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Abstract The aggregation of Amyloid-b (Ab) peptides is associated with neurodegeneration in

Alzheimer’s disease (AD). We previously identified novel naphtalene derivatives, including the lead

compound Amylovis-201, able to form thermodynamically stable complexes with Ab species, peptides

and fibrils. As the drug showed a chemical scaffold coherent for an effective interaction with the s1
receptor chaperone and as s1 agonists are currently developed as potent neuroprotectants in AD, we

investigated the pharmacological action of Amylovis-201 on the s1 receptor. We report that

Amylovis-201 is a potent s1 agonist by several in silico, in vitro and in vivo assays and that its anti-

amnesic and neuroprotective effects involve a pharmacological action at s1 receptors. Furthermore,

we show for the first time that classical s1 receptor agonist (PRE-084), and antagonist (NE-100) are

able to interact and disaggregate Ab25e35 fibrils. Interestingly, Amylovis-201 was the only compound

inhibiting Ab25e35 aggregates formation. Our results therefore highlight a dual action of Amylovis-201

as anti-aggregating agent and s1 receptor agonist that could be highly effective in long-term treatment

against neurodegeneration in AD.
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1. Introduction

Despite the progress achieved by drug discovery programs, the
availability of disease-modifying therapies for Azheimer’s dis-
ease (AD) is limited. Among the different reasons for this, one is
that developing drugs directed to only one therapeutic target
might not be sufficient to tackle a multifactorial neurodegener-
ative disorder, such as AD1. Amyloid-b (Ab) peptide oligo-
merization and deposition are pathological hallmarks of AD-
related neurodegeneration2. Also, Ab accumulation impairs
mitochondrial proteostasis3,4 and the expression of tethering
proteins which connect the endoplasmic reticulum (ER) with
mitochondria5,6.

The sigma-1 (s1) receptor is a highly conserved trans-
membrane protein expressed in the ER membrane of several
different cell types. By its chaperoning activity, the s1 receptor
interacts with other proteins and modulates calcium flux and the
ER stress response7,8. Interestingly, the s1 receptor shows drug-
gable features, and several small compounds have been charac-
terized as agonists, positive modulators, as well as antagonists
(extensively reviewed by Vavers et al.9 and Maurice10). Substan-
tial in vivo preclinical data show that s1 agonists are potent anti-
amnesic and neuroprotective compounds in neurodegenerative
diseases, such as AD, Parkinson’s disease, amyotrophic lateral
sclerosis, and Huntington’s disease11. In fact, some s1 agonists,
notably blarcamesine (ANAVEX2-73) and pridopidine are evalu-
ated at phase 2/3 clinical trials for AD and Huntington disease,
respectively10.

In our previous work, we have designed a new family of
naphthalene derivatives, called Amylovis, which form stable
complexes with Ab peptides and inhibit its aggregation in vitro.
Furthermore, the lead compound Amylovis-201 (CNEURO-201)
also decreases the Ab burden in the brain of triple transgenic AD
mice and improves their cognitive performance12. The Amylovis
compounds carry in their structures an amidoalkylic chain with
different terminal functional groups, which make them versatile
candidates not only for AD therapy, but also as imaging diagnosis
systems13. Interestingly, structural similarities exist between the
chemical scaffold of Amylovis compounds and the pharmaco-
phore of s1 agonists

10,14. Moreover, Amylovis compounds induce
anti-amnesic and neuroprotective effects, which resemble the
well-known pharmacological activity of s1 receptor agonists.
Hence, we here evaluated the potential activity of the lead com-
pound Amylovis-201 as a s1 receptor ligand. First, our in silico
predictions and cell-based in vitro results show that Amylovis-201
is a potent s1 agonist. Second, using in vivo s1 receptor-mediated
responses, we show that Amylovis-201 acts as an anti-amnesic
and neuroprotective drug in the mouse and zebrafish models,
through its s1 agonist activity. Altogether, we demonstrated that
Amylovis-201 has a unique dual activity as Ab anti-aggregation
and neuroprotective s1 agonist. The drug is a promising neuro-
protectant for AD by promoting Ab clearance and cellular
cytoprotection.
2. Materials and methods

2.1. In silico studies

2.1.1. Molecular docking
All ligandeprotein molecular docking simulations were per-
formed with the AutoDockVina program (Vina)15. The partial
charges of the ligands were calculated using the Gasteiger
model16. The nonpolar hydrogen atoms were fused to the heavy
atoms. In ligands, the rotatable bonds were maintained by default
with the help of the TORSDOF tool from AutoDockTools17. The
structures of the protein (PDB code 5HK1), and the amyloid-
b25e35 peptide (PDB code 1QXC) remained rigid, while that of
the ligands remained flexible. The computation was carried out
with the use of configuration files (one file for each of the desired
simulations) which preferentially use the Vina parameters. One
hundred results were obtained. These results were subjected to a
clustering process and 2.0 Å was used as the tolerance value. To
select the amino acids that interact with each ligand, 4.6 Å is used
as cut-off distance. All contacts that repeated in 85% or more of
all obtained solutions are considered to be included in the inter-
action zone.

2.1.2. Molecular dynamic simulations
The physicochemical properties (parameters) of the non-protein
ligands were obtained from the Generalized Amber Force Field18.
For each ligand the partial atomic charges were calculated using the
semi-empirical method AM1-BCC (antechamber subroutine),
which is implemented in the AMBER program (University of
California San Franscisco, CA, USA)19. For the assignment of the
ligand charges, the one that is present in its structure at a pH value
of 7.4 was chosen. In each system, the parameters corresponding to
the protein were generated with the AMBER99SB force field. The
energy minimization procedure was performed with GROMACS
v4.6.5 package (University of Groningen, The Netherlands)20.
Hydrogen atoms were added to the starting structures, using the
protonation states predicted above. A dodecahedron was created as
a solvation box for each complex, with a distance between the
solute surface and the box walls of 10 Å. Water molecules were
then added using the explicit solvent model TIP3P21. Simulations of
each complex were performed under periodic boundary conditions.
The temperature at which all systems were run was 310 K.

2.2. Drugs

The s1 receptor antagonist 4-methoxy-3-N,N-dipropylbenzenee-
thanamine (NE-100) was obtained from Tocris (Tebu-Bio). 2-(4-
Morpholinethyl)-1-phenylcyclohexane carboxylate hydrochloride
(PRE-084) and (5S,10R)-(þ)-5-methyl-10,11-dihydro-5H-dibenzo
[a,d]cyclohepten-5,10-imine hydrogen maleate ((þ)-MK-801,
Dizocilpine) were from SigmaeAldrich (Saint-Quentin-Fallavier,
France). (E)-N-(Cyclopropylmethyl)-N-ethyl-3,6-diphenylhex-5-
en-3-amine (JO-1784, Igmesine) was from Pfizer (Fresnes,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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France). Methyl (2-{[4-(1-naphthylamino)-4-oxobutanoyl]amino}
ethyl)dithiocarbamate (Amylovis-201) was synthesized as previ-
ously described12. Amyloid b-[25e35] fragment (Ab25e35) was
from Eurogentec (Angers, France) and dissolved in distilled water
at 3 mg/mL and stored at �20 �C until use.

