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Earlier we have shown that cluster rhenium compounds not only inhibited tumor growth in vivo but 
also supported the antioxidant state of experimental animals. Further investigation of new dirhenium(III) 
and cluster rhenium compounds in human leukemic cells is of great importance. the aim of the recent 
work was to investigate the cytotoxic activity of the new cluster rhenium compound with β-alanine ligands 
[Re2Cl6(C3h7No2)2]·1.5h2o (I) in the solutions and nanoliposomes alone and together with cisplatin in Jurkat 
cells. It was shown that I in solution had cytotoxicity close to cisplatin (lC50 = 2.06·10-6 m). the administra-
tion of the rhenium-platinum system with І showed  increased cytotoxic activity, especially high when both 
components of the system were in the mixed liposomes together (lC50 = 4.93·10-10 m). the new dirhenium 
dicarboxylate complex with zwitterionic amino acid ligands possesses an appreciable cytotoxic and proapo-
ptotic activity against leukemic cells, especially in combination with cisplatin, guiding the search for novel 
active rhenium compounds and development of improved regimens for combined chemotherapy based on 
combination of rhenium-platinum compounds. 
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Our previous studies showed the anticancer 
activity of cluster rhenium compounds in 
the model of Guerin’s carcinoma, espe-

cially significant being administered simultaneously 
with cisplatin (cisPt) in the molar ratio 4:1 and the 
effective antitumor rhenium-platinum system was 
developed [1-4]. It was shown that cluster rhenium 
compounds interacted with native supercoiled DNA; 
this mechanism of the interaction was redox-activa-
ted. Antioxidant and antiradical properties of clus-
ter rhenium compounds were also demonstrated. In 
this and other papers, it was shown that cis-dicar-
boxylates of dirhenium(ІІІ) with alkyl ligands had 
a moderate anticancer activity (30-45% inhibition 
of tumour growth) but following synthesis of sub-
stances with amino acids ligands instead of alkyl 
ligands resulted in more effective tumor inhibition 
(up to 65%) [2]. Such phenomenon was explained 
by the presence of the positive charge on the amino 

groups in ligands - derivatives of amino acids, unlike 
the alkyl ones, which could contribute to the electro-
static interaction with negatively charged phosphate 
groups of DNA. 

Recently, a cis-dicarboxylate compound with 
β-alanine ligands was synthesized [5], Fig. 1. We 
expected that rhenium compound with amino acid 
ligands such as i should have a more prominent ef-
fect as a cytostatic. 

Further investigation of the influence of new 
dirhenium(III) compounds and rhenium-platinum 
on the human cancer cells is of great importance.  

It is known that liposomal drugs are more ef-
fective in cancer cells growth inhibition than aque-
ous solutions [6, 7]. 

Nanoliposomes containing both rhenium com-
pound and cisplatin (the so-called mixed liposomes 
or nanobins) were recently synthesized by us [8] 
and were shown to have higher anticancer effect in 
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comparison to separately administered cytostatics 
in vivo. The interaction of such nanoliposomes with 
cancer cells has not yet been studied.

T-cells of acute lymphoblastic leukemia (Jurkat 
cells) are widely used in cell biology to investigate 
receptors of T-cell signaling [9]. 

Given the above, the aim of the paper was to 
study in vitro cytotoxic properties of the cluster rhe-
nium compound of the cis-dicarboxylate structural 
type with β-alanine ligands I and the rhenium-plati-
num system on its base introduced to medium in so-
lution, in liposomal forms separately and in the form 
of mixed liposomes. 

materials and methods

Cisplatin and hexachlorodi-μ-3-aminopropio-
natodirhenium(III) (i) were synthesized at 
Ukrainian  State University of Chemical Technology 
at the Department of Inorganic Chemistry [5, 10]. 
Jurkat cells were obtained from the Institute of Cell 
Biology National Academy of Sciences of Ukraine 
(Lviv). 

