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A B S T R A C T   

Since the conventional and adjuvant analgesics have limited effectiveness frequently accompanied by serious 
side effects, development of novel, potent pain killers for chronic neuropathic and inflammatory pain conditions 
is a big challenge. Somatostatin (SS) regulates endocrine, vascular, immune and neuronal functions, cell pro-
liferation through 5 Gi protein-coupled receptors (SST1-SST5). SS released from the capsaicin-sensitive pepti-
dergic sensory nerves mediates anti-inflammatory and antinociceptive effects without endocrine actions via 
SST4. The therapeutic use of the native SS is limited by its diverse biological actions and short plasma elimination 
half-life. Therefore, SST4 selective SS analogues could be promising analgesic and anti-inflammatory drug can-
didates with new mode of action. TT-232 is a cyclic heptapeptide showing great affinity to SST4 and SST1. Here, 
we report the in silico SST4 receptor binding mechanism, in vitro binding (competition assay) and cAMP- 
decreasing effect of TT-232 in SST4-expressing CHO cells, as well as its analgesic and anti-inflammatory actions 
in chronic neuropathic pain and arthritis models using wildtype and SST4-deficient mice. TT-232 binds to SST4 
with similar interaction energy (-11.03 kcal/mol) to the superagonist J-2156, displaces somatostatin from SST4 
binding (10 nM to 30 µM) and inhibits forskolin-stimulated cAMP accumulation (EC50: 371.6 ± 58.03 nmol; 
Emax: 78.63 ± 2.636 %). Its i.p. injection (100, 200 µg/kg) results in significant, 35.7 % and 50.4 %, analgesic 
effects upon single administration in chronic neuropathic pain and repeated injection in arthritis models in 
wildtype, but not in SST4-deficient mice. These results provide evidence that the analgesic effect of TT-232 is 
mediated by SST4 activation, which might open novel drug developmental potentials. 

Chemical compounds 
Chemical compounds studied in this article TT-232 (PubChem CID: 74053735).   

1. Introduction 

Somatostatin (SS) also called as somatotropin release-inhibiting 

factor (SRIF) was firstly described as a growth hormone (GH) inhibit-
ing factor. It has two active forms containing 14 or 28 amino acids, due 
to the alternative splicing of a single preproprotein [1]. SS-14 is 
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ordinarily found in the brain, while SS-28 in intestinal enteroendocrine 
cells. SS regulates endocrine functions such as inhibiting GH, prolactin, 
thyreotropin, insulin, glucagon, gastrin, secretin, motilin, cholecysto-
kinin secretion, modulates vascular, immune and neuronal functions, as 
well as cell proliferation via 5 Gi protein-coupled receptors [2,3]. These 
SST1-5 receptors are grouped according to their agonist binding abilities: 
the SRIF1 group receptors bind octapeptide analogues with high affinity 
(SST2, SST3 and SST5), while the SRIF2 ones (SST1 and SST4) with low 
affinity [4]. The SRIF2 group receptors were proposed to be crucial for 
the anti-inflammatory and antinociceptive effects of SS without 
inducing endocrine actions [5–7]. Administration of SS inhibits several 
pain conditions in patients, such as postoperative, cancer-related [8], 
and osteoarthritic pain [9]. Since 1998 our group has provided 
numerous data that SS originated from the activated capsaicin-sensitive 
peptidergic sensory nerve endings mediates anti-inflammatory and 
antinociceptive effects at remote parts of the body [6,10–13]. Among 
others, in rat models, exogen SS significantly inhibited the mustard oil- 
induced vasodilatation and plasma protein extravasation [13] and me-
chanical hyperalgesia in carragenin-induced inflammation [14]. 
Octreotide is a stabile SS analogue which binds with high affinity to the 
SST2, SST3, SST5 receptors. In a double-blind study, severe headache 
suffered acromegalic patients were treated by single dose of octreotide 
that exerted rapid and permanent analgesic effect was not revoked by 
intravenous naloxone. Then the patients received octreotide for months 
without any sign of tolerance, dependence or unwanted sedative side 
effect [15]. A study involving patients with rheumatoid arthritis, 
showed that the intraarticular injection of SS-14 for 15 days decreases 
inflammation acute phase parameters, improves the result of tele-
thermography and relieves the pain at rest and on the movement of the 
knee joint [16]. The epidural injection of SS resulted in complete post-
operative pain relief of the patients who had undergone abdominal 
surgery and in other study octreotide i.v. administration also reduced 
the postoperative pain after major abdominal surgery [8,17]. 

