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ABSTRACT: A series of multitarget-directed ligands (MTDLs)
was designed by functionalizing a pseudo-irreversible butyrylcholi-
nesterase (BChE) inhibitor. The obtained hybrids were investigated
in vitro regarding their hBChE and hAChE inhibition, their enzyme
kinetics, and their antioxidant physicochemical properties (DPPH,
ORAC, metal chelating). In addition, in vitro assays were applied to
investigate antioxidant effects using murine hippocampal HT22 cells
and immunomodulatory effects on the murine microglial N9 cell
line. The MTDLs retained their antioxidative properties compared
to the parent antioxidant-moieties in vitro and the inhibition of
hBChE was maintained in the submicromolar range. Representative
compounds were tested in a pharmacological Alzheimer’s disease
(AD) mouse model and demonstrated very high efficacy at doses as
low as 0.1 mg/kg. The most promising compound was also tested in BChE−/− mice and showed reduced efficacy. In vivo
neuroprotection by BChE inhibition can be effectively enhanced by incorporation of structurally diverse antioxidant moieties.

■ INTRODUCTION

While an estimated number of 50 million people suffered from
dementia in 2019 and an increasing number of patients is
forecasted, no breakthroughs in the therapy of the disease
could be achieved in the past decades.1 For the treatment of
the most common form of dementia, Alzheimer’s disease
(AD), only four drugs are currently approved, acting purely
symptomatic at early disease stages.2 AD is associated with a
loss of the neurotransmitter acetylcholine (ACh) causing
dementia symptoms and leading to the oldest theory about
AD, the cholinergic hypothesis.3−5 Three of the drugs
(galantamine, rivastigmine, and donepezil) are based on this
hypothesis. To counteract AD-caused memory decline, these
drugs are inhibiting the ACh hydrolyzing enzyme acetylcho-
linesterase (AChE) and, therefore, increase the level of ACh in
the central nervous system (CNS) but also in the periphery.2

The latter causes unwanted side effects and can prevent
patients from achieving effective doses of the drug.6 Under
healthy conditions, the hydrolysis of ACh is mainly catalyzed
by AChE. However, in advanced AD, the ratio of ACh
hydrolysis is shifted toward hydrolysis mediated through
butyrylcholinesterase (BChE).7−9 This shift was also observed
in homozygous AChE knock out (AChE−/−) mice, which did
not suffer from cholinergic hyperactivation since BChE can

take over the role of AChE.10 But more importantly, we have
recently demonstrated, that chronic administration of a very
potent and selective carbamate-based BChE inhibitor in an AD
mouse model caused neuroprotection and led to pronounced
improvement of both short- and long-term memory deficits.11

Furthermore, BChE invalidation (using BChE−/− mice) or
inhibition (using pharmacological inhibitor) is associated with
beneficial effects and neuroprotection in several AD in vivo
models.11−14 Taking this into account, BChE represents a
promising target for later stages of AD. However, AD drug
candidates in clinical trials of the past decades, following the
“one drug−one target−one disease” dogma showed no positive
outcome.15 This might be due to the multifactorial nature and
complex pathophysiology of AD. Consequently, the multi-
target directed ligand (MTDL) approach, that is, addressing
several targets with only one drug, has become the focus of AD
research.16,17 Following this approach, GV-971 has been
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approved in China for the treatment of AD.18,19 GV-971 is
indirectly modifying microglia cells and, thus, addresses
another hallmark of AD, neuroinflammation.19,20 Microglia
represent the CNS immune system and can display two
activation phenotypes: the pro-inflammatory (M1) and the
neuroprotective (M2) phenotype. In the case of AD, microglia
are activated by soluble amyloid β (Aβ), Aβ oligomers and
fibrils or neurofibrillary tangles, as well as by other factors
secreted by damaged neurons.20,21 In early stages of AD, the
neuroprotective M2 phenotype is predominant and can
promote Aβ clearance, while in later stages, the phenotype
switches to the M1. The latter is characterized by the release of
proinflammatory cytokines and chemokines, which are
associated with neuronal damage and, ultimately, the
progression of AD.21 Another characteristic of AD is oxidative
stress.22 Neurodegeneration is also due to formation of reactive
oxygen species (ROS) caused inter alia by a disbalance in
metal ion homeostasis. It was shown that redox-active metal
ions form ROS directly or bound in a complex with Aβ.22,23

Our group recently reported a series of tetrahydroisoquina-
zoline-based selective pseudo-irreversible hBChE-inhibi-
tors.11,24,25 The inhibition mechanism of the carbamate is
based on a pseudo-irreversible inhibition mechanism of hBChE
and can therefore be divided into different steps (cf., Figure 1

and Figure 2). In a first step, a reversible complex (EC−X)
between the enzyme (E) and the carbamate (C−X) is formed.
The formation of (EC−X) is characterized by k1 and its
dissociation by k2. The Kc-value describes an overview of this
reversible process. The reversible complex (EC−X) can form a
stable complex by carbamylation of the catalytic active Ser198
resulting in cleavage of the leaving group (X). This step is

characterized by the kinetic parameter k3. However, the formed
complex E−C is pseudo-irreversible and only stable for certain
period. Since the carbamylated Ser198 is hydrolyzed off the
enzyme under release of the carbamate (C), the enzyme
regains its activity. The duration of the carbamylated state E−
C is characterized by k4 (cf., Figure 1). In the previously
described series of BChE inhibitors, we followed an approach
improving the efficacy by improving the inhibitory potency on
solely hBChE. Recently, we were able to show that the
duration of the inhibitor can be extended depending on the
moiety transferred to hBChE. Remarkably, the extent and
duration of enzyme inhibition not only had the desired in vitro
effect, but the compounds also showed pronounced effects on
preventing cognitive decline in an AD mouse model.
Prolonged inhibition by chemical modification was more
effective in vivo.11

■ DESIGN

We started our compound design by choosing the selective
carbamate-based hBChE inhibitor scaffold 1. The hBChE
inhibitor 1 consists of two components: (i) the part of the
carbamate which is transferred to the catalytically active Ser198
of hBChE and is, therefore, mainly responsible for the duration
of action in case of an additional interaction with an allosteric
side11 and (ii) the part also referred to as “carrier” 2, on which
the high selectivity over hAChE is based (cf., Figure 2).24,25 In
our previous work, direct attachment of bulky residues to the
carrier part decreased, while attachment via a longer alkylene
linker increased half-life time of carbamylated hBChE.11

Therefore, the concept of hybridization was used for the
design of novel MTDLs, which is based on the connection of
two drugs via a linker.26 In our case the replacement of a cyclic
structure in the transferred unit by a suitable antioxidant leads
to incorporation into the inhibitor, without significantly
increased pharmacokinetically relevant parameters like molar
mass. Therefore, both the carbamate itself and its hydrolysis
product have an antioxidant effect. Similar concepts have been
followed in the past, in which active compounds, that is,
inhibitors or receptor ligands are released after the hydrolysis
of the carbamate based-inhibitor by an targeted enzyme.27,28

Also reversible, selective and unselective BChE inhibitors, with

Figure 1. Kinetic parameters of pseudo-irreversible inhibition of an
enzyme (E) by a carbamate (C−X) containing a leaving group (X).

Figure 2. Lead structure of carbamate based selective hBChE inhibitor 1,11,25,46 its mode of hBChE inhibition and release of the phenolic
tetracyclic carrier 2, and designed MTDL 3a−c, 4a,b, 5a,b, and 6a,b.
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antioxidative properties are described.30−32 In our case, an
antioxidative motive is released over the time in an
environment probably affected in case of AD.33−35 To retain
selectivity and high inhibitory activity of 1 toward hBChE, the
antioxidant moieties were incorporated at the amine side.
Various antioxidants that are suitable for the MTDL approach
are described in the literature.36,37 In this work, melatonin
(derivatives 3a−c),38,39 ferulic acid (derivatives 4a,b),40,41

cinnamic acid (derivatives 5a,b),42,43 and Trolox (derivatives
6a,b)44,45 were selected as antioxidant moieties (cf., Figure 2).

■ RESULTS AND DISCUSSION
Chemistry. For the synthesis of melatonin hybrids 3a−c,

the amine moiety of the respective ω-amino acids 7a−c was
protected by reacting with Boc2O, followed by direct coupling
of the acid to commercially available 2-(5-methoxy-1H-indol-
3-yl)ethan-1-amine by amide formation using HBTU. The
resulting amides 8a−c were deprotected using TFA. In the

next step, amines 9a−c were activated using 4-nitrophenyl
chloroformate and activated carbamates 10a−c were directly
transferred to the tetracyclic phenolate 2, which had been
synthesized as previously described, to obtain melatonin
hybrids 3a−c.11,25,47
Hybrid molecules 4a,b, 5a,b, and 6a,b were synthesized

following a synthetic strategy using last-step derivatization.
Therefore, precursors 14a,b were synthesized starting with the
monoprotection of the respective diamines 11a,b by reaction
with Boc2O. Monoprotected amines 12a,b were activated to
13a,b using 4-nitrophenyl chloroformate and directly trans-
ferred to the deprotonated tetrahydroisoquinazoline-based
carrier scaffold 2 to form carbamates 14a,b. The selective
hydrolysis of the protection group to obtain the primary amine
was achieved with 2 M HCl in MeOH. The deprotected
amines were not stable inter alia because of the formation of
urea derivatives. Therefore, deprotection was directly followed
by amide coupling in one step. Amide formation to hybrids

Scheme 1. Synthesis of Melatonin Hybrids 3a−ca

aReagents and conditions: (a) (1) Boc2O, NEt3, DMF, (2) 2-(5-methoxy-1H-indol-3-yl)ethan-1-amine, HBTU; (b) 5% TFA in CH2Cl2; (c) 4-
nitrophenyl chloroformate, NEt3, dry CH2Cl2; (d) 2,

11,25,47 NaH, dry CH2Cl2.

Scheme 2. Synthesis of Ferulic Acid Hybrids 4a,b, Cinnamic Acid Hybrids 5a,b, and Trolox Acid Hybrids 6a,b

aReagents and conditions: (a) Boc2O, NEt3, CH2Cl2; (b) 4-nitrophenyl chloroformate, NEt3, dry CH2Cl2; (c) 2,
11,25,47 NaH, dry CH2Cl2; (d) (1)

2 M HCl in MeOH, (2) respective antioxidant moiety (i.e., ferulic acid, cinnamic acid, Trolox), HBTU, NEt3, DMF.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c00534
J. Med. Chem. 2021, 64, 9302−9320

9304

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00534?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00534?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00534?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00534?fig=sch2&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00534?rel=cite-as&ref=PDF&jav=VoR


Table 1. Results of the In Vitro Evaluation of the Inhibitory Effect on hAChE/hBChE and Antioxidative Properties in ORAC
and DPPH-Assay of Hybrids 3a−c, 4a,b, 5a,b, and 6a,b, Respectivelyd

aValues are the mean of at least three determinations. hBChE from human serum. bValues are the mean of at least three determinations. hAChE
recombinant expressed. cData are expressed as μmol of Trolox equivalents/μmol of tested compound of at least four determinations. dn.d. = not
determined. n.a. = not active at highest tested concentration (50 μM in DPPH, 4 μM in ORAC, 10 μM in ChE assays).
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4a,b, 5a,b, and 6a,b was performed using HBTU and the acids
of the respective antioxidant moieties.
Enzyme Inhibition. All hybrids were tested for ChE

inhibition using a modified colorimetric Ellman’s assay.24,48,49

To determine the IC50-values, the hybrid was incubated with
the respective human ChE for 20 min.11,50 Since all the kinetic
steps described above are taking place simultaneously during
these 20 min of incubation, the IC50-value represents a
summative parameter only (cf., Figure 1). All hybrids retained
excellent selectivity over hAChE. Except for ferulic acid hybrids
4a,b, linker length has an significant influence on inhibitory
potency of the hybrids in terms of the IC50-values.

