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Abstract—Interaction of zinc(Il)- and copper(ll) perchlorate hexahydrates with nicotinamide (Nia — nico-
tinamide, niacinamide, 3-pyridinecarboxamide, CsH,NC(O)NH,) has been studied. It has been demon-
strated that complex compounds [Zn(Nia),(H,0),](ClO,), (1) and [Cu(Nia),(H,0),](ClO,), - 2H,O (2) are
formed in aqueous media at the molar ratio M(ClOy,), - 6H,O : Nia = 1 : 2. Both compounds are the ionic
ones. Geometry of complex cation (1) may be represented as a distorted octahedron in which nicotinamide
molecules are in the frans-position. The same position of ligands is found for planar complex cation (2). Cyto-
toxicity of the prepared compounds (MTT assay) has been determined with respect to dental pulp stem cells
(DPSC) and breast cancer cell line MCF-7. Antiproliferative activity has been studied relative to 10 cancer cell
lines, complex compound (1) being the most toxic for C6, Panc-1, U251 cell lines (survivability below 15%).

Keywords: transition metal complexes, cytotoxicity, antiproliferative activity

DOI: 10.1134/50036023622080228

INTRODUCTION

At the present time cancer, with the exception of
COVID-19 and cardiovascular diseases, is a leading
cause of death worldwide [1]. Platinum-based drugs
(cisplatin, oxaliplatin, carboplatin, etc.) are widely
used for chemotherapy of various origin tumors. Their
action is based on the formation with the DNA
(deoxyribonucleic acid) inter- and intra-helical chem-
ical bonds via N7 of purine bases, which results to the
replication and transcription disrupting, apoptosis,
and discontinuation of cellular proliferation and
tumor growth. The mentioned mechanism is the non-
specific one and platinum-containing compounds
demonstrate serious side effects (neuro-, hepato-, and
nephrotoxicity). That is why complex compounds of
transition metals, rare-earth elements with small
organic ligands as potential anticancer pharmacologi-
cal agents of new generation are of special interest [2—
9]. Action of metal-complexes-containing anticancer
drugs is based on the different adducts formation with
DNA [10]. In this relation, intercalation is considered
as one of the most important modes of non-covalent
interaction of bioactive species with DNA (excluding
electrostatic interactions and binding in minor
grooves) [10, 11].

Cyclin-dependent kinases, proteins and aminoac-
ids, and more complicated ones such as singular
organelles—mitochondria, are another target in the
cell. A number of organic compounds used in pharma-
ceutics are activated or bio transformed by metal ions,
for example, by copper- and zinc-cations, which are
involved in various cellular processes and demonstrate
complex action on a cell [12].

Copper and zinc are essential elements for living
organisms; they promote different biochemical reac-
tions and capable to show an anticancer activity. Cop-
per-containing species are cofactors of a number of
enzymes, for example, superoxide dismutase, neutral-
izing free oxygen radicals. They demonstrate as well
selective cytotoxicity with respect to cancer cells, due
to reduced oxygen content in the area surrounding
malignant tumor, resulting to reduction of Cu(Il) in
the depleted in oxygen tumor cells to Cu(I) catalyzing
formation of reactive oxygen species, oxidative stress,
the DNA double helix rupture and apoptosis.

The role of copper ions as proteasome inhibitors
has been described in [13], possibly they can stimulate
autophagy in cells [14]. It is known that copper atoms
not only are constituents of anticancer agents, but also
can enhance their action [15].
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Zinc is one of the most important essential nutri-
ents playing role of a regulating ion in cells [16].
Except that, zinc is a constituent of numerous
enzymes with anticancer action.

Nicotinamide (Nia, amide of nicotinic acid)—
vitamin B3, is a precursor of nicotinamide-adenine
dinucleotide. It is known that nicotinamide possesses
definite antitumor properties and may be efficient in
cancer chemoprevention and therapy [17] against pre-
cancer skin state (actinic keratosis) and cutaneous
squamous cell carcinoma—the second in incidence
skin cancer [18]. It has been demonstrated that intake
of aminoacids and vitamins facilitates the drug selec-
tivity [13].

Data on platinum(II)- and silver(I) complex com-
pounds with nicotinamide are given for cis-
[Pt(Nia)(NH;),CI]NO; [19] and [Ag(Nia),|[NO5 H,O
[20]. It has been found that [Ag(Nia),|NO5;H,O
demonstrates higher cytotoxic activity with respect to
a mouse lymphocytic leukemia cell line L1210 (ICy, =
1.23 + 0.22 uM) in comparison with cisplatin (ICs, =
3.40 £ 0.20 uM) [20].

