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Abstract: Marine alkaloids belonging to the lamellarins family, which incorporate a 5,6-dihydro-1-
phenylpyrrolo[2,1-a]isoquinoline (DHPPIQ) moiety, possess various biological activities, spanning
from antiviral and antibiotic activities to cytotoxicity against tumor cells and the reversal of multidrug
resistance. Expanding a series of previously reported imino adducts of DHPPIQ 2-carbaldehyde,
novel aliphatic and aromatic Schiff bases were synthesized and evaluated herein for their cytotoxicity
in five diverse tumor cell lines. Most of the newly synthesized compounds were found noncytotoxic
in the low micromolar range (<30 µM). Based on a Multi-fingerprint Similarity Search aLgorithm
(MuSSeL), mainly conceived for making protein drug target prediction, some DHPPIQ derivatives,
especially bis-DHPPIQ Schiff bases linked by a phenylene bridge, were prioritized as potential
hits addressing Alzheimer’s disease-related target proteins, such as cholinesterases (ChEs) and
monoamine oxidases (MAOs). In agreement with MuSSeL predictions, homobivalent para-phenylene
DHPPIQ Schiff base 14 exhibited a noncompetitive/mixed inhibition of human acetylcholinesterase
(AChE) with Ki in the low micromolar range (4.69 µM). Interestingly, besides a certain inhibition of
MAO A (50% inhibition of the cell population growth (IC50) = 12 µM), the bis-DHPPIQ 14 showed
a good inhibitory activity on self-induced β-amyloid (Aβ)1–40 aggregation (IC50 = 13 µM), which
resulted 3.5-fold stronger than the respective mono-DHPPIQ Schiff base 9.

Keywords: acetylcholinesterase inhibitors; β-amyloid aggregation; anti-Alzheimer’s disease agents;
cytotoxicity; pyrrolo[2,1-a]isoquinolines

1. Introduction

Pyrrolo[2,1-a]isoquinoline is the azaheterocyclic core structure of several alkaloids
(e.g., crispines, trolline and lamellarins) endowed with diverse biological activities, includ-
ing anticancer, antiviral and antibacterial activities [1]. Marine alkaloids incorporating a
5,6-dihydro-1-phenylpyrrolo[2,1-a]isoquinoline (henceforth referred to as DHPPIQ) moiety
into their structure, like type Ia (saturated) lamellarins (Figure 1), showed cytotoxicity to
tumor cells and inhibition of P-glycoprotein (P-gp)-mediated multidrug resistance (MDR),
some of them being more potent as P-gp inhibitors than the well-known verapamil [2].
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moiety into their structure, like type Ia (saturated) lamellarins (Figure 1), showed cytotox-
icity to tumor cells and inhibition of P-glycoprotein (P-gp)-mediated multidrug resistance 
(MDR), some of them being more potent as P-gp inhibitors than the well-known vera-
pamil [2]. 

DHPPIQ 2-carbaldehydes [3] and related carbonyl adducts [4] (structure I with major 
points of diversification in Figure 1), mostly Schiff bases, were recently synthesized by 
some of us and biologically evaluated. Several DHPPIQ derivatives showed high inhibi-
tory potency toward P-gp, attaining sub-micromolar 50% inhibition of the cell population 
growth (IC50) values, and the ability to reverse in vitro P-gp-mediated resistance in doxo-
rubicin-resistant tumor cells [4]. 

 
Figure 1. General structure of aldehydes and related imino derivatives of 5,6-dihydro-1-phenylpyr-
rolo[2,1-a]isoquinoline (DHPPIQ) compared with the structure of the natural type Ia lamellarins. 

In this study, a number of novel Schiff bases, including homobivalent derivatives, 
were prepared by condensation of DHPPIQ 2-carbaldehydes with aromatic (p-anisidine 
and p-phenylenediamine) and aliphatic amines (e.g., 1,2-ethylenediamine and 1,3-propyl-
enediamine) and their cytotoxicity evaluated in vitro in a panel of five tumor cell lines. 
With the aim of deriving a spectrum of probable protein targets for the newly synthesized 
DHPPIQ Schiff bases, we used MuSSeL (Multi-fingerprint Similarity Search aLgorithm), 
a web server recently developed by some of us [5,6]. Based on the prioritization suggested 
by the similarity algorithm, the interactions of DHPPIQ 2-aldehyde adducts with cholin-
esterases (ChEs) and other Alzheimer’s disease (AD)-related targets (i.e., β-amyloid ag-
gregation and monoamine oxidases) were evaluated, which led us to identify some 
DHPPIQ derivatives as hits of prospective multitarget-directed ligands (MTDLs) for this 
fatal neurodegenerative disorder. 

2. Results and Discussion 
2.1. Chemistry 

According to an affordable and effective procedure previously reported by some of 
us [3], the synthesis of DHPPIQ 2-aldehydes 1–6 was accomplished through a domino 
reaction of 1-aroyl-3,4-dihydroisoquinolines with α,β-unsaturated aldehydes. The alde-
hyde derivatives 1–6 were condensed with 4-anisidine in anhydrous toluene to afford the 
aromatic Schiff bases 7–12 (Scheme 1). The reaction of aldehydes 1, 3 and 4 with 1,4-phe-
nylenediamine (2:1 molar ratio) in anhydrous toluene led to the formation of homobiva-
lent aromatic Schiff base adducts 13–15, subsequently transformed into HCl salts to in-
crease their solubility in aqueous buffers. The condensation of 1 with hydrazine or eth-
ylenediamine in anhydrous toluene yielded the homobivalent aliphatic Schiff bases 18 
and 19, respectively. The preparation of compound 16 was accomplished by reacting 1 
with 3-(dimethylamino)-1-propylamine in anhydrous benzene. The diamino derivative 17 
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Figure 1. General structure of aldehydes and related imino derivatives of 5,6-dihydro-1-phenylpyrrolo[2,1-
a]isoquinoline (DHPPIQ) compared with the structure of the natural type Ia lamellarins.

DHPPIQ 2-carbaldehydes [3] and related carbonyl adducts [4] (structure I with ma-
jor points of diversification in Figure 1), mostly Schiff bases, were recently synthesized
by some of us and biologically evaluated. Several DHPPIQ derivatives showed high
inhibitory potency toward P-gp, attaining sub-micromolar 50% inhibition of the cell popu-
lation growth (IC50) values, and the ability to reverse in vitro P-gp-mediated resistance in
doxorubicin-resistant tumor cells [4].

In this study, a number of novel Schiff bases, including homobivalent derivatives,
were prepared by condensation of DHPPIQ 2-carbaldehydes with aromatic (p-anisidine
and p-phenylenediamine) and aliphatic amines (e.g., 1,2-ethylenediamine and 1,3- propy-
lenediamine) and their cytotoxicity evaluated in vitro in a panel of five tumor cell lines.
With the aim of deriving a spectrum of probable protein targets for the newly synthesized
DHPPIQ Schiff bases, we used MuSSeL (Multi-fingerprint Similarity Search aLgorithm),
a web server recently developed by some of us [5,6]. Based on the prioritization sug-
gested by the similarity algorithm, the interactions of DHPPIQ 2-aldehyde adducts with
cholinesterases (ChEs) and other Alzheimer’s disease (AD)-related targets (i.e., β-amyloid
aggregation and monoamine oxidases) were evaluated, which led us to identify some
DHPPIQ derivatives as hits of prospective multitarget-directed ligands (MTDLs) for this
fatal neurodegenerative disorder.

2. Results and Discussion
2.1. Chemistry

According to an affordable and effective procedure previously reported by some of
us [3], the synthesis of DHPPIQ 2-aldehydes 1–6 was accomplished through a domino
reaction of 1-aroyl-3,4-dihydroisoquinolines with α,β-unsaturated aldehydes. The alde-
hyde derivatives 1–6 were condensed with 4-anisidine in anhydrous toluene to afford
the aromatic Schiff bases 7–12 (Scheme 1). The reaction of aldehydes 1, 3 and 4 with
1,4-phenylenediamine (2:1 molar ratio) in anhydrous toluene led to the formation of ho-
mobivalent aromatic Schiff base adducts 13–15, subsequently transformed into HCl salts
to increase their solubility in aqueous buffers. The condensation of 1 with hydrazine or
ethylenediamine in anhydrous toluene yielded the homobivalent aliphatic Schiff bases
18 and 19, respectively. The preparation of compound 16 was accomplished by reacting
1 with 3-(dimethylamino)-1-propylamine in anhydrous benzene. The diamino deriva-
tive 17 was prepared in high yield (82%) through a one-pot reaction of 1 with N,N′-
dimethylethylenediamine in acetonitrile, followed by hydrogenation of the iminium hy-
droxide in methanol, using NaBH4 as the reducing agent. The aqueous solubility of 16 and
17 was increased by their transformation into the corresponding hydrochloride (16a) and
fumarate (17a) salts, respectively.
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Scheme 1. Synthesis of DHPPIQ derivatives 7–19. Reagents and conditions: (i) NH2-C6H4-OMe, AcOH, toluene, reflux, 6–12 h, 75–87%; (ii) NH2-C6H4-NH2, AcOH, MeOH 
or abs. EtOH, reflux, 5–10 h, 61–70%; (iii) CH2Cl2, HCl (36%), 0.5 h, 98%; (iv) NH2(CH2)3N(CH3)2, benzene, reflux, 16 h, 99%; (v) (1) N,N’-dimethylethylenediamine, MeCN, 
reflux, 10 h and (2) NaBH4, MeOH, 4 h, 82%; (vi) fumaric acid, abs. EtOH, 0.5 h, 99% and (vii) hydrazine or ethylenediamine, toluene, reflux, 6–10 h, 65–73%. 
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Scheme 1. Synthesis of DHPPIQ derivatives 7–19. Reagents and conditions: (i) NH2-C6H4-OMe, AcOH, toluene, reflux,
6–12 h, 75–87%; (ii) NH2-C6H4-NH2, AcOH, MeOH or abs. EtOH, reflux, 5–10 h, 61–70%; (iii) CH2Cl2, HCl (36%), 0.5 h,
98%; (iv) NH2(CH2)3N(CH3)2, benzene, reflux, 16 h, 99%; (v) (1) N,N’-dimethylethylenediamine, MeCN, reflux, 10 h and (2)
NaBH4, MeOH, 4 h, 82%; (vi) fumaric acid, abs. EtOH, 0.5 h, 99% and (vii) hydrazine or ethylenediamine, toluene, reflux,
6–10 h, 65–73%.

Overall, the optimized synthetic procedures enabled us to prepare novel aromatic and
aliphatic Schiff bases of DHPPIQ 2-aldheydes, including some homobivalent derivatives,
from fair to high yields.

