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ethosulfate; HR-ESI(+)-MS, high-resolution electrospray ionization mass spectrometry; FBS, fetal 

bovine serum; RA, retinoic acid; EC50, half maximal effective concentration; LD50, median lethal dose; 

BBB, blood-brain barrier; PAS, peripheral anionic site; CAS, catalytic active site.  
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ABSTRACT 

Alzheimer’s disease (AD) is a neurodegenerative disease of the central nervous system. The main 

pathophysiological mechanisms involve cholinergic neurotransmission, beta-amyloid and Tau 

proteins, several metal ions and oxidative stress, amongst others. Current drugs offer only relief of 

symptoms and not a cure of AD. Recent evidence suggests that multifunctional compounds, targeting 

multiple pathophysiological mechanisms, may have great potential for the treatment of AD. In this 

study, we report on the synthesis and physicochemical characterization of four quinoline-based metal 

chelators and their respective copper(II) complexes. Most compounds were non-toxic at concentrations 

≤5 μM. In neuroprotection studies employing undifferentiated and differentiated SH-SY5Y cells, we 

show that the metal chelator N2,N6-di(quinolin-8-yl)pyridine-2,6-dicarboxamide (H2dqpyca) exerts 

significant neuroprotection against both Aβ peptide- and H2O2-induced toxicities. The copper(II) 

complex [CuII(H2bqch)Cl2]
.3H2O (H2bqch=N,N'-Bis(8-quinolyl)cyclohexane-1,2-diamine) also 

protects against H2O2-induced toxicity, with an EC50 concentration of 80 nM. Molecular docking 

simulations, using the crystal structure of the acetylcholinesterase (AChE)-rivastigmine complex as a 

template, indicated a strong interaction of the metal chelator H2dqpyca, followed by H2bqch, with both 

the peripheral anionic site and the catalytic active site of AChE. Our findings indicate that the metal 

chelator H2dqpyca and the copper(II) complex [CuII(H2bqch)Cl2]
.3H2O appear to be worth 

investigating as multifunctional lead compounds for the treatment of AD.   

 

Keywords: quinoline; metal complex; neuroprotection; oxidative stress; Alzheimer’s disease; SH-

SY5Y 
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1. Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disease of the central nervous system, affecting 

mainly the elderly, and it accounts for 60-70% of dementia cases [1]. It is characterized by episodic 

memory loss and decline of various mental functions including cognitive ability, spatial orientation, 

attention and speech ability [2,3]. In recent years, AD patients have been increased dramatically due 

to the aging of population. As a result, AD is one of the most common diseases in our time [4,5]. In 

particular, according to World Health Organization, around 50 million people worldwide suffer from 

AD or other types of dementia [6]. 

AD is a multifactorial disorder, which has been attributed to exogenous and genetic factors [7,8]. 

Various pathophysiological mechanisms have been studied, but the main hypotheses that have 

primarily gained attention are those related to the cholinergic neurotransmission, the amyloid plaque 

deposition, Tau proteins, metal ions and oxidative stress [4,7,9–11]. The FDA-approved drugs are 

restricted to several acetylcholinesterase (AChE) inhibitors, such as rivastigmine, tacrine, donepezil 

and galantamine, which offer only symptomatic relief without curing AD [7,10,12]. Discovery of more 

effective compounds remains still a challenge. Currently, despite intensive research efforts, no new 

drugs have been developed, a fact that is mainly due to unsatisfactory results from either preclinical or 

clinical studies [2,12–14]. Failure of monotherapies that are based on the amyloid, metal ion and 

oxidative stress hypotheses has sparked interest in the development of multifunctional compounds, 

which are considered as the most promising for the treatment of AD, as they are related to all known 

hypotheses of AD [2,12–14]. In this context, metal ions, especially copper, play important roles. It 

should be noted that copper participates in various fundamental functions of the body, especially those 

related to CNS [15]. Copper is mainly bound to chaperone proteins, which reduce the amount of free 

copper and also help transport this metal ion into the brain [7,15]. Copper dyshomeostasis is associated 

with increased levels of its free toxic cation and contributes significantly to the pathophysiology of 

AD. One well-established mechanism for copper toxicity in AD is due to binding of free CuII to Αβ 
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peptides, followed by increased charge, increased hydrophobicity and susceptibility to further 

aggregation [2,4,7]. Additional mechanisms include NMDA receptor activation which results in CuII-

induced Tau phosphorylation, APP degradation and increased Αβ production [12]. Furthermore, CuII 

redox activity may cause oxidative stress and ROS production  [5,7,16]. Apparently, copper(II) 

chelating compounds can counteract these toxic effects of copper dyshomeostasis in AD. Besides 

simple copper(II) chelators, copper(II) complexes with hybrid compounds containing salicylaldehyde 

based Schiff bases and benzothiazole [14], bis(thiosemicarbazones) [17,18] or 7-chloro-4-

aminoquinoline Schiff bases [19] have also been studied as candidate therapeutic compounds for the 

treatment of AD. On the one hand, it has been suggested that these complexes may offer stronger 

inhibition of the Αβ peptide aggregation than simple ligands due to a combined multivalent effect 

against Aβ peptide. In addition, copper(II) complexes may offer significant antioxidant capacity 

contributing to the reduction of intracellular ROS and the increase of cell viability [14]. On the other 

hand, some copper(II) complexes may regulate intracellular delivery of copper [18]. In particular, 

when neutral stable lipophilic complexes of square planar geometry are exposed to the intracellular 

reducing environment, CuII is reduced to CuI and is then released by the ligand increasing copper 

bioavailability. As a result, several cell signaling pathways are activated, which, via GSK-3β 

phosphorylation, reduce Aβ peptide aggregation and Tau protein phosphorylation [17,18]. 

Furthermore, increase of copper bioavailability by these complexes may activate superoxide dismutase 

(SOD), thus reducing the toxic effect of oxidative stress [12,17,18]. These results indicate that further 

studies investigating the effect of the isolated copper(II) chelators and their complexes are essential to 

clarify whether copper can be converted from a risk factor into a beneficial tool for the treatment of 

AD.  

Currently, several research groups have focused on the synthesis and evaluation of metal chelators 

as a basis of multifunctional compounds [20–24]. Previous studies have described quinoline 

derivatives as promising compounds with positive results in preclinical models. For instance, 
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clioquinol (Scheme 1), a 8-hydroxyquinoline derivative, is a bidentate chelator, which binds to metal 

ions, mainly copper(II), and reduces Αβ aggregation and oxidative stress [7,25,26]. In addition, several 

pyridine derivatives were shown to chelate metal ions, resulting in a reduction of metal-induced Aβ 

aggregation, ROS production and the following toxicity [12]. 

 

Scheme 1. Chemical structure of clioquinol. 

