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Abstract

In the present article the 1,4-dioxane derivative 1, a potent noncompetitive NMDA receptor
antagonist, showed cytotoxic activity in MCF7 breast cancer cell line significantly higher than
those of the functionally related compounds (S)-(+)-ketamine and MK-801. Encouraged by this
result and considering that copper complexes have been highlighted to be promising anticancer
agents, the NMDA receptor ligand 1 was linked to the bifunctionalizable species 2 and 3,
affording the conjugated derivatives 4 and 5 that were used for the preparation of the stable
Cu(Il) complexes 6 and 7. All the compounds were evaluated against a panel of human cancer
cell lines derived from solid tumors. Complex 7 showed the best antitumor activity in all the
studied cell lines. This result suggests that 7 might act through synergistic mechanisms of action
due to the presence of the NMDA ligand 1 and copper(Il) in the same chemical entity.
Furthermore, the cellular mechanisms affected by complex 7 were assessed through
cytofluorimetric and western blot analyses. Data suggested the induction of cell death through

paraptosis mediated by the endoplasmatic reticulum (ER) stress.

Abbreviations: CNS, central nervous system; mGluRs, metabotropic glutamate receptors;
iGluRs, ionotropic glutamate receptors; NMDA, N-methyl-D-aspartate; AMPA, o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; KA, 2-carboxy-3-carboxymethyl-4-
isopropenylpyrrolidine; ~ PCP,  phencyclidine;  PI,  propidium  iodide; = DCFDA,
dichlorodihydrofluorescein diacetate; JC-1, 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetracthyl-
imidacarbocyanine iodide; CDI, carbonyldiimidazole; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide; SRB, Sulforhodamine B; S.E., standard error.
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Introduction

Glutamate is a nonessential amino acid anion which behaves as the main excitatory
neurotransmitter in the central nervous system (CNS), where it is involved in several
physiological events.' The functions of glutamate are mediated by two classes of receptors,
namely metabotropic glutamate receptors (mGluRs), which belong to the superfamily of G-
protein coupled receptors and ionotropic glutamate receptors (iGluRs), which are ion channels.?
Based on agonists selectively activating iGluRs, these receptors are further classified into N-
methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA),
and 2-carboxy-3-carboxymethyl-4-isopropenylpyrrolidine (kainate, KA) receptors.3’ 4 Among
iGluRs, only NMDA receptors require binding of two co-agonists (glutamate and glycine) for
their activation.™ ® They are cation channels with high calcium permeability, which are
assembled by tetrameric combination of seven subunits, namely GluN1, GIluN2A-D, GIluN3A-B,
encoded by separate genes.” The opening of the NMDA receptor-associated ion channel is
controlled by various ligands interacting with different binding sites at the receptor, including
binding site for glutamate, glycine, polyamines, Zn*, Mg%, H', as well as phencyclidine (PCP).
This last binding site is located within the cation channel and compounds interacting with the
PCP site behave as noncompetitive NMDA receptor antagonis‘[s.8

NMDA receptors are mainly present in neurons and play an important role in the development of
CNS for the generation of rhythms for breathing and locomotion, and for the regulation of
processes underlying learning, memory, and neuron maturation.” '° Consequently, altered
NMDA receptor expression and/or function are implicated in several neurological diseases.
NMDA receptors have also been characterized for their surface expression and role in different
types of cancer models.'’ In particular, GluN1 subunit is highly expressed in small-cell lung, as
well as in cancerous colon or prostate cancer cell lines, while its expression is very low or absent
in normal prostate tissue and benign prostate hyperplasia. Different combinations or single

subunits of NMDA receptors have been observed in colon, oral, lung, prostate, and thyroid



View Article Online
DOI: 10.1039/C8NJ01763H

cancer cell lines, as well as in laryngeal, gastric, esophageal, and hepatocellular carcinomas.'" '*

Moreover, it has been demonstrated that breast cancer cells MCF7 and SKBR3 express NMDA
GluN1 and GluN2B subunit mRNA and the noncompetitive NMDA receptor antagonist MK-801
reduced cell viability on both cell lines. MK-801 also inhibited tumor growth of MCF7 tumor
xenografts in nu/nu mice, suggesting the active role played by NMDA receptor in breast cancer
survival and growth.13 We have recently reported that the 1,4-dioxane nucleus, which has
already proved to be a suitable scaffold for building ligands selectively targeting different

121 s also compatible with ligands able to interact with NMDA receptor.22 In

receptor systems,
particular, derivative 1 (Fig. 1) proved to be a potent noncompetitive NMDA receptor antagonist,
showing K; and ICsy values (712 nM and 24.2 nM, respectively) similar to those of the
dissociative anaesthetic (S)-(+)-ketamine (K; = 419 nM and ICso=11.4 nM).>

Based on these observations, to get more information about the role of NMDA receptor in breast
cancer, in the present study we preliminarily evaluated the cytotoxic effect of 1 on MCF7 breast
cancer cell line in comparison to those of the functionally related compounds (S)-(+)-ketamine
and MK-801, by using the MTT assay. Interestingly, the 1,4-dioxane derivative 1 showed
significant decrease in MCF7 cell viability with ICsy value of 70 uM, remarkably lower than
those of MK-801 (ICso = 328 uM) and (S)-(+)-ketamine (IC5o = 715 uM). Encouraged by this
result, to further improve the antitumor activity of 1, in the present study we designed to
functionalize it with metal coordinating ligands, in order to form stable copper(Il) complexes.
Indeed, copper complexes have been highlighted to be promising anticancer agents, due to the
elevated need for copper by cancer tissues and the established role of copper as a limiting factor

for multiple aspects of tumor progression, including growth, angiogenesis and metastasis.”’