2.2. Cytotoxicity Evaluation

The cytotoxicity of the newly synthesized Schiff bases was evaluated in vitro in a
panel of cultured tumor cells, assessing cell viability at scalar concentrations of the test
compounds (≤500 µM) by MTT (i.e., 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) [7] and Alamar Blue assays [8], using doxorubicin as the positive controls. Most
of the compounds were tested against RD (rhabdomyosarcoma), HCT116 (intestinal carci-
noma), HeLa (adenocarcinoma of the cervix uterus) and A549 (lung adenocarcinoma) cell
lines, whereas five representative compounds of the subsets were tested also against K562
(chronic myelogenous leukemia) tumor cells. The concentrations causing 50% inhibition of
the cell population growth (IC50 values, µM) are summarized in Table 1.
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Table 1. Cytotoxic activity of 5,6-dihydro-1-phenylpyrrolo[2,1-a]isoquinoline (DHPPIQ) derivatives against a panel of
tumor cell lines. a.

Cmpd R1 R2 R3 R4 IC50 (µM) b

RD HCT116 HeLa A549 K562

1 Et OEt OEt H 21.3 ± 1.2 c 11.8 ± 0.1 c 44.5 ± 2.0 c 19.7 ± 0.3 c

2 Et OEt OEt Ph 365 ± 23 c 183 ± 0.1 c 229 ± 21 c

3 Me H Cl H 17.6 ±3.2 22.0 ± 4.0 33.0 ± 4.5 38.6 ± 3.2
4 Me H Cl Ph 163 ± 20 252 ± 11 109 ± 5 105 ± 11
5 Me H F H 17.8 ± 0.4 32.2 ± 0.3 33.8 ± 1.0 41.3 ± 2.0
6 Me H F Ph 91.1 ± 10.9 261 ± 13

7 Et OEt OEt H 132 ± 4 38.5 ± 6.6 34.9 ± 1.8 79.5 ± 6.8 171 ± 12
8 Et OEt OEt Ph 412 ± 20 286 ± 5 304 ± 10
9 Me H Cl H 76.4 ± 4.7 37.2 ± 2.4 35.2 ± 0.7 99.4 ± 1.1 105 ± 8

10 Me H Cl Ph 211 ± 9
11 Me H F H 145 ± 1 114 ± 4 87.2 ± 1.1 153 ± 2.2
12 Me H F Ph >500 148 ± 14 450 ± 19 >500

13a Et OEt OEt H 390 ± 19 103 ± 8 205 ± 10 240 ± 18
14 Me H Cl H 269 ± 11 390 ± 16 310 ± 12 >500
15a Me H Cl Ph 149 ± 3 102 ± 5 93.4 ± 2.6 120 ± 3.5 251 ± 17

16a Et OEt OEt H 72.8 ± 4.6 60.5 ± 0.7 63.1 ± 3.1 85.1 ± 0.2
17a Et OEt OEt H 10.1± 0.1 18.6 ± 0.4 29.7 ± 0.9 35.9 ± 2.4 46.6 ± 1.5
18 Et OEt OEt H >500 302 ± 23
19 Et OEt OEt H 65.1 ± 7.3 401 ± 8 84.0 ± 1.3 290 ± 12

Doxorubicin 0.290 ±
0.021

0.142 ±
0.011

0.892 ±
0.013

0.380 ±
0.021 1.75 ± 0.06

a RD: rhabdomyosarcoma, HCT116: intestinal carcinoma, HeLa: adenocarcinoma of the cervix uterus, A549: lung adenocarcinoma and
K562: chronic myelogenous leukemia. b Concentration value (µM) causing 50% inhibition of the cell population growth expressing the
mean ± SD; each experiment was performed in triplicate. c Data taken from ref. [3].

Together with the cytotoxicity data of the new DHPPIQ Schiff bases (7–19), the IC50
values of the previously synthesized parent aldehydes (3–6) are listed in Table 1; the
cytotoxicity of 1 (R1 = Et, R2 = R3 = OEt and R4 = H) and 2 (R1 = Et, R2 = R3 = OEt and
R4 = Ph), whose IC50 values were comparable to those of the pairs 3/4 and 5/6, were
already reported [3].

The newly synthesized Schiff bases did not show appreciable cytotoxicity in the low
micromolar range of concentrations (<30 µM). The amino derivative 17a proved to be
more cytotoxic than the closest aliphatic Schiff bases. As a general structure–cytotoxicity
correlation trend, it can be noticed that (i) Schiff bases are generally less cytotoxic than the
parent aldehydes, (ii) the DHPPIQ adducts bearing a phenyl as R4 at C3 are generally less
cytotoxic than the corresponding unsubstituted (R4 = H) compounds and (iii) homobivalent
DHPPIQ derivatives are markedly less cytotoxic than the corresponding mono-DHPPIQ
Schiff bases.

2.3. Target Protein Prediction by Similarity Search

By employing the recently developed MuSSeL web server [5,6], DHPPIQ and related
Schiff base scaffolds representative of compounds 7–12, 13–15 and 16–19 (Scheme 1) were
screened in the attempt to generate a spectrum of putative protein drug targets and
to prioritize in vitro biological studies on the new compounds. Interestingly, MuSSeL
characterizes DHPPIQ as a privileged structure sharing both evident and latent molecular
frameworks with many known bioactive compounds. Based on multi-fingerprint similarity
analyses, the DHPPIQ nucleus was found as a potential hit biasing sixteen relevant protein
drug targets (Supporting Information), including acetylcholinesterase (AChE) from electric
eel (ee) scored as the sixth target (id CHEMBL4078) and ChE from equine serum (eq) scored
as the ninth target (id CHEMBL5763).



Molecules 2021, 26, 359 5 of 16

MuSSeL was further queried with three scaffolds representative of the Schiff bases
synthesized in this study, and in all cases, human and heterologous ChEs (both AChE and
butyrylcholinesterase (BChE)) were predicted among the most relevant protein targets.
In particular, the prototypical twin structure (Supporting Information) of the bis-DHPPIQ
Schiff base with 1,4-phenylenediamine was paired to eeAChE (id CHEMBL4078), as the
first target, and to horse ChE (id CHEMBL5763) and eqBChE (id CHEMBL5077) as the
second and third targets, respectively. Other four human and heterologous ChE isoforms
were identified among the prioritized targets for this homobivalent structure, and in this
case, human MAO A and MAO B were classified as the sixth and seventh targets.

The ability of small organic molecules to evade or inhibit P-gp may favor their blood–
brain barrier (BBB) crossing and distribution into the brain [9]. Taking this notion into ac-
count, the good P-gp inhibition capacity demonstrated for very similar DHPPIQ-containing
derivatives [3], combined with the outputs of the MuSSeL web server, prompted us to
experimentally investigate the interference of the newly synthesized DHPPIQ Schiff bases
with three AD-related targets, namely ChE isoforms (AChE and BChE), a β-amyloid
aggregation that is a hallmark of AD occurrence and MAO A and B.

2.4. Inhibition of AD-Related Targets

Albeit ChE inhibitors, whose rationale against AD lie on the “old” cholinergic theory,
provide only limited or palliative care, AChE and BChE inhibitors still remain among the
few currently available treatments of AD patients [10,11]. Most of the new DHPPIQ Schiff
bases, along with some parent aldehydes (3–5), were firstly tested as inhibitors of human
AChE and BChE, using the Ellman’s method according to the reported procedure [12] at
10-µM concentration. Molecules achieving at least 60% inhibition at 10 µM were tested at
lower scalar concentrations, and their half-maximal inhibitory concentrations (IC50 values)
were estimated from the best-fitting inhibition–concentration curves. The ChE inhibition
data are reported in Table 2.

Table 2. Inhibitory activity on human acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) and self-induced
β-amyloid (Aβ) aggregation by representative DHPPIQ derivatives.

Cmpd R1 R2 R3 R4 IC50 (µM) or % Inhibition a

hAChE hBChE Aβ40 Self-Aggreg.

3 Me H Cl H 32 ± 3% n.i. 66 ± 2.2
4 Me H Cl Ph 7.90 ± 0.13 n.i. 35 ± 6%
5 Me H F H 33 ± 4% n.i. n.t.

7 Et OEt OEt H 20.2 ± 3.1 n.i. 78 ± 5.1
9 Me H Cl H 29.3 ± 2.3 13 ± 4% 46 ± 5.0

10 Me H Cl Ph 35 ± 7% n.i. 42 ± 5%
11 Me H F H 40 ± 2% n.i. 54 ± 2.2

13a Et OEt OEt H 13.1 ± 1.0 11 ± 3% 42 ± 3.0
14 Me H Cl H 7.30 ± 0.74 13 ± 1% 13 ± 1.0
15a Me H Cl Ph 25 ± 3% n.i. 50 ±6.3

16a Et OEt OEt H 32 ± 2% n.i. 48 ± 4%
17a Et OEt OEt H 16.4 ± 3.8 n.i. 31 ± 3%
19 Et OEt OEt H 37 ± 2% n.i. 48 ±3%

Galantamine 0.721 ± 0.150 8.78 ± 0.36
Quercetin 0.82 ± 0.07

a Values are expressed as IC50 (µM, in bold) or % inhibition at 10 µM (ChEs) and 100 µM (Aβ40 self-aggregation). Values represent mean ±
SD (n = 3); n.i. = no inhibition and n.t. = not tested. h: human.

All the assayed compounds showed selectivity toward AChE. The inhibitory potencies
of the homobivalent DHPPIQ aromatic Schiff bases 13a and 14 (IC50 = 13 and 7.3 µM,
respectively) resulted about two to three times stronger than those of the corresponding
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mono-DHPPIQ Schiff bases with p-anisidine 7 and 9. The 3-phenyl DHPPIQ 2-carbadehyde
4 was the only parent aldehyde achieving a finite IC50 < 10 µM. The homobivalent DHPPIQ
Schiff base with 1,4-phenylenediamine (14) proved to be more active than the respective
bis-adduct with 1,2-ethylenediamine (19). The fumarate salt of the bis-amino derivative
17a proved to inhibit AChE, with the IC50 (16 µM) close to the cytotoxic concentrations.