2.3. In vitro binding of [3H](þ)-pentazocine to s1 receptor

The assay was performed by CEREP (Celle l’Evescault, France).
Increasing concentrations of PE-084 or Amylovis-201 (0.1 nmol/L
to 10 mmol/L) were incubated with 15 nmol/L of [3H](þ)-
pentazocine in membranes preparations from Jurkat human
leukemic T cells. Samples were incubated during 120 min at
37 �C and non-specific binding level was determined using
10 mmol/L of haloperidol. Assays were performed in duplicates
and results were expressed as % of specific binding level.

2.4. s1 protein-BiP dissociation assays

The activity of Amylovis-201 as s1 agonist was evaluated as its
ability to dissociate the ER stress chaperone BiP from the
s1 receptor in s1-overexpressing cells

8. Green fluorescent protein
(GFP)-tagged s1 protein-overexpressing Chinese hamster
ovarian (CHO) cells, kindly provided by Drs Tsung-Ping Su and
Yukio Kimura (NIDA, NIH, Baltimore, MD, USA), were
expanded in minimum essential medium culture medium sup-
plemented with 10% heat-inactivated fetal bovine serum and
2 mmol/L Glutamax (Invitrogen, Carlsbad, CA, USA). After
plating the cells, different concentrations of each compound
were added for 30 min (37 �C) and then the culture medium was
replaced by phosphate buffered saline (3 mL). The cells were
harvested and suspended in 50 mmol/L Hepes pH 7.4, then cross-
linked with 50 mg/mL of dithiobissuccinimidyl propionate
(Thermoscientific, Waltham, MA, USA). The reaction was
terminated by adding Tris/HCl 50 mmol/L pH 8.8. After incu-
bating 15 min on ice, the cells were lysed in 50 mmol/L Tris pH
7.4 buffer, containing 150 mmol/L NaCl, 1% Triton X-100, 0.3%
sodium deoxycholate, 0.1% sodium dodecylsulfate, and protease
inhibitor cocktail (Roche Applied Science, Basel, Switzerland).
After centrifugation at 16,000�g for 1 min, the supernatant was
incubated with Chromotek GFP-trap agarose (Proteintech,
United Kingdom) overnight at 4 �C. After centrifugation at
16,000�g for 1 min, the supernatant was discarded and the pellet
was suspended in 0.5 mL buffer (50 mmol/L Tris (pH 7.4),
150 mmol/L NaCl, 1% Triton X/100, 0.3% sodium deoxycholate,
0.1% SDS), rinsed twice, and analyzed by Heat Shock 70 KDa
Protein 5 ELISA assay (#CL-SEC343Mu, Euromedex, Souffel-
weyersheim, France).

2.5. Light scattering assay

The light scattering assay was conducted as described8 but
adapted in 96 well-plate, with a reaction volume of 200 mL. Ali-
quots of the amyloid-b[25e35] peptide (Ab25e35) (Eurogentec,
Angers, France) were dissolved in hexafluoroisopropanol (Merck,
France) to avoid aggregation, dried before kinetic experiment, and
solubilized in 100% dimethyl sulfoxide (DMSO, Merck, France).
Aliquots of 80 mL of peptide stock solution were diluted in
120 mL of 10 mmol/L Tris buffer pH Z 7.5 (270 mmol/L final
concentration of peptide), then kinetic experiment was immedi-
ately launch by using microplate reader (Multiskan Sky, Ther-
moscientific, France) at a wavelength of 350 nm for 2 h.
Absorbance was measured every minute. Amylovis-201, NE-100,
or PRE-084 were dissolved in DMSO and either added, at a
stoichiometric ratio of 1:1 (270 mmol/L), at t Z 0 min to see their
effect on peptide aggregation, or, at a stoichiometric ratio of 1:1 or
1:2, at t Z 60 min to see their effect on peptide disaggregation.
Experiments were performed in triplicates. Data were analyzed by
using Prism software (GraphPad, v10.0, GraphPad Software, San
Diego, CA, USA) by calculating the area under curve.

2.6. Cytotoxicity induced by Ab25e35 in neuroblastoma cells

Human neuroblastoma SH-SY5Y cells were routinely cultured in
Dulbecco’s modified Eagle’s medium (Gibco, France), supple-
mented with 10% fetal bovine serum (Gibco, France). Aliquots of
Ab25e35 solubilized in water were incubated at 37 �C for 4 days to
allow complete oligomerization of the peptide. The compounds
(Amylovis-201, PRE-084 and NE-100) were dissolved in dime-
thylsulfoxide (DMSO) and further diluted in cell growth medium.
To initiate the experiments, the cells were seeded in 96 wells-
plates at a density of 10,000 cells/well and were incubated at
37 �C and 5% CO2 for 24 h. Then, different concentrations of the
compounds (Amylovis-201 and PRE-084) were added to the cells
simultaneously with aggregated Ab25e35, with or without the
presence of the s1 antagonist NE-100. After 24 h of incubation,
the cell viability was indirectly determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (CyQuant MTT cell viability assay, ThermoFisher, France),
following the manufacturer recommendations.

2.7. Zebrafish breeding and drug treatments

Mutant wfs1abKO and wild-type wfs1abWT zebrafish lines were
generated and maintained as previously described22. Briefly,
zebrafish lines were maintained in an automated fish tank system
(ZebTEC, Tecniplast) at 28 �C, pH 7, conductivity around 500 mS
and with a 14 h:10 h light:dark cycle. They were fed with standard
diet. Embryos were collected from natural breeding, raised at
28.5 �C in E3 medium (5 mmol/L NaCl, 0.17 mmol/L KCl,
0.33 mmol/L CaCl2, 0.33 mmol/L MgSO4).

At 5 dpf, individual larvae are transferred in wells of 96 well
plate (Whatman #7701-1651 square and flat bottom wells) with
300 mL embryo medium and placed in the incubator at 28 �C. The
wfs1abWT larvae were placed in even wells and wfs1abKO in odd
wells. Larvae that did not have swim bladders or presented visible
physiological deformities were not used for the experiment. The
Amylovis-201 drug was dissolved in DMSO and was applied at
three different concentrations to the larvae (1e3 mmol/L).

