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INTRODUCTION

The sigma-1 receptor (S1R) is expressed in cells in both the central nervous system and

peripheral organs. The presence of this receptor has been demonstrated in neurons, glia,

endothelial cells and T lymphocytes. S1Rs are mainly located in the mitochondria-associated

membrane (MAM) of the endoplasmic reticulum (ER) but are able to migrate from the ER to

the plasma membrane [1].

Through translocation and protein-protein interactions, S1Rs are involved in the regulation of

intracellular signalling pathways by modulating the activity of ion channels, inositol

phosphatases and protein kinases [2—7].

The substrate of eicosanoids, a secondary intracellular signal transducer, is arachidonic acid
(AA) released from membrane phospholipids (PL) by phospholipase A, (PLA,) (Fig. 1).
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Fig. 1. Synthesis of eicosanoids [8]

PLA,: phospholipase A,; COX: cyclooxygenase; PG: prostaglandin; LOX: lipoxygenase;

HETE: hydroxyl-eicosatetraenoic acid; VSMCs: vascular smooth muscle cells




The quantity of free AA depends on the cell membrane phospholipid (PL) content, re- or de-
acylation of PLs, intracellular calcium ion concentration [Ca®‘];, and the activation of
cyclooxygenase-1 or -2 (COX-1, -2) and lipoxygenase (LOX) enzymes. Prostaglandins
(PGF,y, PGE; and PGD,), thromboxane A, (TxA;) and prostacyclin (PGl,) are synthesized
from cyclooxygenase-derived endoperoxide (PGH,) by tissue-specific synthetases.
Hydroperoxy- and hydroxy-eicosatetraenoic acids are generated by the lipoxygenase pathway
[8,9].

Nowadays, the beneficial effects of S1R agonists have been described in various pathological
conditions [1], such as sepsis [10], ischemic-reperfusion injury [11], stroke [12] and
cardiovascular diseases [13]. Expression of the S1IR gene has been shown to decrease
inflammatory cytokine production [10] and to play a protective role against the development
of diabetic complications [14]. Based on these findings, S1Rs have been implicated in the
regulation of not only physiological, but also pathological cellular functions [1,15,16].
Diabetes is a chronic, progressive disease characterized by abnormal carbohydrate, lipid and
protein metabolism. These abnormalities lead to the formation of glycation end-products
(advanced glycation end products (AGEs)) and accumulation of reactive oxygen species
(ROS), resulting in endothelial dysfunction and platelet activation [17,18].

Platelets are small, anuclear cells with a short lifespan (7-9 days) and a specific structure
(dense tubular system, various granules, lysosomes, mitochondria and numerous adhesion
molecules). This complex structure allows their involvement in haemostasis, cell-cell
interaction (with monocytes, endothelial cells and lymphocytes), inflammatory processes,
natural and acquired immunity and regulation of microcirculation [19-23]. Bioactive lipid
mediators, i.e. eicosanoids (prostaglandins, thromboxane and lipoxygenase products),
synthesized by platelets and endothelial cells lining the blood vessel walls, play an important
role in these processes [8,24].

Cytokines and eicosanoids synthesized by damaged endothelium and activated platelets are
also involved in the development and progression of atherosclerosis as a complication of
diabetes mellitus [25-28].

OBJECTIVES

It was previously unknown that platelets possess S1R, and our primary objective was to
confirm our hypothesis that platelets express S1R, which may modulate platelet function. We

examined the expression of the Sigmarl gene in rat platelets by reverse transcription-



polymerase chain reaction and quantitative polymerase chain reaction (RT-gPCR). We also
visualized the receptor by immunostaining and confocal laser scanning microscopy.

In several cell types, SIR has been described to affect cell membrane structure and function,
as well as intracellular signalling pathways. Therefore, we hypothesized that SIR may also
play a role in the physiological function of platelets, which have numerous receptors and
intracellular organelles. To confirm this, in our preliminary experiments, we investigated the
effects of a known S1R agonist ligand, PRE-084 (2-(4-morpholino)ethyl 1-
phenylcyclohexane-1-carboxylate), on platelet AA metabolism and platelet aggregation in
vitro in healthy rats. Eicosanoid synthesis was determined by radioactive AA-substrate and
enzyme-linked immunosorbent assay (ELISA).

It was also important to clarify that subchronic intraperitoneal (i.p. ) treatment with a known
S1R-agonist, PRE-084, an antagonist, NE-100 (N,N-dipropyl-2-[4-methoxy-3-(2-
phenylethoxy)phenyl]-ethylamine monohydrochloride) and a new S1R-ligand, (S)-L1 (S-N-
benzyl-6,7-dimethoxy-6,7-dimethoxy-1,2,3,3,3,3, 4-tetrahydro-1-isocinolinolinetamine) [29],
can induce in vivo changes in AA metabolism in healthy rat platelets and abdominal aorta that
can be detected ex vivo even in the absence of ligand in the test medium. A preliminary
requirement of this series of assays was the determination of blood levels of i.p. administered
ligands half an hour after the first administration and before ex vivo analysis by liquid
chromatography-mass spectrometry (LC-MS).

We hypothesized that S1IR ligands may affect not only the quantity of free AA substrate and
enzyme activity, but also the mRNA levels of genes encoding S1IR and COX derived from
megakaryocytes and stored in platelets. To confirm these processes, we determined the effect
of S1R ligands on platelet expression of S1IR and COX genes.

The role of S1R in inflammation, ischemia-reperfusion injury and oxidative stress has been
investigated by several groups. However, the mediating role of platelets and endothelial cells,
which play a crucial role in these pathological processes, in the action of S1R has not yet been
demonstrated. To study all these, we have established a streptozotocin-induced (STZ-induced)
diabetes animal model representative of these pathological processes. Our aim was first to
clarify whether STZ-induced diabetes affects laboratory parameters, platelet S1IR and
cyclooxygenase mRNA levels, platelet and aortic AA metabolism in rats, using radioactive
AA substrate and ELISA. We then examined whether treatment with i.p. sub-chronic S1IR

ligands alters these parameters.



MATERIALS AND METHODS
Animals

Animal experiments were performed under a protocol approved by the Ethical Committee for
the Protection of Animals in Research at the University of Szeged, Hungary (Permit No.
X./238/2019.). All experiments were carried out in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of Health. Male
Wistar (Rattus norvegicus) rats were used in this study [29-31].

Separation of platelets

Under anaesthesia (Euthasol®/pentobarbital-Na/ 30 mg/kg body weight i.p.), blood was
drawn from the abdominal aorta of rats with a thick needle and diluted (1:2) with phosphate
buffer (pH 7.4) containing ethylene diamino tetraacetic acid (EDTA, 5.8 mM) and glucose
(5.55 mM). Platelets were separated by differential centrifugation [29-31]. After the last
centrifugation, the platelets were re-suspended (2.5 x 10 platelets/mL) in serum-free Medium
199 tissue culture (Sigma, St. Louis, MO).

Isolation of aorta

Under anaesthesia (Euthasol®/pentobarbital-Na/ 30 mg/kg body weight i.p.), after blood
collection, the abdominal aorta of the rat was isolated from the branch of the iliac artery to the
diaphragm. At 4°C temperature, the connective tissue was removed from the aorta, which was
sliced into 1-2 mm thick rings with care so as not to damage the endothelium. 15 mg wet
weight aortic rings per sample were placed in each mL of Medium 199 tissue culture
[29,30,32].

Determination of S1IR gene expression in non-activated platelets of healthy, untreated

rats

Total RNA was isolated from non-activated rat platelet samples with TriFast reagent (VWR
International, USA), and then 1 pg RNA from each sample was transcribed to complementary
DNA with the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher, USA). For the RT-
PCR, previously designed specific oligonucleotide primer pairs were used for the rat SIR
gene (Sigmarl; NM _030996.1) [33]. For reference, primers for the rat glyceraldehyde 3-
phosphate dehydrogenase gene (Gapdh; NM _017008.4) were used [34]. The RT-PCR
occurred with FIREPol DNA polymerase (Solis BioDyne, Estonia) in a T100 Thermal Cycler
(Bio-Rad Laboratories, USA). PCR protocol steps were published in Platelets [31]. The gPCR
occurred with a 2x FastStart TagMan Probe Master mix (Roche, Basel, Switzerland) in a

Rotor-Gene 3000 instrument (Qiagen, Hilden, Germany) with inventoried TagMan Gene



Expression Assays (Life Technologies, USA). gPCR protocol steps were published in
Platelets [31]. gPCR data were analysed with Rotor-Gene Real-Time Analysis Software 6.0
(Corbett Research, Australia). In all samples, the expression level of the genes was
normalized to the average of endogenous control genes Gapdh and B-actin (Actb) (AC; = Cigene
- Ceontrol genes) [31].

S1R visualization by immunostaining and confocal laser scanning microscopy

For the immunostaining of S1R, freshly isolated non-activated rat platelets (4x10°
platelets/coverslip) were gently seeded on poly-I-lysine coated [35] glass coverslips (1 cm?,
borosilicate, VWR, USA) and incubated for 30 min at room temperature. Platelet samples
were fixed with 3% paraformaldehyde for 15 min and permeabilized with 0.5% Triton-X100
in 3% BSA-PBS for 10 min; non-specific binding sites were then blocked with 3% BSA-PBS
for 1 h. All steps occurred at room temperature. Samples were incubated over night at 4°C
with S1IR mouse monoclonal antibody (Sigma Receptor Antibody B-5, sc-137075, Santa Cruz
Biotechnology, USA; 2 ug/mL in 3% BSA-PBS). Then samples were washed with PBS and
incubated for 1 h at room temperature with goat anti-mouse secondary antibody Alexa 555
(A21424; Invitrogen, Thermo Fisher, USA; 4 pg/mL in PBS) and Falloidin-CF488A (00042,
Biotium, USA; 1:100 dilutions in PBS) to stain F-actin with alpha-tubulin monoclonal
antibody (76199, Sigma, USA; 1 pg/mL in 3% BSAPBS) or with Alexa 488 conjugated
wheat germ agglutinin (WGA), lectin (W11261, Invitrogen; 5 ug/mL) to stain N-acetyl-D-
glucosamine and sialic acid components. Samples were washed with PBS after each step and
mounted using Fluoromount-G (Southern Biotech, USA). Staining was visualized with a
confocal laser scanning microscope (Leica SP5, Leica Microsystems GmbH, Germany). To
prove the absence of non-specific staining, we added a negative control group stained only
with the secondary antibody Alexa 555 [31].

Binding pose determination of PRE-084 and (S)-L1 S1R ligands

The PRE-084 and (S)-L1 were docked to the target, which is C-chain from the X-ray structure
of the SIR (PDB ID: 6DK1), using the Glide program from the Schrédinger package [36].
Prior to docking, the necessary fields were calculated on a uniform, 1 A-spaced grid inside a
cube with ~32 A —long edges. The grid centres were located at the centre of the ligands from
the X-ray structures used. Compounds were prepared for docking with Ligprep [36] and used
in an extra precision (XP) docking protocol [36] with the OPLS3e force field [37] for
parameterization [29].