24,25 While
the inhibitory potency increased with increasing linker length
for melatonin- (3a−c), and Trolox-hybrids(6a,b), the opposite
trend was observed for cinnamic acid hybrids (5a,b). Although
hybrids have in common that they have lost inhibitory potency
in comparison to the lead structure 1 but still represent potent
inhibitors. Hybrids 3c and 4a represent the most promising
compounds in terms of hBChE inhibition and were, therefore,
further characterized and the stability of hBChE carbamylation
was investigated. The hBChE was, therefore, incubated with a
high concentration of the inhibitor, followed by a strong
dilution (1000×), so that ultimately only decarbamylation can
take place. The hBChE activity of the diluted solution was
assessed at various time points and increasing activity over
time observed. Both hybrids tested showed extended duration
of action in terms of residence time, whereas hybrid 3c almost
tripled the half-life time of the carbamylated hBChE compared
to lead structure 1. According to our previous study,
incorporation of an electron rich aromatic moieties to the
amine side of the inhibitor resulted in a prolonged duration of
inhibition, due to interactions with the PAS.11 It can, therefore,

be assumed that the antioxidant motifs interact with the PAS
and thus extend the half-life.

Physicochemical Antioxidant Activities. Antioxidants
can be divided into three groups according to their
antioxidative mode of action: electron transfer (ET), hydrogen
atom transfer (HAT), and chelation of transition metals, such
as Fe2+ or Cu2+.51 In case of ET, the antioxidant can reduce a
free radical by an electron transfer, while for HAT the
inactivation of the free radical is achieved by donation of
hydrogen. As transition metals (especially Fe2+ and Cu2+) are
involved in the formation of ROS in vivo, chelation leads to
reduced production of ROS.52 All hybrids were studied for
their antioxidant properties and the underlying mode of action.
To investigate a possible antioxidant effect by ET, the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay was used. DPPH
represents a stable radical. By reacting with a radical scavenger,
the absorption maximum changes which enables colorimetric
determination of this interaction. Of the parent antioxidative
moieties, only ferulic acid and Trolox showed activity, while
melatonin and cinnamic acid revealed no activity. The
respective ferulic acid hybrids (4a,b) and Trolox-hybrids
(6a,b) retained their ET antioxidative properties compared to
the parent antioxidative moieties. Antioxidant behavior based
on HAT mechanism was investigated using the ORAC assay.
The assay is based on the use of fluorescein as a fluorescent
probe and AAPH as a peroxyl radical initiator. The parent
antioxidant moieties, except cinnamic acid, showed activity.
While the activity of the Trolox hybrids 6a,b decreased, the
ferulic acid and melatonin hybrids, 3a−c and 4a,b, respectively,
showed a slight improvement. Even the cinnamic acid hybrids
5a,b showed activity, which is attributed to the activity of the
carrier moiety of the BChE inhibitor.24 A ferrozine and
pyrocatechol assay was carried out in order to investigate a

Figure 3. Parent antioxidative moieties melatonin and ferulic acid, as well as respective hybrids 3c, and 4a, were studied for neurotoxic effects
(upper panel) and neuroprotection against glutamate induced oxidative stress at 1−25 μM (lower panel). Results of the modified MTT tests are
presented as means ± SEM of three independent experiments, each performed in sextuplicate and refer to untreated control cells which were set as
100% values. Statistical analysis was achieved by applying one-way ANOVA followed by Dunnett’s multiple comparison post-test. Levels of
significance: *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001.
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Figure 4. Effect of melatonin and the resulting hybrid 3c on murine N9 cells, following induction in M1 activation state by LPS (100 ng/mL)
treatment. IL1β release and iNOS, TREM2, and TGFβ2 expression were analyzed by Western blot after 24 h treatment with LPS and increasing
concentrations (0.1, 0.5, 1, 2.5, and 5 μM) of melatonin (A) and compound 3c (B). For the indirect determination of nitric oxide (NO) release,
nitrites derived from N9-cultured media were quantified through Griess reaction. As shown in Figure 4, hybrid 3c induced a significant reduction in
iNOS expression (H), as well as NO and IL1β release (D, F), compared to LPS-control and the parent antioxidant moiety, whose no effects on
microglia activation was observed (C, E, G). Additionally, although no notably differences were observed on TGFβ2 (M, N), TREM2 expression
increased in cells cotreated by LPS-3c compound (L) compared to melatonin (I), suggesting a potential immunomodulatory effect. Results are
presented as means ± SE from 3 independent experiments. Statistical significance was calculated using one-way analysis of variance (ANOVA) and
posthoc Bonferroni’s comparison test: *p < 0.05; **p < 0.01 compared to untreated control; #p < 0.05; ##p < 0.01 compared to LPS-treated
control.
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Figure 5. Effect of ferulic acid and the resulting hybrid 4a on murine N9 cells following induction in M1 activation state by LPS (100 ng/mL)
treatment. IL1β release and iNOS, TREM2 and TGFβ2 expression were analyzed by Western blot after 24 h treatment with LPS and increasing
concentrations (0.1, 0.5, 1, 2.5, and 5 μM) of ferulic acid (A) and compound 4a (B). For the indirect determination of Nitric Oxide (NO) release,
nitrites derived from N9-cultured media were quantified through Griess reaction. As shown in Figure 5, hybrid 4a significantly decreased iNOS
expression (H), as well as NO and IL1β release (D, F) compared to ferulic acid (C, E, G). Additionally, TREM2 expression (M2 microglia marker)
increased in cells treated with compound 4a compared to LPS-treated control (L) and the parent antioxidant moiety (I). However, no relevant
effects were obtained on the expression of the growth factor TGFβ2 (M, N). Results are presented as means ± SE from 3 independent experiments.
Statistical significance was calculated using one-way analysis of variance (ANOVA) and posthoc Bonferroni’s comparison test: *p < 0.05; **p <
0.01 compared to untreated control; #p < 0.05; ##p < 0.01 compared to LPS-treated control.
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possible chelation of Fe2+ and Cu2+ by the hybrids. The
hybrids were screened at a molar ratio of 10:1 compound to
metal ions. As the parent antioxidant moieties did not
significantly chelate the transition metals, it is not surprising
that the resulting hybrids lack chelating properties (cf., Figure
S1). Taken together, the parent antioxidant moieties of 3c and
4a and the resulting hybrids differ in their physicochemical
antioxidant profile, which is why these hybrids were further
investigated.
Neurotoxicity and Neuroprotection on HT22 Cells.

The HT22 cell line is glutamate-sensitive because of the lack of
the ionotropic glutamate receptor.53 The addition of high
extracellular glutamate concentrations leads to the blocking of
the cystine/glutamate antiporter, which is accompanied by
glutathione depletion. This causes intracellular accumulation of
ROS, which can ultimately lead to cell death.54−56 Based on
the high inhibition of hBChE and their different mode of
antioxidative actions, hybrids 3c and 4a, as well as their parent
antioxidant moieties were first tested for possible neurotoxicity
on the murine hippocampal neuronal (HT22) cell line. The
antioxidant parent moieties, as well as the corresponding
hybrids, showed a decrease in cell viability, but no neurotoxic
effect even at the highest tested concentration (25 μM) (cf.,
Figure 3). After ensuring that the tested compounds did not
show neurotoxicity, we further investigated their neuro-
protective properties on the HT22 cell line and performed a
glutamate assay as previously described.37,57,58 Whereas the
parent antioxidant moieties, melatonin and ferulic acid, showed
no protective effect at the concentrations applied, while the
resulting hybrids 3c and 4a showed pronounced protection.
Depending on the incorporated antioxidant moiety, a
significant effect was observed at 5 μM in case of melatonin
hybrid 3c and 10 μM for the ferulic acid hybrid 4a (cf., Figure
3)
Effects on Microglia Activation. Neurodegenerative

diseases, including AD, are accompanied by neuroinflamma-
tion, represented by activation of microglia cells, immune cells
of CNS. As previously described, depending on AD
progression, in early stages of degeneration microglia show
the neuroprotective M2 phenotype, characterized by ex-
pression of growth factors, such as TGFβ2, and the phagocytic
protein TREM2; subsequently, in later stages of disease,
microglia switch to neurotoxic M1, generally distinguished by
production of nitric oxide (NO) due to iNOS induction and
release of proinflammatory cytokines, likely TNF-α and IL-1β.
To analyze the immunomodulatory activity (i.e., the ability to
modify microglia cells from the neurotoxic M1 to the
neuroprotective M2 phenotype) of the antioxidant moieties,
melatonin and ferulic acid, and the resulting hybrids 3c and 4a,
N9 microglial cells were treated with increasing concentration
of these molecules (0.1, 0.5, 1, 2.5, 5 μM), a range coherent
with the physiological nature of melatonin, in presence or
absence of 100 ng/mL lipopolysaccharide (LPS), which
induces M1 activation. After 24 h of treatment, microglial
cells were collected, and the expression of the inducible nitric
oxide synthase (iNOS; M1 marker), TREM2, and TGFβ2 (M2
markers) was analyzed by Western Blot. In parallel,
conditioned media were collected and NO release in microglial
cell culture supernatants was spectrophotometrically detected
by measuring nitrite accumulation in the medium using the
Griess reaction, as well as IL1β release (M1 microglia markers)
was evaluated by Western Blot analysis. As shown in Figures 4
and 5, compared to the parent antioxidant moieties (C, E, G)

where no relevant (Ferulic acid) or, conversely, potential
neurotoxic effects (melatonin) were observed in the presence
of high concentration of compound (2.5, 5 μM), the hybrids
3c and 4a significantly decreased IL1β release (F) and iNOS
expression (H) induced by LPS-mediated microglia activation,
and reduced nitrites accumulation (D). More specifically, 3c
determines a dose-dependent decrease of ILβ release from 0.5
to 5.0 μM (Figure 4B, F), while compound 4a reduces ILβ
release at all concentrations tested, with a stronger effect at 5.0
μM (Figure 5B, F). In addition, compound 3c and 4a showed
an increase in phagocytic protein TREM2 expression (L)
compared to LPS-treated control and the antioxidative
moieties (I) at 2.5 and 5 μM, suggesting a potential
immunomodulatory effect on microglia and, therefore, a switch
from the neurotoxic M1 to the neuroprotective M2 phenotype,
at higher concentrations.

In Vivo Neuroprotection Studies. Hybrids 3a−c and
4a,b were consequently further investigated in an in vivo AD
mouse model leading rapidly to cognitive impairments. To
induce the deficits, oligomerized Aβ25−35 or vehicle (V1:
ddH2O) was intracerebroventricularly (ICV) injected into the
mouse brain on day one.59 On the same day, 20 min after the
ICV injection, either test substance or vehicle solution (V2:
water/DMSO 1:1) was administered via intraperitoneal (IP)
injection. The test substance or V2 was then administered o.d.
between day two to seven. Spatial working memory was
assessed on day eight using the Y-maze test by measuring the
mouse ability to spontaneously alternate during maze
exploration. Long-term contextual memory was assessed
using the step-through type passive avoidance task, by training
animals on day nine and measuring retention on day ten (cf.,
Figure S2).12,59,60 Neither the acute ICV injections nor chronic
IP injections of vehicle or compounds 3c or 4a over 7 days
resulted in significant change in the daily weight gain or the
natural behavior, which indicates good compound and vehicle
solution tolerability (cf., Figure S3). Aβ25−35 induced
significant learning deficits in both behavioral tests, as
compared to V1-treated mice. In the Y-maze test, treatment
with compound 3c, as well as 4a, showed significant increase in
alternation performance compared to Aβ25−35/V2-treated
mice, while no significant change in the number of arm entries
was observed (cf., Figures 6A, 6B and S4). The melatonin-
hybrid 3c showed a significant protection at 0.3 and 1 mg/kg
doses, while the ferulic acid hybrid 4a showed a significant
effect at 1 mg/kg (cf., Figure 6A, 6B). In the passive avoidance
test, both compounds significantly prevented the learning
deficits at the lowest tested dose, namely, 0.1 mg/kg for 3c and
0.3 mg/kg for 4a (cf., Figure 6C, 6D). It should be noted that
the hybrids show a significantly higher in vivo efficacy
compared to the parent BChE-inhibitor 1, which was tested
in our previous work, despite their significantly lower IC50
values at hBChE.11 BChE-inhibitor 1 was tested under the
same conditions and showed only a tendency to an effect in the
Y-maze test at 3 mg/kg and a significant effect in passive
avoidance (p = 0.05) at 0.3 mg/kg.11

To further investigate possible off-target effects and to
determine the in vivo selectivity for BChE inhibition in the 3c
mode of action, as well as of the multitarget approach,
melatonin based hybrid 3c was tested in homozygous BChE
KO mice at a dosage of 0.3 mg/kg under the above conditions.
As observed for the Swiss mice, icv injection of Aβ25−35
resulted in a memory deficit in the wildtype 129 Sv (WT)
mouse strain in both the spontaneous alternation (Figure 7A)
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and passive avoidance responses (Figure 7B), which was
prevented by administration of 3c. In BChE KO mice, the ICV
administration of Aβ25−35 aggregates caused a more moderate
deficit in alternation (Figure 7A) and passive avoidance
response (Figure 7B), but that was unaffected by 3e,
confirming the involvement of BChE inhibition in the effect
of 3c. These observations corresponds to our expectations,
since (1) BChE KO mice were previously described by us to
be less sensitive to Aβ25−35 toxicity

12 and (2) a reduced activity
of 3c was observed due to the lack of interaction with the main
hybrid’s target.