The structure of the zinc(II) nitrate complex com-
pound with nicotinamide [Zn(Nia),(H,0),](NO;),:
2H,0, prepared from zinc(II) nitrate and nicotin-
amide in ethanolic solution, has been investigated in
[21], but its bioactivity has not been studied. Synthesis
of copper(II) perchlorate complex with nicotinamide
[Cu(Nia)4](ClO,), in acetonitrile solution has been
described; complex cation of this compound rep-
resents octahedron, where coordinated (via pyridine
ring nitrogen atoms) nicotinamide molecules are
located in the octahedron vertices [22].

To the best of our knowledge, prepared from aque-
ous solutions zinc(II)- and copper(Il) perchlorate
complexes with nicotinamide were not studied.
Therefore the aim of the present work consists in syn-
thesis and studies on structure and properties of
zinc(II)- and copper(1l) perchlorate complexes with
nicotoneamide and in comparison of their bioactivity.

EXPERIMENTAL

Materials. Zinc(II) and copper(Il) perchlorate
hexahydrates were preliminary prepared from the
respective basic carbonates 3Zn(OH),-2ZnCO; (99%,
Reachim), Cu(OH),-CuCO; (99%, ABCR) and per-
chloric acid (ch., Reachim). Nicotinamide (99.5%,
Sigma-Aldrich) was used for synthesis.

Methods

Contents of chemical elements were determined
using the CHNS EuroVector EuroEA 3000 (EuroVec-
tor s.p.a., Italy) elemental analyzer. Metal content was
determined by trilonometric titration and using the
inductively coupled plasma atomic emission spectros-
copy (ICP-AES) iCAP 6300 DUO (Thermo Scien-
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tific, USA) in the Shared Knowledge Center NRC
“Kurchatov Institute” —IREA.

IR-spectra were recorded at the Bruker Vertex 70
FTIR spectrometer with Ram I Raman attachment in
the area 350—4000 cm~! in tablets with KBr.

Electrospray ionization mass spectra (ESI-MS)
were obtained on an AmaZon Bruker Daltonik GmbH
mass spectrometer (acquired over the mass range m/z =
70—2200) in positive and negative ion modes in a
H,0—MeCN solvent mixture (1 : 1).

Powder X-ray diffraction (pXRD) patterns were per-
formed on a Bruker D8 Advance diffractometer (CuK,
radiation, Ni-filter, LYNXEYE detector, reflection
geometry) over the 20 range from 5° to 80° and the
step of 0.01125°) in the Shared Equipment Centre of
the Kurnakov Institute of General and Inorganic
Chemistry of the Russian Academy of Sciences.

Single-crystal X-ray diffraction data for com-
pounds 1 and 2 were collected on a CCD area Bruker
D8 Venture diffractometer (graphite monochromator,
MoK, radiation, w-scanning technique, 150 K). The
X-ray diffraction data were processed using the
SAINT program [23]. An absorption correction was
applied with the SADABS program. The crystal struc-
ture was solved by direct methods and refined based
on F? by the full-matrix least-squares method with
anisotropic displacement parameters for nonhydrogen
atoms. The hydrogen atoms were positioned geomet-
rically and refined by the least-squares method using a
“riding” model. All calculations were carried out with
the Olex-2 software [24] and SHELXTL-Plus pro-
gram package. [25]. The crystal structure visualization
was performed using the MERCURY program. [26].
The structural data were deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 2121923
(1) and 2121926 (2)) and are available, free of charge,
at http://www.ccdc.cam.ac.uk.

Cytotoxicity of the prepared compounds was stud-
ied using the MTT colorimetric assay for 24 h in post-
natal human dental pulp stem cells (DPSC) and the
MCF-7 cell line (breast cancer cell line) obtained
from the Russian Collection of Cell Cultures (Institute
of Cytology of the Russian Academy of Sciences) [27,
28]. The statistical data processing was performed
using the Origin program, the error was taken as the
root-mean-square deviation from the mean values,
and the statistically significant difference was deter-
mined using the Mann—Whitney U test at p < 0.01.

