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A B S T R A C T

Alzheimer's Disease is a devastating dementing disease involving amyloid deposits, neurofibrillary tangles,
progressive and irreversible cognitive impairment. Today, only symptomatic drugs are available and therapeutic
treatments, possibly acting at a multiscale level, are thus urgently needed. To that purpose, we designed multi-
effects compounds by synthesizing drug candidates derived by substituting a novel N,N′-disubstituted piperazine
anti-amyloid scaffold and adding acetylcholinesterase inhibition property. Two compounds were synthesized
and evaluated. The most promising hybrid molecule reduces both the amyloid pathology and the Tau pathology
as well as the memory impairments in a preclinical model of Alzheimer's disease. In vitro also, the compound
reduces the phosphorylation of Tau and inhibits the release of Aβ peptides while preserving the processing of
other metabolites of the amyloid precursor protein.

We synthetized and tested the first drug capable of ameliorating both the amyloid and Tau pathology in
animal models of AD as well as preventing the major brain lesions and associated memory impairments. This
work paves the way for future compound medicines against both Alzheimer's-related brain lesions development
and the associated cognitive impairments.

1. Introduction

Alzheimer's disease (AD) is a disease that entails neurodegeneration
and dementia and has no cure yet. AD associates two principal neuro-
pathological components, namely extracellular amyloid deposits and

neurofibrillary tangles (NFTs). The amyloid pathology is characterized
by abnormal production of pro-aggregative and synaptotoxic amyloid-β
(Aβ) species that are the building blocks of extracellular amyloid de-
posits. NFTs result from the abnormal phosphorylation of isoforms of
the microtubule-associated protein Tau and their progressive
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accumulation and aggregation into fibrils in neurons (Dubois et al.,
2010). NFTs are known to affect the cholinergic system in AD and their
spatiotemporal distribution is tightly correlated with cognitive im-
pairments. Moreover, the progression of ‘Tau pathology’ is also corre-
lated with increased concentrations of brain Aβ peptides and the loss of
APP metabolites (Sergeant et al., 1999). A growing body of evidence
supports the notion that these two pathological processes are both
causatives of the disease and might even have a synergistic effect on the
progression of the symptoms (Sergeant et al., 2002; Ittner et al., 2010;
Takahashi et al., 2015; Pooler et al., 2015). Thereby, a promising
therapeutic approach could be to tackle the causes and effects of both
amyloid and Tau pathologies (Mangialasche et al., 2010). Nevertheless,
disease-modifying small molecules currently in clinical trials only act
on either one or the other of these processes or are supposed to cure the
symptoms (Cummings et al., 2017). A multi-target directed ligands
strategy has already been suggested for multifactorial diseases (Capurro
et al., 2013).

We previously described N,N′-disubstituted piperazine scaffold
(Melnyk et al., 2006; Melnyk et al., 2015) which are able to reduce the
release of Aβ species and increase the amount of APP metabolites.
These compounds targeted both amyloid and tau pathologies as well as
the cognitive functions in well-characterized mouse models of either
amyloid or Tau pathology (Barrier et al., 2012). The lead compound of
this family, AZP2006, is in clinical phase 1. On the other hand, acet-
ylcholinesterase inhibitors are anti-Alzheimer's drugs available in the
market. We describe herein multi-effect molecules that combine an
N,N′-disubstituted piperazine scaffold and acetylcholinesterase (AChE)
inhibitors in a single molecule. Thus, as proof-of-concept, two multi-
effect molecules were synthesized, starting from AchE inhibitors Ta-
crine and Rivastigmine. Notably, one of the compounds substituted
with Tacrine (RPEL) not only preserved AD mice from cognitive dete-
rioration and reduced the amyloid pathology but also significantly re-
duced the Tau pathology. No adverse effect related to cholinergic
toxicity could be registered. This work validates the challenging
strategy for the design of multi-effect drugs as a substantial break-
through and identifies RPEL as a lead compound for the development of
a multi-faceted treatment for AD.

2. Material and methods

2.1. Synthesis of compounds

Both mixed compounds RPEL and MAG were obtained from a
common intermediate 1, synthesized from commercially available 3-[4-
(3-aminopropyl)piperazin-1-yl]propan-1-amine (Scheme 1). The syn-
thetic pathway is characterized by protection, deprotection reactions,
Palladium cross couplings and reductive aminations ((Hu (2001),
Ryckebusch et al. (2003)). This pathway allows also the synthesis of
RPEL-d14, used as the internal standard in quantitative dosage.

2.2. AChE inhibition

The inhibitory capacity of compounds on AChE biological activity
was evaluated using the spectrometric method of Ellman (Ellman et al.,
1961). Acetylthiocholine iodide and 5,5-dithiobis-(2-nitrobenzoic) acid
(DTNB) were purchased from Sigma Aldrich. AChE from human ery-
throcytes (buffered aqueous solution, ≥500 units/mg protein (BCA),
Sigma Aldrich) was diluted in 20mM HEPES buffer pH 8, with 0.1%
Triton X-100 such as to obtain an enzyme solution with 0.25 unit/mL
enzyme activity. In a 96-well plate, 100 μL of 0.3 mM DTNB dissolved in
phosphate buffer pH 7.4 was added followed by 50 μL of test compound
solution and 50 μL of enzyme (0.05 U final). After 5min of pre-in-
cubation at 25 °C, the reaction was initiated by the injection of 50 μL of
10mM acetylthiocholine iodide solution. The hydrolysis of acet-
ylthiocholine was monitored by the formation of yellow 5-thio-2-ni-
trobenzoate anion as the result of the reaction of DTNB with

thiocholine, released by the enzymatic hydrolysis of acetylthiocholine,
at a wavelength of 412 nm, using a 96-well microplate reader (TECAN
Infinite M200, Lyon, France). Test compounds were dissolved in ana-
lytical grade DMSO. The rate of increase of absorbance at 412 nm was
followed every minute for 10min. Assays were performed with a blank
containing all components except acetylthiocholine, in order to account
for non-enzymatic reactions. The reaction slopes were compared and
the percent inhibition due to the presence of test compounds was cal-
culated by the following expression: 100 - (vi/v0x100) where vi is the
rate calculated in the presence of inhibitor and v0 is enzyme activity.
IC50 values were determined graphically by plotting the percentage of
inhibition versus the logarithm of six inhibitor concentrations in the
assay solution, using Origin software.

2.3. Antibodies

The primary antibodies used herein included: a rabbit antiserum
against the last 17 amino acids of APP, named APP-C17 (Sergeant et al.,
2002; Vingtdeux et al., 2007). The Myc-Tag (9B11) monoclonal anti-
body (Cell Signaling) was used to study ΔE Notch processing
(Vingtdeux et al., 2007). The WO-2 (Millipore) or 6E8 (Covance) an-
tibodies were directed against the N-terminal region of the human Aβ
peptide. The APP-8E5 antibody was kindly provided by Peter Seubert
(Elan Pharmaceutical) and recognizes the APP sequence 444–592
(numbering according to the APP695 isoform). The BACE1 antibody
was a rabbit purified polyclonal antibody raised against a synthetic
peptide of the human BACE1 sequence 458–501 (Millipore). Pan-Tau
and phospho-dependent Tau antibodies included Tau-Nter (M19G, 1/
10000, Tau-Cter (1/10000) (Sergeant et al., 2007), Tau-1 (1/5000,
Merck Millipore), S199P (directed against phosphoserine 199, 1/4000,
Sergeant et al. (2007), from SPQI-4BioDx, France), Tau-Phospho 396
(1/10000, Life Technologies), Tau-Phospho 404 (1/10000, Life Tech-
nologies), 422 (clone 2H9, a monoclonal antibody developed against a
phospho-peptide containing the phosphorylated serine 422 residue of
Tau, numbering according to the longest human brain tau-441 isoform,
from SPQI-4BioDx, France), AT8 (1/1000) and AT270 (1/2000), AT100
(1/1000) were purchased from Thermo Scientific. Neuron-specific en-
olase (1/10000), β-actin (1/5000) and β-tubulin (1/10000) were from
Sigma-Aldrich.

