPAT. This cell line
tested negative for mycoplasma.

U20S HTR1A-bla cell line was commercially obtained from Life Technologies (Cat. No.
K1857PPS, Lot Number 1835727). Cells were cultured according to manufacturer’s instruc-
tion. Tango™ HTR1A-bla U20S cells contain the human Serotonin Type 1A receptor linked to
a TEV protease site and a Gal4-VP16 transcription factor stably integrated into the Tango™
GPCR-bla U20S parental cell line. This parental cell line stably expresses a beta-arrestin/TEV
protease fusion protein and the beta-lactamase reporter gene under the control of a UAS
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response element. The Tango™ HTR1A-bla U20S cells have been functionally validated for a
response to 5-CT. This cell line tested negative for mycoplasma.

Extracellular signal-Regulated Kinase 1/2 (ERK1/2) phosphorylation. The CHO-K1
5HT 4R cells were cultured in the medium Advanced DMEM/F12 with 1% fetal bovine serum
(FBS) dialyzed, 400 pg/mL G-418, 4 mM l-glutamine. In the experiment, the cells were plated at
50 000 cells/well of a 96-well tissue culture plate and grown for 7 hours, then were starved
(DMEM/F12 with 0.1% BSA (immunoglobulin- and protease-free) for 12 h. The serial dilutions
of compounds were added and incubated for 15 min at 37°C. The CHO-K1 5HT; oR cells were
tested for agonist-induced ERK1/2-phosphorylation using the SureFire ERK1/2-Phosphorylation
Alpha LISA assay kit according to the manufacturer’s instruction (PerkinElmer). After incubation,
the assay plate was measured in an EnVision multifunction plate reader (PerkinElmer, USA).

cAMP inhibition. For 5-HT, 4R, adenylyl cyclase activity was determined using cryopre-
served CHO-KI1 cells with expression of the human serotonin 5-HT; 4R, where the plasmid
containing the coding sequence was transfected in. The cells were cultured under selective
conditions (400 pg/mL Geneticin G418). Thawed cells were resuspended in stimulation buffer
(HBSS, 5 mM HEPES, 0.5 IBMX, and 0.1% BSA at pH 7.4) at 2 x 10° cells/mL. The same vol-
ume (10 pL) of cell suspension was added to tested compounds with 10 uM forskolin. Cell
stimulation was performed for 40 min at room temperature. After incubation, CAMP measure-
ments were performed with homogeneous TR-FRET immunoassay using the LANCE Ultra
cAMP kit (PerkinElmer, USA) according to the manufacturer’s instruction (PerkinElmer).
The TR-FRET signal was read on an EnVision microplate reader (PerkinElmer, USA).

B-Arrestin recruitment. The HTR1A-bla U20S receptor cells containing the human
5-HT AR linked to a TEV protease site and a Gal4-VP16 transcription factor were tested for
recruitment of B-arrestin. After thawing, the cells were cultured in the medium McCoy’s 5A
with 10% FBS dialyzed, 0.1 mM NEAA, 25 mM HEPES, 1 mM sodium pyruvate, 100 pg/mL
G-418, 100 U/mL penicillin/streptomycin Antibiotic, 200 pg/mL Zeocin, 50 ug/mL Hygromy-
cin. In the experiment, cells were plated at 10 000 cells/well of a 384-well black, clear-bottom,
tissue culture plate and grown for 12 h in an incubator (5% CO,, 37°C) in DMEM medium
with 10% FBS added. The recruitment of B-arrestin were tested using the Tango LiveBLAzer
assay kit according to the manufacturer’s instruction (Life Technologies). The assay plate was
measured in FLUOstar Optima, a multifunction plate reader (BMG Lab Tech).

Animals

The screening behavioral (FST, locomotor activity) and prolonged (the effect on metabolic
parameters and weight gain as well as spontaneous locomotor and antidepressant-like activi-
ties) experiments were performed on male Swiss mice weighing 22-28 g (n = 230) and 20-22 g
at the arrival (n = 30), respectively. The organ-pharmacological experiments were carried out
on male guinea pigs (300-500 g, n = 2), while the effect of studied compounds on blood pres-
sure was investigated in male Wistar rats (200-250 g, n = 24). The animals were purchased
from the Animal House at the Faculty of Pharmacy, Jagiellonian University Medical College,
Krakow, Poland (rats) or accredited Laboratory Animal Breeding Ilkowice, Staboszéw, Poland
(mice and guinea pigs). The animals were kept in an environmental controlled room (temper-
ature of 22 + 2°C, humidity 55 + 10%) on 12-h light/dark cycles (light on at 7:00 AM and off at
7:00 PM) and had free access to food (standard laboratory pellets) and tap water. The mice
were housed in groups of 10 and rats and guinea pigs in groups of 4 in standard plastic cages
of size (L x W x H) 382 x 220 x 150 mm, 378 x 217 x 180 mm and 590 x 380 x 230 mm,
respectively. The following environmental enrichment materials were used: wooden blocks,
paper tubs, paper stripes.
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Pharmacokinetic study was conducted on male Swiss mice (20-25 g, n = 96) purchased
from the Animal House at the Faculty of Pharmacy, Jagiellonian University Medical College,
Krakow, Poland. During the habituation period, groups of 4 mice were kept in plastic cages
(252 x 167 x 140 mm) in controlled environmental conditions described earlier and had free
access to standard laboratory pellet and tap water.

All experiments were conducted in the light phase between 9 AM and 2 PM. Experimental
groups consisted of 6-10 randomly selected animals, depending on the experiment (the detailed
information is included in captions under each table and figure), and each animal was used only
once. All surgery was performed under sodium pentobarbital (blood pressure measurement) or
ketamine/xylazine anesthesia (pharmacokinetic studies), and all efforts were made to minimize
suffering. Immediately after each experiment animals were sacrificed by trained staff using cervical
dislocation (when blood or organs were collected) or carbon dioxide (after acute behavioral tests).

All the experimental procedures with mice, rats and guinea pigs were carried out in accor-
dance with EU Directive 2010/63/EU and were approved by the Local Ethics Commission for
Animal Experiments of Jagiellonian University in Krakow (Approval Nos.: 125/2017, 123/
2015, 158/2017, and 127/2018). Moreover, in the studies, the 3R rule was applied in accordance
with the relevant international and Polish regulations. In the event of a significant deteriora-
tion of animal health, we used early and humane endings of experimental procedures.
Humane termination occurred when the animal had at least two symptoms such as convul-
sions, respiratory disturbance, movement disorder, immobility, lack of water and/or food
intake, muscle relaxation, lack of touch response.

Drug administration

The investigated compounds AZ-853 (8-(4-(4-(2-fluorophenyl)piperazin-1-yl)butyl)-
1,3-dimethyl-1H-imidazo[2,1-f]purine-2,4(3H,8H)-dione and AZ-861 (1,3-dimethyl-8-(4-(4-
(3-(trifluoromethyl)phenyl)piperazin-1-yl)butyl)- 1H-imidazo[2,1-f]purine-2,4(3H,8H)-
dione) were synthesised in the Department of Medicinal Chemistry, Faculty of Pharmacy,
Jagiellonian University, and their synthesis was described earlier [8]. AZ-853 and AZ-861 were
suspended in 1% aqueous solution of Tween 80, and WAY-100635 (Sigma, Germany) was dis-
solved in 0.9% saline. In acute experiments, the selected compounds AZ-853 (0.156-2.5 mg/
kg) and AZ-861 (0.625-2.5 mg/kg) were injected i.p. once 60 min before tests, whereas WAY-
100635 (0.3 mg/kg) was administered subcutaneously (s.c.) 45 min before the test. In interac-
tion studies, the compounds were administered at doses for which the strongest anti-immobil-
ity effect in FST was observed, i.e. 1.25 mg/kg. In chronic experiments, AZ-853 and AZ-861
were administered i.p. once a day (between 9:00 AM and 10:00 AM) for 16 consecutive days at
the minimum active doses selected from FST experiment, i.e. 0.625 and 1.25 mg/kg, respec-
tively. All compounds were administered to mice at a volume of 10 ml/kg and to rats at a vol-
ume of 2 ml/kg. The control groups received 1% aqueous solution of Tween 80.

Behavioral studies

Forced swim test. The experiment was carried out according to the method of Porsolt
etal. [9]. Swiss albino mice were individually placed in a glass cylinder (25 cm high; 10 cm in
diameter) containing 10 cm of water maintained at 23-25°C, and were left there for 6 min.
The total duration of immobility was recorded during the last 4 min of a 6-min. A mouse was
regarded as immobile when it remained floating on the water, making only small movements
to keep its head above it.

Locomotor activity. Locomotor activity was recorded with an Opto M3 multi-channel
activity monitor (MultiDevice Software v.1.3, Columbus Instruments). The Swiss albino mice
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were individually placed in plastic cages (220 x 120 x 130 mm) for 30 min habituation period,
and then the crossings of each channel (ambulation) were counted from 3 to 6 min, that is the
time equal to the observation period in FST. The cages were cleaned up with 70% ethanol after
each mouse.

LC/MS/MS analysis and pharmacokinetic studies

Sample pretreatment. Blood samples from the Swiss albino mice were collected at 0 (pre-
dose), 5, 15, 30, 60, 120, 240 and 480 min after a compound administration. The blood samples
and brain structures were collected under general anesthesia induced by i.p. injection of 50
mg/kg ketamine plus 8 mg/kg xylazine. The blood samples were taken into heparinized tubes,
immediately centrifuged at 1000 x g for 10 min, and plasma was collected. The plasma samples
and brain structures were immediately frozen at -30°C and -80°C, respectively.

The plasma and tissue sample pretreatment procedure involved acetonitrile precipitation.
A 5 uL aliquot of the IS working solution (100 ng/mL) was added to 50 pL of the collected mouse
plasma sample, which was then vortex-mixed for 10 seconds. Thereafter, 200 uL of acetonitrile
was added, vortexed during 20 min, and then centrifuged (1000 x g, 10 min). The supernatant
(100 pL) was then transferred to insert placed in an autosampler vial, and a 10 uL volume of this
was injected onto the HPLC column. Tissue samples were thawed before use, and whole hippo-
campus, striatum and frontal cortex were weighted and placed in a glass mortar and pestle tissue
grinder and homogenized with an appropriate amount of phosphate buffer (pH 7.4) in 1:5 ratio.
Afterward, 50 pL of tissue homogenates were transferred to new Eppendorf tubes and spiked with
5 uL of the internal standard working solution. All samples were stored on ice during the prepara-
tion process. This was followed by procedures like those described above.

Materials and reagents. HPLC grade methanol, acetonitrile and reagent grade formic acid,
hydrochloric acid, potassium dihydrogen phosphate, orthophosphoric acid and sodium chloride
were purchased from Merck (Darmstadt, Germany)), xylazine were from Sigma-Aldrich
(St. Louis, USA), ketamine was supplied by Vetoquinol (Gorzow Wielkopolski, Poland).