Antiproliferative activity was studied with respect to
ten different cancer cell lines: a rat glioma (C6), a human
pancreatic cancer cell line (Panc-1), a human glioblas-
toma (U251), a human neuroblastoma (IMR32), a
human neuroblast-derived SH-SYSY cell line, breast
cancer cell line (HS 578T and BT474), human embry-
onic kidney cells (HEK?293), laryngeal cancer cells
(Hep-2) and osteosarcoma MNNG/HOS cells, at the
compound concentration ¢ =1 X 10~* mol L.
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Experiment. Copper(Il) and zinc(II) perchlorate
hexahydrates were obtained by a reaction of cop-
per(I1)- and zinc(Il) basic carbonates Cu(OH),-
CuCO; and 3Zn(OH),-2ZnCO;, respectively, with
perchloric acid taken in the molar ratio carbonate :
HCIO, = 1: 2. The prepared solutions were heated to
evaporate 60—70% water and then were cooled to
room temperature. Zinc(Il) perchlorate hexahydrate
was crystallized as colorless prisms, while copper(II)
perchlorate hexahydrate—as blue prisms. The com-
pound compositions are consistent with M(CIO,),
6H,0, (M = Cu, Zn). The sample homogeneity was
confirmed by powder XRD.

Zinc(IT)- and copper(II) perchlorate complexes
with nicotinamide [Zn(Nia),(H,0),](Cl0,), (1) and
[Cu(Nia),(H,0),](Cl0,), - 2H,0 (2) were prepared by
a reaction of the preliminary obtained zinc(Il) per-
chlorate hexahydrate (1.8619 g, 5 mmol) and cop-
per(1l) perchlorate hexahydrate (1.8527 g, 5 mmol)
dissolved in water (10 mL) with aqueous solution
(10 mL) of nicotinamide (1.2213 g, 10 mmol) at the
molar ratio M(ClIO,), : Nia=1:2 (M = Zn, Cu)
(scheme S1, S2). The mentioned molar ratios of com-
ponents were used on the basis of results given in [21].
The combined solution color was changed from color-
less to pale yellow for (1) and from blue to dark blue for
(2). The prepared compounds were filtered off using
filtering funnel with porous bottom, washed with a
minimal volume of water and dried in a desiccator over
sodium hydroxide. Yield: 80—85%.

Tetraaquabis(nicotinamide)zinc(Il)  perchlorate
[Zn(Nia),(H,0),](Cl10,), (1). Yield 2.32 g, 80%.

For C\,H,,CI,N,O,Zn (1) (580.58) anal. calcd.,
wt %: C, 24.83; N, 9.65; H, 3.47; Zn, 11.26. Found wt %:
C, 24.58; N, 9.47; H, 3.67; Zn, 11.07.

IR-spectra (cm™!) 827 p(H,0); 1070 v5(ClO,7);
1430 v(Zn—N) + J(CNC); 1608 06(H,0); 1640
v(C=0); 3350—3450 v(N—H) (Table S1).

ESI-MS spectrum (4.5 kV, m/z (I, %)),
found/calc.: 225.97/218.89 [Zn(H,0)-(CIO )" (7.7),
256.99/254.92 [Zn(H,0)5(CIOT" (10.8),
329.01/322.99  [Zn(Nia)(H,0),(ClO)]*  (13.1),
358.93/359.02  [Zn(Nia)(H,0),(CIO)]" (35.6),
406.97/409.09 [Zn(Nia),(ClO,)]* (100),
479.01/479.31  [Zn(Nia),(H,0),(CIO)]*  (13.5),
531.00/531.221 [Zn(Nia);(ClO,)]" (21.4);
99.04/99.45 (C10,)~ (3.4), 362.55/363.74
[Zn(Cl10,)5]~ (100), 486.61/485.87

[Zn(Nia)(ClO,);]~ (5.0); and nicotinamidium cation
123.28/123.13 [NiaH]* (14.6) (Figs. Sla, S1b).

Diaquabis(nicotinamide)copper(II)  perchlorate
dihydrate [Cu(Nia),(H,0),](Cl0,),-2H,0 (2). Yield
2.45¢g,84.7%.
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For C,,H,,CI,N,O,,Cu (2) (578.76) anal. calcd.,
wt %: C, 24.90; N, 9.68; H, 3.48; Cu, 10.98. Found
wt %: C, 24.27; N, 9.97; H, 3.65; Cu, 11.00.

IR-spectra (cm™!') 837 p(H,0) ; 1060 v;(ClOy,);
1440 v(Cu—N) + 8(CNC); 1603 8(H,0); 1670
v(C=0); 3100—3400 v(N—H); 3600 v(O—H) (Table S1).