Establishment of diabetic rat group

Diabetes mellitus was induced in eleven-week-old, male Wistar rats with a single i.p.
injection of 65 mg/Bwkg STZ (Sigma, St. Louis, MO, USA) that was dissolved in 50 mM
citrate buffer. After STZ injection, the drinking water of animals was changed for 10% (w/v)
sucrose solution for 24 h [38]. Rats were considered diabetic if the fasting (12 h) peripheral
blood glucose concentration was higher than 20 mM 72 h after the injection of STZ (initial
serum glucose level). Serum glucose level was monitored by Dcont equipment and Ideal test
strips (77 Elektronika Ltd., Budapest, Hungary).

Experimental animal groups to study the in vivo effects of S1R ligands

The subchronic, in vivo effects of SIR ligands were investigated in a total of 81 male Wistar

rats (Rattus norvegicus) (Fig. 2) [30].

81 male Wistar (Rattus norvegicus) rats
Total number of rats used for the in vivo study

! !
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Fig. 2. Experimental animal groups to study the in vivo effects of S1R ligands

After one week of acclimatization to the environment and hand-holding, they were divided
into two groups. In our preliminary experiment, nine animals (three animals/group) were used
for time-dependent testing of the blood levels of the S1R ligands (PRE-084, (S)-L1 and NE-
100) after a single i.p. injection of 3 mg/kg body weight. The remaining 72 rats were used to



investigate the effects of the S1R ligands on platelets in vivo/ex vivo and aortic arachidonic
acid metabolism. The animals were divided into two groups. One group of 36 rats was the
healthy population, while the other group consisted of diabetic animals treated with STZ (see
the diabetic animal model section of the manuscript). The healthy and diabetic animal
populations, each consisting of 36 rats, were divided into subgroups of nine rats. One group of
rats was treated with vehicle (isotonic saline), and the other three groups with one of the S1R
ligands (3 mg/kg bw, i.p.). Therefore, the generated subgroups were as follows: (1) the
control/vehicle-treated, (2) the PRE-084-treated (MedChem Express USA), (3) the (S)-L1-
treated (a novel high affinity S1R ligand screened in silico from the in-house compound
library of Institute of Pharmaceutical Chemistry, University of Szeged) [39], and (4) the NE-
100-treated (Tocris Bioscience, Bristol, UK) (Fig. 2). Before the ex vivo experiment, the

physical and laboratory parameters of the animals were tested [29,30].
Determination of serum S1R ligands levels

Serum ligand (PRE-084, (S)-L1 and NE-100) concentrations in sub-chronic, in vivo S1R
ligand-treated rats were determined by liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS) (A detailed description of the method can be found in Vaczi et al.
[29]).

Determination of S1IR and cyclooxygenase (COX) gene expression in the platelets of

healthy and diabetic rats

The gene expression of S1IR (Sigmarl), COX-1 (prostaglandin G/H synthase 1, Ptgsl) and
COX-2 (prostaglandin G/H synthase 2, Ptgs2) enzymes was determined in platelets from
animals treated in vivo with S1R ligands. Rat platelet samples were homogenized in TRI
Reagent (Sigma-Aldrich, USA), and then RNA from each sample was transcribed to
complementary DNA using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA) according to the manufacturer’s protocol based on random priming. The
RT-gPCR was performed with two technical parallels from one biological simple (total of
four reactions per group) using TagMan Gene Expression Master Mix (Life Technologies,
USA) in a Bio-Red C1000 Touch Thermal Cycler (Bio-Rad Laboratories, USA). Inventoried
TagMan Gene Expression Assays (Life Technologies, USA) were the following: Sigmarl-
Rn00578590_m1; Ptgs1-Rn00566881_m1; Ptgs2-Rn01483828_m1; Gapdh-Rn01749022 g1.
After heat activation at 95°C for 3 min, the cycling conditions were the following:
denaturation for 30 s at 95°C, amplification for 30 s at 60°C (40 cycles). gPCR data were
analysed with Bio-Rad CFX Maestro software (Bio-Rad Laboratories, USA). In all the



samples, the transcript level of a gene was normalized to an endogenous control gene (Gapdh,
ACt = Ctgene — Clgapan). Then AACt was calculated in comparison with the relative expression
of the target genes in the vehicle-treated control groups. Fold changes were calculated using
the 2724 formula [29,30].

Analysis of eicosanoid synthesis
AA metabolism studies using radioactive substrate

To investigate the effect of PRE-084 on platelet AA metabolism in vitro, platelets (2.5 x 10°
platelets/ml Medium 199/sample) were pre-incubated with PRE-084 (0; 0.5; 1; 1; 2; 4 uM)
ligand at 37°C for 3 min [31]. When ex vivo eicosanoid synthesis was tested following sub-
chronic in vivo S1R ligand treatment, platelets (2.5 x 10° plateletssmL Medium 199/sample)
were pre-incubated at 37°C for 3 min and aortic rings (15 mg wet wt/mL Medium
199/sample) for 10 min [29,30]. In all cases, the radioactive enzyme reaction was started with
the addition of the tracer substrate (1-**C-arachidonic acid (3.7 kBg, 0.172 nM/sample;
American Radiolabeled Chemicals, Inc., St. Louis, MO, USA) to the incubation mixture. The
enzyme reaction was stopped by bringing the pH to 3 with formic acid after 13 min of
incubation in the case of the platelet samples and after 30 min of incubation in the case of the
aortic samples. The subsequent steps of the study, both in vitro and in vivo/ex vivo, were
exactly the same. The samples were extracted with ethyl acetate, and the organic phases were
evaporated. The residues were reconstituted in ethyl acetate and quantitatively applied to
silica gel G thin-layer plates (Kieselgel G 60/DC-Fertigplatten, Merck, Art. 5721). The plates
were developed to a distance of 16 cm in the organic phase of ethyl acetate:acetic acid:2,2,4-
trimethylpentane:water (110:20:30:100) using overpressure thin-layer chromatography
(Chrompress 25, Labor MIM, Hungary) [32,40-42]. A semi-quantitative analysis of labelled
AA metabolites was performed with a BIOSCAN AR-2000 Imaging Scanner (Eckert &
Ziegler Radiopharma, Berlin, Germany) using Win-Scan 2D Imaging Software. The radio-

labelled products of arachidonic acid were identified with unlabelled authentic standards [43].
Analysis of eicosanoid synthesis by ELISA

The course of this procedure is the same as that of the examination of radioactive AA
metabolism (see above), but, in this case, the radioactive-labelled substrate is not added to the
incubation mixture. After incubation, the incubation mixture, which contained either platelets
or aortic rings, was placed at -80°C and stored at this temperature until the assay was
performed. Before the ELISA test was conducted, the samples were lyophilized and the

lyophilizates were re-suspended in the 310 pL 0.9% NacCl solution as the original incubation
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medium. The prepared samples were centrifuged at 3000 rpm, for 10 min to remove cell
debris. Subsequently, the quantity of COX-1 (sensitivity: 0.285 ng/mL,; assay range: 0.3-60
ng/mL) and COX-2 (sensitivity: 0.446 ng/mL; assay range: 0.5-150 ng/mL), or TxB,
(sensitivity: 5.48 ng/L; assay range: 5-1800 ng/L) was determined in the rat platelets and
aorta with ELISA kits (Shanghai Sunred Biological Technology Co. Ltd. PRC) in compliance
with the protocols attached to the kits. The optical absorbance of the samples was measured at
450 nm using a STAT FAX 2100 ELISA plate reader (Awareness Technology, Inc. Palm
City, FL, USA). Based on the calibration curves, the respective concentrations of the
metabolites and enzymes under examination were determined using the SPSS 22.0 software
[29-31].

Platelet aggregometry

Preparation of blood samples for aggregometry

Whole blood was collected from the abdominal aorta of rats anaesthetized by pentobarbital
(Euthasol®, 30 mg/kg body weight i.p.) in a plastic tube containing 15 pg/mL hirudin (Roche
Ltd. Budapest, Hungary). The aggregometry was carried out within 90 min after the collection
of blood [44-47]. The platelet count was determined and standardized. All of the cuvettes for
aggregometry contained the same quantity of platelets (2.5-3.5 x 10° platelets/mL). The
platelet count was also measured after the aggregation to detect potential thrombocytolysis.
The total volume of the test cuvette was 620 pL. According to the original measurement
protocol for the device, the solution contains the following: 300 uL whole blood, 300 puL
0.9% NaCl solution, and 20 pL inducer. To investigate the effects of the S1IR agonist, we
slightly modified this protocol. We used the aggregometer in a semi-automatic mode. The
basic principle was the following: with every addition of 20 pL S1R agonist PRE-084 (diluted
in physiological saline solution), we reduced the quantity of 0.9% NaCl solution by 20 uL,
thus keeping the final volume of the solution constant (620 pL). The inducers in the 620 uL
solution were the following: ADP (6.5 uM) or AA (0.5 mM) [47].

Multiple-electrode aggregometry (MEA)

The Multiplate® analyser provides a disposable test cuvette featuring a duplicate sensor
(Roche Ltd. Budapest, Hungary). The electric impedance (£2) occurring between the
electrodes positively correlates with the rate of platelet aggregation. The device uses arbitrary
units (AU; 1 AU = 8 Q). The aggregation curve is the quantitative display of the reaction, and
it represents the rate of aggregation expressed as AU plotted against time. The curve is

characterized by the following parameters: area under the curve (AUC) in units (U), providing
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the most precise assessment of the whole reaction; speed in units (AU/min), representing the
slope of the curve (speed of aggregation or SA), which supplies information about the initial
kinetics of the reaction (primary aggregation); and the peak of the curve expressed as AU,

showing the maximum aggregation (MA) during the whole reaction [45-47].
Treatment of blood samples and aggregometry

In our current study, we used two inducers, AA (ASPltest) and ADP (ADPItest), purchased
from Roche Ltd. (Switzerland). Before use, the lyophilized inducers were carefully dissolved
in 1 mL ion-free water. After 10 minutes at room temperature, the solution was ready to be
used. At first, the effect of the inducers was assessed. We measured 300 puL whole blood and
300 puL 0.9% NaCl solution into the test cuvette. After 3 min of incubation outside the
aggregometer, the cuvette was attached to the device, and another 3 min of incubation was
performed. Then the aggregation reaction was initiated by administering 20 puL. of AA (0.5
mM) or ADP (6.5 uM). The measurement was performed with both inducers in each sample.
The S1R agonist PRE-084 was applied in different concentrations (1, 2, 4, 8 uM). In this
experimental setup, 20 uL. PRE-084 was added to 300 uL blood and 280 pL saline. After 3
min of incubation outside the aggregometer, the cuvette was attached to the device and
another 3 min of incubation was performed. Then the aggregation reaction was initiated by
administering 20 pL of AA (0.5 mM) or ADP (6.5 uM). The measurement was carried out
with both inducers on every blood sample [47].

Statistical analysis

The normality of the results was checked with the Kolmogorov—-Smirnov test, as the variances
were different with Levene’s test. The physical and laboratory parameters of the animals, the
eicosanoid synthesis results of ELISA and the labelled AA substrate were assessed by one-
way analysis of variance (ANOVA) or Welch’s ANOVA followed by the Bonferroni, Tukey
or Dunnett’s T3 post hoc test. The results of the RT-gPCR tests were assessed by one-way
ANOVA followed by Dunnett’s post hoc test. The exact statistics for the data are shown
below the figures. A difference at a level of p < 0.05 was considered statistically significant.
The results are expressed as means + S.D. The statistical analysis was performed by SPSS
version 22.0 (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY).
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RESULTS
EXPRESSION OF S1R IN NON-ACTIVATED RAT PLATELETS

Platelet morphology was also confirmed with immunocytochemistry for alpha-tubulin in
addition to F-actin and lectin staining (Fig. 3). All three stainings of the rat platelets show the
structure of the platelets well and fully mark the platelet space (Figs. 3 and 4) [31]. In the non-
activated rat platelet samples, the Sigmarl gene was expressed as detected by RT-PCR (Fig.
4A). The expression of the housekeeping gene Gapdh was also visible. The expression of the
Sigmarl gene in the non-activated rat platelets was also detected with qPCR (17.3 + 0.22) and

shown as relative expression normalized to the Gapdh and Actb control genes (Fig. 4B) [31].

