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ARTICLE INFO ABSTRACT
Keywords: The modulatory interactions between neurotensin (NT) and the dopaminergic neurotransmitter system in the
Neurotensin brain suggest that NT may be associated with the progression of Parkinson’s disease (PD). NT exerts its

Peptide analogs
Agonists

Neurotensin receptors
Parkinson’s disease

neurophysiological effects by interactions with the human NT receptors type 1 (hNTS1) and 2 (hNTS2).
Therefore, both receptor subtypes are promising targets for the development of novel NT-based analogs for the
treatment of PD. In this study, we used a virtually guided molecular modeling approach to predict the activity of
NT(8-13) analogs by investigating the docking models of ligands designed for binding to the human NTS1 and
NTS2 receptors. The importance of the residues at positions 8 and/or 9 for hNTS1 and hNTS2 receptor binding
affinity was experimentally confirmed by radioligand binding assays. Further in vitro ADME profiling and in vivo
studies revealed that, compared to the parent peptide NT(8-13), compound 10 exhibited improved stability and
BBB permeability combined with a significant enhancement of the motor function and memory in a mouse model
of PD. The herein reported NTS1/NTS2 dual-specific NT(8-13) analogs represent an attractive tool for the
development of therapeutic strategies against PD and potentially other CNS disorders.

1. Introduction (pELYENKPRRPYIL-OH, pE: pyroGlu) that is widely expressed
throughout the central nervous system (CNS) and periphery [1-3]. NT
Neurotensin (NT) is an  endogenous tridecapeptide exerts its physiological functions as a neuromodulator or
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neurotransmitter in the brain and as a paracrine-endocrine hormone,
mainly in the gastrointestinal tract (GIT), but also in peripheral organs
[1,4-6]. It shows a variety of biological effects and is involved in the
pathogenesis of several conditions, many of them associated with the
disturbance of regulatory functions of NT within the CNS and the GIT [5,
8]. Indeed, NT plays an important role in the regulation of key physio-
logical processes including hypothermia, hypotension, non-opioid
analgesia, obesity, drug addiction, cancer-cell growth, regulation of
neurotransmitter signaling, and others [2,5,7] [-] [10].

In the brain, NT is highly expressed in the amygdala, lateral septum,
ventral tegmental area (VTA), and substantia nigra (SN), and thus,
modulates neurotransmitter systems such as the dopaminergic, gluta-
matergic, GABAergic, cholinergic, and serotonergic systems [1,8,
11-13]. The neurophysiological effects of NT are mediated by its
interaction with two cell-membrane NT receptors (NTSRs), the NT re-
ceptor type 1 and 2 (NTS1R and NTS2R), both belonging to the family of
G protein-coupled receptors (GPCRs) possessing seven transmembrane
helices with 64% amino acid homology [4,8]. There are also two other
NTRs that are expressed in the CNS, namely NTS3R/sortilin/gp95 (type I
membrane glycoprotein VpslOp family sorting receptor) and
NTS4R/SorLA/LR11 (yeast sorting sortilin related receptor), whose
roles in mediating NT activity are so far not completely understood [1,
12,14-16]. While the NTS1R is expressed also in the peripheral tissues
(mostly in the GIT), the NTS2R is localized in the brain [1,7]. Thus, both
NTS1R and NTS2R are responsible for the neurophysiological activity of
NT with higher affinity for NTS1R over NTS2R [1,2,7,12].

In particular, NT modulates directly or indirectly (e.g., via glutamate
release) dopamine (DA) neurotransmission through different neuronal
mechanisms, including antagonistic NT/Dy receptor interaction and
second messenger-dependent receptor alteration [7,8,12,17]. The
co-localization of NTS1 with both presynaptic and postsynaptic dopa-
mine Dy receptors (NTS1R/DyR), especially within the nigrostriatal
pathway, is an evidence of an allosteric receptor-receptor interaction [7,
13]. In fact, the NT inhibition of presynaptic D, autoreceptors leads to an
increase in DA levels, whereas the co-localization of NTS1R with post-
synaptic DA receptors decreases the dopamine signal transduction [13,
18]. Moreover, both NTS1 and NTS2 receptors are also found in high
concentrations on dopaminergic neurons in the SN, suggesting that the
activation of the NTRs in this region by NT may stimulate the DA release
[7,18]. Accordingly, the main effect of NT binding in SN is a Dy autor-
eceptor inhibition with a subsequent increase of DA signaling [7,18].
There are also in vivo studies showing that NT analogs may reduce
Parkinsonian motor disfunctions and rigidity in rats, induced with
6-hydroxydopamine (6-OHDA) [19,20]. Therefore, both NTS1R and
NTS2R represent attractive targets in the treatment of Parkinson’s dis-
ease (PD), and possibly other neurodegenerative disorders.

In previous works, we used a rational drug design strategy in
searching for favorable modifications on the NT(8-13) backbone in
order to obtain analogs with improved stability as well as enhanced
neuroprotective effects in vivo [19]. Herein, we used a molecular
modeling approach to predict the activity of NT(8-13) analogs by
investigating the docking models of single or double modified NT(8-13)
analogs at the homology models of human NTS1 and NTS2 receptors.
Based on virtually estimated dual NTS1R and NTS2R activity, we
describe the synthesis, the structural characterization, and the experi-
mental confirmation of compounds’ affinities at both NTSRs by using
radioligand binding assays. We further report functional, chemical and
in vitro pharmacological studies leading to the development of com-
pound 10 (Lys®-Cav®-Prol®-Tyr!!-1le!2-Leu'®), a full agonist of the NTS1
receptor with improved stability and permeability compared to the
parent peptide NT(8-13). In addition, we further provide evidence on
enhanced neuroprotective properties of 10 in various in vivo experi-
ments using a murine model of PD as well as a lack of toxicity in vitro.
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2. Results and discussion
2.1. Design of neurotensin analogs

Although the linear backbone of NT comprises a 13 amino acid
sequence (1, Fig. 1A), its C-terminal hexapeptide NT(8-13) represents
the pharmacologically active fragment sharing the common features for
binding to NTS1R and NTS2R [21,22]. Both, NT and NT(8-13), are
highly potent agonists that selectively bind to the NTS1 receptor with K;
values in the subnanomolar range [23]. Therefore, NT(8-13) is consid-
ered as a lead structure for the development of NT-based peptide and
non-peptide analogs (agonists and antagonists) as potential therapeutic
or imaging agents [23-28]. Due to the rapid degradation of NT in vivo by
proteolytic cleavage of the bonds between Arg®-Arg® (cleavage site c1),
Prolo-Tyr11 (c2) and Tyrll-Ile12 (c3) [2,26,29], many synthetic strate-
gies were focused on the development of NT(8-13)-based mimetics with
improved stability, including linear [24-26] and macrocyclic analogs
[30,31]. The majority of them has been developed either as NTS1R or
NTS2R-selective ligands, e.g., as radiolabeled tools [24,27] or
non-opioid analgesics with potential use in the management of acute
and chronic pain [25,30-32]. To date, several synthetic strategies have
been applied to increase binding affinity and NTS1R/NTS2R selectivity
as well as to improve stability and other physicochemical parameters of
NT(8-13) analogs.

For example, these approaches included replacement of the arginine
residues in positions 8 and 9 by lysine leading to enhanced dual activity
and retained selectivity of the resulting peptide 3 toward both receptor
subtypes (strategy I, Fig. 1B) [25,33]. Further replacement of Tyr11 by
lysine and of the C-terminal residue by (L)-(trimethylsilyl)alanine led to
a 10-fold increase in hNTS2 selectivity and an improved stability (pep-
tide 4, cf. Fig. 1B) [25]. Recently, the crucial role of Tyrll in
hNTS1/hNTS2 selectivity and hNTS1 activation was further demon-
strated by molecular dynamics simulations [34]. Another strategy to
obtain stabilized NTS1-selective NT(8-13) analogs includes the substi-
tution of Ile'? by tertbutylglycine (Tle) in ABS-201 (5,
Cymethyl-homolysine®-Arg®-Pro'®-Tyr!!-Tle'%-Leu!®), also known as
KK13 or HPI-201 [23], followed by an N-methylation of Arg8 (com-
pound 6) or Arg9 (compound 7) [26]. The peptidomimetic ABS-201 is a
potent and selective NTS1R agonist able to cross the blood-brain barrier
(BBB), and therefore, a promising drug candidate for the treatment of
ischemic stroke and probably other traumatic injuries [2,35,36]. The
N-methylated NT(8-13) analogs 6 and 7 exhibited highly improved
enzymatic stability, which may be useful for the development of stable
radiopharmaceuticals (strategy II, Fig. 1B) [26].

The majority of the so far reported synthetic strategies deal with
hNTS1 [26,27,30,36] or hNTS2 [25,28,31,37,38] selective NT(8-13)
analogs, but only few of them are focused on the exploration of dual
NTS1/NTS2 acting NT(8-13) peptidomimetics, however, with modified
C-terminal linear core structure [33]. Therefore, it would be of scientific
interest to investigate the influence of specific amino acid residues at the
N-terminal (e.g., positions 8 and/or 9) of the NT(8-13) fragment on
permeability, stability, receptor binding affinity, and NTS1/NTS2
selectivity.

Based on earlier studies on the C-terminal hexapeptide NT(8-13) (2)
representing the pharmacologically active fragment of NT (1, cf. Fig. 1),
which selectively binds to both hNTS1R and hNTS2R [21-23,39-41], we
intended to design new ligands based on structural analysis upon
modification of positions 8 and/or 9 in the parent core structure, while
retaining residues 10-13 (cf. Fig. S1).