2.4. Cell culture and transfection

The human neuroblastoma cell line SKNSH-SY5Y (SY5Y) was
maintained in Dulbecco's modified Eagle medium (DMEM) supple-
mented with 10% fetal calf serum, 2mML-glutamine, 1mM non-es-
sential amino acids, penicillin/streptomycin (Life Sciences Technology)
in a 5% CO2 humidified incubator at 37 °C. Human APP695 cDNA was
sub-cloned into the eukaryotic expression vector pcDNA3.1
(Invitrogen), allowing for antibiotic selection with G418. This plasmid
was transfected into SY5Y cells using the ethyleneimine polymer ExGen
500 (Euromedex) according to the manufacturer's instructions. SY5Y-
expressing the WT APP695 isoforms were selected by the addition of
200 μg/mL G418 to the cell culture medium and one clone, named
SY5Y-APP695WT, was used. For the transient expression of ΔE Notch
(Notch I lacking the extracellular domain), SY5Y cells were transfected
with Myc-tagged ΔE Notch (kindly provided by Pr. Raphael Kopan;
Washington University, St. Louis, MO, USA) using the FuGENE® HD
transfection reagent according to the manufacturer's instructions
(Roche). Cells were collected 24 h after drug treatment. The inducible
SY5Y-Tau46 (corresponding to the human brain isoform of 412 amino
acids, including coding sequences for exon 2 and 10) has been de-
scribed previously (Bretteville et al., 1999). Briefly, to induce human
Tau 412 protein expression, SY5Y-Tau46 cells were treated for 24 h
with 1 μg/mL of tetracycline and induced SY5Y-Tau46 cells were fur-
ther treated for 24 h with drugs at the indicated concentrations. Protein
lysates were obtained as indicated under drug treatment. Cell culture
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and treatment conditions were the same as for the SY5Y-APP695WT cell-
line.

2.5. In vitro metabolic stability (mouse liver microsomes)

RPEL stock solutions were diluted in 100mM potassium phosphate
buffer (KPi, 1 μM final concentrations) pH=7.4, and test compounds
were then incubated for 60min in an incubator-shaker (Eppendorf) at
37 °C and 1400 rpm with regenerating system (NADPH) and micro-
somal preparation (male mice, BD Biosciences, final concentration
0.3 mg/mL in KPi buffer). Reactions were stopped with cold acetonitrile
and Internal Standard (IS) CQ diphosphate was then added for further
quantification (based upon Test compound/IS ratio area). Samples were
mixed thoroughly and then centrifuged at 13000 rpm for 10min.
Supernatants were evaporated with an under vacuum system
(Speedvac) at medium drying rate for 2 h and reconstitution of residues
was achieved in water +0.1% TFA. 10 μL injections were finally per-
formed in the LC/MS system. Microsomal stability was calculated upon
area ratio of parent compounds at different times.

The LC/MS system consisted of an Orbitrap Exactive instrument
(Thermo) equipped with an electrospray ionization source used in po-
sitive mode (M+H+). The apparatus was managed with Xcalibur
software. Tune parameters were set as: Sheet gas flow rate at 70 L/min,
Aux gas flow rate at 20 L/min, spray voltage at 3.00 kV, capillary
temperature at 275 °C, capillary voltage at 95 V, tube lens voltage at
165 V and skimmer voltage at 36 V. Tray temperature was fixed at 4 °C
and oven at 30 °C. The analytical column was a C18 Hypersil Gold
Thermo 50×2mm, 1.9 μm (Thermo). The mobile phase consisted of
water +0.05% TFA (A) and acetonitrile +0.05%TFA (B). The linear
gradient elution program was as follows: 0–100% of B over 3.5 min,
followed by an isocratic hold at 100% B for 1min and 2min of re-
equilibration with 100% A for a total run of 6min at a flow rate of
400 μL/min. Due to the basicity of polyamines, good sensitivity was
achieved using TFA in the mobile phase.

2.6. Drug treatment

For the drug treatment, SY5Y-APP695WT cells were maintained in
75 cm2 culture flasks (Falcon) until they reached 80% confluency. The
cells were recovered with Trypsin-EDTA, split and plated on 12-well
plates (Falcon), 24 h before drug exposure. Preceding the addition of
the drugs, cultures were quickly rinsed once with warm (37 °C) phos-
phate-buffered saline (PBS) solution and then exposed to drugs at the
indicated concentrations for 24 h. Drugs from a 10mM stock solution in
water were diluted at the desired final concentrations in supplemented
DMEM without antibiotic. After 24, 48, or 72 h, the conditioned-cell
medium was collected in polypropylene tubes (Eppendorf) and directly
frozen at −80 °C while awaiting the eventual measurement of its Aβ
peptide content. The drugs used were as follows: the lysosomotropic
and autophagic flux inhibitor CQ (Sigma-Aldrich), the vacuolar-type
H+ ATPase inhibitor Baf (Merck Millipore), the γ-secretase inhibitors
L685 and Compound E (Enzo Life Sciences), the γ-secretase inhibitor
XVI/DAPM (Merck Millipore), DAPT (Sigma-Aldrich). Treated SY5Y-
APP695WT cells were rinsed once with warm PBS. The PBS was dis-
carded and 100 μL of warm (60 °C) LDS-lysis buffer (Invitrogen) with
protease inhibitors (Complete Mini EDTA-Free, Roche Molecular
Biochemicals) was added. Cells were scraped with a rubber policeman,
the lysate was recovered and rapidly sonicated before heat treatment
for 10min at 100 °C. Protein concentration was determined using the
Pierce BCA Protein Assay, Reducing Agent Compatible (RAC)
(Thermoscientific) and samples were kept at −80 °C until used.

2.7. Cytotoxicity

Cytotoxicity was measured using 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) tests.
SY5Y-APP695WT cells were plated in 96-wells plate at 3.104 cells per
well and allowed to attach for 24 h. Cells were then incubated with
100 μL of DMEM medium with 10% SVF containing (or not) the defined
concentration of drugs. Cytotoxicity was determined by using the col-
orimetric MTS assay (CellTiter 96® Aqueous One Solution Cell
Proliferation Assay-MTS Promega) according to the manufacturer's

Scheme 1. Synthesis of MAG and RPEL compounds.
Reagents and conditions: (a) Boc2O (0.3 eq), DCM, 20 °C, 2 days, 99%; (b) isobutyraldehyde (4.1 eq), TEA (1.2 eq), NaBH4 (6.0 eq), MeOH, 20 °C, 24 h, 50–58%; (c)
dioxane saturated with HClg, 20 °C, 12 h, 99%; (d) 3-formylphenyl-N,N-dimethylcarbamate 3 (1.1 eq), NaBH4 (6.5 eq), MeOH, 20 °C, 2 days, 76%; (e) (+/−) BINAP
(0.15 eq), Cs2CO3 (0.8 eq), Pd2dba3 (0.3 eq), dioxane, reflux, 12 h, 75%; (f) 9-chloro-1,2,3,4-tetrahydroacridine 2 (1.2 eq), Cs2CO3 (1.4 eq), Xantphos (0.15 eq),
Pd2dba3 (0.05 eq), dioxane, reflux, 1 day, 90%; (g) isobutyraldehyde-d7 (4.0 eq), NaBH(OAc)3 (4.0 eq), DCM, 20 °C, 15 h, 34%.
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instructions. Absorbance was read at 490 nm.

2.8. In vitro assay for γ-secretase

Three 75 cm2
flasks of SY5Y-APP695WT cells were rinsed once with

PBS at 37 °C before the addition of 1mL of hypotonic MOPS buffer
[10mM MOPS (Sigma-Aldrich), 10mM KCl (Merck)]. Cells were
scraped with a rubber policeman and lysed using a glass Potter
homogenizer. Cell homogenates were spun at 1000 g at 4 °C for 15min
and the protein concentration in post-nuclear supernatant was de-
termined with a BCA protein concentration assay kit (BioRad) ac-
cording to the manufacturer's instructions. Each condition was carried
out in triplicate and the whole assay was repeated independently three
times. Post-nuclear supernatant was fractionated in aliquots containing
a total of 1mg of protein and then centrifuged at 16,000×g at 4 °C for
40min. Supernatants were discarded and the pellets were re-suspended
in 100 μL of γ-secretase assay buffer [Sodium Citrate 150mM (Sigma-
Aldrich) and Complete mini EDTA-Free Protease inhibitor (Roche)].
Drugs were added as follows: L685 (100 nM), DAPT (200 nM), DAPM
(200 nM), CpdE (200 nM), Baf (100 nM), CQ (5 μM) and RPEL or MAG
at 3, 5 and 10 μM. For the control reaction in which the γ-secretase is
inhibited, the homogenates were incubated at 4 °C whereas the γ-se-
cretase reaction was carried out at 37 °C for 6 h. Homogenates were
placed on ice and 25 μL of 2× SDS-PAGE loading buffer (20mM Tris-
HCl pH 6.8, 20 mM DTT, 5% SDS and 20% glycerol) was added to 50 μL
of the homogenates which were boiled for 10min at 100 °C.