2.8. Visual motor response

The visual motor response (VMR) assay quantifies the locomotor
activity of zebrafish larvae in response to light changes using
infrared (IR) tracking system. The experiments were performed as
described22. Briefly, at 5 dpf, the locomotor behavior of larvae was
monitored by using an automated video tracking device (Zebrabox,
ViewPoint), employing a DinionXF 1/3-inch Monochrome camera
(model BFLY-PGE-13H2M, FLIR) fitted with a fixed-angle
megapixel lens (SR5014MP-5C, Seiko Optical). In the device,
larvae in 96-well plate are isolated from environmental surrounding
noise. The box floor emitted by a light-controlling unit a white light
(69e83 mW/cm2 measured at l 495 nm). The response to stimuli
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was recorded by an IR camera (25 frames/s) under IR light illu-
mination at 850 nm, which the animals could not perceive.

The experiment started at 10:00 am and consisted in accli-
mating larvae to darkness (0% brightness) for 30 min, then
switching light ON (100% brightness) for 10 min, then OFF (0%
brightness) during 10 min. This was repeated twice, giving a
total experiment duration of 70 min. The brightness changes
were immediate (<< 1 s). The detection sensitivity was set to 31,
activity burst threshold to 30 and activity freeze threshold to 10.
Locomotor activity between the two threshold values was
considered as normal activity. The distance covered was
measured in mm/s. The values obtained in OFF were subtracted
for each larvae to their ON values in order to normalize with the
basic locomotion for each larvae.
2.9. Mice breeding and drug treatments

Male OF1 inbred mouse of 3 months old of age were maintained
in the animal facility of the University of Montpellier
(CECEMA) for experiments. Animals were housed in group,
allowed food and water ad libitum access except during experi-
ments. They were maintained in a controlled environment
(22 � 1 �C, 55 � 5% humidity) with a 12 h:12 h light/dark cycle,
lights on at 7:00 h. Behavioral testing was performed between
10:00 and 16:00 h. All animal procedures were conducted in
strict adherence to the European Union Directive 2010/63 and
ARRIVE guidelines23 and authorized by the national ethic
committee (Paris) (APAFIS# 35307-2022020909546393).

PRE-084 and NE-100 were solubilized in physiological saline
(vehicle solution). Amylovis-201 was solubilized in Cremophor
(SigmaeAldrich), then brought up to 10% in saline. It was
administered intraperitoneally (ip) or, per os by gavage (po), in
accordance with the design of each experiment, at the indicated
doses in a volume of 5 mL/kg body weight, 30 min before the
behavioral tests. Before administration, Ab25e35 oligomerization
was performed by incubating the peptide at 37 �C for 4 days.
Intracerebroventricular (icv) injections were performed as previ-
ously described and control injections were included with the
vehicle solution (distilled water)24.
2.10. Spontaneous alternation in the Y-maze

The spatial working memory of the mice was evaluated as from the
spontaneous alternation in the Y maze24-26. The maze was made of
grey polyvinylchloride. Each arm was 40 cm long, 13 cm high, 3 cm
wide at the bottom, 10 cmwide at the top, and converging at an equal
angle. Each mouse was placed at the end of one arm and allowed to
move freely through the maze during an 8 min session. The series of
arm entries, including possible returns into the same arm, was
recorded visually. An alternation was defined as entries into all three
arms on consecutive occasions. The number of maximum alterna-
tions was therefore the total number of arm entries minus two and the
percentage of alternation was calculated as Eq. (1):

Percentage of alternation (%) Z (Actual alternations/Maximum
alternations) � 100 (1)

Animals that failed to explore more than 8 arms in 8 min were
removed from the calculations.
2.11. Step-through passive avoidance

The contextual non-spatial long term memory was studied by the
step-through passive avoidance test as previously described27. The
apparatus is a two compartment (15 cm � 20 cm � 15 cm high)
box with one illuminated with white polyvinylchloride walls and
the other darkened with black polyvinylchloride walls and a grid
floor. A guillotine door separates each compartment. A 60 W lamp
positioned 40 cm above the apparatus lights up the white
compartment during the experiment. Scrambled foot shocks
(0.3 mA for 3 s) could be delivered to the grid floor using a shock
generator scrambler (Lafayette Instruments, Lafayette, USA). The
guillotine door was initially closed during the training session.
Each mouse was placed into the white compartment. After 5 s, the
door was raised. When the mouse entered the darkened
compartment and placed all its paws on the grid floor, the door
was closed and the foot shocks delivered for 3 s. The step-through
latency, that is the latency spent to enter the darkened compart-
ment, and the shock sensitivity (estimated as 0 Z no reaction,
1 Z flinching reactions, 2 Z flinchings and vocalizations) were
recorded. None of the treatment affected shock sensitivity (data
not shown). The retention test was performed 24 h after training.
Each mouse was placed again into the white compartment. After
5 s, the door was raised. The step-through latency was recorded up
to 300 s each. Results were expressed as median and interquartile
(25%e75%) range because the data are nonparametric with an
established upper limit.

2.12. Statistical analyses

Analyses were done using Prism v10.0. Data were analyzed using
one-way analysis of variance (ANOVA, F value) or two-way
ANOVA with genotype and treatment as independent variables,
followed by a Dunnett’s test. Passive avoidance latencies,
expressed as median and interquartile range and represented as
box-and-whiskers, were analyzed using a nonparametric
KruskaleWallis ANOVA (H value) and post hoc comparisons
done using the Dunn’s test.

3. Results

3.1. Amylovis-201 interaction with the s1 protein

Glennon et al.14 described a pharmacophore model of the s1
protein binding pocket that present simple requirements for
optimal binding: a proton donor amine is flanked by a distal pri-
mary hydrophobic region and by a proximal secondary hydro-
phobic regions, both able to form hydrophobic interactions within
the binding pocket (Fig. 1a). Amylovis-201 only
partially responds to this requirement as the molecule presents the
nitrogen atom with the distal hydrophobic naphthalene ring.
However, the proximal dithiocarbamate group is more hydrophilic
and cannot support Glennon’s predicted interactions (Fig. 1a).
Using the [3H](þ)-pentazocine binding assay in membranes
preparations from Jurkat human leukemic T cells, we observed
that PRE-084 inhibited the S1R radiotracer binding with a Ki of
42 nmol/L (Fig. 1b) but Amylovis-201 failed to show any inhi-
bition at concentrations up to 10 mmol/L (Fig. 1b).