Fig. 3. Morphology of non-stimulated rat platelets
The structure of the platelets was characterized by phalloidin-A488 staining for F-actin
and immunostaining for a-tubulin [31]. Scale bar: 3 um.
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Fig. 4. Expression of Sigma-1 receptor in non-stimulated rat platelet samples [31]

(A) SIR mRNA expression is shown in rat platelets. The predicted PCR product length was 512 bps.
The Gapdh gene was used as a reference with a predicted product length of 356 bps. Fragments
were visualized on 2% agarose gel.

(B) Relative gene expression of S1R in rat platelet samples normalized to endogenous control genes
Gapdh and Actb measured by gPCR. Mean + SD, n = 3.

(C) Confocal microscopy images of SIR immunostaining in rat platelets. Green: F-actin (upper panels)
or wheat germ agglutinin (WGA) lectin staining (lower panels), red: S1R. Scale bar: 3 pum. Negative
control group: secondary antibody only.

S1R were also present at the protein level in non-activated rat platelets: the punctate staining
pattern was co-localized with the F-actin structure or with the wheat germ agglutinin lectin
staining of rat platelets as visualized by confocal microscopy. We did not detect non-specific
binding of secondary antibody labelled with Alexa-555 (Fig. 4C) [31].

After detecting the presence of S1R on rat platelets, we investigated the in vitro effect of

PRE-084, already known as an S1R agonist, on non-activated rat platelets.
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IN VITRO EFFECT OF PRE-084 ON NON-ACTIVATED RAT PLATELETS
In vitro effect of PRE-084 on the AA metabolism of rat platelets
Analysis of eicosanoid synthesis using radioactive arachidonic acid

The in vitro AA metabolism of non-activated rat platelets was enhanced by all concentrations
of PRE-084 that we tested, via both the COX (Fig. 5A) and LOX (Fig. 5B) pathways [31].
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Fig. 5. In vitro study of the effect of PRE-084 on AA metabolism of non-activated rat
platelets using a radioactive AA substrate

In vitro effect of PRE-084 on the eicosanoids that were synthesized through the cyclooxygenase (COX, Fig. 5A)
and lipoxygenase (LOX, Fig. 5B) pathways from the radiolabelled AA in resting rat platelets. COX: total
quantity of cyclooxygenase metabolites (sum of thromboxane B,/TxB, (Fig. 5C), prostaglandin D,/PGD, (Fig.
5D), prostaglandin E,/PGE, (Fig. 5E), 6-keto prostaglandin F,,/6-kPGF,,, prostaglandin F,, /PGF,,, and 12-L-
hydroxy-5,8,10-heptadecatrienoic acid/12-HHT); LOX: total quantity of lipoxygenase metabolites; PRE-084: 2-
(4-morpholino)ethyl-1-phenylcyclohexane-1-carboxylate. Data are mean + (SD) for nine animals in cpm (count
per minute). ANOVA, Tukey test, ‘p < 0.05, "p < 0.03; " p < 0.01; PRE-084 in vitro pre-treated vs. control
sample.

The total quantity of metabolites formed by the COX pathway and the synthesis of TxB; (Fig.
5C), PGD; (Fig. 5D) and PGE; (Fig. 5E) were enhanced most significantly by the 2 uM
concentration of PRE-084. These effects were not further enhanced by increasing the
concentration of PRE-084. The dose response curves for PRE-084 were sigmoidal for all

COX products mentioned above [31].
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Analysis of eicosanoid synthesis by ELISA

The quantitative analysis of the in vitro effect of PRE-084 on the eicosanoid synthesis of non-
activated platelets was performed by ELISA. The 2 uM PRE-084, which induced a significant
increase in eicosanoid synthesis when the radioactive substrate was applied, raised the
concentrations of both COX-1 (48.4 + 8.3 ng/ml vs. 11.3 = 2.5 ng/ml) (Fig. 6A) and TxB;
(0.528 £ 0.16 ng/ml vs. 0.194 + 0.038) (Fig. 6B) compared to the control sample [31].

A COX-1 B Thromboxane B,
A ng/ml A ng/ml
60 A 0.6 -
* * %k %k
* %k
40 1 * 0.4 -
20 A 0.2 4
0 0.0 -
=20 -0.2
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Fig. 6. In vitro analysis of the effect of PRE-084 on AA metabolism of non-activated rat
platelets by ELISA

COX-1: type 1 of cyclooxygenase; TxB,: thromboxane B,. Data are mean = (SD) for six animals. ANOVA,
Tukey test, p < 0.05, “p < 0.03; "“p < 0.01, PRE-084 in vitro pre-treated sample compared to control. ELISA:
enzyme-linked immunosorbent assay; PRE-084: 2-(4-morpholino) ethyl-1-phenylcyclohexane-1-carboxylate,
S1R agonist

Effect of PRE-084 on healthy rat platelet aggregation

All of the characteristic parameters of the aggregation curves (AUC, MA and SA) were
elevated by PRE-084 for both AA- and ADP-induced platelet aggregation compared to the
control samples. The 2 pM concentration of PRE-084 was the smallest effective
concentration. No augmentation of platelet aggregation was observed when the agonist
concentration was further increased, suggesting a concentration-response curve with a plateau
phase. The greatest effect of PRE-084 was observed on the velocity of the AA-induced
aggregation compared to control samples. We detected no significant difference between the

AA- or ADP-induced platelet aggregation for the same agonist concentration (Table 1) [31].
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Arachidonic acid (AA, 0.5 mM)-induced aggregation

Control PRE-084
1uM 2 utM 4 nM 8 uM
AUC (V) 44.9+7.2 48.4£8.5 | 57.1£13.8** | 57.8+12.0*** | 60.5£11.3***
MA (AU) 71.1+£11.7 | 77.0£13.7 | 88.0+20.4** | 88.6+16.5*** | 91.3+16.1***
SA (AU/min) 13.8+2.7 15.1+3.4 19.4+4.9** | 20.845.6*** | 21.8+4.6***

Adenosine diphosphate (ADP, 6.5 pM)-induced aggregation

Control PRE-084
1puM 2 uM 4 ntM 8 uM
AUC (U) 48.1+8.0 52.845.9 57.949.5* | 58.9+11.6** | 60.8+£7.9**
MA (AU) 70.319.2 774469 | 84.6£11.6* | 86.3+13.8** | 87.9£9.2**
SA (AU/min) 16.3+4.0 17.5+2.8 20.545.1* 20.745.4* 21.843.8**

Table 1. In vitro effect of S1IR agonist PRE-084 on the platelet aggregation [31]

Data are mean + (SD) of nine animals. ANOVA, Tukey test, p < 0.05, "p < 0.03; ““p < 0.01; PRE-084 pre-
treated vs. control sample; AA: arachidonic acid; ADP: adenosine diphosphate; AU: arbitrary aggregation unit;
AUC: area under the curve; AU/min: arbitrary aggregation unit / minute; MA: maximal aggregation; PRE-084:
2-(4-morpholino)ethyl-1-phenylcyclohexane-1-carboxylate, sigma-1 receptor agonist; SA: speed of aggregation;
U: unit [31].

Our preliminary experiments have demonstrated the platelet function enhancing effect of
PRE-

084 in rats. We also wanted to extend our studies to other S1R ligands. We wanted to study
the effect of the S1R antagonist NE-100. In addition, we wished to study the effect of a new
high-affinity ligand, (S)-L1. The latter was selected from the in-house compound library of
the Institute of Pharmaceutical Chemistry, University of Szeged, by in silico screening in

collaboration with Dvoracsko et al.[39].
MOLECULAR MODELLING OF THE DOCKING OF THE LIGANDS TO S1R

The chemical structures of PRE-084, NE-100 and (S)-L1 are shown in Figure 7A. All ligands
fit Glennon's early pharmacophore model [48]. It contains the following structural elements: a
basic amine site, which is required to form an electrostatic bond with Glu172 of the receptor,
and two distinct hydrophobic groups surrounding it. The hydrophobic moieties are mostly
aromatic and/or rigid heterocyclic sites. The binding modes of these ligands are compared in
Figure 7B. The binding pose of NE-100 was obtained from the X-ray structure of the ligand-
bound S1R (PDB ID: 6DKO0). The binding poses of the other two ligands were obtained by
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Glide XP docking to the apo receptor from the C-chain of the PDB 6DKL1 structure.
According to Schmidt and co-workers [49], the main difference between agonist and
antagonist binding is the presence of ligand interaction with the C-terminal helix shown in the
foreground of Figure 7B [29].
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Fig. 7. (A) Chemical structure of sigma-1 receptor ligands (PRE-084, NE-100, (S)-L1).
(B) Binding pose of agonist PRE-084 (grey), antagonist NE-100 (green) and (S)-L1
(yellow) [29]

The binding pose of NE-100 was extracted from the X-ray structure of the ligand bound S1R (PDB ID: 6DKO0).

The binding pose of the other two ligands was obtained with Glide XP docking to the apo receptor extracted

from the C chain of PDB structure 6DK1. To superimpose the binding pockets of 6DK0 and 6DK1 we used the
backbone atoms of residues 170-176 and 197-217.

The cyclohexane ring of PRE-084 is the only part that is able to interact with this helix [49].
The (S)-L1 and the S1R antagonist NE-100 have very similar binding positions [29].

Our in vitro preliminary experiments allowed the demonstration of acute effects of PRE-084
on rat platelets. The study of the in vivo, sub-chronic effects of S1R ligands required
intraperitoneal ligand administration and determination of the serum levels of each

compound.

CONCENTRATION OF S1R LIGANDS IN PLASMA

In the preliminary experiments

Prior to the in vivo administration of the S1R ligands, we monitored the kinetic changes in the

plasma levels of PRE-084, (S)-L1 and NE-100 administered intraperitoneally as a single dose
in the male rats (Fig. 8) [29].
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Fig. 8. The mean plasma concentration-time dependence of PRE-084 (A), (S)-L1 (B) and
NE-100 (C) in rat plasma after intraperitoneal administration (single dose, 3 mg/Body
weight kg/mL) (n = 3 each) [29]

A significant elevation in plasma levels was detected 1 h after the administration of PRE-084
and 30 min after the administration of (S)-L1 and NE-100. The ligand concentration rapidly
decreased, and the quantity of S1R ligands was insignificant or undetectable 20 h after the
injection (Fig. 8) [29,30].

In the terminal phase of the in vivo experiments

Plasma concentrations of the S1R ligands were determined in all of the healthy and diabetic

rats 20 h after the last ligand injection immediately before the ex vivo studies (Table 2).