Herein, we report on the synthesis and physicochemical characterization of copper(II) complexes 

with the ligands N-(8-quinolyl)pyridine-2-carboxamide (Hbpq) and N2,N6-di(quinolin-8-yl)pyridine-

2,6-dicarboxamide (H2dqpyca) (Scheme 2), containing quinoline and pyridine rings, and the ligands 

N,N'-Bis(8-quinolyl)cyclohexane-1,2-diamine (H2bqch) and N,N'-Bis(8-quinolyl)ethane-1,2-diamine 

(H2bqen) (Scheme 3), containing quinoline rings. The ligands Hbpq and H2dqpyca (Scheme 2) have 

also the amide group(s) which is deprotonated quite easily upon interaction with CuII and a very strong 

bond of CuII with the deprotonated nitrogen is formed [27]. Furthermore, we studied the 

neuroprotective potential of the individual ligands and their copper(II) complexes against Aβ peptide- 

and H2O2-induced cytotoxicity in human neuroblastoma SH-SY5Y cells. Two promising candidate 

compounds with minimal toxicity in vitro have been identified, that act protectively against Aβ 

peptide- and/or H2O2-induced cell death, indicating that they could have the potential to be efficient 

multifunctional agents for the treatment of AD. 

javascript:
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Scheme 2. The ligands Hbpq and H2dqpyca, containing quinoline and pyridine rings.  

 

Scheme 3. The ligands H2bqch and H2bqen, containing quinoline rings.         

 

2. Experimental section 

2.1 General procedures and materials 

All chemicals were obtained commercially and used without further purification. 1H NMR spectra 

of the organic molecules were recorded on a Bruker Avance 300 spectrometer at 300 MHz. Merck 

silica gel 60 F254 TLC plates were used for thin layer chromatography. Elemental analyses were 

determined by the microanalysis services of the School of Chemistry in Glasgow, using an EA 1110 

CHNS, CE-440 Elemental Analyzer. Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F-

12 Nutrient Mixture were purchased from Gibco (Grand Island, NY, USA). Human neuroblastoma 
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SH-SY5Y cell line was kindly provided by Dr Th. Michailidis (University of Ioannina, Ioannina, 

Greece). 7PA2-CHO cells, which were isolated in the laboratory of Dr D. Selkoe (Harvard University, 

Boston, USA), were kindly provided by Dr K. Vekrellis (BRFAA, Athens, Greece). For cell viability 

assays, CellTiter 96® AQueous One Solution Reagent (G3581) containing a novel tetrazolium 

compound, [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt (MTS)], and an electron coupling reagent, phenazine ethosulfate (PES), was 

purchased from Promega (Madison, WI, USA). The tested compounds were dissolved in DMSO in 

0.25-50 mM stock solutions. Stock solutions were stored at -20⁰C. Final concentration of DMSO 

(vehicle) in biological studies was 0.2% v/v. 

 

2.2 Chemical synthesis and crystallography 

2.2.1 Chemical synthesis and characterization 

N-(8-quinolyl)pyridine-2-carboxamide (Hbpq). Pyridine-2-carboxylic acid (2.000 g, 16.24 mmol) 

and 8-aminoquinoline (2.342 g, 16.24 mmol) were suspended in pyridine (30 ml). The mixture was 

heated at 40oC for 10 min, triphenylphosphite (5.040 g, 16.24 mmol) was added dropwise and the 

mixture was stirred at reflux for 4 h. After cooling to room temperature, the volume of the solution 

was reduced to 5 ml and ice cold EtOH (10 ml) was added dropwise to the solution, until a white 

precipitate was formed. The precipitate was filtered off, washed multiple times with ice cold EtOH 

and diethyl ether and dried in vacuum. Yield: 76%. Anal. Calcd for C15H11N3O (Mr=249.27): C, 72.28; 

H, 4.45; N, 16.86. Found: C, 71.98; H, 4.51; N, 16.89. 1H NMR (CDCl3): δ 12.28 (s, 1 H), 9.02-9.01 

(m, 2 H), 8.83-8.82 (m, 1 H), 8.39-8.38 (d, 1 H), 8.24-8.22 (m, 1 H), 7.96 (m, 1 H), 7.62 (m, 2 H), 7.53 

(m, 2 H) (Fig. S1A). [HR-ESI(+)-MS]: calcd for (C15H11N3ONa) {[M + Na]+} m/z 272.0794, found 

272.0788 (100%). mp=123-124oC. Rf=0.1 (chloroform:n-hexane, 1:1). 

N2,N6-di(quinolin-8-yl)pyridine-2,6-dicarboxamide (H2dqpyca). To a stirred solution of 2,6-

pyridinedicarboxylic acid (3.000 g, 18 mmol) in pyridine (60 ml), solid 8-aminoquinoline (5.190 g, 36 

javascript:
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mmol) in one portion and triphenylphosphite (9.60 ml, 36 mmol) were successively added and the 

mixture was refluxed overnight. The resulting solution was cooled to –18⁰C overnight and the light 

yellow solid was filtered off, washed with cold ethanol (2 x 10 ml) and diethyl ether (2 x 10 ml) and 

dried in vacuum to afford 6.811 g of a white solid. Yield: 90% (based on the 2,6-pyridinedicarboxylic 

acid). Anal. calcd for C25H17N5O2 (Mr=419.44): C, 71.59; H, 4.09; N, 16.69. Found: C, 71.32; H, 4.18; 

N, 16.44. 1H NMR (CDCl3): δ 12.35 (s, 2H), 9.02-8.99 (dd, 2H), 8.57 (d, 2H), 8.25-8.16 (m, 5H), 7.68-

7.60 (m, 4H), 7.34-7.30 (m, 2H) (Fig. S1B). [HR-ESI(+)-MS]: calcd for (C25H18N5O2) {[M + H]+} m/z 

420.1455, found 420.1443 (100%). mp=286°C. Rf=0.28 (chloroform:n-hexane, 4:1). 

N,N'-Bis(8-quinolyl)cyclohexane-1,2-diamine (H2bqch). 

This compound was synthesized according to literature [28] at similar yield. 1H NMR (CDCl3): δ 8.57 

(d, 2H), 7.98 (d, 2H), 7.32 (m, 4H), 6.98 (d, 2H), 6.82 (d, 2H), 6.41 (d, 2H), 3.77 (m, 2H), 2.41 (m, 

2H), 1.86 (m, 2H), 1.56 (m, 4H) (Fig. S1C).   

N,N'-Bis(8-quinolyl)ethane-1,2-diamine (H2bqen). 

This compound was synthesized according to literature [28] at similar yield. 1H NMR (CDCl3): δ 8.70 

(d, 2H), 8.06 (d, 2H), 7.39 (m, 4H), 6.78 (d, 2H), 6.44 (s, 2H), 3.76 (s, 4H) (Fig. S1D). 