2.9. Primary neuronal cultures and drug treatment

Primary neuron cultures were obtained from the dissection of fe-
tuses' forebrains obtained from C57BL6 wild-type female mice that
were sacrificed at 18,5 days of gestation as described previously
(Domise et al., 2016). RPEL treatments at 5 or 10 μM were realized
directly in the culture media for 24 h at div 17.

2.10. Study approval

All in vivo protocols were approved by the local ethics committee
(n°342,012, CEEA).

2.11. Animals treatment

3month-old WT C57Bl/6 J mice were purchased from Charles
Rivers Laboratories (France) and were allowed to acclimatize to the
animal facility for at least one week before any treatment. Thy-Tau22 or
APPxPS1 transgenic colonies (C57Bl/6 J genetic background) were
obtained by crossing heterozygous males with C57Bl/6 J WT females.
All animals were housed in a pathogen-free facility at 5 to 6 animals per
cage (Techniplast Cages 1284 L), with ad libitum access to food and
water in a 12/12-h light-dark cycle and maintained under a constant
temperature of 22 °C.

For treatment, animals were randomly distributed and RPEL was
provided in the drinking water at a final concentration of 0.5 and 1mg/
kg, ie 12.5 μg/mL for drinking solutions taking into account an average
weight of 25 g/mouse drinking 4mL/day. Drinking bottles were
changed once per week as aqueous solutions of RPEL were stable for
more than one week, and the volume consumed was measured
throughout the treatment period. Food consumption and body weight
were also assessed. In WT animals, a pilot study of drug treatment was
performed for one month to establish the innocuousness of RPEL
treatment, based on physiological, social and behavioral assessments.
Thy-Tau22 or APPxPS1 males were treated for 4months, starting at
3months of age.

2.12. Spatial memory assessment using the Y-maze and Morris water maze

Before any behavioral test, exploratory behavior and locomotion
were evaluated in treated and untreated animals in an Open field (OF)
25 cm×25 cm arena. Four acquisitions in 4 joined arenas were per-
formed simultaneously. Each mouse was placed in the arena and al-
lowed to explore for at least 5 min. Parameters including distance,
speed and velocity were acquired by video recording using EthoVision
video-tracking equipment and software (Noldus Information
Technology, Paris, France) in a dedicated room. Anxiety, which could
interfere with the memory test, was evaluated using the elevated plus
maze (EPM). Mice were placed in the center of a plus-shaped maze
consisting of two 10-cm-wide open arms and two enclosed arms ele-
vated to 50 cm from the floor. Locomotion, distance, speed and velocity
were measured, as well as the number of entries into each arm, time
spent in open versus closed arms, percentage of open arm entries and
time spent in the open arms during a 5min test.

2.13. Y-maze

Short-term memory was tested on a Y-maze. The Y-maze consists of
three enclosed arms surrounded by spatial clues. One arm was closed
off during the learning phase. Each mouse was randomly positioned in
the center or in one of the two open arms. Mice were allowed to explore
the maze for at least 5 min. During 2min of retention time, the closed
arm was opened and the mouse was re-placed in the starting arm. The
previously closed armed was named the “new arm” and the third arm
was named the “other arm”. Parameters - total distance travelled, ve-
locity, alternation between the arms, entries into the new, starting or
other arm - were measured over 5min. The short-term memory test was
considered successful when the proportion of entries into the new arm
was significantly higher than into the other two.

2.14. Morris water maze

Spatial learning and memory abilities were assessed in a standard
hidden-platform acquisition-and-retention version of the Morris water
maze task (Jeugd et al., 2011). A 90-cm circular pool was filled with
water opacified with nontoxic white paint and kept at 21 °C. A 10-cm
round rescue platform was hidden 1 cm beneath the surface of the
water at a fixed position. Four positions around the edge of the tank
were arbitrarily designated as the four cardinal points (North, East,
West and South) in order to divide the pool into four quadrants. The
“target” quadrant (T) contained the rescue platform, and was sur-
rounded by the two “adjacent” quadrants (Right: R; Left: L) and an
“opposite” quadrant (O). In the acquisition trial, each mouse was given
four swimming trials per day with at least 10 min of inter trial interval,
for four consecutive training days. The start position was pseudo-ran-
domized across trials. Mice that failed to find the hidden platform
within 2min were manually positioned on the platform. They were
allowed to remain on it for 15 s before being put back into their cages.
The time required to find the hidden rescue platform (escape latency)
was used as a spatial learning index and was recorded using the Etho-
vision XT video tracking system (Noldus France). Swimming speed and
total distance were also measured. The hidden platform was removed
72 h after the acquisition phase, and spatial memory was evaluated in a
90 s probe trial. The proportion of time spent in the target quadrant vs.
the other quadrants (R, L and O) was considered as a spatial memory
index.

2.15. Mouse brain samples

After behavioral assessment, blood was collected in 1.5mL poly-
propylene tubes (Eppendorf, France) and mice were sacrificed by cer-
vical dislocation to avoid any modifications due to anesthesia (Le
Freche et al., 2012). Hippocampi and cortices were dissected and snap-
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frozen in 1.5mL tubes (Eppendorf). Tissue was homogenized in Tris-
HCl buffer (10mM pH 7.4) containing 320mM sucrose plus protease
inhibitors (Complete mini EDTA-free, Roche) and sonicated and spun at
12,000×g for 10min at 4 °C. The supernatant was recovered; protein
concentration was measured with the BCA Protein quantification assay
kit (Pierce) according to the manufacturer's instruction. The super-
natant was further processed for biochemical analyses or stored at
−80 °C. The same lysis buffer was used for 1D or 2D gels. A solution
containing 7M urea, 2M thiourea and 2% SDS was added to equal
amounts protein in Tris buffer, and sonicated at 60 Hz for 30 pulses.

2.16. Analyte mouse brain extraction

50mg of brain were defrosted in Eppendorf tubes purchased by GE
Healthcare (Grinding Kit). 500 μL of HCl 1% were added and the mix-
ture was crushed until obtaining an homogenate. The appropriate
quantity of internal standard was added. The Eppendorf tubes were
centrifuged at 14000 tr/min for 10min at 4 °C. 450 μL of the super-
natant were placed on polypropylene tubes and 4.5mL of acetonitrile at
−20 °C were added. Tubes were stirred for 30s and placed 1 h at
−20 °C for proteins precipitation. The tubes were centrifuged for
10min at 4 °C at 4000 tr/min and the supernatant was evaporated
under N2 at 50 °C. The residue was dissolved in acetonitrile and eva-
porated once again. The final residue was dissolved in 200 μL of me-
thanol, filtrated and placed in polypropylene vials for analysis.

2.17. Analyte mouse plasma extraction

50 μL of plasma were homogeneised in Eppendorf tubes purchased
by GE Healthcare (Grinding Kit). 25 μL of internal standard (10 nM in
cooled methanol) and 225 μL of cooled methanol with 1% formic acid
were added. The mixture was vortexed for 10 s three times then cooled
to −20 °C during 20min. The tubes were centrifuged for 10min at 4 °C
at 10000 g and the supernatant was evaporated under N2. The final
residue was dissolved in 50 μL of methanol and placed in polypropylene
vials for analysis.

2.18. SDS-PAGE and western blotting

To analyze the carboxy-terminal product of APP metabolism, equal
quantities of proteins (20 μg per lane) were loaded onto a 16.5% Tris-
Tricine polyacrylamide Criterion XT gel using Criterion XT Tris-Tricine
Buffer (Bio-Rad). The XT Tricine buffer was precooled to 4 °C and the
electrophoresis tank was placed on ice. Electrophoresis was carried out
at 200 V for 65min. Proteins were transferred to a nitrocellulose
membrane of 0.2 μm pore size (G&E Healthcare) at a constant current
intensity of 2.5 mA/cm2 using a Criterion liquid transfer unit (Bio-Rad).
For the western blotting of other proteins, SDS-PAGE was performed
according to the manufacturer's instructions using a Bis-Tris 4–12%
gradient acrylamide gel (NuPage® Bis-Tris PreCast 12 wells, Life
Technologies). Apparent molecular weights were calibrated using mo-
lecular weight markers (Novex and Magic Marks, Life Technologies).
Electrophoresis was performed under a continuous tension of 100 V/per
gel for 1 h. Proteins were reversibly stained with Ponceau Red to check
the quality and efficacy of protein transfer. For western blot analysis,
the membranes were blocked in 25mM Tris-HCl pH 8.0, 150mM NaCl,
0.1% Tween-20 (v/v) (TBS-T) and 5% (w/v) of skimmed milk (TBS-M)
for 30min and then incubated overnight at 4 °C with the primary an-
tibody. The nitrocellulose membrane was rinsed three times for 10min
each in TBS-T with gentle shaking. The membrane was then incubated
for 1 h at room temperature with the secondary antibody (peroxidase-
labeled goat anti-rabbit IgG (H+L chains), Vector Laboratories). The
immunoreactive complexes were visualised using the ECL™ Western
Blotting kit and image acquisition was performed with the LAS-3000
Luminescence Image Analyzer (FujiFilm Lifesciences) or by exposure to
Amersham Hyperfilm ECL™ (G&E healthcare). Digitized images were

processed with ImageJ Software (NIH).