28-32

For this reason, they might represent efficacious alternatives to platinum-based drugs. Recent

anticancer screening of copper(I/II) complexes showed promising in vitro and in vivo results.*®
3341

Moreover, there is increasing evidence that the mechanism of action of copper complexes is

distinctly different from cisplatin.** Copper complexes show broader spectra of activities and
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lower toxicity, thereby providing the possibility of circumventing the problems encountered by
platinum drugs.***

To obtain the novel metal complexes, compound 1 was first conjugated to the bifunctionalizable
species 2 and 3, affording derivatives 4 and 5 (Fig. 1). Compounds 2 and 3 were selected as
coordinating agents based on the observation that bis(azol-1-yl)carboxylic acids are convenient
starting materials for the synthesis of conjugated heteroscorpionate systems,“s'47 due to the k*-
NNO coordination behavior*®® of bis(azol-l-yl)methanes49 and to the presence of a carboxylic
function suitable for the coupling with the primary amine group of 1. We have recently reported
that heteroscorpionate ligands, obtained by conjugating 3 with nitroimidazole and glucosamine,
and their related copper(Il) complexes showed cytotoxic activity towards a panel of several
human tumor cell lines.”® !

The derivatives 4 and S were used for the preparation of the copper(Il) complexes 6 and 7,
respectively (Fig. 1), which based on our hypothesis should act through synergistic mechanisms
of action, due to the presence of the NMDA ligand 1 and copper(Il) in the same chemical entity,
with a desirable improvement of the cytotoxic activity.

The cytotoxicity profiles of both the copper(Il) complexes 6 and 7, as well as the corresponding
uncoordinated ligands 1-5, were evaluated in vitro on a panel of human tumor cell lines derived

from different solid tumors. Moreover, the antitumor profile of complex 7 was deepened to

investigate the type of cell death in MCF7 cell line, highly expressing NMDA receptor.
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Fig. 1. Chemical structures of compounds 1-7.

Experimental section

Chemistry

Materials and general methods

All solvents were dried, degassed and distilled prior to use. Elemental analyses (C,H,N,S) were
performed in-house with a Fisons Instruments 1108 CHNS-O Elemental Analyser. Melting
points were taken on an SMP3 Stuart Scientific Instrument. IR spectra were recorded from 4000
to 100 cm™ with a Perkin-Elmer SPECTRUM ONE System FT-IR instrument. IR annotations
used: br = broad, m = medium, s = strong, w = weak. "H NMR spectra were recorded on an
Oxford-400 Varian spectrometer (400.4 MHz). Chemical shifts, in ppm, for '"H NMR spectra are
related to internal Me,Si standard. NMR annotations used: d = doublet, m = multiplet, s =
singlet, s br = broad singlet. Electrospray ionization mass spectra (ESI-MS) were obtained in
positive- (ESI(+)MS) or negative-ion (ESI(-)MS) mode on a Series 1100 MSD detector HP

spectrometer, using a methanol or acetonitrile mobile phase. The compounds were added to
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reagent grade methanol to give solutions of approximate 0.1 mM concentration. These solutions
were injected (1 pL) into the spectrometer via a HPLC HP 1090 Series II fitted with an
autosampler. The pump delivered the solutions to the mass spectrometer source at a flow rate of
300 uL min”, and nitrogen was employed both as a drying and nebulising gas. Capillary
voltages were typically 4000 V and 3500 V for the positive- and negative-ion mode,
respectively. Confirmation of all major species in this ESI-MS study was aided by comparison of
the observed and predicted isotope distribution patterns, the latter calculated using the IsoPro 3.0
computer program.

Synthesis

All reagents were purchased from Aldrich and used without further purification. The ligands 1,%
2 (LH, [HC(COZH)(pz)g])52 and 3 (L2H, [HC(COQH)(pzM"Z)z])5 3 were prepared according to
literature method.