Analyte Concentration (nM)
Healthy/Non-diabetic rats Diabetic rats
PRE-084 <LOQ <LOQ
(S)-L1 5.64 £0.32 10.99 + 1.06
NE-100 <LOD 531+3.14

Table 2. Concentration of the S1R ligands in rat plasma. Samples were taken 20 h after
the last dose (3 mg/Bwkg/day for seven days) [29,30]

Data is shown as mean + SD; n = 9 rats/group; LOQ: limit of quantification; LOD: limit of detection.
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The plasma concentrations of the S1R ligands were below the limit of detection or
quantification 20 h after the last dose (Table 2). PRE-084 was eliminated from the circulation
the fastest of all the S1R ligands we tested, while (S)-L1 was eliminated the most slowly
[29,30].

LABORATORY RESULTS OF HEALTHY AND DIABETIC RATS TREATED IN VIVO

At the end of the in vivo study (terminal phase), the levels of total cholesterol, alanine
aminotransferase (ALT) and blood urea nitrogen (BUN) were determined from the pooled
plasma samples (Fig. 9) [29,30].
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Fig. 9. Laboratory parameters of healthy and diabetic rats at the end (terminal phase) of
the in vivo study

Fig. 9, row A shows the plasma serum total cholesterol, alanine aminotransferase (ALT) and blood urea nitrogen
(BUN) levels in healthy PRE-084-, (S)-L1- or NE-100-treated rats as compared to the vehicle-treated, healthy
ones.

Fig. 9, row B shows the levels of the same laboratory parameters as row A, but in diabetic vehicle-, PRE-084-,
(S)-L1- or NE-100-treated rats compared to vehicle-treated healthy and diabetic rats.

In both rows in the figure, the zero line shows the average plasma concentrations of healthy rats treated with
vehicle, while the bars in the figure show the average plasma concentrations of healthy (Fig. 9A) or diabetic
(Fig. 9B) treatment groups; n = 3 samples, pooled from nine rats per group; Welch ANOVA, Dunnett's T3 test,
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“p<0. 03, ""p<0.01 compared to the vehicle-treated healthy rat group; *p<0.05, **p<0.01 compared to the
vehicle-treated diabetic rat group [29,30].

In healthy rats, sub-chronic in vivo treatment with PRE-084 induced a decrease in serum total
cholesterol levels, whereas (S)-L1 and NE-100 induced an increase in serum ALT. However,
blood urea nitrogen (BUN) levels were not altered by any of the S1R ligands we tested
compared to the vehicle-treated healthy animals (Fig. 9A). The serum total cholesterol, ALT
and BUN levels in the STZ-induced diabetic animals treated with vehicle were higher
(cholesterol by 21%; ALT by 120%; BUN by 63%) than those of the healthy rats studied in
parallel with the present experiment. PRE-084 and NE-100 significantly elevated serum
cholesterol and BUN in the diabetic rats compared to the vehicle-treated, healthy animals. In
the diabetic rats, all three S1R ligands further enhanced the STZ-induced increase in plasma
ALT levels compared to the vehicle-treated, healthy animals. None of the S1R ligands tested
significantly altered the rise in serum cholesterol levels induced by STZ treatment. (S)-L1 and
NE- 100 further enhanced the growth in ALT levels observed in the vehicle-treated, diabetic
rats. The smallest growth in ALT was detected when PRE-084 was used. An STZ-induced
rise in BUN levels was only attenuated by PRE-084 (Fig. 9B) [29,30].

EFFECTS OF SUB-CHRONIC, IN VIVO ADMINISTRATION OF S1R LIGANDS
Ex vivo effects of S1R ligands on platelets
Ex vivo effects of S1R ligands on the eicosanoid synthesis of platelets

Analysis of eicosanoid synthesis using radioactive arachidonic acid

In healthy rat platelets, the total quantity of radioactive COX metabolites (the sum of 6-keto
prostaglandin F,,/6-k-PGF,,; prostaglandin F,,/PGF,,; prostaglandin E,/PGE;; prostaglandin
D,/PGD,; thromboxane B,/TxB,, which is a stable metabolite of TxA,; and 12-L-hydroxy-
5,8,10-heptadecatrienoic acid/12-HHT) was significantly reduced by PRE-084 and (S)-L1,
while it was elevated by NE-100 (Fig. 10A) [29]. However, the total quantity of radioactive
LOX metabolites was raised by PRE-084 and (S)-L1, but was lowered by NE-100, thus
indicating an opposite effect on the total quantity of radioactive COX and LOX metabolites
(Fig. 10A) [29].

In the platelets, one month after the development of STZ-induced diabetes, neither the total
quantity of the COX metabolites nor that of the LOX metabolites was altered compared to
healthy rats. In the diabetic rat platelets, the total quantity of the COX metabolites was
significantly elevated by NE-100 compared to the vehicle-treated, healthy rat platelets (Fig.
10B) [30].
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Fig. 10. The ex vivo effects of S1R ligands on the radioactive AA metabolism
in healthy (A) and diabetic (B) rat platelets

COX, LOX, COX+LOX and COX/LOX levels

(A) in the platelets from the healthy PRE-084-, (S)-L1- or NE-100-treated rats are shown as compared to the
vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope activity of the
vehicle-treated, healthy rat platelets, while the columns in the figure represent the delta mean = SD value of the

healthy treatment group; n = 9 samples per group; ANOVA, Bonferroni test, ‘p < 0.05, " p < 0.03, ~'p < 0.01
compared to the vehicle-treated groups [29].

(B) in the platelets from the diabetic vehicle-, PRE-084-, (S)-L1- or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope activity of
the vehicle-treated, healthy rat platelets, while the columns in the figure represent the delta mean + SD value of
the diabetic treatment group; n = 9 samples per group; Welch’s ANOVA, Dunnett’s T3 test,  p<0.01 compared
to the vehicle-treated, healthy rats group; “p<0.05, *p<0.03 compared to the vehicle-treated, diabetic rat group;
cpm: count per minute; COX: total quantity of cyclooxygenase metabolites synthesized from AA in platelets;
LOX: total quantity of lipoxygenase metabolites synthesized from AA in platelets [30].

In the healthy rat platelets, the total quantity of vasoconstrictor and platelet aggregator
radioactive COX metabolites (CON: sum of PGF,, and TxB;) was reduced by PRE-084 and
(S)-L1 but raised by NE-100. The total quantity of vasodilator and anti-aggregator radioactive
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COX metabolites (DIL: sum of PGE; and PGD;) was lowered by PRE-084, but it was boosted
by NE-100. We can see a significant reduction in the ratio of the CON to DIL metabolites in
the (S)-L1-treated group (Fig. 11A) [29].

A.HEALTHY RAT PLATELETS

CON and DIL COX metabolites CON / DIL COX metabolites TxB, and PGD,
Acpm Acpm Acpm
500 4 1.5 7 600 -
400 e 500 1
300 - el 400 1 .
200 099
0.5 1 200 *xx
100 4
P . xE 100 1  wa AR s
0 "_? 0.0 - 0 1—)
-100 - 7 -100 - I
200 0.5 =200
-300 -
=300 -
1.0 -400
-400 4 I
W CON W DIL -500 TXB; W PGD;
-500 -1.5 -600
PRE-084 ($)-L1 NE-100 PRE-084  (5)-L1  NE-100 PRE-084 ($)-L1 NE-100

B. DIABETIC RAT PLATELETS

CON and DIL COX metabolites CON / DIL COX metabolites TxB, and PGD,
Acpm Acpm Acpm
500 - 1.5 1 300 -
400 4
300 4 s 1.0 1 it 200 4
ETT LLL
200 4 Hae
# 0.5 1 100 4
100 4 l
HEn an LR L] EL L tt.. *
0 0.0 0 — —
=100 4
-200 4 0.5 =100
=300 4 I
-1.0 1 =200 4
400 1
W CON W DIL TxB, WPGD,
=500 -1.5 =300
Vehicle PRE-084 f85)-L1 NE-100 Vehicle PRE-084 (5)-L1 NE-100 Vehicle PRE-084 5)-L1 NE-100

Fig. 11. The ex vivo effects of the S1R ligands on the quantity of CON and DIL COX
metabolites, the ratio of CON to DIL, the quantity of TxB, and PGD; of healthy
and diabetic rat platelets

CON, DIL, TxB, and PGD, levels and ration of CON to DIL

(A) in the platelets from the healthy PRE-084-, (S)-L1- or NE-100-treated rats are shown as compared to the
vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope activity (or ration)
of the vehicle-treated, healthy rat platelets, while the columns in the figure represent the delta mean = SD value
of the healthy treatment group; n = 9 samples per group; ANOVA, Bonferroni test,  p < 0.01 compared to the
vehicle-treated groups [29].

(B) in the platelets from the diabetic vehicle-, PRE-084-, (S)-L1- or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope activity (or
ration) of the vehicle-treated, healthy rat platelets, while the columns in the figure represent the delta mean + SD
value of the diabetic treatment group; n = 9 samples per group; Welch’s ANOVA, Dunnett’s T3 test, ~ p<0.01
compared to the vehicle-treated, healthy rat group; p<0.05, “*p<0.01 compared to the vehicle-treated, diabetic
rat group; cpm: count per minute; CON: sum of PGF,, and TxB,; DIL: sum of PGE, and PGD, [30].

In the healthy platelets, the synthesis of TxB, (stable metabolite of TxA,, the main
vasoconstrictor and platelet aggregator product) and the production of PGD, (vasodilator and

platelet anti-aggregator COX metabolite) were significantly decreased in the PRE-084- and
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(S)-L1-treated groups, while they were increased in the NE-100-treated group as compared to
the vehicle-treated samples (Fig. 11A) [29].

In the vehicle-treated, diabetic rat platelets, the synthesis of CON COX metabolites was not
changed significantly, while the quantity of DIL COX products was increased compared to
the healthy rat platelets. The quantity of DIL COX metabolites in the diabetic platelets treated
with NE-100 was significantly higher than in the healthy platelets from the vehicle-treated
rats. The quantity of the CON COX metabolites was raised in the diabetic platelets by the
ligand PRE-084 as compared to the vehicle-treated, diabetic platelets. The synthesis of the
DIL COX metabolites was reduced not only by PRE-084, but also by (S)-L1 compared to the
vehicle-treated, diabetic group. In the platelets from the vehicle-treated, diabetic rats, the
synthesis of TxB, was significantly decreased, while the production of PGD,, vasodilator and
platelet anti-aggregator product was not significantly changed compared to the healthy
animals. PRE-084 elevated the synthesis of TxB, in diabetic platelets compared to the
vehicle-treated, diabetic rat platelets, while NE-100 reduced it compared to the vehicle-
treated, healthy rat platelets (Fig. 11B) [30].

Ex vivo analysis of eicosanoid synthesis in platelets by ELISA

We were able to detect both COX-1 and COX-2 enzymes in the platelets of healthy and
diabetic rats by ELISA. In healthy vehicle-treated rat platelets, the concentration of COX-2
was higher than that of COX-1. All of the S1R ligands we tested also increased the levels of
COX-1 and COX-2 enzymes in healthy rat platelets. The highest total COX enzyme
concentration (COX-1+COX-2) was detected in healthy rat platelets treated with (S)-L1
ligand. Which was induced by the greater rise in COX-2 concentration induced by this ligand
compared to COX-1. This is supported by the drop in the COX-1/COX-2 ratio and the
differential increase in COX-1 and COX-2 concentrations (Fig. 12A) [29].