2.2. Homology modeling of hNTRs

To virtually estimate the receptor affinity and hNTS1/hNTS2 selec-
tivity of the NT(8-13) analogs intended for synthesis, molecular
modeling and docking experiments were anticipated. However, in the
absence of structural analyses of the human NTSR1/2 we first focused on
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Fig. 1. Structures, reported hNTSRs affinities and strategies for the development of linear NT(8-13) (2) analogs. (A) Amino acid sequence of NT (1) and its bio-
logically active fragment (NT aa sequence 8-13, in blue) with the major enzymatic cleavage sites (c1-c3, in red). (B) Chemical structures, reported binding affinities
and intended synthetic strategies for the development of hNTS2R (strategy I) or hNTS1R selective (strategy II) agonists 3-7 derived from the parent structure NT
(8-13) (2). The modified/introduced amino acid residues are indicated in blue (for I) or red (for II), while the performed structural modifications in comparison to 2
are remarked with grey ellipses (cf. I). The structural modifications leading to an improved human plasma stability (>86%, 48h for 6; >99%, 48h for 7)? are given in

red und surrounded with grey ellipses (cf. II). “Ref. 23. PRef. 24. ‘Ref. 25. Ref. 26.

establishing homology models for both receptors based on existing
structures of the rat NTSR1 in complex with NT(8-13) (PDB ID: 4GRV)
(Supporting information, Fig. S2) [42-45].

Recently, cryo-EM structures of the human NTS1 receptor in complex
with f-arrestins 1 and 2 or the agonist JMV449 and the heterotrimeric
Gay; protein have been reported [46-48]. This structural basis has
therefore allowed us to obtain and optimize the 3D structures of both
human NTS1 and NTS2 receptors by homology modeling (cf. Fig. S2).

In order to compare the homology models with the X-ray structure of
rNTS1 in complex with NT(8-13), the 3D structures of the receptors
were superimposed based on their N-terminal domains (Fig. S3). In fact,
the rNTSIR and the homology models of hNTS1R and hNTS2R are
almost identical in their extracellular part, consisting of three extracel-
lular loops (ECL1-ECL3) and seven transmembrane a-helices (TM1-
TM?7) [42,45], and differ in the intracellular part. NT(8-13) (2) showed
the same orientation within the binding pockets of the receptors
(Fig. S3A) with the arginine residues at positions 8 and 9 pointing out-
wards the receptor surface, while the C-terminal of ligand 2 is oriented
into the more lipophilic part inside the binding pocket (Figs. S3B and
S3C) [30,42]. Important H-bonds were observed with residues Ser93,
Tyrl12, Arg316, Tyr320, Tyr336, and Trp 328 within the binding pocket
of the rNTS1R. Overall, the superimposed models of the hNTS1 and
hNTS2 receptors with rNTS1 reproduced the composition of the binding
pocket for 2 in all three receptors [42,45]. We subsequently performed
docking experiments with the intended NT(8-13) analogs (10-14,
Scheme 1) at the homology models of both receptors using the SeeSAR
package [49]. The results suggested that substitutions at Arg® and/or
Arg® by Lys and/or Cav of the NT(8-13) backbone should lead to dually
active analogs against hANTS1R and hNTS2R with estimated affinities in

the nanomolar range, or potentially even better.

2.3. Synthesis and analysis of NT(8-13) analogs

Aiming to perform a systematic study on the biological effects and
SARs resulting from the envisaged NT(8-13) (2) backbone modifica-
tions, peptide 2 and its analogs 10-14 including their precursor 9 were
synthesized by standard solid-phase peptide synthesis (SPPS) according
to the 9-fluorenylmethoxycarbonyl (Fmoc) protecting group strategy
(Scheme 1) [39,41,50,51]. An automated SPPS continuous flow syn-
thesizer, preloaded 2-chlorotrityl resin and HBTU as the coupling re-
agent were used to obtain resin-bound peptides 8b and 8c. Tetrapeptide
9 was prepared from 8c after final cleavage from the resin and depro-
tection reaction. Peptide 8c was further subjected to a two-step manual
synthesis procedure to obtain 8d by using HOBt/HBTU and DIEA for
coupling of all Fmoc-amino acids. Fmoc-deprotection was performed
with 20% piperidine in DMF. For final cleavage from the resin and
removal of protecting groups, a TFA/reagent K mixture was used. All
fully deprotected peptides were purified by semi-preparative RP-HPLC,
affording compounds 2, and 10-14 in good to high overall yields
(Table S1). In accordance with our strategy, all synthesized peptides
contained the same precursor sequence H-PYIL-OH (9), which was
further included as a control in all biological studies in order to inves-
tigate the effects of positions 8 and 9 on the NTS1 and NTS2 receptor
binding affinities.

Based on their structural similarity, the solution NMR structures of
peptides 10 and 13 from the synthesized set were analyzed. Both pep-
tides exhibit the same amino acid sequence at 9-13, but differ in their N-
terminal amino acid (cf. Scheme 1). In addition, peptide 13 differs from
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Scheme 1. Synthesis of tetrapeptide 9, NT(8-13) (2) and its analogs 10-14°.
“Reagents and conditions: All reactions were carried out at room temperature. For steps (a) and (b) automated solid-phase peptide synthesis (SPPS) was applied using
a continuous flow system. For reactions (c) and (d) a manual approach was chosen using batch methodology. (a) Fmoc-amino acid derivative (5.0 equiv.), HBTU (5.0
equiv.) in the presence of N-methyl-morpholine/DMF (1:1), 5-15 min; (b) 20% piperidine in DMF, 2 x 6 min; (c) Fmoc-amino acid derivative (4.0 equiv.), HBTU (4

equiv.), HOBt (4.0 equiv.), DIEA (8 equiv.), 1 x 30 min, 1 x 60 min —

in case of coupling of Fmoc-Cav(Boc)-OH 2.0 equiv. were used in the first coupling and 1.0

equiv. in the second coupling and the other chemicals were scaled down accordingly; (d) 20% piperidine in DMF, 1 x 5 min, 1 x 15 min; (e) 1.0 mL/100 mg resin
reagent K (75 mg phenol, 25 pL 1,2-ethandithiol, 50 pL thioanisol, 50 pL water in 1.0 mL TFA), 3 h, filtration and precipitation in cold diethyl ether.

the parent NT(8-13) core structure only at the amino acid residue at
position 9, i.e., Cav instead of Arg. The same change was introduced at
position 9 of peptide 10. Thus, both peptides represent double (peptide
10) or single (peptide 13) modified analogs of the NT(8-13) core
structure, respectively. The 3D solution structures of peptides 10 and 13
were determined using 2D-NMR spectroscopy, including 2D DQF-COSY,
TOCSY and NOESY techniques (Table S2). Overall, the spectra displayed
a high overlap in the core amino acids 10-13 (especially at Pro'® and
Tyr!'Y), differing significantly in the orientation of the N-terminal resi-
dues, i.e. Lys8 (in 10) or Arg8 (in 13) as well as Cav® for both analogs
(Fig. 2). For peptide 10, 46 NOEs were identified, whereas for its analog
13 altogether 31 NOEs were assigned (Table S3). All NOEs were used for
structure calculation and excellent final Z-scores of 2.210 and 0.221

were achieved. The resulting 3D structures were highly flexible, with a
backbone RMSD of 1.581 A and 1.941 A, respectively (cf. Table S3).
In order to investigate the most stable conformation within the top
20 estimated NMR poses (conformers) for peptides 10 and 13, quantum-
chemical calculations were performed at the neutral state of both pep-
tides [53-55]. In fact, the results from these studies would reveal a
deeper insight into the relationship between the bioactivity at the
conformational ground state and the isomeric stability of the guanidine
(Arg) and oxo-guanidine (Cav) group containing peptides 10 and 13.
Using a B3-LYP functional with defTZVP [56] basis set for the single
point energy calculations in ground state, the theoretical experiments
were carried out in water as a solvent by the use of implicit solvation
model (for details, see Table S4 and Fig. S6) [57-59]. The

Fig. 2. NMR structures of NT-analogs 10 (left) and 13 (right). The solution NMR structures are presented as ensemble of the highest scoring 10 structures from the
final ensemble. The NMR solve macro in YASARA (version 20.4.242) was used to calculate the peptide structures based on the chemical shifts data [52].
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quantum-chemical calculations in water suggested that there is no
conformational equilibrium for peptides 10 and 13, which are positively
charged under physiological conditions.

2.4. Binding affinity studies

Radioligand binding studies were carried out to evaluate parent
peptide 2, its analogs 10-14, and the precursor peptide 9 (control) for
their binding affinity toward both NTS1 and NTS2 receptors. Therefore,
membranes from human embryonic kidney 293 (HEK293) cells tran-
siently transfected with pcDNA3.1+ for hNTS1R or hNTS2R expression
and the radioligand [Leu3H]NT(8—13) as a radioactive reference were
used [38,60-62]. To predict binding affinities at both NTSRs, the scoring
function HYDE (HYdrogen DEsolvation) in SeeSAR was used [49]. HYDE
rapidly computes estimations of binding affinities and delivers ranges of
K; uypg values (cf. Structural modeling section) [63-65]. The results
from the radioligand binding experiments (expressed as K; values) and
the estimated HYDE binding affinities ranges as well as the hNTSRs
selectivity (expressed as SI) are summarized in Table 1. In fact, double
substitution of Arg®/Arg® by Lys and/or Cav (peptides 10-12) as well as
single replacement of Arg® or Arg® by Cav (peptides 12 and 14) in the NT
(8-13) core structure resulted in an overall decrease in affinity and, with
exception of 14, in a loss of selectivity toward hNTS1R and hNTS2R
compared to NT(8-13) (2, hNTS1: K; = 0.68 + 0.04 nM and hNTS2: K; =
1.8 &+ 0.17 nM). However, the NT(8-13) analogs 10-14 were found to
be highly potent at both NTSRs with K; values in the low nanomolar
range (cf. Table 1).