2.19. Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis was performed as recently
described (Fernandez-Gomez et al., 2014). Briefly, cells were rinsed
once with PBS and lysed in UTS buffer (7M urea, 2M thiourea, 2%
SDS) and sonicated at 60 Hz for 30 pulses. Lysates containing 50 μg of
proteins were precipitated with methanol/chloroform, and the pellet
dissolved in 2D buffer [urea 7M, thiourea 2M, 4% CHAPS, and 0.6%
Pharmalytes 3–10 (G&E healthcare)]. Immobilized pH 3–11 gradient
strips (Immobiline™ DryStrip of 11 cm; G&E Healthcare) were rehy-
drated with 200 μL of buffer containing a final amount of 50 μg of
protein and isoelectric focusing was achieved with an IPGPhor III ap-
paratus (G&E Healthcare) according to the manufacturer's instructions.
The strips were layered onto a Criterion XT™ Precast 4–12% Bis-Tris
Polyacrylamide Gel (Bio-Rad) and run under a constant tension of
100 V.

2.20. Quantification of secreted Aβ in cell media and Tau in mouse plasma

Conditioned media were briefly centrifuged at 200 g to eliminate
cell debris and Aβ42 concentration was determined using INNOTEST™
beta-Amyloid (1–42) (Innogenetics, Ghent, Belgium). Aβ43, Aβ40 and
Aβ38 concentrations were determined using ELISA kits (IBL, Japan)
according to the manufacturer's instructions. For plasma dosage of Aβ40
and Aβ42, blood was recovered following a tail incision under a red
heating lamp in Microvette® CB 300 LH tubes (SARSTEDT, Marney,
France). The blood was spun at 4000 rpm for 15min at 4 °C. The plasma
was recovered and kept at −20 °C. For the dosage of Aβ40 and Aβ42
peptides, the plasma was diluted 1/5 in ELISA buffer according to the
manufacturer's instructions (Life Technologies). hTau concentrations
were measured using the total Tau and phospho-181 hTau Innotest®
ELISA kits (Fujirebio Europe) according to the manufacturer's instruc-
tions. hTau and phospho-Tau measurements were performed using 25
or 75 μL of plasma.

2.21. Immunofluorescence

SY5Y-APP695WT neuroblastoma cells were plated in cell culture
chamber slides (Labtek) and allowed to grow in DMEM supplemented
with 10% fetal calf serum. Treatment with compounds was performed
following the same protocol described in the drug treatment paragraph.
After 48 h, cells were fixed with 4% paraformaldehyde in 0.1 M phos-
phate buffer (PBS) for 15min at room temperature. Cells were washed 3
times with ice-cold PBS and blocked with PBS supplemented with 1%
BSA, then incubated with primary antibodies overnight at 4 °C in PBS-
BSA, rinsed 3 times with ice-cold PBS and incubated with an FITC or
rhodamine-conjugated secondary antibody (Life Technologies). The
coverslips were mounted onto slides with Vectashield mounting
medium with DAPI (Vector laboratories). Images were acquired with a
Zeiss Apotome or Confocal light scanning microscope Zeiss LSM 710.
For Apotome image acquisition, the Axio Imager was used with an
optical plan-apochromat 63×/1.4 oil M27 at room temperature. For
confocal, images were acquired with the same optic at room tempera-
ture and a camera PMT 32 channels (photomultiplicator) with the ac-
quisition software ZEN 2011. All data were analyzed using Photoshop
Element 6 Software (Adobe) without any modification of raw images.

2.22. Immunohistochemistry

Animals were sacrificed by cervical dislocation after the completion
of behavioral tests. Brains were removed on ice in a cold room. Brain
hemispheres (APPxPS1; untreated n=9 and treated n=10; Thy-
Tau22: untreated n=6 and treated n=5) were post-fixed for 7 days in
PBS with 4% paraformaldehyde, immersed in PBS with 20% sucrose for
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24 h and finally frozen and stored at −80 °C until use. Serial free-
floating coronal sections of 40 μm thickness were obtained using a
cryostat (Leica Microsystems GmbH, Germany). Amyloid deposits or
neurofibrillary tangles were visualized after free-floating im-
munohistochemistry using the antibodies AT8 (Pierce MN-120, against
pS202/T205, 1/200), AT100 (Pierce MN-1060, against pT212/S214, 1/
400) and 4G8 (Covance, 1/500, according to the manufacturer in-
structions), followed by diaminobenzidine labeling. Sections were then
mounted on gelatin slides. The labeled surface as a proportion of the
entire brain region surface was quantified (Mercator software; Explora
Nova) in the hippocampus and cortex by two investigators blind to
treatment group, on a minimum of 5 slices per animal separated by
400 μm. A threshold intensity was set and kept constant and the number
of pixels, representing labeling density, was determined for all groups
of mice.

2.23. Experimental design and statistical analysis

For animal experimentation, males were housed at 5 to 6 animals
per cage and randomly distributed for RPEL treatment. The experi-
mental design and number of animals per treatment condition were
approved by the local ethics committee (n°342,012). For behavioral
tests a minimum of 5 and a maximum of 9 animals per conditions were
included. A number was attributed to each animals and experiments
were made blind without knowing to which experimental condition
each animal was belonging. For statistical analysis behavioral test re-
sults were re-organized according to each treatment condition and WT
were compared to transgenic animals. For biochemical analyses, 5 an-
imals per conditions were included. Duplicates were made for ELISA
and western-blot analyses. A minimum of 5 brain slices per animals
were analyzed. Quantification of labelling was averaged for each an-
imal and a minimum of 5 animals per experimental condition were
compared. Results were reported as means± SEM. Differences between
mean values were evaluated using the Student's t-test and one way-
ANOVA followed by a post hoc Fisher's LSD test, using GraphPad Prism
6 Software. P values< .05 were considered to indicate a significant
difference.

3. Results

3.1. Design of compounds

We previously developed N,N′-disubstituted piperazine compounds
(MSBD, Fig. 1A) for the design of amyloid metabolism modulators as
chloroquine (CQ) derivatives (Melnyk et al., 2006; Melnyk et al., 2015).
Compound AZP2006 (29 in Melnyk et al. (2015), R=benzimidazole)
is currently under development as a potential anti-Alzheimer drug
candidate. With the aim of developing a composite drug for the treat-
ment of the symptoms of AD, we substituted the R group of these
compounds with two well-known AChE inhibitors, tacrine and rivas-
tigmine, to create two constructs, named RPEL and MAG respectively
(Fig. 1A) (Melnyk et al., 2006; Melnyk et al., 2015). The rationale for
using AChE inhibitors relies on the hypothesis that the substitution of
N,N-disubstituted piperazine preserves the activity of our compounds,
respect structure-activity relationships of our family of MSBD com-
pounds as well as the AChE inhibition, having in mind that the latter
does not occur inside the cell. Chemically more simple dimethyl car-
bamate moiety was chosen for MAG compound. We therefore first
verified that RPEL and MAG could preserve the AChE inhibitory ac-
tivity of their adducts by docking both molecules with the catalytic
pocket of hAChE (Fig. 1B) and in vitro measurement of the activity.
Aromatic part of RPEL superimposed perfectly with tacrine and inter-
acts with Trp86 (Fig. 1B left). Carbamate part of MAG interacts with
catalytic triad (Ser203, Glu334 and His447) as rivastigmine (Fig. 1B
right). Both RPEL and MAG present their piperazine chain along the
gorge and interact with AChE peripheral site (Trp286) as donepezil.

In silico prediction of ADME and BBB permeability of compounds
RPEL and MAG were performed using ACD/ADME Suite 5.0 software.
Both compounds were predicted to have good bioavailability (between
30 and 70%) and a sufficient BBB permeability for CNS drug candi-
dates.

