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The search for new effective drugs in the treatment of neoplasm remains relevant even today, since 
the adaptation of transformed cells to the action of classical drugs contributes to the emergence of drug 
resistance. This applies to a number of classic chemotherapy drugs of the platinum series, in particular cis-
platin. In this work, we describe the effect of novel analogs of cisplatin on HepG2 cells and on the key enzyme 
of antioxidant protection system gammaglutamyltranspeptidase, which plays an important role in the acquisi-
tion of drug resistance to anticancer drugs by tumor cells. New mononuclear iodide n,π-chelate complexes 
of Pt(II) with substituted thioureas N-allylmorpholine-4-carbothioamide or 3-allyl-1,1-diethylthiourea were 
obtained as analogs of cisplatin. All compounds were investigated by UV-Vis, IR, and 1H/13С NMR spectra. 
Complex I was described by single-crystal X-ray diffraction study. Also, the effect of these analogs on alanine 
aminotransferase, aspartate aminotransferase, lactate dehydrogenase, which are marker enzymes of liver 
cells, release of which into the blood indicates liver pathologies, was investigated. All studies were carried 
out in comparison with chloride n,π-chelate complexes of platinum obtained earlier (however, the effect of 
these chloride analogs of platinum on enzymes of the hepatobiliary system was investigated for the first time in 
this work). The results have shown that the studied compounds are better cytostatics/cytotoxics than cisplatin 
both according to IC50 and apoptosis level of HepG2 cells. It is established that, for the most part, effect of the 
studied complexes is reduced to a decrease in the degree of malignancy of cells of hepatocyte lines and the 
activity of LDH and GHT, as well as a decrease in consumed glucose.

K e y w o r d s: n,π-chelates; thioureas, NMR spectroscopy; crystal structure, gammaglutamyltranspeptidase, 
alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase.

D espite great efforts to improve the therapy 
of malignant diseases, in recent decades, 
the spectrum of available effective drugs 

is relatively limited (especially based on metal-
containing), which is caused by their toxicity and 
the resistance of pathogenic cells to their action. So, 
there is a significant need for the development of 

new effective and less toxic anticancer agents [1-3]. 
Since the discovery of cisplatin by Barnett Rosen-
berg in 1960, metal complexes have provided a very 
versatile platform for the development of anticancer 
drugs. Most transition metal compounds have shown 
high antitumor activity, among which, in addition to 
platinum, less toxic metals such as ruthenium, pal-
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ladium, gold, or copper have been used as possible 
candidates for obtaining more effective antitumor 
substrates [4, 5].

At the same time, numerous studies have 
shown that the choice of ligands is crucial, as they 
not only control the reactivity of the metal, but also 
determining the nature of interactions involved in 
the recognition of biological target sites such as 
DNA, enzymes and protein receptors [6]. Increasing 
attention has been given to the study of transition 
metals complexes with bi- and polydentate the ni-
trogen, oxygen and sulfur donor ligands that form 
stable substances of the chelate type. Such complex 
compounds have significant advantages over free li-
gands and inorganic salts, since coordination with 
chelating organic substances prevents hydrolysis 
under physiological conditions, reduces toxicity and 
increases solubility, which makes them promising 
objects for the design of new pharmaceuticals [7-9].

A recent trend in the development of new 
metal-based anticancer drugs is the use of biologi-
cally active ligands capable of inhibiting the growth 
of malignant tumors with different mechanisms of 
action [10, 11]. Promising ligands for the develop-
ment of new potential drugs are thiourea derivatives, 
which, having high antitumor activity [12], are able 
to coordinate many metal ions as N,S donor agents 
[13-15]. In previous studies, we found that a num-
ber of π-coordination complexes of Pt(II) and Pd(II) 
with N-allylthiourea derivatives showed a high af-
finity to DNA with cytostatic and proapoptotic ef-
fects which was superior to that of cisplatin [16-19]. 
As a “carrier ligand” providing transport of these 
complexes to their target, we used the allylthiourea 
derivatives and the role of the leaving groups was 
performed by chlorine atoms. In the presented work, 
we obtained similar complexes in which, instead of 
chlorine atoms, the role of “leaving groups” is played 
by iodine atoms, which, as could be assumed, should 
be more easily amenable to nucleophilic substitution 
on nitrogen atoms of DNA nucleic bases. Earlier, 
we established that iodide platinum(ІІ) π-complexes 
completely transformed the supercoiled form of 
DNA into a relaxed ring form even at a concentration 
of 12.5 μg/ml, which is much more effective than 
cisplatin [18]. Then we assumed that π-complexes 
of platinum with iodide anions in the coordination 
sphere interact with DNA the fastest.

The next step in the evaluation of the antitumor 
effect of such Pt(II) n,π-chelate complexes was the 
study of their influence on the activity of enzymes 

of the hepatobiliary system. Serum enzymes such 
as aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), lactate dehydrogenase (LDH), 
and their isoenzymes can change their activity 
in liver pathology. ALT and AST are marker en-
zymes of liver cells. Normally, enzymes are active 
in the cell and their level in the blood is quite low. 
However, the release of the enzyme into the blood, 
which occurs as a result of the destruction of cells, 
indicates pathologies in the liver. After all, during 
the study of the effect of cisplatin and platinum-con-
taining compounds on liver cells, the detection of 
the above-mentioned enzymes in the blood indicates 
the probable apoptosis of tumor cells and, therefore, 
the implementation of the intercalating function of 
platinum complexes. 

As the results of our previous studies showed, 
complexes based on morpholine- and diethylamino-
substituted thioureas were most effective for in-
teracting with DNA [16, 17, 20]. Therefore, in this 
work, these ligands were used to obtain iodide n,π-
chelate complexes. However, for greater clarity of 
their action, we compared the activity of new iodide 
pi-complexes, obtained for the first time in this work, 
with their chloride analogs, synthesized by us much 
earlier [16, 17, 20]. The aim of the work was to deter-
mine the effect of new iodide n,π-chelate complexes 
on the functional activity of HepG2 human hepato-
carcinoma cells in comparison with their chloride 
analogs, the effect of which on the same cells had 
not been studied before, but was also presented for 
the first time in this work (previously, their effect 
on cells of the Hela and MCF7 lines was studied 
[16, 17, 20]).

In addition, the dependence of neoplastic cell 
viability on the presence of glucose in the environ-
ment has long been established. The rate of glucose 
absorption by a tumor is an order of magnitude (10-
15 times) higher than that in healthy tissues, mainly 
due to the high expression of membrane glucose 
transporters and the excessively fast utilization of 
this monosaccharide. Ninety percent of the adeno-
sine triphosphate (ATP) of the transformed cell is 
produced during the glycolysis process, which is 
mainly due to the anaerobic conditions in which 
tumors are located and the corresponding repro-
gramming of their metabolism. The Warburg effect 
describes the adaptation of tumor cells to condi-
tions of deep hypoxia by turning on glycolysis. This 
contributes to the rapid growth of the neoplasm, 
however, due to the involvement of a high level of 
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glucose [21]. Therefore, the effect of synthesized 
compounds on the level of glucose absorption was 
also investigated in the present work.