[N-(quinolin-8-yl)pyridine-2-carboxamido-N1,N2,N3](chlorido)(methyl alcohol-O)copper(II), 

[CuII(bpq)Cl(HOCH3)] (1). CuCl2
.2H2O (0.068 g, 0.40 mmol) was dissolved in methyl alcohol under 

magnetic stirring. Solid Hbpq (0.100 g, 0.40 mmol) was added to the stirred solution in one portion 

and the mixture was stirred at room temperature for 3 h. The resulting green precipitate was filtered 

off, washed with diethyl ether (2 x 5 ml) and dried in vacuum. Yield: 76%. Anal. Calcd. for C16H14N3 

O2CuCl (Μr=379.30): C, 50.66; H, 3.72; N, 11.08.  Found: C, 50.70; H, 3.80; N, 11.05. Efforts to get 

crystals of 1 suitable for single crystal X-ray structure analysis were unsuccessful and thus, 

Cu(ClO4)2
.6H2O  was used as a source of copper(II) to get compound [CuII(bpq)(ClO4)(HOCH3)] (1΄) 

as a green solid in 89% yield. Anal. Calcd. for C16H14N3O6CuCl (1΄, Μr = 443.30): C, 43.35; H, 3.18; 
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N, 9.48.  Found: C, 43.32; H, 3.20; N, 9.51.  The resulting green solid was dissolved in acetonitrile 

and layered with diethyl ether to obtain green crystals of [CuII(bpq)(ClO4)(CH3CN)] (1΄΄) (Fig. 1A). 

Bis[μ2-N2,N6-di(quinolin-8-yl)pyridine-2,6-dicarboxamido]dicopper(II), [CuII
2(μ2dqpyca)2] (2). 

CuII(CH3COO)2
.H2O (0.119 g, 0.60 mmol) was dissolved in ethyl alcohol (20 ml) under magnetic 

stirring. Solid H2dqpyca (0.250 g, 0.60 mmol) was added to the stirred solution in one portion and the 

mixture was refluxed overnight. The color of the solution changed slowly to green and a green 

precipitate was formed. The resulting mixture was first cooled to room temperature and then to 2oC. 

The green precipitate was filtered off, washed with cold ethyl alcohol (2 x 3 ml) and diethyl ether (2 x 

5 ml) and dried in vacuum. Yield: 73% (based on H2dqpyca). Anal. calcd for Cu2C50H30N10O4 

(Mr=961.93): C, 62.43; H, 3.14; N, 14.56. Found: C, 62.29; H, 3.27; N, 14.24.  

Crystals of 2 suitable for X-ray diffraction analysis were obtained by layering diethyl ether into a 

concentrated chloroform solution of 2 (Fig. 1B). 

[N,N'-Bis(8-quinolyl)cyclohexane-1,2-diamine](dichlorido)copper(II), [CuII(H2bqch)Cl2].3H2O 

(3). 

CuCl2
.2H2O (0.046 g, 0.27 mmol) was dissolved in methyl alcohol under magnetic stirring. Solid 

H2bqch (0.100 g, 0.27 mmol) was added to the stirred solution in one portion and the mixture was 

stirred at room temperature for 3 h. The resulting dark green precipitate was filtered off, washed with 

diethyl ether (2 x 5 ml) and dried in vacuum. Yield: 53%. Anal. Calcd. for C24H30N4O3CuCl2 

(Μr=556.74): C, 51.78; H, 5.43; N, 10.06. Found: C, 51.81; H, 5.45; N, 10.01. Ef forts to get crystals 

of 3 suitable for single crystal X-ray structure analysis were unsuccessful and thus, Cu(ClO4)2 
.6H2O 

was used as a source of copper(ΙΙ) to get a green solid. The resulting green solid was dissolved in 

acetonitrile and layered with diethyl ether to obtain green crystals of trans-[CuII(H2bqch)(ClO4)2] (3΄) 

(Fig. 1C). 
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[N,N'-Bis(8-quinolyl)ethane-1,2-diamine](dichlorido)copper(II), [CuII(H2bqen)Cl2].H2O (4). 

Compound 4 was synthesized in the same way as 3, using H2bqen instead of H2bqch. Yield 64%. Anal. 

Calcd. for C20H20N4OCuCl2 (Mr=466.66): C, 51.48; H, 4.32; N, 12.01. Found: C, 51.71; H, 3.85; N, 

12.80. 

2.2.2 X-ray crystallographic data collection and structure refinement  

Suitable single crystal was selected and mounted onto a rubber loop using Fomblin oil. Single-

crystal X-ray diffraction data of 1΄΄ were recorded on a Bruker Apex CCD diffractometer (λ 

(MoKα)=0.71073 Å) at 150 K equipped with a graphite monochromator. Structure solution and 

refinement were carried out with SHELXS-97 [29] and SHELXL-97 [30] using the WinGX software 

package [31]. Data collection and reduction were performed using the Apex2 software package. 

Corrections for incident and diffracted beam absorption effects were applied using empirical 

absorption corrections [32]. All the non-H atoms were refined anisotropically. The positions of 

hydrogen atoms were calculated based on stereochemical considerations using the riding model. Final 

unit cell data and refinement statistics for compound 1΄΄ are collated in Table 1. The crystallographic 

data for compound 1΄΄ (CCDC- 2017545) can be obtained free of charge from the Cambridge 

Crystallographic Data Centre, (12 Union Road, Cambridge CB2 1EZ; fax: (+44) 1223- 336-033; email: 

deposit@ccdc.cam.ac.uk). 
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Table 1. Crystallographic and experimental data for 1΄΄ 

parameter  

Empirical formula C34H26Cl2Cu2N8O10 

Formula weight 904.63 

Temperature 150 K 

Wavelength 0.71073 Å 

Cryst. syst. Monoclinic 

Space group P 21/n 

α (Å) 7.669 (2) 

b (Å) 17.100 (4) 

c (Å) 13.359 (4) 

α (deg) 90 

β (deg) 91.636 (3) 

γ (deg) 90 

Vol. (Å3) 1751.2 (8) 

Z 2 

Dcalcd (Mg/m3) 1.716 

Abscoeff (mm-1) 1.440 

Theta (max) 26.498 

Tmin 0.841 

Tmax 0.931 

Nref 3634 

R, wR (all data) 0.0299, 0.0772 

 

2.3 Pharmacological evaluation 

2.3.1 Cell culture and differentiation of SH-SY5Y cells 

SH-SY5Y cells (P37-P42) were maintained in a growth medium consisting of DMEM:F12 (1:1) 

supplemented with 10% FBS, 1% P/S and L-glutamine (at a final concentration of 2 mM) and were 

incubated at 37⁰C and 5% CO2. Cell viability/cell death experiments were performed in 96-well plates 

with undifferentiated (at a seeding density of 3 X 104 cells/well) and differentiated cells (at a seeding 

density of 7.5 X 104 cells/well). Differentiation was induced by culturing cells in DMEM:F12 (1:1) 

supplemented with 0.1% FBS, 1% P/S, L-glutamine (at a final concentration of 2 mM) and retinoic 

acid (RA) 5 μM for at least 96 h. Differentiation medium was changed every 48 h.  
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2.3.2 Culture supernatant isolation from 7PA2-CHO cells 