3.2. In vitro evaluation

3.2.1. Acetylcholinesterase activity
The hAChE inhibitory activity of RPEL and MAG was then eval-

uated in vitro using tacrine and rivastigmine as reference compounds
(Ellman et al., 1961). RPEL, with an IC50 of 0.84 nM, was 135 times
more potent as an AChE inhibitor than tacrine (IC50= 115 nM) while
MAG was 85 times more inhibitory than rivastigmine (MAG
IC50= 398 nM versus rivastigmine IC50= 33,800 nM). As a compar-
ison, compounds bearing only a N,N′-disubstituted piperazine chain
provide IC50 higher than 30 μM (compound 2 or MAF in supplementary
information). Substitution of the two AChE inhibitors with MSBD chain
allows a better interaction with AChE and thus a real boost in efficacy.

3.2.2. APP metabolites and Aβ production
APP metabolism is the target of N,N′-disubstituted piperazine

compounds, we next investigated the consequences of RPEL or MAG
treatment on APP metabolism. First, we verify that no cytotoxicity
could be measured up to 10 μM (see supplementary Fig. S1). The pro-
teolytic processing of APP consists of a sequence of cleavages involving
either α- or β-secretase followed by γ-secretase cleavage (De Strooper,
2010). The α-secretase cleaves APP within the Aβ sequence, producing
a soluble fragment (sAPPα) and a carboxy-terminal fragment (CTFα),
and precludes Aβ production (Vingtdeux and Marambaud, 2012). The
β-secretase cleaves APP at the first amino acid residue of the Aβ se-
quence, producing a soluble fragment (sAPPβ) and a transmembrane
carboxy-terminal fragment (CTFβ), which is further cleaved by γ-se-
cretase to produce Aβ peptide (Pardossi-Piquard and Checler, 2012)
(Schematic representation on Fig. 2A). Following RPEL treatment of
SKNSH-SY5Y APP695WT neuroblastoma cells with concentrations ran-
ging from 0.5 to 10 μM, the cell content of APP was not different from
the control condition (Fig. 2B). We next analyzed soluble-APP frag-
ments (APPs) shedded by either α- or β- secretase. The global sAPP
content was reduced by 20% at 10 μM of RPEL (Fig. 2B) but neither
RPEL nor MAG significantly modified the shedding of APP (Fig. 2B).
The carboxy-terminal fragments of APP (APP-CTFs), which are trans-
membrane fragments resulting from α- or β- secretase cleavage, were
also analyzed. At the basal level, the APP-CTFs observed were mostly
the αCTFs. βCTFs were only observed on exposure to saturating con-
centrations of the drugs and using a specific antibody detecting the Aβ
epitope 5–15 (Fig. 2C). The APP intracytoplasmic fragment (AICD)
which is released following the endopeptidase activity of γ-secretase on
APP-CTFs was detected and measured following long-time exposure. At
5 μM of RPEL, the amount of APP-CTFs was similar to that observed
with 5 μM of CQ (Fig. 2D). Notably, the western blot profiles of APP-
CTFs were very similar following CQ and RPEL treatment. Moreover,
both RPEL and MAG increased the basal level of AICD up to 8-fold
(Fig. 2D). Tacrine was also evaluated alone as well as a simple MSBD
compound or the mixture of both compounds. The western blot profiles
of APP-CTFs were very similar to that of CQ or control and showed
lower efficiency when compared to RPEL (see supplementary Fig. S2).
Thus, RPEL activity could not be explained by either tacrine or the
MSBD alone or the simple addition of both effects.

We next measured the effect of both RPEL and MAG on Aβ pro-
duction. Following βCTF cleavage of APP at the ε-site by the en-
dopeptidase activity of γ-secretase, the resulting fragment is processed
by the exopeptidase activity of γ-secretase to release the Aβ peptides
(Aβ38, Aβ40, Aβ42 and Aβ43 species) (Acx et al., 2014). Compounds
modulating such proteolytic processing can lead to a preferential acti-
vation or repression of one of the two exopeptidase pathways or
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preferentially repress the release of long forms of Aβ peptides. There-
fore, we quantified the amount of Aβ38, Aβ40 and Aβ42 (Fig. 2E). No-
tably, the amount of Aβ38 and Aβ42 was significantly reduced to more
than three-fold after treatment with 0.5 μM of RPEL. In contrast, at the
same RPEL concentration, the amount of Aβ40 was only reduced by
half. A similar trend was obtained withMAG although the effect was 10
times less pronounced (Fig. 2E). These results suggest that both RPEL
and MAG have a modulatory effect on γ-secretase activity, repressing
the Aβ42-producing pathway to a greater extent than the Aβ40-produ-
cing pathway. This phenomenon is also illustrated by a dose-dependent
reduction of the Aβ42/38 ratio whereas the Aβ43/40 ratio is almost un-
changed (see Supplementary Fig. S3). These results were verified by
western blot analysis of the release of Aβ peptides into the cell medium
(Fig. 2F). Tacrine alone, a simple MSBD compound or the mixture of
both compounds were also evaluated. The Aβ concentrations remained
unchanged even at 10 μM (see Supplementary Fig. S2). To further assess
whether γ-secretase activity was directly modified by RPEL or MAG,
the in vitro cleavage of APP-CTFs into Aβ and AICD as well as the

cleavage of ΔE Notch (Notch lacking the extracellular domain) into the
Notch intracellular domain (NICD) were investigated (Fig. 2H). The γ-
secretase inhibitors DAPT and L685,458 alleviated both AICD and NICD
production (Fig. 2H) whereas neither MAG nor RPEL treatment mod-
ified the in vitro release of AICD (Fig. 2F) or NICD (Fig. 2H).

The expression of the β-secretase BACE1 was then analyzed by
western blotting. The increased quantity of βCTFs following treatments
was not related to change of BACE1 protein levels; this, also suggests
that RPEL and MAG have no inhibitory effect on lysosome-dependent
BACE1 degradation (Fig. 2G). These results suggest, overall, that the
pharmacological effects of MAG and RPEL on APP metabolism do not
stem from a direct modulation of the proteolytic activities of secretases.

Thus, we showed that mixed compounds upsurge APP metabolites
and decrease Aβ production without a direct effect on secretases.
Moreover, the RPEL or MAG activity is not simply explained by the
activity of the separate moieties.

Fig. 1. Chemical structures and probable binding modes of RPEL and MAG at human acetylcholinesterase. A. Chemical structure of RPEL and MAG. The topo-
graphical formula of RPEL and MAG results from the linking of tacrine and rivastigmine respectively to the N,N′-disubstituted piperazine pharmacophore (Melnyk
et al., 2006; Melnyk et al., 2015). B. Left: Superposition of the predicted binding mode of RPEL (in brown), tacrine (blue) and donepezil (cyan) within the active site
of hAChE. Right: Superposition of the predicted binding mode ofMAG (in brown) and rivastigmine (blue) within the active site of hAChE. RPEL, MAG and structures
were docked within the known binding site of hAChE (PDB 4EY7) using GOLD software. Important amino acid residues (in pink) are indicated. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.2.3. Autophagy modulation
Since APP metabolism and the autophagy-lysosomal degradation

pathway are tightly linked (Nixon, 2013) and BACE1 degradation oc-
curs through a lysosome-dependent mechanism (Ye and Cai, 2014), we
investigated whether autophagic flux was modified by RPEL or MAG
(Fig. 3A and B). Our previous study suggested that the N,N′-dis-
ubstituted piperazine pharmacophore structure may act on lysosomes
(Melnyk et al., 2015). Indeed, its action is similar to that of chloroquine
(CQ), a lysosomotropic compound, and Bafilomycin A1 (Baf), a potent
inhibitor of the autophagy (Jiang and Mizushima, 2015), which is a
catabolic cellular process that is necessary for maintenance of cell
protein homeostasis and possibly also deficient in several neurode-
generative diseases including AD (Nixon, 2013). Early-, intermediate-
and late-stage autophagic flux markers were analyzed under normal
growth conditions.

RPEL treatment induced the accumulation of Beclin 1 and p62
(Fig. 3A) as well as causing an increase in the number of p62-positive
vesicles and the formation of large LC3-positive autophagosomes
(Fig. 3B). Beclin 1 expression is known to be downregulated in AD
(Pickford et al., 2008). In contrast, Beclin 1 overexpression activates
autophagy and positively contributes to intra-neuronal aggregate
clearance (Spencer et al., 2009). Next, we analyzed the LC3-dependent
autophagic pathway. Following the activation of autophagy, LC3-I is
coupled to a phosphatidylethanolamine residue, leading to LC3-II,
which subsequently associates with the autophagosome membrane.
Mature autophagosomes fuse with lysosomes, which leads to the de-
gradation of their contents. Both CQ and Baf inhibit this late stage and
thus the autophagic flux. Following treatment of SY5Y-APPWT cells with
CQ and Baf, a robust accumulation LC3-II and numerous LC3-positive
autophagosomes were observed (Fig. 3A and B). In sharp contrast, only
a modest accumulation of LC3-positive autophagosomes and a diffuse
cytosolic signal were observed, following RPEL treatment at 3 and
5 μM, suggesting that the autophagic flux was not completely repressed
by RPEL (Fig. 3A, data not shown for MAG). Thus, we showed that
mixed compounds modulate autophagy without complete inhibition.