Constitutive COX-1 concentrations in diabetic rat platelets treated with vehicle did not differ
significantly from those in healthy platelets treated with vehicle. While the concentration of
inducible COX-2 was significantly higher in vehicle-treated diabetic rat platelets, than in
vehicle-treated healthy ones. In the platelets of diabetic rats, COX-1 concentrations were
increased by PRE- 084 and (S)-L1 ligands, whereas COX-2 levels were boosted by all three
S1R ligands compared to both vehicle-treated healthy and diabetic rats. The total COX
enzyme levels (COX-1+COX-2) in platelets of diabetic rats were raised by all three S1R
ligands compared to the healthy vehicle-treated group. This was due to a rise in COX-2 levels

in the platelets of diabetic animals treated with NE-100 ligand, which was supported by a
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drop in the COX-1/COX-2 ratio in NE-100 ligand-treated animals compared to the vehicle-
treated healthy and diabetic samples (Fig. 12B) [30].

A.HEALTHY RAT PLATELETS

COX-1 and COX-2 COX-1/COX-2
Ang/mL Ang/mL
14 0.6
12
10 - _— 0.4
8 EE L xx |
6 0.2
4 % ok '
2 % *
0 4 0.0
-2
r 0.2 '
-6
-8
0 ™ COX-1 u COX-2 # COX-1+ COX-2 0.4
PRE-084 (8)-L1 NE-100 PRE-084 (8)-L1 NE-100
B. DIABETIC RAT PLATELETS
COX-1 and COX-2 COX-1/COX-2
Ang/mL Ang/mL
14 1 0.6 4
12 1 ' ik
10 4 *ok ok =k 0.4 4
g i #hH o #9
6 HEH
1 * o -
4 A i P 0.2 1
*Ek
2 1 ittt
0 o 0.0 1
22
-4 0.2
-6 -
-8 -
o HCOX-1 1 COX-2  COX-1+ COX-2 0.4
Vehicle PRE-084 ($)-L1 NE-100 Vehicle PRE-084 (5)-L1 NE-100

Fig. 12. Effect of S1R ligands on the quantity of COX-1 and COX-2 enzymes in healthy
and diabetic rat platelets as determined by ELISA

Concentration of COX-1 and COX-2 enzymes, total quantity of the COX enzymes (COX-1 + COX-2) and
COX-1to COX-2 ratio (COX-1/COX-2)

(A) in the platelets from the healthy PRE-084-, (S)-L1-, or NE-100-treated rats are shown as compared to the
vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the concentration or ratio of
COX enzymes in the vehicle-treated, healthy rat platelets, while the columns in the figure represent the delta
mean + SD values for the healthy treatment groups; n = 9 samples per group; ANOVA, Bonferroni test, “p <
0.05, “p < 0.03, “"p < 0.01 compared to the vehicle-treated groups [29].

(B) in the platelets from the diabetic vehicle-, PRE-084-, (S)-L1-, or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the concentration or
ratio of COX enzymes in the vehicle-treated, healthy rat platelets, while the columns in the figure represent the
delta mean = SD values for the diabetic treatment groups; n = 9 samples per group; Welch’s ANOVA, Dunnett’s
T3 test, ~p<0.02, ~p<0.01 compared to the vehicle-treated, healthy rat group; **p<0.01 compared to the
vehicle-treated, diabetic rat group; COX-1: Type 1, constitutive cyclooxygenase; COX-2: Type 2, inducible
cyclooxygenase [30].

Effects of S1R ligands on S1R and COXs transcripts in healthy and diabetic rat platelets
The mRNA levels of Sigmarl were detected in the rat platelet samples using RT-gPCR. The

Sigmarl mRNA showed a low concentration level in the healthy rat platelets. Although the
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Ct values were high in most of the cases, we considered them reliable because the RT-gPCR
was performed with TagMan assays. The daily administration of the S1R ligands for one
week did not change the level of Sigmarl and Ptgsl mRNA in the healthy rat platelets (Fig.
13A) [29].
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Fig. 13. Effects of SIR ligands on the level of Sigmarl and Ptgsl transcripts in the
healthy and diabetic rat platelets

Relative normalized transcript levels of Sigmarl and Ptgsl

(A) in the platelets from the healthy PRE-084-, (S)-L1-, or NE-100-treated rats are shown as compared to the
vehicle-treated, healthy animals. The transcript levels of Sigmarl and Ptgsl in the rat platelet samples were first
normalized to their own endogenous control mRNA levels (Gapdh) and then to the similarly normalized mRNA
levels in the vehicle-treated animal groups. Fold changes were calculated using the 2744 formula. Mean = SD, n
= 3 samples pooled from nine rats, ANOVA, Dunnett test (Fig. 13A) [29].

(B) in the platelets from the diabetic vehicle-, PRE-084-, (S)-L1-, or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The transcript levels of Sigmarl and Ptgsl genes in the diabetic rat
platelet samples were first normalized to their own endogenous control mMRNA levels (Gapdh) and then to the
similarly normalized mRNA levels in the vehicle-treated, healthy animal group. Fold changes were calculated
using the 27" formula. Mean + SD, n = 4 representing nine rats per each group, Welch’s ANOVA, Dunnett’s
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T3 test, 'p<0.05, ""p<0.001 compared to the vehicle-treated, healthy group; p<0.05, #p<0.01 compared to the
vehicle-treated, diabetic group. V: vehicle-treated samples (Fig. 13B) [29,30].

Interestingly, the effect of (S)-L1 was different in the case of the Sigmarl and Ptgsl mRNA
levels: an effect similar to the S1R agonist PRE-084 was observed for the Sigmarl mRNA
level, while a similar effect of the SIR antagonist NE-100 was seen for the Ptgsl mRNA
concentration in the healthy rat platelets. We measured but did not detect Ptgs2 mRNA by
RT-gPCR in the healthy rat platelet samples using 40 cycles (Fig. 13A) [29].

The mRNA levels of Sigmarl were detected in diabetic rat platelet samples using RT-qgPCR.
A low concentration level of the Sigmarl mRNA was detected in the rat platelets from the
vehicle-treated, diabetic animals, similarly to the platelet samples from the healthy rats as
published in our previous study [29]. Daily administration of PRE-084 and (S)-L1 to diabetic
rats for one week elevated Sigmarl transcript levels as compared to samples from the vehicle-
treated, diabetic or healthy rats [29,30]. The Sigmarl mRNA level was lower in the NE-100-
treated diabetic group compared to those in the PRE-084 and (S)-L1-treated samples but did
not differ significantly from the vehicle-treated, diabetic or healthy groups. The level of Ptgsl
transcript was significantly higher in the platelets of the vehicle-treated, diabetic rats
compared to those of the vehicle-treated, healthy animals. In the diabetic rats, PRE-084
treatment did not change Ptgsl mRNA levels as compared to samples from the vehicle-
treated, diabetic animals. The Ptgsl mRNA level was lower in the (S)-L1 group than in the
vehicle- or PRE-084-treated diabetic rat group but did not differ significantly from the
vehicle-treated, healthy group. NE-100 treatment in diabetic rats significantly decreased the
platelet Ptgsl level as compared to the vehicle-treated, diabetic group. Interestingly, the effect
of (S)-L1 was different in the case of Sigmarl and Ptgsl mRNA levels: an effect similar to
the S1R agonist PRE-084 was observed for Sigmarl mRNA level, while a trend similar to the
S1R antagonist NE-100 was seen for the Ptgsl mRNA concentration in the rat platelets. Ptgs2
MRNA was not detected in the platelet samples by RT-gPCR using 40 cycles in the diabetic
or healthy rats (Fig. 13B) [29,30].

Ex vivo effects of S1R ligands on healthy and diabetic rat aorta

Analysis of eicosanoid synthesis in abdominal aorta using radioactive AA

Application of the radioactive AA substrate for the study of aortic eicosanoid synthesis. The
quantity of radioactive COX metabolites in the rat aorta was significantly reduced by PRE-
084, while the quantity of radioactive LOX products was significantly lower in the (S)-L1
group, compared to the vehicle-treated group. The quantity of radioactive COX and LOX
metabolites in the rat aorta was significantly elevated in the NE-100 group compared to the
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vehicle-treated samples. The total quantity of radioactive AA metabolites (COX+LOX) was
significantly lower in the PRE-084 and (S)-L1 groups but higher in the NE-100 S1R
antagonist group compared to the vehicle-treated rat aorta. The COX/LOX ratio of the
radioactive AA metabolites in the rat aorta significantly increased in the (S)-L1 group

compared to the vehicle-treated animals (Fig. 14A) [29].
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Fig. 14. The ex vivo effects of S1R ligands on the radioactive AA metabolism
in healthy (A) and diabetic (B) rat abdominal aorta

COX, LOX, COX+LOX and COX/LOX levels

(A) in the abdominal aorta from the healthy PRE-084-, (S)-L1- or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope activity of
the vehicle-treated, healthy rat abdominal aorta, while the columns in the figure represent the delta mean + SD
value of the healthy treatment group; n = 9 samples per group; ANOVA, Bonferroni test, 'p < 0.05, "p < 0.03,
““p < 0.01 compared to the vehicle-treated groups [29].

(B) in the abdominal aorta from the diabetic vehicle-, PRE-084-, (S)-L1- or NE-100-treated rats are shown as
compared to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope
activity of the vehicle-treated, healthy rat aorta, while the columns in the figure represent the delta mean + SD
value of the diabetic treatment group; n = 9 samples per group; Welch’s ANOVA, Dunnett’s T3 test, ~p<0.03
compared to the vehicle-treated, healthy rats group; “#p<0.01 compared to the vehicle-treated, diabetic rat
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group; cpm: count per minute; COX: total quantity of cyclooxygenase metabolites synthesized from AA in
abdominal aorta; LOX: total quantity of lipoxygenase metabolites synthesized from AA in abdominal aorta [30].

The total quantity of metabolites synthesized from AA by COX or LOX enzymes in the aorta
samples of the vehicle-treated, diabetic animals did not differ significantly from that of the
vehicle-treated, healthy rats. The abdominal aortic AA metabolism (COX+LOX metabolites
and COX/LOX product ratio in the vehicle-treated, diabetic rats did not change compared to
the vehicle-treated, healthy animals. The synthesis of LOX metabolites was significantly
increased in the NE-100-treated, diabetic rat abdominal aorta compared to the vehicle-treated,
healthy or diabetic one. PRE-084 and (S)-L1 administration reduced the production of LOX
metabolites, without modifying the COX pathway in the diabetic aorta compared to the
vehicle-treated, diabetic one. The quantity of AA metabolites (COX+LOX) in the diabetic rat
abdominal aorta was raised in the NE-100-treated group compared to the vehicle-treated,
diabetic animals. The COX/LOX metabolite ratio in the diabetic rat aorta was not modified by
any of the S1R ligands compared to the vehicle-treated, healthy or diabetic rats (Fig. 14B)
[29,30].

PRE-084 significantly decreased the quantity of DIL radioactive COX metabolites, while NE-
100 increased the quantity of both DIL and CON radioactive COX metabolites in healthy rat
aorta compared to the vehicle-treated group. Overall, NE-100 lowered the CON/DIL ratio of
radioactive COX metabolites compared to the vehicle-treated group. In the rat aorta, the
synthesis of 6-k-PGF,, (a stable metabolite of prostacyclin and the main vasodilator and
platelet anti-aggregator product of the aorta) was significantly increased by (S)-L1 and NE-
100 and reduced by PRE-084, compared to the vehicle-treated sample. The production of
TxB, in the healthy rat aorta was significantly lowered by both PRE-084 and (S)-L1 but raised
by NE-100 (Fig. 15A) [29].