However, to further investigate a possible interaction of the
Amylovis-201 with the s1 protein, we performed molecular



Figure 1 Amylovis-201 is a s1 receptor interacting drug. (a) Pharmacophore structure proposed by Glennon et al.14 and application to the

developed formula of Amylovis-201. Note that the secondary hydrophobic region does not fit with the hydrophilic dithiocarbamate part. (b)

Inhibition of (þ)-[3H]pentazocine specific binding to Jurkat human leukemic T cells by PRE-084 and Amylovis-201. (c) Amino acids identified in

the ligand binding pocket (LBP) of the s1 protein and which are critical for ligand-protein interactions. In the 3D model of the protein, the LBP is

profoundly occluded within the protein and unreachable for Amylovis-201. Molecular dynamics were performed between 0 and 100 ns with (d)

Amylovis-201 as a neuroprotective sigma-1 receptor agonist 4349
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docking and dynamic simulations. We used the subunit b of the
5HK1 protein as implemented in Pascual et al.28 from the
crystallized structure29. The simulation area comprised the
amino acids: Tyr206, Leu182, Ile178, Glu172, Ile124, His154,
Asp126, Leu105, Val84, Ala185, Met93 and Tyr103 (Fig. 1c), as
described by Pascual et al28. The ligand binding pocket (LBP)
appeared to be deeply embedded inside the protein. In this
condition when the LBP is occluded, Amylovis-201 could not
interact with the key amino acids due to a structural impediment
in the protein that prevents the compound penetration into the
cavity (Fig. 1c). However, the s1 protein conformation likely
changes depending on activation30,31 and also involves the
interaction with BiP co-chaperone8. Therefore, we analyzed
further the binding requirements of Amylovis-201 and compared
them with the prototypic ligands NE-100, a reference s1
antagonist, and PRE-084, a reference s1 agonist. When
considering the crystallized structure of the s1 protein with the
antagonist compound NE-100 (PDB code 6DK0) we identified
hydrophobic interactions, between the electronic clouds of the
phenyl rings with the side chains of the amino acids Tyr103 and
Tyr206, and van der Waals interactions, between the terminal
part of the ligand and His154 (Supporting Information Fig. S1a).
No hydrogen bond interaction was observed in the complex
formed. However, some polar attractive and/or
repulsive interactions could be expected due to the O atoms
present in the ligand structure. The molecular docking model
was able to reproduce these interactions with a 0.5 Å difference
between the position of the ligands, and similar hydrophobic and
van der Waals interactions were observed as those found in the
6HK0 crystal structure (Fig. S1b). The interaction zone of PRE-
084 showed mostly hydrophobic pep interactions towards the
phenyl group (Fig. S1c). The ligand established hydrophobic
interactions with the side chains of the amino acids Tyr103 and
Tyr206. This type of interaction seems to be essential in drugs
with a Glennon-type structure, which may be related to the
stability of the complex formed and to the specific function they
perform in the protein. Noteworthy, similar results were obtained
with the other selective s1 agonist igmesine (Fig. S1d). More-
over, it must be noted that, in all the simulations performed, the
interaction with His154 was lost for each agonist.

In the case of Amylovis-201, the molecular docking simula-
tions showed that the ligand behavior was very similar to that of
NE-100 or PRE-084, analyzed so far (Fig. S1e). Amylovis-201
indeed showed pep type hydrophobic interaction between the
electronic cloud of the naphthalene group and the side chain of the
amino acid Tyr103. A van der Waals interaction between the C]S
double bond region of Amylovis-201 and His154 was also
observed (Fig. S1e). In addition, the positively charged nitrogen
atom, central to the Glennon pharmacophore, appeared capable of
forming electrostatic interactions with Glu172. These interactions
probably allowed the rearrangement of the rest of the molecule
and achieved its stability through hydrophobic interactions32. Note
that when the molecular docking of structures NE-100, PRE-084
and Amylovis-201 are superposed, the orientation of the three
ligands is very close with the only difference regarding Amylovis-
Amylovis-201 and (e) NE-100. H-bonds are shown as dashed lines at 10

protein-overexpressing CHO cells with an IC50 value of 426 nmol/L. NE-10

prevented the dissociating effect of PRE-084. (g) Amylovis-201 dissocia

blocked by NE-100. Experiments were performed in duplicates.
201 being the H-bonds to amino acids Glu172 and Ile124
(Fig. S1f). In addition, molecular dynamics simulations show the
formation of three hydrogen bonding interactions with the H
atoms of the NHCX (X Z O or S) groups of the Amylovis-201
compound and the O atoms of the COOe groups of Glu172
(2.1 Å), Ala (2.7 Å) and Tyr (2.7 Å), which presumably provide
enhanced stability to the formed complex (Fig. 1d and Supporting
Information Fig. S2). This type of interaction was not observed in
any of the other previous ligands nor in the crystallographic
structure with NE-100.

Molecular docking and dynamic simulations therefore sug-
gested that Amylovis-201, if penetrant, could interact with the s1
protein. To examine whether the drug could show a s1 activity in
physiological condition, we used the s1 protein/BiP dissociation
assay in a cellular preparation. After activation, the s1 protein
dissociates from the ER heat shock protein 70 (Hsp70) family
member BiP8 and this response is now used as a specific
s1 activity test in vitro. We used GFP-tagged s1 protein-
overexpressing CHO cells, immunoprecipitation and ELISA as-
says. As shown in Fig. 1f, the treatment with PRE-084 caused a
dose-dependent dissociation of s1 protein from BiP with an IC50

of 426 nmol/L. The treatment with NE-100, at concentrations up
to 10 mmol/L, did not affect s1 protein/BiP association. However,
the combined treatment between NE-100 and the highest three
doses of PRE-084 abolished the PRE-084-induced s1 protein/BiP
dissociation (Fig. 1f). Amylovis-201 also acted as an inducer of s1
protein/BiP dissociation with an even higher efficacy than PRE-
084 since it showed an IC50 value of 362 nM (Fig. 1g). The ac-
tivity of Amylovis-201 was completely blocked by a co-treatment
with NE-100 at 10 mmol/L, which demonstrated its s1 receptor
agonist activity (Fig. 1g). We concluded that, although we failed
to determine a binding affinity of Amylovis-201 for the s1 re-
ceptor, the drug has the ability to bind to the protein, as predicted
by molecular docking and dynamic simulation studies. Indeed in a
cell-based assay, the compound behaved as a potent s1 agonist.

3.2. Amylovis-201 attenuated s1 protein related behavioral
dysfunctions in zebrafish and mouse models

3.2.1. Attenuation of the hyperlomocotor response in wolframin
mutant zebrafish larvae
Following functional in vitro assays, we evaluated the in vivo
activity of Amylovis-201 in animal models in which the treatment
with s1 receptor agonists is known to improve
behavioral impairments. We recently showed that selective s1
receptor agonists restored the functionality of ER-mitochondria
Ca2þ exchanges and resulting behavioral alterations in animal
models of Wolfram syndrome22. In particular, they attenuated the
hyperlocomotor response of wfs1abKO zebrafish larvae in the
VMR assay.