7PA2-CHO cells were cultured in 10 cm plates in a growth medium DMEM supplemented with 

10% FBS, 1% P/S, L-glutamine (at a final concentration of 2 mM) and 100 μg/ml G418 to enrich for 

mutant APP-expressing cells. After two passages, they were shifted to medium without G418 for at 

least 24 h and after extensive washing, they were incubated in 10 ml of DMEM:F12 (1:1) medium 

supplemented with 1% P/S and L-glutamine (at a final concentration of 2 mM) for at least 16 h. The 

cell supernatant, containing secreted APP and a mixture of pathological Aβ peptides in oligomeric 

forms [33], was collected and centrifuged to remove cells and cell debri. The final cleared supernatant 

was aliquoted and stored at -20⁰C. The same protocol was followed for the isolation of control 

supernatant from naïve CHO cells (CHO-K1) without the inclusion of G418.  

2.3.3 Toxicity assays 

Undifferentiated SH-SY5Y cells (3 X 104 cells/well) were cultured in 96-well plates. After 24 h, 

medium was changed to DMEM:F12 (1:1) supplemented with 1% P/S and L-glutamine (at a final 

concentration of 2 mM) but without FBS and compounds at various concentrations or vehicle (DMSO 

at a final concentration of 0.2% v/v) were added. Cell viability was assessed after 48 h by the MTS 

assay. 

2.3.4 Neuroprotective effect of compounds against 7PA2-CHO supernatant and H2O2 

Undifferentiated SH-SY5Y cells (3 X 104 cells/well) were seeded in 96-well plates in DMEM:F12 

(1:1) medium supplemented with 10% FBS, 1% P/S and L-glutamine (at a final concentration of 2 

mM) and were incubated at 37⁰C and 5% CO2 for 24 h. Growth medium was aspirated, cells were 

washed with PBS and pre-incubated for 4.5 h in DMEM:F12 (1:1) medium in the presence of various 

concentrations of compounds or vehicle (DMSO). Subsequently, H2O2 (final concentration 750 μΜ), 

7PA2-CHO supernatant (final concentration 75% v/v) or CHO-K1 control supernatant (final 

concentration 75% v/v) was added. In the experiments with differentiated SH-SY5Y cells (7.5 X 104 
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cells/well), differentiation was performed before pre-incubation with the compounds. Cell viability 

was assessed after 48 h by the MTS assay.  

2.3.5 Assessment of cell viability by the MTS assay 

MTS reagent (20 μl of a solution 1.90 mg/ml MTS and 300 μM PES in Dulbecco’s PBS, pH 6.0) 

was added to control and treated SH-SY5Y cells (total volume 120 μl) in 96-well plates and the plates 

were incubated at 37⁰C and 5% CO2 for 90 min. Absorption was measured in an ELISA 

spectrophotometer at 492 nm. All MTS assays were performed in triplicate samples in each 

experiment. Results are expressed as % cell viability with DMSO- or medium-treated cells (controls) 

representing 100% cell viability. 

2.3.6 Molecular docking studies 

Molecular docking studies of the synthesized metal chelators were performed using 

AutoDockTools-1.5.6 and the crystal structure of the complex AChE-rivastigmine (PDB ID:1GQR) 

as a template. The structures of Hbpq and H2dqpyca were taken from Pubchem database as SDF files 

while the structures of H2bqch and H2bqen were designed with ChemDraw, energy minimization was 

performed and they were exported as PDB files. A grid box was defined containing all critical amino 

acids of AChE which interact with rivastigmine, specifically residues Trp84, Gly118, Gly119, Glu199, 

Ser200, Ala201, Phe288, Phe290, Glu327, Phe330 and His440. Molecular docking studies of each 

chelator were performed and files with the energies of their various poses during their interaction with 

AChE and their PDBQT files were taken. Analysis of these interactions and bond distances for their 

best pose was performed using Pymol. Interactions of the chelators with the residues of AChE within 

4 Å from the ligand binding site were tested. For each docking study a total of 9 docking poses were 

retained. These poses of each metal chelator appeared to be clustered in a single pose as the maximum 

energy difference between the most stable and the least stable poses ranged from 1.1 to 2.4 kcal/mol 

depending on the metal chelator (Table S1). 
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2.3.7 Statistical analysis 

All experiments were repeated at least two times with different cell batches in triplicate samples. 

All data were expressed as means±SEM with results pooled from all experiments. Calculation of EC50 

values was performed using the log(agonist) vs response-variable slope mode of Prism GraphPad. 

Statistical analysis between multiple groups was performed by ANOVA followed by Bonferroni post-

hoc test using Prism GraphPad. * corresponds to 0.01<p<0.05, ** correspond to 0.001<p<0.01 and 

*** correspond to p<0.001. 
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3. Results and Discussion 

3.1 Chemical synthesis and characterization of quinoline metal chelators and their complexes with 

copper(II) 

3.1.1 Chemical synthesis 

The ligands Hbpq and H2dqpyca were obtained by the condensation of 8-aminoquinoline with 

pyridine-2-carboxylic acid and 2,6-pyridinedicarboxylic acid respectively in pyridine solvent, using 

triphenylphosphite as a coupling reagent. The ligands H2bqch and H2bqen were synthesized in 

accordance with literature [28]. Copper(II) complexes of Hbpq, H2dqpyca, H2bqch and H2bqen were 

prepared by the reaction of CuCl2
.2H2O or Cu(ClO4)2 or CuII(CH3COO)2

.H2O with these ligands, as 

detailed in Section 2.2.1. The structures of all synthesized ligands were confirmed by 1H NMR (Fig. 

S1) and Mass Spectrometry. Crystal structures of the copper(II) complexes of the ligands were 

analyzed by X-ray crystallography. Chemical structures of the ligands and their copper(II) complexes 

are shown in Schemes 2-4.     

 

Scheme 4. Structures of the copper(II) complexes (1-4) of the ligands used in this study.  
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3.1.2 X-ray crystallography 

The molecular structure of compound 1΄΄ [CuII(bpq)(ClO4)(CH3CN)] is depicted in Fig. 1A and 

selected bond lengths and angles are listed in Table 2. The metal center is surrounded by four different 

types of nitrogen donor atoms, N(pyr), N(quin), N(amide), N(CH3CN) and an oxygen atom from the perchlorate 

ion. The copper(II) ion adopts a distorted square-pyramidal coordination geometry (τ=0.24) [34] with 

the oxygen atom occupying the axial positions and the nitrogen atoms occupying the equatorial plane. 