No alterations in CON COX and DIL COX metabolite were detected in the abdominal aorta
of the vehicle-treated, diabetic rats compared to the aorta of the vehicle-treated, healthy
animals. The production of CON COX metabolites in the diabetic rat aorta was significantly
reduced by (S)-L1 compared to the vehicle-treated, healthy and diabetic groups. The synthesis
of DIL COX metabolites in the diabetic rat abdominal aorta was stimulated by NE-100
compared to the vehicle-treated, healthy and diabetic samples. Both the (S)-L1 and the NE-
100 ligands significantly lowered the CON/DIL ratio in the diabetic rat abdominal aorta ring
compared to the vehicle-treated, healthy and diabetic samples. The synthesis of the
vasoconstrictor TxB, was not changed, while the production of 6-k-PGF;, was decreased

significantly in the vehicle-treated, diabetic rat aorta compared to the healthy animals. (S)-L1
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induced the reduction of TxB, synthesis in the diabetic aorta compared to the vehicle-treated,
healthy and diabetic ones. The NE-100 ligand had opposite effects on these eicosanoids in the
diabetic rat abdominal aorta: it reduced the production of TxB, compared to the vehicle-
treated, healthy rats and increased the synthesis of 6-k-PGF,, compared to the vehicle-treated,

healthy and diabetic rats (Fig.15B) [29,30].
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Fig. 15. The ex vivo effects of the S1R ligands on the quantity of CON and DIL COX

metabolites, the ratio of CON to DIL, the quantity of TxB, and 6-k-PGFy, of
healthy and diabetic rat abdominal aorta

CON, DIL, TxB, and 6-k-PGF,, levels, and ration of CON to DIL

(A) in the abdominal aorta from the healthy PRE-084-, (S)-L1- or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope activity (or
ration) of the vehicle-treated, healthy rat aorta, while the columns in the figure represent the delta mean + SD
value of the healthy treatment group; n = 9 samples per group; ANOVA, Bonferroni test, p<0.05, ~p<0.03,
""p<0.01 compared to the vehicle-treated groups [29].

(B) in the abdominal aorta from the diabetic vehicle-, PRE-084-, (S)-L1- or NE-100-treated rats are shown as
compared to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the isotope
activity (or ration) of the vehicle-treated, healthy rat aorta, while the columns in the figure represent the delta
mean £ SD value of the diabetic treatment group; n = 9 samples per group; Welch’s ANOVA, Dunnett’s T3 test,
"p<0.05, “"p<0.03, ""p<0.01 compared to the vehicle-treated, healthy rat group; #p<0.03, **p<0.01 compared to
the vehicle-treated, diabetic rat group; cpm: count per minute; CON: sum of PGF,, and TxB,; DIL: sum of 6-k-
PGF,, (which is a stable metabolite of prostacyclin), PGE, and PGD, [[30].
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Analysis of eicosanoid synthesis in healthy and diabetic rat aorta by ELISA

We detected a higher concentration of COX-2 than COX-1 in the healthy rat abdominal
aorta. PRE-084 and (S)-L1 increased the aortic COX-1 and COX-2 concentrations, with a
higher elevation observed for COX-1. NE-100 reduced the COX-2 level and therefore the
balance between the enzymes shifted to COX-1. The most effective S1R ligand was (S)-L1,
which increased the level of COX-1 and COX-2 (Fig. 16A) [29].
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Fig. 16. Effect of S1R ligands on the quantity of COX-1 and COX-2 enzymes in healthy
and diabetic rat abdominal aorta as determined by ELISA

Concentration of COX-1 and COX-2 enzymes, total quantity of COX enzymes (COX-1 + COX-2) and the
COX-1to COX-2 ratio (COX-1/COX-2)

(A) in the abdominal aorta from the healthy PRE-084-, (S)-L1-, or NE-100-treated rats are shown as compared
to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the concentration or
ratio of COX enzymes in the vehicle-treated, healthy rat aorta, while the columns in the figure represent the delta
mean =+ SD values for the healthy treatment groups; n = 9 samples per group; ANOVA, Bonferroni test, p <
0.05, ™"p < 0.01 compared to the vehicle-treated groups [29].

(B) in the abdominal aorta from the diabetic vehicle, PRE-084-, (S)-L1-, or NE-100-treated rats are shown as
compared to the vehicle-treated, healthy animals. The zero line in the diagram shows the mean for the
concentration or ratio of COX enzymes in the vehicle-treated, healthy rat aorta, while the columns in the figure
represent the delta mean + SD values for the diabetic treatment groups; n = 9 samples per group; Welch’s
ANOVA, Dunnett’s T3 test, p<0.05, = p<0.01 compared to the vehicle-treated, healthy rat group; *p<0.05
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compared to the vehicle-treated, diabetic rat group; COX-1: Type 1, constitutive cyclooxygenase; COX-2: Type
2, inducible cyclooxygenase [30].

The concentration of COX-2 in the aorta of diabetic vehicle-treated rats was also higher than
that of COX-1, similar to that of healthy abdominal aorta. Neither the concentration of COX-1
or COX-2 nor their sum (COX-1 + COX-2) in the aorta of the vehicle-treated, diabetic rats
showed significant differences compared to vehicle-treated, healthy animals. In the aorta of
diabetic rats, the concentrations of these parameters were not altered by any of the S1R
ligands we tested. However, the COX-1/COX-2 ratio in the aorta of diabetic rats treated with
vehicle or PRE-084 was significantly higher than in healthy rats treated with vehicle
(Fig.16B) [29,30].

DISCUSSION

The presence of S1R and its role in physiological and pathological processes have been
shown in several cell types (parenchymal cells, microglial cells, macrophages, lymphocytes
and endothelial cells) [5,6,15,50], but its presence and role in platelets have not yet been
studied. Intracellularly, S1R is mainly found in the MAM of the ER, but is able to migrate
from the ER to the plasma membrane [2,6]. Platelets are anuclear cells, but they also have
many other intracellular cellular components, such as dense granules, a-granules, lysosomes,
dense tubular systems, Golgi apparatus, ER and mitochondria [51]. All these structural
features provide a possibility for the presence of S1R in platelets. Although platelets do not
have a nucleus, they are capable of protein biosynthesis using megakaryocyte-derived
cytoplasmic mRNA [52]. Based on these data, we were able to confirm our hypothesis that
non-activated rat platelets are also capable of S1R expression at the mRNA and protein levels
using RT-PCR, gPCR and immunocytochemistry (Fig. 3 and 4) [31]. Platelets are involved
not only in haemostasis, but also, together with white blood cells (macrophages, lymphocytes
and granulocytes), in the body's defence responses, such as inflammation, and in innate and
acquired immunity [19,53,54]. Agonists of platelet receptors induce platelet activation, i.e.,
deformation, adhesion, degranulation, aggregation, receptor expression and AA metabolism,
through various intracellular signalling pathways [9,55-57]. ADP released from the platelet
granule itself also contributes to AA-induced platelet activation [58].

Through the intracellular membrane-bound localization of S1R, it regulates several
intracellular processes (such as ROS reduction, elimination of pathogenic proteins, ATP
production, modulation of ion channels, intracellular lipid transport and enzyme activation)
[15,59-64].
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Since the role of S1IR in modifying membrane structure and function has been studied
extensively [59] and we detected S1R in platelets in the present experiment, we hypothesized
that the S1IR agonist PRE-084 may affect the metabolism of membrane PLs to AA and
eicosanoids in non-activated rat platelets in vitro.

In order to prevent spontaneous platelet activation and to correctly interpret the effect of S1IR
ligands, we had to observe several experimental conditions during our experiments. Age
dependence of platelet structure and function [65] and hormone dependence of AA
metabolism [66,67] are already known, so we investigated platelet function in sex- and age-
matched male rats. Following literature recommendations, functional platelet analysis was
performed within one hour of sample collection, both when using whole blood [45,68] and
when using separated platelets [69]. The choice of anticoagulant for whole blood
aggregometry (MEA) was based on the recommendation of the device manufacturer (Roche
Ltd., Budapest, Hungary) and the need to prevent a decrease in physiological Ca®*
concentration, which is essential for platelet aggregation [55-57]. In addition, the use of a
calcium chelating anticoagulant could interfere with the study of the effects of S1R ligands
that can influence intracellular calcium ion homeostasis [2,5,6,59,70]. Based on these criteria,
we chose hirudin, which does not form calcium chelate [68,71]. To study the effect of S1IR
ligands on platelet AA metabolism in vitro and ex vivo, we had to prevent spontaneous
platelet activation. In order to prevent platelet activation during platelet separation, we used
plastic devices, a thick needle to drain blood, and EDTA, a calcium chelating anticoagulant
that inhibits platelet aggregation. To investigate platelet eicosanoid synthesis, we used EDTA-
and plasma protein-free tissue culture medium (Medium 199), which provided the Ca*
concentration required for physiological platelet function. In order to exclude platelet
activation, the concentration of the radioactive substrate used as a marker (0.172 nM 1-**C-
AA) was significantly lower than the quantity of the aggregation inducer AA (0.5 mM) [29-
31].

In vitro pre-treatment with the S1R agonist PRE-084 enhanced AA metabolism of non-
activated platelets from healthy 12-week-old male rats, which was detected semi-
quantitatively using a radioactive substrate (Fig. 5) and quantitatively by ELISA (Fig. 6) [31].
This effect may be explained by the fact that PRE-084 increased the PL content of the cell
membrane through its intracellular lipid transport effect, while its phospholipase-activating
ability elevated the quantity of free AA, the substrate of eicosanoids, by inducing PL
deacylation [9,59,60]. Although both the total quantity of AA metabolites formed via the
COX pathway (Fig. 5A) and the total quantity of AA metabolites formed via the LOX
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pathway (Fig. 5B) rose in vitro upon PRE-084 treatment, the rate of increase and the dose-
dependence of the increase were not identical [31]. These results suggest the possibility that
this S1IR ligand may stimulate the expression and/or activity of COX and LOX directly, in
addition to raising the level of free AA. The differential effects of PRE-084 ligand on COX
and LOX expression and/or activity can be explained by the different exposure times and the
different sensitivity of the enzymes [72]. Several isoforms of the cyclooxygenase enzyme are
known, one of which is the constitutively expressed COX-1, while the other is the inducible
COX-2 isoenzyme. Although platelets are anuclear cells, they are able to synthesize COX-1
de novo from cytoplasmic mRNA originating from megakaryocytes [73]. Hu and colleagues
have also detected COX-2 mRNA and protein in human platelets, but at significantly lower
levels than COX-1 enzyme mRNA and protein [74]. In our preliminary experiments, growth
in COX-1 concentration was detected by ELISA in non-activated rat platelets after in vitro
PRE-084 treatment (Fig. 6), which is consistent with the increase in the total quantity of COX
metabolites obtained using the radioactive substrate. Under our present experimental
conditions, the synthesis of individual COX products (TxB,, Fig. 5C; PGD,, Fig. 5D; PGE;,
Fig. 5E) was increased, but to different degrees [31]. These results suggest that, in non-
activated platelets, in vitro pre-treatment with PRE-084 can probably enhance not only the
expression and/or activation of PLA,;, COX and LOX enzymes, but also specific enzymes
involved in the formation of eicosanoids synthesized by the COX pathway. At present, the
exact mechanism of these effects is not yet known, although several studies have reported that
S1R is able to modulate the function of a number of ion channels and enzymes [2,5,6,16,70].
In the presence of PRE-084, non-activated rat platelets synthesized more aggregating and
vasoconstrictor TxA, stable metabolites, i.e., TxB, (Fig. 5C, 6), anti-aggregator and
vasodilator PGD; (Fig. 5D), and significantly higher quantities of PGE; (Fig. 5E) [31], whose
effects on platelets are concentration-dependent [9]. In addition to these experimental results,
in order to clarify the effect of PRE-084 on platelet aggregation, we investigated the direct
effect of this S1IR ligand on ADP- and AA-induced platelet aggregation. Concentrations of
PRE-084 (Fig. 5), which enhance eicosanoid synthesis in non-activated platelets, boosted both
ADP- and AA-induced platelet aggregation (Table 1) using whole blood aggregometry [31].
In this procedure, fibrinogen, calcium ion and other circulating blood elements that promote
platelet aggregation are also present. The effect of S1R agonist on the speed of AA-induced
aggregation was most pronounced (Table 1) compared to the control group [31]. This may be
explained by the fact that AA-synthesized thromboxane, when bound to its own receptors,