Furthermore, the importance of positions 8 and 9 for high-affinity
receptor binding was provided by control tetrapeptide 9 lacking the
amino acids at both positions. Compound 9 showed a dramatic decrease
in affinity at both receptors with K; > 50000 nM for hNTS1 and hNTS2
compared to all tested peptides. This is an experimental evidence that
amino acid residues at positions 8 and 9 in the NT(8-13) backbone are
crucial for binding affinity. Moreover, the estimated affinity ranges
(HYDE scores/K; gypg in low nM) for peptides 10-14 as well as for 2 at
both hNTS1R and hNTS2R are in good agreement with the experimental
data from the radioligand binding assays (cf. Table 1). The observed
decrease in binding affinities and reversed selectivity, e.g., from hNTS1-
selective peptide 2 to dual-specific hNTS1/hNTS2-active analogs 10-14,
can tentatively be connected to the different orientation and confor-
mations of the N-terminal residues, leading to less favorable interactions
within ECL2 and/or ECL3 of both NTRs.

A double replacement of Arg® and Arg® by Lys®/Cav® or Cav®/Lys” in

Table 1
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2 resulted in compounds 10 and 11, respectively. While peptide 10
showed a minor decrease in NTS1R and NTS2R affinity compared to 2 (2
vs. 10: K; = 0.68 4 0.04 vs. 6.9 4= 0.59 nM toward hNTS1IR and K; = 1.8
4+ 0.17 vs. 6.5 £ 0.63 nM toward hNTS2R), compound 11 was found to
be 2-fold less active at both human NTRs when compared to 10 (for 11,
K; of 15 + 4.5 and 14 + 4.4 nM toward hNTS1R and hNTS2R, respec-
tively). Both peptides 10 and 11 were equally selective at both NTRs
with SI = 1.06 and 1.07, respectively. Thus, introduction of two Cav
residues at positions 8 and 9, e.g., by replacement of Arg®/Arg® by Cav®/
Cav® in 2, led to a significant loss of affinity for compound 12 at hANTS1R
(K; = 60 + 5.4 nM) and hNTS2R (K; = 54 + 11 nM), being >8- and ~4-
fold less affine at both NTRs compared to peptide 10 and 11, respec-
tively. Considering the doubly modified NT(8-13) analogs 10-12 it can
be concluded that a Cav residue at position 9 that mimics the guanidine
function of Arg® and a lipophilic amino acid at the N-terminus of 2 (such
as lysine in 10) are still well-tolerated in terms of their receptor affinity.

Next, we evaluated the influence of single modifications with a
positively charged residue in peptides 13 and 14, where Arg® or Arg®
were replaced by a canavanine. These modifications resulted in recovery
of binding affinities at ANTS1R and hNTS2R comparable to these of 10,
however, with slightly decreased affinity when compared to the parent
peptide 2 (cf. Table 1). Among the investigated set of NT(8-13) analogs,
compound 13 was the most potent toward hNTS2R with a Kj value of 5.6
+ 1.0 nM exhibiting also high affinity for hNTS1 receptor (K; = 5.5 +
1.7 nM), whereas peptide 14 was found to be the most active toward
hNTSI1R (Kj = 4.2 + 0.62 nM) and fewer potent at hNTS2R (K; = 5.8 +
0.65 nM). However, both peptides showed some differences in their
hNTS1R/hNTS2R selectivity: While the introduction of Cav® in 13
resulted in loss of selectivity (SI = 0.98), the single modification with
Cav® in 14 led to an increase of selectivity toward the hNTS1 receptor
(SI = 0.72). This result is not surprising when considering that 14 pos-
sesses one N-terminal modification with the same amino acid sequence
as the parent hNTS1-selective agonist NT(8-13). The findings from the
radioligand binding assays suggest that the position and number of the
introduced Arg-mimicking canavanine residues in the NT(8-13) core
exerts a major impact on the ionic interactions within the binding pocket
of the ligands in the NTRs. In general, single modification in the N-ter-
minus of NT(8-13) by replacement of Arg8 or Arg9 by a canavanine
resulted in a minor loss of binding affinity (and selectivity) to hNTS1 and
hNTS2R. However, these modifications led to dually active and potent
compounds.

Receptor binding data for human NTS1 and NTS2 receptor of the reference NT(8-13) (2) and the ligands 9-14.

compd sequence K; binding (nM) * K; nype range (nM) ¢

(experiment) (prediction)

hNTS1 hNTS2 hhNTS1 hhNTS2 s1d
2 H-Arg-Arg-Pro-Tyr-Ile-Leu-OH 0.68 + 0.04 © 1.84+0.17° 0.13-12.6 4.28-425 0.38

0.14 £ 0.01 12+017" 0.12

1.07 £ 0.05 ¢ 6.57 +2.18°¢ 0.16'
9 H-Pro-Tyr-Ile-Leu-OH >50,000 " >50,000 " n.a. na. n.a.
10 H-Lys-Cav-Pro-Tyr-Ile-Leu-OH 6.9 + 0.59 6.5 £ 0.63 0.10-10.3 3.23-321 1.06
11 H-Cav-Lys-Pro-Tyr-Ile-Leu-OH 15 £ 45 14 £ 4.4 0.15-15.0 0.31-30.5 1.07
12 H-Cav-Cav-Pro-Tyr-Ile-Leu-OH 60 + 5.4 54 +11 0.35-34.7 3.47-344 1.11
13 H-Arg-Cav-Pro-Tyr-Ile-Leu-OH 55+1.7 5.6 £1.0 2.35-233 2.94-292 0.98
14 H-Cav-Arg-Pro-Tyr-Ile-Leu-OH 4.2 £ 0.62 5.8 £0.65 1.19-118 1.56-154 0.72

2 Determined by radioligand competition binding with [*H]2 at HEK293T cells; unless otherwise stated, the K; values in nM + SEM are the means of three (at
hNTS1R), four (for hNTS2R; 2, 10-13) or five (for hNTS2R; 14) individual experiments, each performed in triplicate.

b Estimated HYDE K; range values using SeeSAR [49].

¢ K; »yp ranges only for the selected/best docking poses from the molecular docking experiments.

4 Selectivity index: SI = K; (hANTS1R)/K; (hNTS2R).
¢ Kp value in nM + SEM.

f Data are from ref. 24.

8 Data are from ref. 25.

K, value in nM from two independent experiments (n = 2). h = human. hh = human homolog. n.a. = not applicable.
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2.5. Functional studies at hANTSIR

In order to investigate the intrinsic activities of the investigated
peptides 10-14 and their precursor — tetrapeptide 9 in comparison to the
full NTS1R agonist NT(8-13), we performed functional studies using an
inositol monophosphate (IP) accumulation assay to determine the
Gag-mediated modulation of IP production in HEK-293 cells expressing
hNTS1 receptor [61]. The results are summarized as ECsg and Epax
values in Table 2 and as full curves in Fig. 3 for all tested compounds.

With the exception of tetrapeptide 9, compounds 10-14 displayed
high activities for ANTS1R with ECs( values in the subnanomolar range,
which are close to or even higher than the values obtained for NT(8-13).
In general, the results also suggest that all tested peptides are full ago-
nists of the hNTS1 receptor, since their E,5x values are equal or close to
the reference NT(8-13) (ECso = 0.88 nM and ECpax = 100%) (cf.
Table 2).

Regarding the impact of different modifications at positions 8 and/or
9 of NT(8-13), the most active analog within the series was found to be
the single modified analog 13 (Cav® vs. Arg®) (ECso = 0.74 + 0.19 nM;
Emax = 96%) as well as the double substituted peptide 10 (ECso = 0.82
+ 0.16 nM; Epax = 97%), both differ only in their modification at po-
sition 8 (Arg® for 13, Lys® for 10). Comparing to NT(8-13), both pep-
tides comprise a canavanine residue instead of arginine at position 9.
The ECs value obtained for the single modified analog 14 (ECs¢ = 0.89
+ 0.15 nM) is equal to that of NT(8-13) (ECso = 0.88 + 0.10 nM) at Ep,x
of 100% activation of hANTS1R. These results are in agreement with those
observed for 14 in the radioligand binding assays, in which 14 was
evaluated as the most active one at the hNTS1 receptor with a K; value of
4.2 nM (cf. Table 1). As mentioned above, compound 14 differs from the
core structure of NT(8-13) by the substitution of only one residue at the
N-terminal (Cav® vs. Arg®) comprising the same amino acid sequence as
the parent peptide. Replacement of both arginine residues at positions 8
and 9 in NT(8-13) with Cav® and Cav® in peptide 12 resulted in a >1.7-
fold decrease in NTS1R activation (ECsg = 1.30 + 0.26 nM; Epax =
97%), compared to 13. This result confirms our observation that the
double modification of Arg® and Arg® by Cav in 12 is unfavorable not
only for binding affinity, but also for hNTS1 receptor activation. In
contrast, double or single modifications at the same positions in NT
(8-13) by Lys/Cav (in 10 and 11) or Cav (in 13 and 14), respectively, are
better tolerated in terms of binding affinity and full activation of
hNTS1R. Again, reduction of the number of residues in tetrapeptide 9
resulted in a significant decrease of the effect (ECso = 3200 nM). Thus,
compound 9 is a weaker agonist of the hNTS1 receptor (Epax = 100%).