However, due to their endocrine effects, neither SS nor octreotide 
can be applicable as analgesics. Among 5 receptors of SS, SST2, SST3 and 
SST5 are primarly responsible for the endocrine effects, while SST1 and 
SST4 mediate the analgesic and anti-inflammatory actions [5–7,18]. 
SST4 is expressed in both peripheral and the central nervous system, 
where it plays an important role in the pain transmission, such as in 
primer afferent neurons, dorsal root ganglions, dorsal horn of the spinal 
cord, somatosensory cortex, hippocampus, amygdala and peri-
aqueductal grey matter [19,20]. TT-232 is a cyclic heptapeptide which 
was suggested to be a SST4 / SST1 agonist with greater affinity compared 
to other somatostatin receptors [21,22]. Furthermore, it is also a 
tyrosine-kinase inhibitor, thus it was originally developed as antitumor 
drug candidate with significant antiproliferative effects. It reduced the 
proliferation of 20 different human tumors and exerted apoptotic ac-
tions in vitro [21]. In our earlier studies TT-232 also inhibited noci-
ceptive processes such as mechanical allodynia and exerted a wide range 
of anti-inflammatory effects in rat models. TT-232 in 5–20 µg/kg range, 
dose-dependently inhibited the partial sciatic nerve injury-induced 
mechano-nociceptive hyperalgesia and the carragenin-induced paw 
oedema in rats, but did not showed a dose–response correlation during 
the inhibition of bradykinin-induced plasma extravasation. In other 
study with rats, somatostatin and its synthetic analogues, such as TT-232 
inhibited the non-neurogenic dextran oedema and the mustard oil- 
induced neurogenic plasma extravasation in µg/kg dose range. The 
subcutaneous pre-treatment of TT-232 (2 × 530 nmol/kg/day) for 18 
days, significantly inhibited the Complete Freund’s Adjuvant (CFA)- 
induced bilateral arthritis [5]. Toxic side effects were not observed at 
doses which reduced inflammation [5]. Subsequent studies provided 
data that it increases the thermal nociceptive threshold and improves 
diabetic neuropathic hyperalgesia at doses of 10–100 μg/kg, inhibits the 
nocifensive behaviour in the first and the second phase (55 % and 66 % 
inhibition) of formalin test at 80 μg/kg [7]. In mouse models, capsaicin- 
induced ear oedema was inhibited by 10 and 20 µg/kg dose of TT-232 

[18] and it significantly diminishes the number of phenylquinone- 
induced writhes at doses of 20 and 200 μg/kg (70 % and 75 % inhibi-
tion) [7]. In contrast to native somatostatin and other analogues, TT-232 
did not affect gastrin and GH secretion [23] which opens new horizons 
for development of SST4 selective new analgesic agents [22,24–26]. 

Here, we report on the in silico modelling of the SST4 receptor 
binding of TT-232 using a SST4 receptor model generated by homology 
modelling, competitive binding and inhibition of cAMP in SST4- 
expressing Chinese hamster ovary (CHO) cells. SST4-mediated anti-
nociceptive actions of chronic neuropathic and arthritic pain and the 
effects of TT-232 on oedema formation in CFA-induced arthritis were 
also investigated in mouse models. 

2. Materials and methods 

2.1. In silico modelling 

2.1.1. Target and ligand preparation 
The SST4 receptor model was created with homology modelling 

approach as detailed in our previous study [27]. In the present study, the 
µ opioid receptor structure (PDB code: 5c1m) was used as a template for 
homology model construction. 10 models were built with the Modeller 
program package [28] and ranked by the objective function calculated 
by the program. The first ranked model was subjected to energy- 
minimization as described in the next paragraph, and used as a target 
structure. SST4 receptor amino acids are numbered according to UniProt 
entry P31391. 

The TT-232 ligand (D-Phe-c[Cys-Tyr-D-Trp-Lys-Cys]-Thr-NH2) was 
built in Maestro [29] taking attention to the correct configuration of D- 
amino acids. The raw structures of the ligand and the target were 
equilibrated separately using a two-step energy-minimization procedure 
performed in AMBER99SB-ILDN force field by Gromacs program pack-
age [30]. The structures were centred in a cubic box, in which the dis-
tance was 10 Å between the box and the solute atoms. Explicit TIP3P 
water molecules [31] and neutralizing counter-ions (sodium or chloride) 
were added to the systems. Convergence thresholds were set to 103 kJ/ 
mol/nm and 10 kJ/mol/nm for the steepest descent and the conjugate 
gradient minimization steps, respectively. The energy-minimized 
structures were used for docking calculations. 