As expected, untreated wfs1abKO zebrafish larvae showed a
hypermobility pattern in the visual motor response as compared
with the wfs1abWT line (Fig. 2a and b). The treatment with
increasing concentrations of Amylovis-201 in the water bath
resulted in a U-shaped dose-dependent decrease of the
0 ns (f) PRE-084 dissociated BiP from s1 protein in GFP-tagged s1

0 failed to do so at concentrations up to 10 mmol/L, but, at 10 mmol/L,

ted BiP from s1 protein with an IC50 of 362 nmol/L. Its effect was



Figure 2 Amylovis-201 attenuated the hyperlocomotor response of

5 dpfwfs1abKO mutant zebrafish larvae in the VMR test through s1

agonism: (a) VMR activity profiles of V-treated wfs1abWTand

wfs1abKO mutant lines and wfs1abKO zebrafish treated with Amylovis-

201 at 3 mmol/L; (b) doseeresponse effect of Amylovis-201 on the

zebrafish mobility; and (c) effect of NE-100. The fish mobility was

measured for 70 min, with 30 min of training in the dark (OFF), then 2

cycles of light/dark (ON/OFF) of 10 min each. In (b, c), the distance
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hyperlocomotor response, with a complete restoration at 3 mmol/L
(Fig. 2a and b). Amylovis-201 treatment had no effect on the
visual motor response of the control wfs1abWT line (Fig. 2b). The
combined treatment with the s1 receptor antagonist NE-100
(3 mmol/L) attenuated the Amylovis-201 effect in the wfs1abKO

zebrafish larvae, as no significant difference with the vehicle-
treated wfs1abKO larvae was observed (Fig. 2c). It must be
noted that the co-treatment with NE-100 and Amylovis-201
significantly decreased the normal visual motor response in con-
trol wfs1abWT line (Fig. 2c), which suggested that the drug com-
bination may not be devoid of effect by itself in the fish.

3.2.2. Attenuation of dizocilpine-induced learning deficits in
mice
The acute treatment with dizocilpine, a noncompetitive antagonist
of the glutamatergic N-methyl-D-aspartate (NMDA) receptor, in-
duces a significant alteration of memory that was repeatedly
shown to be alleviated by selective s1 receptor agonists

25,26,33.
The pre-treatmentwithAmylovis-201 significantly attenuated the

dizocilpine-induced alternation deficits, at the doses of 0.03 and
0.1 mg/kg in a bell-shaped manner (Fig. 3a). Importantly, Amylovis-
201 did not affect the dizocilpine-induced hyperlocomotion of mice,
in the 0.01e0.1 mg/kg dose range but only at the highest dose tested
(Fig. 3b), showing that the observed in vivo pharmacological effects
ofAmylovis-201 are selectively related to cognitive rather thanmotor
responses. In the long-term contextual memory test, dizocilpine
significantly altered the passive avoidance response (Fig. 3c), an ef-
fect that was attenuated by 0.1 or 1 mg/kg Amylovis-201. The
attenuation, however, remained non-significantly different from the
response of (dizocilpine þ vehicle)-treated animals (Fig. 3c).

The co-treatment with NE-100 at 1 mg/kg IP, blocked the
amelioration of dizocilpine-induced spontaneous alternation defi-
cits promoted by Amylovis-201 at 0.03 mg/kg po (Fig. 3d), and
the increase in step-through latency induced by Amylovis-201 at
0.1 mg/kg po (Fig. 3e). These observations showed that Amylovis-
201 behaved as a s1 receptor agonist in the modulation of spatial
working memory and contextual long-term memory processes in
mice.

3.2.3. Amelioration of the Ab25e35-induced learning impairment
in mice
The s1 receptor agonists were identified as neuroprotectant in AD
in the pharmacological mouse model induced by ICV adminis-
tration of oligomerized Ab25e35

27,34. Amylovis-201 was therefore
tested in Ab25e35-treated mice and the drug prevented the spon-
taneous alternation deficits at 1 and 3 mg/kg ip (Fig. 4a), with no
effect on locomotion in Ab25e35-treated mice (Fig. 4b). It also
attenuated the passive avoidance impairments at the highest dose
traveled by wfs1abWT and wfs1abKO larvae during the light/dark cycle

was averaged as differences between the OFF and ON phases. Data

show mean � SEM of the number of animals indicated below the

columns. Two-way ANOVAs: F(1,162) Z 0.4218, P Z 0.5170 for the

genotype, F(3,162) Z 1.316, P Z 0.2710 for the treatment,

F(3,162) Z 5.561, P Z 0.0012 for the interaction in (b);

F(1,163) Z 9.608, P Z 0.0023 for the genotype, F(3,63) Z 6.781,

P Z 0.0002 for the treatment, F(3,163) Z 1.616, P Z 0.1876 for the

interaction in (c). *P < 0.05 vs. V-treated wfs1abWT zebrafish;
#P < 0.05, ###P < 0.001 vs. V-treated wfs1abKO zebrafish; Dunnet’s

test.



Figure 3 Amylovis-201 attenuated Dizocilpine-induced learning impairment in mice through s1 agonism: dose-response effects in the (a)

spontaneous alternation and (b) step-through passive avoidance. (c,d) Blockade of Amylovis-201 effect by NE-100 in each test. Mice received

Amylovis-201 (0.01e1 mg/kg PO) 10 min before Dizocilpine (0.15 mg/kg IP), 20 min before the Y-maze session in (a,c) or passive avoidance

training in (b,d). In (c,d), NE-100 was administered at 1 mg/kg IP simultaneously with the lowest active dose of Amylovis-201, i.e., 0.03 mg/kg

PO in the Y-maze in (d) and 0.1 mg/kg in the passive avoidance test in (e). Abbreviations: V, vehicle solution (physiological saline); Dizo,

Dizocilpine; A, Amylovis-201; N, NE-100. Data show mean � SEM of the number of animals indicated within or below the columns. ANOVAs:

F(5,50) Z 12.19, P < 0.0001 in (a); F(4,46) Z 22.76, P < 0.0001 in (c). Kruskal-Wallis ANOVAs: H Z 19.29, P Z 0.0017 in (b); H Z 23.86, P <

0.0001 in (d). * P < 0.05, ** P < 0.01, *** P < 0.001 vs. (VþV)-treated mice; # P < 0.05, ## P < 0.01 vs. (DizoþV)-treated mice; oo P < 0.01 vs.

(DizoþA)-treated mice; Dunnett’s test in (a,c), Dunn’s test in (b,d).
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tested (Fig. 4c). In addition, a pretreatment with the s1 receptor
antagonist NE-100 (3 mg/kg ip) prevented both effects on spon-
taneous alternation (Fig. 4c) and passive avoidance (Fig. 4d)
induced by the highest dose of Amylovis-201. The data showed
that Amylovis-201 behaved in vivo as a s1 receptor agonist with
anti-amnesic and neuroprotective potentials at low doses in the
mg/kg range.