The concentration-dependent curves (log[agonist] vs. response) ob-
tained for the functional tests for the activation of IP accumulation of

Table 2
Functional properties for human NTS1 receptor activation of peptides 9-14 in
comparison to the reference compound NT(8-13) (2).

Compd G-protein activation *

ECso (nM) " Emax (%) ¢
2 0.88 +£ 0.10 100
9 3200 + 320 ¢ 100 +3.0°
10 0.82 +£0.16 97 £ 1.0
11 0.85 + 0.06 99 + 2.0
12 1.30 £ 0.26 97 £ 2.0
13 0.74 + 0.19 96 + 1.0
14 0.89 +0.15 100 + 2.0

# IP-One® assay (Ciscbio) with HEK293T cells transiently transfected with
human NTSI1R.

b ECs values in nM + SEM indicating mean potencies derived from three to
nine individual experiments each done in duplicate.

¢ Emax values in percentage + SEM indicating the maximum efficacy relative
to the full effect of 2 (=100%).

4 ECs in nM + SD (n = 2).

¢ Emax in percentage + SD (n = 2).
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hNTS1R in comparison to NT(8-13) are presented in Fig. 3. The curves
represent the achieved activation of the receptor for compounds 9-14 as
percentage of the NT(8-13) concentration (% accumulation of IP)
required for full agonistic effect (equal to 100%). Finally, all investi-
gated compounds appear to act as peptidomimetics of the endogenous
full agonist NT.

2.6. Computational analysis of analog binding to hNTS1R and hNTS2R

Molecular docking studies were performed in order to investigate the
binding properties and energies of all NT(8-13)-based peptides at both
human NTRs. The very recently reported X-ray structure of rNTS1R
(PDB ID: 6YVR) [45] bound to NT(8-13) and the cryo-EM structure of
hNTS1R-Gj; (PDB ID: 60S) [46] in complex with JMV449 provided
valuable information about the conformational requirements and
binding properties of the ligands that are crucial for activation of
NTS1R. The homology models of both NTS1R and NTS2R, as their
extracellular 3D architecture is almost similar (described above), as well
as the 2D-NMR structures of peptides 10 and 13 were used to facilitate
docking experiments. Aiming at initially predicting the binding affinity
and putative binding modes of the investigated NT(8-13) analogs, the
ligand binding site of the hNTS1R-Gj; complex in its canonical confor-
mational state [46] was included into the homology models of hNTS1
and hNTS2 and used for further docking experiments (Figs. S7 and S8).
Using SeeSAR, we next performed a structural alignment of the cryo-EM
of hNTS1R (60S9) [46] with the homology models of hNTS1R and
hNTS2R. This was supposed to enable estimation of the common
structural (conformational) features of their binding sites, with a focus
on the extracellular part of the receptors. It turned out that the cryo-EM
structure of hNTS1R showed about 90% and 53% amino acid sequence
identity with the homology models of hNTS1R and hNTS2R, respec-
tively (cf. Fig. S7). Examination and superposition of the binding
pockets revealed their similar arrangement within the ECL-2 and ECL-3
of all three receptors, yet distinguishable differences in the direction of
ECL1/TM2 and thus in the ligand-binding cavity between both hNTS1
receptors and the homology model of hNTS2R. However, the
ligand-receptor binding sites revealed a hydrophobic (S1) and a hy-
drophilic subpocket (S2) within the extracellular end of the receptors
(cf. Fig. S7). Additionally, the binding model of NT(8-13) was built and
optimized within the binding site of hNTS1R, and used as a structural
basis throughout docking experiments with SeeSAR (cf. Fig. S8).

To compute estimations of binding affinities (Kj gypg ranges), we
employed the HYDE scoring function as implemented in SeeSAR
[63-65]. HYDE estimates the energy of binding (Gibbs free energy AG,
kJ/mol) summing up dehydration and hydrogen bond terms that are
described by atomic increments based on experimentally determined
logP values (cf. Experimental section) [63-65]. Coarsely approximating,
HYDE enables an estimation of the thermodynamic profile of each
investigated peptide within the binding pocket of the respective hNTS1
and hNTS2 receptor. Moreover, HYDE allowed us to optimize and
validate the obtained conformations of each best-ranked pose with re-
gard to torsions/bindings, as well as intra- and intermolecular clashes
within the respective ligand-receptor complex.

Based on the docking protocol and the (re-)scoring procedure
described in this study, we assessed the thermodynamic profiles for each
investigated NT(8-13) analog within the binding site of the hNTS1 and
hNTS2 receptors. Enthalpic and entropic effects of all investigated NT
(8-13) analogs were computed with HYDE considering the best docking
poses of each peptide in the homology models of hNTS1R and hNTS2R
(Fig. S9). The obtained thermodynamic profiles of the compounds
showed non-favorable entropic terms and predominantly enthalpic
contributions to the total binding energy AG, ranking from —43.8 (13)
to —51.2 kJ/mol (10) for hNTS1R, as well as between —38.2 (2) and
—48.7 kJ/mol (11) for hNTS2R (cf. Fig. S9, top). This suggests a slightly
preferable binding of 2 and 10-14 to hNTS1R than to the binding site of
hNTS2R.
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Fig. 3. Investigation of hNTS1R agonism of peptides 9-14 (A-F) in an IP accumulation functional assay for G-protein mediated signaling using HEK-293T cells and
NT(8-13) (2) as a reference. Data represent mean values + SEM from three independent experiments.

The results from the HYDE analysis suggest that the main activity of
2 and its investigated analogs toward NTRs is mainly driven by enthalpic
ligand-receptor interactions (AH), i.e., hydrogen bonds formed between
peptide and receptor residues, and not by dehydration effects (TAS) that
are related to loss/gain of lipophilic contacts within the ligand binding
pocket. Importantly, the HYDE estimated binding affinities (AG) for all
studied compounds reproduced very well their predicted K;j yypg ranges
(low nM to pM). Furthermore, we found that the HYDE best-scored pose
(Ki uype ranges) for each compound (2 and 10-14) was confirmed by
experiment (cf. Table 1 and Fig. S9, bottom). Some differences between
predicted thermodynamic (AG values) and experimentally confirmed
receptor binding affinities (Kj values) remain: Peptides 10 (AG = —51.2
kJ/mol) and 11 (AG = —48.7 kJ/mol), for example, were predicted to
show the highest thermodynamic binding affinities at hNTS1R and
hNTS2R, respectively (cf. Fig. S9, top). For comparison, their experi-
mental K; values were found to be 6.9 & 0.59 nM (10) and 14 + 4.5 nM
(11), but still within the HYDE estimated ranges (Kj gypg of 0.10-10.3
nM for 10 vs. hNTS1R; K; gypg of 0.31-30.5 nM for 11 vs. hNTS2R) (cf.
Table 1).

HYDE visual assessment of binding and torsional analysis of the best
ranked docking poses for 10 and 11 in the homology models of ANTS1R
and hNTS2R, respectively, indicated a thermodynamical stabilization
for both docking poses via formation of two intramolecular hydrogen
bonds, leading to a more favorable conformation of the N-terminal
residues Lys® and Cav® (10) and Cav® (11) (Figs. S10 and S11).
Considering SeeSAR’s coloring scheme of torsions [66], the best scored
docking poses of 10 and 11 showed also some differences. While the
torsion angles in 10 displayed a likely optimal ligand conformation
within hNTS1R (most favorable “green” torsions), the torsional analysis
for 11 suggested a less favorable ligand conformation within hNTS2R
(rarely/not observed “red” torsions) (cf. Figs. S10 and S11). Acknowl-
edging the fact that the torsion coloring roots in a statistical analysis, we
achieved comparably trustworthy conformations (especially at positions
8 and 9) for each peptide bond and docking model (cf. Table 1 and
Fig. S9).

Docking models of all investigated peptides are based on the ho-
mology structures of hNTSIR and hNTS2R to compare interactions
within the obtained ligand-receptor binding modes with respect to
native NT(8-13) (2). In general, the binding modes and estimated af-
finities suggest that 10-14 occupy the same ligand-binding cavity space
within both hNTS1R and hNTS2R as determined for 2. Moreover, the
generation of poses within the binding pockets of hNTRs and re-
assessing the geometries of 10-14 in SeeSAR resulted in similar con-
formations to those of 2. Peptides 10-14 and 2 largely share the same
binding site with both NTRs, which may be contributed to the good
overlap of the common C-terminal sequence (Pro'®-Tyr!!-Ile!2-Leu'®),
leading to highly similar contacts in the lower part of the binding
pockets. However, as expected from their structural pattern, the binding
modes of 10-14 and 2 revealed different conformations at the N-ter-
minal positions 8 and 9 near the extracellular end of both receptors,
leading to weaker interactions and thus to differences in binding affinity
(ligand-receptor hydrogen-bond interactions at hNTS1R and hNTS2R
are summarized in Tables S5-S7). From the binding modes of 2 and
10-14 in hNTSIR it can be seen that the C-terminal tetrapeptide
sequence Pro'®-Tyr!l-Tle!2Leu!® of the ligands occupies a binding
pocket dominated by hydrophobic amino acids, forming common H-
bonds with Leu53, Tyrl45, Thr??® (except 10), Arg212 (except 12), Arg322,
and Tyr®*? (Fig. 4 and S12). Compound 10 comprising Lys® and Cav®
residues at its N-terminus appears to be involved in fewer hydrogen
bonds with the hNTS1 receptor than 2 (6 vs. 9 H-bonds), which could
account for its slightly lower receptor binding affinity (Fig. 4A and S12).
However, according to the modeling the intramolecular bonds observed
for the charged Lys® and Cav® residues in 10 lead to conformational
changes of its N-terminal part and different binding to the extracellular
subpocket of hNTS1R (Fig. 4B and C). While peptide 2 interacts via
strong H-bonds with Glu®® and Leu®*, compound 10 establish H-bonds
with Leu® and Asp® in the same orthosteric cavity of hNTS1R (cf.
Fig. 4C and Table S5). A similar ligand-receptor binding situation was
computed for the docking models of compounds 11-14 to hNTS1R.
Compared to 11 and 12, for which no intramolecular bonds were found,
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Fig. 4. Docking model of peptide 10 (cyan, A) ob-
tained from its best-scored docking pose into the ho-
mology model of hNTSIR (green ribbons) using
SeeSAR [49]. In (A), the ligand is represented as balls
and sticks, and the receptor residues involved in
H-bonding (dotted lines) are shown as wire-frame and
labeled. The binding site of hNTSIR is colored by
lipophilicity. B) Representation of HYDE and
torsional analysis (as implemented in SeeSAR) for 10
within the binding site (transparent surface with lip-
ophilicity coloring). HYDE visual affinity assessment:
green = favorable, red = unfavorable and non-col-