2.1.2. Docking calculations 
The minimized and equilibrated ligand and target structures were 

submitted to focused docking calculations by AutoDock 4.8 [32] pro-
gram package. Addition of Gasteiger-Marsilli partial charges to both the 
ligand and target atoms were performed by AutoDock Tools [32] and 
united atom representation was applied for hydrogen atoms in apolar 
bonds. All active torsions of the ligand were flexible, while the target 
was set to be rigid. The grid box was centred to target residue Asp126 
that plays fundamental role in ligand bonding and receptor activation 
according to the literature [33–36]. The box size was set to 80x80x80 
grid points with 0.375 Å spacing using AutoGrid 4. Global search was 
accomplished by Lamarckian genetic algorithm. After 10 docking runs, 
ligand conformation ranking and subsequent clustering were based on 
the corresponding calculated interaction energy values and a tolerance 
of 3.5 Å root mean square deviation (RMSD) between cluster members 
[37], respectively. Representative ligand structure of Rank 1 (the rank 
with the best interaction energy) was further analysed. 

2.2. In vitro examinations 

2.2.1. Competition binding analysis 
CHO cells expressing SST4 receptor were analysed in competition 

binding assays using TT-232 in increasing concentrations (100 nM to 
300 µM). Confluent cells were used on 24-well plates. Cells were washed 
two times with assay buffer (5 mM KH2PO4 (7778–77-0), 5 mM MgCl2 
(7786–30-3), 10 mM HEPES (7365–45-9), 1 % (wt/vol) bovin serum 
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albumin (9048–46-8) and 150 mM NaCl (7647–14-5) (pH 7.4)) and 
incubated in the same buffer at room temperature for 30 min. Bacitracin 
(1 mg/ml, 1405–87-4) and [125I-Tyr11]somatostatin-14 were added in 
1 ml buffer for 30 min at room temperature (SS-14 (38916–34-6) was 
obtained from Sigma-Aldrich Ltd, Hungary, [125I-Tyr11]somatostatin- 
14 was labelled by us using 125I isotope purchased from Isotope Institute, 
Hungary). We washed the cells twice with ice-cold assay buffer and 
collected in 8 M urea/3 M acetic acid (1 ml) and measured radioactivity 
by a γ-counter [38]. Materials used for cell cultures and binding analysis 
were purchased from Sigma-Aldrich Ltd, Hungary. 

2.2.2. cAMP accumulation assay 
CHO-K1 cell line was maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM, Thermo Fisher Scientific, USA) supplemented with 2 
mM L-glutamine (Thermo Fischer Scientific, USA, 56–85-9), 10 % fetal 
bovine serum (FBS), 1x penicillin/streptomycin (Thermo Fisher Scien-
tific, USA, 61–33-6/57–92-1). Cells were cultured and kept at 37 ◦C, 5 % 
CO2 incubator until 70–80 % confluence. 

CHO-K1 cells expressing the human SST4 receptor-expressing 
(Eurofins DiscoverX, Fremont, CA, USA) were cultured in Dulbecco’s 
Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F12, 
Thermo Fisher Scientific, USA) and kept at 37 ◦C, 5 % CO2 incubator 
until 70–80 % confluence. This media was supplemented with 2 mM L- 
glutamine (Thermo Fischer Scientific, USA), 10 % fetal bovine serum 
(FBS), 1x penicillin/streptomycin (Thermo Fischer Scientific, USA), and 
800 µg/ml selection antibiotic G418 (Eurofins DiscoverX, Fremont, CA, 
USA). 