At the same time, the resistance of pathogenic 
cells to the action of a number of chemotherapy 
drugs of the platinum series (such as cisplatin, oxa
liplatin, carboplatin, nedaplatin, etc.) is known. In 
order to overcome this shortcoming, the selection of 
new agents aimed at various cellular targets is car-
ried out in order to identify their multifunctional 
effect on the relevant signaling pathways with sub-
sequent suppression of uncontrolled proliferation of 
pathogenic cells or induction of apoptotic and au-
tophagic pathways of death of such cells.

Along with this, the normalization of the meta-
bolic phenotype (suppression of anaerobic glycolysis, 
activation of oxidative phosphorylation, initiation of 
the mitochondrial link of apoptosis) of transformed 
cells of a heterogeneous tumor can affect prolifera-
tive indicators. It is known that the antioxidant de-
fense system, in particular, the key enzyme of the 
glutathione system, gammaglutamyltranspeptidase 
(GGT), plays a key role in the acquisition of drug 
resistance to cisplatin by tumor cells. Therefore, in 
the presented work, a classical model was used for 
such experiments - transformed cells of the HepG2 
line (human hepatocarcinoma) with a doubling time 
of 27 h. 

Materials and Methods

Materials. Initial reagents K2[PtCl4], KI, hydro-
chloric acid and solvents (ethanol and diethyl ether) 
used in this work were of synthetic grade and used 
as purchased in Merck without further purification. 

N-Allylmorpholine-4-carbothioamide (HL1) 
and 3-allyl-1,1-diethylthiourea (HL2) were obtained 
as a white solid by the methods described in our pre-
vious works [16, 18, 19]. HL1. M. p. 61–62°С, Yield: 
(89%). C, H, N, and S% [Calculated for C8H14N2OS: 
C: 51.58, H: 7.58, N: 15.04, S: 17.21. Found: C: 51.47, 
H: 7.55, N: 15.11, S: 17.10]. IR bands (ν, cm‑1): 3224 
ν(NH); 3076 νas(CH)allyl, 3042 νs(CH)allyl; 2963, 2930 
νas(CH)CH2; 2910, 2851 νs(CH)CH2; 1531 δ(NH) + 
νas(NCN); 1430, 1405 νs(N-CS-N) + δ(СН); 1371-
1309 δs(CH)CH3; 1268-1214 δ(CH)CH2; 1120 δ(N-
C-N); 933 δ(CH)-C=CH; 885 ν(C=S). 1H NMR chemi-
cal shifts (500 MHz, DMSO-d6) δ, ppm: 7.874 br. m 
(1H, N2H); 5.869 m (1H, –C7H=); 5.117 d (1Н, J 17.5 
Hz, =C8Htrans); 5.050 d (1Н, J 10.5 Hz, =C8Hcis); 4.172 
m (2H, C6H2); 3.748 t (4H, J 5.0 Hz, 2C1,4H2); 3.572 
t (4H, J 4.5 Hz, 2C2,3H3). 

13C NMR chemical shifts 

(125.75 MHz, DMSO-d6) δ, ppm: 181.43 C5; 135.36 
C7; 115.48 C8; 52.23 C6; 45.42 C1,4; 28.98 C2,3. 

HL2. M. p. 64–65°С, Yield: (93%). C, H, N, and 
S% [Calculated for C8H16N2S: C: 55.77, H: 9.36, N: 
16.26, S: 18.61. Found: C: 55.69, H: 9.38, N: 16.21; S: 
18.53]. IR bands (ν, cm-1): 3295 ν(NH); 3086 νas(CH)
allyl, 3060 νs(CH)allyl; 2985, 2955 νas(CH)CH3; 2917, 
2870 νs(CH)CH3; 1535, 1500 δ(NH) + νas(NCN); 1445, 
1407; νs(N-CS-N) + δ(СН); 1374-1320 δs(CH)CH3; 
1275-1208 δ(CH)CH2; 965 δ(CH)-C=CH; 845 ν(C=S). 
1H NMR chemical shifts (500 MHz, DMSO-d6) δ, 
ppm: 7.446 w.m (1H, N2H); 5.879 m (1H, –C7H=); 
5.083 d (1Н, J 17.0 Hz, =C8Htrans); 5.036 d (1Н, J 10.5 
Hz, =C8Hcis); 4.172 br.m (2H, C6H2); 3.621 m (4H, 
2C1,4H2); 1.098 t (6H, J 7 Hz, 2C2,3H3). 

13C NMR 
chemical shifts (125.75 MHz, DMSO-d6) δ, ppm: 
180.05 C5; 136.46 C7; 115.26 C8; 47.92 C6; 44.68 C1,4; 
13.16 C2,3.

All the complexes were synthesized according 
to the following general methodic: A portion of 
K2[PtCl4] (103.7 mg, 0.25 mmol) was dissolved in 
1 ml of distilled water and 0.5 ml of 2N HCl was 
added. The resulting solution was made up to a volu
me of 5 ml with distilled water and then an excess 
of dry potassium iodide salt (332 mg, 1 mmol) was 
added with constant stirring and heating (50-60°С) 
for 15 min. 10 ml of a warm ethanolic solution of thi-
ourea HL1 or HL2 (0.25 mmol) was added dropwise 
to the resulting solution with constant stirring. The 
mixture was stirred without heating for 25 min and 
left for crystallization. The formed dark red (com-
plex I) or light brown (complex II) crystals were 
filtered and washed with ethanol and diethyl ether. 
Yields were 65-70%. Crystals of complex I, suit-
able for single-crystal X-ray diffraction study, were 
formed on day 5. The decomposition temperature of 
both complexes is ˃ 320°С. The purity of the prod-
ucts was assessed through elemental percentages of 
C, H, N, and S.

[Pt(HL1)I2]×H2O (I). Yield: (70 %). C, H, N, and 
S% [Calculated for C8H16I2N2O2PtS: C: 14.71, H: 2.47, 
I: 38.86, N: 4.29, S: 4.91. Found: C: 14.93, H: 2.50, 
I: 39.03, N: 4.35, S: 5.00]. IR bands (ν, cm-1): 3450-
3575 w. ν(OH)H2O; 3275 ν(NH); 3125 νas(CH)allyl, 
3075 νs(CH)allyl; 2963, 2923 νas(CH)CH2; 2910, 2858 
νs(CH)CH2; 1567 δ(NH) + νas(NCN); 1430, 1396; 
νs(N-CS-N) + δ(СН); 1334-1305 δs(CH)CH2; 1276-
1210 δ(CH)CH2; 1100 δ(N-C-N); 978 δ(CH)C=CH; 870 
ν(C=S). 1H NMR chemical shifts (400 MHz, DMSO-
d6) δ, ppm: 9.240 br. m (1H, N2H); 5.456 m (1H, –
C7H=); 4.073 d (1Н, J 12.4 Hz, =C8Htrans); 4.607 d 
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(1Н, J 7.6 Hz, =C8Hcis); 3.774 m (2H, C6H2); 3.677 
m (4H, 2C1,4H2); 3.391 m (4H, 2C2,3H3). 

13C NMR 
chemical shifts (125.75 MHz, DMSO-d6) δ, ppm: 
166.28 C5; 80.26 C7; 64.66 C8; 51.21 C6; 43.53 C1,4; 
28.68 C2,3.