the singly modified analogs 13 and 14 established one intramolecular
bond while forming 11 and 8 H-bonds with hNTSIR, respectively
(Figs. S12C and S12D).

The main differences in binding of 10-14 at hNTS1R can be seen for
the amino acid residues at the N-terminal positions 8 and 9 extending
the extracellular space of the receptor and thus contributing to the
compound’s binding affinity (Fig. 4C and S12E).

Similar observations can be made for the binding modes of 2 and
10-14 to hNTS2R. The C-terminal tetrapeptide sequence Pro!’-
Tyr'!-Tle’?-Leu'® of the ligands occupies a binding pocket surrounded
mainly by hydrophobic residues, forming common H-bonds with Ser”®
(except 10), Tyruz, Arg316, Tyr320, Trp328 (except 12), and Tyr326 (Fig. 5
and S13). However, the computed binding modes of the ligands to
hNTS2R suggested that Tyr'!%, Arg®'S, Tyr®?°, and Trp®?® play an
important role for binding affinities via establishing more than one
strong hydrogen bond, e.g., C-terminal interactions between Leu'® and
Tyr!!2/Arg®® as well as H-bonds between Arg® or Cav® (for 2 and 14 or
13, respectively) and Tyr?° at the N-terminal (Fig. 5A and S13A-D). In

ored = not relevant for affinity. C) Superimposition of
NT(8-13) (orange) and 10 (cyan) within the binding
site of the hNTS1R (transparent grey). The residues at
positions 8 and 9 for both ligands are highlighted.
Note that the numbering of receptor residues is based
on the homology model of hNTS1R.

addition, the N-terminal residues Arg8 (13) and Cav® (14) form two H-
bonds with Trp32®, which could account for their higher binding affinity
to hNTS2R compared to 11 and 12. It seems that the multiple H-bond
interactions of Leu'® and Arg® or Cav® could stabilize the ligand con-
formations within the binding cavity of hNTS2R, in addition to the
higher number of intramolecular bonds (except of 10) than in hNTS1R.

Compared to 2 and 11-14, the binding mode of compound 10 shows
a different orientation of Tyr!! and quite an extended positioning of its
Cav® residue outside the extracellular cavity of hNTS2R, which could
explain the lack of intramolecular bonds. In contrast, peptide 13 shows a
similar orientation and conformation of the pentapeptide sequence
Cav®—Pro!’-Tyr!l-1le!2Leu!® to the one of 2, which results in similar
interaction with hNTS2R (Fig. 5).

Overall, the predicted binding modes of the investigated peptides
10-14 are similar to the one of the C-terminal tetrapeptide sequence of
NT(8-13), yet differ in the extracellular side of both NTRs. Furthermore,
the estimated binding affinity of these NT(8-13) analogs seems to be
driven by H-bonds mainly with tyrosine and arginine residues.

Fig. 5. Docking model of peptide 13 (magenta, A) obtained from its best docking pose into the homology model of hNTS2R (magenta ribbons) and HYDE and
torsional analysis of 13 (B). The ligand and receptor representation, HYDE visual assessment and H-bonding are shown as described in Fig. 3 and computed using
SeeSAR [49]. HYDE visual affinity assessment: green = favorable, red = unfavorable and non-colored = no relevant for affinity. C) Superposition of NT(8-13) (2)
(orange) and 13 (magenta) within the binding site of the hNTS2R (transparent grey). The residues at positions 8 and 9 for both ligands are highlighted. D) Su-
perposition of both ligands as extracted from the binding site of hANTS2R. Note that the numbering of receptor residues is based on the homology model of hNTS2R.
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Additionally, intramolecular H-bonds stabilizing the conformation of
the N-terminal amino acids at positions 8 and/or 9 in 10-14 were sug-
gested by the modeling. Thus, we can also assume that compounds
10-14 are able to mimic the main interactions of NT(8-13) within the
active site of both hNTS1R and hNTS2R and, thus may have similar
pharmacological properties as the native peptide NT (1).

2.7. Invitro ADME-T studies

Evaluation of relevant physicochemical and ADME-T parameters is a
key step for early-stage drug development. Poor ADME-T parameters,
including stability and permeability, could be a limiting factor for pre-
clinical investigations and a major reason to exclude a drug candidate
from further clinical studies. For this purpose, relevant in vitro assays
were performed for selected compounds 10, 13, and the reference 2,
while toxicity tests were carried out with all compounds of the series.
The obtained results from the different in vitro assays are summarized in
Table 3.

The cytotoxicity of all investigated compounds 2 and 9-14 was
evaluated according to our previous protocol [67]. The effects of com-
pounds on the viability of human hepatocarcinoma HepG2, breast
adenocarcinoma MDA-MB-231, and colon adenocarcinoma HT-29 cells
were determined after a 24 h incubation period in a concentration range
of 0.1-100 pM. The cytotoxicity profile for the representative com-
pounds 10 and 13 followed the same trend in all three cell lines as
observed for the control (untreated groups) at all tested concentrations
and thus no pronounced effect on cellular viability was detected
(Fig. S14, Table 3). Similarly, none of the other tested compounds (2, 9,
11, 12, and 14) showed any cytotoxic effect after 24 h incubation with
the same human cell lines and at the same concentration range (0.1-100
pM) (Fig. S15).

Next, we investigated compounds 10, and 13 for their ability for
drug-drug interactions using CYP inhibition assays. Notably, the tested
compounds did not inhibit the most important CYP1A2, CYP3A4,

Table 3
In vitro ADME-Tox and physicochemical parameters of NT(8-13) (2), 10 and 13.

10 13 2

Cytotoxicity assay (% of control + SD @100 pM)

HepG2 viability 95.1 + 4.4 99.8 + 4.0 96.0 = 0.6
MDA-MB-231 viability 97.3 £ 0.7 97.7 £ 1.5 93.3+6.7
HT-29 viability 94.6 +1.3 88.9 + 2.4 90.7 £ 1.8
CYP inhibition (@50 pM)
CYP2B6 No No No inhibition
inhibition inhibition a
CYP1A2 No No No inhibition
inhibition inhibition 4
CYP2C9 No No No inhibition
inhibition inhibition i
CYP2D6 No No No inhibition
inhibition inhibition “
CYP3A4 No No No inhibition
inhibition inhibition i
Aqueous solubility (mg/mL, @pH  >100 >100 n.d./> 100"
7.4)
LogD7.4 <0 <0 nd./<0*?
LogP * -0.70 -1.56 -1.10
Peptide stability (@50 pM)
% remaining @24 h, pH 2.0/pH 7.4 100/100 100/100 100/100
% remaining after 30 days, pH 2.0/  >97/> 100 >94/> 95 >97/100
pH7.4
PAMPA-BBB permeability
P ( x 107 cm/s), donor pH 7.4/ 2.81 £ 0.45 0.89 £ 0.10 0.64 £ 0.20
acceptor pH 7.4
—logP. 5.55 £ 0.07 6.05 £ 0.03 6.21 £ 0.13

@ Predicted values at the neutral state of the respective peptide using SeeSAR
software tool.>* n.d. = not determined.
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CYP2B6, CYP2C9, and CYP2D6 enzymes at the highest tested concen-
tration of 50 pM (cf. Table 3).

To access the most important physicochemical properties of the
investigated NT(8-13) analogs, we determined the aqueous solubility
and the distribution coefficient (LogD, n-octanol-buffer 20 mM at room
temperature) of compounds 10 and 13 at physiologically relevant pH
7.4. Lipophilicity (expressed as LogP), which is as a key parameter
affecting several other physicochemical and biological properties of
drugs, was additionally calculated for 2, 10 and 13 using SeeSAR. As
expected, peptides 2, 10 and 13 showed excellent aqueous solubility
(>100 mg/mL at pH 7.4) combined with low lipophilicity values
(LogD7.4 < 0) (cf. Table 3).