Instrumentation and operating conditions. The LC/ESI-MS/MS experiments were per-
formed on an Applied Biosystems/MDS Sciex (Concord, Ontario, Canada) API 2000 triple
quadrupole mass spectrometer equipped with an electrospray (ESI) ionization interface. This
instrument was coupled to an Agilent 1100 (Agilent Technologies, Waldbronn, Germany) LC
system. Data acquisition and processing were accomplished using Sciex Analyst 1.4.2 data col-
lection and integration software.

Chromatographic conditions. An XBridge C18 (2.1 x 30 mm, 3.5 pm) analytical column
(Waters, Milford, Massachusetts, USA) was used for compound separation. The temperatures
of the column thermostat and the autosampler were set at 25°C and 10°C, respectively. The
mobile phase consisted of a mixture of acetonitrile with addition of 0.1% formic acid (solvent
A) and water with addition of 0.1% formic acid (solvent B) and was set at a flow rate of 0.6
mL/min. Starting amount of solvent A is 10%, isocratic elution from 0 to 3 min, and then gra-
dient up to 90% of solvent A, and maintained to 10 min, and then gradient down to 10% of sol-
vent A, and maintained to 15 min.

Mass spectrometric conditions. To find the optimal parameters of ion path and ion
source for studied compounds the quantitative optimization was done by direct infusion of
each compound at concentration of 1 ug/mL, and at a flow rate of 10 uL/min using a Hamilton
syringe pump (Hamilton, Reno, Nevada).

The ion source parameters were as follows: ion spray voltage: 5500 V; nebulizer gas (gas 1):
20 psi; turbo gas (gas 2): 25 psi; temperature of the heated nebulizer: 400°C; curtain gas: 40 psi;
collision gas: 6 psi. Mass spectra were acquired by SRM with precursor/predominant product
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ion transitions for each analyte. The mass spectral Q1 —Q3 transitions monitored for AZ-853,
AZ-861 and for IS (nebivolol), were m/z 453.9—235.1; 504.3—285.1 and 406.2—151.1, respec-
tively. The peak widths of precursor and product ions were set to 0.7 full width half-height.
Quantification was done via peak area ratio.

Pharmacokinetic parameters. Pharmacokinetic parameters were calculated by a non-
compartmental approach from the average concentration values, using Phoenix WinNonlin
software (Certara, Princeton, NJ 08540 USA). First order elimination rate constant (A,) was
calculated by linear regression of time versus log concentration. Next, the area under the mean
serum and tissue concentration versus time curve (AUCy_,;) was estimated using the log-linear
trapezoidal rule (1), where C; is the plasma concentration measured at t;.

AUC,_, = Zinzl((ci + Ci+1)/2) ) (tiﬂ —t). (1)

Area under the first-moment curve (AUMC,_,) was estimated by calculation of the total
area under the first-moment curve using the Eq (2), where C; is the plasma concentration mea-
sured at t;

AUMCOAt = Z?:1((ti : Ci + G Ci+1)/2) ! (ti+1 - ti)' (2)
Mean residence time (MRT) was calculated as (3):

AUMC

MRT = ————* 3
AUC,_, (3)
Total clearance (Cly) was calculated as (4):
a, == D 4
T — AUCU*}t . ( )

Volume of distribution (V4) was calculated as (5):
F-D
., -AUC, ,’

0—t

V,=
where D; ;, is an i.p. dose of studied compounds.

Safety profile studies

Blood pressure measurement. Male Wistar normotensive rats were anesthetized with
thiopental (50-75 mg/kg, i.p.). The right carotid artery was cannulated with a polyethylene
tube filled with heparin in saline to facilitate pressure measurement using the Datamax appara-
tus (Columbus Instruments, Columbus, Ohio, USA). The studied compounds were adminis-
tered after a 15-min stabilization period.

In a separate series of experiments on anesthetized normotensive rats, the effect of studied
compounds on the pressor response to methoxamine (Sigma Aldrich) (150 pg/kg) was investi-
gated. Pressor responses to methoxamine injected intravenously were measured before and 30
min after the administration of the tested compound. The amplitudes of the pressure values
were measured in 4 independent experiments.

Smooth muscle relaxant assay. The experiment was carried out according to the method
described previously [10]. Male guinea pigs were sacrificed by cervical dislocation. The ileum
was rapidly removed, rinsed, and cut into segments of 1.5-2.0 cm length. The tissues were
mounted on a jacketed 20 mL organ bath (Tissue Organ Bath System; 750 TOBS, DMT, Den-
mark) filled with Krebs’s solution (NaCl 120 mM, KCI 5.6 mM, MgCl, 2.2 mM, CaCl2 2.4
mM, NaHCO; 19 mM, glucose 10 mM). The bath was aerated with 95 % O,/5 % CO2 and
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heated at 37°C. During the 60-min incubation period, the organ was rinsed 4 times with fresh
Krebs’s buffer, and the tissues were also pre-stimulated by 60 mM KClI solution. The submaxi-
mal contraction induced by histamine (Sigma Aldrich) (2 uM) and carbachol (Sigma Aldrich)
(100 uM) was evaluated in the presence and absence of the tested compounds. Amplitudes of

contraction values were measured in 4 independent experiments.

Seventeen-day experimental procedure. Fig 2 shows the scheme of the 17-day experi-
ment. The Swiss albino mice were used in the experiment. AZ-853 and AZ-861 were injected
once daily for 16 consecutive days. On the 1st and 15th day the administration of the com-
pounds, 18-h spontaneous animal activity was registered (see below). FST, as described earlier,
was performed on the 14th day just before the next treatment. To ensure that the effects
observed in FST are not the result of increased motility of animals, on the 13th day, just before
the next administration, the locomotor activity was measured as described earlier, from 2 to 6
min after test start, i.e. in the period identical to the duration of FST. Blood and organ collec-
tion was performed on the 17th day at 24 h after the last dose and fasting.

Spontaneous activity monitoring. The spontaneous activity of the mice was measured on
the 1st and 15th day of the treatment with a special, innovative radiofrequency identification
system (RFID-system)—TraffiCage (TSE-Systems, Germany). The test was conducted accord-
ing to the method described in the literature [11-13]. The animals had the transmitter (RFID)
subcutaneously implanted, which tracked the time they spent in different areas of the cage.
The data obtained were then grouped in a special computer program.

Body weight measurement and blood and organ collection. The body weight was mea-
sured daily immediately prior to administration of the drugs. On the 17th day, the blood was

AZ853 administration
0.625 mg/kg b.w., i.p. 1x per day
or
AZ861 administration
1.25 mg/kg b.w., i.p. 1x per day
or
0.25 ml 1% Tween 80, i.p. 1x per day

spontaneous spontaneous
activity activity plasma/organs
| / collection
| | 1 1 1 1 1 | | | | | | 1 1 T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
day
- _ >
< standard diet >
water
FST
locomotor activity
Fig 2. Scheme of seventeen-day experimental procedure.
https://doi.org/10.1371/journal.pone.0237196.g002
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collected from the Swiss albino mice sacrificed by decapitation 20 min after i.p. administration
of heparin (2500 units/mouse) and then centrifuged at 600 x g (15 min, 4°C) to separate
plasma. The liver, heart, and kidney were also collected and weighed.

Biochemical analysis. Blood samples were collected from the Swiss albino mice 24 h after
the last administration of the tested compounds or vehicle. To determine glucose, cholesterol
and triglyceride levels in the plasma, standard enzymatic spectrophotometric tests (Biomaxima
S.A. Lublin, Poland) were used. In the presence of appropriate enzyme, the substrate was con-
verted to a colored compound. Absorbance was measured at a wavelength of 500 nm. To
determine alanine aminotransferase (ALAT) or y-glutamyl transpeptidase (y-GTP) activities
in the plasma, the standard enzymatic spectrophotometric test (Biomaxima S.A.) was used.
Absorbance was measured at 340 nm (ALAT) or 405 nm (y-GTP).

Statistical analysis

The data of FST and locomotor activity were evaluated using one-way (when one drug was
used) or two-way (when two drugs were administrated) analysis of variance (ANOVA) fol-
lowed by Bonferroni’s post hoc test. Relaxation effects were expressed as percentage of inhibi-
tion of the maximal tension obtained with the contractile agent (histamine, carbachol or
methoxamine). Their values and the results of biochemical studies (percent of tissue weight;
glucose, triglyceride, and cholesterol levels; ALAT and y-GTP activities) were compared using
Student’s t test. Two-way variance analysis (ANOVA) followed by Bonferroni’s post-hoc test
was used to evaluate changes in body weight, while the data of 18-h spontaneous activity were
analysed using multiple t-test under the assumption that all rows were sampled from popula-
tions with the same scatter. All the results were expressed as means + standard error of mean
(SEM). A value of p<0.05 was considered statistically significant. Graph Pad Prism 6.0/7.0 and
Statistica 13.1 were used for data analysis.

Results

Intrinsic activity of AZ-853 and AZ-861 at 5-HT; sR in vitro functional
assays

The influence of the tested compounds on the inhibition of cAAMP production, ERK1/2 phos-
phorylation and B-arrestin recruitment was determined. It was assumed that E,,,., values
higher than 80% relative to the maximal effect of serotonin (5-HT') are a characteristic of a full
agonist, values between 21% and 79% indicate a partial agonist, and E,,x values of 20% or less
are indicative of an antagonist.

The functional studies revealed that compounds AZ-853 and AZ-861 showed partial or full
agonistic intrinsic activity in all tested assays (Table 1, S1 Fig). Compound AZ-853 partially
inhibited cAMP formation with 2.3-fold lower efficacy (E.x = 43%) and 1.4-fold lower
potency than 5-HT. In the same assay, AZ-861 showed 1.3-fold lower efficacy (E,.x = 76%)
but 2.6-fold higher potency than 5-HT.

In the ERK1/2 phosphorylation (p-ERK1/2) assay, AZ-853 and AZ-861 showed partial ago-
nistic properties by stimulating p-ERK1/2 with respectively 1.6-fold and 1.3-fold decreased
efficacy (Eax = 60% and 76%), but with respectively 1.5-fold and 9.1-fold increased potency as
compared to 5-HT.

The functional studies revealed that AZ-853 and AZ-861 activated B-arrestin recruitment
with similar efficacy (E . = 93% and 95%, respectively) as 5-HT (E . = 100%), but
their potency was increased 95-fold and 1000-fold as compared to that of the reference
agonist.
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Table 1. Intrinsic activity of AZ-853 and AZ-861 at 5-HT sR in vitro functional assays.

5-HT) 5 assay Treatment Agonist mode
Epnax (%) + SEM PECso + SEM
cAMP* Serotonin 100£2.7 7.94+0.17
WAY-100135 2+0.5¢ n.c”
AZ-853 43+0.5 7.80+0.41
AZ-861 76x1.7 8.36+0.20
pERK1/2* Serotonin 100+2.2 8.00+0.46
WAY-100135 2+1.0° n.c”
AZ-853 60+2.0 8.18+0.33
AZ-861 76+1.3 8.94+0.40
B-arrestin® Serotonin 100+1.3 6.40+0.17
WAY-100135 1+0.5° n.c”
AZ-853 93+1.7 8.38+0.01
AZ-861 95+1.7 9.43+0.10

All the functional activity values were expressed as means from at least two experiments performed in duplicates.
Emax—the maximum possible effect; pECs, —the negative logarithm of concentration of compound where 50% of its
maximal effect was observed; n.c.-not calculable. Results are expressed as percentage of maximal agonist response
(serotonin 107° M).