[Pt(HL2)I2] (II). Yield: (65 %). C, H, N, and 
S% [Calculated for C8H16I2N2PtS: C: 15.47, H: 
2.60, I: 40.86, N: 4.51, S: 5.16. Found: C: 15.35, H: 
2.68, I: 40.70, N: 4.38, S: 5.05]. IR bands (ν, cm-1): 
3320 ν(NH); 3130 νas(CH)allyl, 3073 νs(CH)allyl; 2975, 
2930 νas(CH)CH3; 2865 νs(CH)CH3; 1490 δ(NH) + 
νas(NCN); 1453, 1425; νs(N-CS-N) + δ(СН); 1393-
1347 δs(CH)CH3; 1291-1205 δ(CH)CH2; 1145 δ(N-
C-N); 990 δ(CH)-C=CH; 800 ν(C=S). 1H NMR chemi-
cal shifts (400 MHz, DMSO-d6) δ, ppm: 8.820 w.m 
(1H, N2H); 5.452 m (1H, –C7H=); 4.071 d (1Н, J 
17.6 Hz, =C8Htrans); 4.586 d (1Н, J 7.6 Hz, =C8Hcis); 
3.885 d (1H, J 13.2 Hz) and 3.700 d (1Н, J 18.0 Hz) 
C6H2; 3.542 m (4H, 2C1,4H2); 1.161 t (6H, J = 7.2 Hz, 
2C2,3H3). 

13C NMR chemical shifts (125.75 MHz, 
DMSO-d6) δ, ppm: 167.92 C5; 81.93 C7; 61.36 C8; 
46.70 C6; 40.56 C1,4; 13.16 C2,3.

Methods. Elemental analyses for carbon, hydro-
gen, nitrogen, and sulfur were performed by Carlo 
Erba Elemental Analyzer (Model 1106). The chlo-
rine was measured by the Schoniger method. 1H/13С 
NMR spectra were measured on a Bruker Avance 
DRX-400 (or DRX-500) spectrometer (400.00, 
500.00/125.75 MHz) in DMSO-d6 solution using te-
tramethylsilane (TMS) as internal standard. Attenu-
ated total internal reflection Fourier transform infra-
red (ATR-FT-IR) spectra were recorded on a Thermo 
Nicolet Nexus 4700 FT-IR spectrometer in a range of 
4000-500 cm‒1. 

UV-Vis spectra of ethanol-DMF (5:1) solu-
tions of ligands (HL1, HL2) and complexes I, II were 
measured on a Spectrometer Shimadzu UV-3600 
in a range of 200–800 nm in quartz cuvettes with 
l = 0.1 and 1 cm. The studies of complex formation 
in water-ethanol solutions were performed using 
spectrophotometric titration and the method of iso-
molar series [22]. The starting solutions (1×10-3 M) 
for titration were prepared by dissolving the exact 
weighed sample of K2PtCl4 in 2 ml of 2M HCl, and 
the compounds HL1 or HL2 in EtOH and brought to 
a volume of 25 ml with ethanol. A solution of potas-
sium iodide (4×10-3 M) was prepared by dissolving 
an exact amount of salt in distilled water. Herewith 
the concentration of metal salts (CM) was constant 
(13.3×10-5 M for K2PtCl4 and 26.6×10-5 M for KI), 
while the concentration of carbothioamides HL1/HL2 

was changed from 3.3×10-5 to 40×10-5 M. Working 
solutions were heated at 60-70°С for 10 min. After 
cooling to room temperature, their optical density 
was measured in quartz cuvettes with a thickness 
of 0.1 cm.

Single-crystal X-ray diffraction. For the struc-
tures of complex (I), X-ray intensity data were col-
lected at 193 K, on the Bruker APEX II diffractome
ter (graphite monochromated MoKα radiation, CCD 
detector, φ- and ω-scanning, 2Θmax = 60°). The 
structure was solved by the direct method using 
SHELXTL package [23]. The absorption correction 
was done using ‘multi-scan’ method (Тmin = 0.214, 
Tmax  =  0.747). The restrictions have been applied 
for the refinement of bond lengths in the disordered 
fragment (Pt–S distance is 2.27 Å). Positions of the 
hydrogen atoms were calculated geometrically and 
refined using “riding” model with Uiso = nUeq (n = 1.5 
for water molecule and n = 1.2 for other hydrogen 
atoms) of the carrier atom. Full-matrix least-squares 
refinement against F2 in anisotropic approximation 
for non-hydrogen atoms using 4378 reflections was 
converged to wR2 = 0.252 (R1 = 0.093 for 3908 re-
flections with F>4σ(F), S = 1.311).

Crystal data for complex (I). The red crys-
tals of the complex (I) are monoclinic, space group 
P21/c, C8H14I2N2OPtS,H2O, M = 653.18, a = 8.3181(2), 
b  =  8.2275(2), c = 21.9200(6) Å, β = 92.051(2)°, 
V  =  1499.18(7) Ǻ3, Z = 4, dcalc = 2.894 g/сm3, 
μ(MoKα) = 13.607 mm-1, F(000) = 1176, collected 
reflexes 26929 (4378 independent, Rint = 0.064). 

The final atomic coordinates, and crystallo-
graphic data for complex (I) have been deposited 
with the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk) and are 
available on request quoting the deposition numbers 
CCDC 2281169).

In vitro proteins activity. Cell line HepG2 
(ECACC catalog no. 85011430) - human hepatocarci-
noma cells are suitable for modeling in vitro system 
for studying polarized human hepatocytes, studying 
intracellular exchange and dynamics of bile tubule, 
sinusoidal membrane proteins and lipids in human 
hepatocytes in vitro [24-26]. 

Human cervix cancer line Hela cells (ECACC 
catalog no.93021013) were used to determine cyto-
toxic/cytostatic effects of target complexes. 

In order to obtain the most extensive infor-
mation about the effect of synthesized n,π-chelate 
complexes of Pt(II) based on N-allylthioureas on the 
metabolic indicators of HepG2 cells, the activity of 



79

V. Orysyk, L. Garmanchuk, S. Orysyk et al.

a number of enzymes (such as alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), lac-
tate dehydrogenase (LDH), gamma-glutamyltrans-
peptidase (GGT)) and the level of glucose absorption 
were investigated according to scheme (Fig. 1).

MTT test. Determination of the cytotoxic/cy-
tostatic effect on Hela cells under the influence of 
the components was carried out using the MTT test 
[27]. For this purpose, cells were planted in RPMI 
1640 medium (Sigma, USA) containing 10% fetal 
bovine serum (FBS) and 10 ng/ml antibiotic/antimy-
cotic mixture at a concentration of 1×105 cells/ml in 
a volume of 100 μl. The investigated complexes were 
added in successively decreasing concentrations to 
the wells of a 96-well tablet with cells and incubated 
for 24 h. In the control wells there was a medium 
without the tested substances (negative control). Four 
hours before the end of the incubation period, MTT 
reagent (colorless tetrazolium salt (Sigma Chemical 
Co., USA)) was added in 20 μl to a final concentra-
tion of 0.6 mM and incubated in a CO2 incubator 
under standard conditions for the recovery of soluble 
MTT reagent by cells to insoluble formazan crystals. 
The plate was gently shaken for 5–10 min to dis-
solve the formazan crystals and the optical density of 
each well was determined at 540 nm (using a BioTek 
reader, USA) by subtracting the measured back-
ground absorbance at 620 nm. Results were reported 
as a percentage of the values obtained for the control 
sample [28]. Calculation of the concentration ratio 
of live and dead cells was carried out by the usual 
counting in the Horyaev chamber after staining the 
dead cells with trypan blue.