The complete kinetics showed for 14 and 17a a noncompetitive/mixed-type inhibi-
tion mechanism (Figure 2), with inhibition constant (Ki) values equal to 4.69 ± 0.77 and
13.6 ± 0.10 µM, respectively. The aldehyde derivative 4 also proved to inhibit human AChE
with a noncompetitive/mixed-type mechanism (not shown) and Ki of 3.58 ± 0.04 µM. The
most active homobivalent derivative 14 was tenfold less potent than the reference com-
pound galantamine. Its mixed inhibition mechanism on hAChE suggests that the DHPPIQ
moiety may interact with the peripheral anionic site (PAS) of the enzyme, as suggested by
MuSSeL for similar alkaloid structures [13].
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Figure 2. Michaelis-Menten plots for the inhibition of human acetylcholinesterase (hAChE) by 14 (left) and 17a (right) at
various inhibitor concentrations. The insets display the corresponding Lineweaver-Burk plots.

Molecules able to inhibit simultaneously AChE and β-amyloid (Aβ) aggregation/
neurotoxicity may have potential as drugs for the treatment of AD [14]. Herein, the new
DHPPIQ derivatives were evaluated for the inhibitory effects on the self-aggregation of
Aβ peptides 1–40 (Aβ40), through a test based on the measurement of thioflavin T (ThT)
fluorescence [15]. Quercetin, which is a strong inhibitor of in vitro Aβ self-aggregation,
was used as a positive control.

Each compound was initially tested at a 100-µM concentration. For compounds
showing more than 60% inhibition at 100 µM, IC50 values were determined by interpolation
of the concentration–response sigmoid curves. Aβ inhibitory data are summarized in
Table 2. All the newly synthesized compounds, although less active than quercetin, turned
out to be inhibitors of Aβ aggregation of moderate potency at a 100-µM concentration.
Interestingly, compound 14 achieves at a low micromolar concentration a dual in vitro
pharmacological effect that may result in an enhancement of cholinergic transmission and
inhibition of Aβ fibrillization.

Regarding the structure–activity relationships (SARs), the aromatic Schiff bases were
found more potent than the aliphatic ones (e.g., 13a vs. 19), pointing out that, besides
other physicochemical features, the aromatic interactions achieved by the phenylene bridge
play a role in breaking protein–protein interactions underpinning Aβ40 fibrilization. The
homobivalent derivatives (13a, 14 and 15a) proved to be always more potent than the
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corresponding mono-DHPPIQ aromatic Schiff bases (7, 9 and 10). The most active twin
DHPPIQ Schiff base 14 (IC50 13 µM) was found 3.5-fold stronger as an inhibitor of Aβ40
aggregation than the respective mono-DHPPIQ derivative 9 (IC50 46 µM). The planarity
and aromatic rings in the DHPPIQ moiety could be a key feature for β-sheet intercalation
and disruption, while the imino nitrogen in the side chain of the mono-DHPPIQ Schiff
bases or in the bridge connecting the two DHPPIQ heads may behave as hydrogen bond
(HB) acceptors and dipolar-interacting groups with the peptide backbone [16,17]. The
lipophilicity and/or size of the R1-R4 substituents on the DHPPIQ scaffold also affects
the capacity of inhibiting the Aβ40 self-aggregation. As a matter of fact, compound 14
(R1 = Me, R2 = H, R3 = Cl and R4 = H) turned out a more potent inhibitor than the more
lipophilic and bulkier 15a (R1 = Me, R2 = H, R3 = Cl and R4 = Ph) and 13a (R1 = Et, R2 = OEt,
R3 = OEt and R4 = H). A similar trend of nonlinear relation of the Aβ40 inhibition potency
is shown by the mono-DHPPIQ Schiff bases, with the 4′-Cl-phenyl congener 9 sharply more
active than the more lipophilic and sterically hindered 10 and slightly more active than
7 (bulkier and more lipophilic) and 11 (less lipophilic). The limited space of the binding
site(s) on Aβ40 fibrils for the interaction of aromatic/hydrophobic moieties could be a
probable explanation of this SAR trend.

The DHPPIQ-containing Schiff bases 9, 11, 13a, 14 and 17a, as representative of most
active AChE and/or Aβ aggregation inhibitors, were tested also on human MAO A and
B, using pargyline as the positive control. MAOs were established as relevant targets
in neurological disorders: MAO A selective inhibitors are used as antidepressants [18],
whereas MAO B selective inhibitors are typically used in the treatment of early symptoms
of Parkinson’s disease (PD) [19]. The neuroprotective effects of MAO B inhibitors provide
also the rationale for their use in Alzheimer’s disease (AD), associated to their efficacy in
decreasing oxidative stress [20]. MAO A and B inhibition data, along with neuronal cytotox-
icity expressed as IC50 determined by a cell viability assay in SH-SY5Y neuroblastoma cells
(camptothecin used as the positive control), are summarized in Table 3. With the exception
of 17a, the tested compounds showed low selectivity toward MAO A. The homobivalent
DHPPIQ derivatives 13a and 14 achieved IC50 values toward MAO A at concentrations (ca.
12 µM) significantly lower than the respective IC50 values for neuronal toxicity.

Table 3. Inhibitory activity on human MAO A and MAO B and the cell viability of SH-SY5Y neuronal
cells by selected DHPPIQ derivatives.

Cmpd IC50 (µM) or % Inhibition a

hMAO A hMAO B SH-SY5Y

9 39 ± 2% 29 ± 5% 22.1 ± 0.8
11 18.1 ± 1.2 22 ± 4% 56.1 ± 2.4

13a 12.3 ± 1.1 31 ± 3% 101 ± 6
14 12.1 ± 2.3 19 ± 5% 29.3 ± 0.1

17a 38 ± 5% 14.3 ± 1.4 17.9 ± 0.1

Pargyline 10.9 ± 0.6 2.69 ± 0.48
Camptothecin 0.272 ± 0.010

a Half-maximal inhibitory concentration (IC50, µM, in bold) or % inhibition at 10 µM of hMAOs, and the cell
population growth of the neuroblastoma SH-SY5Y cell line; values represent mean ± SD (n = 3).

3. Materials and Methods
3.1. Chemistry

Materials and general procedures. All reagents and solvents were purchased from
Merck (Darmstadt, Germany), J.T. Baker (Phillipsburg, NJ, USA) or Sigma-Aldrich Chemi-
cal Co. (St. Louis, MO, USA) and, unless specified, used without further purification. The
melting points (m.p.) of all the compounds were determined on a SMELTING POINT 10
apparatus in open capillaries (Bibby Sterilin Ltd., Stone, UK). IR spectra were recorded on
an Infralum FT-801 FTIR spectrometer (ISP SB RAS, Novosibirsk, Russia). The samples
were analyzed as KBr disk solids, and the more important frequencies are shown in cm−1.
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1H and 13C NMR spectra were recorded in chloroform-d3 (CDCl3) or dimethylsulfoxide-d6
(DMSO-d6) solutions at 25 ◦C, with a 600-MHz NMR spectrometer (JEOL Ltd., Tokyo,
Japan). Peak positions were given in parts per million (ppm, δ) referenced to the ap-
propriate solvent residual peak, and signal multiplicities were collected by: s (singlet),
d (doublet), t (triplet), q (quartet), dd (doublet of doublets), br.s (broad singlet) and m
(multiplet). MALDI mass spectra were recorded using a Bruker autoflex speed instrument
operating in positive reflectron mode (Bremen, Germany). Elemental analyses were carried
out on Euro Vector EA-3000 Elemental Analyzer (Eurovector S.p.A., Milan, Italy) for C,
H and N; experimental data agreed to within 0.04% of the theoretical values.

3.1.1. Synthesis of Schiff Bases 7–15

p-Anisidine (for 7–12) or p-phenylenediamine (for 13–15) (0.88 mmoL) was added to
a solution of the corresponding aldehyde derivative (0.44 mmoL) in anhydrous solvent
(toluene for 7–12, MeOH for 13 and EtOH for 14 and 15). The reaction was carried out in
the presence of glacial acetic acid (0.01 mmoL). The mixture was stirred and heated under
reflux, and the reaction progress was monitored by thin layer chromatography (TLC). After
cooling, the solvent was removed under vacuum, and the residue was recrystallized from
EtOAc–hexane to afford compounds 7–12 as a solid. Instead, the isolation of 13–15 was
obtained by filtration.

(E)-1-(1-(3,4-diethoxyphenyl)-8,9-diethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)-N-(4-
methoxyphenyl)methanimine (7). Yellow-green solid, yield 87% (425 mg), M.p. = 144–146 ◦C.
IR cm−1: 1602 (C=N). 1H NMR (600 MHz, CDCl3), δH: 1.18 (t, 3H, J = 7.1 Hz, OCH2CH3),
1.37–1.44 (m, 6H, OCH2CH3), 1.46 (t, 3H, J = 7.1 Hz, OCH2CH3), 3.01 (t, 2H, J = 6.3 Hz, 6-
CH2), 3.60 (q, 2H, J = 7.1 Hz, OCH2CH3), 3.78 (s, 3H, OCH3), 3.99–4.08 (m, 4H, OCH2CH3),
4.10–4.14 (m, 4H, OCH2CH3, 5-CH2), 6.61 (s, 1H, 7-H), 6.69 (s, 1H, 10-H), 6.83 (d, 2H,
J = 8.3 Hz, Ar-OCH3), 6.89–6.95 (m, 3H, CH-Ar), 7.04 (d, 2H, J = 8.3 Hz, Ar-OCH3), 7.46 (s,
1H, 3-H), 8.15 (s, 1H, CH=N). 13C NMR (150 MHz, CDCl3), δC: 14.7, 14.9 (2C), 15.0, 15.4,
29.3, 45.2, 55.6, 63.9, 64.5, 64.8, 66.0, 109.1, 112.4, 113.8, 114.3 (2C), 116.1, 120.1, 121.8, 122.0
(2C), 122.1, 123.4, 123.9, 126.4, 127.8, 146.2, 146.9, 147.3, 147.9, 148.9, 154.1, 157.5. MALDI,
m/z: 555 [M+H]+. Anal. calc. for C34H38N2O5, %: C, 73.64; H, 6.99; N, 5.05 found, %: C,
73.42; H, 7.31; N, 5.19.