* The functional assay was performed using CHO-KI1 cells

® The functional assay was performed using U20S cells (Tango LiveBLAzer assay kit)

© Pytka et al. [14].

https://doi.org/10.1371/journal.pone.0237196.t001

To determine functional selectivity of the tested ligands, bias factors between particular
pathways were calculated, according to the following Eq (6) [15,16]:

relative activity,, .

bias factor = log : ivi
relative activity,,

X EC X ECGU*pathQ

Emaxpathl 50—path2 . Emaxpalhl
(6)

= log +
EC50—path1 x E EC50—path1 x E

MaXpath2 MaXpath2

lig ref

Bias factor ensures an equal comparison between all the pathways, considering the differ-
ences in E,,; and ECs, values of both tested ligand and the reference compound 5-HT. Results
for all the compounds are presented in Table 2. No significant differences were observed in the
activation of signal transduction pathways by AZ-861 and AZ-863.

Effects of acute administration of AZ-853 and AZ-861 on FST in mice

The results presented in Fig 3 show that compound AZ-853 displayed strong and dose-depen-
dent antidepressant-like activity by significantly reducing the immobility time of mice by

Table 2. Bias factors of compounds AZ-853 and AZ-861 and reference agonist serotonin at 5-HT;5R.

5-HT, oR bias factor (logarithmic value)

ERK % vs. cAMP ERK % vs. B-arrestin cAMP vs. B-arrestin
Serotonin 0.00 0.00 0.00
AZ-853 0.13 -0.08 -0.04
AZ-861 -0.03 -0.02 0.05

https://doi.org/10.1371/journal.pone.0237196.t002
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Fig 3. Effect of acute administration of AZ-853 and AZ-861 on the duration of immobility on FST in mice. Data
represent mean = SEM, n = 7-15 mice per group; one-way ANOVA followed by Bonferroni’s post hoc test; *p<0.05,
****p<0.0001 vs. respective control group.

https://doi.org/10.1371/journal.pone.0237196.9003

approximately 50%, 58% and 45% at doses of 0.625, 1.25 and 2.5 mg/kg, respectively (F(5,52) =
14.822, p<0.0001). Compound AZ-861 significantly shortened the time of immobility by
approximately 33% only at the middle dose of 1.25 mg/kg (F(3,29) = 4.7628, p<0.01).

To avoid biases related to the effect of treatment on animals’ motility that may affect the
results obtained in FST, the spontaneous locomotor activity of mice was measured for 4 min,
that is, the period identical to FST measurement. Both AZ-853 (0.625, 1.25, and 2.5 mg/kg)
and AZ-861 (1.25 mg/kg) did not change the behavior of the animals (S1 Table, S1 Data).

Effect of WAY-100635 administration on antidepressant-like activity of
AZ-853 and AZ-861 on FST in mice

In interaction studies, the compounds were administered at doses for which the strongest anti-
immobility effect in FST was observed. WAY-100635 administered alone at a dose of 0.3 mg/
kg had no effect on immobility, but it completely abolished the antidepressant-like action of
AZ-853 administered at a dose of 1.25 mg/kg (Fig 4). Two-way ANOVA results showed signif-
icant interaction (F(1,30) = 18.034, p<0.001). The concomitant administration of the active
dose of AZ-861 (1.25 mg/kg) and WAY-100635 (0.3 mg/kg) led to attenuation of the anti-
immobility effect of AZ-861, but two-way ANOVA results did not show statistically significant
interaction (F(1,30) = 0.94270, ns) (Fig 4).

WAY-100635 (0.3 mg/kg) when given alone or combined with AZ-853 (1.25 mg/kg) or
AZ-861 (1.25 mg/kg) did not change the locomotor activity of the animals (S1 Table, S1 Data).

Effects of repeated administration of AZ-853 and AZ-861 on FST in mice

As shown in Fig 5, both AZ-853 (F(1,14) = 5.7973, p<0.05) and AZ-861 (F(1,15) = 5.8597,
P<0.05) administered for 13 consecutive days at the minimum effective doses, i.e. 0.625 mg/kg
and 1.25 mg/kg respectively, decreased the immobility time in FST in mice.

Prolonged administration of both compounds did not influence the motility of animals
measured during the 4-min period (S2 Table, S2 Data).
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Fig 4. Effect of WAY-100635 administration on antidepressant-like activity of AZ-853 and AZ-861 on FST in
mice. Data represent mean + SEM, n = 7-9 mice per group; two-way ANOVA followed by Bonferroni’s post hoc test;
*p<0.05, ***p<0.001 vs. control group, ####p<0.0001 vs. respective compound-treated group. Cmpd-the respective

tested compound.
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Fig 5. Effect of repeated administration of AZ-853 and AZ-861 on duration of immobility on FST in mice. AZ-853
and AZ-861 administered i.p. once daily for 13 consecutive days. Data represent mean + SEM, n = 7-8 mice per group;
one-way ANOVA followed by Bonferroni’s post hoc test; *p<0.05 vs. control group.

https://doi.org/10.1371/journal.pone.0237196.9005
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Fig 6. Concentration-time profiles of AZ-853 (A) and AZ-861 (B) in mouse plasma and different brain regions.
AZ-853 administered i.p. at the dose of 0.625 mg/kg and AZ-861 administered i.p. at the dose of 1.25 mg/kg.
Concentrations of the tested compounds in plasma and brain are expressed as ng/mL and ng/g, respectively. Data
represent mean + SEM, n = 6 mice per group per time point.

https://doi.org/10.1371/journal.pone.0237196.9006

Effects of acute administration of AZ-853 and AZ-861 on pharmacokinetic
parameters in mice

The plots of concentrations (mean + SD) measured in plasma, hippocampus, striatum, and
frontal cortex versus time profile for AZ-853 and AZ-861 after i.p. administration at the lowest
antidepressant active dose of 0.625 mg/kg are shown in Fig 6(A). Similar linear plots for AZ-
861 administered i.p. at the lowest antidepressant active dose of 1.25 mg/kg is shown in Fig 6
(B) (see also S3 Data).

The pharmacokinetic parameters calculated by the non-compartmental approach are given
in Tables 3 and 4.

After i.p. administration, the tested compounds rapidly, within 5 min (t,,.x) achieved the
maximum concentration (C,,,,) in the blood. The lowest effective dose for AZ-861 was two
times higher than for AZ-853, thus the C,,x for AZ-853 (23.125 + 15.99 ng/mL) was ca. 2
times lower than C,;,,, for AZ-861 (59.6 + 38.6 ng/mL). Both AZ-853 and AZ-861 were elimi-
nated relatively rapidly from mouse body with to s ca. 1.5 h. For AZ-853 and AZ-861, the vol-
ume of distribution values were 67 L/kg and 83 L/kg, respectively. Very high volume of
distribution (above 1 L/kg) indicates the ability of compounds to bind to and to accumulate in
tissues. Using the area under the curve (AUC) values for AZ-853 and AZ-861 (Fig 6), the ratios
between the AUC values in hippocampus, striatum, frontal cortex and in plasma were calcu-
lated. Consequently, the compounds were characterized by a very high permeability of the
brain-blood barrier and exhibited significant distribution in brain structures from 5 to 15 min
(Tables 3 and 4). Compound AZ-853 showed a greater extent of penetration into brain

Table 3. Pharmacokinetic parameters and brain structure uptake for AZ-853.

Parameter Plasma Hippocampus Striatum Frontal cortex
AUC,_.; [ng - min/mL] 1063 12618 21142 19232
to.5 [min] 81.6 140.8 74.3 73.8
MRT [min] 85.8 71.6 56.3 90
Cinax [ng/mL] 23.1 271.8 403.6 306.3
tmax [min] 5 15 15 5
V4/F [L/kg] 66.9 - - -
CI/F [L/min/kg] 0.57 - - -
Brain structure-to-plasma concentration ratio - 11.9 19.9 18.1

AZ-853 administered to mice i.p. at the dose of 0.625 mg/kg. AUC,_,—area under the curve from zero to last sampling time; to 5 ~terminal half-life; C,,,—maximum

plasma concentration; t,,,,—time to reach C,,.x, V4/F-apparent volume of distribution; Cl/F-apparent clearance; MRT-mean residence time.

https://doi.org/10.1371/journal.pone.0237196.t003
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Table 4. Pharmacokinetic parameters and brain structure uptake for AZ-861.

Parameter Plasma Hippocampus Striatum Frontal cortex
AUC,_., [ng - min/mL] 2070 26132 18566 21790
to.5 [min] 97.5 110.4 83 91.6
MRT [min] 52.3 107 56.9 92.3
Crax [ng/mL] 59.6 308.5 333.1 355
timax [Min] 5 15 15 5
V4/F [L/kg] 83.4 - - -
Cl/F [L/min/kg] 0.59 - - -
Brain structure-to-plasma concentration ratio - 12.6 8.97 10.5

AZ-861 administered to mice i.p. at the dose of 1.25 mg/kg. AUC,_,—area under the curve from zero to last sampling time; t, 5 —terminal half-life; C,,,,,—maximum

plasma concentration; t,,,—time to reach C,,.x, Va/F-apparent volume of distribution; Cl/F-apparent clearance; MRT-mean residence time.

https://doi.org/10.1371/journal.pone.0237196.t1004

structures than AZ-861. For AZ-853, the ratios of hippocampus/plasma (H/P), striatum/
plasma (S/P), and frontal cortex/plasma (FC/P) were 11.9, 19.9, and 18.1, respectively. For AZ-
861, the ratios of H/P, S/P, and FC/P were 12.6, 8.97, and 10.5, respectively.

Effects of acute administration of AZ-853 and AZ-861 on blood pressure in
normotensive rats

Compound AZ-853 alone administered at a dose of 10 mg/kg significantly reduced diastolic
blood pressure by 13-15% in relation to the baseline value. However, it did not significantly
affect the systolic blood pressure. Compound AZ-861 administered at the identical dose did
not significantly affect the arterial pressure of normotensive rats (Fig 7, S4 Data)

Adrenolytic activity of acute administration of AZ-853 and AZ-861 in rats

Administration of AZ-853 at a dose of 10 mg/kg 30 min prior to methoxamine (150 ug/kg)
resulted in a mean reduction of blood pressure in rats by 95.5 mmHg in comparison to values
observed after the administration of methoxamine alone as a control. Administration of AZ-
861 (10 mg/kg) induced the mean reduction of blood pressure in rats by 40.45 mmHg when
compared to values after the administration of methoxamine alone as a control (Fig 8).

Anticholinergic and antihistaminergic activities of AZ-853 and AZ-861 in vitro

After the administration of AZ-853 and AZ-861 at the concentration of 1 uM, no inhibition of
carbachol-induced contraction of the small intestine was observed. For AZ-853 and AZ-861,
the contraction inhibition was on average 2.5% and 0.17%, respectively. The contraction
caused by carbachol as the control sample was accepted as 100% (Fig 9).