■ CONCLUSION
While the novel MTDLs showed a decreased IC50 value
compared to the parent BChE inhibitor 1, the half-life of the
carbamylated BChE increased at the same time from 1.12 h up
to 3 h for 3c. The resulting MTDLs showed similar antioxidant
properties compared to their parent antioxidant molecules in
several physicochemical assays (DPPH, ORAC, and metal
chelating). Regarding physicochemical antioxidant activities,
different modes of action depending on the used antioxidative
moiety were observed. Therefore, two representative hybrids
(3c and 4a) with different modes of antioxidant action were
selected for further investigations. The hybrids showed no
neurotoxic properties and protected the murine hippocampal
HT22 cell line from induced intracellular oxidative stress, while
the parent antioxidant moieties were inactive. Depending on
the antioxidant moiety used, the protective effect was
differently pronounced, with a significant effect at 5 μM for
3c, and 10 μM for 4a. Additionally, hybrids 3c and 4a lead to a
reduction in LPS-induced microglia inflammation, showing an
immunomodulatory effect with a parallel switch from neuro-
toxic M1 to neuroprotective M2 microglial phenotype,
compared to the parent antioxidant moieties melatonin and
ferulic acid. Both compounds were able to significantly protect
mice of Aβ25−35 induced learning deficits at very low dosage
regarding spatial working (3c and 4a 0.3 mg/kg), as well as
long-term memory (3c 0.1 mg/kg and 4a 0.3 mg/kg). It
should be noted at this point, that the hybrids show a
significantly better in vivo efficacy compared to the BChE
inhibitor 1. The observed in vivo efficacy of the hybrids is
comparable with the efficacy of previously described optimized
BChE inhibitors, despite their higher IC50 values and a
significant shorter half-life.11 To further investigate the
involvement of BChE inhibition as a key neuroprotectant,
hybrid 3c was tested at its effective dose (0.3 mg/kg) in BChE
KO mice. As expected, no significant effect was observed, since
part of the synergistic effect was removed through the BChE
invalidation. The in vitro and in vivo studies confirm the
successful application of the MTDL concept. Further develop-
ment of the hybrids is encouraged by the fact that in addition
to a pseudo-irreversible BChE inhibitor, melatonin itself is
currently under clinical investigations for treating cognitive
impairments and we herein were able to show that linkage of
both result in a synergistic effect in vivo.61−63

■ EXPERIMENTAL SECTION
Chemistry. General Information. All reagents were used without

further purification and purchased from common commercial
suppliers. For anhydrous reaction conditions, CH2Cl2 was dried
prior to use by refluxing over CaH2 under argon atmosphere for at
least 2 days. Thin-layer chromatography was carried out on silica gel
60 (aluminum oxide films with fluorescent indicator 254 nm). For

Figure 6. Effect of 3c and 4a on Aβ25−35 induced learning
impairments in mice: spontaneous alternation performance (A, B)
and passive avoidance response (C, D). Mice received Aβ25−35 (9
nmol, ICV) or vehicle 1 (3 μL of ddH2O) on day 1 and then vehicle
2, compound 3c (A, C) or 4a (B, D) in the 0.1−3 mg/kg, IP dose
range, o.d. between day 1 to 7. Mice were then tested for spontaneous
alternation on day 8 and passive avoidance on day days 9 and 10. Data
show mean ± SEM (A, B) or median and interquartile range (C, D).
ANOVA: F(4,61) = 5.53, p < 0.001, n = 12−15 per group in (A); F(4,50)
= 8.16, p < 0.0001, n = 10−12 in panel B. Kruskal−Wallis ANOVA: H
= 11.28, p < 0.05, n = 16−18 in panel C; H = 14.23, p < 0.01, n = 14−
16 in panel D. * p < 0.05, ** p < 0.01, *** p < 0.001 vs V1/V2-
treated group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs Aβ25−35/V2-
treated group; Dunnett’s test in panels A and B; Dunn’s test in panels
C and D.

Figure 7. Effect of 3c on Aβ25−35-induced learning impairments in
BChE KO mice: spontaneous alternation performance (A) and
passive avoidance response (B). Mice received Aβ25−35 (9 nmol, ICV)
or vehicle 1 (3 μL pf ddH2O, V1) on day 1 and then vehicle 2 (H2O/
DMSO 1/1, V2) or the compound at 0.3 mg/kg, IP, o.d. between day
1 and 7. Mice were then tested for spontaneous alternation on day 8
and passive avoidance on day days 9 and 10. Data show mean ± SEM
(A) or median and interquartile range (B). ANOVA: F(2,27) = 2.05, p
< 0.05 for WT, F(2,26) = 0.895, p > 0.05 for BChE KO, n = 7−13 per
group in (A). Kruskal−Wallis ANOVA: H = 7.36, p < 0.05 for WT, H
= 16.67, p < 0.001 for BChE KO, n = 6−15 in (B). * p < 0.05, ** p <
0.01, *** p < 0.001 vs V1/V2-treated group; # p < 0.05 vs Aβ25−35/
V2-treated group; Dunnett’s test in (A), Dunn’s test in (B).
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detection, iodine vapor and UV light (254 and 366 nm) were used.
For column chromatography, silica gel 60 (particle size 0.040−0.063
mm) was used. Nuclear magnetic resonance spectra were recorded
with a Bruker AV-400 NMR instrument in CDCl3 or MeOD and the
chemical shifts are expressed in ppm relative to CDCl3 (7.26 ppm for
1H and 77.16 ppm for 13C) or MeOD (3.31 ppm for 1H and 49.0 ppm
for 13C). The purity was determined by HPLC (Shimadzu Products)
containing a DGU-20A3R degassing unit, an LC20AB liquid
chromatograph, and an SPD-20A UV/vis detector. The UV detection
was measured at 254 nm. Mass spectra were obtained with a LCMS
2020 (Shimadzu Products). As the stationary phase, a Synergi 4U
Fusion RP column 150 mm × 4.6 mm (Phenomenex) was used, and
as the mobile phase, a gradient of MeOH (0.1% formic acid)/water
(0.1% formic acid) was used. Parameters: A = water, B = MeOH, V
(B)/(V (A) + V (B)) = from 5% to 90% over 10 min, V (B)/(V (A)
+ V (B) = 90% for 5 min, V (B)/(V (A) + V (B)) = from 90% to 5%
over 3 min. The process was performed at a flow rate of 1.0 mL/min.
Biologically characterized compounds had a purity of ≥95% and were
screened for PAINS, indicating no assay interference.
General Procedure I for the Boc-Protection and Amide

Formation of Amino Acids (7a−c) to Melatonin Derivatives (8a−
c). The respective amino acid (1 equiv) was suspended in DMF; then,
di-tert-butyl decarbonate and NEt3 (1.1 equiv) were added. The
mixture was treated with ultrasound at 40 °C until a clear solution was
formed. This solution was then stirred for another 2 h at r.t. Then, the
remaining NEt3, 2-(5-methoxy-1H-indol-3-yl)ethan-1-amine, and
HBTU were added. After stirring for 4 h at r.t., the solvent was
removed in vacuo. The crude product was dissolved in CH2Cl2 and
washed with 1 M NaOHaq. Combined organic layers were dried over
anhydrous MgSO4, and the solvent was removed in vacuo.
General Procedure II for the deprotection of Melatonin

Derivatives (8a−c) to Amines (9a−c). The respective protected
amines 8a−c were dissolved in 5% TFA in CH2Cl2 and stirred for 9 h
at r.t. The solvent was removed in vacuo. The crude product was,
then, washed with a 2 M NaOHaq solution, saturated with NaCl, and
extracted with ethyl acetate. Combined organic layers were dried over
anhydrous MgSO4, and the solvent was removed in vacuo.
General Procedure III for the Activation of Amines (9a−c) and

(12a,b) to Activated Carbamates (10a−c) and (13a,b). 4-
Nitrophenyl chloroformate was dissolved in dry CH2Cl2 and cooled
to 0 °C. After it was stirred for 10 min, NEt3 (dried over MgSO4 prior
use) was added. This mixture was slowly added to a mixture of the
respective amine in dry CH2Cl2 at 0 °C. After it was stirred for 10 min
at 0 °C, the mixture was allowed to warm up to r.t. and stirred for
further 2 h. After purification using column chromatography, the
activated carbamate was directly used for further synthesis.
General Procedure IV for Transfer of Activated Carbamates

(10a−c) and (13a,b) to Carrier Scaffold (2) to Target Compounds
(3a−c) and (14a,b). 13-Methyl-5,8,13,13a-tetrahydro-6H-
isoquinolino[1,2-b]quinazolin-10-ol 2 was synthesized as previously
described11,25,47 and dissolved in dry CH2Cl2. The mixture was cooled
to 0 °C and NaH (60% dispersion in paraffin liquid). The mixture was
stirred for 10 min and was then added to the respective activated
carbamate, dissolved in dry CH2Cl2. The mixture stirred at r.t.; the
solvent was removed in vacuo, and the crude product was purified
using column chromatography.
General Procedure V for Selective Mono Boc-Protection of

Diamines (11a,b) to Protected Amines (12a,b). The respective
diamine was dissolved in CH2Cl2 (150 mL) and NEt3 was added. Di-
tert-butyl decarbonate was dissolved in ethyl acetate (50 mL) and,
then, added to the reaction mixture using a syringe pump (14.2 mL/
min). After complete addition, the mixture stirred for further 2 h at r.t.
Then, the solvent was removed in vacuo, and the crude product
dissolved in CH2Cl2 and washed with water. The combined organic
layers were dried over anhydrous MgSO4, and the solvent was
removed in vacuo.
General Procedure VI for Selective Boc-Cleavage of Carbamates

(14a,b) and Amide Coupling with Respective Antioxidant Moieties
to Target Compounds (4a,b), (5a,b), and (6a,b). MeOH (8.58 mL)
was cooled to 0 °C, and acetyl chloride (1.42 mL) was carefully
added. The respective Boc-protected carbamate was dissolved in this

solution and stirred at r.t. for 2.5 h. Then, the reaction mixture was
transferred to a separation funnel and loaded with a mixture of sat.
NaHCO3/sat. NaCl aqueous solution (1:1) and CH2Cl2. The
combined organic layers were dried over anhydrous MgSO4, and
the solvent was removed in vacuo. During the removal of CH2Cl2 in
vacuo, the respective antioxidant moieties, HBTU and NEt3, were
suspended in another flask in CH2Cl2, and a clear solution was
formed. The solution stirred for 15 min at r.t. and was then combined
with the amine. The reaction mixture stirred at r.t. for 12 h. Then the
solvent was removed in vacuo, and the crude product was purified
using column chromatography.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl (3-((2-(5-Methoxy-1H-indol-3-yl)ethyl)amino)-3-
oxopropyl)carbamate (3a). The reaction was carried out according
to general procedure IV, using 4-nitrophenyl (3-((2-(5-methoxy-1H-
indol-3-yl)ethyl)amino)-3-oxopropyl)carbamate 10a (67 mg, 0.16
mmol), 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-ol 2 (35 mg 0.13 mmol), and NaH (5.6 mg, 0.14
mmol). The crude product was purified using column chromatog-
raphy and CH2Cl2: MeOH: 25% NH3aq (35: 1: 0.1) as mobile phase.
The product 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-yl (3-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-3-
oxopropyl)carbamate 3a (34 mg, 61 μmol, 47%) was obtained as a
pale yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.13 (s, 1H), 7.39−7.34 (m,
1H), 7.26−7.20 (m, 3H), 7.17−7.13 (m, 1H), 7.03−6.98 (m, 2H),
6.90−6.84 (m, 3H), 6.72 (s, 1H), 5.79−5.71 (m, 2H), 4.89−4.82 (m,
1H), 4.01 (d, J = 15.3 Hz, 1H), 3.85 (s, 3H), 3.61 (dd, J = 12.6, 6.4
Hz, 2H), 3.52−3.47 (m, 1H), 3.33−3.23 (m, 1H), 3.17−3.01 (m,
1H), 2.95 (t, J = 6.7 Hz, 2H), 2.89−2.80 (m, 1H), 2.78−2.70 (m,
1H), 2.59 (s, 3H), 2.38 (t, J = 5.9 Hz, 2H), 1.33−1.26 (m, 2H) ppm.