ESI-MS spectrum (4.5 kV, m/z ([, %)),
found/calc.:  225.94/217.04  [Cu(H,0);(CIO/)]*
(19.8),  326.85/321.15  [Cu(Nia)(H,0),(ClO)]*
(10.2),  355.91/357.18  [Cu(Nia)(H,0),(CIO)]*
(13.3), 405.91/407.16 [Cu(Nia),(CIO 1" (100);
98.98/99.45 (C10,4)~ (3.6), 361.49/361.9 [Cu(ClO,)5]~
(100), 483.58/484.03 [Cu(Nia)(ClO,);]~ (13.2),
605.71/606.15 [Cu(Nia),(ClO,4);]~ (8.7); and nicotin-

amidium cation 123.20/123.13 [NiaH]" (3.8)
(Figs. Slc, S1d).

Single crystals of compound 1 were grown as light
yellow prisms after isothermal (room temperature)
solvent evaporation for 3-4 d. Single crystals of com-
pound 2 as dark blue blocks were obtained next day
after synthesis. Identity of the prepared samples was
confirmed by comparison of the pXRD patterns for
reagents, target products and with the theoretical
pXRD patterns (from the respective single crystal
data) as well (Fig. S2). Therefore, the prepared com-
pounds were isolated as the individual ones without
impurities of reagents or other substances and diffrac-
tion patterns calculated from the single crystal data are
compatible with the experimental ones, that is why the
single crystal structures for 1 and 2 are representatives
of the respective sample in the bulk.

RESULTS AND DISCUSSION

According to the single crystal XRD data com-
pounds 1 and 2 are the ionic ones. In complex cation
1 zinc(Il) is located in the center of slightly distorted
octahedron formed by nitrogen atoms of two frans-
nicotinamide molecules and oxygen atoms of four
water molecules (Fig. 1a), while planar complex cat-
ion 2 is formed by nitrogen atoms of two frans-nicotin-
amide molecules and oxygen atoms of two water mol-
ecules (Fig. 1b). Crystal structure data and the main
bond lengths and angles for compounds are given in
Tables S2, and S3, S4.

Comparison M—O and M-—N bond Iengths
demonstrates that for [Cu(Nia),(H,0),](Cl0O,),"2H,0
(2) the Cu—0O and Cu—N bond lengths are equal to
1.9658(10)—1.9800(9) and 1.989(1)—2.005(1) A,
respectively. For compound (1) the Zn—O and Zn—N
bond lengths are equal to 2.101(1)—2.104(1) and
2.155(1) A, respectively (Tables S3, S4) and are com-
patible with those for [Zn(Nia),(H,0),](NO;),2H,0
[21]. This fact is determined by changes in the com-
plex cation size with coordination number growth.
Both compounds are characterized by the presence of
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Fig. 1. Structure of [Zn(Nia),(H,0)4](C10,), (1) (a) and [Cu(Nia),(H,0),](C10,),-2H,0 (2) (b).

As can be seen from the data given in Tables S5 and
S6 and Fig. S3, all samples demonstrate dose depen-
dent behavior on cells, compound (1) being more
toxic for DPSCatc =5 x 1075—1 x 10~*mol L~! than
for the respective stoichiometric mixtures. For lower
concentrations, there is not reliable difference
between samples and respective mixtures, which may
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Fig. 2. Antiproliferative activity of [Zn(Nia),(H,0),](C10,), (1) and [Cu(Nia),(H,0),](Cl04),-2H,0 (2).

be explained by relatively higher toxicity of perchlorate
ions. However, for compound 1 (¢ =1 x 10~ mol L)
DPSC survivability is higher (in comparison with
MCEF-7) and equals to 95.40 + 9.25 (MCF-7 surviv-
ability: 89.21 * 18.08%). At the same time compound 1
suppresses survivability of MCF-7 cell line (in com-
parison with zinc(II) perchlorate and its stoichiomet-
ric mixture with nicotinamide) and approaches the
toxic action of doxorubicin at the same concentration
(89.21 £ 18.08 and 81.73 * 9.23% respectively,
Tables S5, S6).

It has been demonstrated [29] that zinc influence
on apoptosis depends on a number of factors, primar-
ily on cell type: low zinc concentrations induce apop-
tosis of certain cells, while action of high zinc concen-
trations inhibits apoptosis. Furthermore, zinc is able
to regulate proliferation of cells and their growth [29].
In certain cases, zinc treatment initiates p53/ROS-
mediated apoptotic events, which include transloca-
tion of p53 to mitochondria, dissipation of mitochon-
drial membrane potential, and direct mitochondrial
translocation of pro-apoptotic gene Bax. In was found
that zinc-induced apoptosis in MCF-7 breast cancer
cells requires the presence of a functional p53 expres-
sion [29].