The following treatment variants were as-
sessed: solution of cisplatin CisPt; solution of i (i); 
i in liposomal form [i]; The final concentrations of 
the administered rhenium substances were 10-5, 10-6, 
10-7, 10-8 and 10-9 М. The rhenium-platinum system 
was administered in two variants: i in liposomes and 
cisplatin solution in molar ratio 4:1 [i] + СisPt; i and 
cisplatin in a molar ratio 4:1 in the form of mixed 
liposomes – [i + CisPt] so that the concentration of 
cisplatin was 10-5, 10-6, 10-7, 10-8 and 10-9 М. 

Jurkat cells were cultured in 20 cm2 Carrel 
glass culture flasks in RPMI 1640 medium (Sigma, 
USA) supplemented with 10% bovine serum (Sigma, 
USA). The cells were passaged every two days at 
the concentration of 5×105 cells/ml of culture me-

Fig. 1. Structure of [Re2Cl6(C3h7No2)2] hexachlo-
rodi-μ-3-aminopropionatodirhenium(III) (I)

dium. The cells were plated in 24-well plastic plates 
(Sarsted, USA) at the concentration of 5×105 cells/
ml. The studied compounds were added at various 
concentrations noted above. After 72 h of incuba-
tion, the alive and dead apoptotic cells were counted 
according  to [11, 12]. The viability of cells was as-
sessed by dye exclusion test with 1% trypan blue  
[11]. LC50 index was used, calculated as a concentra-
tion of drug, which kills 50 % cells in comparison 
with a control culture by Reed–Muench method [13].

To evaluate the apoptotic cells, 1 μl of 1% or-
ange acridine solution (excitation region 360-460 nm 
and emissions 480-700 nm, AO, Sigma, USA) was 
added to 100 μl of cell suspension. After 20-30 min 
of incubation, cells were counted in Goryaev cham-
ber on luminescent microscope Mikmed-2 ver.12 
(LOMO St. Petersburg, Russia) at 400x magnifi-
cation  in the excitation region of 450-480 nm and 
emission of 500-530 nm. Under these conditions, the 
live, apoptotic and dead cells were differentiated by 
the distribution of colors in the cytoplasm and nuclei 
morphology.

Statistical analysis of the obtained data was 
carried out using the Student’s t-test (P ≤ 0.05). The 
data were expressed as m ± m.

results and discussion

The dependence of viability of the cells from 
the concentration of i in soluble and liposomal form 
[i] is shown in Fig. 2.

As it was expected, the cytotoxic activity of the 
rhenium-platinum system was much higher than that 
of i in free and liposomal form (Fig. 3).

LC50 values for the studied substances are pre-
sented in the Table. 

It is obvious that І had cytotoxic activity close 
to cisplatin. The LC50 calculations showed the rhe-
nium compound cytotoxicity against Jurkat cells and 
proved the significant advantage of cytotoxic activi-
ty of the system in liposomal forms as compared to 

Аdministration LC50, M

СisPt 1.92·10-6

i 2.06·10-6

[i] 1.98·10-6

[i] + СisPt 1.29·10-8

[i + СisPt] 4.93·10-10

lC50 values for the studied substances
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Fig. 2. Cytotoxicity of CisPt and I in free and I in 
liposomal form [I]

Fig. 3. the cytotoxic activity of the rhenium-plati-
num antitumor system
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cisplatin. The form of nanobins (both components 
of the system in the liposome) was 26 times more 
effective than the system, where only component i 
was encapsulated in the liposome. 

The LC50 value for І in various forms of admin-
istration, including co-administration with cisplatin, 
was 5-10 times less than for the rhenium compound 
with alkyl ligands [1-4], that confirms the rationality 
of the selected synthetic strategy for the creation of 
effective anticancer substances based on the dirhe-
nium compounds, containing the positively charged 
ligands. 