13C NMR (101 MHz, CDCl3): δ = 171.3, 155.4, 154.3, 145.6,
144.3, 135.9, 133.8, 131.7, 129.0, 128.8, 127.81, 127.77, 126.0, 124.9,
123.0, 120.5, 119.9, 119.7, 112.61, 112.56, 112.2, 100.7, 76.4, 56.1,
47.9, 39.7, 38.0, 37.5, 35.9, 29.8, 25.4 ppm.

ESI: m/z calcd for C32H36N5O4 [M + H]+, 554.28; found, 554.20;
retention time 7.42 min, HPLC purity 96%.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl (5-((2-(5-Methoxy-1H-indol-3-yl)ethyl)amino)-5-
oxopentyl)carbamate (3b). The reaction was carried out according
to general procedure IV, using 4-nitrophenyl (5-((2-(5-methoxy-1H-
indol-3-yl)ethyl)amino)-5-oxopentyl)carbamate 10b (171 mg, 0.36
mmol), 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-ol 2 (48 mg 0.18 mmol), and NaH (14.3 mg, 0.36
mmol). The crude product was purified using column chromatog-
raphy and CH2Cl2: MeOH: 25% NH3aq (35: 1: 0.1) as mobile phase.
The product 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-yl (5-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-5-
oxopentyl)carbamate 3b (86 mg, 0.15 mmol, 82%) was obtained as a
pale yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.58 (s, 1H), 7.37−7.33 (m,
1H), 7.25−7.20 (m, 2H), 7.20−7.12 (m, 2H), 7.01 (d, J = 2.1 Hz,
1H), 6.90 (d, J = 1.6 Hz, 1H), 6.90−6.85 (m, 2H), 6.86−6.81 (m,
1H), 6.74 (s, 1H), 5.86 (t, J = 5.2 Hz, 1H), 5.48 (t, J = 5.7 Hz, 1H),
4.77 (s, 1H), 3.95 (d, J = 15.4 Hz, 1H), 3.83 (s, 3H), 3.55 (dd, J =
12.4, 6.3 Hz, 2H), 3.27−3.13 (m, 3H), 3.11−3.01 (m, 1H), 2.89 (t, J
= 6.6 Hz, 2H), 2.86−2.77 (m, 1H), 2.73−2.64 (m, 1H), 2.56 (s, 3H),
2.10 (t, J = 7.3 Hz, 2H), 1.67−1.56 (m, 2H), 1.53−1.43 (m, 2H),
1.34−1.18 (m, 1H) ppm.

13C NMR (101 MHz, CDCl3): δ = 173.0, 155.6, 154.0, 145.7,
144.3, 136.0, 133.9, 131.7, 128.9, 128.8, 127.8, 127.6, 125.9, 125.1,
123.2, 120.2, 119.8, 119.7, 112.4, 112.21, 112.16, 100.7, 76.3, 56.1,
47.7, 40.7, 39.7, 37.9, 36.0, 29.3, 28.5, 25.3, 22.8 ppm.

ESI: m/z calcd for C34H40N5O4 [M + H]+, 582.31; found 582.25;
retention time 7.72 min, HPLC purity 97%.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl (7-((2-(5-Methoxy-1H-indol-3-yl)ethyl)amino)-7-
oxoheptyl)carbamate (3c). The reaction was carried out according
to general procedure IV, using 4-nitrophenyl (7-((2-(5-methoxy-1H-
indol-3-yl)ethyl)amino)-7-oxoheptyl)carbamate 10c (162 mg, 0.32
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mmol), 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-ol 2 (43 mg 0.16 mmol), and NaH (10.3 mg, 0.26
mmol). The crude product was purified using column chromatog-
raphy and CH2Cl2:MeOH: 25% NH3 aq (35:1:0.1) as mobile phase.
The product 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-yl (7-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-7-
oxoheptyl)carbamate 3c (38 mg, 61 μmol, 38%) was obtained as a
pale yellow oil.

1H NMR (400 MHz, CDCl3): δ = 8.60 (s, 1H), 7.38−7.35 (m,
1H), 7.25−7.20 (m, 2H), 7.20−7.13 (m, 2H), 7.01 (d, J = 2.2 Hz,
1H), 6.94 (d, J = 2.0 Hz, 1H), 6.92−6.86 (m, 2H), 6.84 (dd, J = 8.8,
2.3 Hz, 1H), 6.77 (d, J = 1.8 Hz, 1H), 5.71 (t, J = 5.1 Hz, 1H), 5.27
(t, J = 5.9 Hz, 1H), 4.80 (s, 1H), 3.99 (d, J = 15.6 Hz, 1H), 3.84 (s,
3H), 3.58 (dd, J = 12.5, 6.4 Hz, 2H), 3.27−3.15 (m, 3H), 3.13−3.02
(m, 1H), 2.92 (t, J = 6.6 Hz, 2H), 2.83 (dt, J = 16.3, 4.9 Hz, 1H),
2.73−2.66 (m, 1H), 2.57 (s, 3H), 2.09 (t, J = 7.4 Hz, 2H), 1.62−1.46
(m, 4H), 1.34−1.23 (m, 5H) ppm.

13C NMR (101 MHz, CDCl3): δ = 173.3, 155.6, 154.0, 145.8,
144.2, 136.0, 134.0, 131.8, 128.9, 128.8, 127.8, 127.6, 125.9, 125.7,
123.2, 120.4, 119.9, 119.7, 115.8, 112.33, 112.25, 100.6, 76.4, 56.1,
47.8, 41.2, 39.6, 37.9, 36.7, 29.7, 28.7, 28.6, 26.3, 25.6, 25.3 ppm.
ESI: m/z calcd for C36H44N5O4 [M + H]+, 610.34; found 610.25;

retention time 8.05 min, HPLC purity 97%.
13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-

quinazolin-10-yl (E)-(4-(3-(4-Hydroxy-3-methoxyphenyl)-
acrylamido)butyl)carbamate (4a). The reaction was carried out
according to general procedure VI, using tert-butyl (13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl) bu-
tane-1,4-diyldicarbamate 14a (100 mg, 0.21 mmol), HBTU (83 mg,
0.22 mmol), (E)-3-(4-hydroxy-3-methoxyphenyl)acrylic acid (42 mg,
0.22 mmol), and NEt3 (31.8 μL, 0.23 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (35: 1: 0.1) as mobile phase. The product 13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl (E)-(4-
(3-(4-hydroxy-3-methoxyphenyl)acrylamido)butyl)carbamate 4a
(107 mg, 0.19 mmol, 91%) was obtained as a pale yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.52 (d, J = 15.5 Hz, 1H), 7.38−
7.33 (m, 1H), 7.25−7.18 (m, 2H), 7.15−7.11 (m, 1H), 6.99 (dd, J =
8.2, 1.6 Hz, 1H), 6.94 (d, J = 1.7 Hz, 1H), 6.91−6.83 (m, 3H), 6.76−
6.72 (m, 1H), 6.27 (d, J = 15.6 Hz, 1H), 6.20−6.13 (m, 1H), 5.45 (t,
J = 5.4 Hz, 1H), 4.80 (s, 1H), 3.97 (d, J = 15.3 Hz, 1H), 3.90−3.78
(m, 4H), 3.44−3.34 (m, J = 5.8 Hz, 2H), 3.31−3.18 (m, 3H), 3.11−
3.01 (m, 1H), 2.85−2.76 (m, 1H), 2.75−2.64 (m, 1H), 2.55 (s, 3H),
1.68−1.54 (m, 4H), 1.34−1.20 (m, 1H) ppm.

13C NMR (101 MHz, CDCl3): δ = 166.7, 155.7, 147.6, 147.0,
145.8, 144.2, 141.0, 136.0, 134.0, 128.9, 128.8, 127.6, 127.4, 125.9,
125.2, 122.1, 120.4, 119.9, 119.7, 118.5, 115.0, 109.9, 76.4, 56.1, 56.0,
47.8, 40.9, 39.3, 37.9, 28.6, 27.4, 26.9 ppm.
ESI: m/z calcd for C32H37N4O5 [M + H]+, 557.28; found 557.25;

retention time 7.51 min, HPLC purity 95%.
13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-

quinazolin-10-yl (E)-(6-(3-(4-Hydroxy-3-methoxyphenyl)-
acrylamido)hexyl)carbamate (4b). The reaction was carried out
according to general procedure VI, using tert-butyl (13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl) hex-
ane-1,6-diyldicarbamate 14b (100 mg, 0.20 mmol), HBTU (79 mg,
0.21 mmol), (E)-3-(4-hydroxy-3-methoxyphenyl)acrylic acid (40 mg,
0.21 mmol), and NEt3 (31.6 μL, 0.23 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (50: 1: 0.1) as mobile phase. The product 13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl (E)-(6-
(3-(4-hydroxy-3-methoxyphenyl)acrylamido)hexyl)carbamate 4b (46
mg, 79 μmol, 40%) was obtained as a pale yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.51 (d, J = 15.5 Hz, 1H), 7.36−
7.30 (m, 1H), 7.24−7.17 (m, 2H), 7.15−7.10 (m, 1H), 6.97 (d, J =
8.2 Hz, 1H), 6.93−6.81 (m, 4H), 6.77−6.71 (m, 1H), 6.27 (d, J =
15.6 Hz, 1H), 6.19 (t, J = 5.4 Hz, 1H), 5.37 (t, J = 5.7 Hz, 1H), 4.78−
4.71 (m, 1H), 3.97 (d, J = 15.1 Hz, 1H), 3.87−3.78 (m, 4H), 3.35
(dd, J = 12.9, 6.5 Hz, 2H), 3.22 (dd, J = 12.8, 6.3 Hz, 3H), 3.10−2.99

(m, 1H), 2.84−2.75 (m, 1H), 2.74−2.61 (m, 1H), 2.52 (s, 3H),
1.59−1.47 (m, 4H), 1.39−1.32 (m, 4H), 1.27−1.22 (m, 1H) ppm.

13C NMR (101 MHz, CDCl3): δ = 166.6, 155.7, 147.6, 147.0,
145.7, 144.2, 140.7, 136.0, 133.9, 128.9, 128.8, 127.6, 127.5, 125.9,
125.1, 122.0, 120.4, 119.8, 119.7, 118.6, 115.0, 110.0, 76.3, 56.1, 55.9,
47.8, 40.8, 39.3, 37.8, 29.8, 29.5, 28.5, 26.1, 25.9 ppm.

ESI: m/z calcd for C34H41N4O5 [M + H]+, 585.31; found 585.20;
retention time 7.86 min, HPLC purity 95%.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl (4-Cinnamamidobutyl)carbamate (5a). The re-
action was carried out according to general procedure VI, using tert-
butyl(13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl)butane-1,4-diyldicarbamate 14a (100 mg, 0.21
mmol), HBTU (83 mg, 0.22 mmol), cinnamic acid (32 mg, 0.22
mmol), and NEt3 (31.8 μL, 0.23 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (40: 1: 0.1) as mobile phase. The product 13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl (4-
cinnamamidobutyl)carbamate 5a (92 mg, 0.18 mmol, 87%) was
obtained as a pale white oil.