The CuII-N(amide) bond is the shortest (1.9΄30 (2) Å) of all CuII-N bonds, which is consistent with 

literature values [35–37]. The CuII-N(ACN) bond (1.975 (2) Å) is shorter than the CuII-N(pyr) (2.003 (2) 

Å) and CuII-N(quin) (2.011 (2) Å) bonds and the CuII-O(perchlorate) bond (2.527 (2) Å) is the longest, as 

expected. The crystal structures of 2 and 3΄ have been previously discussed in detail [38,39]. The 

structures of 2 and 3΄ differ from 1΄΄ as the copper(II) ion in the former complexes adopts a distorted 

octahedral geometry while complex 2 differs from complex 3΄ as it is a binuclear compound while 3΄ 

is a mononuclear compound (Fig. 1). 

 

 

 

 

 

 

 

                                   Fig. 1. Ball and stick representation of complexes 1΄΄ (A), 2 (B) and 3΄ (C). 
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Table 2. Interatomic distances (Å) and angles (deg) for 1΄΄relevant to the copper(II) coordination 

sphere. 

parameter Interatomic 

distances (Å) 

and angles (deg) 

Cu (1) - O (2) 2.527 (2) 

Cu (1) - N (1) 2.011 (2) 

Cu (1) - N (2) 1.930 (2) 

Cu (1) - N (3) 2.003 (2) 

Cu (1) - N (4) 1.975 (2) 

O (2) - Cu (1) - N (1) 92.00 (6) 

O (2) - Cu (1) - N (2) 96.41 (6) 

O (2) - Cu (1) - N (3) 92.70 (6) 

O (2) - Cu (1) - N (4) 83.22 (6) 

N (1) - Cu (1) - N (2) 82.58 (7) 

N (1) - Cu (1) - N (3) 164.84 (7) 

N (1) - Cu (1) - N (4) 96.93 (7) 

N (2) - Cu (1) - N (3) 82.58 (7) 

N (2) - Cu (1) - N (4) 179.38 (7) 

N (3) - Cu (1) - N (4) 97.930 (7) 

 

Proposed structures of the copper(II) compounds 1, 3 and 4 

The proposed structures of compounds 1, 3 and 4 (Scheme 4) are based on the solid-state (KBr discs) 

FT-IR spectra and their statistical analysis. In Figure 1 are shown the solid-state FT-IR spectra of the 

pair of compounds 3 and 3΄ (i.e., the chloride and its perchlorate analogue respectively) in the low 

frequency region, the so-called fingerprint region.  
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 Fig. 1 FT-IR spectra of compounds 3 and 3΄ in the fingerprint region. 
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At a first glance, the spectra of compounds 3 and 3΄ in the fingerprint region exhibit a resemblance 

implying characteristic structural similarities. As a general remark, we observe two spectral zones near 

600 cm-1 and 1000-1200 cm-1 where the spectra differ significantly. These bands are assigned to 

vibrations of the coordinated perchlorate ion in 3΄ [1]. 

Furthermore, the first derivatives of the spectra have been used to disentangle the pure vibrational 

density of states from the residual background slopes [2]. Indeed, a comparison of the first derivatives 

corresponding to the spectra of each compound (3 with 3΄) reveals characteristic resemblance except 

for the spectral regions attributed to perchlorate species that have been discussed above.  
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Fig. 2 First derivative of the FT-IR spectra of compounds 3 and 3΄ in the fingerprint region. 

Additionally, the Pearson product-moment correlation (PPMC) has been used to follow the linear 

correlation between the spectra of each set presented in Fig. 1 in a quantitative manner [3]. In Fig. 3 

are shown the confidence ellipses for the set of spectra presented in Fig. 1, respectively.  In this Figure, 

the confidence ellipse includes points of the scatter matrix with correlation higher than 95%.  Each 

point of the IR spectrum is represented by a point of the scatter matrix. It seems that for 3 and 3΄ most 

of the points are inside confidence ellipse indicating spectral similarities. The spectral differences due 
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to the bands of perchlorate species and possible minor frequency shifts and bandwidth variations 

observed in the spectra are due to the different degree of interactions taking place in each compound. 
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Fig. 3 Confidence ellipse as obtained from Pearson-type correlation for the spectra presented in Fig. 

1. 

Finally, the 2-D correlation methodology has been used to further establish the structural similarity. 

The synchronous correlation map constructed from the vibrational spectra of the set is presented in 

Fig. 4.  The synchronous 2-D maps exhibit concurrent variations, and the spectra are fully symmetric 

with respect to diagonal line [4]. This behavior is characteristic of a thorough spectral resemblance 

also implying a structural similarity. The peaks detected in the diagonal line are known as “auto-

peaks”, while all the observed off-diagonal peaks are the “cross-peaks” and are related to synchronous 

spectral alterations with positive or negative intensities, respectively. The 2-D correlation spectral 

analysis provides an enhanced peak resolution by spreading the bands along the second dimension 

permitting thus a detailed evaluation of the structure [3-5]. 
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Fig. 4 Synchronous 2-D correlation spectra constructed from the vibrational spectra of compound 3 

and 3΄. 

Thus, it is crystal-clear from all the above data the structures of compounds 3 and 3΄ are very similar 

(see Scheme 4 and Figure 1). With the same reasoning, the structures of 1 and 4 are those reported in 

Scheme 4.  (See supplementary material for more details and relevant graphs). 
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3.2 Pharmacological evaluation 

3.2.1 Toxicity studies  

The toxicity of compounds was examined in undifferentiated SH-SY5Y cells using the MTS assay 

after incubation for 48 h. The range of concentrations was selected from previous similar studies taking 

into account the solubility and toxicity concerns with metal chelators [19,21,40]. As shown in Fig. 2A, 

the metal chelator Hbpq displayed significant toxicity at concentrations ≥10 μΜ with 60% cell death 

at 50 μΜ. Its copper(II) complex 1 was extremely toxic even at a low concentration of 1 μM resulting 

in almost 100% cell death (Fig. 2A). On the contrary, the metal chelator H2dqpyca and its copper(II) 

complex 2 were non-toxic at concentrations of 0.5-2 μM, while only 2 at 10 μM was significantly toxic 

(Fig. 2A). As for the metal chelators H2bqch, H2bqen and their copper(II) complexes 3-4 (Fig. 2B), 

they were found to be non-toxic at the indicated concentrations.  
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Fig. 2. Cytotoxicity of the metal chelators Hbpq, H2dqpyca (A), H2bqen, H2bqch (B) and their complexes with copper(II) 

in SH-SY5Y cells. Cells were treated with the compounds at various concentrations for 48 h. DMSO (vehicle) at a final 

concentration of 0.2% v/v was used as control. Cell viability was determined by the MTS assay. Data are expressed as 

means±SEM of at least two independent experiments in triplicate samples. Statistical analysis between multiple groups 

was performed by ANOVA followed by Bonferroni post-hoc test. Significance level ***p<0.001 as compared with vehicle. 