Finally, Amylovis-201 has been shown to prevent Ab-induced
cytotoxicity in vitro12. In order to evaluate whether this effect is
related to the anti-aggregating effect or to the s1 receptor agonist
activity of the compound, we evaluated its effect in SH-SY5Y
cells exposed to a toxic (25 mmol/L) concentration of Ab25e35.
As expected, the treatment with oligomeric Ab25e35 induced a
significant decrease in the viability of human neuroblastoma cells
(Fig. 4e). The combined treatment with the s1 antagonist NE-100
(3 or 10 mmol/L) eliminated the neuroprotective effect of
Amylovis-201, the S1R antagonist having no effect by itself or on
Ab25e35-induced toxicity (Fig. 4e). The data suggested that the s1
receptor agonist activity of Amylovis-201 is markedly involved in
its acute neuroprotective activity.



Figure 4 Amylovis-201 attenuated Ab25e35-induced learning impairment in mice and Ab25e35-induced cytotoxicity in SH-SY5Y cells through

s1 agonism: doseeresponse effects in the (a) spontaneous alternation in the Y-maze and (b) step-through passive avoidance. (c, d) Blockade of

Amylovis-201 effect by NE-100 in each test. Mice received oligomerized Ab25e35 peptide (9 nmol, icv) or vehicle solution and then Amylovis-

201 (0.3e3 mg/kg ip) 7 days before behavioral analyses. The Y-maze session was performed on Day 7 (a, c) and passive avoidance training on

Day 8 and retention on Day 9 (b, d). In (c, d), NE-100 was administered at 3 mg/kg ip simultaneously with Amylovis-201 at 3 mg/kg IP. (e) SH-

SY5Y neuroblastoma cells (10,000 cells/well) were exposed to Ab25e35 (25 mmol/L) and Amylovis-201 (0.3e3 mmol/L) and/or NE-100 (3,

10 mmol/L). Cell survival was monitored after 24 h using the MTT assay. Abbreviations: V, vehicle solution (physiological saline); A, Amylovis-

201; N, NE-100. Data show mean � SEM of the number of determination indicated within or below the columns. ANOVAs: F(5,90) Z 3.336,

P Z 0.0082 in (a); F(4,72) Z 5.109, P Z 0.0011 in (c); F(11,80) Z 49.51, P < 0.0001 in (e). KruskaleWallis ANOVAs: H Z 13.5, P Z 0.0019 in

(b); H Z 14.18, P Z 0.007 in (d). *P < 0.05, **P < 0.01, ***P < 0.001 vs. (V þ V)-treated mice or untreated cells; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. (Ab25e35þV)-treated mice or cells; xP < 0.05, xxxP < 0.001 vs. (Ab25e35 þAmylovis-201)-treated mice or cells; Dunnett’s test in

(a, c, e), Dunn’s test in (b, d).
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3.3. Anti-aggregating effect of Amylovis-201 and s1 receptor
ligands

Amylovis-201 was shown to present numerous interactions like
H-bonds, electrostatic and pep stackings, in the N- and
C-terminal regions of Ab protein that led to effective prevention of
its aggregation, as confirmed using thioflavine
fluorescence experiments in human microglia SV-40 cell line12. In
molecular docking studies with peptide Ab25e35 and NE-100,
PRE-084 and Amylovis-201, it was observed that Amylovis-201
presented a strong hydrophobic interaction with the amino acids
Ala30, Ile31, Ile32 and Gly33 (Fig. 5a) as did NE-100 (Fig. 5b)
and PRE-084 (Fig. 5c). However, in contrast to the other com-
pounds, three hydrogen bonds are observed in Amylovis-201
(Fig. 5a). These are formed between the H and O atoms of the
NHCO group of the amidoalkyl chain of the compound and the O
and H atoms of the COO and OH groups of Ser26 (2.1 and 2.8 Å),
respectively. Similarly, an H-bond is formed between the H atom
of the NHCSS group of the compound and the O atom of the
CONH2 group of Asn27 (2.3 Å). These three bonds should confer
greater stability to the complex formed. To clarify whether this
anti-aggregating effect was unrelated to the s1 receptor activity of
the drug, we compared Amylovis-201, PRE-084 and NE-100 in a
light scattering assay, as used to demonstrate the
chaperone activity of the s1 protein itself8. The Ab25e35 fragment
was used as it shares with longer Ab1e40/42 proteins the ability to
aggregate and induce toxicity35, and bears one of the interacting
domains for Amylovis-20112. Furthermore, Ab25e35 fragment was
used in the in vivo and in vitro experiments in this study. When
Ab25e35, 270 mmol/L, initially in a hexafluoroisopropanol-soluble
form, was placed in water it spontaneously aggregated with a half-
time of approximately 10 min (Fig. 5d). Co-incubation with a 1:1
stoichiometry with Amylovis-201 fully prevented the increase in
OD, so the spontaneous Ab25e35 aggregation, confirming the
potent anti-aggregating effect of the compound (Fig. 5d). As the
naphthalene moiety of the compound is responsible for most of
the interactions with Ab protein, and as it constitutes a major
requirement of Glennon’s pharmacophore for effective binding to
the s1 protein, we investigated whether other s1 compounds could
directly interact with Ab25e35 aggregation. Co-incubation with
PRE-084 or NE-100 failed to affect Ab25e35 aggregation (Fig. 5e).
Moreover, we also tested whether the compounds can promote
disaggregation of Ab oligomers. They were added at a stoichi-
ometry of 1:1 or 1:2, 1 h after Ab25e35 when the light scattering
plateau value is reached. Amylovis-201 rapidly decreased the light
scattering level: �57% at 1:1, and �86% at 1:2, after 1 h (Fig. 5f).
PRE-084 and NE-100, at 1:1, allowed a significant decrease in
optic density, by �33% and �30% after 1 h, respectively
(Fig. 5g). However, increasing the concentration, with the 1:2
stoichiometry for PRE-084, failed to increase the disaggregation
level (Fig. 5g). These data showed that although the chemical
structure of s1 receptor ligands presented characteristics that could
specifically interfere with Ab aggregation and particularly pro-
mote Ab disaggregation, Amylovis-201 is more potent to prevent
Ab aggregation de novo and as a disaggregating agent.

4. Discussion

Due to the multifactorial nature and long-time progression of AD,
novel drug design and development campaigns in the last decade
focused on pleiotropic drugs directed toward different molecular
targets1,36,37. Furthermore, several theranostics are being
developed to improve brain targeting across the bloodebrain
barrier (BBB) and the early diagnosis of the disease38,39. We
previously showed that, Amylovis-201, the lead compound of a
new family of naphthalene derivatives crossed the BBB and tar-
geted Ab deposits13. Amylovis compounds are neuroprotective
against different in vitro neuronal stress conditions, such as
apoptosis40,41. Moreover, Amylovis-201 inhibited Ab aggregation
and counteracted Ab deposition and cognitive dysfunctions in a
triple transgenic mouse model of AD12. Amylovis-201 has also
been evaluated in a model of neuronal deterioration induced by
ICV administration of streptozotocin, where it was observed that
daily oral administration of Amylovis-201 reduced the loss of
hippocampal neurons and improved spatial memory42. In this
study, we confirmed the ability of Amylovis-201 to interact and
inhibit the aggregation of amyloid proteins, namely Ab25e35, and
to protect against the cytotoxicity induced by Ab25e35 in neuro-
blastoma cells. More importantly, we investigated the potential
pharmacological activity of Amylovis-201 to act as a s1 receptor
ligand.