Synthesis of 4 (L"P4)

Carbonyldiimidazole (CDI, 0.302 g, 1.860 mmol) was added to a solution of 2 (LH) (0.357 g,
1.860 mmol) in THF. The reaction mixture was stirred at reflux for 2 h, then it was cooled to
0°C. After 1 was added (0.501 g, 1.860 mmol), the solution was stirred at room temperature for 3
h. After evaporation of the solvent, the oil formed was dissolved in CHCI; and washed with
NaHCOj; saturated solution and 2N HCl. The CHCI; phase was dried over Na;SO4. The
evaporation of the solvent under reduced pressure gave a solid, which was purified by column
chromatography, eluting with cyclohexane/ethyl acetate (5:5). Yield: 47%. Mp. 172-173°C. 'H
NMR (CDCls, 293K): 6 3.37-3.76 (m, 6H, dioxan and CH,N), 4.58 (d, 1H, dioxan), 6.35 (m, 2H,
4-CH), 7.10 (s, 1H, CH), 7.18-7.39 (m, 14H, ArH, 3-CH and 5-CH), 7.83 (s br, 1H, NH). IR (cm
": 3287br (NH); 3121w, 3103w, 3052w, 3026w, 2978w, 2935w, 2915w, 2860w (CH); 1682s
(C=0); 1560m (C=N); 1516w, 1495m, 1451m, 1432m, 1388m, 1350w, 1312m, 1293m, 1271m,
1244m, 1211w, 1188w, 1163w, 1122s, 1088s, 1065s, 1050s, 1026m, 1000m, 991s, 958m, 916s,

886w, 858m, 844m, 809s, 766s, 750s, 729s, 705s, 694s, 661m. ESI-MS (major positive-ions,
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CH;CN), m/z (%): 444 (100) [L"MPA + H]". ESI-MS (major negative-ions, CH3CN), m/z (%):
442 (100) [L"MPA - HT". Caled. for C,5HasNsOs: C, 67.70; H, 5.68; N, 15.79%. Found: C, 67.38;
H, 5.75; N, 15.50%.

Synthesis of 5 (L2NMD 4)

This compound was prepared starting from 3 (LZH) following the procedure described for 2. The
residue was purified by column chromatography, eluting with cyclohexane/ethyl acetate (7:3), to
give a white solid. Y Yield: 54%. Mp. 171-172°C. '"H NMR (CDCls, 293K): & 2.10 (s, 3H, CHs),
2.13 (s, 3H, CH3), 2.38 (s, 3H, CHs3), 2.39 (s, 3H, CHj), 3.30-3.79 (m, 6H, dioxan and CH,N),
4.61 (d, 1H, dioxan), 5.84 (s, 1H, 4-CH), 5.85 (s, 1H, 4-CH), 6.77 (s, 1H, CH), 7.18-7.39 (m,
10H, ArH), 8.10 (s br, IH, NH). IR (cm™): 3423w (NH); 3090w, 3062w, 2985w, 2961w, 2926w,
2907w, 2869w (CH); 1702s (C=0); 1568m (C=N); 1520s, 1465m, 1446s, 1415m, 1372m,
1364m, 1335w, 1316m, 1295m, 1260m, 1240m, 1221w, 1128m, 1102s, 1064s, 1028m, 998m,
985m, 940m, 919m, 874m, 835m, 814m, 799m, 773s, 757s, 739s, 722m, 707s, 698s, 663m. ESI-
MS (major positive-ions, CH30H), m/z (%): 1022 (100) [2L™MPA + Na]"; 522 (20) [L*"™MPA +
Na]". ESI-MS (major negative-ions, CH;OH), m/z (%): 498 (100) [L*PA - H]. Caled. for
Co9H33N505: C, 69.72; H, 6.66; N, 14.02%. Found: C, 69.93; H, 6.85; N, 13.81%.

Synthesis of 6 [(L"P*)CuCl]

CuCl,-2H,0 (0.006 g, 0.338 mmol) was added to a methanol suspension (25 mL) of 4 (L"P4,
0.015 g, 0.338 mmol). The reaction mixture was stirred at room temperature for 12 h to obtain a
light blue precipitate, which was filtered, washed with acetonitrile and dried under vacuum to
give the cyan complex 6 ([(L"P*)CuCL]) in 61% yield. Mp. 232-235°C. IR (cm™): 3274w
(NH); 3112w, 3053w, 2979w, 2957w, 2916w, 2859w (CH); 1678s (C=0); 1567m (C=N);
1509w, 1492w, 1452m, 1427w, 1401m, 1366w, 1325w, 1307w, 1283m, 1239m, 1202w, 1127m,
1093m, 1065s, 1051m, 1026w, 1001w, 985m, 936m, 915w, 899w, 889w, 865w, 845m, 830m,
747s, 726m, 706s, 694m, 662m. ESI-MS (major positive-ions, CH;OH/DMSO (10:1)), m/z (%):

984 (50) [(L"™P*),CuCl]". ESI-MS (major negative-ions, CH;OH), m/z (%): 170 (100) [CuCls],
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478 (70) [L"MPA + CI7. Caled. for Cy5Hy5CL,CuNsOs: C, 51.95; H, 4.36; N, 12.12%. Found: C,
52.00; H, 4.40; N, 12.45%.