The above results are in general agreement with other quinoline-based compounds previously 

studied. Ιt has been suggested that 7-chloro-4-aminoquinoline Schiff bases [19], 8-hydroxyquinoline 

Schiff-base compounds [21], selenium-containing clioquinol derivatives [22], trehalose and glucose 

derivatives of 8-hydroxyquinoline [40] or other chelators, such as hybrid compounds of 
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salicylaldehyde based Schiff bases and benzothiazole [14] are generally non-toxic at concentrations 

≤5 μM. Certain copper(II) complexes have also been studied and were found to be either non-toxic 

[19,40] or slightly toxic (at 10 μΜ concentrations in the presence of added CuII) [41] in cell models. It 

should be noted here that combinatorial treatment of cells with chelators and copper(II) may not be 

appropriate for reporting toxicities of the chelator-copper(II) complex [41]. We administered the 

synthesized and characterized complexes directly to the cells as complexes and this approach better 

approximates the cellular condition. In this regard, it is important to highlight the results obtained with 

Hbpq and 1 (Fig. 2A). Hbpq, in contrast to H2dqpyca, contains a single quinoline ring and is a tridentate 

chelator. At 1 μΜ it is non-toxic while the formed copper(II) complex 1 at the same concentration kills 

almost all cells, exhibiting thus a far greater toxic effect under the same conditions. At equivalent 

concentrations, H2dqpyca, which contains two quinoline rings and is a pentadentate chelator, and its 

copper(II) complex 2 are well-tolerated by cells. We conclude that the presence of only one single 

quinoline ring in a quinoline-based scaffold results in a metal chelator that when complexed with CuII 

exerts a dramatic toxic effect in cells. This toxic effect could be due to the fact that a tridentate chelator 

forms less stable complexes with copper(II) than a pentadentate chelator. So, CuII could be released 

more easily from 1 and activate proapoptotic pathways. Due to the high toxicity associated with Hbpq 

and its complex with CuII we didn’t proceed in further experimentation with these compounds in this 

paper although it would be interesting to investigate in further detail the mechanisms of cell death 

induced by these compounds in the future. 

3.2.2 Neuroprotective effects of compounds against 7PA2-CHO supernatant-induced toxicity in SH-

SY5Y cells 

The amyloid hypothesis is one of the basic pathophysiological mechanisms related to AD. Αβ 

peptides in oligomeric forms of Αβ1-42 are produced by APP metabolism and are considered the 

primary toxic species [2,4]. In order to better approximate the in vivo condition of production of toxic 

Αβ species by APP metabolism, we utilized the 7PA2-CHO cell line developed by the Selkoe lab [42]. 
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These cells stably express a form of APP with mutations found in patients with familial AD. Mutant 

APP is secreted in the medium and processed into several Αβ peptides including the major toxic 

oligomeric forms [43]. In order to study the neuroprotective effects of synthesized metal chelators and 

their complexes with copper(II) we pre-incubated SH-SY5Y cells for 4.5 h with the indicated 

concentrations and then challenged cells with 7PA2-CHO supernatant containing toxic Αβ peptide 

forms for 48 h. Cell viability was assessed by the MTS assay. In pilot experiments we characterized 

the dose-dependency of two different batches of 7PA2-CHO supernatant and reproducibly found that 

a concentration of 75% (v/v) resulted in 40-60% SH-SY5Y cell death. Incubation of cells with control 

CHO-K1 supernatant (from naïve CHO cells which do not express APP) did not result in any toxic 

effect and was used as control in these experiments.  

As shown in Fig. 3A, compound H2dqpyca at both concentrations tested exerted a statistically 

significant strong neuroprotective effect against Αβ peptide-induced SH-SY5Y cell death. The 

calculated neuroprotective effect was 50% at the concentration of 0.5 μΜ, which however did not 

increase significantly at 2 μΜ. In contrast, 2 did not show any statistically significant neuroprotective 

effect. Analysis of H2bqen showed a small neuroprotective effect at 1 μΜ which however was not 

statistically significant and was abolished at 5 μΜ (Fig. 3B). In sharp contrast, 4 at a concentration of 

5 μΜ was found to cause additive toxicity in the presence of Αβ peptides with their combination 

resulting in almost 90% cell toxicity; this may suggest the generation of CuII species by 4 that may 

stabilize or further enhance formation of Αβ peptide oligomers and thus increase toxicity, a well-

described aspect of the amyloid-metal hypothesis [2,4,7]. Of all compounds analyzed, H2bqch and its 

copper(II) complex 3 did not exhibit any significant neuroprotection nor additive toxic effect in the 

presence of toxic Aβ peptides at the concentrations tested (Fig. 3B). So, we conclude that distinct 

copper(II) complexes with different affinities might work in opposite ways by increasing Αβ toxicity. 
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Fig. 3. Neuroprotective effect of the metal chelators H2dqpyca (A), H2bqen, H2bqch (B) and their complexes with copper(II) 

against 7PA2-CHO supernatant-induced toxicity in SH-SY5Y cells. Cells were pretreated with the compounds at the 

indicated concentrations for 4.5 h and then challenged with 75% v/v 7PA2-CHO supernatant for 48 h. DMSO (vehicle) 

and CHO-K1 supernatant (from naïve CHO cells) were used as controls. Cell viability was determined by the MTS assay. 

Data are expressed as means±SEM of two independent experiments in triplicate samples. Statistical analysis between 

multiple groups was performed by ANOVA followed by Bonferroni post-hoc test. Significance levels *0.01<p<0.05, 

**0.001<p<0.01, ***p<0.001 as compared with the 7PA2-CHO supernatant-treated cells. 

3.2.3 Neuroprotective effects of compounds against H2O2-induced toxicity in SH-SY5Y cells 

Oxidative stress is another basic mechanism related to AD and also highly relevant to the study of 

metal chelators. On the one hand, metal ions, especially excess copper(II), may increase Αβ peptide 
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aggregation and ROS production thus contributing to cell death in AD [4]. In addition, many 

previously synthesized metal chelators have been found to be potent antioxidants [20,21]. On the other 

hand, increase of copper(II) availability in cells by certain copper(II) complexes may also act 

protectively reducing the toxic effect of oxidative stress [12,17,18]. For these reasons we extended our 

experiments to screen for possible neuroprotective effects of our synthesized metal chelators and 

complexes against H2O2-induced oxidative stress in SH-SY5Y cells. In preliminary experiments we 

established the dose-response curve of H2O2-induced toxicity and found an LD50 value of approx. 700 

μΜ. In all subsequent experiments we challenged SH-SY5Y cells with H2O2 at 750 μΜ resulting in a 

reproducible 70-85% cell death effect after 48 h. As shown in Fig. 4A, H2dqpyca at 2 μΜ exhibited a 

neuroprotective effect, while 2 was ineffective. H2bqen and its complex with copper(II), as well as 