(E)-1-(1-(3,4-diethoxyphenyl)-8,9-diethoxy-3-phenyl-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-
yl)-N-(4-methoxyphenyl)methanimine (8). Beige solid, yield 85% (472 mg), M.p. = 93–95 ◦C.
IR cm−1: 1606 (C=N). 1H NMR (600 MHz, CDCl3), δH: 1.20 (t, 3H, J = 7.1 Hz, OCH2CH3),
1.39 (t, 3H, J = 7.1 Hz, OCH2CH3), 1.43 (t, 3H, J = 7.1 Hz, OCH2CH3), 1.47 (t, 3H, J = 7.1 Hz,
OCH2CH3), 2.92 (t, 2H, J = 6.5 Hz, 6-CH2), 3.61 (q, 2H, J = 7.1 Hz, OCH2CH3), 3.73 (s, 3H,
OCH3), 3.97 (t, 2H, J = 7.1 Hz, 5-CH2), 4.04–4.09 (m, 4H, OCH2CH3), 4.14 (q, 2H, J = 7.1 Hz,
OCH2CH3), 6.68 (s, 1H, 7-H), 6.69 (s, 1H, 10-H), 6.75 (d, 2H, J = 8.6 Hz, Ar-OCH3), 6.81
(d, 2H, J = 8.6 Hz, Ar-OCH3), 6.91 (d, 1H, J = 8.1 Hz, CH-Ar), 6.99 (dd, 1H, J = 1.5, 8.1
Hz, CH-Ar), 7.07 (d, 1H, J = 1.5 Hz, CH-Ar), 7.39–7.41 (m, 1H, CH-Ph), 7.45–7.49 (m, 4H,
CH-Ph), 8.22 (s, 1H, CH=N). 13C NMR (150 MHz, CDCl3), δC: 14.7, 14.9, 15.0 (2C), 29.5,
42.5, 55.5, 55.8, 63.9, 64.5, 64.7 (2C), 109.8, 113.1, 113.6, 114.0 (3C), 114.9, 116.5, 116.7, 119.5,
120.7, 121.8 (3C), 122.1, 123.5, 124.7, 126.8, 128.1, 128.2 (2C), 128.5, 128.8, 130.9, 131.1, 131.2
(2C), 135.2. MALDI, m/z: 631 [M+H]+. Anal. calc. for C40H42N2O5, %: C, 76.19; H, 6.71; N,
4.44; found, %: C, 76.38; H, 6.53; N, 4.54.

(E)-1-(1-(4-chlorophenyl)-8,9-dimethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)-N-(4-
methoxyphenyl)methanimine (9). Yellow solid, yield 82% (341 mg), M.p. = 153–154 ◦C.
IR cm−1: 1617 (C=N). 1H NMR (600 MHz, CDCl3), δH: 3.04 (t, 2H, J = 6.2 Hz, 6-CH2),
3.40 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 4.11 (t, 2H, J = 6.2 Hz, 5-CH2),
6.51 (s, 1H, 7-H), 6.70 (s, 1H, 10-H), 6.84 (d, 2H, J = 8.8 Hz, Ar-OCH3), 7.05 (d, 2H, J = 8.8
Hz, Ar-OCH3), 7.37–7.41 (m, 4H, Ar-Cl), 7.47 (s, 1H, 3-H), 8.12 (s, 1H, CH=N). 13C NMR
(150 MHz, CDCl3), δC: 29.3, 45.2, 55.3, 55.6 (2C), 56.1, 107.4 (2C), 111.4 (2C), 114.4 (3C),
120.3, 120.7 (2C), 121.5, 121.8, 122.0 (3C), 124.3, 126.7, 128.8, 132.5 (2C), 133.1, 133.8. MALDI,
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m/z: 473 [M+H]+. Anal. calc. for C28H25ClN2O3, %: C, 71.10; H, 5.33; N, 5.92; found, %: C,
71.31; H, 5.18; N, 6.12.

(E)-1-(1-(4-chlorophenyl)-8,9-dimethoxy-3-phenyl-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)-
N-(4-methoxyphenyl)methanimine (10). Yellow solid, yield 76% (367 mg), M.p. = 153–154 ◦C.
IR cm−1: 1617 (C=N). 1H NMR (600 MHz, CDCl3), δH: 2.95 (t, 2H, J = 6.4 Hz, 6-CH2), 3.39
(s, 3H, OCH3), 3.73 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.98 (t, 2H, J = 6.4 Hz, 5-CH2), 6.50
(s, 1H, 7-H), 6.69 (s, 1H, 10-H), 6.76 (d, 2H, J = 8.8 Hz, Ar-OCH3), 6.81 (d, 2H, J = 8.8 Hz,
Ar-OCH3), 7.36–7.40 (m, 2H, CH-Ar), 7.40–7.45 (m, 1H, CH-Ar), 7.45–7.51 (m, 6H, CH-Ar),
8.22 (s, 1H, CH=N). 13C NMR (150 MHz, CDCl3), δC: 29.5, 42.5, 55.2, 55.6, 56.0, 106.2, 111.0,
114.1 (2C), 118.9, 119.3, 121.6, 121.8 (2C), 125.1, 127.2, 128.3 (2C), 128.4 (2C), 130.6, 131.1
(2C), 132.5, 132.9 (2C), 135.1, 136.4, 146.3, 147.5, 147.6, 152.7 (2C), 157.3. MALDI, m/z: 549
[M+H]+. Anal. calc. for C34H29ClN2O3, %: C, 74.38; H, 5.28; N, 5.10; found, %: C, 74.59; H,
5.51; N, 5.02.

(E)-1-(1-(4-fluorophenyl)-8,9-dimethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)-N-(4-
methoxyphenyl)methanimine (11). Yellow solid, yield 84% (337 mg), M.p. 160–162 ◦C. IR
cm−1: 1615 (C=N). 1H NMR (600 MHz, CDCl3), δH: 3.04 (t, 2H, J = 6.3 Hz, 6-CH2), 3.39
(s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 4.12 (t, 2H, J = 6.3 Hz, 5-CH2), 6.51
(s, 1H, 7-H), 6.69 (s, 1H, 10-H), 6.85 (d, 2H, J = 8.6 Hz, Ar-OCH3), 7.05 (d, 2H, J = 8.6 Hz,
Ar-OCH3), 7.12 (t, 2H, J = 8.3 Hz, Ar-F), 7.40 (dd, 2H, J = 5.5, 8.1 Hz, Ar-F), 7.47 (s, 1H, 3-H),
8.11 (s, 1H, CH=N). 13C NMR (150 MHz, CDCl3), δC: 29.3, 45.2, 55.3, 55.6, 56.1, 107.3, 111.4,
114.4, 115.6 (d, 2C, J = 21.7 Hz), 115.7, 120.5, 120.6, 121.6, 122.0, 124.2, 126.6, 131.2 (d, 1C,
J = 4.3 Hz), 132.7 (d, 2C, J = 8.7 Hz), 132.8, 146.1, 147.4, 147.7, 153.5 (2C), 157.6, 161.4 (d,
J = 245.7, 1C). MALDI, m/z: 457 [M+H]+. Anal. calc. for C28H25FN2O3, %: C, 73.68; H, 5.54;
N, 6.13; found, %: C, 73.37; H, 5.28; N, 6.03.

(E)-1-(1-(4-fluorophenyl)-8,9-dimethoxy-3-phenyl-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)-
N-(4-methoxyphenyl)methanimine (12). White solid, yield 75% (351 mg), M.p. = 195–197 ◦C.
IR cm−1: 1617 (C=N). 1H NMR (600 MHz, CDCl3), δH: 2.95 (t, 2H, J = 6.6, 6-CH2), 3.93 (s,
3H, OCH3), 3.74 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.98 (t, 2H, J = 6.6, 5-CH2), 6.50 (s, 1H,
7-H), 6.69 (s, 1H, 10-H), 6.76 (d, 2H, J = 8.6 Hz, Ar-OCH3), 6.82 (d, 2H, J = 8.6, Ar-OCH3),
7.38 (d, 2H, J = 8.1 Hz, CH-Ar), 7.43–7.48 (m, 7H, CH-Ar), 8.22 (s, 1H, CH=N).13C NMR
(150 MHz, CDCl3), δC: 28.9, 42.61, 54.9, 55.7, 56.1, 112.4, 114.7, 114.8 (d, 2C, J = 20.2 Hz),
118.3, 118.6, 121.0, 121.8 (2C), 126.4, 127.5, 128.9 (2C), 129.0 (d, 1C, J = 4.3 Hz), 130.2, 131.5
(2C), 131.8, 133.5 (d, 2C, J = 14.4 Hz), 135.7, 137.1, 135.7, 137.1, 146.5, 147.5, 148.0, 153.0,
157.4 (d, 1C, J = 244.2 Hz). MALDI, m/z: 533 [M+H]+. Anal. calc. for C34H29FN2O3, %: C,
76.67; H, 5.49; N, 5.26; found, %: C, 76.48; H, 5.62; N, 5.07.

(1E,1’E)-N,N’-(1,4-phenylene)bis(1-(1-[3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo
[2,1-a]isoquinolin-2-yl)methanimine) (13). Yellow solid, yield 70% (597 mg), M.p. = 220–221
◦C. IR cm−1: 1612 (C=N). 1H NMR (400 MHz, DMSO-d6), δH: 1.06 (t, 6H, J = 7.1 Hz,
OCH2CH3), 1.25 (t, 6H, J = 7.1 Hz, OCH2CH3), 1.29 (t, 6H, J = 7.1 Hz, OCH2CH3), 1.33
(t, 6H, J = 7.1 Hz, OCH2CH3), 2.97 (t, 4H, J = 5.8 Hz, 6-CH2), 3.50 (q, 4H, J = 7.1 Hz,
OCH2CH3), 3.94–4.00 (m, 8H, OCH2CH3), 4.05 (q, 4H, J = 7.1 Hz, OCH2CH3), 4.12 (t, 4H, J
= 5.8 Hz, 5-CH2), 6.53 (s, 2H, 7-H), 6.84–6.87 (m, 4H, 10-H, CH-Ar), 6.92 (br.s, 2H, CH-Ar),
6.94–6.98 (m, 4H, =N-C6H4-N=), 7.02 (d, 2H, J = 8.1 Hz, CH-Ar), 7.57 (s, 2H, 3-H), 8.06 (s,
2H, CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 14.7 (2C), 14.9 (2C), 15.0 (2C), 29.2 (2C),
29.3 (2C), 45.2 (2C), 45.5 (2C), 63.9 (2C), 64.5 (2C), 64.8 (2C), 109.1 (2C), 109.4, 113.2, 113.4,
113.8, 115.7, 116.0, 120.0, 120.4, 121.3, 121.7 (2C), 121.9, 122.0, 122.1 (2C), 123.2, 123.4 (2C),
133.9 (2C), 124.2, 124.3, 124.6, 126.4, 126.5, 126.8, 127.3, 127.7, 127.9, 144.2, 146.8, 146.9, 147.3,
147.9, 148.9, 150.1, 152.8, 154.6. MALDI, m/z: 971 [M+H]+. Anal. calc. for C60H66N4O8, %:
C, 74.21; H, 6.84; N, 5.78; found, %: C, 74.13; H, 6.96; N, 5.90.