Obtaining conditioned culture medium of 
HepG2 cells and determination of key metabolic 
enzymes’ activity, and glucose level. The culture 
mediums of HepG2 were investigated under the 
influence of the studied substances in concen-

trations IC50/10 ([Pt(HL1)I2] (I) ‒ 3×10-6 M and 
[Pt(HL2)I2] (II) ‒ 5×10-7 M, respectively. Also 
for comparison, we used previously synthesized 
chloride π-complexes with concentrations IC50/10 
([Pt(HL1)Cl2] (III) ‒ 1×10‑6  M and [Pt(HL2)Cl2] 
(IV)  ‒ 2.5×10‑6  M, respectively [16]. Cisplatin at 
a concentration of 5.7×10-6 M was used as a com-
parison drug [16]. To do this, cells were planted in 
6-well plates at a concentration of 2×105 cells/ml in 
a volume of 2 ml, incubated until reaching almost 
100% confluency in a standard RPMI 1640 medium 
(Sigma, USA) containing 10% FBS, after which the 
medium was replaced with serum-free, the studied 
complexes were added, incubated for 2 days and de-
termined the content of enzymes and metabolites. 
The metabolites secreted into the culture medium 
(cell secretome) were studied for fermentative activ-
ity, glucose level, and the level of apoptosis in cells. 
For this, cells were cultured for two days with com-
plexes, culture medium was selected, and enzyme 
activity was analyzed. 

The activity of key metabolic enzymes and the 
level of glucose in the medium of HepG2 cells under 
the action of new synthesized complexes were de-
termined according to the recommendations of the 
manufacturer of the kits (Filisit, Ukraine).

Determination of the level of glucose in the 
incubation medium of the cells culture was per-
formed at the end of day 2 of cultivation with both 
complexes. Initial cell concentration was 1×105 cells/
ml in the sample volume of 200 µl. Measurement 
of glucose level (mmol) was carried out using a 
standard set based on the glucose-oxidase reaction, 
which we modified for culture medium of cells [29]. 
The intensity of glucose absorption was assessed by 
the decrease in its amount in the medium.

Determination of lactate dehydrogenase (LDH) 
and gamma-glutamyltranspeptidase (GGT) activi

Fig. 1. Scheme of biological testing
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ty. Determination of LDH activity was assessed on 
day 2 by the spectrophotometric method according 
to the rate of NADH oxidation during the reduction 
of pyruvic acid (pyruvate + NADH + H+ ↔ L–lac-
tate + NAD+) [30]. The samples were incubated with 
pyruvate and Nicotinamide adenine dinucleotide 
(NADH), and then the decrease in NADH absorp-
tion at 340 nm was measured. The reduction in the 
extinction (ΔE) by 1 μmol min−1 (μ = micro, ×10−6). 
The results were presented in μМ/(min·ml).

The principle of the method determination of 
GGT activity is that under the influence of GGT, the 
glutamine residue from γ-L(+)-glutamine p-4-ni-
troanilide transfers to the dipeptide acceptor glycyl-
glycine [31]. At the same time, a chromogen ‒ p-
nitroaniline - is released. The optical density of the 
reaction solution was measured after stopping the 
enzymatic reaction with a solution of acetic acid at 
a wavelength of 405 nm. The calculation is carried 
out according to the formula: C=Ed/Ecal·3.0 [μkat/l], 
where C is GGT activity, μkat/l; 3 – conversion fac-
tor, μkat/l; Ed is the optical density of the test sample, 
units wholesale densities; Ecal is the optical density 
of the calibration sample, units wholesale density). 

Determination of alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) activi
ty. Determination of the activity of the main en-
zymes of the hepatobiliary system was carried out 
in the incubation medium according to classical 
methods [32, 33]. Alanine aminotransferase cata-
lyzes the transfer of an amino group from alanine to 
2-oxyglutarate with the formation of glutamate and 
pyruvate. The pyruvate formed in the presence of 
lactate dehydrogenase (LDH) is converted into lac-
tate, with parallel oxidation of NADH. 

α–oxyglutarate + L-alanine → L-glutamate + 
pyruvate:

Pyruvate + NADH + H+ → lactate + NAD+. 
The following reagents were used for this reac-

tion: L-alanine 400 mmol/l; LDH- 2000 U/l; NADH 
0.25 mmol/l; α – oxyglutarate 12 mmol/l. 500 μl of 
the reagent was added to the test tube and 50 μl of 
the sample was added. The sample was mixed with 
the reagent immediately before the analysis. The rate 
of decrease in absorbance at 340 nm is directly pro-
portional to the activity of ALT.

In the experiments, the kinetic method of de-
termining the activity of aspartate aminotransferase 
was used [34] which corresponds to the recom-
mendations of experts of the International Union 
of Clinical Chemistry (IFCC), according to which 

2-ketoglutarate + L-aspartate ↔ L-glutamate + oxa
loacetate oxaloacetate + NADH + H+ ↔ L-malate 
+ NAD+. For this, the following reagents were 
used: Tris-buffer (pH 7.5) 80 mmol/l; L-aspartate 
240  mmol/l; LDH 600 U/ml; MDG 600 U/ml; 
NADH 0.18 mmol/l; reagent 2 (substrate); 2-ke-
toglutarate 12 mmol/l; 500 μl of reagent 1 and 100 μl 
of reagent 2 were added to the test tube and 50 μl of 
conditioned medium for cell incubation was added. 
Next, the reagent was added to the resulting mixture 
immediately before the analysis, and AST activity 
was measured at λ 340 nm.

The level of HepG2 cell apoptosis after incuba-
tion with investigated complexes was determined by 
the generally accepted flow cytometric method, with 
use of Propidium Iodide (PI) [35]. PI binds to DNA 
by intercalating between the bases, with a stoichio
metry of one dye per 4-5 base pairs of DNA.

Staining cells with the fluorochrome dye PI in-
cluded the following stages: cells in the amount of 
105 cells per sample after a single washing in 5 ml of 
Phosphate-buffered saline (PBS) at 400 g for 10 min 
was resuspended in 200 µl PBS and 300 µl Triton 
X-100 solution (0.1% sodium citrate, 0.1% Triton 
X-100). PI was added at 25 µl (0.5 µg/µl) to each 
sample. All reagents were provided by the company 
Sigma, USA. After careful shaking, the cells were 
incubated at 37°C for 30 min of darkness. Samples 
were washed with 20 ml PBS at 400 g for 10 min 
with supernatant removal. The pellet was fixed by 
adding 400 μl of 0.4% formalin solution in PBS. 
Sample measurements were performed no later 
than 3 days on flow cytometer FACS Calibur (Bec-
ton Dickinson, USA) with 488 nm argon laser and 
582/42 nm narrowband filter in order to measure 
the fluorescence of PI. Flow cytometry data were 
analyzed using software Mod Fit LT 3.0 (Becton 
Dickinson, USA).  The method of determining the 
level of apoptosis is based on the known fact that 
apoptotic cell death is preceded by extensive DNA 
fragmentation into oligonucleosomal subunits. Apo-
ptotic cells presented as a broad hypodiploid DNA 
peak, which was easily discriminable from the nar-
row peak with normal (diploid) DNA content in the 
red fluorescence channels.