induces autocrine and paracrine platelet activation, and AA-induced platelet activation
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induces endogenous (granule-derived) ADP inducer release [58]. The dose-response curve of
PRE-084 on platelet aggregation induced by ADP or AA did not differ significantly (Table 1)
[31], despite the fact that the primary effect of ADP on platelets is receptor-mediated, whereas
the primary effect of AA is not. However, their secondary intracellular signalling pathways
are similar, as both are able to induce a rise in [Ca®']; and the secretion of endogenous
inducers, such as thromboxane, serotonin and ADP [19,23,75]. It was hypothesized that PRE-
084 might modulate this common intracellular signalling pathway of ADP and AA. However,
the magnitude of the increase in platelet aggregation induced by PRE-084 (Table 1) was
smaller than that of thromboxane production (Fig. 5C and 6). This difference can be explained
by the greater formation of anti-aggregator eicosanoids (PGD,, Fig. 5D and PGE,, Fig. 5E)
[31] and the simultaneous presence of PRE-084-binding cells and plasma proteins. However,
the mechanism of these latter processes and their presence in platelets is not yet clearly
understood.

Following the demonstration of in vitro rat platelet AA metabolism (Fig. 5 and 6) and the
aggregation (Table 1) enhancing effects of the S1R agonist PRE-084 [31], we extended our
studies to other S1R ligands, such as NE-100, known as an S1R antagonist, and a novel
ligand, (S)-L1. The platelets and the endothelial cell layer lining the inner surface of blood
vessels form a functional unit [76—78]. Under physiological conditions, the AA metabolism of
platelets and endothelial cells is known to differ significantly. Platelets primarily produce the
vasoconstrictor thromboxane, which induces platelet aggregation, and the endothelium
primarily produces the inhibitory vasodilator prostacyclin; however, under physiological
conditions, these products are in equilibrium and thus ensure physiological microcirculation
[47,76,77,79,80].

Based on this knowledge, we investigated the in vivo/ex vivo effects of the S1R ligands noted
above on platelet and aortic eicosanoid synthesis following sub-chronic i.p. treatment in both
healthy and STZ-induced diabetic 16-week-old male rats.

The S1R ligands to be applied were selected based on their binding strength to the receptor
and the binding site in the S1R binding pocket (Fig. 7). The main difference between S1R
agonist and antagonist binding is whether the ligand can interact with the C-terminal helix of
S1R. The cyclohexane ring of PRE-084 is the only moiety that can interact with this helix
[49]. (S)-L1, has a very similar binding position to the S1IR antagonist NE-100 [29,30,39].
The duration of treatment was determined by the platelet lifetime (one week) [81,82]. We
confirmed that all S1R ligands administered i.p. were taken up into the circulation, but their

30 min serum levels showed a large variance, which may indicate a difference in their
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absorption rate. The difference observed in the time-dependent analysis of the serum levels of
the ligands (Fig. 8) [29] could be explained by the different metabolism and excretion of the
ligands, the mechanism of which is not yet fully understood. To exclude the direct effect of
S1R ligands, our ex vivo studies were started 20 h after the last ligand treatment, when the
serum levels of the ligands were already below the limit of detection or quantification (Table
2) [29]. Thus, the changes in platelet and aortic AA metabolism induced by S1R ligands and
detected ex vivo may be due to ligand-induced effects on platelet and aortic function in vivo.

In vivo, none of the S1IR ligands we tested resulted in changes in the total quantity of
radioactive AA metabolites in healthy rat platelets ex vivo. Nevertheless, a decrease in the
COX/LOX ratio was detected in platelets in response to PRE-084 and (S)-L1, whereas a rise
in this ratio was detected in response to NE-100 (Fig. 10A). In healthy rat aorta, however, the
total quantity of AA metabolites was lowered by PRE-084 and (S)-L1, whereas NE-100 raised
it. In addition, a product shift towards the COX pathway within the AA cascade was observed
upon (S)-L1 treatment (Fig. 14A). In healthy rat platelets, none of the ligands induced changes
in either SIR or COX mRNA levels; that is the difference in AA metabolism cannot be
explained by the effect of the ligands on S1IR or COX enzyme transcription (Fig. 13A) [29].
Although platelets are non-nucleated cells, they are nevertheless able to synthesize
constitutive COX-1 de novo from cytoplasmic mRNA from megakaryocytes [73]. Hu et al.
(2017) have also detected COX-2 mRNA and protein in human platelets, though in smaller
quantities [74]. However, under our current experimental conditions, we were unable to detect
COX-2 (Ptgs2) mRNA in rat platelets by 40-cycle RT-qPCR. This may be explained by the
fact that a limited pool of mRNA transcripts from megakaryocytes can be used for protein
(e.g. COX-2) synthesis, and thus increased AA metabolism may lead to depletion of
intracellular reserves (MRNA, enzyme pool and [Ca?']). Although in vivo treatment with
PRE-084 and (S)-L1 decreased the total quantity of radioactive COX metabolites in platelets
of healthy rats and NE-100 increased it (Fig. 10A). We did not detect any change in COX
enzyme (COX-1+COX-2) concentrations by ELISA, after treatment with PRE-084, whereas
an increase was observed with (S)-L1 and NE-100 treatment. Both (S)-L1 and NE-100 raised
the concentration of platelet COX-1 and COX-2 enzymes, but the drop in the COX-1/COX-2
ratio for both ligands suggests that their effect on COX-2 was greater than that of COX-1
(Fig. 12A) [29]. Therefore, the fall in the total quantity of radioactive AA metabolites formed
by the COX pathway (Fig. 10) in healthy rat platelets following in vivo treatment with PRE-
084 and (S)-L1 [29] can be explained by inhibition of the COX enzyme or by a drop in the

absolute or relative quantity of free AA substrate. The formation of AA metabolites depends
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on the presence of sufficient quantities of free AA, which may be influenced by the PL
composition of the membrane, phospholipase activity and [Ca®']; levels. S1R is known to be
able to modulate all these factors [6,9,60,83]. Since the total quantity of AA metabolites
(COX+LOX) in healthy rat platelets was not reduced by either PRE-084 or (S)-L1 treatment
in vivo (Fig. 10A) [29], an absolute reduction in free AA can be excluded. Therefore, in this
case, the drop in the total quantity of COX metabolites could be caused by a direct inhibition
of COX and/or a rise in LOX activity, i.e., a relative fall in the AA substrate, as supported by
the reduction in the COX/LOX ratio (Fig. 10A) [29]. Although no data are available on the
direct effects of S1R ligands on COX activity, a recent lipidomic study found downregulation
of the COX pathway by bufotenin, an S1R ligand [16]. In contrast to the PRE-084 ligand,
both (S)-L1- and NE-100-treatment showed a rise in COX enzyme concentration in platelets
from healthy rats by ELISA (Fig. 12A). However, (S)-L1 decreased the formation of
radioactive COX metabolites, whereas NE-100 enhanced it (Fig. 10A) [29]. This could be
explained by the difference in the effect of each ligand on the translation, synthesis and/or
activation of COX and specific enzymes involved in the synthesis of eicosanoids. In vivo
treatment with each S1R ligand induced different degrees and/or directions of changes in
COX-mediated metabolites in healthy rat platelets, suggesting that ligands act not only
through the PL, COX and LOX, but also through the influence of specific enzymes. For
example, (S)-L1 treatment led to a decrease in CON/DIL ratio by reducing the synthesis of
CON products. The synthesis of the major COX metabolite in platelets, the vasoconstrictor
and platelet aggregator thromboxane, was reduced much more by our new ligand (S)-L1 than
by PRE-084 (Fig. 11A) [29].

The effects of our S1R ligands on AA metabolism in healthy rat aorta were significantly
different compared to their effects on platelets. S1R ligands resulted in a similar direction but
smaller changes in the total quantity of COX metabolites in healthy rat aorta (Fig. 14A)
compared to platelets (Fig. 10A) [29]. In contrast to platelets (Fig. 10A), the total quantity of
eicosanoids formed by the aorta via the LOX pathway was lowered by (S)-L1, whereas NE-
100 raised it (Fig. 14A) [29]. These changes can be explained by changes in both the absolute
and relative quantities of AA substrate. In the aorta, the decrease in the total quantity of AA
metabolites (COX+LOX) due to (S)-L1 and PRE-084 and the increase of it due to NE-100
suggest that S1IR ligands may have affected the release of AA from PLs, i.e., the absolute
quantity of substrate. On the other hand, growth in the ratio of COX to LOX metabolites
(COX/LOX) in the aorta in response to (S)-L1 points to a dominance of the COX pathway,
resulting in a relative substrate depletion for LOX enzymes (Fig. 14A). Although the effects
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of ligands on the total quantity of platelet (Fig. 10A) and aortic COX metabolites were similar
(Fig. 14A), their effects on the ratio of vasoconstrictor to platelet aggregator (CON) and
vasodilator to platelet anti-aggregator COX metabolites (DIL) (CON/DIL) formed by the
COX pathway differed significantly. (S)-L1 produced a drop in CON/DIL in platelets (Fig.
11A), whereas NE-100 led to a flow in CON/DIL in aorta (Fig. 15A). In aorta, NE-100
lowered the CON/DIL ratio despite increasing the synthesis of both CON and DIL
metabolites. The synthesis of the major COX metabolite in the aorta, the vasodilator and anti-
aggregator prostacyclin was increased by the novel ligand we tested, (S)-L1, which was
inhibited by PRE-084 (Fig. 15A) [29].

The neuro- [6] and cardio-protective [84] effects of S1IR have already been demonstrated.
However, only a fraction of cardiovascular diseases is of cardiac origin, and macro- and
microvascular dysfunction and/or platelet activation are responsible for the development and
exacerbation of many diseases. Eicosanoids are de novo, locally formed [73], short half-life
[9,85], autocrine, paracrine and endocrine [9] AA metabolites. Under physiological
conditions, the balance of vasoactive and platelet-activating COX products synthesized by
platelets and vascular endothelium ensures proper microcirculation and tissue perfusion
[22,80]. Sub-chronic in vivo administration of the ligands PRE-084, (S)-L1 and NE-100 S1R
in healthy rats modulated both rat platelet and aortic eicosanoid synthesis; however, these
effects were cell/tissue-specific. The S1R ligands we tested resulted in a predominance of
vasodilator and platelet aggregation inhibitory COX eicosanoids in healthy rat platelets and
aorta. Under our present study conditions, (S)-L1 was found to be the most potent of the S1IR
ligands we tested in maintaining the balance of platelet and vascular eicosanoid synthesis, i.e.,
tissue perfusion and microcirculation.