(1E,1’E)-N,N’-(1,4-phenylene)bis(1-(1-[4-chlorophenyl]-8,9-dimethoxy-5,6-dihydropyrrolo[2,1-
a]isoquinolin-2-yl)methanimine) (14). Yellow solid, yield 65% (461 mg), M.p. = 260–261 ◦C. IR
cm−1: 1615 (C=N). 1H NMR (600 MHz, CDCl3), δH: 3.03 (t, 4H, J = 6.3 Hz, 6-CH2), 3.40 (s,
6H, OCH3), 3.85 (s, 6H, OCH3), 4.12 (t, 4H, J = 6.3 Hz, 5-CH2), 6.50 (s, 2H, 7-H), 6.69 (s, 2H,
10-H), 7.02–7.07 (m, 4H, =N-C6H4-N=), 7.35–7.41 (m, 8H, CH-Ar), 7.50 (s, 2H, 3-H), 8.12 (s,



Molecules 2021, 26, 359 10 of 16

2H, CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 29.1, 29.3, 45.2, 45.4, 55.3 (2C), 56.0 (2C),
107.4, 107.7, 111.4 (2C), 115.7 (2C), 120.0, 120.4, 120.5, 120.7, 121.1, 121.3, 121.6, 121.7 (2C),
122.0, 124.1, 124.3, 124.6, 126.2, 126.7, 126.8, 126.9, 127.7, 128.8 (2C), 132.3, 132.5 (2C), 132.9,
133.2, 133.4, 133.6, 147.6, 147.7, 147.8, 148.0, 150.0, 151.8, 154.0. MALDI, m/z: 807 [M+H]+.
Anal. calc. for C48H40Cl2N4O4, %: C, 71.37; H, 4.99; N, 6.94; found, %: C, 71.54; H, 4.65; N,
7.09.

(1E,1’E)-N,N’-(1,4-phenylene)bis(1-(1-[4-chlorophenyl]-8,9-dimethoxy-3-phenyl-5,6-
dihydropyrrolo[2,1-a]isoquinolin-2-yl)methanimine) (15). Yellow solid, yield 61% (514 mg),
M.p. = 299–300 ◦C. IR cm−1: 1618 (C=N). 1H NMR (400 MHz, DMSO-d6), δH: 2.96 (t, 4H, J
= 6.1 Hz, 6-CH2), 3.40 (s, 6H, OCH3), 3.87 (s, 6H, OCH3), 3.99 (t, 4H, J = 6.1 Hz, 5-CH2), 6.51
(s, 2H, 7-H), 6.70 (s, 2H, 10-H), 6.74–6.76 (m, 4H, =N-C6H4-N=), 7.35–7.38 (m, 4H, CH-Ar),
7.40–7.49 (m, 14H, CH-Ar), 8.19 (s, 2H, CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 29.3,
29.5, 42.5, 55.2, 56.0, 108.2 (2C), 111.0 (2C), 115.5 (2C), 118.9 (2C), 119.2 (2C), 120.9 (2C), 121.1
(2C), 121.3, 121.6, 121.9 (2C), 125.1 (2C), 125.2 (2C), 127.2, 127.6, 128.3 (2C), 128.4 (2C), 128.6
(2C), 128.7 (2C), 129.1, 129.3 (2C), 130.4, 131.0 (2C), 131.1 (2C), 132.3 (2C), 132.5, 132.9 (2C),
133.2, 133.8, 134.9, 141.7, 147.5, 147.6, 147.7, 148.0, 151.3, 153.1. MALDI, m/z: 959 [M+H]+.
Anal. calc. for C60H48Cl2N4O4, %: C, 75.07; H, 5.04; N, 5.84; found, %: C, 74.85; H, 5.21;
N, 5.91.

(E)-3-(([1-(3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)
methylene)amino)-N,N-dimethylpropan-1-amine (16). 3-Dimethylaminopropylamine (1.11 mmol)
was added to a solution of aldehyde 1 (0.44 mmol) in anhydrous benzene. The mixture was
stirred and heated under reflux. The progress of the reaction was monitored by TLC, and
after cooling, the solvent was removed under vacuum to afford the desired compound 16
as an oil. Yellow oil, yield 99% (73 mg); IR cm−1: 1617 (C=N). 1H NMR (600 MHz, CDCl3),
δH: 1.17 (t, 3H, J = 7.3 Hz, OCH2CH3), 1.38–1.42 (m, 6H, OCH2CH3), 1.46 (t, 3H, J = 7.3 Hz,
OCH2CH3), 1.75–1.78 (m, 2H, =N(CH2)3N(CH3)2), 2.18 (s, 6H, =N(CH2)3N(CH3)2), 2.26 (t,
2H, J = 7.6 Hz, =N(CH2)3N(CH3)2), 2.97 (t, 2H, J = 6.6 Hz, 6-CH2), 3.41 (t, 2H, J = 6.6 Hz, 5-
CH2), 3.58 (q, 2H, J = 7.3 Hz, OCH2CH3), 4.00–4.06 (m, 6H, OCH2CH3, =N(CH2)3N(CH3)2),
4.12 (q, 2H, J =7.3 Hz, OCH2CH3), 6.62 (s, 1H, 7-H), 6.66 (s, 1H, 10-H), 6.88–6.89 (m, 2H,
CH-Ar), 6.91 (d, 1H, J = 8.6 Hz, CH-Ar), 7.28 (s, 1H, 3-H), 7.95 (s, 1H, CH=N). 13C NMR
(150 MHz, DMSO-d6), δC: 14.7, 14.9 (2C), 15.0, 29.3 (2C), 45.1, 45.6 (2C), 57.8, 60.0, 63.9,
64.5, 64.7, 64.8, 109.1, 113.4, 113.7, 116.1, 119.2, 121.2 (2C), 122.1, 123.3, 123.9, 126.1, 128.1,
146.7, 147.2, 147.7, 148.8, 156.3. MALDI, m/z: 534 [M+H]+. Anal. calc. for C32H43N3O4, %:
C, 72.01; H, 8.12; N, 7.87; found, %: C, 72.18; H, 8.29; N, 7.74.

3.1.2. Preparation of Quaternary Salts 13a, 15a and 16a

Concentrated hydrochloric acid was added up to pH 2 to a chloroform solution of the
Schiff bases 13, 15 and 16 to yield compounds 13a, 15a and 16a, respectively. The solvent
was removed under vacuum, and the residue was crystallized in Et2O to afford purified
compounds as solids with quantitative yields.

(1E,1’E)-N,N’-(1,4-phenylene)bis(1-(1-[3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo
isoquinolin-2-yl)methanimine)-1,4-diaminium dichloride (13a). Yellow solid, yield 99% (55 mg),
M.p. = 240–245 ◦C. IR cm−1: 1602 (C=N). 1H NMR (600 MHz, CDCl3), δH: 1.19 (t, 6H,
J = 6.8 Hz, OCH2CH3), 1.40–1.44 (m, 12H, OCH2CH3), 1.51 (t, 6H, J = 6.8 Hz, OCH2CH3),
3.00–3.10 (m, 4H, 6-CH2), 3.60 (q, 4H, J = 6.8 Hz, OCH2CH3), 4.00 (q, 4H, J = 6.8 Hz,
OCH2CH3), 4.06 (q, 4H, J = 6.8 Hz, OCH2CH3), 4.18 (q, 4H, J = 6.8 Hz, OCH2CH3), 4.25–
4.35 (m, 4H, 5-CH2), 6.64 (s, 2H, 7-H), 6.70 (s, 2H, 10-H), 6.85 (s, 2H, CH-Ar), 6.88 (d, 2H,
J = 7.8 Hz, CH-Ar), 7.02 (d, 2H, J = 7.8 Hz, CH-Ar), 7.75–7.77 (m, 4H, =N-C6H4-N=), 8.02
(br.s, 2H, 3-H), 9.60 (s, 2H, CH=N). 13C NMR (150 MHz, DMSO-d6), δC:14.6 (2C), 14.8 (2C),
14.9 (4C), 28.7 (2C), 46.6 (2C), 64.1 (2C), 64.7 (2C), 64.9 (4C), 109.5 (2C), 112.9 (2C), 113.9
(2C), 115.3 (2C), 115.5 (2C), 119.4 (2C), 121.3 (4C), 123.2 (2C), 123.8 (2C), 124.0 (2C), 124.8
(2C), 129.4 (2C), 134.2 (2C), 137.9 (2C), 147.6 (2C), 148.5 (2C), 149.4 (2C), 149.5 (2C), 152.4
(2C). MALDI, m/z: 971 [M-HCl-Cl−]+. Anal. calc. for C60H66N4O8 x 2HCl, %: C, 69.03; H,
6.54; N, 5.39; found %: C, 68.79; H, 6.73; N, 5.23.
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(1E,1’E)-N,N’-(1,4-phenylene)bis(1-(1-[4-chlorophenyl]-8,9-dimethoxy-3-phenyl-5,6-
dihydropyrrolo[2,1-a]isoquinolin-2-yl)methanimine)-1,4-diaminium dichloride (15a). Yellow solid,
yield 99% (54 mg), M.p. = 306–307 ◦C. IR cm−1: 1620 (C=N). 1H NMR (400 MHz, DMSO-
d6), δH: 2.97 (t, 4H, J = 6.6 Hz, 6-CH2), 3.38 (s, 6H, OCH3), 3.85 (s, 6H, OCH3), 3.97 (t, 4H,
J = 6.6 Hz, 5-CH2), 6.46 (s, 2H, 7-H), 6.68 (s, 2H, 10-H), 7.25–7.28 (m, 4H, =N-C6H4-N=),
7.39–7.42 (m, 8H, CH-Ar), 7.45–7.47 (m, 4H, CH-Ph), 7.49–7.51 (m, 6H, CH-Ph), 9.62 (s, 2H,
CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 29.3 (2C), 42.5 (2C), 55.2 (2C), 56.0 (2C), 108.2
(4C), 111.0 (4C), 119.0 (2C), 120.9 (2C), 121.4 (2C), 125.2 (4C), 128.7 (6C), 129.1 (2C), 129.3
(4C), 131.0 (6C), 132.3 (4C), 133.2 (4C), 133.8 (2C), 141.7 (2C), 147.7 (2C), 148.0 (2C). MALDI,
m/z: 959 [M-HCl-Cl−]+. Anal. calc. for C60H48Cl2N4O4 x 2HCl, %: C, 69.77; H, 4.88; N,
5.42; found %: C, 69.88; H, 4.95; N, 5.53.