Results and Discussion

Chemistry. n,π-Chelate complexes [Pt(HL1,2)I2] 
have been obtained for the first time according to  
Scheme 1 by the reactions of K2[PtCl4] with N-allyl-
morpholine-4-carbothioamide (HL1) or 3-allyl-1,1-
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diethylthiourea (HL2) in the presence of HCl (to 
avoid hydrolysis of platinum and stabilize the sur-
rounding metal with chloride ions [36, 37]) and a 
significant excess of KI to ensure anion exchange. 

As in our previous works [16-19] a feature of 
the structure of both complexes is coordination of 
thioureas HL1 and HL2 in a bidentate-chelate man-
ner by the atoms of the S,C-allylthiourea group, and 
the cis-position of iodide anions in the coordination 
sphere of the metal (Scheme 1). 

Single-crystal X-ray structural analysis. Ac-
cording to the single-crystal X-ray diffraction study 
of complex I (Fig. 2, a), the Pt atom as well as one 
from the iodide atoms are disordered over two posi-
tions with a ratio of 92 : 8%. 

In both positions, the Pt atom has a distorted 
square-planar coordination polyhedron formed by 
the sulfur atom of the thiourea group, π-system of 
the allyl group and two iodide anions. Complex I 
exists as monohydrate in the crystal phase. The value 
of the hydrogen bond O1w…HN2 is 1.98 Å. Similarly 
to the previously synthesized chloride analog [16], 

Scheme 1. Synthesis of platinum(II) complexes I, II

Fig. 2. Molecular structure (a) and packing diagram (b) of the complex I; thermal ellipsoids are shown at 50% 
probability level; hydrogen atoms are omitted (in packing diagram) for clarity

ba

the C8–C7 double bond of the allyl fragment is placed 
perpendicular to the plane of the coordination poly-
hedron of the central atom (the angles I1A-Pt1A-C8 and 
I1A-Pt1A-C7 are 87.6(6)º and 89.6(5)º) which ensures 
the maximum overlap of the electronic π-orbitals of 
the ligand with the d-orbitals of the metal. The mor-
pholine ring has an equatorial-chair conformation 
[37]. The carbothioamide HL1 is in the thione tauto-
meric form, as indicated by the value of C5-S1 bond 
(1.74(2) Å). Its coordination to a metal ion led to 
elongation of bonds C5-S1 and C7-C8 (compared to the 
free ligand [16]) by 0.05 and 0.12 Å. Careful analysis 
of the bond distances and angles revealed the simi-
larity in the C8–Pt1A−I2 (164.1(6)°) and C7–Pt1A−I2 
(158.4(5)°) angles, which, in addition to the identi-
cal Pt1A−C8 and Pt1A−C7 (2.18(2) Å) bond distances 
in complex, allows the C8–Pt1A−C7 angle bisector to 
be considered as a Pt–π bond and the midpoint of the 
C8–C7 double bond as a point ligand, which is com-
mon for many square-planar π-complexes of plati-
num. In the crystallographic packing, the molecules 
of the complex form chains parallel to the axis a 



82

ISSN 2409-4943. Ukr. Biochem. J., 2024, Vol. 96, N 3

(Fig. 2, b) due to hydrogen bonds O1WH…O1 (1.91 Å) 
and N2H…O1W (1.98 Å). Unfortunately, the crystals 
of complex II were not suitable for X-ray structural 
studies. However, in our previous publications by 
correlating the data of X-ray diffraction studies with 
IR and 1H/13C NMR spectra, we showed that these 
methods are the most favorable for establishing the 
formation of a π-coordination bond in the synthe-
sized complexes. Therefore, the IR and 1H/13C NMR 
spectral characteristics presented below indicate a 
similar structure of complex II.

UV-Vis spectroscopy. Due to the identical 
structure of both complexes, their UV-Vis spec-
tra are also similar (Fig. 3, a, b). They consist of a 
pronounced absorption band at 327 nm responsible 
for overlapping of intraligand n→π* and ligand-to-
metal charge-transfer (LMCT) transitions (between 
π-orbitals on I to d-orbitals of platinum, π(I)→d(Pt) 
[38, 39] as well as metal-to-ligand charge-trans-
fer transitions (between d-orbitals of platinum to 
π-orbitals on S, d(Pt)→π(S)) and dd-electronic tran-
sitions with corresponding absorption in the range 
370-400 (shoulder-shaped absorption bands) and 
442-480 nm. 

These absorption bands undergo both batho-
chromic and hypsochromic shifts of +20/21 and –
(10-22) nm relative to their chloride counterparts 
(green curves in Fig. 2) studied in our previous pub-
lications [17, 19]. Such shifts are associated with the 
influence of the nature of the halogen in the coordi-
nation sphere of the metal. 

To analyze of complex formation in water-etha
nol solution, the dependence of the optical density on 
the ligand concentration was studied (Fig. 4, a, b). 

The position of the maxima of the absorp-
tion bands is slightly different from the previous 
ones, which is due to the influence of the solvent. 
They also differ from the position of similar UV-
Vis curves when studying complex formation in 
previous works, which is related to the influence of 
iodide anions in the system.

The results showed that the titration curves 
have inflections at the ratio M:L = 1:1, 1:2 and 1:1, 
1:3, which indicates the possible coordination of 
ligands in the solution in both a chelate and non-
chelate manner only through the sulfur atoms of the 
carbothioamide group. The absence of an inflection 
with a 1:2 ratio of components in the titration curve 
for complexformation in the system Pt2+-HL2 (Fig. 4, 
b) may be due to the effect of the bulky diethyl sub-
stituent in HL2. Thus, although the position of the 

absorption bands is slightly different from chlo-
ride complexes, their changes are similar. Despite 
obtaining complexes in the solid state only with a 
ratio of 1:1 (which is caused by the Pearson’s effect 
of “molecular antisymbiosis in the trans effect” [40], 
which we have already indicated in previous works), 
in solution they can also exist in a ratio of 1:1, 1:2, 
and 1:3.

IR spectroscopy. In the high-frequency region 
of the IR spectra of HL1 and HL2 the absorption 
bands referring to stretching vibrations of ν(NH), 
νas(СН2)morph/νas(CH2, CH3)diethyl, νs(СН2)morph/νs(CH2, 
CH3)diethyl and ν(CH)allyl are present [41-43]. In the IR 
spectra of complexes I, II the ν(NH) and νas/s(CH)
allyl bands are significantly shifted (Δν = +51/25 and 
+49/44 cm-1) to higher frequencies which is caused 
by the involvement of carbothioamide and allyl moi-
eties in the formation of a coordination bond with 
a metal ion (see Fig. 5 and Experimental section, 
where the assignments of the characteristic absorp-
tion bands). 

At the same time, the absorption bands 
νas(СН2)morph/νas(CH2, CH3)diethyl of the morpholine 
ring and the diethylamine fragment shift slightly 
only by Δν = 5-10 cm-1. However, the vibrations 
ν(CS) undergo a low-frequency shift by 15/45 cm-1, 
which is characteristic of the chelate coordination of 
the carbothioamide group with participation (C=S) 
in the formation of the metal cycle. 