H2bqch were also largely ineffective (Fig. 4B). A prominent exception here was 3 which at 2 μΜ 

exerted a significant neuroprotective effect against H2O2-induced SH-SY5Y cell death and a similar 

trend was evident for a lower concentration of 0.5 μΜ (Fig. 4B). 
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Fig. 4. Neuroprotective effect of the metal chelators H2dqpyca, H2bqen, H2bqch and their complexes with copper(II) against 

H2O2-induced toxicity in SH-SY5Y cells. (A), (B). Undifferentiated cells were pretreated with the compounds at the 

indicated concentrations for 4.5 h and then challenged with H2O2 750 μΜ for 48 h. DMSO and H2O (vehicles) were used 

as controls. Cell viability was determined by the MTS assay. Data are expressed as means±SEM of two independent 

experiments in triplicate samples. (C). Dose-dependent experiments of H2dqpyca and the copper(II) complex 3 in 

differentiated SH-SY5Y cells. Treatments with the indicated concentrations as above. Data are expressed as means±SEM 

of triplicate samples. (D). Dose-response curve for the copper(II) complex 3 neuroprotective effect used for determination 

of EC50 value. Results were re-plotted from Fig. 4C. Statistical analysis between multiple groups was performed by 

ANOVA followed by Bonferroni post-hoc test. Significance levels *0.01<p<0.05, **0.001<p<0.01, ***p<0.001 as 

compared with the H2O2-treated cells. 

3.2.4 Investigation of dose-dependent effects of compounds H2dqpyca and 3 in differentiated SH-SY5Y 

cells reveals differential modes of neuroprotection against H2O2-induced toxicity 

Due to the promising neuroprotective effects against H2O2-induced cytotoxicity demonstrated by 

H2dqpyca and 3 in the first round of experiments, we decided to study in more detail these two 
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compounds. Of note, H2dqpyca was also found to be the most effective in protecting against Αβ 

peptide-toxicity (Fig. 3A). 3, on the other hand, was the only studied copper(II) complex that exerted 

a significant antioxidant effect (Fig. 4B) and was also virtually devoid of any additive toxic effect 

when co-administered with Αβ peptides from 7PA2-CHO supernatant (Fig. 3B).  

In order to better characterize these compounds, we performed dose-response neuroprotection 

experiments in differentiated SH-SY5Y cells. Differentiation was achieved with a modified retinoic 

acid-based protocol in order to enrich for the non-proliferating neurite-extending cells that exhibit a 

more mature neuron-like phenotype [44]. Morphological differentiation is accompanied by increased 

expression of neuronal markers and acquisition of a cholinergic neuron phenotype, more relevant to 

AD [44–47]. Pilot experiments for H2O2-induced cytotoxicity in differentiated SH-SY5Y cells 

revealed a similar to non-differentiated cells LD50 value (data not shown). As shown in Fig. 4C, when 

differentiated SH-SY5Y cells were pre-incubated with a wider range of concentrations (0.02-2 μΜ) of 

3 and H2dqpyca and then challenged with H2O2, we observed a clear dose-dependent neuroprotective 

effect for 3. The maximal neuroprotective effect of 3 was calculated at 35-40% with a logEC50 value 

of 1.91±0.16 (n=3) corresponding to an EC50 concentration of approx. 80 nM (Fig. 4D). According to 

our knowledge, this is one of the lowest EC50 values reported in the literature for cellular in vitro 

studies. The most significant effect of previously studied compounds accounted for a modest 3.4-

28.7% increase in cell viability, with EC50 values reported in the low to high micromolar range [48–

51]. Surprisingly, H2dqpyca, although still caused a statistically significant neuroprotective effect 

against H2O2-induced toxicity in differentiated SH-SY5Y cells (15-20% increase of cell viability) (Fig. 

4C), did not exhibit any clear dose-dependency. Apparently, this mode of action of H2dqpyca suggests 

a limiting, indirect, neuroprotective mechanism against oxidative stress (see Section 3.2.5, below). On 

the contrary, our detailed analysis highlights copper(II) complex 3, which exhibits drug-like properties 

with nanomolar potency in protecting cells against oxidative stress, as a promising compound for 

further experimentation and development. 
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3.2.5 Molecular docking studies suggest possible interaction of the synthesized quinoline-based metal 

chelators with acetylcholinesterase active site 

We were intrigued by the absence of a dose-dependent neuroprotective effect of H2dqpyca against 

H2O2-induced toxicity (Fig. 4C). At the same time, H2dqpyca was found to be the most effective 

compound in protecting against Αβ peptide-induced toxicity in our experiments (Fig. 3A). Given that 

it is likely also a BBB permeable molecule as predicted by multiple algorithms testing BBB 

permeability (data not shown), and hence a promising compound to study further, we pursued an 

additional line of experimentation to probe for the possible mechanism of action for H2dqpyca. 

Acetylcholinesterase, the main target of current AD drugs, is also involved indirectly in the Αβ and 

oxidative stress hypotheses of AD. For example, Aβ peptide aggregation is promoted by AChE via its 

peripheral anionic site (PAS) [52–54], while, oxidative stress may alter the levels and/or activity of 

AChE directly or indirectly [55,56]. Interestingly, treatment of SH-SY5Y cells with H2O2 results in 

allosteric activation of AChE characterized by an increase in Vmax with no changes in Km and, 

importantly, lack of dose-dependent effects of H2O2 in culture [55]. Lack of dose-dependency has been 

also reported for the partial protection from H2O2-induced apoptosis by multifunctional AChE 

inhibitors [57,58]. Thus, we reasoned that lack of dose-dependency for the H2dqpyca neuroprotective 

effect against H2O2 may be due to possible interaction with AChE.  

In order to study the possibility of interactions with AChE, we performed molecular docking 

simulations using AutoDockTools-1.5.6 using the crystal structure of the AChE-Rivastigmine 

complex (PDB ID:1GQR) as a template [59,60]. We analyzed all metal chelators Hbpq, H2dqpyca, 

H2bqch and H2bqen in terms of interactions and bond distances with critical amino acids of AChE that 

interact also with rivastigmine [23,59]. Docking and the subsequent calculation of scores and free 

energies were performed using default parameters and are shown in Table S1. Interestingly, our 

analysis indicated that H2dqpyca strongly interacts with AChE, followed by H2bqch. These two metal 

chelators showed the lowest free energy values for the most stable conformations (Table S1). For 
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example, as shown in Fig. 5 and Table 3, H2dqpyca interacts with the PAS of AChE, forming hydrogen 

bonds between carbonyl oxygen and NH group of the ligand and Tyr70, Tyr121 and Tyr334 with a 

distance of 2.2 Å. In addition, electrostatic interactions are observed between carbonyl oxygen of 

H2dqpyca and Asp72. The quinoline moiety of H2dqpyca forms π-π stacking interactions with Trp279 

and van der Waals interactions with Phe290 at a distance of 3.7 Å. In addition, H2dqpyca via its 

quinoline moieties interacts with the catalytic active site (CAS) of AChE via electrostatic interactions 

with Glu199 and His440 at distances of 3.4 Å and 3.6 Å respectively. π-π interactions are observed 

between quinoline and Trp84 with a distance of 3.5 Å while van der Waals interactions are formed 

with Gly118, Phe288 and Phe330 (distances of 3.7 Å, 3.1 Å and 3.5 Å respectively). Conclusively, 

H2dqpyca shows a similar type of interaction with rivastigmine possibly acting as an AChE inhibitor. 