(E)-N1-((1-[3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)
methylene)-N3,N3-dimethylpropane-1,3-diaminium chloride (16a). Yellow solid, yield 99%
(57 mg), M.p. 75–76 ◦C. IR cm−1: 1653 (C=N). 1H NMR (600 MHz, DMSO-d6), δH: 1.02 (t,
3H, J = 6.6 Hz, OCH2CH3), 1.23–1.27 (m, 6H, OCH2CH3), 1.31 (t, 3H, J = 6.6 Hz, OCH2CH3),
1.87–1.89 (m, 2H, =N(CH2)3N(CH3)2), 2.47 (s, 6H, =N(CH2)3N(CH3)2), 2.84 (t, 2H, J = 7.1
Hz, 6-CH2), 2.89–2.95 (m, 4H, =N(CH2)3N(CH3)2), 3.45 (q, 2H, J = 6.6 Hz, OCH2CH3),
3.92–3.97 (m, 4H, OCH2CH3) 4.02–4.03 (m, 2H, OCH2CH3), 4.09–4.11 (m, 2H, 5-CH2), 6.47
(s, 1H, 7-H), 6.82–6.84 (m, 2H, 10-H, CH-Ar), 6.87 (s, 1H, CH-Ar), 6.97 (d, 1H, J = 8.1 Hz,
CH-Ar), 7.63 (s, 1H, 3-H), 9.50 (br.s, 1H, CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 14.7,
14.9 (2C), 15.0, 29.3 (2C), 45.1, 45.6 (2C), 57.8, 60.0, 63.9, 64.5, 64.7, 64.8, 109.1, 113.4, 113.7,
116.1, 119.2, 121.2 (2C), 122.1, 123.3, 123.9, 126.1, 128.1, 146.7, 147.2, 147.7, 148.8, 156.3.
MALDI, m/z: 534 [M-HCl-Cl−]+. Anal. calc. For C32H43N3O4 x 2HCl, %: C, 71.74; H, 8.47;
N, 7.84; found, %: C, 71.64; H, 8.63; N, 7.63.

N1-((1-[3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)methyl)-
N1,N2-dimethylethane-1,2-diamine (17). N,N’-dimethylethylenediamine (1.11 mmol) was
added to a solution of aldehyde 1 (0.44 mmol) in acetonitrile. The reaction was carried out
with anhydrous MgSO4 (2.0 mmol). The mixture was stirred and heated under reflux for
8 h. Then, the solvent was changed to methanol, and NaBH4 (3.33 mmol) was added to
the mixture portion-wise. The reaction was monitored by TLC. After cooling, the solvent
was removed under vacuum, and water was added to the residue and extracted 3 times
with EtOAc. The residue was recrystallized from EtOAc–hexane to afford compound 17 as
a solid. Beige solid, yield 82% (190 mg); M.p. = 201–202 ◦C. 1H NMR (600 MHz, CDCl3),
δH: 1.15 (t, 3H, J = 7.1 Hz, OCH2CH3), 1.37–1.41 (m, 6H, OCH2CH3), 1.45 (t, 3H, J = 7.1 Hz,
OCH2CH3), 2.35 (s, 3H, NCH3), 2.49 (s, 3H, NCH3), 2.95–2.98 (m, 4H, CH2N(CH2)2N), 3.00–
3.04 (m, 2H, 6-CH2), 3.55 (q, 2H, J = 7.1 Hz, OCH2CH3), 3.77 (br.s., 2H, CH2N(CH2)2N),
3.99–4.05 (m, 6H, OCH2CH3, 5-CH2), 4.09–4.14 (m, 2H, OCH2CH3), 6.50 (s, 1H, 7-H), 6.66
(s, 1H, 10-H), 6.80–6.85 (m, 2H, CH-Ar), 6.95–6.97 (m, 2H, CH-Ar, 3-H). 13C NMR (150
MHz, DMSO-d6), δC: 14.5, 14.6, 14.9 (2C), 29.1, 31.6, 33.5, 44.3, 45.0, 45.2, 51.1, 51.3, 63.9,
64.7, 64.9, 109.1 (2C), 113.4, 114.2, 114.3, 116.0, 121.0, 121.3, 122.9, 123.0, 123.3, 124.3, 127.4,
147.2, 148.3, 149.6. MALDI, m/z: 522 [M+H]+. Anal. calc. for C31H43N3O4, %: C, 71.38; H,
8.32; N, 8.04; found, %: C, 71.26; H, 8.15; N, 8.22.

2-(([1-(3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-yl)methyl)
(methyl)amino)-N-methylethan-1-aminium (E)-3-carboxyacrylate (17a). A solution of fumaric
acid (0.44 mmol) in 3-mL ethanol was added to the solution of amine 17 (0.39 mmol) in
3 mL of absolute ethanol. The reaction was heated to a boil and then cooled to room
temperature. After the addition of 1 mL of ether, the desired compound 17a crystalized
and, then, was isolated by filtration (quantitative yield). Beige solid, yield 99% (246 mg);
M.p. = 201–202 ◦C. 1H NMR (400 MHz, DMSO-d6), δH: 1.05 (t, 3H, J = 6.6 Hz, OCH2CH3),
1.26–1.29 (m, 6H, OCH2CH3), 1.33 (t, 3H, J = 6.6 Hz, OCH2CH3), 2.11 (s, 3H, N-CH3), 2.44
(s, 3H, N-CH3), 2.79–2.81 (m, 2H, 6-CH2), 2.88 (t, 2H, J = 6.1 Hz, CH2N(CH2)2N), 2.92 (t, 2H,
J = 6.1 Hz, CH2N(CH2)2N), 3.23 (s, 2H, CH2N(CH2)2N), 3.47 (q, 2H, J = 6.6 Hz, OCH2CH3),
3.90–3.94 (m, 6H, OCH2CH3, 5-CH2), 4.03 (q, 2H, J = 6.6 Hz, OCH2CH3), 6.44–6.46 (m,
4H, 7-H, 10-H, HO2C-(CH)2-CO2H), 6.77–6.81 (m, 3H, CH-Ar, 3-H), 6.95 (d, 1H, J = 8.1
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Hz, CH-Ar). 13C NMR (150 MHz, DMSO-d6), δC: 15.1, 15.3 (2C), 15.4 (2C), 29.1, 32.9, 42.0,
44.4, 46.0, 52.1, 52.5, 63.6 (2C), 64.3, 64.4, 64.5, 65.4, 109.0, 114.2, 114.6, 116.6, 118.4, 120.6,
120.8, 123.4, 124.7, 125.0, 129.6, 135.5, 146.5, 146.7, 147.5, 148.7, 168.3. MALDI, m/z: 522
[M-HOOCCHCHCOO−]+. Anal. calc. for C31H43N3O4 x C4O4H2, %: C, 65.91; H, 7.43; N,
6.59; found, %: C, 65.72; H, 7.24; N, 6.43.

3.1.3. Synthesis of Compounds 18 and 19

Hydrazine or ethan-1,2-diamine (0.67 mmol) and MgSO4 (0.67 mmol) were added to
a solution of aldehyde 1 (0.44 mmol) in anhydrous toluene. The mixture was stirred and
heated under reflux. The reaction was monitored by TLC, and after cooling, the solvent
was removed under vacuum. The residue was recrystallized from EtOAc–hexane to afford
compounds 18 and 19 as solids.

(1E,2E)-1,2-bis((1-[3,4-diethoxyphenyl]-8,9-diethoxy-5,6-dihydropyrrolo[2,1-a]isoquinolin-2-
yl)methylene)hydrazine (18). Beige solid, yield 73% (285 mg); M.p. = 230–232 ◦C. IR cm−1:
1619 (C=N). 1H NMR (600 MHz, CDCl3), δH: 1.16 (t, 6H, J = 7.0 Hz, OCH2CH3), 1.38–1.42
(m, 12H, OCH2CH3), 1.47 (t, 6H, J = 7.0 Hz, OCH2CH3), 2.98 (t, 4H, J = 6.1 Hz, 6-CH2), 3.58
(q, 4H, J = 7.0 Hz, OCH2CH3), 4.0–4.07 (m, 12H, OCH2CH3, 5-CH2), 4.13 (q, 4H, J = 7.0 Hz,
OCH2CH3), 6.63 (s, 2H, 7-H), 6.66 (s, 2H, 10-H), 6.87–6.90 (m, 4H, CH-Ar), 6.90–6.94 (m,
2H, CH-Ar), 7.31 (s, 2H, 3-H), 8.32 (s, 2H, CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 14.6
(4C), 15.0 (4C), 29.3 (2C), 45.1 (2C), 63.9 (2C), 64.6 (2C), 64.8 (2C), 65.0 (2C), 109.1 (2C), 113.5
(2C), 114.2 (2C), 116.2 (2C), 119.1 (2C), 119.3 (2C), 121.8 (2C), 122.1 (2C), 123.5 (2C), 123.8
(2C), 126.5 (2C), 128.1 (2C), 146.8 (2C), 147.3 (2C), 147.9 (2C), 149.1 (2C), 155.4 (2C). MALDI,
m/z: 895 [M+H]+. Anal. calc. for C54H62N4O8, %: C, 72.46; H, 6.98; N, 6.26; found, %: C,
72.71; H, 6.83; N, 6.40.

(1E,1’E)-N,N’-(ethane-1,2-diyl)bis(1-(1-(3,4-diethoxyphenyl)-8,9-diethoxy-5,6-dihydropyrrolo
isoquinolin-2-yl)methanimine) (19). Beige solid, yield 65% (256 mg), M.p. = 205–206 ◦C; IR
cm−1: 1635 (C=N). 1H NMR (600 MHz, CDCl3), δH: 1.16 (t, 6H, J = 7.1 Hz, OCH2CH3), 1.36
(t, 6H, J = 7.1 Hz, OCH2CH3), 1.41–1.45 (m, 12H, OCH2CH3), 2.98 (t, 4H, J = 6.6 Hz, 6-CH2),
3.57 (q, 4H, J = 7.1 Hz, OCH2CH3), 3.61–3.64 (m, 4H, N(CH2)2N), 3.97 (q, 4H, J = 7.1 Hz,
OCH2CH3), 4.02–4.07 (m, 8H, OCH2CH3, 5-CH2), 4.10 (q, 4H, J = 7.1 Hz, OCH2CH3), 6.61
(s, 2H, 7-H), 6.66 (s, 2H, 10-H), 6.84–6.89 (m, 6H, CH-Ar), 7.24 (s, 2H, 3-H), 7.97 (s, 2H,
CH=N). 13C NMR (150 MHz, DMSO-d6), δC: 15.0 (4C), 15.2 (4C), 15.3 (8C), 22.6 (2C), 28.9
(2C), 31.5 (2C), 62.2, 63.7 (2C), 64.3 (4C), 64.5 (2C), 109.2 (2C), 114.1, 114.3, 116.4, 120.6 (2C),
120.8 (2C), 121.0 (2C), 121.8, 123.4, 125.1, 125.7, 128.1, 146.8 (2C), 146.9 (2C), 147.7, 148.7
(2C), 156.3 (2C). MALDI, m/z: 923 [M+H]+. Anal. calc. for C56H66N4O8, %: C, 72.87; H,
7.23; N, 6.08; found, %: C, 72.70; H, 7.41; N, 6.31.