NMR Studies. The comparison of the 1H NMR 
spectra of the starting thioureas HL1,2 with n,π-
chelate complexes I, II (Fig. 5, Table 1) shows a sig-
nificant downfield shift of the proton signals of NH 
groups (ΔδH = +1.37/1.34 ppm) and the upfield shift 
of the proton signals of allylic fragment (=C8Htrans, 
=C8Hcis, –C7H= by ΔδH = -(0.5–0.85/-0.42–0.68) 
ppm), which are part of the six-membered metal-
locycle with formation of a π-coordination bond 
(C8=C7)→Pt (Scheme 1). These signal shifts are 
analogous to the chloride counterparts of these com-
plexes synthesized by us earlier [16, 18, 19]. Howe
ver, unlike chloride complexes, the values of these 
shifts are smaller, which is due to the lower elec-
tronegativity of iodide anions compared to chloride 
ones. This indicates that both the formation of the 
π-coordination bond and the nature of the halogen 
in the coordination environment of the metal signifi-
cantly affect the position of the signals in the NMR 
spectra.

Another characteristic spectral feature that in-
dicates the formation of a metallocycle is the split-
ting of a wide and poorly split multiplet (at 4.17 ppm 



83

V. Orysyk, L. Garmanchuk, S. Orysyk et al.

Fig. 3 The UV–vis spectra of complexes I (a), II (b) in DMF-ethanol (1:5) solution and their comparison with 
the spectra of chloride analogues: 1 ‒ the UV–vis spectra of thioureas HL1, HL2 in DMF-ethanol (1:5); 2 – 
complexes I, II; 3 ‒ analogs chloride complexes
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in 1H NMR free ligand) into two doublets with ap-
propriate constants of spin-spin interaction due to 
the axial and equatorial arrangement of protons at 
carbon C6 (Fig. 6). In the 13C NMR spectra of the 
complexes, the signals of carbons C8, C7, and C5 
undergo the most significant shift in relation to the 

starting thioureas (Fig. 7). At the same time, the 
participation of C5=S in coordination to the central 
metal ion determines the upfield chemical shift of C5 
only by ΔδС = -(12.13–15.15) ppm. Instead, the par-
ticipation of С8=С7 in the formation of a π-acceptor 
bond with a metal ion causes a significant chemical 



84

ISSN 2409-4943. Ukr. Biochem. J., 2024, Vol. 96, N 3

Fig. 4 The UV-Vis spectra and titration curves for complex formation in the systems Pt2+-HL1 (a) and Pt2+-HL2 
(b) in the water-ethanol solutions
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shift of the signals of these carbons ((ΔδС = -(50.82–
55.10) ppm) in the upfield, which is also indicative 
for establishing the structure similar compounds 
[16, 18].

Similar to the previous spectra, the values of 
chemical shifts of carbons are slightly smaller com-
pared to 13C NMR spectra of chloride analogs. The 

given spectral changes indicate that the obtained 
π-complexes are stable in DMSO, and the 1H/13C 
NMR method is convenient for the study of such 
kinds of compounds. 

Study of the influence of complexes I, II on the 
activity of hepatobiliary system enzymes in compari-
son with their chloride analogs. In order to obtain 



85

V. Orysyk, L. Garmanchuk, S. Orysyk et al.

Fig. 5. IR spectra of starting HL1, HL2 and complexes I, II

a

b

the most extensive information about the effect of 
synthesized n,π-chelate complexes of Pt(II) based 
on N-allylthioureas on the metabolic indicators of 
HepG2 cells, the activity of a number of enzymes 
(such as alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), lactate dehydrogenase 
(LDH), gamma-glutamyl transpeptidase (GGT)) and 
the level of glucose absorption were investigated. 
These indicators reflect the response of these cells 
to treatment. In this subsection, for the first time, we 
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Fig. 7. 13C NMR spectra of starting HL2 and complex I

present studies not only for complexes I, II, but also 
for their previously synthesized analogs [Pt(HL1)Cl2] 
(III) and [Pt(HL2)Cl2] (IV) [16]. Although the chlo-
ride analogs of these complexes were synthesized 
earlier, their effect on the enzymes of the hepatobil-
iary system was investigated in this work for the first 
time. Therefore, in the presented experiments, the 
effect of new iodide π-complexes is compared with 
the effect of their chloride analogs and with cisplatin.

Determination of the IC50 for complexes I and 
II was carried out using the MTT test on Hela cells, 
according to the same algorithm as for complexes 
III and IV [16]. The cytotoxic/cytostatic effect of 
complexes I and II was also studied using Hela 
cells. The complexes were titrated in the concentra-
tion range of 0.00078-1.6 mmol. As can be seen from 
Fig. 8, the IC50 indicators for the studied complexes 
were 3×10‑5 M (I) and 5×10-6 M (II), while for chlo-
ride analogs, these indicators were 1×10-5 M (III) 

and 2.5×10-5 M (IV) respectively. Thus, complex II 
showed the highest cytotoxic activity. According to 
the cytotoxic effect, the compounds can be placed in 
the following sequence: ІІ ˃ III ˃ ІV ˃ I ˃ cisplatin.

In further studies of metabolic indicators, 
HepG2 cells were used under the influence of sub-
stances at a concentration of IC50/10. (The decrease 
in the concentration of the test substances relative 
to the determined IC50 index is carried out in order 
to evaluate the initial effects of the active substance, 
since if we are talking about the cytotoxic effect, 
then it is 50% of dead cells compared to the control, 
and accordingly, the mechanism of influence, espe-
cially with regard to metabolic, enzymatic effects, 
cannot be estimated. Therefore, it is expedient to re-
duce the concentration relative to the IC50 indicator). 
The results of determining the activity of ALT and 
AST showed that both iodide n,π-chelate complexes 
I and II significantly reduce the level of these en-
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Fig. 8. Determination of IC50 for complexes I and II in the concentration range of 0.00078–1.6 mmol in the 
cytotoxic/cytostatic MTT test using Hela cells
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zymes, while chloride analogs had an alternative ef-
fect on the enzymes: complex IV increased ALT ac-
tivity, both in comparison with cisplatin and control, 
while complex III inhibited ALT activity compared 
to the control (Fig. 9, a). 

The opposite effect of chloride n,π-chelate com-
plexes is observed on AST: complex III increased 
the activity of this enzyme relative to control and 
cisplatin, while complex IV inhibited it relative to 
control and almost did not differ in its effect from 
cisplatin (Fig. 9, b). 

Thus, complex IV was the most effective when 
acting on ALT level, while complex III – when 
acting on AST activity. Based on this, we can say 
that despite the identical structure of the investigated 
compounds, their activity strongly depends on the 

composition. The presence of iodide anions in the 
coordination environment of metals neutralizes the 
effect of organic ligands and inhibits the activity of 
both enzymes, while the activity of chloride com-
plexes depends on the nature of the organic ligand. 