Synthesis of 7 [(L*""*)CuCl,] H,0

This compound was prepared starting from 5 (LZNMDA) following the procedure described for 6.
The obtained light blue solution was evaporated and the residue was washed with acetonitrile
and dried under vacuum to give the brown complex 7 ([(LZNMDA)CuCIQ]'HQO) in 65% yield. Mp.
194°C dec. IR (cm™): 3432br (OH); 3198br, 3058w, 3024w, 2968br, 2904br (CH); 1667s (C=0);
1562s (C=N); 1490w, 1460m, 1448m, 1418m, 1395m, 1351w, 1311m, 1247m, 1226m, 1126m,
1106m, 1062m, 1050m, 1026m, 989m, 935w, 900m, 874m, 859w, 796w, 767m, 753m, 729m,
700s, 665m. ESI-MS (major positive-ions, CH;OH), m/z (%): 531 (100) [(L*"P*),Cu]™". ESI-
MS (major negative-ions, CH;OH), m/z (%): 170 (100) [CuCls], 247 (25) [L*]. Calcd. for

Cy9H35C1,CuNsOy4: C, 53.42; H, 5.41; N, 10.74%. Found: C, 52.72; H, 5.20; N, 10.77%.

Experiments with human cultured cells

Copper complexes and the corresponding uncoordinated ligands were dissolved in DMSO.
Cisplatin was dissolved in 0.9% sodium chloride solution. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Sulforhodamine B (SRB) and cisplatin were obtained from

Sigma Chemical Co, St. Louis, USA.
Cell Cultures

Human PC3 prostate cancer, MCF7 and SKBR3 breast cancer, H460 non small cell lung cancer
and T24 bladder cancer cell lines were obtained from American Type Culture Collection
(ATCC, Rockville, MD). Human Caki-2 renal cancer cell line was purchased from Cell bank
Interlab Cell Line Collection (ICLC, Italy). Cell lines were maintained in the logarithmic phase
at 37°C in a 5% carbon dioxide atmosphere using the following culture media containing 10%

fetal calf serum (Euroclone, Milan, Italy), antibiotics (50 units/mL penicillin and 50 pg/mL
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streptomycin), and 2 mM L-glutamine: RPMI-1640 medium (Euroclone) for MCF7 and T24
cells; DMEM medium (Euroclone) for SKBR3, H460, PC3 cells; McCoy medium (Euroclone)

for Caki-2 cells.
MTT Assay

The growth inhibitory effect toward cancer cell lines was evaluated by colorimetric MTT assay.
Briefly, (3-8) x 10° cells/well, dependent upon the growth characteristics of the cell line, were
seeded in 96-well microplates in growth medium (100 uL). After 24 h, the medium was removed
and replaced with fresh media containing the compound to be studied at the appropriate
concentration. Triplicate cultures were established for each treatment. After 72 h, 0.8 mg/mL of
MTT (Sigma Aldrich) was added to the samples and incubated for 3 h. Then the supernatants
were discarded and coloured formazan crystals, dissolved with 100 pL/well of DMSO, were read
at 570 nm by the enzyme-linked immunosorbent assay reader (BioTek Instruments, Winooski,
USA). Four replicates were used for each treatment. ICsy values, showed as mean =+ standard
error (S.E.), correspond to the drug concentration that induces 50% of cell growth inhibition

compared to untreated control wells. ICsy values were calculated using Prism 5.0a (Graph Pad).
SRB Assay

The growth inhibitory effects of compounds 6 and 7 toward cancer cell lines were also evaluated
by colorimetric SRB assay. Cisplatin was used as reference agent. Briefly, cells were seeded in
96-well microplates as above described. After 24 h, the medium was removed and replaced with
fresh media containing the compound to be studied at the appropriate concentration. At the same
time, a plate was tested to evaluate the cell population before the compound addition (Tz).
Triplicate cultures were established for each treatment. After 72 h, cells were fixed with cold
trichloroacetic acid (TCA) and stained using 0.4% SRB (Sigma Aldrich) dissolved in 1% acetic
acid. Bound stains were subsequently solubilized with 10 mM Trizma, and the absorbance was

read on the microplate reader at 520 nm. The percentage of growth inhibition was calculated as
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[(Ti - Tz)/(C - Tz)] x 100 for concentrations for which Ti > Tz or [(Ti - Tz)/Tz] x 100 for those
for which Ti < Tz, where Tz = absorbance time zero, C = absorbance in the presence of vehicle,
and Ti = absorbance in the presence of drug at different concentrations. Then three dose response
parameters were calculated according to the National Cancer Institute guideline: the growth
inhibition of 50% (Glso), the total growth inhibition (TGI), and the 50% lethal concentration
(LCso).

Propidium iodide (PI) staining

After treatment with vehicle (control) or 25 uM complex 7 for 48 h, MCF7 cells were incubated
in a binding buffer containing 20 pg/mL PI for 10 min at room temperature. The cells were then
analyzed by flow cytometry using CellQuest software.

Apoptosis assays

The exposure of phosphatidylserine on MCF7 cells was detected by Annexin V staining and
cytofluorimetric analysis. MCF7 cells were plated at the density of 1.25 x 10° cells/mL and
treated for 48 h with vehicle (control) or 25 uM complex 7. After treatment, the cells were
stained with 5 uL of Annexin V FITC (Life Technologies Italia) for 10 min at room temperature,
washed once with binding buffer and analyzed on a FACScan flow cytometer using CellQuest
software.