The s1 protein is a unique therapeutic target due to its dual
nature as a molecular chaperone and as a ligand-operated recep-
tor8,10,43-46. It regulates several cellular signaling pathways in
normal and diseased states45-47 by interacting with numerous
partner proteins notably expressed in the functional contacts be-
tween mitochondria and ER, called mitochondria-associated ER
membranes (MAMs)8,43, the plasma membrane46,48,49, and the
nuclear envelope50,51. The result of the s1 protein activity is to
release or associate with partner proteins allowing them to
relocalize or to become activated43,45,46. However, the protein was
also identified as a receptor, since it bears numerous pharmaco-
logical hallmarks of it. Indeed, small drugs can activate the s1
protein, thus behaving as agonists or positive modulators, or
preventing its activation, and behaving as an antagonist or nega-
tive modulator (for reviews9,10). The pharmacophore has been
described, initially from binding studies and then confirmed and
improved by successive structural biology and crystallographic
studies14,28,29,52. From the s1 structural data, all the proposed
pharmacophore models coincide in an essential positive ionizable
group, a basic amino group most often represented by a nitrogen
atom, flanked by two hydrophobic regions at defined spatial dis-
tances14,28,52-57. Interestingly, the chemical scaffold of Amylovis-
201 includes a naphthalene group monosubstituted by an amido
alkyl chain with a terminal dithiocarbamate group that partly
responded to Glennon’s pharmacophore model. However, the drug
failed to show a significant inhibition of (þ)[3H]-pentazocine
binding at concentrations of 10 mmol/L. Molecular docking and
dynamic simulations helped to better understand whether and how
Amylovis-201 might interact with the s1 receptor. Based on the
crystallographic structure of the s1 protein, molecular docking
analyses with NE-100, PRE-084 and Amylovis-201 revealed that
the latter could interact with the same amino acids within the LBP
of the s1 protein, notably by establishing hydrophobic interactions
of the pep type with the side chains of the amino acids Tyr103
and Tyr206. This type of interaction is essential in all drugs with a
Glennon-type structure as they are related to the stability of the
complex formed and to the specific function they perform in the
protein. Amylovis-201, however, did not present the secondary
hydrophobic domain but rather interacted efficiently with His154
through van der Waals interactions between its C]S double bond
region and the amino acid. These two types of interactions are
coherent with previous reports28. Moreover, the nitrogen atom
considered as the center of Glennon’s pharmacophore is able to



Figure 5 Amylovis-201 anti-aggregating properties in vitro. Molecular docking with Ab25e35 peptide. Molecular rigid docking models of the

complexes (stick representations): (a) Amylovis-201-Ab25e35 peptide; (b) NE-100-Ab25e35 peptide; (c) PRE-084-Ab25e35 peptide. The Ab25e35
amyloid peptide code used 1QXC (PDB). (d) Light scattering of Ab25e35 (25 mmol/L in 40 mmol/L HEPES, pH 7.4) spectrophotometrically

monitored at 43 �C in absence or presence of Amylovis-201. Numbers in parentheses indicate molar ratios of proteins. (e) Light scattering of

Ab25e35 in absence or presence of PRE-084 or NE-100. (f) Light scattering of Ab25e35 when Amylovis-201, PRE-084 or NE-100 were added after

1 h at a stoichiometry 1:1. (g) Same experiment with a stoichiometry1:2. Experiments were performed in triplicates.
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form hydrogen bonds with the amino acid Glu172.
These interactions were also described by Pascual et al.28 with the
lead compounds in their study as salt bridge formation between
the ligand and the protein. In our case, these are two hydrogen
bonding interactions which presumably provide greater stability to
the complex formed. This type of interaction was not observed in
any of the other previous ligands or in the crystallographic
structure obtained with NE-10032. These structural features
seemed suitable for effective binding to s1 protein. Indeed, by
using a cellular assay, the ligand-induced s1 protein/BiP dissoci-
ation in CHO cells8, we were able to show a cellular activation of
the s1 protein by Amylovis-201 with an IC50 value even lower to
that of the reference s1 agonist PRE-084 (362 vs. 426 nmol/L).
These observations therefore questioned the fact that Amylovis-
201 failed to inhibit (þ)[3H]-pentazocine binding. Recent
studies, and our present data, coherently showed that the LBP is,
when the s1 protein is in its native form as a homomeric trimer32,
very profound within the 3D structure of the protein and almost
occluded. Interestingly, Rossino et al.31 recently reported bitopic
s1 ligands able to simultaneously bind to a peripheral site on the
cytosol-exposed surface that stabilizes the open conformation of
the s1 protein, and to the occluded primary binding site, triggering
the s1 activity. This very elegant demonstration of the direct
impact of ligands on the s1 protein conformation for optimal
binding and activity may explain several atypical features known
about the s1 protein and not fully explained. In particular, several
very active compounds in vivo only present poor s1
binding affinity. These compounds are weakly linear and rather
compact molecules that may not be able to penetrate and reach the
LBP. In homogenate membrane preparations, they might be un-
able to adequately bind the s1 protein. However, in cellular and
in vivo experiments, the s1 protein is likely in a different
conformational/activation state, putatively through endogenous
activation that can be allowed by several physiological signals,
such as local ER changes in calcium levels or cellular
redox status8,58. This physiological conformation may lead to the
opening of the occluded primary binding site and allow molecules
responding to the Glennon’s pharmacophore requirements but
unable to reach the LBP, to exert their s1 activity. Although further
studies are needed, our results suggest that some compounds, less
effective in reaching the LBP, may be more effective in vivo than
their expected binding affinity. In fact, this is often the case for
several small compounds. For example, neurosteroids, such as
dehydroepiandrosterone and pregnenolone, show a
poor micromolar affinity to inhibit (þ)[3H]-pentazocine binding
but acted as s1 protein agonists at low doses in vivo (mg/kg range)
in learning and memory tests59-61. A second example is blarca-
mesine, a drug in clinical stage in AD, that showed a higher target
occupancy than PRE-084 in positron emission tomography with
the highly selective s1 radioligand [18F]FTC-146 in the rodent
brain although its s1 binding affinity is much lower (Ki of
896 nmol/L vs. 44 nmol/L)62,63. We therefore propose that
Amylovis-201 is a third example for this kind of molecules for
which the standard binding assay, using (þ)[3H]-pentazocine or
other reference s1 radioligand, and a protocol based on a classical
membrane homogenate preparation and standard buffer condi-
tions, could fail to determine a binding potency to s1 receptors
that appear coherent with its ability to act as a potent s1 agonist in
cellular or in vivo conditions.