An acidic environment is observed in tumor 
cells, which is caused by the high activity of the 
LDH enzyme. This phenomenon is observed when 
the enzyme initiates the synthesis of lactate from 
pyruvate. Lowered pH promotes the activation of 
anaerobic respiration (glycolysis in conditions of 
hypoxia) and at the same time blocks the activation 
of cell apoptosis. When LDH is switched to pyru-
vate synthesis, the pH does not decrease and thus 
increases the level of apoptotic cells. Cisplatin re-
duces the level of LDH, in the test (Fig. 10, a). Most 
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Fig. 9. Activity of ALT(a) and AST (b) in the microenvironment of HepG2 cells under the influence of cisplatin 
and Pt(II) π-complexes I-IV. *P < 0.05 – compared to control; ^P < 0.05 – compared to cisplatin
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likely, this means that conditions for glycolysis dete-
riorate in the cell and create conditions for tissue res-
piration, which occurs at normal pH. In comparison 
with the corresponding control and cisplatin, under 
the influence of complex I, both LDH activity and 
glucose absorption by cells decrease (Fig. 10, a, b). 
On the contrary, complex II increases the activity 
of both LDH and the absorption of glucose by cells. 
Like complex I, chloride compounds III and IV also 
inhibit lactate synthesis. However, complex I turned 
out to be the most effective, under the influence of 
which the level of LDH activity is reduced by al-
most half, thereby providing better conditions for 
the transition of cells to tissue respiration. Thus, ac-
cording to the effectiveness of the influence on the 
activity of LDH and the level of glucose absorption, 
the studied compounds should be placed in the fol-

lowing sequence: I ˃ III ˃ IV ˃ II. In these studies, 
the most effective iodide and chloride n,π-chelate 
complexes based on N-allylmorpholine-4-carbothio
amide (HL1).

In HepG2 cells of hepatocyte line, glucose ab-
sorption increases under the influence of complex II 
(Fig. 10, b). This effect can be caused by the presen
ce of a bulky diethyl substituent and iodide anions 
in the complex, which are characterized by a much 
larger radius compared to chloride anions. As a re-
sult, when such a complex enters the cell, it leaves 
pores in the cell membrane, thereby increasing glu-
cose uptake by the cell by facilitated diffusion. Such 
an effect is also observed for the chloride analog IV, 
although the absorption level does not exceed the 
control limits (Fig. 10, b). In contrast to the bulky 
diethyl substituent of HL2 (in complexes II and IV), 
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Fig. 10. LDH activity in the microenvironment of HepG2 cells under the influence of cisplatin and Pt(II) 
π-complexes I-IV (a). The effect of Pt(II) complexes and cisplatin on the level of glucose utilization by HepG2 
cells (b). *P < 0.05 – compared to control; ^P < 0.05 – compared to cisplatin
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the morpholine ring of HL1 (in complexes I and III) 
has an equatorial-chair conformation (according 
to X-ray structural data), due to which binding to 
membrane structures probably does not create such 
pores that could facilitate the entry of glucose into 
the cell. The activation of tissue respiration with the 
participation of glucose is also evidenced by a 2-fold 
decrease in the level of glucose absorption (under 
the influence of complex I) and 1.5-fold (under the 
influence of complex III) relative to the control. 
Compounds I and III probably inhibit anaerobic 
glycolysis and switch the cell to tissue respiration, 
reducing glucose absorption. If the activity of suc-
cinate dehydrogenase, as the main marker enzyme 
of mitochondria, is increased, and the activity of 
LDH is simultaneously switched to the synthesis of 

pyruvate, we can state the activation of tissue respi-
ration and the possibility of activation of apoptosis 
[44]. Glucose transport occurs along a concentration 
gradient and is mediated by transporter proteins. 

Determination of the activity of mitochondrial 
enzymes by the MTT test relative to the number of 
living cells per 1000 showed a decrease in activity 
due to the action of cisplatin and complex II, and 
an increase in the activity of mitochondrial enzymes 
in HepG2 cells under the influence of complexes I, 
III and IV (Fig. 11, a). Thus, mitochondrial respi-
ration is activated under the action of π-complexes 
I, IІІ and IV, which is indicated by an increase in 
the activity of reduced formazan in relation to cell 
units (Fig. 11, а). Compounds I and III most effec-
tively increase the MTT activity, which indicates 



91

V. Orysyk, L. Garmanchuk, S. Orysyk et al.

the activation of the mitochondrial marker enzyme 
succinate dehydrogenase. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) is the 
main substrate for 90% of succinate dehydrogenase, 
which is the main enzyme of the inner membrane of 
mitochondria.

The existing paradigm regarding resistance of 
tumor cells to anticancer drug treatment is due to a 
variety of factors, including individual variation in 
patients and genetic differences of somatic cells in 
tumors, even those of identical origin [45, 46]. The 
most common reason for the acquisition of resistance 
to a wide range of anticancer drugs is the expression 
of one or more energy-dependent transporters that 

remove anticancer drugs or their metabolites from 
cells, which involves other mechanisms of resistan
ce, including insensitivity to apoptosis [47]. 

When determining the activity of investigated 
compounds on HepG2 hepatocyte cells, inhibition 
of GGT activity under the influence of π-complexes 
I, IІІ and IV was recorded, which can be conside
red as the ability of these complexes not to cause 
drug resistance characteristic of cisplatin (Fig. 11, 
b). At the same time, complexes III and IV have 
2.3- and 1.7-fold inhibition of GGT activity com-
pared to the control. Thus, according to the level of 
influence on GGT activity, complexes can be placed 
in the following sequence: III ˃ IV ˃ I. Cisplatin 

Fig. 11. The level of reduced 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to crystal-
line formazan per unit of living cells (a) and GGT activity in the microenvironment of HepG2 cells under the 
action of cisplatin and π-complexes Pt(II) (b). *P < 0.05 – compared to control; ^P < 0.05 – compared to 
cisplatin)
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and complex II did not inhibit GGT activity. Thus, 
complexes I, III and IV are most able to prevent the 
formation of drug resistance, which is characteristic 
of the classic anticancer drug cisplatin.

The most effective mechanism for stopping the 
growth of cancer cells is the activation of the apop-
tosis system. The effectiveness is due to the unique 
intercalating properties of cisplatin, which enters 
the cell and forms several different “DNA-platinum” 
adducts, thereby initiating the cellular self-defense 
system by activating or silencing various genes, 
leading to apoptosis. Our preliminary results of 
agarose gel electrophoresis studies also showed the 
DNA binding ability of the studied π-coordination 
compounds [16]. In addition, previous molecular 
docking showed that, unlike cisplatin, the presence 
of an electron-donor atom not involved in coordina-
tion contributed to the interaction of the complexes 
not only with the guanidine fragment of DNA (with 
the GG pocket), but additionally with the adenine 
fragment (with the GA pocket) [18]. Consequently, 
under the influence of the investigated compounds 
the level of apoptotic cells, compared to the control, 
increases by 1.8 (for I), 3.5 (for II), 2.5 (for III) and 
2.0 times (for complex IV) (Fig. 12). 

The obtained results indicate that the studied 
compounds are better cytostatics than cisplatin. This 
may be due to the presence in the composition of 
complexes of donor centers not involved in coordina-
tion (the oxygen atom in the morpholine ring of HL1) 
or branched alkyl substituent (diethylamine frag-
ment in HL2), which can form additional hydrogen 
bonds with DNA molecule causing greater stability 

Fig. 12. The level of apoptotic cells under the influence of cisplatin and complexes I-IV.*P < 0.05 – compared 
to control; ^P < 0.05 – compared to cisplatin
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of such compounds. In addition, we have shown that 
the activity of n,π-chelate complexes is determined 
not only by the nature of the substituent in the organ-
ic ligand, but also by the nature of the halide anions 
in the coordination environment of the metal. For 
the most part, the effect of the studied complexes I, 
III and IV is reduced to a decrease in the degree 
of malignancy of cells of hepatocyte lines and the 
activity of LDH and GHT, as well as a decrease in 
consumed glucose.