AZ-853 and AZ-861, administered at the concentration of 1 uM, almost completely inhib-
ited histamine-induced contraction of the isolated small intestine of guinea pig. In both cases,
the inhibition reached almost 100%, i.e. 94.85% for AZ-853 and 99.79% for AZ-861. The con-
tractions caused by histamine as the positive control were accepted as 100% (Fig 9).

Effects of repeated administration of AZ-853 and AZ-861 on body weight
of mice
A slight but significant increase in body weight was observed in animals treated with AZ-853

at the dose of 0.625 mg/kg from the 10th day of administration. The results are shown in Fig
10A. In animals treated with AZ-861 at the dose of 1.25 mg/kg, a slight and significant decrease
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Fig 7. Effects of AZ-853 and AZ-861 on systolic and diastolic blood pressure after i.p. administration to normotensive
anesthetized rats. All values represent the mean + SEM, n = 6 rats per group. Statistical analysis was performed using one-
way ANOVA followed by Bonferroni’s post hoc test; **p<0.01, ***p<0.001 compared to the time zero. SBP-systolic blood
pressure, DBP-diastolic blood pressure.

https://doi.org/10.1371/journal.pone.0237196.9007

in body weight was observed on the 2nd, 3rd, and 4th day of administration. In the following
days, no significant differences in body weight were observed as compared to those of the con-
trol animals. The results are shown in Fig 10A and in S5 Data.

Effects of repeated administration of AZ-853 and AZ-861 on mouse liver,
kidney, and heart weight

As shown in Fig 10B, the repeated administration of neither AZ-853 (0.625 mg/kg) nor AZ-
861 (1.25 mg/kg) influenced liver, kidney, and heart weight expressed as the percentage of
total body weight when compared with those measured in the control animals.

Effects of repeated administration of AZ-853 and AZ-861 on plasma
glucose, triglyceride, and cholesterol concentrations in mice

In the group of mice administered AZ-853 at the dose of 0.625 mg/kg b.w./day, the level of tri-
glycerides and total cholesterol increased significantly as compared to those measured in the
control animals. Similarly, after the administration of AZ-861 at the dose of 1.25 mg/kg b.w./
day, the level of triglycerides and total cholesterol increased significantly as compared to those
in the control animals. No differences were observed in plasma glucose levels between the
groups. The results are presented in Fig 11.

Effects of repeated administration of AZ-853 and AZ-861 on plasma ALAT
and y-GTP activity

The administration of AZ-853 and AZ-861 at the dose of 0.625 and 1.25 mg/kg b.w./day,
respectively, did not lead to significant changes in ALAT activity measured in mouse plasma

(Fig 12A).
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Fig 8. Effects of AZ-853 and AZ-861 on the blood pressure response to methoxamine (150 pg/kg). All values
represent the mean + SEM, n = 6. Statistical analysis was performed using Student’s t-test; *p<0.05, “***p<0.001 vs.
control group.

https://doi.org/10.1371/journal.pone.0237196.9008
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Fig 9. Effects of AZ-853 and AZ-861 on carbachol and histamine-induced smooth muscle contraction in isolated
small intestine of guinea pig. All values represent the mean + SEM, n = 6. Statistical analysis was performed using
Student’s t-test; ***p<0.001 vs. control.

https://doi.org/10.1371/journal.pone.0237196.9009

AZ-853 significantly increased y-GTP activity by approximately 435% while AZ-861 did not
change activity of this enzyme measured in mouse plasma. The results are shown in Fig 12B).

Effects of acute and repeated administration of AZ-853 and AZ-861 on the
spontaneous activity of mice

Mice treated with AZ-853 at the dose of 0.625 mg/kg b.w./day had increased spontaneous
activity in the 1st, 7th, 12th and 13th hour after administration as compared to the control
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Fig 10. Effects of AZ-853 and AZ-861 on body (A) and tissues weight (B) of mice. Panel (A): data represent mean + SEM, n = 10 per group.
Statistical analysis was performed using two-way ANOVA followed by Bonferroni’s post-hoc test. Panel (B) data represent mean + SEM,
n = 9-10 per group. Statistical analysis was performed using Student’s t-test. *p<0.05, **p<0.01, ***p<0.001 vs. control group.

https://doi.org/10.1371/journal.pone.0237196.9010
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Fig 11. Effects of repeated administration of AZ-853 and AZ-861 on glucose, triglyceride, and cholesterol
concentration in mouse plasma. Data represent mean + SEM, n = 9-10 per group. Statistical analysis was performed
using Student’s t-test. *p<0.05, **p<0.01, ***p<0.001 vs. control.

https://doi.org/10.1371/journal.pone.0237196.g011

mice. After the 15th administration, a significant increase in activity was observed only in the
Ist hour, but in the 4th, 7th and 9th hour after administration, a significant reduction in spon-
taneous activity was observed as compared to that in control mice (Fig 13A and 13B, S6 Data).
No effect on locomotor activity was observed after single administration of AZ-861 at the dose
of 1.25 mg/kg b.w./day. In contrast, after a 15th administration, a significant decrease in spon-
taneous activity was observed as compared to that in the control mice at 9th, 10th, 11th, 16th,
and 17th hour after administration (Fig 13C and 13D, S6 Data).

Discussion

AZ-853 and AZ-861 are chemical analogs that differ only in the quality of the fluorine substitu-
ent in the phenyl ring attached to piperazine. A small change in the chemical structure may
cause differences not only in chemical and physical properties but also in pharmacological and
pharmacokinetic characteristics (e.g., paliperidone vs. risperidone) [17-20]. Our previous
investigations revealed that compounds AZ-853 and AZ-861 possess high affinity for seroto-
nergic 5-HT sR and are 5-HT 4R antagonists in CHO-K1 cells in the Ca®* mobilization assay,
with AZ-861 showing 2-fold higher Ky, value [8]. Like other G protein-coupled receptors
(GPCRs), 5-HT 4R binds to a wide variety of second messengers, i.e., adenyl cyclase, protein
kinase A, phospholipase C, nitric oxygen synthase, and Ca** [21]. Over the past 20 years, sev-
eral studies have demonstrated that intracellular signaling cascades may be activated with dif-
ferent preferences. GPCR ligands may stabilize different active receptor conformations,
leading to the activation of distinct signaling pathways or they could even have opposite effica-
cies toward different signaling pathways. Such dual efficacies were reported for ligands that
acted on adrenergic B, and B, (propranolol [22]), histamine H; (proxyfan [23]), opioid &
(ICI174864 [24]), and serotonin 5-HT, , (HBK-17 [14]) and 5-HT,¢ receptors (quipazine
[25]). The ability of a ligand to direct a G protein-coupled receptor toward a conformation
that prefers one signaling pathway over another (functional selectivity or biased agonism)
offers new opportunities for developing pathway-selective drugs; this might result in novel
treatment strategies, i.e., pharmacological activity without inducing unwanted effects. In the
present study we broadened the in vitro activity of AZ-853 and AZ-861 and showed that both
the compounds exhibited partial agonistic properties in two functional assays with 5-HT 4R,
i.e., inhibition of cAMP production and ERK1/2 phosphorylation as well as agonist activity in
B-arrestin recruitment. In the latter, the efficacy of AZ-853 (E,,.x = 93%) and AZ-861 (E,.x =
95%) was similar relative to that induced by the endogenous agonist (E,,.x = 100%), and their
potency (pECsg) was even higher (96-fold and 1000-fold, respectively) than that of 5-HT. The
obtained findings agree with previously published data. For 5-HT, 4R ligands, biased agonism
occurs, and the same molecule can show different effects on signal transduction pathways
associated with one receptor depending on its localization in the respective brain structures
[26]. Hence, although both compounds were initially defined as 5-HT 4 antagonists [8], on
the basis of more extensive research, they should be classified as 5-HT; zR partial agonists, as
they act differently depending on the brain structure. Despite having much higher potency
than that of 5-HT, the calculated 5-HT 4R bias factor indicates that both the compounds did
not preferentially activate any intracellular pathway and thus did not show functional selectiv-
ity relative to the endogenous agonist.
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Fig 12. Effects of repeated administration of AZ-853 and AZ-861 on the activity of ALAT (A) and y-GTP (B) in
mouse plasma. Data represent mean + SEM, n = 9-10 per group. Statistical analysis was performed using Student’s t-
test; ***p<0.001 vs. control.

https://doi.org/10.1371/journal.pone.0237196.g012

5-HT; R is known to mediate antidepressant activity in rodents and humans. It has been
repeatedly shown that 5-HT, 4R agonists, partial agonists, and antagonists exhibit or accelerate
antidepressant-like effects in animal behavioral tests [for review see [27]]. Some ADDs having
5-HT AR agonistic properties and functioning as 5-HT transporter inhibitors (vilazodone or
vortioxetine) are used clinically [28,29]. The anxiolytic drug buspirone (5-HT; sR agonist) is
used as an augmentation strategy in MDD [30]. Likewise, pindolol, a 5-HT; 4R /B-adrenocep-
tor antagonist, accelerated the onset of action and enhanced the antidepressant effect of SSRIs
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Fig 13. Effects of AZ-853 and AZ-861 administration on the spontaneous activity of mice during light and dark phases. A-after the 1st
administration of AZ-853, B-after the 15th administration of AZ-853, C-after the 1st administration of AZ-861, D-after the 15th administration
of AZ-861. Each plot represents mean + SEM for n = 7-8 per group. Statistical analysis was performed using multi-t test, *p<0.05, **p<0.01 vs.
control.

https://doi.org/10.1371/journal.pone.0237196.g013
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in adult patients with depressive disorders [31]. Thus, it is not surprising that 5-HT; sR contin-
ues to receive much interest as the target of antidepressant therapy [for review see [32]].

In addition to affinity for 5-HT 4R, AZ-853 and AZ-861 bind with moderate (AZ-861) or
low (AZ-853) potency to 5-HT,R [8]. 5-HTR is mostly located in brain structures involved in
affective processes (i.e., hippocampus, pre-limbic cortices) [33]. 5-HT,R antagonists produced
a significant antidepressant effect and enhanced the antidepressant activity of citalopram
(SSRI) in pre-clinical studies in rodents [34,35]. Thus, 5-HT,R antagonists seem to be promis-
ing components of antidepressant therapy. It is worth noting that vortioxetine is a 5-HT,R
antagonist [29], and some atypical antipsychotics, namely amisulpride, lurasidone and aripi-
prazole, show a clinically established antidepressant activity that might be mediated by
5-HT,R antagonism [36-38].

Considering the above-mentioned data, we performed FST in mice for the preliminary
evaluation of antidepressant-like properties of compounds AZ-853 and AZ-861. FST is a
widely used, well-established animal experiment tool for predicting the therapeutic potential
of novel bioactive substances. We demonstrated that AZ-853 and AZ-861 showed antidepres-
sant-like activity by causing a significant decrease in immobility time of mice. The effect of
acute administration of AZ-861 revealed that only at one dose of 1.25 mg/kg, the compound
produced a U-shaped dose-response relationship and was almost 2-fold weaker than AZ-853
at doses of 0.625-2.5 mg/kg. The antidepressant-like activity of both compounds was main-
tained after repeated 13-day application; however, it was less pronounced than that observed
after acute administration but still significant. Because changes in the immobility time could
also result from the effects on locomotor activity caused by central nervous system (CNS) stim-
ulants, it was confirmed that active doses of both compounds did not increase mouse locomo-
tor activity, which was measured over a period identical to the duration of FST. Thus, the
present study provides pharmacological evidence for the specific antidepressant-like effects of
AZ-853 and AZ-861.