Level of cAMP was measured using the DiscoverX HitHunter™ cAMP 
assay kit (Eurofins DiscoverX, Fremont, CA, USA). 10 mM stock solu-
tions were prepared in dimethyl sulfoxide (DMSO, Sigma-Aldrich Ltd, 
Hungary, 67–68-5) and kept at − 20 ◦C until future use. Cells were 
seeded into a white 96-well assay plate in 100 µl cell plating reagent 
(Eurofins DiscoverX, Fremont, CA, USA) at a density of 20,000 cells/well 
and incubated overnight at 37 ◦C, 5 % CO2. In the next day, cell plating 
reagent (Eurofins DiscoverX, Fremont, CA, USA) was aspirated and 
replaced with PBS. A series of serial dilutions (10 pmol – 10 μmol) of 
compounds with PBS containing the phosphodiesterase inhibitor roli-
pram (Sigma-Aldrich Ltd, Hungary, 61413–54-5) and the adenylate 
cyclase stimulator forskolin (Sigma-Aldrich Ltd, Hungary, 66575–29-9) 
(100 μmol) was performed. Then, cells were treated with different 
concentrations of the SST4 ligands for 30 min at 37 ◦C, each in dupli-
cates. Once ligand treatment was completed, each following step 
involved incubations with the assay reagents (Eurofins DiscoverX, Fre-
mont, CA, USA) at room temperature. The chemiluminescent signal 
corresponding to the cAMP concentration was detected using a Perki-
nElmer EnSpire Alpha plate reader. The data were expressed as cAMP 
accumulation in proportion to the percentage of the forskolin response. 

2.3. In vivo investigations 

2.3.1. Partial sciatic nerve ligation: Traumatic mononeuropathy pain model 
One conditioning and two initial measurements of mechano- 

nociceptive threshold were performed on three consecutive days. On 
the fourth day mice were anesthetized with ketamine (100 mg/kg, i.p., 
6740–88-1) and xylazine (10 mg/kg, i.p., 7361–61-7). The proximal 1/ 
3–1/2 part of the right sciatic nerve was tightly ligated with one 8–0 silk 
suture under a dissection microscope to evoke traumatic sensory mon-
oneuropathy [39]. During the operation animals were placed on a 
heating blanket and monitored until complete awakening. The 
mechano-nociceptive threshold of the hindpaws was determined again 
on the 7th postoperative day to demonstrate the mechanical hyper-
algesia (decrease of the mechano-nociceptive threshold in response to 
the nerve ligation expressed as percentage compared to the mean pre- 
surgery values). Animals not showing at least 20 % mechanical hyper-
algesia were excluded, since they did not show significant neuropathic 
pain behaviour. 

Mechano-nociceptive thresholds of the hindpaws were investigated 
by Dynamic Plantar Aesthesiometry (DPA, Ugo Basile Dynamic Plantar 
Aesthesiometer 37400; Comerio, Italy). This is an electronic device with 
a blunt-end needle, which evolves pressure to the plantar surface of the 
hindpaw through the metal mesh floor of the cages. The maximal of 10 g 
force is reached in 4 s. The equipment automatically turns off the 
stimulus when mice withdrawal response occurs and registers the 
mechano-nociceptive threshold. 

In the in vivo experiments 1 mg/ml stock solution was made from the 
TT-232 (Tocris Bioscience, Cat. No. 4639) with acetate buffer (pH 3.5) 
freshly every experimental day. Further dilutions were made with 
phosphate buffer (PBS - pH 7.3) to get 10 and 20 µg/ml solution (10 ml/ 
kg body weight for the 100, and 200 µg/kg dose). The vehicle was al-
ways the mixture of acetate and phosphate buffer. 

The TT-232 (in 100 or 200 µg/kg doses) or the vehicle were given 
intraperitoneally and threshold measurements were repeated 30 min 
later to compare pre- and post-treatment mechanical hyperalgesia. The 
analgesic effect of the TT-232 was expressed in percentage as described 
earlier: ((hyperalgesia before drug treatment—hyperalgesia after drug 
treatment)/hyperalgesia before drug treatment) ⋅ 100 [40]. 

2.3.2. Chronic arthritis model 
Arthritis was evoked by intraplantar injection of 50 μl of Complete 

Freund’s Adjuvant (CFA, killed Mycobacteria in paraffin oil, 1 mg/ml; 
Sigma, St. Louis, MO) into the right hindpaw and s.c. into the root of the 
tail. The s.c. injection was repeated on the next day into the tail to achive 
systemic effects and to show more similarities with the human disease 
[41–43]. The mechano-nociceptive threshold of the hindpaw was 
determined by DPA, similarly to neuropathy model, before and 4, 6, 8, 
11, 13, 15, 18, 20, 21 days after CFA administration. The TT-232 (in 100 
µg/kg dose) or the vehicle were applied i.p. (in a volume of 10 ml/kg 
body weight) every measuring day 30 min before the measurements. 
Mechanical hyperalgesia was expressed as % of control mechano- 
nociceptive threshold compared to the initial values [41,43–45]. The 
paw volume was determined by plethysmometry (Ugo Basile Plethys-
mometer 7140, Comerio, Italy) [43,45]. Volumes were measured before 
and 4, 6, 8, 11, 13, 15, 18, 20 and 21 days after CFA-injection. Oedema 
was expressed in percentage compared to the initial values [41,42]. 