1H NMR (400 MHz, CDCl3): δ = 7.54 (d, J = 15.6 Hz, 1H), 7.41−
7.37 (m, 2H), 7.31−7.25 (m, 4H), 7.16−7.12 (m, 2H), 7.09−7.04
(m, 1H), 6.84−6.78 (m, 2H), 6.69 (d, J = 1.7 Hz, 1H), 6.33 (d, J =
15.6 Hz, 1H), 6.11−6.05 (m, 1H), 5.29 (t, J = 5.8 Hz, 1H), 4.74 (s,
1H), 3.92 (d, J = 15.5 Hz, 1H), 3.78 (d, J = 15.7 Hz, 1H), 3.34 (q, J =
6.2 Hz, 2H), 3.24−3.12 (m, 3H), 3.05−2.94 (m, 1H), 2.74 (dt, J =
16.2, 4.8 Hz, 1H), 2.67−2.59 (m, 1H), 2.48 (s, 3H), 1.98−1.65 (m,
1H), 1.63−1.45 (s, 5H) ppm.

13C NMR (101 MHz, CDCl3): δ = 166.3, 155.6, 145.9, 144.3,
141.0, 136.1, 135.0, 134.0, 132.4, 129.7, 128.9, 128.8, 127.9, 127.6,
125.9, 125.3, 121.0, 120.4, 120.0, 119.7, 76.5, 56.2, 47.9, 40.9, 39.4,
38.0, 28.7, 27.5, 26.9 ppm.

ESI: m/z calcd for C31H35N4O3 [M + H]+, 511.27; found 511.35;
retention time 7.84 min, HPLC purity 98%.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl (6-Cinnamamidohexyl)carbamate (5b). The re-
action was carried out according to general procedure VI, using tert-
butyl(13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl)hexane-1,6-diyldicarbamate 14b (84 mg, 0.17
mmol), HBTU (66 mg, 0.17 mmol), cinnamic acid (26 mg, 0.17
mmol), and NEt3 (25.2 μL, 0.18 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (50: 1: 0.1) as mobile phase. The product 13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl (6-
cinnamamidohexyl)carbamate 5b (67 mg, 0.12 mmol, 75%) was
obtained as a pale white oil.

1H NMR (400 MHz, CDCl3): δ = 7.63−7.56 (m, 1H), 7.47−7.41
(m, 2H), 7.35−7.29 (m, 4H), 7.24−7.17 (m, 2H), 7.15−7.11 (m,
1H), 6.94−6.83 (m, 2H), 6.75 (s, 1H), 6.43 (d, J = 13.0 Hz, 1H),
6.31 (t, J = 5.2 Hz, 1H), 5.38 (t, J = 5.8 Hz, 1H), 4.75 (s, 1H), 3.98
(d, J = 15.5 Hz, 1H), 3.84 (d, J = 15.7 Hz, 1H), 3.42−3.32 (m, 2H),
3.30−3.16 (m, 3H), 3.13−2.99 (m, 1H), 2.86−2.76 (m, 1H), 2.73−
2.64 (m, 1H), 2.52 (s, 3H), 1.61−1.50 (m, 4H), 1.44−1.33 (m, 4H)
ppm.

13C NMR (101 MHz, CDCl3): δ = 166.2, 155.7, 145.8, 144.3,
140.6, 136.0, 135.1, 133.9, 129.6, 128.9, 128.83, 128.80, 127.9, 127.5,
125.8, 125.2, 121.2, 120.4, 119.9, 119.6, 76.3, 56.2, 47.7, 40.8, 39.2,
37.8, 29.8, 29.5, 28.6, 26.1, 25.9 ppm.

ESI: m/z calcd for C33H39N4O3 [M + H]+, 539.30; found 539.25;
retention time 8.28 min, HPLC purity 96%.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
quinazolin-10-yl (4-(6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxamido)butyl)carbamate (6a). The reaction was carried out
according to general procedure VI, using tert-butyl (13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl)-
butane-1,4-diyldicarbamate 14a (100 mg, 0.21 mmol), HBTU (83
mg, 0.21 mmol), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (55 mg, 0.22 mmol), and NEt3 (31.8 μL, 0.23 mmol). The crude
product was purified using column chromatography and CH2Cl2:
MeOH: 25% NH3aq (50: 1: 0.1) as mobile phase. The product 13-
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methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl
(4-(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxamido)butyl)-
carbamate 6a (87 mg, 0.14 mmol, 67%) was obtained as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.39−7.34 (m, 1H), 7.24−7.20
(m, 2H), 7.17−7.13 (m, 1H), 6.89 (s, 2H), 6.75 (s, 1H), 6.38 (t, J =
5.2 Hz, 1H), 5.07 (t, J = 5.7 Hz, 1H), 4.83 (s, 1H), 4.03 (d, J = 15.6
Hz, 1H), 3.88 (d, J = 15.7 Hz, 1H), 3.42−3.33 (m, 1H), 3.30−3.22
(m, 1H), 3.14−3.03 (m, 4H), 2.87−2.70 (m, 2H), 2.62−2.53 (m,
5H), 2.47−2.37 (m, 1H), 2.21−2.16 (m, 6H), 2.08 (s, 3H), 1.90−
1.79 (m, 1H), 1.54 (s, 3H), 1.47−1.40 (m, 1H), 1.38−1.30 (m, 1H),
1.28−1.16 (m, 2H) ppm.

13C NMR (101 MHz, CDCl3): δ = 174.5, 155.4, 145.9, 145.8,
144.7, 144.3, 136.1, 134.0, 128.91, 128.85, 127.6, 125.9, 125.3, 124.6,
122.3, 121.9, 120.4, 119.9, 119.7, 118.4, 78.6, 76.3, 56.3, 47.9, 40.9,
38.6, 37.9, 29.8, 28.7, 27.1, 26.8, 25.0, 20.8, 12.5, 12.1, 11.5 ppm.
ESI: m/z calcd for C36H45N4O5 [M + H]+, 613.34; found 613.25;

retention time 8.19 min, HPLC purity 97%.
13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-

quinazolin-10-yl (6-(6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxamido)hexyl)carbamate (6b). The reaction was carried out
according to general procedure VI, using tert-butyl(13-methyl-
5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl)-
hexane-1,6-diyldicarbamate 14b (118 mg, 0.23 mmol), HBTU (93
mg, 0.24 mmol), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (61 mg, 0.24 mmol), and NEt3 (35.3 μL, 0.26 mmol). The crude
product was purified using column chromatography and CH2Cl2:
MeOH: 25% NH3aq (60:1:0.1) as mobile phase. The product 13-
methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl
(6-(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxamido)hexyl)-
carbamate 6b (44 mg, 70 μmol, 30%) was obtained as a yellow oil.

1H NMR (400 MHz, CDCl3): δ = 7.41−7.35 (m, 1H), 7.25−7.20
(m, 2H), 7.18−7.13 (m, 1H), 6.93−6.88 (m, 2H), 6.77 (s, 1H),
6.40−6.31 (m, 1H), 5.16 (t, J = 5.6 Hz, 1H), 4.85 (s, 1H), 4.04 (d, J =
15.5 Hz, 1H), 3.89 (d, J = 15.7 Hz, 1H), 3.42−3.32 (m, 1H), 3.31−
3.23 (m, 1H), 3.17−2.99 (m, 4H), 2.84 (dt, J = 16.3, 4.8 Hz, 1H),
2.78−2.69 (m, 1H), 2.63−2.52 (m, 5H), 2.49−2.40 (m, 1H), 2.18 (d,
J = 3.4 Hz, 6H), 2.08 (s, 3H), 1.85−1.77 (m, 1H), 1.54 (s, 3H),
1.42−1.32 (m, 4H), 1.20−1.12 (m, 2H), 1.02−0.93 (m, 2H) ppm.

13C NMR (101 MHz, CDCl3): δ = 174.4, 155.5, 145.9, 145.3,
144.5, 144.4, 136.1, 134.0, 128.91, 128.85, 127.6, 126.0, 125.3, 124.5,
122.1, 121.7, 120.4, 120.0, 119.7, 118.3, 78.6, 76.5, 56.3, 47.9, 41.3,
38.9, 38.0, 29.9, 29.8, 29.6, 28.7, 26.5, 26.1, 25.3, 20.9, 12.5, 12.1, 11.5
ppm.
ESI: m/z calcd for C38H49N4O5 [M + H]+, 641.37; found 641.30;

retention time 8.51 min, HPLC purity 95%.
Tert-butyl(3-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-3-

oxopropyl)carbamate (8a). The reaction was carried out according
to general procedure I, using 3-aminopropanoic acid 7a (100 mg, 1.12
mmol), di-tert-butyl decarbonate (244 mg, 1.12 mmol), NEt3 (388
μL, 2.8 mmol), 2-(5-methoxy-1H-indol-3-yl)ethan-1-amine (313 mg,
1.12 mmol), and HBTU (466 mg, 1.23 mmol). The crude product
was purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (30: 1: 0.1) as mobile phase. The product tert-butyl(3-((2-(5-
methoxy-1H-indol-3-yl)ethyl)amino)-3-oxopropyl)carbamate 8a (405
mg, 1.12 mmol, quant.) was obtained as a pale brown oil.

1H NMR (400 MHz, CDCl3): δ = 8.39−8.25 (m, 1H), 7.24 (d, J =
8.8 Hz, 1H), 7.01 (d, J = 2.2 Hz, 1H), 6.99−6.95 (m, 1H), 6.85 (dd, J
= 8.8, 2.2 Hz, 1H), 5.85 (s, 1H), 5.21 (s, 1H), 3.85 (s, 3H), 3.59−
3.52 (m, 2H), 3.36 (dd, J = 12.0, 6.0 Hz, 2H), 2.91 (t, J = 6.9 Hz,
2H), 2.29 (t, J = 5.7 Hz, 2H), 1.42 (s, 9H) ppm.

13C NMR (101 MHz, CDCl3): δ = 171.5, 156.3, 154.1, 131.7,
127.8, 123.0, 112.51, 112.45, 112.2, 100.6, 79.5, 56.1, 39.7, 38.7, 36.4,
28.5, 25.4 ppm.
ESI: m/z calcd for C19H28N3O4 [M + H]+, 362.21; found, 362.10;

retention time 8.83 min.
Tert-butyl(5-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-5-

oxopentyl)carbamate (8b). The reaction was carried out according
to general procedure I, using 5-aminopentanoic acid 7b (500 mg, 4.27
mmol), di-tert-butyl decarbonate (932 mg, 4.27 mmol), NEt3 (1.48
mL, 10.7 mmol), 2-(5-methoxy-1H-indol-3-yl)ethan-1-amine (812

mg, 4.27 mmol), and HBTU (1.78 g, 4.70 mmol). The crude product
was purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (30: 1: 0.1) as mobile phase. The product tert-butyl(5-((2-(5-
methoxy-1H-indol-3-yl)ethyl)amino)-5-oxopentyl)carbamate 8b
(1.02 g, 2.61 mmol, 61%) was obtained as a pale brown oil.

1H NMR (400 MHz, CDCl3): δ = 9.03 (s, 1H), 7.20 (d, J = 8.8 Hz,
1H), 7.00 (d, J = 2.3 Hz, 1H), 6.92 (d, J = 2.0 Hz, 1H), 6.81 (dd, J =
8.8, 2.3 Hz, 1H), 6.04 (t, J = 5.2 Hz, 1H), 4.93−4.82 (m, 1H), 3.80 (s,
3H), 3.55−3.47 (m, 2H), 3.05−2.97 (m, 2H), 2.88 (t, J = 6.8 Hz,
2H), 2.05 (t, J = 7.4 Hz, 2H), 1.58−1.48 (m, 2H), 1.42 (s, 9H),
1.40−1.32 (m, 2H) ppm.