Bearing in mind that depression is a complex disorder of psychological, neuroendocrine,
and somatic symptoms, which are impossible to reproduce in animal models, we are aware
that the use of only one test to fully characterize antidepressant properties of compounds has
limitations. First, FST is not a full-spectrum analog of human depression, and it assesses only
one aspect of depressed mood, i.e., despair-like behavior, which is thought to correspond to
disengagement in depressive patients [39]. Moreover, it has been suggested that immobility
could be interpreted as an adaptive behavior that allows an animal to survive in adverse condi-
tions without unnecessary energy expenditure [40]. Some concerns are also raised regarding
the effectiveness of acute treatment using new compounds/drugs in FST, while in clinic,
chronic use is necessary to reveal the antidepressant effects of ADDs [41-43]. Thus, a thorough
evaluation of antidepressant properties of new compounds requires the use of a battery of tests
that assess other symptomatic dimensions of depressive states. However, these limitations
should not devaluate the usefulness of FST as a drug discovery tool. It should be emphasized
that FST detects antidepressant-like activity of the majority of clinically used ADDs and differ-
entiates ADDs from anxiolytic and antipsychotic drugs. Therefore, it seems to be a suitable
screening test in the preliminary search for novel compounds with potential antidepressant
activity [43].

To verify whether 5-HT 4R stimulation is responsible for the activity of the tested com-
pounds in FST, we performed the test again by using a selective 5-HT, 4R antagonist (WAY-
100635). We observed that WAY-100635 completely abolished the antidepressant-like effect of
AZ-853, but only attenuated the effect of AZ-861. This implies that the antidepressant-like
activity of AZ-853 depended on its 5-HT; 4R agonistic properties. Instead, the anti-immobility
action of AZ-861 is only partially determined by its 5-HT; oR agonist characteristics, and other
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mechanisms, including 5-HT,R antagonism, may be responsible for its antidepressant-like
effect. The U-shape antidepressant action of AZ-861 is similar to the anti-immobility effect of
SB-269970, a selective 5-HT,R antagonist [34], and this compound has 5-fold higher affinity
for 5-HT,R than AZ-853.

At this stage of experimentation, it is difficult to explain which 5-HT, sR-coupled signal
transduction pathway is involved in the antidepressant-like activity of the studied compounds.
It can be speculated that the activation of p-ERK1/2 may have some relevance. There is
increasing evidence implicating the role of ERK1/2 in the regulation of depressive behavior in
both humans and animals. The suppression of the ERK signaling pathway was shown in ani-
mal models of depression [44] and in post-mortem prefrontal cortex and hippocampus of
depressed suicide victims [45,46]. It was also demonstrated that the blockade of MEK/ERK sig-
naling induced depression-like behavior in mice and blocked or reduced the antidepressant-
like effects of desipramine and sertraline in FST [47], and that imipramine averted the disrup-
tion in MEK/ERK signaling induced by restraint stress in mice [44]. It is worth mentioning
that f8-arrestins not only desensitize G-protein-dependent signal pathways but also promote
novel pathways of signal transduction, e.g., ERK, JNK, p38, or Akt (for review see [48]). Thus,
it is possible that the observed increase in ERK1/2 phosphorylation might also be due to the
activation of 8-arrestin recruitment [49].

Phosphodiesterases (PDEs) have been shown to play distinct roles in the processes of emo-
tion, while selective PDE inhibitors can modulate mood and emotional states by preventing
the breakdown of cAMP and/or cGMP. Some members of the PDE family, such as PDE4B
and PDE10A, may be good drug targets because of their presence in areas of the brain associ-
ated with the site of action of psychotropic drugs, and their inhibitors therefore have potential
therapeutic relevance [50]. Certainly, we could exclude the inhibition of PDE4B and PDE10A
as a potential mechanism of antidepressant-like action of AZ-853 and AZ-861; this is because
in a previous in vitro study using a bioluminescent detection system, we demonstrated that
both compounds did not induce PDE4B and PDE10A inhibitory activity [8].

The lipophilicity of a drug candidate can affect its pharmacodynamic and pharmacokinetic
properties. In particular, the ability of a molecule to cross the cell membrane depends on its
partition coefficient (log P), which is still the generally accepted and primarily applied descrip-
tor of lipophilicity while searching for new drug candidates. The so-called “rule of five” defines
the range of log P for good intestinal permeability and penetration to the brain as log p < 5.
The estimated log p values for AZ-853 and AZ-861 were almost within the limits of “rule of
five”, i.e., 5.34 and 5.75, respectively [8], which has been confirmed in pharmacokinetic experi-
ments. We studied the pharmacokinetic profile of both the tested compounds administered i.
p. at minimal antidepressant doses, i.e., 0.625 mg/kg (AZ-853) and 1.25 mg/kg (AZ-861). Both
AZ-853 and AZ-861 achieved peak concentration in the blood within 5 min of administration,
and their half-life in plasma was 81 and 97 min, respectively. The very high volume of distribu-
tion (over 67 L/kg and 84 L/kg for AZ-853 and AZ-861, respectively) indicates that the tested
compounds bind to and accumulate in tissues. AZ-853 and AZ-861 showed high penetration
into brain structures (hippocampus, striatum, and frontal cortex). Compound AZ-853 reached
higher concentrations and remained longer in the studied brain areas than AZ-861. Thus, it
appears that the weaker antidepressant effect of AZ-861 may be due to its lower brain
penetration.

The major disadvantages of antidepressant pharmacotherapy are SEs, which largely result
from the blockade of histaminergic, cholinergic, and adrenergic receptors. The use of ADDs is
often accompanied by weight gain, metabolic abnormalities, and cardiovascular effects, which
are often the reason for premature discontinuation of antidepressant treatment. Therefore, in
the further stage of our research, we assessed the safety profile of the studied compounds for
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these issues. We demonstrated that both AZ-853 and AZ-861 did not show muscarinic M3
receptor (M;R) antagonizing properties; thus, both AZ-853 and AZ-861 should not cause cho-
linolytic SEs. This is a very beneficial and desirable feature of these drugs, because SEs such as
dry mouth, blurred vision, constipation, urinary retention, cognitive impairment, disorienta-
tion, and delirium are poorly tolerated by patients [51]. However, both compounds possess
strong antihistaminergic effects. Additionally, AZ-853 blocked adrenergic a; receptors (o;R)
completely which resulted in decrease of methoxamine-induced increase in rat blood pressure,
while AZ-861 showed weaker ;R antagonistic properties by reversing the effect of methoxa-
mine by approximately 40%. Considering the histaminic H; receptor (H;R) antagonizing and
o, R-adrenolytic actions of the tested compounds, hypotension, sedation, and weight gain
could be expected after their administration [52-54]. Indeed, AZ-853 significantly reduced
diastolic blood pressure in normotensive anesthetized rats, whereas AZ-861 had no influence
on rat blood pressure. The stronger impact of AZ-853 on blood pressure is not surprising,
because its o, R antagonizing effect was over 2-fold more potent than that of AZ-861. Unfortu-
nately, treatment with AZ-853 would therefore probably be associated with a higher risk of
orthostatic hypotension, which may result in substantial morbidity and mortality from associ-
ated falls and syncope, particularly in elderly patients [55]. However, the hypotensive effect of
AZ-853 was rather weak (13-15%) and observed at a dose many times higher than that active
in FST (10 mg/kg vs. 0.625 mg/kg). It should also be noted that this compound did not affect
diastolic blood pressure. Furthermore, there is evidence that the antagonism of oy 5- and oy p-
adrenoceptors results in antidepressant-like effects in mice [56]. Nevertheless, more experi-
ments are needed to clarify this issue.

The effect of the tested compounds on daily spontaneous activity was monitored in animals
housed in herds in their home cages; this approach allowed to avoid the effect of isolation-
induced stress on mouse behavior. Compounds AZ-853 and AZ-861 administered repeatedly
significantly decreased the spontaneous activity of animals, thus indicating their sedative
potential. The sedative effect leading to decrease in caloric expenditure is postulated as one of
the several mechanisms that may contribute to antidepressant-induced weight gain [3]. A
slight but significant increase in weight was observed from the 10th day of AZ-853 administra-
tion as compared to that in the control group. In contrast, treatment with AZ-861 induced
only transitory (from the 2nd to the 4th day of treatment) decrease in body mass and, in gen-
eral, had no effect on mouse body weight. As histamine regulates feeding and obesity through
hypothalamic H;R [52] and both compounds showed almost identical anti-histaminergic
activity in vitro, we presume that the reason for this effect may be the weaker penetration of
AZ-861 into the CNS.

In general, both sedation and weight gain are unwanted effects of treatment. However, in
some clinical situations, they can provide additional therapeutic benefits. For example, the sed-
ative properties of some antidepressant, antipsychotic, or anxiolytic drugs are desirable when
the underlying disorder occurs with psychomotor agitation and/or insomnia [57]. Similarly,
for senile cachexia or severe appetite disorder, the increase in body weight may provide addi-
tional benefits. A potential favorable effect of mirtazapine-induced increase in appetite and
weight has been shown in underweight elderly patients with comorbid depression [58].

There is evidence that some ADDs may deteriorate glucose homeostasis and increase the
risk of diabetes mellitus as well as induce lipid metabolism disturbances. Most of these meta-
bolic changes are associated with ADD-induced weight gain [59]. In the biochemical experi-
ments, AZ-853 and AZ-861 did not influence the plasma glucose level, but significantly
increased the concentrations of triglycerides and cholesterol. Considering the lack of effect of
AZ-861 on mouse body mass, it does not seem that the observed changes resulted simply from
weight gain; therefore, more experiments are needed to explain this issue.
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Organ weight can be the most sensitive indicator of the effect of drug toxicity, as significant
differences in organ weight between treated and control animals may occur in the absence of
any morphological changes. Aptly, none of the tested compounds affected the weight of liver,
kidneys, and heart, expressed as the percentage of total body mass. Moreover, the activity of
ALAT and y-GTP was not significantly changed after repeated administration of AZ-861, thus
indicating a low risk of hepatotoxicity. It should be emphasized that due to the hepatotoxic
potential, regular monitoring of liver function is recommended while treating patient with
ADDs, particularly when using agomelatine, duloxetine, bupropion or nefazodone [3]. Our
present study showed a several-fold increase in the activity of y-GTP after repeated administra-
tion of AZ-853. This result deserves attention and suggests further research, e.g., on alkaline
phosphatase activity. y-GTP present in serum is mainly of hepatic origin [60]. In liver diseases,
the increase in y-GTP level strongly correlates with the increase in alkaline phosphatase level.
This information is clinically important because it allows y-GTP increase in liver diseases to be
differentiated from that due to other causes, e.g., cardiovascular diseases [61]. Researchers
have shown a significant association of y-GTP with known risk factors for cardiovascular dis-
eases, such as triglycerides, cholesterol, and body mass index. The inclusion of these data in
statistical analysis confirmed the significance of y-GTP as an independent prognostic factor of
death from cardiovascular causes [60]. All this information emphasizes the importance of con-
ducting further safety tests for AZ-853, because the repeated administration of this compound
caused an increase in plasma triglycerides and cholesterol as well as an increase in body
weight.