2.3.3. Animals and ethics 
Male C57Bl/6J based SST4 receptor gene deficient (KO) [46] and 

wild type C57Bl/6J (WT) mice (8–12 weeks old) were bred and kept in 
the Laboratory Animal House of the Department of Pharmacology and 
Pharmacotherapy of the University of Pecs in standard polycarbonate 
cages under a 12–12 h light–dark cycle, at 24–25 ◦C and provided with 
standard rodent chow and water ad libitum. SST4 knockout mice were 
generated by pairing heterozygote animals donated by the research 
group of Dr. Pierce C. Empson (Laboratory of Molecular Neuroscience, 
The Babraham Institute, Babraham Research Campus, Babraham, 
Cambridge CB22 3AT, United Kingdom). The genotype of their off-
springs was identified by PCR analysis [46]. Experimental procedures 
complied with the recommendations of the 1998/XXVIII Act of the 
Hungarian Parliament on Animal Protection and Consideration Decree 
of Scientific Procedures of Animal Experiments (63/2010) and were 
approved by the Ethics Committee on Animal Research of Pecs Uni-
versity according to the Ethical Codex of Animal Experiments (license 
No. BA1/35/55–50/2017). 

2.4. Statistical analysis 

Graphs and calculations were made using GraphPad Prism version 
8.0.1 statistical software. Results are expressed as means ± S.E.M. The 
number of the animals were n = 5–6/group and n = 9–16/group in CFA- 
induced arthritis and sciatic nerve ligation-evoked neuropathy model, 
respectively. 

The cAMP levels were normalized considering forskolin response as 
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100 %. Curves were fit by nonlinear regression using the sigmoidal 
dose–response equation. 

Data were tested by Shapiro-Wilk normality test and showed normal 
distribution. Baseline values of the WT and KO groups were compared 
with unpaired t-test, the mechano-nociceptive thresholds before and 
after the treatment with TT-232 of vehicle were compared with one 
paired t-test. The analgesic effect of the TT-232 was calculated from the 
mechano-nociceptive thresholds compared to the results of the control 
group using two-sample t-tests. 

Mechanical hyperalgesia- and paw oedema induced by CFA were 
evaluated by two-way analysis of variance (ANOVA) followed by Bon-
ferroni posttest. 

When comparing the results of the respective groups, *p < 0.05; **p 
< 0.01; ***p < 0.001 and ****p < 0.0001 were considered to be 
significant. 

3. Results 

3.1. Binding of TT-232 to the SST4 receptor determined by in silico 
modelling 

Docking results showed that TT-232 fits to a deep binding pocket of 
the SST4 receptor accessible from the extracellular region. The pocket is 
located in a crevice between TM3-7 helices and ECL2-3 loops. The low 
negative interaction energy between the representative structure of TT- 
232 and SST4 receptor was − 11.03 kcal/mol. The SST4 receptor residues 
interacting with TT-232 (within 3.5 Å heavy atom distance threshold) 
are listed in Table 1. TT-232 is stabilized mainly by H-bonds in the 
binding pocket (Table 1, Fig. 1.), other non-covalent interactions have 
lower importance. The Lys5 of TT-232 resembles to residue of Lys9 of SS, 
the endogen ligand that plays a critical role in receptor binding and 
activation from the aspect of the ligand. 

3.2. TT-232 displaces somatostatin from the SST4 receptor binding 

The binding ability of TT-232 (100 nM to 300 µM) on the SST4 re-
ceptor expressed in CHO cells was determined by competition binding 
assay using [125I-Tyr11]SS-14. TT-232 displaced the labelled SS from the 
SST4-expressing CHO cells by concentration-dependent manner. The 
maximal value of the displacement was 94 ± 5.2 % after the adminis-
tration 100 µM TT-232 (13 964 count per minute value decreased to 
838). The IC50 value was 21.5 µM (Fig. 2.). 