Conclusion. Two new n,π-chelate complexes of 
platinum(II) with iodide anions in the coordination 
sphere title [Pt(HL1,2)I2]×nH2O (n = 1, 0; HL1,2 ‒ N-
allylmorpholine-4-carbothioamide or 3-allyl-1,1-di-
ethylthiourea) are presented for the first time. Their 
IR, UV-Vis and 1Н/13C NMR spectral characteristics, 
as well as influence on the activity of enzymes of the 
hepatobiliary system and the process of glycolysis 
were studied in compared with cisplatin and their 
chloride analogs [Pt(HL1,2)Cl2] synthesized earlier. 

The structure of complex I (based on HL1) was 
described by single-crystal X-ray diffraction study. 
It was established that both iodide complexes have 
a structure similar to their chloride counterparts: li-
gand molecules HL1,2 in all the complexes are coor-
dinated in a bidentate manner via the sulfur atom of 
the thiourea group and the C=C double bond of the 
allyl moiety with the formation of the π-coordination 
bond and stable six-membered chelate metallocycle; 
iodide anions occupy the cis-position in the square-
planar coordination sphere of the metal. The main 
indicator of π-coordination bond forming in 1H/13C 
NMR spectra is significant shift of the C7 and C8 
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carbon signals in the 13C NMR as well as splitting 
of the proton multiplet of the C6H2-group of the allyl 
moiety into two doublets (in the 1H NMR spectra). 

The study of the UV-Vis spectra of dissolved 
complexes in the mixture of ethanol and DMF 
showed that the absorption bands undergo both 
bathochromic and hypsochromic shifts relative to 
their chloride counterparts caused by the influen
ce of the nature of the halogen in the coordination 
sphere of the metal. Studies of complex forma-
tion in water-ethanol solution have shown that the 
metal–ligand interaction occurs at a M:HL ratio of 
1:1, 1:2 and 1:3, which is possible only in the case 
of monodentate coordination of the ligand HL; this 
does not occur for the complexes in the solid state 
due to Pearson’s effect of “molecular antisymbiosis 
in the trans effect”.

Biological studies showed that the platinum io-
dide n,π-chelate complex II based on the 3-allyl-1,1-
diethylthiourea showed the highest cytotoxic/cy-
tostatic effect compared to all chloride analogs. In 
general, all complexes showed a greater cytotoxic/
cytostatic effect in comparison with their clinical 
analog cisplatin. According to IC50 indicators, all 
the studied compounds should be placed in the 
following sequence: [Pt(HL2)I2] (II) ˃ [Pt(HL2)Cl2] 
(IV) ˃ [Pt(HL1)Cl2] (III) ˃ [Pt(HL1)I2] (I) ˃ cisplatin. 

However, when determining the main indi-
cators of the hepatobiliary system (when studying 
the influence of complexes on the ALT and AST 
activity), it was established that the most effective 
were chloride complexes III and IV: compounds III 
and IV significantly increased the activity of AST 
and ALT, respectively, while iodide complexes in-
hibited the activity of these enzymes. Instead, LDH 
activity and, accordingly, glucose uptake by HepG2 
cells was the highest under the influence of com-
plex I, however, the reduction of MTT to Formazan 
crystals by living cells was significantly lower than 
in the control and under the influence of cisplatin. 

For complexes I, III and IV, a decrease in LDH 
activity and glucose absorption was recorded com-
pared to the control, as well as a decrease in LDH 
activity compared to cisplatin. According to the ef-
fectiveness of the influence on the activity of LDH 
and the level of glucose absorption, the studied com-
pounds should be placed in the following sequence: 
I ˃ III ˃ IV ˃ II. In these studies, the most effective 
iodide and chloride n,π-chelate complexes based on 
N-allylmorpholine-4-carbothioamide (HL1).

Studies of the effect of target complexes on 
GGT activity, as a key marker of the formation of 
drug resistance, showed that the compounds inhibit 
the activity of this enzyme in the following se-
quence: III ˃ IV ˃ I. Cisplatin and complex II did 
not inhibit GGT activity. Thus, complexes I, III and 
IV are most able to prevent the formation of drug 
resistance, which is characteristic of the classic an-
ticancer drug cisplatin. For all studied complexes, a 
proapoptotic effect on HepG2 cells was recorded in 
comparison with the control. The obtained data in-
dicate that the compounds I, III and IV are the most 
promising for further preclinical testing.
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Йодидні n,π-хелатні 
комплекси платини(ІІ) на 
основі N-алілзаміщених 
тіосечовин та їх вплив 
на активність ензимів 
гепатобіліарної системи у 
порівнянні з хлоридними 
аналогами 
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Пошук нових ефективних препаратів у 
лікуванні новоутворень залишається актуаль-
ним і сьогодні, оскільки адаптація трансфор-
мованих клітин до дії класичних препаратів 
сприяє виникненню лікарської резистентності. 
Це стосується ряду класичних хіміопрепаратів 
платинового ряду, зокрема цисплатину. У 
даній роботі ми описуємо дію нових аналогів 
цисплатину на клітини HepG2 і на ключо-
вий ензим системи антиоксидантного захи-
сту гамма-глутамілтранспептидазу (ГГТ), яка 
відіграє важливу роль у набутті патогенними 
клітинами лікарської стійкості до протипух-
линних препаратів. Як аналоги цисплатину от-
римано нові моноядерні йодидні n,π-хелатні 
комплекси Pt(II) із заміщеними тіосечовинами 
N-алілморфолін-4-карботіоамідом або 
3-аліл-1,1-діетилтіосечовиною. Усі сполуки 
досліджено спектральними методами ЕСП, 
ІЧ та 1Н/13С ЯМР. Комплекс I описано за до-
помогою рентгеноструктурного дослідження 
монокристалів. Також досліджено вплив 
цих аналогів на аланінамінотрансферазу 
(АЛТ), аспартатамінотрансферазу (ААТ), 

лактатдегідрогеназу (ЛДГ), які є маркерними 
ензимами при діагностиці захворювань печінки. 
Всі дослідження проведені у порівнянні зі хло-
ридними n,π-хелатними комплексами плати-
ни, отриманими раніше (однак вплив цих хло-
ридних аналогів платини на зазначені ензими 
досліджено вперше). Встановлено, що за по-
казником IC50 і рівнем апоптозу клітин HepG2 
досліджувані сполуки перевищують циспла-
тин. Крім того, дія досліджуваних комплексів 
здебільшого зводиться до зниження ступе-
ня малігнізації клітин ліній гепатоцитів та 
активності ЛДГ і ГГТ, а також до зниження 
спожитої глюкози.

К л ю ч о в і  с л о в а: n,π-хелати; тіосечо
вини, спектроскопія ЯМР; кристалічна струк-
тура, гамма-глутамілтранспептидаза, аланін 
амінотрансфераза, аспартатамінотрансфераза, 
лактатдегідрогеназа.
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