3.2. Chemoinformatics and Computational Chemistry

The Multi-fingerprint Similarity Search aLgorithm (MuSSeL) is released as a ligand-
based predictive web server to find putative protein drug targets of new conceived small
molecules or to repurpose existing bioactive compounds [5,6]. Predictions are computed
by screening a collection, including 611,333 small molecules provided with high-quality
experimental bioactivity data covering 3357 protein drug targets, which were rationally
selected from the latest release of ChEMBLdb (version 25, March 2019) [21]. In particular,
MuSSeL makes use of a pool of 13 selected molecular fingerprints to predict therapeuti-
cally relevant protein drug targets based on a consensus scheme for a given user query.
Notably, MuSSeL performances benefit from an object-relational database management
system based on PostgreSQL. In this respect, the real-life effectiveness of MuSSeL was
challenged by predicting a pool of 36 external bioactive compounds published in the
Journal of Medicinal Chemistry from October to December 2018. Upon the request of a free
license, MuSSeL is publicly available at http://mussel.uniba.it:5000/. The platform allows
interested users to screen single or even multiple queries at a time, as normally requested
in reverse-screening campaigns, which are part of modern drug discovery pipelines. Note-

http://mussel.uniba.it:5000/
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worthy, our multi-fingerprint search algorithm proved successful also for the prediction of
acute oral toxicity [22].

3.3. Cell Viability Assays
3.3.1. Cell Lines

Human cell cultures A549 (ATCC® CCL-185™, lung carcinoma), HCT116 (ATCC®

CCL-247™, intestinal carcinoma), RD (ATCC® CCL-136™, rhabdomyosarcoma), SH-SY5Y
(ATCC® CCL-2266™, neuroblastoma), HeLa (ATCC® CCL-2™, adenocarcinoma of the
cervix uterus) and K562 (ATCC® CCL243™, chronic myelogenous leukemia) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM for A549, HCT116 and RD);
DMEM/F12 1:1 (for SH-SH5Y); Eagle’s minimal essential medium (EMEM for HeLa)
and Roswell Park Memorial Institute 1640 medium (RPMI 1640 for K562), with 10% fetal
bovine serum, 2-mM L-glutamine and 1% gentamicin as an antibiotic at 37 ◦C under 5%
CO2 in a humid atmosphere.

3.3.2. In Vitro Growth Inhibition Assay

The cytotoxicity of the synthesized compounds was determined by the MTT method [7]
and Alamar blue test [8]. Cells were seeded at a concentration of 1 × 104 cells/200 µl in a
96-well plate and then incubated (37 ◦C in a humid atmosphere with 5% CO2). After 24 h
of incubation, tested compounds were added to the cell cultures at different concentrations
from 100 to 1.56 µM, and then, the cells were cultured under the same conditions for
72 h. The effect on cell viability of each concentration was determined in triplicate. All
substances were dissolved in DMSO at a final concentration less than 0.1% v/v (control).
For the A549, HCT116, RD, HeLa and HS-SY5Y cell lines, after incubation, 20 µL of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, 5 mg/mL) was added to
each well, and the plates were incubated for a further 2 h. Next, the medium was removed,
and 100 µL of DMSO was added to dissolve the formazan crystals formed. The optical
density was measured at 536 nm using the Cytation3 (BioTek Instruments, Inc., Winooski,
VT 05404, USA) microplate reader. Concentrations (IC50) were calculated according to the
dose-dependent inhibition curves. The experiments were carried out in triplicate. For K562
cells, after incubation, resazurin (7-hydroxy-3H-phenoxazine-3-on-10-oxide sodium salt,
22 µL per one well), from Sigma-Aldrich, with the final concentration of 50 µM was added
to each well, and the plates were incubated for another 2 h. The fluorescence of the reduced
dye was determined using the Cytation3 microplate reader at excitation at 530 nm and
emission at 590 nm. The concentration that caused the 50% inhibition of the growth of the
cell population (IC50) was determined from the dose-dependent curves.

3.4. Enzymatic Assays
3.4.1. Cholinesterases

The ChE inhibition assay was carried out using the Ellman’s spectrophotometric
method [23], as applied to the 96-well plate technique [24] on a Tecan Infinite M1000 Pro
instrument (Cernusco s.N., Italy). Human recombinant AChE (2770 U/mg) or BChE from
human serum (50 U/mg) were incubated in phosphate buffer, pH 8.0, with the tested
compounds at different concentrations (typically, seven scalar concentrations ranging from
30 to 0.01 µM) and 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) as the chromophoric reagent.
After 20 min at room temperature, the substrates acetyl- or butyrylthiocoline were added
to the wells, and the increase of absorbance was monitored at 412 nm for 5 min. All the
experiments were performed in triplicates (data reported as mean ± SD), and the half-
maximal inhibitory concentration (IC50) values were calculated by nonlinear regression of
the response/concentration (log) curve by using Prism GraphPad software (ver. 5.01).

3.4.2. Monoamine Oxidases

The inhibition of human recombinant MAO A (250 U/mg) and B (59 U/mg; micro-
somes from baculovirus-infected insect cells) was evaluated using the reported 96-well
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plate technique [12]. on a Tecan Infinite M1000 Pro instrument (Cernusco s.N., Italy). The
test compounds, at different concentrations (typically, seven scalar concentrations ranging
from 30 to 0.01 µM), were preincubated 20 min at 37 ◦C with kynuramine used as the
MAO substrate in phosphate buffer at pH 8.0 (0.39 osmolar with KCl). After addition of
the enzyme and 30 min of incubation, NaOH was added and the fluorescence read at the
310/400 excitation/emission wavelength. All the experiments were performed in triplicate
(data reported as mean ± SD), and IC50 values were calculated by nonlinear regression of
the response/concentration (log) curve by using Prism GraphPad software (ver. 5.01).

3.5. Inhibition Assay of β-Amyloid Aggregation

According to an already reported 96-well plate procedure [25], the test compounds at
100 µM were incubated with Aβ40 (30 µM) and 2% HFIP (1,1,1,3,3,3-hexafluoro-2-propanol),
used as aggregation enhancer in PBS pH 7.4 for 2 h at room temperature. After the addition
of ThT, the fluorescence was read at the 440/485 nm excitation/emission wavelength.
Experiments were performed in triplicate, and the % inhibition values calculated as mean±
SD. For compounds showing more than 60% inhibition at a 100-µM concentration, typically,
seven scalar concentrations (from 100 to 0.1 µM) of the test compound were evaluated, and
IC50 values were calculated by nonlinear regression of the response/concentration (log)
curve by using Prism GraphPad software (ver. 5.01).

4. Conclusions

With this study, we wanted to carry out a further scouting of biological activities asso-
ciated with the 5,6-dihydro-1-phenylpyrrolo[2,1-a]isoquinoline (DHPPIQ) moiety, which
is the core structure of type Ia lamellarins. We recently demonstrated the potential of
lamellarin-like synthetic compounds, mostly Schiff bases of DHPPIQ 2-aldehydes, as P-gp
inhibitors and MDR reversers in a doxorubicin-resistant tumor cell model [4].

The notion that molecules able to evade or inhibit P-gp efflux pumps may cross the
BBB and readily distribute into the brain prompted us to synthetically expand the series
of the previously reported derivatives with novel aliphatic and aromatic Schiff bases of
DHPPIQ 2-carbaldehyde and to investigate their possible interferences with drug targets
related to neurological disorders. In this task, we were fully supported by the Multi-
fingerprint Similarity Search aLgorithm (MuSSeL), conceived for prioritizing drug targets
and suggesting new biological evaluations [5]. Interestingly, in agreement with the MuSSeL
predictions, homobivalent Schiff bases assembled on 1,4-phenylenediamine proved to be
novel hits for multitarget-directed ligands (MTDLs) addressing Alzheimer’s disease-related
target proteins, such as human AChE, MAO and Aβ40 aggregation. Among the DHPPIQ
Schiff bases, compound 14 proved to be a promising inhibitor of Aβ40 self-aggregation
(IC50 = 13 µM) and AChE (Ki = 4.69 µM), most likely interacting with the enzymatic PAS.
In addition, compound 14 exhibited a moderate inhibition potency toward MAO A, which
is a target of antidepressant agents, and a low cytotoxicity.

The lack of effective and long-lasting therapies for AD, due to its multifactorial
nature, stimulate medicinal chemists to pursue multitarget drug design strategies. In this
context, molecules like 14 might be noteworthy in hit-to-lead optimization studies aimed
at developing novel MTDLs, which can slow down the progression of AD, in addition to
mitigating its symptoms.

Supplementary Materials: Figure S2–S35: Copies of 1H and 13C NMR spectra, Figure S36–S40:
Multi-fingerprint Similarity Search aLgorithm (MuSSeL) outputs.

Author Contributions: Conceptualization, A.A.N., T.N.B., A.V.V., M.C. and C.D.A.; methodology,
A.A.N., L.V.A., A.R.M., R.S.B., R.P., M.C., M.d.C. and T.N.B.; software, O.N. and L.P.; validation,
A.A.N., L.V.A., E.Y.N., M.C., O.N., L.P. and T.N.B.; writing—original draft preparation, A.A.N., L.V.A.,
R.P., M.C., O.N. and C.D.A.; writing—review and editing, all the co-authors and funding acquisition,
L.G.V. and C.D.A. All authors have read and agreed to the published version of the manuscript.



Molecules 2021, 26, 359 15 of 16

Funding: C.D.A., M.C., M.d.C. and R.P. acknowledge the financial support of the Italian Ministry
of Education, Universities and Research (PRIN, Grant 201744BNST_004). L.G.V. acknowledges
the support of the Ministry of Science and Higher Education of the Russian Federation (award no.
075-03-2020-223 and FSSF-2020-0017).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data presented in this study are available in the article and in
Supplementary Materials.