Conclusions

In conclusion, the present findings demonstrate that AZ-853 and AZ-861 administered once
and repeatedly in mice showed antidepressant-like activity, which is partially dependent on
5-HT, 4R activation. Between the two compounds, AZ-853 showed more potent antidepres-
sant effect, presumably due to better penetration into brain structures. We also demonstrated
that the studied compounds, which structurally differ by one substituent and its placement in
the phenyl ring, varied from each other not just in their antidepressant potency and pharmaco-
kinetic properties but also in their SE profile. Both AZ-853 and AZ-861 blocked H;R, resulting
in weak sedation after repeated administration, and both induced lipid metabolism distur-
bances without affecting serum glucose level. None of the compounds showed anticholinergic
properties. AZ-853 showed a stronger o;R-adrenolytic effect, which was manifested by a
decrease in systolic blood pressure. Moreover, the compound induced mouse weight gain and
plasma y-GTP activity as compared to AZ-861. The interesting comparative pharmacological
profiles of AZ-853 and AZ-861 encourage to conduct further experiments to fully understand
their mechanisms and differences in action.

Supporting information

S1 Fig. The activity of 5-HT (A), AZ-853 (B) and AZ-861 (C) at 5-HT 4R in vitro functional
assays. Graphs represent dose-response curves for functional activity of compounds in ERK1/
2 phosphorylation, B-arrestin recruitment and inhibition of cAMP production assays.

(TIF)

S1 Table. Influence of acute administration of AZ-853, AZ-861 and WAY-100635 given
alone or combined with AZ-853 or AZ-861 on spontaneous locomotor activity in mice.

Locomotor activity was measured from 3 to 6 min, that is the time equal to the observation
period in FST. Data represent mean + SEM, n = 5-8 mice per group; one-way ANOVA
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followed by Bonferroni’s post hoc test; ns—nonsignificant.
(DOCX)

$2 Table. Influence of repeated administration of AZ-853 and AZ-861 on spontaneous
locomotor activity in mice. Locomotor activity was measured 24 h after 12" administration
of compounds during 4 min, that is the time equal to the observation period in FST. Data rep-
resent mean = SEM, n = 8-10 mice per group; one-way ANOVA followed by Bonferroni’s
post hoc test; ns—nonsignificant.

(DOCX)

S1 Data. Spontaneous locomotor activity data after acute administration. Raw data
acquired with the spontaneous locomotor activity test. The columns represent the number of
movements measured from 3 to 6 min, that is the time equal to the observation period in FST.
On the right, the descriptive statistics.

(XLSX)

$2 Data. Spontaneous locomotor activity data after repeated administration. Raw data
acquired with the spontaneous locomotor activity test. The column represents the number of
movements measured from 3 to 6 min, that is the time equal to the observation period in FST.
On the right, the descriptive statistics.

(XLSX)

$3 Data. Pharmacokinetic data. Raw data acquired with the pharmacokinetic studies. The
columns represent the concentrations of the tested compounds in plasma, hippocampus, stria-
tum, and frontal cortex at seven time points (5, 15, 30, 60, 120, 240, 480 min). The first sheet
contains data for AZ-853, and the second for AZ-861. On the right, the descriptive statistics.
(XLSX)

S$4 Data. Blood pressure data. Raw data acquired with the blood pressure measurement. The
columns represent the values of systolic and diastolic blood pressure (SBP and DBP, respec-
tively) measured at eleven time points (0, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80 min). The first
sheet contains data for AZ-853, and the second for AZ-861. On the right, the descriptive statis-
tics.

(XLSX)

S5 Data. Body mass data. Raw data acquired with the body mass measurement. The columns
represent the body weights measured for consecutive 15 days. On the right, the descriptive sta-
tistics.

(XLSX)

S6 Data. Spontaneous activity monitoring data. Raw data acquired with the spontaneous
activity monitoring. The columns represent counts registered every hour from the Ist to the
18th hour after treatment. The first sheet contains spontaneous activity data measured after
the 1st and the second sheet after the 15th administration of vehicle or the tested compounds.
*—outlier values excluded from statistical analysis. On the right, the descriptive statistics.
(XLSX)

Author Contributions
Conceptualization: Anna Partyka, Agnieszka Zagorska.

Funding acquisition: Anna Partyka.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237196  August 7, 2020 26/30


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237196.s009
https://doi.org/10.1371/journal.pone.0237196

PLOS ONE

Antidepressant-like activity and safety profile of 5-HT 44 receptor partial agonists

Investigation: Anna Partyka, Magdalena Kotanska, Maria Walczak, Magdalena Jastrzebska-
Wiesek, Joanna Knutelska, Marek Bednarski, Monika Gluch-Lutwin, Barbara Mordyl, Pau-
lina Janiszewska.

Methodology: Anna Partyka, Magdalena Kotaniska, Maria Walczak, Marek Bednarski, Monika
Gluch-Lutwin.

Project administration: Anna Partyka.
Supervision: Anna Partyka, Anna Wesolowska.
Visualization: Anna Partyka, Magdalena Kotanska, Maria Walczak, Marek Bednarski.

Writing - original draft: Anna Partyka, Magdalena Kotanska, Maria Walczak, Marek Bed-
narski, Monika Gluch-Lutwin.

Writing - review & editing: Anna Partyka, Anna Wesolowska.

References

1. Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002 to 2030. PLoS
Med. 2006; 3: e442. https://doi.org/10.1371/journal.pmed.0030442 PMID: 17132052

2. LewerD, O'Reilly C, Mojtabai R, Evans-Lacko S. Antidepressant use in 27 European countries: Associ-
ations with sociodemographic, cultural and economic factors. Br J Psychiatry. 2015; 207: 221-226.
https://doi.org/10.1192/bjp.bp.114.156786 PMID: 26159603

3. Carvalho AF, Sharma MS, Brunoni AR, Vieta E, Fava GA. The Safety, Tolerability and Risks Associated
with the Use of Newer Generation Antidepressant Drugs: A Critical Review of the Literature. Psychother
Psychosom. 2016; 85: 270-288. https://doi.org/10.1159/000447034 PMID: 27508501

4, Serretti A, Mandelli L. Antidepressants and body weight: A comprehensive review and meta-analysis. J
Clin Psychiatry. 2010; 71: 1259-1272. https://doi.org/10.4088/JCP.09r05346blu PMID: 21062615

5. Khawam EA, Laurencic G, Malone DA. Side effects of antidepressants: An overview. Cleve Clin J Med.
2006; 73: 351-361. https://doi.org/10.3949/ccjm.73.4.351 PMID: 16610395

6. Kahl KG, Westhoff-Bleck M, Kriiger THC. Effects of psychopharmacological treatment with antidepres-
sants on the vascular system. Vascul Pharmacol. 2017; 96-98: 11-18. https://doi.org/10.1016/j.vph.
2017.07.004 PMID: 28754273

7. Richelson E. Pharmacology of Antidepressants—Characteristics of the Ideal Drug. Mayo Clin Proc.
1994; 69: 1069-1081. https://doi.org/10.1016/s0025-6196(12)61375-5 PMID: 7967761

8. Zagodrska A, Bucki A, Kotaczkowski M, Siwek A, Gtuch-Lutwin M, Starowicz G, et al. Synthesis and bio-
logical evaluation of 2-fluoro and 3-trifluoromethyl-phenyl-piperazinylalkyl derivatives of 1H-imidazo
[2,1-flpurine-2,4(3H,8H)-dione as potential antidepressant agents. J Enzyme Inhib Med Chem. 2016;
31: 10-24. https://doi.org/10.1080/14756366.2016.1198902 PMID: 27353547

9. Porsolt RD, Bertin A, Jalfre M. Behavioral despair in mice: a primary screening test for antidepressants.
Arch Int Pharmacodyn thérapie. 1977; 229: 327-36. Available: http://www.ncbi.nim.nih.gov/pubmed/
596982

10. Da Rocha MB, Souza FVM, Estevam C dos S, Pizza C, Sant'/Ana AEG, Marcal RM. Antispasmodic
effect of 4-methylepigallocatechin on guinea pig ileum. Fitoterapia. 2012; 83: 1286—1290. https://doi.
org/10.1016/j.fitote.2012.05.010 PMID: 22626748

11.  Dudek M, Marcinkowska M, Bucki A, Olczyk A, Kotaczkowski M. Idalopirdine—a small molecule antag-
onist of 5-HT6 with therapeutic potential against obesity. Metab Brain Dis. 2015 [cited 15 Oct 2015].
https://doi.org/10.1007/s11011-015-9736-3 PMID: 26419385

12. Dudek M, Knutelska J, Bednarski M, Nowinski L, Zygmunt M, Mordyl B, et al. A comparison of the ano-
rectic effect and safety of the alpha2-adrenoceptor ligands guanfacine and yohimbine in rats with diet-
induced obesity. PLoS One. 2015; 10: e0141327. https://doi.org/10.1371/journal.pone.0141327 PMID:
26506439

13. Dudek M, Knutelska J, Bednarski M, Nowinski L, Zygmunt M, Kazek G, et al. Pyrrolidin-2-one deriva-
tives may reduce body weight in rats with diet-induced obesity. Eur J Pharmacol. 2016; 776: 146—155.
https://doi.org/10.1016/j.ejphar.2016.02.047 PMID: 26896778

14. Pytka K, Gtuch-Lutwin M, Zmudzka EZ, Sataciak K, Siwek A, Niemczyk K, et al. HBK-17, a 5-HT 1A
receptor ligand with anxiolytic-like activity, preferentially activates B-arrestin signaling. Front Pharmacol.
2018; 9: 1-13. hitps://doi.org/10.3389/fphar.2018.00001

PLOS ONE | https://doi.org/10.1371/journal.pone.0237196  August 7, 2020 27/30


https://doi.org/10.1371/journal.pmed.0030442
http://www.ncbi.nlm.nih.gov/pubmed/17132052
https://doi.org/10.1192/bjp.bp.114.156786
http://www.ncbi.nlm.nih.gov/pubmed/26159603
https://doi.org/10.1159/000447034
http://www.ncbi.nlm.nih.gov/pubmed/27508501
https://doi.org/10.4088/JCP.09r05346blu
http://www.ncbi.nlm.nih.gov/pubmed/21062615
https://doi.org/10.3949/ccjm.73.4.351
http://www.ncbi.nlm.nih.gov/pubmed/16610395
https://doi.org/10.1016/j.vph.2017.07.004
https://doi.org/10.1016/j.vph.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28754273
https://doi.org/10.1016/s0025-6196%2812%2961375-5
http://www.ncbi.nlm.nih.gov/pubmed/7967761
https://doi.org/10.1080/14756366.2016.1198902
http://www.ncbi.nlm.nih.gov/pubmed/27353547
http://www.ncbi.nlm.nih.gov/pubmed/596982
http://www.ncbi.nlm.nih.gov/pubmed/596982
https://doi.org/10.1016/j.fitote.2012.05.010
https://doi.org/10.1016/j.fitote.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/22626748
https://doi.org/10.1007/s11011-015-9736-3
http://www.ncbi.nlm.nih.gov/pubmed/26419385
https://doi.org/10.1371/journal.pone.0141327
http://www.ncbi.nlm.nih.gov/pubmed/26506439
https://doi.org/10.1016/j.ejphar.2016.02.047
http://www.ncbi.nlm.nih.gov/pubmed/26896778
https://doi.org/10.3389/fphar.2018.00001
https://doi.org/10.1371/journal.pone.0237196