13C NMR (101 MHz, CDCl3): δ = 173.0, 156.3, 153.7, 131.7,
127.7, 123.1, 112.1, 112.0, 111.9, 100.5, 79.1, 55.9, 39.9, 39.7, 35.9,
29.4, 28.4, 25.2, 22.8 ppm.

ESI: m/z calcd for C19H28N3O4 [M + H]+, 390.24; found, 390.15;
retention time 9.08 min.

Tert-butyl(7-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-7-
oxoheptyl)carbamate (8c). The reaction was carried out according
to general procedure I, using 7-aminoheptanoic acid 7c (500 mg, 3.44
mmol), di-tert-butyl decarbonate (751 mg, 3.44 mmol), NEt3 (1.19
mL, 8.6 mmol), 2-(5-methoxy-1H-indol-3-yl)ethan-1-amine (654 mg,
3.44 mmol), and HBTU (1.43 g, 3.78 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (30: 1: 0.1) as mobile phase. The product tert-butyl (7-((2-(5-
methoxy-1H-indol-3-yl)ethyl)amino)-7-oxoheptyl)carbamate 8c
(1.44 g, 3.44 mmol, quant.) was obtained as a pale brown oil.

1H NMR (400 MHz, CDCl3): δ = 9.46 (s, 1H), 7.16 (d, J = 8.8 Hz,
1H), 6.95 (d, J = 2.3 Hz, 1H), 6.89 (d, J = 2.0 Hz, 1H), 6.73 (dd, J =
8.8, 2.3 Hz, 1H), 6.31 (t, J = 5.6 Hz, 1H), 4.99 (s, 1H), 3.73 (s, 3H),
3.47 (dd, J = 12.8, 6.7 Hz, 2H), 2.99−2.91 (m, 2H), 2.84 (t, J = 6.9
Hz, 2H), 2.00 (t, J = 7.4 Hz, 2H), 1.51−1.42 (m, 2H), 1.37 (s, 9H),
1.34−1.24 (m, 2H), 1.17−1.09 (m, 4H) ppm.

13C NMR (101 MHz, CDCl3): δ = 173.2, 156.3, 153.9, 131.7,
127.7, 123.1, 112.3, 112.2, 112.0, 100.5, 79.0, 56.0, 39.8, 35.9, 29.5,
28.8, 28.4, 27.4, 26.2, 25.4, 22.6 ppm.

ESI: m/z calcd for C23H36N3O4 [M + H]+, 418.27; found, 418.30;
retention time 11.64 min.

3-Amino-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)propanamide
(9a). The reaction was carried out according to general procedure II,
using tert-butyl (3-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-3-
oxopropyl)carbamate 8a (405 mg, 1.12 mmol). The crude product
was purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (5: 1: 0.1) as mobile phase. The product 3-amino-N-(2-(5-
methoxy-1H-indol-3-yl)ethyl)propanamide 9a (293 mg, 1.12 mmol,
quant.) was obtained as a pale brown oil.

1H NMR (400 MHz, MeOD): δ = 10.08 (s, 1H), 7.94−7.83 (m,
1H) 7.24 (d, J = 8.8 Hz, 1H), 7.09 (d, J = 2.4 Hz, 1H), 7.03 (s, 1H),
6.78 (dd, J = 8.8, 2.4 Hz, 1H), 3.80 (s, 3H), 3.48 (t, J = 7.3 Hz, 2H),
2.91 (t, J = 7.3 Hz, 2H), 2.82 (t, J = 6.6 Hz, 2H), 2.27 (t, J = 6.6 Hz,
2H) ppm.

13C NMR (101 MHz, MeOD): δ = 172.9, 153.6, 132.0, 127.8,
123.0, 111.8, 111.7, 111.2, 100.2, 55.1, 39.8, 38.1, 37.7, 24.2 ppm.

ESI: m/z calcd for C14H20N3O2 [M + H]+, 262.16; found, 262.05;
retention time 5.57 min.

5-Amino-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)pentanamide
(9b). The reaction was carried out according to general procedure II,
using tert-butyl (5-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-5-
oxopentyl)carbamate 8b (1.02 g, 2.61 mmol). The crude product
was purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (5: 1: 0.1) as mobile phase. The product 5-amino-N-(2-(5-
methoxy-1H-indol-3-yl)ethyl)pentanamide 9b (755 mg, 2.61 mmol,
quant.) was obtained as a pale brown oil.

1H NMR (400 MHz, MeOD): δ = 9.94 (s, 1H), 7.78 (t, J = 5.6 Hz,
1H), 7.13 (d, J = 8.8 Hz, 1H), 6.96 (d, J = 2.4 Hz, 1H), 6.92 (s, 1H),
6.65 (dd, J = 8.8, 2.4 Hz, 1H), 3.68 (s, 3H), 3.34 (t, J = 7.3 Hz, 2H),
2.82−2.71 (m, 4H), 2.09−2.02 (m, 2H), 1.51−1.45 (m, 4H) ppm.

13C NMR (101 MHz, MeOD): δ = 175.2, 154.8, 133.2, 129.0,
124.3, 113.98, 112.95, 112.4, 101.5, 56.4, 41.2, 40.2, 36.0, 27.8, 26.1,
23.4 ppm.
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ESI: m/z calcd for C16H24N3O2 [M + H]+, 290.19; found, 290.10;
retention time 5.75 min.
7-Amino-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)heptanamide

(9c). The reaction was carried out according to general procedure II,
using tert-butyl (7-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)-7-
oxoheptyl)carbamate 8c (1.43 g, 3.44 mmol). The crude product
was purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (5: 1: 0.1) as mobile phase. The product 7-amino-N-(2-(5-
methoxy-1H-indol-3-yl)ethyl)heptanamide 9c (1.09 g, 3.44 mmol,
quant.) was obtained as a pale brown oil.

1H NMR (400 MHz, MeOD): δ = 10.03 (s, 1H), 7.82 (t, J = 5.7
Hz, 1H), 7.21 (d, J = 8.8 Hz, 1H), 7.04 (d, J = 2.4 Hz, 1H), 6.99 (s,
1H), 6.72 (dd, J = 8.8, 2.4 Hz, 1H), 3.76 (s, 3H), 3.42 (t, J = 7.3 Hz,
2H), 2.86 (t, J = 7.3 Hz, 2H), 2.83−2.77 (m, 2H), 2.09 (t, J = 7.5 Hz,
2H), 1.57−1.46 (m, 4H), 1.28−1.17 (m, 4H) ppm.

13C NMR (101 MHz, MeOD): δ = 176.0, 154.8, 133.3, 129.0,
124.3, 113.8, 112.99, 112.97, 112.4, 101.5, 56.4, 41.2, 40.6, 36.9, 29.4,
28.2, 26.9, 26.5, 26.1 ppm.
ESI: m/z calcd for C18H28N3O2 [M + H]+, 318.22; found, 318.18;

retention time 6.16 min.
4-Nitrophenyl (3-((2-(5-Methoxy-1H-indol-3-yl)ethyl)amino)-3-

oxopropyl)carbamate (10a). The reaction was carried out according
to general procedure III, using 3-amino-N-(2-(5-methoxy-1H-indol-3-
yl)ethyl)propanamide 9a (134 mg, 0.51 mmol), 4-nitrophenyl
chloroformate (133 mg, 0.66 mmol), and NEt3 (98 μL, 0.71
mmol). The crude product was purified using column chromatog-
raphy and cyclohexane: ethyl acetate (2:1) as mobile phase. The
product 4-nitrophenyl (3-((2-(5-methoxy-1H-indol-3-yl)ethyl)-
amino)-3-oxopropyl)carbamate 10a (67 mg, 0.16 mmol, 31%) was
obtained as a pale yellow solid.
Spectral data and melting point not determined due to instability of

the compound.
ESI: m/z calcd for C21H23N4O6 [M + H]+, 427.16; found, 426.95;

retention time 8.83 min.
4-Nitrophenyl (5-((2-(5-Methoxy-1H-indol-3-yl)ethyl)amino)-5-

oxopentyl)carbamate (10b). The reaction was carried out according
to general procedure III, using 5-amino-N-(2-(5-methoxy-1H-indol-3-
yl)ethyl)pentanamide 9b (492 mg, 1.70 mmol), 4-nitrophenyl
chloroformate (377 mg, 1.87 mmol), and NEt3 (471 μL, 34.0
mmol). The crude product was purified using column chromatog-
raphy and cyclohexane: ethyl acetate (2: 1) as mobile phase. The
product 4-nitrophenyl (5-((2-(5-methoxy-1H-indol-3-yl)ethyl)-
amino)-5-oxopentyl)carbamate 10b (171 mg, 0.36 mmol, 21%) was
obtained as a pale yellow solid.
Spectral data and melting point were not determined because of

the instability of the compound.
ESI: m/z calcd for C23H27N4O6 [M + H]+, 455.19; found, 455.30;

retention time 8.97 min.
4-Nitrophenyl (7-((2-(5-Methoxy-1H-indol-3-yl)ethyl)amino)-7-

oxoheptyl)carbamate (10c). The reaction was carried out according
to general procedure III, using 7-amino-N-(2-(5-methoxy-1H-indol-3-
yl)ethyl)heptanamide 9c (427 mg, 1.35 mmol), 4-nitrophenyl
chloroformate (300 mg, 1.49 mmol), and NEt3 (374 μL, 340
mmol). The crude product was purified using column chromatog-
raphy and cyclohexane: ethyl acetate (2: 1) as mobile phase. The
product 4-nitrophenyl (7-((2-(5-methoxy-1H-indol-3-yl)ethyl)-
amino)-7-oxoheptyl)carbamate 10c (162 mg, 0.32 mmol, 24%) was
obtained as a pale yellow solid.
Spectral data and melting point were not determined because of

the instability of the compound.
ESI: m/z calcd for C25H31N4O6 [M + H]+, 483.22; found, 483.25;

retention time 9.29 min.
Tert-butyl(4-aminobutyl)carbamate (12a). The reaction was

carried out according to general procedure V, using butane-1,4-
diamine 11a (4.41 g, 50.0 mmol), di-tert-butyl decarbonate (2.18 g,
10.0 mmol), and NEt3 (2.08 mL, 15.0 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (7: 1: 0.1) as mobile phase. The product tert-butyl(4-
aminobutyl)carbamate 12a (892 mg, 4.74 mmol, 47%) was obtained
as a colorless oil.

1H NMR (400 MHz, CDCl3): δ = 4.69 (s, 1H), 3.14−3.08 (m,
2H), 2.70 (t, J = 6.6 Hz, 2H), 1.52−1.47 (m, 4H), 1.42 (s, 9H) ppm.

13C NMR (101 MHz, CDCl3): δ = 156.2, 79.2, 41.9, 40.6, 30.9,
28.6, 27.6 ppm.

ESI: m/z calcd for C9H21N2O2 [M + H]+, 189.16; not detected.
Tert-butyl(6-aminohexyl)carbamate (12b). The reaction was

carried out according to general procedure V, using hexane-1,6-
diamine 11b (5.81 g, 50.0 mmol), di-tert-butyl decarbonate (2.18 g,
10.0 mmol), and NEt3 (2.08 mL, 15.0 mmol). The crude product was
purified using column chromatography and CH2Cl2: MeOH: 25%
NH3aq (7:1:0.1) as mobile phase. The product tert-butyl (6-
aminohexyl)carbamate 12b (2.03 g, 9.38 mmol, 94%) was obtained
as a colorless oil.

1H NMR (400 MHz, CDCl3): δ = 4.56 (s, 1H), 3.13−3.03 (m,
2H), 2.66 (t, J = 6.9 Hz, 2H), 1.48−1.44 (m, 2H), 1.42 (s, 9H),
1.34−1.28 (m, 6H) ppm.

13C NMR (101 MHz, CDCl3): δ = 156.1, 79.1, 42.2, 40.6, 33.7,
30.2, 28.5, 26.7, 26.6 ppm.