Diabetes is a chronic, progressive inflammatory disease characterized by abnormal
carbohydrate, lipid and protein metabolism. These abnormalities lead to the formation of
AGE, accumulation of ROS, endothelial dysfunction and platelet activation [17,18].
Cytokines and eicosanoids synthesized by impaired endothelium and activated platelets play a
role in both the development and progression of atherosclerosis. S1R, which modulates cell
function [1,15,16], is expressed on both endothelial cells [50] and platelets [31].

It is well established in the literature that SIR gene expression reduces the production of
inflammatory cytokines [10], reactive oxygen species and advanced glycation end products
[18,27,86], as well as abnormal protein accumulation in diabetes, and protects against the

development of diabetic complications [14].
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Based on all this knowledge, we considered it important to investigate the effects of sub-
chronic in vivo S1R ligand treatment on ex vivo eicosanoid synthesis in platelets and
abdominal aorta of STZ-induced diabetic rats. We chose STZ-induced diabetes mellitus as a
reliable, reproducible model of chronic inflammation and oxidative stress in which the
development and time course of complications can be easily monitored [79]. STZ contains
glucose and N-methyl-N-nitrosourea groups [87]. The binding of its glucose component to
glucose transporter-2 (GLUT-2) promotes the entry of STZ into pancreatic, liver and renal
tubule epithelial cells with GLUT-2 [88,89]. STZ as a constituent of N-methyl-N-nitrosourea
delivered to cells in this way induces DNA methylation [90], alkylation [91] and oxidation
[92]. These processes induce cell apoptosis, leading to the development of diabetes mellitus
and liver and kidney damage. Ha et al. (2012) reported a protective role of S1R against
pathological changes in STZ-induced diabetes mellitus [14]. Since both platelets and
endothelial cells are involved in the development of diabetic complications [86,93], we
hypothesized that S1IR ligands may modulate the function of both cell types. Sub-chronic, in
vivo treatment with S1R ligands was also able to alter platelet and aortic AA metabolism in
STZ-induced diabetic rats despite the absence of ligands in the blood at the time of ex vivo
study (Fig. 10B and 14B). However, under our current experimental conditions, we did not
detect Ptgs2 mRNA by RT-gPCR either in the platelets of the healthy controls [Fig. 13A] or
in the diabetic rats [Fig. 13B]. We detected unchanged Sigmarl and increased Ptgsl transcript
levels in the platelets of the diabetic rats treated with vehicle compared to the healthy rats
(Fig. 13B) [29]. These results do not support our hypothesis that Sigmarl transcript
expression is increased in platelets from vehicle-treated diabetic rats. However, under
pathological conditions, the S1R agonist PRE-084 [94] with antioxidant capabilities and the
novel SR-1 ligand (S)-L1 were able to increase S1R transcript levels (Fig. 13B), which may
play a protective role against oxidative stress in diabetes. NE-100 decreased Ptgsl compared
to the vehicle-treated diabetic group (Fig. 13B). These results support our hypothesis that
PRE-084 S1R agonist and NE-100 antagonist have opposite effects on platelet Sigmarl and
Ptgsl transcript levels. The structural similarity between (S)-L1 and NE-100 is only reflected
in a similar effect on platelet Ptgsl levels (Fig. 13B), suggesting that the modulatory effect of
S1R ligands is enzyme-, cell- and tissue-specific [30]. In the platelets of diabetic rats, we
observed an increase in DIL COX products and a decrease in the CON/DIL ratio (Fig. 11B)
compared to healthy animals, while in the aorta we observed a decrease in 6-k-PGFy,
synthesis (Fig. 15B) [30]. These results support our hypothesis that platelet and endothelial

cell activation in vivo can be detected ex vivo. In platelets, we observed a change that was the
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opposite of what was expected, which could be the result of a smaller platelet storage pool
(e.g. i.c. Ca*") due to in vivo platelet activation or a compensatory mechanism during the early
stages of diabetes. In previous ex vivo studies of platelet aggregation in STZ-induced diabetic
rats, we did not detect an enhanced platelet aggregation readiness either [47]. Scridon et al.
(2019) reported high intrinsic platelet activity and low in vitro ADP- and AA-induced platelet
aggregation in STZ-induced diabetic animals compared to a non-diabetic control group. These
paradoxical results suggest that an inhibitory factor is present in the plasma of diabetic rats to
counteract (or even exceed) the increased intrinsic platelet activity, the quantity and extent of
which may vary with disease progression [95]. These data support our results.

Treatment with PRE-084 and (S)-L1 ligands did not affect the total quantity of radioactive
eicosanoids (COX+LOX) synthesized by platelets from diabetic rats, but reduced the
COX/LOX ratio. These results suggest that PRE-084 and (S)-L1 induce a shift in platelet AA
metabolism towards the LOX pathway without altering the quantity of AA substrate released
from PLs (Fig. 10B). Although PRE-084 and (S)-L1 did not elevate COX-1 mRNA (Fig.
13B) in diabetic platelets compared to vehicle-treated diabetic platelets, they did increase
COX enzyme concentrations as determined by ELISA (Fig. 12B). This did not, however,
result in a rise in the total quantity of COX pathway products (Fig. 10B), i.e., an increase in
COX enzyme activity. However, it did modulate the function of enzymes involved in the
synthesis of individual COX products, such that their function resulted in a normalization of
the changes measured in diabetic platelets (Fig. 11B). For example, in diabetic rats, higher
CON/DIL ratios were observed in the platelets of PRE-084- and (S)-L1-treated animals,
indicating a predominance of CON COX metabolites (Fig. 11B) compared to the platelets of
vehicle-treated diabetic rats, which in turn showed a reduced CON/DIL ratio compared to the
vehicle-treated healthy group [30].

Although a number of safety procedures were used to prevent spontaneous platelet
aggregation during platelet isolation and in vitro studies and no direct platelet aggregation was
induced in ex vivo studies, activation of platelet intracellular signalling pathways cannot be
completely excluded. The EDTA used in platelet isolation reduced the e.c. available to
platelets. Ca** available to platelets, which was normalized by the tissue culture medium used
in the ex vivo study (Medium 199). In our ex vivo study, since the tissue culture medium did
not contain fibrinogen, platelet aggregation could not occur. One limitation of our study is
that we did not examine a platelet population at resting state, but one adapted to changes in

the medium environment with physiological parameters. However, this does not make it
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impossible to compare the effects of S1IR ligands ex vivo, as ligand-treated and non-ligand-
treated samples were obtained in parallel from the same platelet population.

The effects of S1R ligands on eicosanoid synthesis in the abdominal aorta were very different
from those observed in platelets. In the aorta of diabetic rats, we demonstrated reduced
synthesis of 6-k-PGF,, (Fig. 15B). In the aorta, NE-100 was shown to be the most potent S1IR
ligand in promoting the restoration of physiological status by enhancing 6-keto-PGF,
synthesis. The increase in the total quantity of AA metabolites (COX+LOX) in the NE-100
group (Fig. 14B) suggests that this is probably due not only to specific prostacyclin synthase,
but also to the effect of higher AA substrate due to phospholipase activation. In turn, (S)-L1
increases the rate of vasodilator COX products (Fig. 15B) by reducing the synthesis of
vasoconstrictor, platelet aggregator eicosanoids in both vehicle-treated diabetic and vehicle-
treated healthy rat aorta. In the study of AA metabolism in the aorta, PRE-084 was the least
effective ligand, not affecting the synthesis of COX pathway products in either vehicle-treated
healthy or vehicle-treated diabetic rats [30]. These results confirmed our hypothesis that in
vivo sub-chronic S1R ligands can modulate both platelet and aortic AA metabolism ex vivo.
Platelet and endothelial cell AA metabolism are known to differ significantly under healthy
conditions. Platelets primarily synthesize the vasoconstrictor thromboxane, whereas
endothelial cells primarily synthesize the vasodilator prostacyclin. The balance between these
AA metabolites plays a crucial role in maintaining normal local circulation [32,47,90].
Overall, S1R ligands have opposite effects on platelet and aortic AA metabolism in diabetic
rats. Our hypothesis that SIR ligands modulate abnormal AA metabolism in platelets and
aortic rings of diabetic rats such that the physiological balance between them is restored has

been confirmed.
SUMMARY

We have detected S1R in rat platelets, both at gene and protein level. The in vitro application
of PRE-084 ligand, known as an S1R agonist, enhanced AA metabolism in non-activated
platelets from healthy male rats. This effect was detected by radioactive substrate and ELISA.
In vitro, under the effect of PRE-084, non-activated rat platelets synthesized more aggregating
than anti-aggregating COX metabolites, leading to platelet activation. This finding was
supported by the increased ADP- and AA-induced platelet aggregation in response to PRE-
084. Sub-chronic intraperitoneal treatment with the S1R agonist known as PRE-084,
antagonist NE-100, and a novel ligand, (S)-L1, induced in vivo platelet and aortic function

changes that resulted in detectable ex vivo eicosanoid synthesis changes, despite the absence
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of ligand in the study sample. In healthy rat platelets, none of the ligands induced changes in
either SIR or COX mRNA levels; i.e., the difference in AA metabolism cannot be explained
by the effect of ligands on S1IR or COX enzyme transcription. The differential degree and/or
direction of eicosanoid synthesis changes induced by in vivo treatment with each S1R ligand
in platelets and aortas of healthy and diabetic rats suggest that ligands differentially affect not
only PLase, COX and LOX but also the translation, synthesis, and or activation of each
specific enzyme. S1R ligands induce changes in the physiological balance between platelets
and endothelial cells lining the aorta with different effects (aggregating/vasoconstrictor and
anti-aggregating/vasodilator) on eicosanoids to maintain or, in diabetes, restore the
physiological balance. Despite the fact that (S)-L1, an S1R antagonist, has a binding position
similar to NE-100, its effect on eicosanoid synthesis is, however, identical to that of the ligand
PRE-084 or NE-100. Of the S1R ligands we tested, the new (S)-L1 proved to be the most
potent. All this suggests that S1R ligands have high enzyme, cellular and tissue specificity.

The main findings of our studies are:
1. Rat platelets have a sigma-1 receptor.

2. PRE-084 (sigma-1 receptor ligand) enhances in vitro AA metabolism and ADP- and
AA-induced aggregation of rat platelets.

3. In vivo treatment with PRE-084, NE-100 and (S)-L1 (a novel) ligand induces changes
detectable ex vivo in AA metabolism in platelets and aorta.

4. S1R ligands promote the restoration of the balance between platelet- and endothelium-

derived eicosanoids with opposite effects in STZ-induced diabetes.
5. S1R ligands have high enzyme, cellular and tissue specificity.

6. Under our test conditions, the new (S)-L1 ligand proved to be the most potent. However,
despite the fact that the sigma-1 receptor antagonist has a binding position similar to

NE-100, it cannot unambiguously be called an antagonist.
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