Indeed, we confirmed the potent activity of Amylovis-201 as a
s1 receptor agonist by using several in vivo responses known to
engage in s1 activity. First, we reported the suitability to target the
s1 receptor in the Wolfram syndrome, a rare genetic disease due to
a mutation of wolframin, a MAM resident protein that, when
altered, disrupts calcium transfer from the ER into the mito-
chondria and provokes a MAMopathy22. The s1 receptor was
validated as a therapeutic target particularly in a zebrafish line,
wfs1abKO, which showed a hyperlocomotor response in the VMR
test, restored to control levels by overexpression of the s1 protein
or by active s1 agonists22. Amylovis-201 improved the visual
motor alterations of wfs1abKO zebrafish larvae at a concentration
of 3 mmol/L, similarly as reported for PRE-08422 and in a NE-100
sensitive manner, hence by a mechanism involving the activation
of the s1 receptor.

It is known s1 agonists potently attenuate the learning deficits
induced by dizocilpine, the NMDA receptor antagonist25,26,33 and
this is considered as a direct behavioral consequence of the ability
of s1 protein to positively modulate the NMDA receptor activa-
tion47,64. Amylovis-201 was able to attenuate, for the passive
avoidance response, or significantly prevent, for the spontaneous
alternation response, the dizocilpine-induced short- and long-term
memory deficits, in a NE-100-sensitive manner. This observation
confirmed not only that the compound behaved in vivo as a s1
agonist but also that it appeared more potent than the reference
compound PRE-084. Also, Amylovis-201 showed active doses of
0.03 and/or 0.1 mg/kg depending on the test. These doses are ten
times lower than our observations with PRE-084 in the same
procedures26.

We also explored the ability of Amylovis-201 to protect
against Ab25e35-induced learning deficits, which is a suitable
model to show the s1 component in donepezil induced pharma-
cological activity27 and to characterize the neuroprotective activity
of blarcamesine65-67. Amylovis-201 prevented the onset of
learning and memory deficits in Ab25e35-treated mice at the dose
of 1 and/or 3 mg/kg in the spontaneous alternation and passive
test. These effects were completely prevented by a co-treatment
with NE-100. The result was expected as previous studies
showed an efficacy of the drug in 3xTg-AD mice12, but revealed a
role of the s1 receptor in this neuroprotective effect. Noteworthy,
the treatment in 3xTg AD mice was a daily dose of 1 mg/kg for
eight weeks, but in this study Ab25e35 mice were treated acutely
on the day of the ICV injection of Ab25e35

27.
This set of experiments demonstrated that Amylovis-201

behaved as a potent s1 receptor agonist in vivo. This pharma-
cological action must be considered in the mode of action of the
drug particularly as concerns its neuroprotective ability. Previous
experimental results demonstrated the neuroprotective activity of
s1 agonists against in vivo Ab neurotoxicity. For instance, PRE-
084 exerted cytoprotective68, mitoprotective66,69 and anti-
amnesic26 effects in preclinical models of Ab neurotoxicity.
Furthermore, the activation of the s1 receptor by PRE-084 pro-
tected the BBB integrity in a mouse model of Ab1e42-

neurotoxicity by increasing the expression of endothelial tight
junction proteins, vascular endothelial growth factor (VEGF) and
the low-density lipoprotein receptor-related protein 1 (LRP-1)70.
Interestingly, the endothelial receptor LRP-1 regulates the
endosomal transcytosis of Ab at the BBB, promoting
its clearance from the brain to the blood70,71. Altogether the
results suggested that s1 activation decrease the soluble and
insoluble Ab40/42 deposits in the hippocampus of AD mice by
enhancing their clearance from the brain.

Yet another mechanism by which activated s1 protein activity
might influence the brain amyloid burden is the direct chaperoning
of Ab peptides, inhibiting their aggregation. The s1 protein
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interacts with partner protein and inhibits their ability to aggre-
gates. This was shown for citrate synthase, brain-derived neuro-
trophic factor, insulin, and low-density lipoproptein8. We
previously observed that purified s1 protein was able to interact
with several Ab peptides, including Ab1e42 and Ab25e35, and
inhibit their spontaneous aggregation in a cell-free environment
(unpublished data). Other authors recently demonstrated that the
s1 agonist pridopidine potentiated the inhibitory effect of the s1
protein on purified citrate synthase aggregation51. Furthermore,
the stabilization of s1 protein in the small oligomers state by
agonists30,72 might favor the interaction of s1 and Ab peptides,
therefore inhibiting Ab aggregation. Our light scattering results
confirmed that Amylovis-201 is able to: (1) fully prevent Ab
aggregation de novo and (2) completely disaggregate Ab, in a
concentration-dependent manner. This effect was mildly shared by
other s1 receptor ligands, like PRE-084 or NE-100, as they failed
to prevent Ab aggregation and significantly but partially (25%)
induced Ab disaggregation, without further effect by increasing
the concentration. These last set of experiments clearly showed
that Amylovis-201 has a specific effect on Ab aggregation, due to
its optimal chemical structure for an effective interaction with the
b-sheets in Ab aggregates.

Finally, we confirmed the neuroprotective effect of Amylovis-
201 in a cell culture model and showed that the protection
induced by a short-term application of the drug, during 24 h, is
mainly due to the s1 receptor agonist activity as it was fully
prevented by NE-100. However, in chronic treatment protocols in
transgenic mouse models of AD, or in long-term clinical use in
human patients, the ability of the drug to exert a dual effect on:
(1) cytoprotection through its s1 agonist activity, and (2) pre-
vention of Ab aggregation and induction of Ab disaggregation
through its specific structural effect, strongly suggests that the
drug will represent a promising novel disease-modifying thera-
peutic candidate for AD. This study also confirmed that innova-
tive dual-acting ligands could be identified, or intentionally
designed a priori as in the case of multi-targets directed ligands,
that could efficiently address the complexicity of the neurode-
generative processes in complex pathologies such as Alzheimer’s
disease.
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20. Pronk S, Páll S, Schulz R, Larsson P, Bjelkmar P, Apostolov R, et al.

GROMACS 4.5: a high-throughput and highly parallel open source

molecular simulation toolkit. Bioinformatics 2013;29:845e54.

21. Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C.

Comparison of multiple Amber force fields and development of

improved protein backbone parameters. Proteins 2006;65:712e25.

22. Crouzier L, Danese A, Yasui Y, Richard EM, Liévens JC,
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