The chemical stability of 2, 10 and 13 was investigated in PBS (50
pM sample concentrations) under physiologically relevant pH 2.0 and
7.4 (pH-dependent) at room temperature and 37 °C over a period of 30
days (time-dependent). For this purpose, we performed short-term
studies by measurement of peptide stability (at 37 °C) in the interval
0-24 h using UV/Vis spectroscopy (Fig. S16). For performing long-term
studies, the same samples from the UV/Vis measurements were stored
for 30 days under daylight exposure and subsequently analyzed by RP-
HPLC. Under these conditions, the studied peptides 2, 10, and 13
appeared to be stable for long-time use (Fig. S17 and Table 3).

In addition to the physicochemical and ADME-T properties, the
blood-brain barrier (BBB) permeability of 2, 10, and 13 was determined
using a parallel artificial membrane permeability assay (PAMPA). In
general, PAMPA-BBB is widely used for transcellular permeability
assessment of a drug’s ability to penetrate into the brain by passive
diffusion and, thus, to predict possible in vivo BBB permeability [67-71].
The BBB permeability of 2, 10, and 13 was measured in PBS (100 pM) at
pH 7.4 after 4 h incubation at room temperature (cf. Table S8, Figs. S18
and S19). PAMPA results showed that the Lys®/Cav®-modified analog 10
exhibits satisfactory ability to cross BBB by passive diffusion with an
effective permeability (P.) value higher than the required limit for
permeable compounds (P, > 1.5 x 107° cm/s).”! Moreover, compound
10 exhibited considerably higher BBB permeability (P, = 2.81 x 107°
cm/s) than the standard drug theophylline (low permeable) and the
parent peptide NT(8-13) (P, = 0.64 x 107 cm/s). In contrast, Cav’--
modified analog 13 showed indeed higher permeability than 2 and
theophylline, but it can be classified as low BBB permeable (Fig. S19,
Table 3).

According to our results from the ADME-T studies and evaluation of
key physicochemical parameters, compounds 10 and 13 can be classi-
fied as highly stable with well-balanced solubility-lipophilicity proper-
ties and excellent safety profile as estimated for the native peptide NT
(8-13) (2), too. With regard to PAMPA-BBB permeability, compound 10
can be highlighted because of its increased ability (>4-fold compared to
2) to cross the BB barrier and thus enter the brain by transcellular
passive diffusion. However, it should be considered that in addition to
the passive diffusion, which is typical for small CNS drugs, peptides can
also penetrate into the brain by active influx transport [71]. Therefore,
compound 10 was considered for further in vivo studies.

2.8. Behavioral effects

Based on its high NT receptors affinity and potent functional activity
combined with high stability and improved BBB permeability, com-
pound 10 emerged as a suitable candidate for further in vivo pharma-
cological evaluation. NT and its NT(8-13) analogs are known for their
potent neuromodulatory and neuroprotective effects, including stimu-
lation of DA release [7,18,72], demonstrated in rat models of PD as well
[1,19,20]. In this study, the behavioral effects of compound 10 were
compared to those of NT(8-13) (2), the parent compound with the
highest binding affinity and NTS1/NTS2 selectivity.

The behavioral effects of 10 and 2 were tested in a mouse model of
MPTP  (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced PD,
evaluating their ability to restore memory and motor functions in male
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BALB/c albino mice after neurointoxication with MPTP (Fig. 6). values increased, compared to the MPTP-treated group, and control
Following an adapted procedure [73], the animals in the different values restored (no significant differences were observed between the
groups were treated intraperitoneally (i.p.) for five consecutive days control group and the MPTP + 2 group as well as between the control

with either MPTP, a combination of compound 2 and MPTP or a com- group and the MPTP + 10 group), showing the favorable effects on
bination of compound 10 and MPTP, with MPTP being injected 1 h after memory of both compounds 2 and 10.

application of the respective compound (2 or 10). In the case of the Next, using the hanging test, the two compounds were also examined
control group, the animals were injected with saline (Fig. 6A). The for their effects on the motor function of MPTP-treated mice (Fig. 6D).
behavioral tests were carried out 10 days after the first MPTP treatment Several motor functions including balance, coordination and muscle
(cf. Fig. 6A) and the body weights of animals were measured on the 1st, strength were evaluated [76-79]. Fig. 6D shows that ten days after the
5th, and 10th day of the experimental procedure (Fig. 6B). first MPTP treatment, the hanging time values in the MPTP group were

As indicated, compared to the initial body weight of all groups, an- significantly decreased (by 54%, p < 0.01) as compared to the control
imals in the MPTP, positive control, and test group (treated with com- group. In both the positive control group (MPTP + 2) and the test group
pound 10) showed minor weight loss five days after treatment, while (MPTP + 10) those values increased compared to the MPTP-treated
those in the control group did not show any. Interestingly, the animals in group, but the increase induced by the application of compound 10

the MPTP and the test group pretty much recovered their body weight was much larger than that, induced by compound 2 and reached sta-
ten days after treatment, while an increase in the body weight was tistical significance (MPTP vs. MPTP + 2, 31% increase, p > 0.05 and
observed for the animals in the positive control group (treated with MPTP vs. MPTP + 10, 87% increase, p < 0.05), indicating the bigger

compound 2). efficacy of compound 10 in restoring motor functions of PD-mice.

The behavioral effects of 10 and 2 were first tested in a step-through Since the behavioral tests revealed that compound 10 (10 mg/kg, i.
passive avoidance test [74,75], measuring their ability to increase the p.) significantly improved memory and motor skills (function) in MPTP-
step-through latency (STL), decreased by MPTP applications, thus treated mice, we further investigated whether 10 prevents the loss of
restoring memory performances in mice with MPTP-induced PD dopaminergic neurons induced by neurotoxicity and compared the re-

(Fig. 6C). As the figure shows, ten days after the first MPTP treatment the sults with those for the reference compound 2. For this purpose, we
STL values in the MPTP group were significantly decreased (by more evaluated the effects of 2 and 10 on the attenuation of the MPTP-
than 60%, p < 0.001) as compared to the control group. In both the induced nigrostriatal dopaminergic neuronal damage by counting the
positive control group (MPTP + 2) and the test group (MPTP + 10) those number of TH-immunoreactive (positive) cells in substantia nigra (SN)
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Fig. 6. Invivo effects of the reference neuropeptide NT(8-13) (2) and compound 10 in a mouse model of MPTP-induced Parkinson’s disease. (A) Experimental design
of the in vivo studies. Before the start of injections, the mice were trained for three consecutive days for the hanging test. The animals were divided into four groups (n
= 5 animals/group) and injected intraperitonially (i.p.), once a day for five consecutive days, with either saline (control group), MPTP (30 mg/kg), MPTP + 2 (10
mg/kg), or MPTP + 10 (10 mg/kg). In the test groups, where the reference NT(8-13) (2) (positive control) or peptide 10 were applied, MPTP was injected 1 h after
the injection of the respective compound. The behavioral tests and further euthanasia were carried out on the 10th and 11th day after the start of MPTP (saline)
injection, respectively. (B) Body weight change in mice with MPTP-induced PD after treatment with MPTP, MPTP + compound 2 and MPTP + compound 10 in
comparison with the control group treated only with saline. (C) Effects of compounds 2 and 10 on the memory disturbances in an MPTP-induced PD model in mice
assessed by the step-through passive avoidance test. (D) Effects of compounds 2 and 10 on the motor disturbances in an MPTP-induced PD model in mice evaluated
by the hanging test. (E) Attenuation of the MPTP-induced nigrostriatal dopaminergic neuronal damage in substantia nigra (SN) by 2 and 10. SN was evaluated eleven
days after the start of MPTP-intoxication/peptide injection. Quantification was carried out by counting the SN TH-immunoreactive cells. Values are expressed as
mean + SEM in percent with the number of positive TH-cells in the control group taken as 100%. Statistical analysis for all tests was performed by one-way ANOVA
followed by Dunnett’s multiple comparison test: ¥, p < 0.05; **, p < 0.01; ***p < 0.001 as compared to the saline-injected group; #, p < 0.01 as compared to the
MPTP-injected group.
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(Fig. 6E). The day after the animals were subjected to the behavioral
tests, SN samples were obtained and subsequently stained with a tyro-
sine hydrolase (TH) antibody and quantified (cf. Experimental section)
[72,74,78].

Our results showed that mice treated with MPTP exhibited a lower
number of TH-positive neurons compared to the control group (66 +
1.41% for the MPTP-treated group vs. 100.7 + 6.02% for the control
group, p < 0.001); large cell-depleted areas and extracellular depositions
were observed as well. Compound 2 did not manage to alleviate the
MPTP-induced damage and a statistically significant difference was
observed in the number of TH-positive neurons between the control and
the MPTP + 2 group (100.7 + 6.02% for the control group vs. 77.5 +
6.25% for the MPTP + 2 group, p < 0.05). On the other hand, compound
10 greatly relieved MPTP-induced neurotoxicity as no significant dif-
ference was observed between the control and the MPTP + 10 group
(100.7 + 6.02% for the control group vs. 90 + 4.0% MPTP + 10 group,
p > 0.05), but such a difference existed with the MPTP group (66 +
1.41% for the MPTP-treated group vs. 90 + 4.0% for the MPTP + 10
group, p < 0.05). The above observations further identified compound
10 as a more efficient neuroprotectant compared to the parent peptide
NT(8-13) (compound 2).