Western blot assay

MCF7 cells, treated for 48 h with vehicle (control) or with 25 uM complex 7, were lysed in a
lysis buffer (1 M Tris pH 7.4, 1 M NaCl, 10 mM EGTA, 100 mM NaF, 100 mM Na;V04, 100
mM fluoridefenilmetansulfonile, 2% deoxycholate, 100 mM EDTA, 10% triton X-100, 10%
glycerol, 10% SDS, 0.1 M NasP,07) supplemented with a protease inhibitor cocktail (Sigma
Aldrich). Proteins were separated on 7-12% SDS polyacrylamide gel in a Mini-PROTEAN Tetra
Cell system (BioRad, Italy). Protein transfer from the gel to a nitrocellulose membrane was
carried out using Mini Trans-Blot Turbo RTA system (BioRad). Non-specific binding sites were

blocked with 5% low-fat dry milk, 1% bovine serum albumin (BSA) in PBS with 0.1% tween 20
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for 1 h at room temperature. Then membranes were incubated overnight at 4°C in primary Abs:
anti-human caspase 3 (1:1000, Cell Signaling), anti-human BiP (1:1000, Cell Signaling), and
anti-human B actin (1:1000, Cell Signaling), followed by the incubation (room temperature, 1 h)
with HRP-conjugated anti-rabbit or anti-mouse secondary Abs (1:2000, Cell Signaling).
Peroxidase activity was visualized with the LiteAblot ® PLUS and LiteAblot® TURBO
(EuroClone, Italy) kits and densitometric analysis was carried out by a Chemidoc using the
Quantity One software (BioRad).

ROS production

The fluorescent probe dichlorodihydrofluorescein diacetate (DCFDA) was used to assess
oxidative stress levels. Briefly, MCF7 cells were plated at the density of 1.25 x 10° cells/mL and
treated for 48 h with vehicle (control) or 25 pM complex 7. At the end of treatments, cells were
incubated with DCFDA (Sigma Aldrich, Italy) for 20 min prior to the harvest time point at 37°C,
5% CO,, and analyzed by FACScan cytofluorimeter using the Cell Quest software.
Mitochondrial transmembrane potential (A¥m)

Mitochondrial transmembrane potential (4¥m) was evaluated by 5,5’,6,6’-tetrachloro-1,1",3,3’-
tetraethyl-imidacarbocyanine iodide (JC-1) staining. Briefly, MCF7 cells were plated at the
density of 1.25 x 10° cells/mL and treated for 48 h with vehicle (control) or 25 uM complex 7.
At the end of the treatment, cells were incubated for 10 min at room temperature with 10 pg/mL
of JC-1 (Life Technologies Italia, Italy). JC-1 was excited by an argon laser (488 nm), and green
(530 nrn)/red (>570 nrn) emission fluorescence was collected simultaneously. Carbonyl cyanide
chlorophenylhydrazone protonophore, a mitochondrial uncoupler, was used as a positive control
(data not shown). Samples were analyzed by a FACScan cytofluorimeter using the CellQuest
software.

Statistical analysis

The statistical significance was determined by Student’s t-test.
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Results and discussion

Synthesis and characterization

Ligands 4 (L") and 5 (L™"P*) were prepared according to the procedure reported in Scheme
1. The acids 2 (LH) and 3 (L*H)** > were activated with CDI and then treated with amine 1.?
After separation and purification by column chromatography, 4 and 5 were obtained in a
reasonable yield and purity. The ligand 4 is soluble in acetonitrile, chloroform and DMSO, while

5 is soluble in methanol, acetonitrile, chloroform and DMSO.

R R

0 o R—(/jxlr
N‘N> zo Q j\/H )
E(\N THF O o) =
O Z R
R

1 2(LH:R=H 4 (LNMPAY: R = H
3 (L’2H)R = Me 5 (L2NMDAY: R = Me

Scheme 1. Reaction scheme for the synthesis of ligands 4 and 5.

The infrared spectra carried out on solid samples of 4 and 5 showed all the expected bands for
the ligands: in particular, weak absorptions due to the CH stretching have been observed in the
range 2860-3157 cm™, while peaks attributable to the amide stretching are present at 3287 cm™
and 3423 cm’, respectively for L"MP* and L™™PA. The asymmetric stretching of the C=0
groups are detected as strong peaks at 1681 and 1702 cm™, respectively, in the typical range for
the amide groups. The 'H NMR spectra of 4 and 5, recorded in CDCl; solution, showed all the
expected signals for the bioconjugated ligands. Interestingly, a double set of resonances appears

for the pyrazole rings, indicating that the pyrazoles are not equivalents. The ESI-MS study was
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conducted by dissolving the ligands 4 and 5 in acetonitrile and methanol, respectively, and
recording the spectra in positive- and negative-ion mode. The molecular structures of 4 and 5 are
confirmed by the presence of the molecular peak at m/z 442 and 498, attributable to the [L"P* -
H]" and [LZNMDA - H] species, respectively, in the negative-ions spectra. The positive-ion
spectrum of 4 also shows the molecular peak [L™"P* + H]" at m/z 444, while in the spectrum of
5 the peaks at m/z 1022 and 522, relative to the species [(LzNMDA)z + Na]” and [L"™P* + Na]",
respectively, are observed.