3.3. TT-232 decreases intracellular cAMP concentration via SST4 
receptors 

TT-232 showed a robust concentration-dependent inhibitory effect 
on the forskolin-stimulated cAMP production in SST4-expressing CHO 
cells with similar efficacy, but lower potency as the selective SST4 
agonist reference compound J-2156. The Emax values for TT-232 and J- 
2156 were 78.63 ± 2.636 %, and 90.53 ± 1.776 %, the EC50 values were 
371.6 ± 58.03 nmol, and 681.4 ± 63.91 pmol, respectively (Fig. 3A). 
Meanwhile, neither compound had any effect in CHO cells not 
expressing the SST4 receptor (Fig. 3B.). 

3.4. TT-232 inhibits neuropathic hyperalgesia via SST4 receptor 
activation in the mouse 

In the partial sciatic nerve ligation model, the mechano-nociceptive 
threshold dropped with approximately 37 % on the seventh post-
operative day, while the thresholds of the contralateral paws remained 
unchanged compared to the baseline values. In case of WT mice the 
treatment with the 100 and 200 µg/kg dose of TT-232 significantly 
reduced the drop of the mechano-nociceptive threshold of the treated 
paw 30 min later with the following values: TT-232: 6.77 ± 0.30 g; 7.23 
± 0.29 g (24.9 ± 3.4 %; 19.6 ± 3.2 %), while the vehicle had no effect 
(5.57 ± 0.23 g 38.2 ± 2.3 %) (Fig. 4A). In contrast with the WT mice, 
TT-232 did not influence the mechano-nociceptive threshold in the 
SSTR4-gene deficient mice. The corresponding values were the following 
in the 100 and 200 μg/kg dose of TT-232 or vehicle-treated groups: TT- 
232: 5.31 ± 0.16 g; 5.14 ± 0.15 g (34.2 ± 1.9 %; 35.77 ± 1.4 %) vs 
vehicle: 5.32 ± 0.11 g (35.3 ± 1.75 %) (Fig. 4B). 

Analgesic effect was calculated from the changes of the mechano- 
nociceptive threshold. TT-232 showed 35.7 ± 8.3 % and 50.4 ± 8.4 % 
analgesic effect in 100 and 200 µg/kg doses in WT mice (Fig. 4C, D). 

3.5. TT-232 inhibits chronic arthritic hyperalgesia via SST4 receptor 
activation 

Initial mechano-nociceptive thresholds of WT (7.78 ± 0.10 g) and 
SST4 KO (8.09 ± 0.08 g) animals did not differ (p = 0.1102; F = 1.51) at 
the beginning of the experiment. CFA injection induced an approxi-
mately 30 % drop of the threshold (mechanical hyperalgesia) on the 
treated paw in both groups by the fourth day (saline-treated WT: 5.66 ±
0.26 g, TT-232-treated WT: 5.72 ± 0.32 g; saline-treated SST4 KO: 5.20 
± 0.27 g, TT-232-treated SST4 KO: 5.59 ± 0.14 g), which was stably 
maintained during the 21-day experimental period. TT-232 treatment 
(100 µg/kg, i.p. 30 min before the measurements) significantly reduced 
this chronic inflammatory mechanical hyperalgesia from day 6 (saline- 
treated WT: 5.35 ± 0.16 g, TT-232-treated WT: 6.86 ± 0.39 g), and 
almost abolished from day 11 (saline-treated WT: 5.91 ± 0.25 g, TT- 
232-treated WT: 7.4 ± 0.17 g) in WTs (Fig. 5A), but not in the SST4 
KOs (saline-treated SST4 KO: 5.62 ± 0.30 g, TT-232-treated SST4 KO: 
5.72 ± 0.14 g) (Fig. 5B). Control paw volumes of WT (0.15 ± 0.003 cm3) 
and SST4 KO (0.15 ± 0.002 cm3) animals were also similar (p = 0.68; F 
= 1.85). CFA injection evoked remarkable, about 100 % paw oedema by 
day 8 (saline-treated WT: 0.31 ± 0.02 cm3, saline-treated SST4 KO: 0.29 
± 0.01 cm3), which persisted throughout the experiment in all groups, it 
was not affected by TT-232 treatment in either WT (0.29 ± 0,007 cm3) 
(Fig. 5C) or SST4 KO mice (0.30 ± 0.01 cm3) (Fig. 5D). 