 

 

 

 

 

 

 

Fig. 5. Molecular docking simulation of the metal chelator H2dqpyca and the AChE-rivastigmine (PDB ID:1GQR) binding 

site. Interactions of H2dqpyca (shown in green) with the critical amino acids of AChE. The dashed lines show hydrogen 

bonds and electrostatic, π-π stacking and van der Waals interactions between the fragments of H2dqpyca and the critical 

amino acids of AChE.  

 

 

Table 3. Bond interactions of H2dqpyca-AChE and bond distances. 
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Bond Distance (Å) 

Quinoline-Trp84 3.5 

Nquin-Gly118CA 3.9 

Cquin-Gly118CA 3.6 

Cquin-Gly118N 3.5 

Cquin-Gly118HN 3.9 

Cquin-Glu199OE1 3.2-3.6 

Cquin-Phe288HN 3.1 

Cquin-Phe290CE1 3.5-3.9 

Cquin-Phe330CE1 3.5 

Cquin-His440NE2 3.3-4 

Cquin-His440O 3.4-3.5 

 

This result could explain the different levels of neuroprotection against Aβ peptide- and H2O2-

induced toxicities shown by H2dqpyca. Besides a direct effect, as a CuII chelator, the high 

neuroprotection of H2dqpyca against Aβ peptide-induced toxicity could be due to additional 

interactions with AChE resulting in direct inhibition and/or further Aβ peptide disaggregation [24,54]. 

Similarly, the modest neuroprotective effect (15-20% increase of cell viability) against H2O2-induced 

toxicity in the absence of dose-dependency could be explained by protection only against the fixed 

H2O2-induced activation of AChE, described in SH-SY5Y cells under very similar conditions [55].  

In addition to providing insight on the neuroprotective mechanisms of H2dqpyca, our molecular 

docking experiments highlight the possibility of an additional property for some of our quinoline 

derivatives as AChE interactors that may prove important for further experimentation and 

development. 

 

 

 

4. Conclusions 
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In conclusion, several quinoline derivatives (metal chelators) and their copper(II) complexes have 

been synthesized and physicochemically characterized. All of these compounds have also been 

pharmacologically evaluated. Our experiments provide significant insight into aspects of the 

pleiotropic neuroprotective actions of quinoline-based metal chelators and their copper(II) complexes 

against Aβ peptide- and H2O2-induced toxicities in cells. We identified two compounds that exhibited 

favorable mechanistic and pharmacological properties. In particular, the metal chelator H2dqpyca 

showed significant neuroprotective effects against both Aβ peptide- and H2O2-induced toxicities in 

SH-SY5Y neuroblastoma cells. Furthermore, using the acetylcholinesterase-rivastigmine crystal 

structure as a template, we found an increased possibility of interactions between the metal chelator 

H2dqpyca and AChE. According to our knowledge, this is the first demonstration of a quinoline-based 

ligand that possibly interacts with AChE and at the same time has direct pleiotropic neuroprotective 

activity against Αβ and oxidative stress in cells. In addition, the copper(II) complex 

[CuII(H2bqch)Cl2]
.3H2O revealed a potent dose-dependent neuroprotection against H2O2. Thus, we 

have identified two promising quinoline compounds, the metal chelator H2dqpyca and the copper(II) 

complex [CuII(H2bqch)Cl2]
.3H2O, which should be developed further as multifunctional lead 

compounds targeting the AChE, amyloid, metal ion and oxidative stress related pathways involved in 

AD pathophysiology. 
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Table S1                                                                                                                                                                                                                 

Docking studies and affinities for the interaction of AChE with the synthesized metal chelators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Affinity describes the energy of the pose and is related to the stability of the interaction of AChE with the synthesized 

metal chelators. The more negative this value is, the more stable the interaction.b Rmsd values indicate how close the extra 

poses of the tested quinoline-based metal chelator is to that of the best mode.  

 

Energies of all poses of H2dqpyca                                       dist from best mode 

Mode affinitya (kcal/mol) rmsdb l.b. rmsd u.b. 

1 -13.6 0.000 0.000 

2 -13.5 0.576 9.455 

3 -12.8 1.476 9.748 

4 -12.6 2.410 9.994 

5 -12.5 2.081 9.986 

6 -12.5 1.974 10.001 

7 -12.5 1.957 3.200 

8 -12.4 2.192 9.804 

9 -12.4 2.184 3.433 

Energies of all poses of Hbpq                                              dist from best mode 

Mode affinity (kcal/mol) rmsd l.b. rmsd u.b. 

1 -9.8 0.000 0.000 

2 -9.6 2.630 6.389 

3 -9.3 1.570 2.031 

4 -9.2 4.348 6.138 

5 -8.9 2.701 3.456 

6 -8.9 4.426 6.000 

7 -8.9 4.401 5.554 

8 -8.9 2.409 3.714 

9 -8.7 5.612 7.752 

Energies of all poses of H2bqch                                             dist from best mode 

Mode affinity (kcal/mol) rmsd l.b. rmsd u.b. 

1 -12.7 0.000 0.000 

2 -12.3 0.204 7.045 

3 -12.1 1.632 2.275 

4 -11.9 1.623 6.444 

5 -10.8 1.748 5.797 

6 -10.7 3.460 5.907 

7 -10.6 2.258 8.730 

8 -10.3 4.637 9.797 

9 -10.3 4.611 7.911 

Energies of all poses of H2bqen                                            dist from best mode 

Mode affinity (kcal/mol) rmsd l.b. rmsd u.b. 

1 -11.3 0.000 0.000 

2 -11.3 0.084 7.659 

3 -10.9 2.034 3.616 

4 -10.6 1.969 5.801 

5 -10.5 1.075 1.383 

6 -10.1 3.345 8.807 

7 -10.0 3.385 8.409 

8 -9.9 1.102 2.013 

9 -9.9 3.386 4.839 
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Fig. S1. 1H NMR spectrums of the synthesized ligands. (A) 1H NMR spectrum of Hbpq in CDCl3. (B) 1H NMR spectrum 

of H2dqpyca in CDCl3. (C) 1H NMR spectrum of H2bqch in CDCl3. (D) 1H NMR spectrum of H2bqen in CDCl3. 