PLOS ONE

Antidepressant-like activity and safety profile of 5-HT 44 receptor partial agonists

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rajagopal S, Ahn S, Rominger DH, Gowen-MacDonald W, Lam CM, DeWire SM, et al. Quantifying
ligand bias at seven-transmembrane receptors. Mol Pharmacol. 2011; 80: 367—377. https://doi.org/10.
1124/mol.111.072801 PMID: 21610196

Stroth N, Niso M, Colabufo NA, Perrone R, Svenningsson P, Lacivita E, et al. Arylpiperazine agonists of
the serotonin 5-HT1A receptor preferentially activate cAMP signaling versus recruitment of B-arrestin-2.
Bioorganic Med Chem. 2015; 23: 4824—4830. https://doi.org/10.1016/j.bmc.2015.05.042 PMID:
26081758

Wesotowska A, Jastrzebska-Wigsek M, Cios A, Partyka A. The preclinical discovery and development
of paliperidone for the treatment of schizophrenia. Expert Opin Drug Discov. 2019; 1—14. https://doi.org/
10.1080/17460441.2020.1682994 PMID: 31661992

Modica MN, Lacivita E, Intagliata S, Salerno L, Romeo G, Pittala V, et al. Structure-Activity Relation-
ships and Therapeutic Potentials of 5-HT7 Receptor Ligands: An Update. J Med Chem. 2018; 61:
8475-8503. https://doi.org/10.1021/acs.jmedchem.7b01898 PMID: 29767995

Intagliata S, Modica MN, Pittala V, Salerno L, Siracusa MA, Cagnotto A, et al. New N—and O -arylpiper-
azinylalkyl pyrimidines and 2-methylquinazolines derivatives as 5-HT 7 and 5-HT 1A receptor ligands:
Synthesis, structure-activity relationships, and molecular modeling studies. Bioorg Med Chem. 2017;
25: 1250-1259. https://doi.org/10.1016/j.bmc.2016.12.039 PMID: 28063784

Modica MN, Intagliata S, Pittala V, Salerno L, Siracusa MA, Cagnotto A, et al. Synthesis and binding
properties of new long-chain 4-substituted piperazine derivatives as 5-HT1A and 5-HT7 receptor
ligands. Bioorg Med Chem Lett. 2015; 25: 1427—-1430. https://doi.org/10.1016/j.bmcl.2015.02.042
PMID: 25759032

Chilmonczyk Z, Bojarski AJ, Pilc A, Sylte I. Functional selectivity and antidepressant activity of serotonin
1A receptor ligands. Int J Mol Sci. 2015; 16: 18474—18506. https://doi.org/10.3390/ijms 160818474
PMID: 26262615

Galandrin S, Bouvier M. Distinct signaling profiles of 81 and 2 adrenergic receptor ligands toward ade-
nylyl cyclase and mitogen-activated protein kinase reveals the pluridimensionality of efficacy. Mol Phar-
macol. 2006; 70: 1575-1584. https://doi.org/10.1124/mol.106.026716 PMID: 16901982

Gbahou F, Rouleau A, Morisset S, Parmentier R, Crochet S, Lin JS, et al. Protean agonism at histamine
H3 receptors in vitro and in vivo. Proc Natl Acad Sci U S A. 2003; 100: 11086—11091. https://doi.org/10.
1073/pnas.1932276100 PMID: 12960366

Audet N, Paquin-Gobeil M, Landry-Paquet O, Schiller PW, Pifieyro G. Internalization and Src activity
regulate the time course of ERK activation, by delta opioid receptor ligands. J Biol Chem. 2005; 280:
7808-7816. https://doi.org/10.1074/jbc.M411695200 PMID: 15632168

Werry TD, Gregory KJ, Sexton PM, Christopoulos A. Characterization of serotonin 5-HT2C receptor
signaling to extracellular signal-regulated kinases 1 and 2. J Neurochem. 2005; 93: 1603—1615. https://
doi.org/10.1111/j.1471-4159.2005.03161.x PMID: 15935077

Sniecikowska J, Newman-Tancredi A, Kolaczkowski M. From Receptor Selectivity to Functional Selec-
tivity: The Rise of Biased Agonism in 5-HT 1A Receptor Drug Discovery. Curr Top Med Chem. 2019; 19:
2393-2420. https://doi.org/10.2174/1568026619666190911122040 PMID: 31544717

Zmudzka E, Sataciak K, Sapa J, Pytka K. Serotonin receptors in depression and anxiety: Insights from
animal studies. Life Sci. 2018; 210: 106—124. https://doi.org/10.1016/j.1fs.2018.08.050 PMID: 30144453

Sahli ZT, Banerjee P, Tarazi FI. The Preclinical and Clinical Effects of Vilazodone for the Treatment of
Major Depressive Disorder. Expert Opin Drug Discov. 2016; 11: 515-523. https://doi.org/10.1517/
17460441.2016.1160051 PMID: 26971593

D’Agostino A, English CD, Rey JA. Vortioxetine (brintellix): A new serotonergic antidepressant. P T.
2015; 40: 36—-40. PMID: 25628505

Trivedi MH, Fava M, Wisniewski SR, Thase ME, Quitkin F, Warden D, et al. Medication Augmentation
after the Failure of SSRIs for Depression. N Engl J Med. 2006; 354: 1243—-1252. https://doi.org/10.
1056/NEJM0a052964 PMID: 16554526

Whale R, Terao T, Cowen P, Freemantle N, Geddes J. Pindolol augmentation of serotonin reuptake
inhibitors for the treatment of depressive disorder: A systematic review. J Psychopharmacol. 2010; 24:
513-520. https://doi.org/10.1177/0269881108097714 PMID: 18832428

Celada P, Bortolozzi A, Artigas F. Serotonin 5-HT1A receptors as targets for agents to treat psychiatric
disorders: Rationale and current status of research. CNS Drugs. 2013; 27: 703-716. https://doi.org/10.
1007/s40263-013-0071-0 PMID: 23757185

Thomas DR, Hagan JJ. 5-HT7 receptors. Curr Drug Targets CNS Neurol Disord. 2004; 3: 81—90.
https://doi.org/10.2174/1568007043482633 PMID: 14965246

PLOS ONE | https://doi.org/10.1371/journal.pone.0237196  August 7, 2020 28/30


https://doi.org/10.1124/mol.111.072801
https://doi.org/10.1124/mol.111.072801
http://www.ncbi.nlm.nih.gov/pubmed/21610196
https://doi.org/10.1016/j.bmc.2015.05.042
http://www.ncbi.nlm.nih.gov/pubmed/26081758
https://doi.org/10.1080/17460441.2020.1682994
https://doi.org/10.1080/17460441.2020.1682994
http://www.ncbi.nlm.nih.gov/pubmed/31661992
https://doi.org/10.1021/acs.jmedchem.7b01898
http://www.ncbi.nlm.nih.gov/pubmed/29767995
https://doi.org/10.1016/j.bmc.2016.12.039
http://www.ncbi.nlm.nih.gov/pubmed/28063784
https://doi.org/10.1016/j.bmcl.2015.02.042
http://www.ncbi.nlm.nih.gov/pubmed/25759032
https://doi.org/10.3390/ijms160818474
http://www.ncbi.nlm.nih.gov/pubmed/26262615
https://doi.org/10.1124/mol.106.026716
http://www.ncbi.nlm.nih.gov/pubmed/16901982
https://doi.org/10.1073/pnas.1932276100
https://doi.org/10.1073/pnas.1932276100
http://www.ncbi.nlm.nih.gov/pubmed/12960366
https://doi.org/10.1074/jbc.M411695200
http://www.ncbi.nlm.nih.gov/pubmed/15632168
https://doi.org/10.1111/j.1471-4159.2005.03161.x
https://doi.org/10.1111/j.1471-4159.2005.03161.x
http://www.ncbi.nlm.nih.gov/pubmed/15935077
https://doi.org/10.2174/1568026619666190911122040
http://www.ncbi.nlm.nih.gov/pubmed/31544717
https://doi.org/10.1016/j.lfs.2018.08.050
http://www.ncbi.nlm.nih.gov/pubmed/30144453
https://doi.org/10.1517/17460441.2016.1160051
https://doi.org/10.1517/17460441.2016.1160051
http://www.ncbi.nlm.nih.gov/pubmed/26971593
http://www.ncbi.nlm.nih.gov/pubmed/25628505
https://doi.org/10.1056/NEJMoa052964
https://doi.org/10.1056/NEJMoa052964
http://www.ncbi.nlm.nih.gov/pubmed/16554526
https://doi.org/10.1177/0269881108097714
http://www.ncbi.nlm.nih.gov/pubmed/18832428
https://doi.org/10.1007/s40263-013-0071-0
https://doi.org/10.1007/s40263-013-0071-0
http://www.ncbi.nlm.nih.gov/pubmed/23757185
https://doi.org/10.2174/1568007043482633
http://www.ncbi.nlm.nih.gov/pubmed/14965246
https://doi.org/10.1371/journal.pone.0237196

PLOS ONE

Antidepressant-like activity and safety profile of 5-HT 44 receptor partial agonists

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wesotowska A, Nikiforuk A, Stachowicz K, Tatarczynska E. Effect of the selective 5-HT7 receptor
antagonist SB 269970 in animal models of anxiety and depression. Neuropharmacology. 2006; 51:
578-586. https://doi.org/10.1016/j.neuropharm.2006.04.017 PMID: 16828124

Bonaventure P, Dugovic C, Kramer M, De Boer P, Singh J, Wilson S, et al. Translational Evaluation of
JNJ-18038683, a 5-Hydroxytryptamine Type 7 Receptor Antagonist, on Rapid Eye Movement Sleep
and in Major Depressive Disorder. J Pharmacol Exp Ther. 2012; 342: 429-440. https://doi.org/10.1124/
jpet.112.193995 PMID: 22570363

Abbas Al, Hedlund PB, Huang X-P, Tran TB, Meltzer HY, Roth BL. Amisulpride is a potent 5-HT7 antag-
onist: relevance for antidepressant actions in vivo. Psychopharmacology (Berl). 2009; 205: 119—128.
https://doi.org/10.1007/s00213-009-1521-8 PMID: 19337725

Ishibashi T, Horisawa T, Tokuda K, Ishiyama T, Ogasa M, Tagashira R, et al. Pharmacological Profile
of Lurasidone, a Novel Antipsychotic Receptor Activity. 2010; 334: 171-181. https://doi.org/10.1124/
jpet.110.167346 PMID: 20404009