3.2.4. Tau hyperphosphorylation and proteolysis
Modulation of the autophagy-lysosomal pathway may also impact

the metabolism of the microtubule-associated protein Tau. This im-
paired activity of autophagy-lysosomal degradation likely contributes
to AD (Inoue et al., 2012; Polito et al., 2014; Zhang et al., 2014). We
therefore investigated the effects of RPEL and MAG on Tau metabolism
and phosphorylation. SKNSH-SY5Y neuroblastoma cells expressing the
human Tau isoform 412 were treated with 5 μM of either RPEL orMAG.

Tau expression and total phosphorylation were assessed by 1D and 2D
gel electrophoresis using phospho-specific and pan-Tau antibodies
(Fig. 4A and B).

Tau expression was reduced following treatment withMAG, but was
not significantly modified after RPEL treatment, although Tau phos-
phorylation at serine 199 and serine 396 was reduced in RPEL-treated
cells (Fig. 4A). These results were corroborated using 2D-gel electro-
phoresis. Under control conditions, isovariants of Tau were resolved
between pI 6.5 and 10.5. Following treatment with RPEL, a reduction
in isovariants was observed at neutral pI with the Tau396P phospho-
specific antibody as well as with both the N- and C-terminal-directed
pan-Tau antibodies (Fig. 3B α-TauNter and α-TauCter).

RPEL effects on Tau phosphorylation were also investigated in
primary neuronal culture (Fig. 5). While Tau expression did not appear
to be changed following RPEL treatment, Tau phosphorylation was
significantly reduced at serine 396 and serine 422 in RPEL-treated
primary neurons. These observations were comforted by 2D-gel elec-
trophoresis where a change in the distribution of Tau polypeptides to-
ward more positively charged isovariants was observed (Fig. 5B). In-
deed, Tau isovariants are delocalized to the neutral and the basic part of
the gel following RPEL treatment, suggesting a global reduction of Tau
phosphorylation following RPEL treatment.

Together, our results suggest that RPEL and MAG modify the me-
tabolism of both Tau and APP through a modulatory effect on autop-
hagy-lysosomal activity. RPEL or MAG activity is proper effect un-
related to individual moietes (Tacrine or N,N′-disubstituted piperazine)
and as in vitro results are more potent with RPEL than those of MAG, in
vivo experiments were conducted with RPEL.

3.2.5. Stability of RPEL compound
Before in vivo experiments, chemical and metabolic stabilities of

RPEL compound were checked. We first verify that aqueous solutions of
RPEL were stable at room temperature for more than one week. Then,
metabolic stability of RPEL compound was evaluated using mice liver
microsomes. After one hour at 37 °C, at least 40% of RPEL remained in
the media.

3.3. In vivo evaluation

3.3.1. Safety on wide-type mice
We verify that RPEL had no adverse effects after one month of

treatment in WT animals (RPEL solubilized in drinking water, n=9,
males). No difference could be measured between treated or not ani-
mals on the weight, the assumption of water or the food intake. No

Fig. 2. RPEL promotes APP-CTFs and AICD accumulation and reduces Aβ production through a γ-secretase-independent mechanism. A. Schematic representation of
APP metabolism B. Full-length APP, but not APP,s accumulate in a dose-dependent manner following RPEL and MAG treatment. SKNSH-SY5Y APP695 neuro-
blastoma cells were treated with 5 μM CQ or concentrations ranging from 0.5 to 10 μM of RPEL for 24 h. Levels of full-length APP were determined following western
blotting using an APP-Cter-C17 polyclonal antibody. Levels of total APPs were determined in the medium after western blotting using the 8E5 monoclonal antibody.
APP levels are not significantly diminished by RPEL treatment. C. The increase of both α- and β-carboxy-terminal fragments of APP in SY5Y-APP695WT treated with
RPEL. SY5Y-APP695WT cells were treated with 5 or 10 μM of RPEL for 24 h. Proteins were resolved by SDS-PAGE and β-CTFs were detected using 6E10 monoclonal
antibody raised against the Aβ epitope 5–15. The APP-C17 antiserum was used to labeled the α-CTFs. D. APP-CTFs and AICD accumulation in the presence of RPEL or
MAG. SKNSH-SY5Y APP695 protein lysates were resolved using Tris-Tricine gels. APP-CTFs and AICD were detected with an APP-Cter- C17 antiserum. E. RPEL
reduces the amount of Aβ peptides released without affecting BACE1 expression or γ-secretase endoprotease activity. Aβ38, Aβ40, and Aβ42 concentrations are
diminished in a dose-dependent manner after RPEL or MAG treatment. SKNSH-SY5Y APP695 cell medium was recovered 24 h post-treatment and Aβ concentrations
were determined by ELISA. Although the calibration curve of the ELISA kits was constructed with the media containing RPEL or MAG, a western blot of Aβ released
into the medium was performed with the pan-Aβ 6E10 antibody. F. Ex cellulo APP-processing γ-secretase is unmodified by MAG and RPEL. The release of AICD and
Aβ peptides was evaluated by western blotting following incubation of total membrane extracts of SKNSH-SY5Y APP695 at 37 °C for 6 h in the presence or absence of
selective γ-secretase inhibitor DAPT (200 nM), Baf (100 nM) or 3 or 10 μM of MAG and RPEL. APP-CTFs and AICD were immunolabeled with an APPCter-C17
antiserum and Aβ peptides with the N-terminal 6E10 monoclonal antibody. As a control for Aβ peptide labeling, 10 ng of Aβ42 peptide was also loaded (Ctrl Aβ lane).
The effect of MAG and RPEL on in vitro Aβ production is shown twice (Reproduced). G. Unaltered BACE1 expression. The total concentration of full-length BACE1
protein was determined by western blotting. H. SKNSH-SY5Y APPWT695 cells were transiently transfected with a eukaryotic DeltaE Notch (Notch lacking the
extracellular domain)-expressing vector, and after 24 h, cells were treated with the indicated concentration of the γ-secretase inhibitor L685, 5 μM of CQ or 3 or
10 μM of eitherMAG or RPEL. Protein extracts were prepared 24 h post-treatment. DeltaE Notch and NICD were labeled with an antibody against c-myc, which binds
to them. GAPDH staining was used to verify the protein amounts loaded and used to normalize changes in expression. Histograms represent means± SEM of three
individual experiments and values are expressed as the percentage of control levels. Statistical differences were calculated by One-way ANOVA followed by a post hoc
Fisher LSD test. * p < .05, ** p < .01, ***p < .001.
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abnormal behavior, altered velocity, motility nor anxiety could be no-
ticed. This was also confirmed with the two transgenic mice experi-
ments. No muscular changes could be observed. We next examined
whether the modulatory effect of RPEL on Tau and APP metabolism
could have beneficial effects in vivo.

3.3.2. Thy-Tau transgenic mice model of Tau pathology
Thy-Tau22 (n=9, males) mice were treated with RPEL (solubilized

in drinking water). The development of hippocampal NFTs in Thy-
Tau22 mice is correlated with an impairment of spatial memory
(Belarbi et al., 2009; Belarbi et al., 2011; Troquier et al., 2012; Laurent

et al., 2016) making the Thy-Tau22 mouse a good model in which to
test the beneficial or detrimental effects of drugs. Mice were treated for
four months with 0.5 and 1mg/kg of RPEL (drinking water) without
any difference between mice (WT or Thy-Tau22), treated or not, re-
garding behavior, food, and beverage intake or weight evolution.
Spatial memory was subsequently assessed using the Morris water
maze. Results are shown for the 0.5 mg/kg dose. All groups of animals
successfully learned after the 5-day acquisition phase (Fig. 6A). In wild-
type (WT) animals, independently of the treatment, animals had a
significant preference for the target quadrant than for the three other
quadrants (right, left and opposite, Fig. 6A). Thus, RPEL did not impact