As can be seen from Fig. 2, zinc(II) perchlorate
complex with nicotinamide demonstrates strong anti-
profilerative action on cells (survivability, % with
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respect to control, ¢ = 1 x 10~* mol L'): C6 (6.02 +
0.96%), Panc-1 (12.41 £ 1.97%), U251 (7.05 = 1.98%),
SH-Sy-5Y (30.00 £ 5.72%), HS578T (19.66 + 5.58%),
HEK?293 (15.16 £2.07%), IMR32 (33.80 + 2.89%), as
well as moderate effect on Hep-2 (60.63 £ 11.62%),
BT474 (47.86 = 5.15%).

It turned out, that MNNG-HOS cell line is the
most resistant to [Zn(Nia),(H,0),](ClO,), (1) (sur-
vivability: 96.49 + 6.03%) in comparison with DPSC
(survivability: 67.91 £ 5.67%). The copper(1l) per-
chlorate complex with nicotinamide (2) hardly shows
anticancer action at the same concentration, the latter
being possibly related with lower stability of
[Cu(Nia)(H,0),(ClO,)]* in comparison with
[Zn(Nia)(H,0),(ClO,)]* in aqueous medium. It is
confirmed by the relative intensities (/,, %) of the
respective signals in ESI-MS spectra: 10.2 for
[Cu(Nia)(H,0),(ClO )]* and 35.6 for
[Zn(Nia)(H,0),(Cl0,)]*. But cytotoxic effect of (1)
on C6, Panc-1 and U251 cell lines is significant (sur-
vivability below 15%).

CONCLUSIONS

Complex compounds [Zn(Nia),(H,0),](ClO,),
(1) and [Cu(Nia),(H,0),](CIO,),-2H,0 (2) have been
prepared and identified for the first time, their struc-
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ture and properties have been investigated. Compara-
tive studies on cytotoxicity of
[Zn(Nia),(H,0)4](ClO,), (D and
[Cu(Nia),(H,0),](ClO,),-2H,0O (2) have been per-
formed with respect to stem and cancer cells. Dose-
dependent cytotoxicity values have been determined
for all types of cells. The efficacy of the zinc-contain-
ing compound (1) action on C6, Panc-1, U251 cell
lines (survivability below 15%) has been demonstrated
on the basis of the comparative studies on the com-
pound antiproliferative activity with respect to 10 cell
lines.

The results of the present work are in accordance
with the literature data on bioactivity of zinc(II)- and
copper(1l) complex compounds with pyrazole deriva-
tives, phosphor-containing analogues of salicylic acid,
and other ligands containing N- and O-donor atoms
[30—32]. Additional investigations are needed for
studies on the compound bioactivity both in vitro and
in vivo.
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Scheme S1. Preparation of (1).
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Scheme S2. Preparation of (2).

Fig. S1. ESI spectra of [Zn(Nia),(H,0),4](ClO,4), (1) (a,
b); [Cu(Nia),(H,0),1(Cl04),-2H,0 (2) (c, d).

Fig. S2. Powder XRD
[Zn(Nia),(H;0)4]1(ClOy),
Cu(Nia),(H,0),](Cl0,),-2H,0 (2).

Fig. S3. Comparison of cytotoxicity for complexes and
mixtures of reagents with respect to DPSC, on the left) and
MCF-7, on the right): 1) [Cu(Nia),(H,0),](Cl0,),-2H,0;
2) Cu(ClO4), + 2Nia; 3) [Zn(Nia),(H,0),](ClOy),;
4) Zn(ClO,), + 2Nia.

patterns for

(1);

Table S1. Wavenumbers (cm™') of absorption band
maxima in IR spectra of [Zn(Nia),(H,0),](ClO,4), (1) and
[Cu(Nia),(H,0),](Cl04),-2H,0 (2).

Table S2. Single crystal X-ray diffraction data collection
and refinement statistics for the complexes (1) and (2).

Table S3. Selected bond lengths (A) and bond angles
(deg) for [Zn(Nia),(H,0)4](ClO,4),(1).

Table S4. Selected bond lengths (A) and bond angles
(deg) for [Cu(Nia),(H,0),](Cl0,),-2H,0 (2).

Table S5. Survivability (% to control) for DPSC.
Table S6. Survivability (% to control) for MCF-7.
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