ESI: m/z calcd for C12H25N2O2 [M + H]+, 217.33; not detected.
Tert-butyl(4-nitrophenyl)butane-1,4-diyldicarbamate (13a). The

reaction was carried out according to general procedure III, using tert-
butyl(4-aminobutyl)carbamate 12a (527 mg, 2.80 mmol), 4-nitro-
phenyl chloroformate (585 mg, 2.90 mmol), and NEt3 (582 μL, 4.2
mmol). The crude product was purified using column chromatog-
raphy and cyclohexane: ethyl acetate (2: 1) as mobile phase. The
product tert-butyl(4-nitrophenyl)butane-1,4-diyldicarbamate 13a
(503 mg, 1.42 mmol, 51%) was obtained as a pale yellow solid.

Spectral data and melting point were not determined because of
the instability of the compound.

ESI: m/z calcd for C16H23N3NaO6 [M + Na]+, 354.17; found,
376.05; retention time 9.23 min.

Tert-butyl(4-nitrophenyl)hexane-1,6-diyldicarbamate (13b). The
reaction was carried out according to general procedure III, using tert-
butyl(6-aminohexyl)carbamate 12b (755 mg, 3.49 mmol), 4-nitro-
phenyl chloroformate (738 mg, 3.66 mmol), and NEt3 (726 μL, 5.24
mmol). The crude product was purified using column chromatog-
raphy and cyclohexane: ethyl acetate (2: 1) as mobile phase. The
product tert-butyl(4-nitrophenyl)hexane-1,6-diyldicarbamate 13b
(626 mg, 1.6 mmol, 47%) was obtained as a pale yellow solid.

Spectral data and melting point were not determined because of
the instability of the compound.

ESI: m/z calcd for C18H27N3NaO6 [M + Na]+, 404.18; found,
404.15; retention time 9.62 min.

Tert-butyl(13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino-
[1,2-b]quinazolin-10-yl)butane-1,4-diyldicarbamate (14a). The
reaction was carried out according to general procedure IV, using
tert-butyl (4-nitrophenyl) butane-1,4-diyldicarbamate 13a (503 mg,
1.42 mmol), 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-ol 2 (304 mg, 1.14 mmol), and NaH (57 mg, 1.42
mmol). The crude product was purified using column chromatog-
raphy and CH2Cl2: MeOH: 25% NH3aq (60: 1: 0.1) as mobile phase.
The product tert-butyl(13-methyl-5,8,13,13a-tetrahydro-6H-
isoquinolino[1,2-b]quinazolin-10-yl)butane-1,4-diyldicarbamate 14a
(443 mg, 0.90 mmol, 79%) was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3): δ = 7.40−7.35 (m, 1H), 7.24−7.20
(m, 2H), 7.17−7.12 (m, 1H), 6.90 (s, 2H), 6.77 (s, 1H), 5.09 (s, 1H),
4.59 (s, 1H), 4.04 (d, J = 15.6 Hz, 1H), 3.89 (d, J = 15.7 Hz, 1H),
3.32−3.24 (m, 3H), 3.20−3.04 (m, 3H), 2.87−2.79 (m, 1H), 2.76−
2.69 (m, 1H), 2.58 (s, 3H), 1.62−1.42 (m, 14H) ppm.

13C NMR (101 MHz, CDCl3): δ = 156.4, 156.2, 145.9, 144.3,
136.1, 128.94, 128.88, 127.6, 125.9, 125.3, 120.4, 120.0, 119.7, 76.5,
56.3, 47.9, 41.0, 38.0, 28.7, 28.6, 27.6 ppm.

ESI: m/z calcd for C27H37N4O4 [M + H]+, 481.28; found, 481.30;
retention time 7.76 min.

Tert-butyl(13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino-
[1,2-b]quinazolin-10-yl)hexane-1,6-diyldicarbamate (14b). The
reaction was carried out according to general procedure IV, using
tert-butyl(4-nitrophenyl)hexane-1,6-diyldicarbamate 13b (446 mg,
1.17 mmol), 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-ol 2 (249 mg, 0.94 mmol), and NaH (47 mg, 1.17

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c00534
J. Med. Chem. 2021, 64, 9302−9320

9314

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00534?rel=cite-as&ref=PDF&jav=VoR


mmol). The crude product was purified using column chromatog-
raphy and CH2Cl2: MeOH: 25% NH3aq (60:1:0.1) as mobile phase.
The product tert-butyl(13-methyl-5,8,13,13a-tetrahydro-6H-
isoquinolino[1,2-b]quinazolin-10-yl)hexane-1,6-diyldicarbamate 14b
(301 mg, 0.59 mmol, 45%) was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3): δ = 7.44−7.38 (m, 1H), 7.29−7.23
(m, 2H), 7.21−7.16 (m, 1H), 6.95 (s, 2H), 6.81 (d, J = 1.1 Hz, 1H),
5.62 (t, J = 5.3 Hz, 1H), 4.87−4.85 (m, 1H), 4.05 (d, J = 15.5 Hz,
1H), 3.91 (d, J = 15.7 Hz, 1H), 3.34−3.22 (m, 3H), 3.18−3.06 (m,
3H), 2.93−2.83 (m, 1H), 2.80−2.73 (m, 1H), 2.62 (s, 3H), 1.59−
1.46 (m, 14H), 1.40−1.30 (m, 4H) ppm.

13C NMR (101 MHz, CDCl3): δ = 156.2, 155.4, 145.5, 144.2,
135.8, 133.8, 128.8, 128.6, 127.5, 125.8, 124.9, 120.3, 119.6, 115.6,
76.2, 55.9, 47.6, 41.0, 40.3, 37.7, 29.9, 29.6, 28.4, 28.3, 26.2 ppm.
ESI: m/z calcd for C29H41N4O4 [M + H]+, 509.31; found, 509.25;

retention time 8.16 min.
DPPH Assay. Compound stock solutions were prepared in DMSO

(5 mM) and diluted in MeOH. To 100 μL of the compound dilution,
33.3 μL of DPPH [200 μM] (Sigma-Aldrich, Munich, Germany) were
added and incubated for 30 min at r.t. Ascorbic acid served as
reference.64 After incubation, the absorbance at 517 nm was
determined with a multiwell plate photometer (Tecan, SpectraMax
250).
Statistical Analysis. Data are expressed as means ± SD of three

independent experiments, each DPPH scavenging (%) against
logarithmic compound concentration.
ORAC Assay. ORAC-capacity was investigated according to

literature procedure with minor changes.65,66 The assay was
performed in 75 mM PBS (pH 7.4); the final volume was 200 μL,
and incubation was at 37 °C. Fluorescein (FL) was used as a
fluorescent probe; Trolox was used as the reference, and compound
2,2′-azobis(amidinopropane) dihydrochloride (AAPH) was used as
the free radical generator. Compound dilution (20 μL) and FL (120
μL, 70 nM, final concentration) were combined in a black 96-well-
microplate and preincubated for 15 min at 37 °C. Subsequently,
AAPH solution (60 μL, 12 mM, final concentration) was added
rapidly, and the plate was placed in a TECAN microplate reader to
measure fluorescence (485 nm excitation and 510 nm emission filters)
intensity every two min for 90 min. Samples were measured at two
different concentrations (2 and 4 μM). A blank (FL + AAPH in PBS),
and a calibration curve of Trolox (1, 2, 4, 6, 8, 10, 12, and 15 μM) was
included in each experiment. All samples were prepared in duplicate
and three independent assays were performed for each compound.
The area under the fluorescence decay curve (fluorescence vs time)
(AUC) was calculated as

∑= +
=

=

f fAUC 1 /
i

i

i
1

45

0

where f 0 is the initial fluorescence reading at 0 min and f i is the
fluorescence reading at time 2i. The net AUC corresponding to a
sample was calculated by subtracting the AUC corresponding to the
blank (net AUC = AUCantioxidant − AUCblank). Linear regression
equations were calculated by plotting the net AUC against the Trolox
antioxidant standard concentration. ORAC-FL values were expressed
as Trolox equivalents by using the standard curve calculated for each
assay, where the ORAC-FL value of Trolox was taken as 1, plot the
Trolox standard curve and interpolate it to determine sample ORAC
values.
Inhibition of hBChE and hAChE. ChE inhibition was

investigated using a modified Ellman’s assay.24,48,49 BChE (E.C.
3.1.1.8, from humans) was kindly provided by Oksana Lockridge from
the University of Nebraska Medical Center. hAChE (EC 3.1.1.7,
recombinant expressed) was purchased from Sigma-Aldrich. DTNB
(Ellman’s reagent); ATC and BTC iodides were obtained from Fluka
Analytical. The readout was performed on a multiwell plate
photometer (Tecan SpectraMax 250). Buffer I was freshly prepared
before use (55 mM NaH2PO4, 0.3 mM DTNB, in ddH2O, pH = 8.0
adjusted with 0.5 M NaOHaq). Buffer II (55 mM NaH2PO4, in
ddH2O, pH = 8.0 adjusted with 0.5 M NaOHaq).

IC50-Determination. Enzymes were diluted in PBS containing 1
mg/mL bovine serum albumin (Sigma-Aldrich) for stabilization, to
give stock solutions with 2.5 U/mL, which were stored at 7 °C until
usage. Compound dilutions were prepared in a clear 96-well plate
using buffer I. To 120 μL of the compound dilution, 10 μL of enzyme
(2.5 U/min) was added in each well using a multidispenser. After 20
min of incubation at r.t., 3 μL of the respective substrate (ATC or
BTC) [75 mM] were rapidly added in each well using a
multidispenser. After substrate addition, the plate was directly shaken
for 10 s before the first read and a kinetic measurement (read each 30
s for 3 min at 412 nm) was performed. Replacing the 120 μL of
compound dilution with 120 μL of buffer I served as 100% enzyme
activity. The enzyme activity of each concentration was calculated
using the slope. IC50 values were calculated using GraphPad Prism 5
software by plotting enzyme activity against logarithmic inhibitor
concentration. Values are presented as means ± SEM of at least three
independent determinations.

Decarbamylation. To investigate the decarbamylation, 4 μL of a
high concentrated enzyme solution (after 1000-fold dilution 2.5 U/
min) were combined with 3 μL of a compound dilution in DMSO,
which fully carbamylates the enzyme, in 193 μL of buffer II. The
mixture incubated for 1 h at r.t. and was then diluted 1000-fold in
buffer I, so that only decarbamylation and no further carbamylation is
taking place from this time point on. The dilution was rapidly
aliquoted in 8 wells (200 μL in each well) of a clear 96-well plate
using a multidispenser. At the respective time points, 3 μL of the
substrate (ATC or BTC) [75 mM] were rapidly added using a
multidispenser, and the plate was directly shaken for 10 s before the
first read, and a kinetic measurement (read each 30 s. for 3 min at 412
nm) was performed. First measurement was performed 5 min after
the 1000-fold dilution and enzyme activity was always below 85%.
When the enzyme activity was above 85%, the compound
concentration was increased in the carbamylation step. Treatment
of the enzyme with only 3 μL in DMSO instead of the compound
served as 100% enzyme activity. Since the enzyme activity decreases
over the time, the 100% activity control was also measured at each
time point. The enzyme activity in percent was plotted against the
time after 1000-fold dilution to obtain a function of first order. The
half-life of carbamylated enzyme was calculated using GraphPad
Prism 5.0 software. All procedures used to determine the inhibitory
properties have been established before.11,24,46 Values are presented as
means ± SEM of at least three independent determinations.

Metal Chelating Assay. The chelating ability of Fe2+ was
determined as described by Santos et al. with minor modifications.67

Fe2+ of ferrous sulfate reacts with ferrozoine (3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt hydrate)
to form a purple Fe2+-ferrozoine complex with absorption maximum
at 562 nm. Presence of chelators reduces the formation of Fe2+-
ferrozoine complex. Lower absorbance at 562 nm indicates higher
metal-chelating activity. To start the reaction, FeSO4 solution (50 μL,
80 μM in 50 mM NaAc aqueous buffer pH 6.0) was added to diluted
compounds (100 μL, in MeOH) or pure methanol as negative
control. The 96-well plate was incubated at r.t. for 2 min, and
ferrozine (50 μL, 250 μM in 50 mM NaAc aqueous buffer pH 6.0)
was added to each well. After incubation for 10 min, the absorbance
was measured with a microplate reader at 562 nm. The mixture of a
dilution series of the compound and Fe2+ aq. served as a blank of the
particular compound. EDTA·2Na in water was diluted with MeOH,
which served as reference under the same assay conditions. Data is
presented as mean ± SEM of two independent experiments, each
performed in duplicate.