Fig. 3. RPEL does not repress autophagy. A. Comparison between RPEL, chloroquine (CQ) and Bafilomycin A1 (Baf) on autophagic flux. The effect of CQ 5 μM, Baf
100 nM and RPEL at 3 and 5 μM on protein expression of Beclin 1, p62 and LC3 were evaluated by western blotting. GAPDH labeling was used to normalize the
amount of protein loaded. B. Representative confocal immunofluorescence labeling for APP (FITC-conjugated secondary antibody in green) and p62 or LC3
(Rhodamine-conjugated secondary antibody in red). Data were collected from a minimum of three individual experiments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the cognitive performance of WT animals. Untreated Thy-Tau22 ani-
mals had no preference for the target quadrant versus the others,
showing a failure to successfully complete the probe trial. In sharp
contrast, RPEL-treated Thy-Tau22 animals succeeded in completing the
probe trial after a retention period of 72 h following the learning phase

and showed a significant preference for the target quadrant (Fig. 6A).
The burden of neurofibrillary tangles in the hippocampal CA1 was in-
vestigated by immunohistochemistry. As shown in Fig. 6B, the average
labeled surface measured after AT100 immunolabeling was sig-
nificantly reduced in RPEL-treated animals, whereas no significant

Fig. 4. Phosphorylation of Tau protein is diminished in SKNSH-SY5Y Tau412 expressing cells. A. MAG and RPEL treatments reduce Tau phosphorylation. A SKNSH-
SY5Y Tau412 inducible cell line was induced (NT) or not (NI) for 24 h with tetracycline and further treated with 10 μM of MAG or RPEL for 24 h. 10 μg of protein
lysates were resolved by 1D SDS-PAGE and Tau protein expression was analyzed by western blotting using two antisera against the N-terminus (Tau-Nter) and C-
terminus (Tau-Cter) of the protein. Phosphorylation at serine 199 or serine 396 of unphosphorylated Tau (amino acids 199 to 208) were revealed using S199P and
S396P antisera or a Tau-1 monoclonal antibody. GAPDH labeling was used to normalize the amount of protein loaded. Histograms are representative of the
quantification of western-blots B. tau proteins are less phosphorylated following RPEL treatment. Total protein extracts were resolved by 2D-gel electrophoresis and
Tau isovariants were revealed with antibodies to phospho-S396, pan-Tau-Nter and pan-Tau-Cter. Immobilized pH gradient strips covering isoelectric points (pI)
between 3 and 11 were used, and the pI gradient indicated by the arrow above the first 2D Tau profile. Tau isovariants displayed a pI between 6 and 10.5. For each
antibody used, the labeling profiles of Tau under control conditions (Ctrl) and following RPEL treatment (10 μM) were aligned and compared. The vertical dotted
lines indicate the most neutral or acidic isovariants of Tau under the two conditions.
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Fig. 5. Reduced phosphorylation of Tau protein in primary neuronal culture cells treated with 5 or 10 μM of RPEL. Primary neuronal culture cells at div 17 were
treated for 24 h with 5 or 10 μM of RPEL. Total proteins were recovered and resolved by either 1D or 2D gel electrophoresis. A. RPEL treatment reduce Tau
phosphorylation at serines 396 and 422. Mouse Tau proteins were stained with pan-Tau N-terminal (Nter) and C-terminal (Cter) antibodies as well as with several
phospho-dependent Tau antibodies including pSer199, pSer 396, pSer 422 and Tau-1 which respectively recognize Tau phosphorylation at serine 199, 396 and 422
while Tau-1 recognizes Tau at an unphosphorylated epitope 198–205. Molecular weights are indicated. A Student t-test was applied to compare means and statistical
differences were considered as significant with a p < .05. B. Accumulation of neutral and basic isovariants of Tau in RPEL treated primary neuronal culture cells.
Primary neuronal culture cells were treated at div17 with 5 or 10 μM of RPEL for 24 h. Total proteins were resolved by 2D gel electrophoresis and Tau were stained
using the phospho-dependant pSer199 or the pan-Tau-Cter antisera. Isoelectric points are indicated on the arrow at the top of the 2D images. The dotted line
indicated the distribution of Tau isovariants in non-treated (Ctrl), and treated conditions.
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difference was observed after AT8 immunolabeling. AT100 recognized
a pathological Tau epitope, suggesting that RPEL impacts the devel-
opment of Tau pathology but not necessarily hyperphosphorylated Tau
proteins. Notably, increased AT8 labeling is also in relationship to
overexpression of the Tau transgene and not solely related to a modified
phosphorylation rate at the AT8 site. To further explore this possibility,
Tau expression and phosphorylation were investigated by western
blotting (Fig. 6C). A significant reduction in Tau phosphorylation at
sites 396 was observed in Thy-Tau22 RPEL-treated animals when
compared to untreated mice, whereas other phosphorylation sites were
not significantly modified (Fig. 6C). More interestingly, a 43 kDa Tau C-
terminal catabolite was significantly increased whereas N-terminal
catabolites were significantly decreased (Fig. 6C).

These results suggest that treatment with RPEL reduces the burden
of Tau pathology by reducing the phosphorylation of Tau at selective
phospho-sites and by increasing the catabolism of Tau, which is asso-
ciated with the protection of Thy-Tau22 animals from developing
spatial memory impairments. We also verified the presence of RPEL in
mice plasma and brain. Mass spectrometry experiments using coupled
HPLC to Q-Trap instrument was performed using wild type mouse as a
model. Brain and plasma extraction procedures of the analyte from
sacrificed mouse was carried out to quantify RPEL and an analytical
method was validated with specificity, linearity, fidelity and accuracy
criteria. Quantified results confirmed the presence and accumulation of
RPEL in brain tissue (Fig. 6D).

3.3.3. APPxPS1 transgenic mice model of amyloid pathology
Finally, to further assess the modulatory effect of RPEL on amyloid

pathology in vivo, APPxPS1 double transgenic animals (n=9, males)
were treated with 1mg/kg of RPEL (solubilized in drinking water).
APPxPS1 mice contain human transgenes for both APP bearing the
‘Swedish mutation' and presenilin 1 (PS1) containing an L166P muta-
tion, both under the control of the Thy1 promoter. Using the Y-maze, no
alteration in short-term memory was observed in untreated or RPEL-
treated WT animals (Fig. 7A). As already observed, treatment with
RPEL induced no particular modification in behavior. Short-term spa-
tial memory was impaired in APPxPS1 animals; these mice did not
preferentially explore the new arm versus the other arms (Fig. 7A). In
sharp contrast, in RPEL-treated animals, spatial memory was preserved
and animals preferentially explored the new arm (Fig. 7A).

We next determined if this positive cognitive effect was associated
with a modification of the amyloid burden. Stereological analysis of the
hippocampus and cortex showed a significant reduction in the number
of plaques following RPEL treatment (Fig. 7B). This reduction in the
number of plaques was not associated with a change in APP expression

(Fig. 7C). In contrast, the amount of APP-CTFs, as well as Aβ peptides
was significantly reduced in the cortex (Fig. 7C) but not in the hippo-
campus. This reduction in amyloid plaque burden and Aβ peptides in
brain tissue was associated with an increased plasma concentration of
Aβ40 and Aβ42, whereas the concentration of Aβ38 remained un-
changed. Together, our results suggest that RPEL treatment reduces the
amyloid burden and increases the plasma clearance of Aβ, with bene-
ficial cognitive effects. These results are validated by the presence of
RPEL in the brain (Fig. 7E).

4. Discussion and conclusion

AD is a complex disease in which multiple pathophysiological pro-
cesses are spatially and temporally intermingled. Recent discoveries of
genetic risks factors also support this notion since several biological
pathways contribute to the development of AD. Multitarget or com-
bined compounds may be more adapted to Alzheimer therapy. To this
end, we have developed two molecules that combine AChE inhibitory
activity with anti-amyloid and anti-Tau activity. The new potential
drug candidates are derived from a novel class of N,N′-disubstituted
piperazine which were originally developed in order to modify the
metabolism of APP by reducing the levels of secreted Aβ peptides in
vitro (Melnyk et al., 2015). AZP2006, the lead compound of this class is
in clinical phase 1. We demonstrate herein that these two molecules
effectively reduce amyloid pathology as well as the Tau pathology and
moreover, one of them protects both transgenic models of these pa-
thological mechanisms from cognitive impairments. Our results there-
fore demonstrate that these new multi-effect derivatives can preserve
their pharmacological activity while the AChE inhibitors tacrine and
rivastigmine also maintain their AChE inhibitory when covalently
added to the backbone of starting N,N′-disubstituted piperazines. Multi-
effect drug candidates from the literature, derived from tacrine, share
common properties with RPEL, such as improved AChE inhibition and
reduced Aβ release or aggregation (Chen et al., 2013; Keri et al., 2013;
Munoz-Torrero, 2008). Herein, we show that their modulatory effect on
APP metabolism also includes the stabilization of APP catabolites, re-
miniscent of an effect on endosome/lysosome modulation (Vingtdeux
et al., 2007; Vorobyeva et al., 2014; Tam et al., 2014). However, this
effect does not impact the global level of BACE1, whose degradation is
an endosome-lysosome dependent mechanism (Ye and Cai, 2014)
Moreover, our in vitro data further suggest that the modulatory effect
takes place through a γ-secretase-independent mechanism related to the
autophagic-lysosomal compartment, different from the complete
blockade of the macro-autophagic flux induced by the proton-pump
inhibitor Baf. The increased level of Tau C-terminal catabolites further