3. Conclusion

In the current study, we modeled and synthesized a set of NT(8-13)-
based analogs in order to evaluate their chemical and pharmacological
properties associated with hNTS1 and hNTS2 receptor binding affinities.
In fact, both receptor subtypes represent promising targets for the
development of novel NT analogs for the treatment of PD. Consequently,
we designed a series of NT(8-13) analogs with modifications at positions
8 and/or 9 in NT(8-13) using a molecular modeling approach to predict
their binding affinity (K; gypg range) obtained from the respective best-
scored docking models within the homology models of human NTS1 and
NTS2 receptors. The predicted binding modes of the investigated pep-
tides 10-14 were found to be similar to that of the C-terminal tetra-
peptide sequence of NT(8-13) and, thus, to mimic the main interactions
of NT(8-13) within the active sites of both hNTS1R and hNTS2R (e.g., H-
bond interactions mainly with tyrosine and arginine residues). More-
over, the experimental binding affinities (K; values) for all studied
compounds reproduced very well their predicted Kj yypg ranges. The
importance of the residues at positions 8 and/or 9 of 2 and 10-14 for
hNTS1 and hNTS2 receptors affinity was experimentally confirmed by
radioligand binding assays. Indeed, replacement of Arg® and/or Arg® by
Lys and/or Cav residues led to NT(8-13) analogs with equipotent af-
finity at both hNTS1 and hNTS2 receptors. Additionally, functional
studies were performed using an inositol monophosphate (IP) accumu-
lation assay to determine the Gag-mediated modulation of intracellular
IP production, showing that all investigated compounds are full agonists
of the hNTS1 receptor. Compound 10 can be highlighted due to its high
binding affinity towards NTS1R and NTS2R, acting as a potent full
agonist of hNTS1R. Further in vitro ADME-T profiling and in vivo
behavioral studies revealed that compound 10 exhibits improved sta-
bility, safety, and BBB permeability, combined with a significant
enhancement of motor and memory functions in a mouse model of
MPTP-induced PD compared to NT(8-13). Our results further suggest
that the herein developed dual NTS1/NTS2-active analogs represent an
attractive strategic starting point for the treatment of PD and possibly
other CNS disorders.

However, there are some limitations regarding the long-term sta-
bility (e.g., protein plasma stability) and, thus in vivo application of such
NT-analogs. Thus, as the next step we will focus on the investigation of
the effects of compound 10 and recently designed NT-analogs with
improved stability in more advanced PD models, analgesic properties in
pain-related models, as well as other in vivo models of Alzheimer’s dis-
ease or Schizophrenia representing other neuromodulatory systems and
mechanisms. In summary, we expect that the results presented herein
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and the envisaged future studies will reveal the therapeutic potential of
NT(8-13)-based peptides.

4. Experimental section
4.1. Materials

If not otherwise stated, all solvents, reagents, and buffer chemicals
were of analytical grade obtained from commercial suppliers. Further
details about the chemicals are given in the Supporting information.

4.2. Synthesis of peptides and purification

4.2.1. General procedure for SPPS

Synthesis of the precursor tetrapeptide H-PYIL-OH (9) and the native
NT-fragment NT(8-13) (2) was performed by automated solid-phase
peptide synthesis (SPPS) based on a standard Fmoc (N-(9-fluorenyl)
methoxy-carbonyl) protocol using a ResPep SL peptide synthesizer
(Intavis Bioanalytical Instruments AG, Cologne, Germany) as described
earlier [50,51]. A Leu-preloaded chlorotrityl chloride resin (0.86
mmol/g) was utilized. HBTU served as a coupling reagent and
N-methylmorpholine was applied as a base. Prolongation of the pre-
cursor to prepare peptides 10-14 was performed by manual SPPS.
Coupling reactions were performed in the presence of 4.0 equiv. of
Fmoc-amino acid (Fmoc-Lys(Boc)-OH and Fmoc-Arg(Pbf)-OH) or 2.0
equiv. of Fmoc-Cav(Boc)-OH, 4.0 equiv. HBTU and HOBt (or 2.0 equiv.
for Fmoc-Cav(Boc)-OH coupling), and 8.0 equiv. DIEA (or 4.0 equiv. for
Fmoc-Cav(Boc)-OH coupling) in DMF for 90 min under ambient tem-
perature. Subsequent Fmoc-cleavage was achieved by addition of 20%
piperidine in DMF. Peptide cleavage and side-chain Boc-deprotection
were accomplished with 1.0 mL/100 mg resin reagent K (75 mg phenol,
25 pL 1,2-ethandithiol, 50 pL thioanisol, 50 pL water in 1.0 mL TFA)
under stirring for 3 h at room temperature. The cleavage mixture was
filtered and precipitated in ice-cold diethyl ether. Peptide pellets were
washed for three times with diethyl ether and re-dissolved in 80%
tert-butanol for freeze-drying.

4.2.2. General procedure for purification of peptides

Purification of crude peptides was performed by semi-preparative
RP-HPLC using a Knauer Eurospher 100 column (C18, 250 x 32 mm,
5.0 pm particle size, 100 A pore size) on a Shimdazu LC-8A system
(Duisburg, Germany) or a JASCO PV-987 instrument (Gross-Umstadt,
Germany). A gradient elution system was applied with a continuous
increase of eluent B (acetonitrile/water 90/10, 0.1% TFA) in eluent A
(0.1% TFA in water) over 120 min at a flow rate of 10 mL/min. Detec-
tion was performed at 220 nm. Collected fractions were combined,
evaporated from acetonitrile, freeze-dried, and stored at —20 °C. Peptide
purity was confirmed by analytical HPLC on a Shimadzu LC-20AD sys-
tem equipped with a Vydac 218 TP column (C18, 250 x 4.6 mm, 5.0 pm
particle size, 300 A pore size). Gradient elution was carried out using a
gradient of 15-45% acetonitrile containing 0.1% TFA (eluent B) in 30
min and 0.1% TFA in water (eluent A) at a flow rate of 1.0 mL/min. The
detection of the peptides was at A = 220 nm. All peptides were obtained
in purities >95%. Peptide yields after synthesis and purification ranged
between 31 and 100% (for details, see Table S1).

4.2.3. Peptides analytical characterization

For peptides characterization the following methods were applied:
analytical HPLC (see above), mass spectrometry, and thin layer chro-
matography (TLC). Peptide molar masses were verified by matrix-
assisted laser desorption-ionization/time-of-flight (MALDI-TOF) and
electrospray ionization (ESI) mass spectrometry. MALDI spectra were
recorded on an ultrafleXtreme instrument, equipped with an autoflex III
smartbeam, and an autoflex II laser (Bruker Daltonics, Bremen, Ger-
many); ESI mass spectra were measured on a micrOTOF-Q III instrument
(Bruker Daltonics, Bremen, Germany) [80].
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4.2.4. NMR experiments

NMR spectra were recorded at 293 K in 25 mM PBS buffer pH 7.0
(92% H0/8% D20) on a Bruker Avance III HD Ascend 700 MHz cryo
spectrometer with a He-CP 700 QCI H-P/C/N cryo probe. The peptides
were measured at a concentration of 1.5 mM, and the backbone as well
as the side chain atoms were assigned via a combination of 2D [lH,lH]-
DQF-COSY, [lH,lH]—TOCSY and [lH,lH]—NOESY spectra using water
suppression. The spectra were processed with TOP SPIN 4.0.6 (Bruker)
and analyzed using CcpNmr Analysis (Collaborative Computing Project
for NMR). Distance and dihedral constraints were extracted from
['H,'H]-NOESY spectra and the Upper-limit-distance constraints were
calibrated according to their intensities in the NOESY spectra. To
calculate the peptide structures based on the chemical shift data the
nmr_solve macro with default parameters in YASARA version 20.4.242
was used [52]. Details of NMR experimental data for peptides 10 and 13
are presented in Tables S2 and S3, together with the 3D-coordinates of
both structures that are given as PDB files (see Supporting Information).

4.3. Molecular modeling

4.3.1. Peptide-receptor docking

Unless otherwise mentioned, all computations were carried out using
the SeeSAR software package [49] by applying the integrated binding
site computation and docking modules. The homology models of human
NTS1 and NTS2 receptor were used as input PDB structures for molec-
ular docking studies, pose generation of target peptides, visual inspec-
tion, scoring, and re-scoring assessment of the representative ligand’s
best-docked poses. The respective conformations of NTS1 and NTS2
receptor binding sites were generated using the cryo-EM structure of
human NTS1R in complex with the heterotrimeric Gj; protein (PDB ID:
6089, res. 3.00 f\) as a PDB input template [46]. The chain R (that
comprises the binding site of the cryo-EM structure) was extracted from
the heterotrimeric Gj; protein and further used for processing in SeeSAR
(cf. Figs. S7 and S8). Water molecules were then added to the target
homology models of hNTS1R and hNTS2R to complete the respective
model during computational (scoring and re-scoring) steps. The
3D-structure of each peptide was then systematically built using See-
SAR’s Molecule Editor mode and processed by applying the
SeeSAR-integrated docking engine. A maximum of 10 poses was
generated for each peptide and receptor to perform post-processing with
the HYdrogen DEssolvation (HYDE) algorithm, as implemented in See-
SAR. Additionally, the applicability of the docking step was validated by
unconstrained docking of all 20 poses (obtained from the 3D-NMR an-
alyses) of peptides 10 and 13, each of these poses used as a PDB input
structure in SeeSAR docking module. The docking implemented in
SeeSAR embeds the FlexX/-SIS algorithms as previously described [67,
69]. Computational experiments in SeeSAR yield docking poses as a
function of the empirical docking score, and, after a respective
post-optimization, also in terms of the desolvation-aware HYDE
computation, see below [67,69]. After visual inspection, the best-ranked
docking poses of the peptides were selected and further computed in the
next optimization steps within the binding sites of the homology models
of hNTS1R and hNTS2R. To increase scoring stability of the complex
energy landscape, a successive semi-manual conformational optimiza-
tion in terms of (i) torsions/bindings, (ii) intra- and (iii) intermolecular
clashes using the molecule editor module in SeeSAR was performed. The
obtained optimized conformations were then re-docked and re-scored.
This reflects a probing of nearby energetic states as starting points for
optimizations, avoiding that one relies too much on single starting
points for HYDE free energy approximations. Finally, the representative
best-scored poses (conformations) of each docked peptide and for each
receptor were saved in SD format and CSV data files before usage for
further steps in this work (see hNTS1R and hNTS2R best poses CSV files,
Supporting Information).
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4.3.2. HYDE scoring and visualization