Acknowledgments: This study was further supported by the RUDN University Strategic Academic
Leadership Program (A.A.N. and T.N.B., synthesis and in vitro cytotoxicity of DHPPIQ Schiff base
derivatives 7–19). A.V.V. acknowledges the research support by RFBR and VAST, according to the
research project N. 21-53-54002 (MALDI experiments).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Matveeva, M.D.; Purgatorio, R.; Voskressensky, L.G.; Altomare, C.D. Pyrrolo[2,1-a]isoquinoline scaffold in drug discovery:

Advances in synthesis and medicinal chemistry. Future Med. Chem. 2019, 11, 2735–2755. [CrossRef]
2. Quesada, A.R.; García Grávalos, M.D.; Fernández Puentes, J.L. Polyaromatic alkaloids from marine invertebrates as cytotoxic

compounds and inhibitors of multidrug resistance caused by P-glycoprotein. Br. J. Cancer 1996, 74, 677–682. [CrossRef]
3. Matveeva, M.D.; Borisova, T.N.; Titov, A.A.; Anikina, L.V.; Dyachenko, S.V.; Astakhov, G.S.; Varlamov, A.V.; Voskressensky, L.G.

Domino reactions of 1-aroyl-3,4-dihydroisoquinolines with α,β-unsaturated aldehydes. Synthesis 2017, 49, 52–57. [CrossRef]
4. Nevskaya, A.A.; Matveeva, M.D.; Borisova, T.N.; Niso, M.; Colabufo, N.A.; Boccarelli, A.; Purgatorio, R.; de Candia, M.;

Cellamare, S.; Voskressensky, L.G.; et al. A new class of 1-aryl-5,6-dihydropyrrolo[2,1-a]isoquinoline derivatives as reversers of
P-glycoprotein-mediated multidrug resistance in tumor cells. ChemMedChem 2018, 13, 1588–1596. [CrossRef]

5. Montaruli, M.; Alberga, D.; Ciriaco, F.; Trisciuzzi, D.; Tondo, A.R.; Mangiatordi, G.F.; Nicolotti, O. Accelerating drug discovery by
early protein drug target prediction based on multi- fingerprint similarity search. Molecules 2019, 24, 2233. [CrossRef]

6. Alberga, D.; Trisciuzzi, D.; Montaruli, M.; Leonetti, F.; Mangiatordi, G.F.; Nicolotti, O. A new approach for drug target and bioac-
tivity prediction: The Multi-fingerprint Similarity Search aLgorithm (MuSSeL). J. Chem. Inf. Model. 2019, 59, 586–596. [CrossRef]

7. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assay. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

8. O’Brien, J.; Wilson, I.; Orton, T.; Pognan, F. Investigation of the Alamar Blue (resazurin) fluorescent dye for the assessment of
mammalian cell cytotoxicity. Eur. J. Biochem. 2000, 267, 5421–5426. [CrossRef]

9. Feng, B.; Doran, A.C.; Di, L.; West, M.A.; Osgood, S.M.; Mancuso, J.Y.; Shaffer, C.L.; Tremaine, L.; Liras, J. Prediction of human
brain penetration of P-glycoprotein and breast cancer resistance protein substrates using in vitro transporter studies and animal
models. J. Pharm. Sci. 2018, 107, 2225–2235. [CrossRef]

10. Saxena, M.; Dubey, R. Target enzyme in Alzheimer’s disease: Acetylcholinesterase inhibitors. Curr. Top. Med. Chem. 2019, 19,
264–275. [CrossRef]

11. Wang, H.; Zhang, H. Reconsideration of anticholinesterase therapeutic strategies against Alzheimer’s disease. ACS Chem.
Neurosci. 2019, 10, 852–862. [CrossRef]

12. Pisani, L.; Iacobazzi, R.M.; Catto, M.; Rullo, M.; Farina, R.; Denora, N.; Cellamare, S.; Altomare, C.D. Investigating alkyl nitrates
as nitric oxide releasing precursors of multitarget acetylcholinesterase-monoamine oxidase B inhibitors. Eur. J. Med. Chem. 2019,
161, 292–309. [CrossRef]

13. Tang, H.; Wei, Y.-B.; Zhang, C.; Ning, F.-X.; Qiao, W.; Huang, S.-L.; Ma, L.; Huang, Z.-S.; Gu, L.-Q. Synthesis, biological
evaluation and molecular modeling of oxoisoaporphine and oxoaporphine derivatives as new dual inhibitors of acetyl-
cholinesterase/butyrylcholinesterase. Eur. J. Med. Chem. 2009, 44, 2523–2532. [CrossRef]

14. Pisani, L.; De Palma, A.; Giangregorio, N.; Miniero, D.V.; Pesce, P.; Nicolotti, O.; Campagna, F.; Altomare, C.D.; Catto, M. Mannich
base approach to 5-methoxyisatin 3-(4-isopropylphenyl)hydrazone: A water-soluble prodrug for a multitarget inhibition of
cholinesterases, beta-amyloid fibrillization and oligomer-induced cytotoxicity. Eur. J. Pharm. Sci. 2017, 109, 381–388. [CrossRef]

15. Cellamare, S.; Stefanachi, A.; Stolfa, D.A.; Basile, T.; Catto, M.; Campagna, F.; Sotelo, E.; Acquafredda, P.; Carotti, A. Design,
synthesis, and biological evaluation of glycine-based molecular tongs as inhibitors of Abeta1-40 aggregation in vitro. Bioorg. Med.
Chem. 2008, 16, 4810–4822. [CrossRef]

16. Convertino, M.; Pellarin, R.; Catto, M.; Carotti, A.; Caflisch, A. 9,10-Anthraquinone hinders beta-aggregation: How does a small
molecule interfere with Abeta-peptide amyloid fibrillation? Protein Sci. 2009, 18, 792–800.

17. Catto, M.; Arnesano, F.; Palazzo, G.; De Stradis, A.; Calò, V.; Losacco, M.; Purgatorio, R.; Campagna, F. Investigation on the
influence of (Z)-3-(2-(3-chlorophenyl)hydrazono)-5,6-dihydroxyindolin-2-one (PT2) on β-amyloid(1–40) aggregation and toxicity.
Arch. Biochem. Biophys. 2014, 560, 73–82. [CrossRef]

http://doi.org/10.4155/fmc-2019-0136
http://doi.org/10.1038/bjc.1996.421
http://doi.org/10.1055/s-0036-1588486
http://doi.org/10.1002/cmdc.201800177
http://doi.org/10.3390/molecules24122233
http://doi.org/10.1021/acs.jcim.8b00698
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1046/j.1432-1327.2000.01606.x
http://doi.org/10.1016/j.xphs.2018.03.018
http://doi.org/10.2174/1568026619666190128125912
http://doi.org/10.1021/acschemneuro.8b00391
http://doi.org/10.1016/j.ejmech.2018.10.016
http://doi.org/10.1016/j.ejmech.2009.01.021
http://doi.org/10.1016/j.ejps.2017.08.004
http://doi.org/10.1016/j.bmc.2008.03.052
http://doi.org/10.1016/j.abb.2014.07.015


Molecules 2021, 26, 359 16 of 16

18. Shulman, K.I.; Herrmann, N.; Walker, S.E. Current place of monoamine oxidase inhibitors in the treatment of depression. CNS
Drugs 2013, 27, 789–797. [CrossRef]

19. Binde, C.D.; Tvete, I.F.; Gasemyr, J.; Natvig, B.; Klemp, M. A multiple treatment comparison meta-analysis of monoamine oxidase
type B inhibitors for Parkinson’s disease. Br. J. Clin. Pharmacol. 2018, 84, 1917–1927. [CrossRef]

20. Youdim, M.B.H. Monoamine oxidase inhibitors, and iron chelators in depressive illness and neurodegenerative diseases. J. Neural
Transm. 2018, 125, 1719–1733. [CrossRef]

21. Gaulton, A.; Hersey, A.; Nowotka, M.; Bento, A.P.; Chambers, J.; Mendez, D.; Mutowo, P.; Atkinson, F.; Bellis, L.J.; Cibrián-Uhalte,
E.; et al. The ChEMBL database in 2017. Nucleic Acids Res. 2017, 45, D945–D954. [CrossRef] [PubMed]

22. Alberga, D.; Trisciuzzi, D.; Mansouri, K.; Mangiatordi, G.F.; Nicolotti, O. Prediction of acute oral systemic toxicity using a
multifingerprint similarity approach. Toxicol. Sci. 2019, 167, 484–495. [CrossRef] [PubMed]

23. Ellman, G.L.; Courtney, K.D.; Andres, V., Jr.; Feartherstone, R.M. A new and rapid colorimetric determination of acetyl-
cholinesterase activity. Biochem. Pharmacol. 1961, 7, 88–95. [CrossRef]

24. Pisani, L.; Catto, M.; De Palma, A.; Farina, R.; Cellamare, S.; Altomare, C.D. Discovery of potent dual binding site acetyl-
cholinesterase inhibitors via homo- and heterodimerization of coumarin-based moieties. ChemMedChem 2017, 12, 1349–1358.
[CrossRef]

25. Purgatorio, R.; de Candia, M.; Catto, M.; Carrieri, A.; Pisani, L.; De Palma, A.; Toma, M.; Ivanova, O.A.; Voskressensky, L.G.;
Altomare, C.D. Investigating 1,2,3,4,5,6-hexahydroazepino[4,3-b]indole as scaffold of butyrylcholinesterase-selective inhibitors
with additional neuroprotective activities for Alzheimer’s disease. Eur. J. Med. Chem. 2019, 177, 414–424. [CrossRef]

http://doi.org/10.1007/s40263-013-0097-3
http://doi.org/10.1111/bcp.13651
http://doi.org/10.1007/s00702-018-1942-9
http://doi.org/10.1093/nar/gkw1074
http://www.ncbi.nlm.nih.gov/pubmed/27899562
http://doi.org/10.1093/toxsci/kfy255
http://www.ncbi.nlm.nih.gov/pubmed/30371864
http://doi.org/10.1016/0006-2952(61)90145-9
http://doi.org/10.1002/cmdc.201700282
http://doi.org/10.1016/j.ejmech.2019.05.062

	Introduction 
	Results and Discussion 
	Chemistry 
	Cytotoxicity Evaluation 
	Target Protein Prediction by Similarity Search 
	Inhibition of AD-Related Targets 

	Materials and Methods 
	Chemistry 
	Synthesis of Schiff Bases 7–15 
	Preparation of Quaternary Salts 13a, 15a and 16a 
	Synthesis of Compounds 18 and 19 

	Chemoinformatics and Computational Chemistry 
	Cell Viability Assays 
	Cell Lines 
	In Vitro Growth Inhibition Assay 

	Enzymatic Assays 
	Cholinesterases 
	Monoamine Oxidases 

	Inhibition Assay of -Amyloid Aggregation 

	Conclusions 
	References