The copper complexes 6 [(LNMDA)CuCIZ] and 7 [(L™™P*)CuCl,-H,0] were prepared from the
reaction of CuCl,-2H,0 with 4 (L"MP*) and 5 (L™P?), respectively, in methanol suspension for

6 and in methanol solution for 7, at room temperature (Scheme 2). Both compounds are soluble

in DMSO, and 7 is also soluble in methanol, ethanol and chloroform.

C
\
/ —Cu

o FN ,
Q ]\/H ) ) CuCly 2H0 L /C
Ht i = Y
4
els. L S
N Ny CuCly 2H0 or
5

Scheme 2. Reaction scheme for the synthesis of complexes 6 and 7.

The infrared spectra carried out on solid samples of 6 and 7 show all the expected bands for the

complexes: the NH stretching is detected without a significant variation with a weak absorption
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peak at 3274 cm™ for 6 and a very broad absorption peak at 3432 cm™ for 7, indicating the
presence of a molecule of water; weak absorptions are observed in the range 2859-3198 cm™ due
to the pyrazoles rings. The strong absorptions at 1678 and 1667 cm™ for 6 and 7, respectively,
without a significant variation with respect to the absorptions detectable in the free ligands,
indicate that the carbonyl groups are not involved in the coordination of the metal. The copper
centre results in a tetracoordinated environment with the ligand chelating in a bidentate fashion
and the other two positions occupied by the chlorides.

The ESI-MS study was conducted by dissolving compounds 6 and 7 in methanol/DMSO and
methanol, respectively, and recording the spectra in positive- and negative-ion mode. In the
positive ion spectrum of 6 it’s possible to detect a major peak at m/z 984, attributable to the
[(L"MPA),CuCl]" species, confirming the complex formation, while in the spectrum of 7 a peak
at m/z 531 is attributable to the [(L*™P*),Cu]™ species. The negative-ion mode spectra of 6 and
7 show two peaks at m/z 478 and 247, attributable to the species [L™"°* + CI]” and [L?],

respectively, confirming the presence of the ligands in the complexes.

Cell viability studies

The in vitro antitumor activity of the novel copper(Il) complexes 6 and 7 and the uncoordinated
ligands 1-5 was evaluated against a panel of human cancer cell lines derived from solid tumors.
Cell growth was evaluated by means of the MTT test after 72 h exposure. The effects of the
reference compound cisplatin, the most widely used anticancer metallodrug, were evaluated in
the same experimental conditions. ICsy values, calculated from dose-response curves, are
reported in Table 1.

Data analysis reveals that the NMDA receptor ligand 1 shows moderate antitumor effects not
only on MCF7 breast cancer cell line (ICso = 70 uM), but also on SKBR3, H460 and PC3 cell

lines, with ICs values ranging between 32 and 52 uM. Lower antitumor activity is observed in
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T24 and Caki-2 cells. On the contrary, bifunctionalizable coordinating compounds 2 and 3

proved to be unable to inhibit cell growth in all the studied tumor cell lines.

Table 1. In vitro antitumor activity of compounds 1-7 and cisplatin evaluated by MTT assay.

ICso (uM) £ S.E.

compound MCF7  SKBR3 H460 T24 PC3 Caki-2

1 70+£3.5 32+1.8 34+29 170 £5.3 52+2.38 145+5.8
2 ND ND ND ND ND ND

3 ND ND ND ND ND ND

4 148+52 160+43 144+6.1 >300 >300 ND

5 49+£2.38 50+2.1 31+22 34+2.1 53+23 137+49
6 107 £ 4.6 86+3.7 60+3.6 110+4.5 85+4.7 75+34
7 25+13 32+1.9 15+1.1 29+2.0 21+1.4 18+1.7

cisplatin 83+1.2 16+1.5 1.6+0.8 0.7+0.1 10+1.9 1.4+0.7

S.E. = standard error. Cells were treated for 72 h with increasing concentrations of tested compounds. The
statistical analysis of ICsq levels was performed using Prism 5.0a (Graph Pad). ND: not determinable.

The conjugation of 1 with 2 and 3, affording 4 and S, respectively, produces different effects.
Indeed, compared to 1, the bis-pyrazolyl bioconjugated derivative 4 elicits a cell growth
inhibitory activity significantly lower in all tumor cell lines, whereas the bis-3,5-
dimethylpyrazolyl derivative § shows similar ICsy values in MCF7, SKBR3, H460, PC3 and
Caki-2 cell lines, and even lower at T24 cells. Probably, the higher lipophilicity of 5, due to the
presence of methyl substituents on the pyrazolyl rings, might be responsible for the enhanced
anticancer activity.

Interestingly, the final derivatives 6 and 7, obtained by coordinating the conjugated derivatives 4
and 5 with copper(Il), show ICsy values lower than those of the corresponding uncoordinated
precursors in all the studied cell lines. Analogously to what observed for 4 and 5, the bis-3,5-
dimethylpyrazolyl derivative 7 proves to be more active than the corresponding unmethylated
analog 6, confirming the role played by the methyl groups on the antitumor activity of the

compounds of the present article. Therefore, we can hypothesize that the physico-chemical
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properties of the bifunctionalizable species can also contribute to the inhibitory effect of the final

complexes.