4. Discussion 

In the present study we demonstrated the SST4 receptor binding and 
activation of the heptapeptide somatostatin analogue TT-232 by in silico 
and in vitro methods, as well as its SST4-mediated anti-nociceptive ef-
fects in chronic inflammatory and neuropathic pain mouse models. 

In silico modelling revealed that TT-232 interacts with the SST4 re-
ceptor with similar or stronger binding strength than the selective SST4 

Table 1 
The list of interacting residues and H-bridges in the complex of SST4 and TT-232.  

Ligand 
residues 

Target residues within 3.5 Å distance 
from the corresponding ligand residue 

H-bond between the 
target and the ligand 
residues 

Phe1 Asn282  
Tyr3 Val278  

Gln279  
Asn282 X 

Trp4 Asn199  
Leu200  

Lys5 Leu123  
Asp126 X 
Tyr301 X 

Cys6 Phe211  
Thr7 Asp126 X 

Gly127  
Met130  
Phe131  
Phe211  
Thr215 X  
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agonist reference compounds J-2156 and NNC-269100 [40] and some 
novel pyrrolo-pyrimidine molecules [27]. The Lys5 of the TT-232 cre-
ates H-bonds with the conserved Asp126 of SST4 receptor that is 
essential for the receptor activation proved by several experimental 
studies [33–36], furthermore, Lys5 is stabilized by a further H-bond with 
Tyr301 as well. The Lys5 of TT-232 resembles the residue of Lys9 of 
somatostatin, the endogen ligand that plays a critical role in receptor 
binding and activation from the aspect of the ligand. The intramolecular 
cyclization of TT-232 results in a relatively constrained structure with 
low conformational freedom for the peptide backbone [47] allowing 
rotations only at the side-chains. When previously studying the SST1 
binding ability of TT-232 it was shown that all conformations of this 
molecule have almost the same backbone structure in aqueous solution 
resulting in high inner stability [47]. Thus, the pre-formed cyclic 
conformation of TT-232 allows a favourably low entropy loss during 
binding to the SST4 receptor. At the same time, the new interactions with 
Tyr301 provide a considerably large enthalpic contribution to the 
overall binding strength. 

The in vitro binding ability of TT-232 to the SST4 receptor confirmed 
the in silico results. The displacement of the radiolabelled SS by TT-232 

Fig. 1. A) A global view of SST4 receptor (grey, cartoon representation) in complex with TT-232 (Rank 1 representative, green sticks) B) The close-up view of TT-232 
(Rank 1 representative) in the binding pocket of SST4 receptor. Target residues interacting with the ligand within 3.5 Å and TT-232 are colored by grey and green, 
respectively. 

Fig. 2. Concentration-dependent displacement of [125I-Tyr11]SS-14 binding 
from SST4 receptors by TT-232 (100 nM-300 µM) on SST4-expressing CHO cells. 
Each data point represents the mean ± SEM of n = 4 experiments. 

Fig. 3. Concentration-response curves of TT-232 showing cAMP accumulation levels in (A) SST4 expressing CHO and (B) CHO cells in comparison to J-2156. All 
values are means ± SEM of n = (A) 10, (B) n = 8 for TT-232 and 4 for J-2156. 
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on SST4 receptor-expressing CHO cells was concentration dependent 
and it was almost 95 % at 100 µM concentration in the competition 
binding assay. After proving the receptor-binding to the SST4 receptor, 
we measured the intracellular cAMP level. Since SST4 is a Gi protein- 
coupled receptor, it inhibits adenylate cyclase and consequent cAMP 
formation. Forskolin is a cell-permeable diterpene that directly activates 
adenylate cyclase, therefore raises the intracellular cAMP level [48]. TT- 
232 exerted robust concentration-dependent inhibitory effect on the 
forskolin-stimulated cAMP production in SST4-expressing CHO cells 
similarly to the reference compound J-2156 [49], but there was no effect 
in control CHO cells demonstrating specific SST4-dependent action. TT- 
232 has similar efficacy, but lower potency than the reference com-
pound J-2156 in the cAMP assay. 