HYDE is a scoring function that is integrated in SeeSAR to rapidly
compute estimations of binding affinities (AG) [63]. HYDE is based on
the description of hydrogen bonds/salt bridges on the one hand side, and
dehydration terms on the other [65-67]. In its 3D user interface, SeeSAR
visualizes the (HYDE-) estimated free energy of binding affinity (AG)
using translucent spheres (HYDE “coronas™) ranging from large dark red
(very unfavorable) to large dark green coloring (very favorable for af-
finity).® Corona sizes correlate with the amount of contribution of each
non-hydrogen atom within the obtained/docked framework [65]. As a
result, HYDE calculates the estimated binding affinity (represented in
this work as Kj gypg ranges) and an approximate, respective lipophilic
ligand efficiency (LLEgypg).

4.3.3. Visual inspection of torsions

The docking results were visually inspected using the assessment of
the statistical significance of torsion patterns in SeeSAR [63,64,66]. It
should be pointed out that the respective coloring (red = rarely/not
observed torsions; orange = observed sometimes; green = observed often
torsions) is based on statistics of occurrence of a substructure dihedral in
the Cambridge Structural Database (CSD) [63,64].

4.4. Radioligand binding studies

Binding affinities towards the human neurotensin receptor subtypes
NTS1 and NTS2 were determined as described previously [60,61]. The
protein concentration was established using the method of Lowry [81].
The resulting competition curves were analyzed by nonlinear regression
using GraphPad Prism 8.0 (San Diego, CA) to provide the respective ICsg
values, which were subsequently transformed into the K; values
employing the equation of Cheng and Prusoff [82].

4.5. Cytotoxicity assay

4.5.1. Preparation of cell cultures

Human hepatocellular carcinoma (HepG2), human breast adeno-
carcinoma (MDA-MB-231), and human colon adenocarcinoma (HT-29)
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Austria) supplemented with 10% fetal bovine serum (FBS; Gibco,
Austria), penicillin (100 U/mL) and streptomycin (0.1 mg/mL) solution
(Gibco, USA). All cells were cultured under a humidified CO5 (5.0%)
atmosphere at 37 °C and passaged by trypsinization when reached
approximately 80% confluence. For experiments, cells in exponential
phase of growth (at a density of 5000 cells/well) were seeded into 96-
well flat-bottom plates after treatment with trypsin-EDTA (Greiner,
Germany) solution at a final volume of 100 pL/well. Cells were incu-
bated overnight before treatment with test substances.

4.5.2. Cell viability assay

The cytotoxicity of peptides NT(8-13) (2), 9-14 (1.0 mM stock so-
lutions in PBS; 4) was evaluated in HepG2, MDA-MB-231, and HT-29
cell lines by colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) as previously reported [67].

4.6. In vivo behavioral assays

4.6.1. Animals, hosting, and habituation

Experiments were performed with 8- to 10-weeks old male BALB/c
albino mice (30-35 g weight) (Erboj Laboratories, Institute of Neuro-
biology, BAS, Sofia, Bulgaria). Animals were kept in plastic cages (n = 3)
in a quiet room under constant conditions (25 + 3 °C, 12 h light/dark
cycle) with food and water ad libitum and habituated for five days
before the start of the experiment. All the experiments with mice were
carried out in agreement with the institutional guidelines (Bioethics
Committee at the Institute of Neurobiology, Bulgarian Academy of Sci-
ences) in compliance with the national and international laws and
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policies laws (the new Directive 2010/63/EU, September 22, 2010) of
the European Parliament and the Council of the European Union
(revising the older European Directive 86/609/EEC) on the protection of
animals used for scientific purposes; the National Institute of Health
(NIH, USA) Guide for the Care and Use of Laboratory animals (NIH
Publication No. 85-23, 1985), and Bulgarian laws [75].

4.6.2. Administration and experimental design

Mice were divided into four groups (n = 5/group) and injected
intraperitoneally (i.p.) as follows: a control group (Ctrl.) treated with
normal saline (100 pL/10 g), a MPTP group treated with MPTP (30 mg/
kg) for five consecutive days, a positive control group (MPTP + 2)
treated simultaneously with compound 2 (NT(8-13), 10 mg/kg) and
MPTP (60 min after the peptide application, 30 mg/kg) for five
consecutive days, and a test group (MPTP + 10) treated simultaneously
with peptide 10 (10 mg/kg) and MPTP (60 min after the peptide
application, 30 mg/kg) for five consecutive days.

4.6.3. Neurobehavioral evaluation

In order to evaluate memory and motor disturbances in MPTP-
induced PD in mice, a Step-through passive avoidance test (memory)
and a Hanging test (motor disturbance) were performed. Three to four
days before starting the experiment, the mice from all groups were
trained and the tests were performed at the end of each experiment.

4.6.4. Step-through passive avoidance test

The step-through passive avoidance test was carried out as previ-
ously described [74,75]. Training and test sessions were conducted in an
apparatus consisting of a dark and light compartment (chamber). The
floor of the dark chamber was composed of steel rods, connected to a
stimulator for delivering electro shocks. In the training session, con-
ducted before the start of substance applications, the mouse was placed
in the light compartment with its back facing the dark compartment.
After opening the door, separating the two compartments and upon the
mouse’s entrance to the dark compartment, the door was closed, and an
electric shock delivered (0.8 mA, 3 s once). The time (in sec) it took the
mouse to enter the dark compartment was recorded as initial latency
(IL). At the 10th day after the first injection, the mouse was placed in the
light compartment for the test session, and the latency to enter the dark
compartment (with a cut-off time of 180 s) was recorded as a
step-through latency (STL).

4.6.5. Hanging test

The experiment was performed in two sessions, a training and a test
session, as described in the literature [76-78]. In the training session,
conducted for three consecutive days, preceding the treatment, mice
were placed on a horizontal wire (55 cm long, diameter 2.0 mm, 37 cm
above the ground) and allowed to stay on the wire until they lose control
and fall. Every mouse was given the possibility for three successive at-
tempts on each of the training days. The test session was accomplished
ten days after the first treatment. Every mouse was tested in three
consecutive trials, the hanging time (in sec) recorded and averaged [75].

4.6.6. Immunohistological evaluation

On the day after the behavioral tests, the brains (n = 5/group) for
histological evaluation were prepared as described [76,79]. The brain
samples were immersed and fixed overnight at 4 °C in 10% para-
formaldehyde buffered at pH 7.4 with 0.1 M phosphate buffer. Cross
sections were cut at the hippocampal area for each mouse brain and
placed in biopsy cassettes for further processing in Donatello Fast
automatic tissue processor (Diapath S.p.A., Martinengo, Italy). The brain
samples underwent dehydration (with ethanol) and tissue cleaning
(with water), and were next incorporated in paraffin. From each paraffin
block, slices of 3—4 pm in thickness were prepared, selected according to
the Atlas of the Mouse Brain [83] to pass through substantia nigra (SN).
Samples for immunochemistry were prepared by incorporating the
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paraffin slices into pre-coated slides with further incubation for 1 h at
60 °C. Prior to immunohistological staining for tyrosine hydroxylase
(TH), the paraffin slides were deparaffinised and rehydrated in a PT Link
pre-treatment module (Dako Agilent, Santa Clara, CA, USA), following a
standard protocol. Briefly, the slides were immersed into the pre-heated
to 65 °C solution, containing xylol and ethanol, and incubated for 20
min at 97 °C. After cooling to 65 °C, the slides were washed twice with a
washing buffer (0.01 M PBS) and pre-incubated for 5 min with 1.0%
glycine at room temperature. Then, the paraffin slides (n = 5/group)
were stained with rabbit anti-tyrosine hydroxylase (TH) antibody (1:
500; Millipore, Bendford, MA, USA) in a Dako Autostainer Link 48 in-
strument (Dako Agilent, Santa Clara, CA, USA) using a standard proto-
col. Finally, photomicrographs were taken using a C5050Z digital
system (Olympus Optical Co. ltd., Tokyo, Japan) and analyzed by
counting the number of positive cells at x 20 magnification. The average
number of TH-positive cells in representative SN sections was used for
quantification of TH.

4.7. Statistical analysis

Data are expressed as mean =+ standard errors of the mean (SEM). All
graphs and the statistical analysis were performed using GraphPad
Prism 6.0 (GraphPad Software, La Jolla, CA, USA). The STL (in sec) for
the step-through passive avoidance test, the hanging time (in sec) for the
hanging test, and the number of TH-positive immunoreactive cells were
analyzed using one-way ANOVA followed by a Dunnett’s multiple
comparison test to compare the drug (MPTP + 2, and MPTP + 10) with
saline- (control) and MPTP-treated groups. A difference between the
groups was considered significant at p-values (* p < 0.05, ** p < 0.01

Sk

and *** p < 0.001 vs. saline; #p < 0.01 vs. MPTP group).
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