In all the studied cancer cell lines, except for SKBR3 cells, where the complex 7 and the NMDA

receptor ligand 1 show similar cell growth inhibitory effects, 7 shows ICsy values lower than

those of 1. This result suggests that 7 might act through synergistic mechanisms of action due to

the presence of the NMDA ligand 1 and copper(Il) in the same chemical entity. The same

interesting result was not obtained with complex 6, probably because, as above discussed, the

unmethylated bifunctionalizable species 2 negatively contributes to the antitumor activity.

The novel complexes 6 and 7, along with cisplatin, were also evaluated by means of the SRB

assay, to confirm the results obtained with MTT assay and get further information about the

cytotoxic effect of these compounds. The antitumor activity was estimated by measurements of

three parameters: Glso, TGI and LCsq (Table 2).

Table 2. In vitro antitumor activity of compounds 6, 7, and cisplatin evaluated by SRB assay.

Cell line (uM) = S.E. 6 7 Cisplatin
Glso 46+ 1.9 16+1.9 541.2
MCF7 TGI 140 £ 4.4 27+3.2 21+ 1.6
LCso >300 48 +2.5 89 + 3.7
Glso 69 +4.8 15+2.1 45+0.7
SKBR3 TGI 182 +6.9 27+3.1 17+24
LCso >300 52+3.6 63 +3.0
Glso 75+5.2 27+3.1 1.5+0.3
H460 TGI 179 + 8.1 47 +3.9 17+2.8
LCso >300 82+4.2 198 +7.9
Glso 44+ 42 17+2.3 1.5+0.5
T24 TGI 143 +5.4 31+2.7 14+2.1
LCso >300 55+4.2 143 +3.9
Glso 52+4.3 19+2.4 47+1.1
PC3 TGI 127 +7.5 35+3.6 17 +2.1
LCso >300 67 +2.9 61+43
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Glso 101 £5.6 15+2.7 3+£0.6
Caki-2 TGI 176 £5.8 23+34 8+ 1.4
LCso >300 35+32 21+1.3

S.E. = standard error. Growth Inhibition 50 (Glsy) represents the drug concentration (uM)
required to inhibit 50% net of cell growth. Total Growth Inhibition (TGI) represents the
drug concentration (4M) required to inhibit 100% of cell growth. Lethal Concentration 50
(LCsp) represents the drug concentration (#M) required to kill 50% of the initial cell
number. Each quoted value represents the mean of quadruplicate determinations + S.E. (n =
5).

The results reported in Table 2 show that the Glso values of the tested compounds are not
significantly different from the ICso values obtained by means of the MTT assay, confirming that
complex 7 is more active than 6 in all the studied cell lines. Moreover, compared to cisplatin, 7
shows higher Gls value. Instead, considering LCso, it is noteworthy that the cytotoxic effect of 7
is comparable to that of cisplatin on SKBR3, PC3 and Caki-2, and even higher on MCF7, H460
and T24 cells.

Complex 7, showing the best activity profile on all the studied cell lines, was selected to better
characterize its antitumor activity. To this aim, the type of cell death was investigated by treating
MCEF7 breast cancer cells, highly expressing NMDA receptors, for 48 h with 25 uM of 7 or
vehicle (control). After treatment, cells were stained with PI or Annexin-V and then analyzed by
cytofluorimetric analysis. As shown in Fig. 2A and B, compound 7 induced increase of PI
fluorescence but not of Annexin V fluorescence compared with control cells suggesting that the
type of cell death is not apoptosis.

To strengthen this data, we also performed western blot analysis to analyze cleavage of
procaspase 3, an executioner caspase in apoptosis. Our results demonstrated that the treatment
does not induce activation of caspase 3 as evidenced by the absence of caspase 3 cleaved
fragments both in control and in complex 7-treated MCF7 cells (Fig. 2C).

In addition, as it is well known that copper complexes stimulate cellular ROS formation,>* MCF7

cells, treated as above described, were stained with DCFDA and analyzed by FACS. Our results
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showed that the treatment induces a marked increase in ROS production (MFI:16.49) with

respect to control cells (MFI:6.85), indicating the induction of oxidative stress (Fig. 3A).
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Fig. 2. Cytotoxic effects of complex 7 on MCF7 cells. A) Cell death was evaluated by PI
staining and FACS analysis in MCF7 cells treated for 48 h with vehicle or with 25 pM complex
7. Grey: Vehicle—treated cells; black: complex 7-treated cells. MFI: Mean Fluorescence
Intensity. Data are representative of at least three independent experiments. B) Annexin V-FITC
staining was performed in MCF7 cells treated for 48 h with vehicle or with 25 pM complex 7 to
evaluate apoptotic cell death by FACS analysis. Grey: Vehicle—treated cells; black: complex 7-
treated cells. MFI: Mean Fluorescence Intensity. Data are representative of at least three
independent experiments. C) Representative immunoblot of procaspase-3 and activated caspase-
3 expression in MCF7 cells treated with vehicle or with 25 pM complex 7 for 48 h.
Densitometric values were normalized to B actin used as loading control. Data, shown as fold
respect to vehicle-treated cells, represent the mean + SD of three separates experiments.