Our previous studies have provided substantial evidence that TT-232 
reduces neurogenic and non-neurogenic inflammatory processes in rats 
and mice [5,18], furthermore the acute and chronic airway inflamma-
tion in rats [50]. Therefore, in the present experiments its effects on 
neuropathic and chronic inflammatory pain conditions were investi-
gated. Partial sciatic nerve ligation [39] is a widely used well established 
method to model traumatic neuropathic pain in rodents. Following the 
operation, significant nerve damage develops leading to abnormal sen-
sory functions without disabling motor functions [39,51]. Both exam-
ined single administered doses (100, 200 µg/kg, i.p.) of TT-232 were 
able to increase the mechano-nociceptive threshold evoking dose- 
dependent analgesic effects on the 7th postoperative day when the 
neuropathic pain was fully developed. This is consistent with previous 
data showing that both TT-232 and the non-peptide superagonist J-2156 
exerted analgesic effects (10–100 µg/kg i.p.) in rat and mouse models, 
TT-232 also reversed mechanical hyperalgesia [18,52]. 

In the adjuvant-induced chronic arthritis model, daily injections of 
TT-232 also inhibited mechanical hyperalgesia, but did not affect 
oedema formation. However, in our earlier studies, in different acute 
inflammation models, TT-232 (5, 10, 20 µg/kg i.v. or s.c.) significantly 
and dose-dependently reduced the bradykinin-, carragenin- and 
capsaicin-induced oedema in rats [18]. The moderate variability of the 
effective doses of TT-232 in the different animal models could be 
explained by the strain differences (rat and mouse) and the distinct 
pathomechanisms of the examined processes. 

Since the inhibitory actions of TT-232 on hyperalgesia were not 
observed in SST4-deficient mice in either the neuropathy or the arthritis 
model, it is suggested that its analgesic actions are mediated by SST4 
activation. This hypothesis can also be supported by our previous results 
related to J-2156, the selective SST4 superagonist, which did not relieve 
the carragenin-evoked mechanical hyperalgesia [46]. Furthermore, 
increased inflammatory reactions were developed both in the 
oxazolone-induced allergic contact dermatitis and the endotoxin-evoked 
airway inflammation model in SST4 gene deficient mice compared to the 
WT counterparts [46]. 

Original compounds with new mechanisms of action are needed for 
the adequate treatment of neuropathic pain conditions, since the con-
ventional analgesics, such as NSAIDs and opioids show only limited 
effectiveness. The widely used adjuvant analgesics, such as amitriptyline 
and gabapentin only partly diminish the symptoms and often exert 
serious side effects. Amitriptyline, a tricyclic antidepressant, used to 
treat neuropathic pain caused by shingles, often causes anticholinergic 
side effects (obstipation, dry mouth, vomiting), palpitation, blurring of 
vision, drowsiness, dizziness and weight gain. Gabapentin, has been 
developed as an antiepileptic drug, is also used for peripheral 

Fig. 4. The changes of the mechano-nociceptive thresholds (A, B) and analgesic effect (C, D) of TT-232 in WT (A, C) and SST4 KO (B, D) mice. The data were 
compared with paired t-test and represented in mean ± SEM format (*p < 0,05; **p < 0,01 and ***p < 0,001 vs before the treatment, n = 9–16/group). 
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neuropathy. It frequently causes somnolence, dizziness, ataxia, vomit-
ing, as well as, diarrhea [53–55]. Since the SST4 receptor selective ag-
onists have completely different molecular mode of action than NSAIDs, 
opioids and adjuvant analgesics they might have reduced, more toler-
able side effect spectrum. Furthermore, SST4 selective agonists 
compared to the non-selective somatostatin analogues do not exert 
endocrine actions. Octreotide and lanreotide commonly cause GI-related 
adverse effects such as diarrhea, nausea and abdominal pain [56,57], 
increased gallstone formation [58]. Exocrine pancreatic insufficiency is 
a common but under-recognized adverse effect induced by octreotide 
via inhibiting the production of cholecystokinin and secretin [59,60]. 
Elevated blood glucose levels occurred in case of all marketed somato-
statin analogues [61,62]. 

In summary the present results strongly support that SST4 could be a 
promising therapeutic target in the therapy of neuropathic and inflam-
matory chronic pain conditions. These data clearly show the effective-
ness of TT-232 in chronic pain models via SST4 receptor. Although its 
peptide characteristics prevent oral administration, alternative formu-
lations, such as subcutaneous or intravenous injections, as well as nasal 
spray might be applicable. 
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Z. Helyes, In silico, in vitro and in vivo pharmacodynamic characterization of novel 
analgesic drug candidate somatostatin SST4 receptor agonists, Front. Pharmacol. 
11 (2021) 601887, https://doi.org/10.3389/fphar.2020.601887. 
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