Fig. 6. RPEL improves spatial memory, reduces tau pathology and tau phosphorylation and promotes Tau catabolism in Thy-Tau22 mice. A. RPEL treatment of WT
(open square, n=9, males) and Thy-Tau22 (open circle, n= 9, males) mice (a model of neurofibrillary degeneration) with 0.5 mg/kg of RPEL did not modify the
learning curves, expressed as path length (cm), to reach the immersed platform in the Morris Water Maze, compared to untreated animals (WT, black square, n= 9,
males and Thy-Tau22, black circle, n=9, males). Velocity and time to reach the platform were not modified in treated animals (not shown). After 5 days of training
and 72 h of retention, animals were subjected to the probe test, in which the hidden platform is removed and the percentage of time spent in the target quadrant (T,
where the platform was located during the learning phase) versus the other quadrants (indicated by R, L, or O for Right, Left or Opposite Quadrant) was analyzed.
Histograms represent the means± SEM (n=9 animals per condition), *: p < .05, **: p < .01, ***: p < .001 for WT H2O (WT 0mg/kg) versus WT RPEL 0.5 mg/kg
(WT 0.5mg/kg) or Thy-Tau22 H2O (Thy-Tau22 0mg/kg) versus Thy-Tau22 RPEL 0.5 mg/kg (Thy-Tau22 0.4 mg/kg), using Tukey's Two-way ANOVA multiple
comparison test followed. Abbreviations: LSD, least significant difference; SEM, standard error of the mean. B. Stereological analysis of neurofibrillary degeneration
using phospho-dependent antibodies against pathological epitopes (AT100) or phospho-epitopes (AT8). The total volume (expressed in arbitrary units, A.U.) of
labeling calculated from fives brain slices in n=5 animals showed significantly reduced AT100 labeling (*: p < .05, Student's t-test) but no significant modification
of AT8 labeling. C. tau phosphorylation was reduced and catabolic products increased in Thy-Tau22 animals treated with the test compounds. Western blotting of
protein lysates from Thy-Tau22 mice (n=5) or Thy-Tau22 mice treated with 0.5mg/kg of RPEL (n= 5) were used to assess the phosphorylation of Tau at serine 199
(pSer199), serine 262 (pSer262), serine 396 (pSer396), serine 404 (pSer 404) or serine 422 (pSer422), unphosphorylated Tau consisting of residues 198–205 (Tau-1)
and overall Tau expression (pan-Tau antibodies against the N-terminus (Nter) and C-terminus (Cter)). Results are represented as histograms of the mean ± SEM of
the ratio of phosphorylated Tau to total Tau. The mean difference was statistically analyzed using a Student's t-test: *: p < .05 **: p < .01 ***: p < .001. The ratio
of catabolic fragments of Tau to total Tau were also analyzed (f-Nter or f-Cter). The N-terminal ratio was significantly diminished (p < .001, n= 5) whereas the C-
terminal ratio of the 43 kDa catabolic fragment was increased 4 fold (p < .01, n=5). D. RPEL was extracted from brain and plasma and quantified thanks to LC-MS/
MS procedure, showing the presence of the compound in both matrix and the accumulation of the compound in brain (WT 0.5mg/kg n=6, WT 1mg/kg n=9, Thy-
Tau22 0.5 mg/kg n=4, Thy-Tau22 1mg/kg n=8).
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Fig. 7. In vivo treatment of an APPxPS1
transgenic model of amyloid pathology,
with RPEL improves short-term spatial
memory, reduces amyloid plaque burden
and increases Aβ40 and Aβ42 peptide con-
centrations in plasma. A. RPEL improves
short-term spatial memory in APPxPS1
mice. Histograms represent the
mean ± SEM (n=9 animals per condition,
males) of the percentage of time spent in
the new arm (N) versus the others (O).
Statistically significant differences, *:
p < .05, **: p < .01 and ***: p < .001
was calculated by one-way ANOVA fol-
lowed by a post hoc Fisher's LSD test. RPEL
1mg/kg did not improve performance in
WT animals but improved short-term spa-
tial memory in APPxPS1 animals (p < .05,
n=9). B. RPEL treatment reduces amyloid
pathology in APPxPS1 mice. Amyloid de-
posits were labeled using the 4G8 mono-
clonal antibody. Histological labeling is
shown for representative coronal sections of
APPxPS1 mice left untreated or treated with
1mg/kg of RPEL. Amyloid plaque volumes
were quantified using the Explora system
and means± SEM (n=10 slides per an-
imal) in the hippocampus and the cortex
and are represented by scatter-plots. The
Student's t-test was used to analyze differ-
ences per group of animals (untreated
APPxPS1: n=9 animals, treated APPxPS1
animals: n= 10). A two-fold reduction in
amyloid plaque number was observed in the
cortex in APPxPS1 animals treated with
1mg/kg of RPEL (**p < .01). C. APP me-
tabolism was analyzed by western blotting.
Full-length APP in WT animals (n= 9 un-
treated animals and n= 10 animals treated
with 1mg/kg RPEL) was labeled using the
APP-CterC17 polyclonal antibody. In
APPxPS1 mice, full-length APP expression
was analyzed using anti-APP-CterC17 and
the 6E10 monoclonal antibody, which is
specific to the human epitope. APP-CTFs
were labeled with the APP-CterC17 anti-
serum and total human Aβ or Aβ42 peptides
were labeled with the 6E10 and 21F12
monoclonal antibodies, respectively. The
results of APP-CTFs and Aβ quantification
are represented as means± SEM (n=9
animals in the untreated and n= 10 ani-
mals in the treated group). RPEL treatment
at 1mg/kg significantly reduced APP-CTFs
(*: p < .05, Student's t-test) and Aβ quan-
tities (**: p < .01, Student's t-test) in the
cortex. D. Plasma concentrations of Aβ40
and Aβ42 but not Aβ38 were significantly
increased in APPxPS1 animals treated with
1mg/kg of RPEL (hatched bars) when
compared to the untreated animals (Ctrl
group at 0mg/kg, black bars). Results are
reported as means± SEM (n=9 animals
per condition). E. RPEL was extracted from
brain and plasma and quantified thanks to
LC-MS/MS procedure, showing the pre-
sence of the compound in both matrix and
the accumulation of the compound in the
brain (WT 1mg/kg n=9, APPxPS1 1mg/
kg n=9).
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supports these data. A growing body of evidence suggests that the au-
tophagic-lysosomal compartment and lysosomal proteases, such as as-
paragine endopeptidase, contribute to neurofibrillary degeneration
(Zhang et al., 2014; Nijholt et al., 2013; Barsuto-Islas et al., 2013).
RPEL reduced the phosphorylation of Tau both in vitro and in vivo, but
more surprisingly, it induced the accumulation of C-terminal fragments
in the cell model and WT and Thy-Tau22 transgenic mice, suggesting
that the Tau phosphorylation is reduced and its catabolism enhanced.
Although correlative, these effects on Tau appeared to improve spatial
memory in an animal model of Tau pathology. These effects are likely
not due only to anti-AChE activity since other AChE inhibitors such as
tacrine, rivastigmine and huperzine do not show modulatory effects on
APP metabolism and Aβ production in vitro (data not shown). Lack of
cholinergic toxicity or side-effects has to be underlined.

In conclusion, we report for the first time here that a tacrine deri-
vative fused with the chemical backbone of an N,N′-disubstituted pi-
perazine family of compounds reduces both amyloid and Tau patholo-
gies in vitro and in vivo, and protects animal models of AD, with these
pathologies, from the deterioration of cognitive function. Further in-
vestigations are needed to demonstrate and decipher the mechanism(s)
underlying the modulatory effects of our two compounds on the au-
tophagic-lysosomal pathway. In addition, as a member of the N,N′-
disubstituted piperazine family is currently in clinical phase 1, sup-
porting our observation that our molecules are non-toxic and could
potentially find applications in neurodegenerative diseases such as
Alzheimer's disease or Tauopathies, which all have the NFD process in
common.
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