Considering that ROS over-production is often associated with alterations of the mitochondrial
transmembrane potential®® and that mitochondria play a pivotal role in the cell death pathways,
we decided to label control and treated MCF7 cells with JC-1, a cationic carbocyanine dye that
accumulates in mitochondria. We found that treatment with complex 7 does not promote
mitochondrial membrane depolarization (Fig. 3B) but, as demonstrated by the enhancement in
the JC-1-aggregates, it induces mitochondrial hyperpolarization (Fig. 3C). Since ROS production
is associated with Endoplasmatic Reticulum (ER) stress’® and copper complexes can trigger

protein misfolding,*” we also assessed the expression of immunoglobulin heavy chain binding
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protein/glucose regulated protein 78 (BiP/Grp 78), one of the best characterized chaperones in
the ER protein folding machinery. By western blot analysis we showed that the treatment with
complex 7 markedly increased the expression of BiP with respect to control cells, indicating the
induction of ER stress (Fig. 3D). Moreover, we analyzed vehicle and compound 7-treated MCF7
cells for physical parameters by FACS. Side scattering and forward scattering showed an

increase of cell complexity and size in treated cells as evidenced by the shift in the high

complexity and size fraction of the cytogram (Fig. 3E).
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Fig. 3. Treatment with complex 7 induces ROS production, mitochondrial hyperpolarization and
ER stress in MCF7 cells. A) ROS production was determined by cytofluorimetric analysis using
DCFDA staining in MCF7 cells treated with vehicle or with 25 pM complex 7 for 48 h. Grey:
Vehicle —treated cells; black: complex 7-treated cells. MFI: Mean Fluorescence Intensity. Data
are representative of at least three independent experiments. B) Changes in AYm were evaluated
by JC-1 staining and biparametric FL1(green)/FL2(red) flow cytometric analysis in MCF7 cells
treated with vehicle or with 25 uM complex 7 for 48 h. Dot plots are representative of at least
three independent experiments. Numbers indicate the percentage of cells in the upper and lower
parts of the quadrants. C) JC-1 aggregates were measured by analyzing red fluorescence in
MCEF7 cells treated with vehicle or with 25 uM complex 7 for 48 h. Data, shown as fold respect
to vehicle-treated cells, represent the mean = SD of three separated experiments. *p < 0.01 vs
vehicle-treated cells. D) Representative immunoblot of BiP expression in MCF7 cells treated
with vehicle or with complex 7 for 48 h. Densitometric values were normalized to B actin used as
loading control. Data, shown as fold respect to vehicle-treated cells, represent the mean = SD of
three separated experiments. *p < 0.01 vs vehicle-treated cells. E) Side scattering and forward
scattering was evaluated by FACS analysis in MCF7 cells treated with vehicle or with 25 uM
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complex 7 for 48 h. Numbers indicate the percentage of cells in the upper part of the quadrant.
Dot plots are representative of at least three independent experiments.

These morphological changes may occur during cytosolic vacuolization.”” Overall, our data
suggest that complex 7 exerts its cytotoxic activity by causing changes characteristic of

paraptosis cell-death.

Conclusion

In summary, the noncompetitive NMDA receptor antagonist 1 shows antitumor activity at MCF7
breast cancer cell line significantly higher than those of the reference compounds (S)-(+)-
ketamine and MK-801. Considering that copper complexes have also been demonstrated to be
promising anticancer agents, ligand 1 was conjugated through an amide function with the
bifunctionalizable species 2 and 3, to form the conjugated derivatives 4 and 5 from which the
novel copper(I) complexes 6 and 7 were obtained. Among the novel compounds, evaluated by
MTT test against a panel of human tumor cell lines, the Cu(Il) complex 7 shows the best
antitumor activity in all the studied cells, suggesting that it might act through synergistic
mechanisms of action due to the presence of the NMDA ligand 1 and Cu(Il) in the same
chemical entity. The results from SRB assay are comparable to those obtained with MTT test.
Moreover, SRB assay allows to highlight that 7 shows LCs, values not significantly different
from that of cisplatin on SKBR3, PC3 and Caki-2, and even higher on MCF7, H460 and T24
cells. Therefore, the working hypothesis was verified and 7 may represent a promising lead
compound for the development of novel antitumor agents in which the cytotoxic effects of an
NMDA receptor ligand and copper are combined. Finally, data obtained from the evaluation of
mechanisms of the antitumor activity of 7 suggest that such a complex exerts its cytotoxic
activity by causing changes characteristic of paraptosis cell-death, thus offering a new tool to

overcome apoptosis resistance in breast cancer cells.
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Novel antitumor copper(Il) complexes rationally designed to act through synergistic
mechanisms of action, due to the presence of an NMDA receptor ligand and copper in the

same chemical entity
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An NMDA receptor ligand was linked to bifunctionalizable species to form copper(Il)

complexes, showing antitumor activity through synergistic action mechanisms.