Berman RM, Fava M, Thase ME, Trivedi MH, Swanink R, McQuade RD, et al. Aripiprazole augmenta-
tion in major depressive disorder: a double-blind, placebo-controlled study in patients with inadequate
response to antidepressants. CNS Spectr. 2009; 14: 197-206. https://doi.org/10.1017/
$1092852900020216 PMID: 19407731

Levy R, Dubois B. Apathy and the functional anatomy of the prefrontal cortex-basal ganglia circuits.
Cereb Cortex. 2006; 16: 916—28. https://doi.org/10.1093/cercor/bhj043 PMID: 16207933

Planchez B, Surget A, Belzung C. Animal models of major depression: drawbacks and challenges. J
Neural Transm. 2019; 126: 1383—-1408. https://doi.org/10.1007/s00702-019-02084-y PMID: 31584111

Can A, Dao DT, Arad M, Terrillion CE, Piantadosi SC, Gould TD. The mouse forced swim test. J Vis
Exp. 2012; e3638. https://doi.org/10.3791/3638 PMID: 22314943

Yankelevitch-Yahav R, Franko M, Huly A, Doron R. The forced swim test as a model of depressive-like
behavior. J Vis Exp. 2015; 52587. https://doi.org/10.3791/52587 PMID: 25867960

Petit-Demouliere B, Chenu F, Bourin M. Forced swimming test in mice: A review of antidepressant
activity. Psychopharmacology. 2005. pp. 245-255. https://doi.org/10.1007/s00213-004-2048-7 PMID:
15609067

Leem YH, Yoon SS, Kim YH, Jo SA. Disrupted MEK/ERK signaling in the medial orbital cortex and dor-
sal endopiriform nuclei of the prefrontal cortex in a chronic restraint stress mouse model of depression.
Neurosci Lett. 2014; 580: 163—168. https://doi.org/10.1016/j.neulet.2014.08.001 PMID: 25116759

Dwivedi Y, Rizavi HS, Roberts RC, Conley RC, Tamminga CA, Pandey GN. Reduced activation and
expression of ERK1/2 MAP kinase in the post-mortem brain of depressed suicide subjects. J Neuro-
chem. 2001; 77: 916-928. https://doi.org/10.1046/j.1471-4159.2001.00300.x PMID: 11331420

Dwivedi Y, Rizavi HS, Teppen T, Sasaki N, Chen H, Zhang H, et al. Aberrant Extracellular Signal-Regu-
lated Kinase (ERK) 5 Signaling in Hippocampus of Suicide Subjects. Neuropsychopharmacology.
2007; 32: 2338-2350. https://doi.org/10.1038/sj.npp.1301372 PMID: 17342168

Duman CH, Schlesinger L, Kodama M, Russell DS, Duman RS. A Role for MAP Kinase Signaling in
Behavioral Models of Depression and Antidepressant Treatment. Biol Psychiatry. 2007; 61: 661-670.
https://doi.org/10.1016/j.biopsych.2006.05.047 PMID: 16945347

DeWire SM, Ahn S, Lefkowitz RJ, Shenoy SK. B-Arrestins and Cell Signaling. Annu Rev Physiol. 2007;
69: 483-510. https://doi.org/10.1146/annurev.physiol.69.022405.154749 PMID: 17305471

Ahn S, Shenoy SK, Wei H, Lefkowitz RJ. Differential Kinetic and Spatial Patterns of 3-Arrestin and G
Protein-mediated ERK Activation by the Angiotensin Il Receptor. J Biol Chem. 2004; 279: 35518—
35525. https://doi.org/10.1074/jbc.M405878200 PMID: 15205453

Zagorska A, Partyka A, Bucki A, Gawalskax A, Czopek A, Pawlowski M. Phosphodiesterase 10 Inhibi-
tors—Novel Perspectives for Psychiatric and Neurodegenerative Drug Discovery. Curr Med Chem.
2018; 25: 3455-3481. https://doi.org/10.2174/0929867325666180309110629 PMID: 29521210

Remick RA. Anticholinergic side effects of tricyclic antidepressants and their management. Prog Neuro-
Psychopharmacology Biol Psychiatry. 1988; 12: 225-231. https://doi.org/10.1016/0278-5846(88)
90039-5

Masaki T, Yoshimatsu H. The hypothalamic H1 receptor: a novel therapeutic target for disrupting diurnal
feeding rhythm and obesity. Trends Pharmacol Sci. 2006; 27: 279-284. https://doi.org/10.1016/j.tips.
2006.03.008 PMID: 16584790

Yanai K, Yoshikawa T, Yanai A, Nakamura T, lida T, Leurs R, et al. The clinical pharmacology of non-
sedating antihistamines. Pharmacol Ther. 2017; 178: 148—156. https://doi.org/10.1016/j.pharmthera.
2017.04.004 PMID: 28457804

Carruthers SG. Adverse Effects of a1-Adrenergic Blocking Drugs. Drug Saf. 1994; 11: 12—20. https:/
doi.org/10.2165/00002018-199411010-00003 PMID: 7917078

PLOS ONE | https://doi.org/10.1371/journal.pone.0237196  August 7, 2020 29/30


https://doi.org/10.1016/j.neuropharm.2006.04.017
http://www.ncbi.nlm.nih.gov/pubmed/16828124
https://doi.org/10.1124/jpet.112.193995
https://doi.org/10.1124/jpet.112.193995
http://www.ncbi.nlm.nih.gov/pubmed/22570363
https://doi.org/10.1007/s00213-009-1521-8
http://www.ncbi.nlm.nih.gov/pubmed/19337725
https://doi.org/10.1124/jpet.110.167346
https://doi.org/10.1124/jpet.110.167346
http://www.ncbi.nlm.nih.gov/pubmed/20404009
https://doi.org/10.1017/s1092852900020216
https://doi.org/10.1017/s1092852900020216
http://www.ncbi.nlm.nih.gov/pubmed/19407731
https://doi.org/10.1093/cercor/bhj043
http://www.ncbi.nlm.nih.gov/pubmed/16207933
https://doi.org/10.1007/s00702-019-02084-y
http://www.ncbi.nlm.nih.gov/pubmed/31584111
https://doi.org/10.3791/3638
http://www.ncbi.nlm.nih.gov/pubmed/22314943
https://doi.org/10.3791/52587
http://www.ncbi.nlm.nih.gov/pubmed/25867960
https://doi.org/10.1007/s00213-004-2048-7
http://www.ncbi.nlm.nih.gov/pubmed/15609067
https://doi.org/10.1016/j.neulet.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25116759
https://doi.org/10.1046/j.1471-4159.2001.00300.x
http://www.ncbi.nlm.nih.gov/pubmed/11331420
https://doi.org/10.1038/sj.npp.1301372
http://www.ncbi.nlm.nih.gov/pubmed/17342168
https://doi.org/10.1016/j.biopsych.2006.05.047
http://www.ncbi.nlm.nih.gov/pubmed/16945347
https://doi.org/10.1146/annurev.physiol.69.022405.154749
http://www.ncbi.nlm.nih.gov/pubmed/17305471
https://doi.org/10.1074/jbc.M405878200
http://www.ncbi.nlm.nih.gov/pubmed/15205453
https://doi.org/10.2174/0929867325666180309110629
http://www.ncbi.nlm.nih.gov/pubmed/29521210
https://doi.org/10.1016/0278-5846%2888%2990039-5
https://doi.org/10.1016/0278-5846%2888%2990039-5
https://doi.org/10.1016/j.tips.2006.03.008
https://doi.org/10.1016/j.tips.2006.03.008
http://www.ncbi.nlm.nih.gov/pubmed/16584790
https://doi.org/10.1016/j.pharmthera.2017.04.004
https://doi.org/10.1016/j.pharmthera.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28457804
https://doi.org/10.2165/00002018-199411010-00003
https://doi.org/10.2165/00002018-199411010-00003
http://www.ncbi.nlm.nih.gov/pubmed/7917078
https://doi.org/10.1371/journal.pone.0237196

PLOS ONE

Antidepressant-like activity and safety profile of 5-HT 44 receptor partial agonists

55.

56.

57.

58.

59.

60.

61.

Desforges JF, Lipsitz LA. Orthostatic Hypotension in the Elderly. N Engl J Med. 1989; 321: 952—-957.
https://doi.org/10.1056/NEJM198910053211407 PMID: 2674714

Ribeiro CAS, Pupo AS. Involvement of a1B-adrenoceptors in the anti-immobility effect of imipramine in
the tail suspension test. Eur J Pharmacol. 2015; 750: 39-42. https://doi.org/10.1016/j.ejphar.2015.01.
010 PMID: 25617795

Bourin M, Briley M. Sedation, an unpleasant, undesirable and potentially dangerous side-effect of many
psychotropic drugs. Hum Psychopharmacol. 2004; 19: 135—139. https://doi.org/10.1002/hup.561
PMID: 14994325

Hilas O, Avena-Woods C. Potential role of mirtazapine in underweight older adults. Consult Pharm.
2014; 29: 124-130. https://doi.org/10.4140/TCP.n.2014.124 PMID: 24513422

Himmerich H, Minkwitz J, Kirkby K. Weight Gain and Metabolic Changes During Treatment with Anti-
psychotics and Antidepressants. Endocrine, Metab Immune Disord Targets. 2015; 15: 252—-260. https:/
doi.org/10.2174/1871530315666 150623092031 PMID: 26100432

Emdin M, Pompella A, Paolicchi A. Gamma-Glutamyltransferase, Atherosclerosis, and Cardiovascular
Disease. Circulation. 2005; 112: 2078-2080. https://doi.org/10.1161/CIRCULATIONAHA.105.571919
PMID: 16203922

Moscinski M, Bartoszek B, Szyguta-jurkiewicz B. Gamma-glutamylotranspeptydaza—potencjalny czyn-
nik ryzyka chordb sercowo-naczyniowych? Cardiol J. 2012; 7: 60—-64. Available: https://journals.
viamedica.pl/folia_cardiologica/article/view/23584

PLOS ONE | https://doi.org/10.1371/journal.pone.0237196  August 7, 2020 30/30


https://doi.org/10.1056/NEJM198910053211407
http://www.ncbi.nlm.nih.gov/pubmed/2674714
https://doi.org/10.1016/j.ejphar.2015.01.010
https://doi.org/10.1016/j.ejphar.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25617795
https://doi.org/10.1002/hup.561
http://www.ncbi.nlm.nih.gov/pubmed/14994325
https://doi.org/10.4140/TCP.n.2014.124
http://www.ncbi.nlm.nih.gov/pubmed/24513422
https://doi.org/10.2174/1871530315666150623092031
https://doi.org/10.2174/1871530315666150623092031
http://www.ncbi.nlm.nih.gov/pubmed/26100432
https://doi.org/10.1161/CIRCULATIONAHA.105.571919
http://www.ncbi.nlm.nih.gov/pubmed/16203922
https://journals.viamedica.pl/folia_cardiologica/article/view/23584
https://journals.viamedica.pl/folia_cardiologica/article/view/23584
https://doi.org/10.1371/journal.pone.0237196