The ability of compounds to chelate Cu2+ was assessed using the
method described by Santos et al. with minor modifications.67 Free
Cu2+ reacts with pyrocatechol violet (PV) at a proportion of 2:1,
forming a blue-colored complex with an absorption maximum at 632
nm. Briefly, in each well, CuSO4 (50 μL, 400 μM, in 50 mM NaAc
aqueous buffer pH 6.0) was added to diluted compounds (100 μL in
MeOH) or pure methanol as negative control. The 96-well-plate was
incubated at r.t. for 2 min; then, PV (50 μL, 400 μM in 50 mM NaAc
aqueous buffer pH 6.0) was added to each well. After incubation at r.t.
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for 10 min in the dark, absorbance was measured with a microplate
reader at 632 nm. The experiments were performed in duplicates.
EDTA·2 Na in water was diluted with MeOH, which was served as
reference under the same assay conditions. Data is presented as mean
± SEM of two independent experiments, each performed in duplicate.
Neurotoxicity and Neuroprotection on HT22 Cells. Cell

Culture. HT22 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich, Munich, Germany) supplemented
with 10% (V/V) heat-inactivated fetal calf serum (FCS) and 1% (V/
V) penicillin/streptomycin. Cells were passaged every 2 days (1:10)
and incubated at 37 °C with 5% CO2 in a humified incubator.
Compounds were dissolved in pure DMSO and then diluted with
medium. Generally, 80% confluent cells were detached using
trypsine/EDTA and seeded with 5000 cells/well into a sterile, clear
96-well plate. After incubation in humidor for 24 h, cells were used for
experiments.
Neurotoxicity. The growth medium was discarded, and different

concentrations of the compound, diluted in growth medium, were
added to the wells. DMSO (0.5%) in DMEM served as control. Cells
were incubated for 24 h with the compound dilutions, then an MTT
assay was performed.
Neuroprotection. The growth medium was discarded, and different

concentrations of the compound, diluted in growth medium
containing 5 mM glutamate (monosodium-L-glutamate, Sigma-
Aldrich, Munich, Germany). DMSO (0.5%) in growth medium
served as control. Glutamate 5 mM in growth medium served as
negative control. Quercetin (25 μM, Sigma-Aldrich, Munich,
Germany) served as positive control for neuroprotection. After
incubation in humidor for 24 h, cells were used for experiments.
MTT Assay. Cell viability was investigated using MTT assay.

Therefore, a 4 mg/mL stock of MTT in PBS was freshly prepared and
diluted 1:10 with growth medium. After the cells were treated for 24
h, the dilutions were discarded and MTT in growth medium was
added. Cells were incubated for 3 h, and then, the MTT solution was
carefully discarded and replaced with an aqueous 10% SDS solution.
After incubation for 12 h, absorbance at 560 nm of lysed cells was
determined with a multiwell plate photometer (Tecan, SpectraMax
250).
Statistical Analysis. Results are presented as percentage of 0.5%

DMSO treated control cells. Data are expressed as means ± SD of
three independent experiments, each performed in sextuplicate.
Analysis was accomplished using GraphPad Prism 5 software applying
one-way ANOVA, followed by Dunnett’s multiple comparison post-
test. Levels of significance: *p < 0.05; ** p < 0.01; ***p < 0.001.
Immunomodulation Analysis on Microglia Cells. Immuno-

modulation. To evaluate the immunomodulatory effects of
antioxidant parent moieties, melatonin and ferulic acid, and the
resulting hybrids 3c and 4a, 2.5 × 105 mouse N9-microglial cells were
plated in 35 mm dish in complete Dulbecco Modified Eagle Medium
(DMEM supplemented with 10% heat inactivated Fetal Bovine Serum
(FBS), 1% penicillin/streptomycin, 2 mM glutamine; all from
Aurogene Srl, Rome, Italy), in the presence of 100 ng/mL LPS
(lipopolysaccharide) and increasing concentrations of compounds.
After 24 h, conditioned medium was collected to perform nitrite
measurement, or concentrated through Microcon YM-3 (Millipore,
Billerica, MA) and resuspended in 4× loading buffer (0.2 M Tris-
HCL pH 6.8; sodium dodecyl sulfate; 40% glycerol; 0.4%
bromophenol blue and 0.4 M dithiothreitol; Sigma-Aldrich) for
Western Blot analysis. Similarly, microglial cells were collected in lysis
buffer (1% SDS; 50 mM Tris pH 7.4; 1 mM EDTA; 1× protease and
phosphatase inhibitor cocktails, Sigma-Aldrich), and the protein’s
amount was determined by using the Lowry protein assay.
For Western blot analysis, both media and cells samples were

briefly sonicated with a Branson 250 digital sonifier, loaded into 12%
sodium-dodecyl sulfate-polyacrylamide gels (SDS-PAGE; Bio-Rad),
and transferred onto nitrocellulose membranes (GE Healthcare,
Milano, Italy). After blocking nonspecific sites for 1 h in PBS−0.1%
Tween-20 (Sigma-Aldrich) and 4% nonfat dry milk (Bio-Rad) at
room temperature, the membranes were incubated with primary
antibodies overnight at 4 °C in PBS−0.1% Tween-20: rabbit anti-

iNOS (1:1000, Cell Signaling Technology, Danvers, Massachusetts,
USA), mouse anti-TGFβ2 (1:1000 Abcam, Cambridge, UK), rabbit
anti-TREM2 (1:1000, Cell Signaling Technology), and mouse anti-
GAPDH (1:20000, Dako North America, Agilent Technologies,
USA). The day after, specific horseradish peroxidase-conjugated
antibodies (goat antirabbit and goat-anti mouse, 1:5000, Jackson
ImmunoResearch, Cambridge, UK) were added 90 min at RT in
PBS−0.1% Tween-20. Proteins were visualized through the Clarity
Western ECL Substrate (Bio-Rad) and detected by using Bio-Rad
Image Lab Software with a ChemiDoc imaging system (Bio-Rad).

Nitrite Measurement. NO accumulation in microglial conditioned
media was indirectly quantified in 96-well-plates through a
colorimetric assay based on Griess diazotization reaction. Known
concentrations of NaNO2 were used as standard curve. To quantify
nitrites release formed by spontaneous oxidation of NO, 5 mM
sulfanilamide (Sigma-Aldrich) was added to both culture media and
NaNO2; in the presence of nitrites, it generates a diazonium cation
that subsequently couples to N-1-naphthylethylenediamine dihydro-
chloride 40 mM (NEDA; Sigma-Aldrich) producing a colored azo
dye. Plates were then incubated 15 min at RT away from lights and
absorbance was read at 540 nm with a Multiplate Spectrophotometric
Reader (Biorad Laboratories Srl, Milano, Italy).

Statistical Analysis. All quantitative data are means ± SE from 3
independent experiments. Statistical analysis between treatments were
calculated with GRAPHPAD PRISM6 (L Jolla, California, USA) by
using one-way analysis of variance (ANOVA), followed by post hoc
comparison Bonferroni’s test. p < 0.05 value was considered
statistically significant.

Statistical Analysis. All quantitative data are means ± SE from 3
independent experiments. Statistical analysis between treatments were
calculated with GRAPHPAD PRISM6 (L Jolla, California, USA) by
using one-way analysis of variance (ANOVA), followed by posthoc
comparison Bonferroni’s test. p < 0.05 value was considered
statistically significant.

In Vivo Studies. To investigate possible in vivo neuroprotection
against ICV injection of oligomerized Aβ25−35 peptide of 3c and 4a in
vivo, each compound was injected IP o.d. between day 1 and 7. The
peptide was ICV injected on day 1, and behavioral examination was
performed between days 8 and 10. All animals were sacrificed on day
11 (cf., Figure S2)

Animals. Male Swiss mice, 6 weeks old and weighing 34−39 g,
from Javier (Saint-Berthvin, France), were kept or housed and
experiments took place within the animal facility building of the
University of Montpellier (CECEMA, Office of Veterinary Service
agreement #B-34-172-23). Homozygous BuChE KO founders were
generously provided by Dr O. Lockridge (Eppley Institute, University
of Nebraska Medical Center, Omaha, NE, USA).68 The colony was
then maintained on a pure 129 Sv strain at the animal facility of INRA
in Montpellier (agreement no. D34-172-10). Litter mates were
transferred to the animal facility of the University of Montpellier at
the age of 3 months, at least 1 week before the behavioral experiments
start. Animals were housed in groups with access to food and water ad
libitum, except during behavioral experiments. They were kept in a
temperature and humidity-controlled animal facility on 12 h/12 h
light/dark cycle (lights off at 07:00 pm). All animal procedures were
conducted in strict adherence to the European Union directive of
September 22, 2010 (2010/63/UE) and authorized (file no. 1485-
15034) by the National Ethic Committee (Paris, France).

Amyloid Peptide Preparation and Injection. Homogeneous
oligomeric preparation of Aβ25−35 peptide was performed by
incubation for 4 days at 37 °C according to Maurice et al.59 For
ICV injection, the mice were anesthetized with isoflurane 2.5%. Then
Aβ25−35 (3 μL/mouse, 9 nmol/mouse) or vehicle solution (V1,
ddH2O 3 μL/mouse) was injected according to the previously
described method.59,69−73 It is well established that a vehicle solution
similar as to a control scrambled Aβ25−35 peptide failed to induce
toxicity and, therefore, affect learning abilities; vehicle-treated animals
served as controls.29,59,69−73

Compound Preparation. Stock solutions of compounds were
prepared in pure DMSO (4 mg/mL) and stored for 1 week at 4 °C.
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The injection dilutions were made fresh daily by diluting the stock
solution with ddH2O/DMSO. The final percentage of DMSO of 3
mg/kg dose was 50%. Vehicle solution used for control groups (V2)
was DMSO 50% in ddH2O.
Spontaneous Alternation Performance. On day 8, all animals

were tested for spontaneous alternation performance in the Y maze,
an index of spatial working memory. The Y maze used is made of gray
poly(vinyl chloride). Each arm is 40 cm long, 13 cm high, 3 cm wide
at the bottom, 10 cm wide 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 Y maze during an 8 min session. The series of
arm entries, including possible returns into the same arm, was
observed visually. Alternation was defined as entries into all thee arms
on consecutive occasion. The number of maximum alternation is,
therefore, the total number of arm entries minus two, and the
percentage of alternation was calculated as (actual alternation/
maximum alternations) × 100. Parameters included the percentage of
alternation (memory index) and the total number of arm entries
(exploration index).50,59,60,62,63 Animals that shown an extreme
behavior (alternation performance od <20% or >90% or number of
arm entries <10) were discarded from the calculation. In this study,
5animals were discarded accordingly (2.7% attrition).
Passive Avoidance Test. On day 9 and 10, a passive avoidance test

was performed. The apparatus is a two-compartment (each
compartment 15 × 20 × 15 cm high) box with one white poly(vinyl
chloride) walls and a black painted compartment. The black
compartment contains a grid on the bottom, coupled to a shock
generator scrambler (Lafayette Instruments, Lafayette, USA). The
white compartment is lighted with a 60 W lamp positioned 40 cm
above the apparatus during the experiment, while the black
compartment is covered and dark. Compartments are separated by
a guillotine door. On day 9, mice were trained by placing them in the
lighted white compartment with initially closed guillotine door. After
5 s, the door was raised. When the mouse entered the black, dark
compartment and placed all its paws on the grid floor, the door was
closed, and the foot shock was delivered (0.3 mA for 3 s). The mouse
was then directly placed back into its housing. The step-through
latency, that is, the latency spent to enter the darkened compartment,
and the number of vocalizations was recorded. The retention test was
performed 24 h after training session on day 10. Each mouse was
placed again into the lighted white compartment. After 5 s, the door
was raised. The step-through latency was recorded up to 300 s.
Animals that show latencies during the training and retention sessions
lower than 10 s are considered as ailing to respond to the procedure
and were discarded from the calculations. In this study, 2 animals
were discarded accordingly (1% attrition).
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