Comparing the LC50 values for known antitu-
mor drugs and rhenium-platinum system in the form 
of nanobins [i + СisPt], obtained on the same cell 
line, it should be noted that the system was much 
more effective than some antitumor drugs such as 
taxol (Paclitaxel [14], doxorubicin, newly synthe-
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sized heterocyclic 4-thiazolines, landomycin A,  
adriamycin[12] and palladium complexes with or-
ganic ligands [15]. But it is necessary to underline, 
that these preparations were not administered in li-
posomal forms, as i was in our experiments.

We explain higher efficacy of the liposomal 
forms of the studied drugs by several factors: first, 
the better delivery system (nonspecific transport 
through the lipid matrix of membranes). It was 
shown that the liposomal form of cisplatin caused 
not only higher inhibition of lung carcinoma growth, 
but also reduced its resistance to cisplatin as com-
pared to the free form [6, 7]; second, the prevention 
of negative pre-modification of cytostatics. The pro-
cess of cisplatin penetration into the Jurkat cell was 
studied and it was shown that its active absorption 
occurred only in the first hour after cisplatin admini-
stration and later the formation of carbonate cisplatin 
derivative, which was unable to penetrate the cancer 
cell and to bind to DNA, took place extracellularly, 
in culture medium [16, 18]. The authors considered 
that this phenomenon was some kind of unknown 
mechanism of cancer cell protection from the toxic 
form of cisplatin and may be the basis for the widely 
known phenomenon of resistance. As it was men-
tioned above, rhenium compounds were characteri-
zed by hydrolysis in aqueous solutions, the speed of 
which depended on the рН and from the structure 
of the complex [1]. Encapsulation to lipid shell pro-
tected them from hydrolysis; third, it was shown that 
cluster rhenium compounds interacted with phos-
phate residues of phospholipids (also with cisplatin) 
and formed equilibrium inside the liposome, con-
tributing to the increasing of the chemical potential 
of the encapsulated substances [8]. Thus, the lipid 
encapsulation of rhenium compounds and cisplatin 
increased the concentration of these cytostatics in 
the cancer cell through a simplified transport mecha-
nism and the deprivation of the possibility to deac-
tivate these compounds in the culture environment 
that leads to increasing of the compounds’ reactivity.

Both necrotic and apoptotic pathways of cells 
death are common for Jurkat cells [11, 12, 17]. Proa-
poptotic concentrations of cisplatin (up to 30 μM) in-
duced apoptosis. Under pro-necrotic concentrations 
(above 300 μM), the inhibition of mitochondrial 
functions of the Jurkat cells took place [18]. Direct 
inhibition of the respiratory chain rapidly depletes 
cellular ATP by triggering a non-apoptotic (necrotic) 
pathway of cell death. In our experiments, we also 
observed the existence of two cell death pathways. 
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Indeed, under high concentrations (10-5–10-6 M) of 
cisplatin, the number of cells dying under the apop-
totic mechanism was only 6.12–38.24% of the total 
number of dead cells (Fig. 4).

At low concentrations of cisplatin, the apo-
ptotic pathway of cell death predominated. Howe-
ver, even high concentrations of i, unlike cisplatin, 
caused predominantly apoptotic pathway of cell 
death, while this effect was practically indepen-
dent of the i concentration. The liposomal form of 
i was more active in the concentrations of 10-6 and 
10-7 M. Palladium-based organometallic compounds 
also had predominant, concentration – independent 
apoptotic mechanism of action on Jurkat cells [15]. 
This mecha nism of induction of apoptosis by metal-
containing substances has not been studied and to 
our mind is of great interest.

Introduction of i and cisplatin also led to 
the formation of a large number of apoptotic cells 
(Fig. 5).

According to these data, it is possible to sup-
pose that the cluster rhenium compound at high 
concentration “prevented” the pronecrotic cisplatin 
activity. It should be noticed that the system in the 
form of nanobins was more effective in proapoptotic 
activity almost at the whole range of concentrations 
except the concentration of 10-9 M as compared to 
the system with free cisplatin. 

The type of cell death is mostly ignored when 
evaluating the effectiveness of anticancer activity of 

a substance, as LC50 value is calculated by the num-
ber of viable cells remaining after incubation. Howe-
ver, it is very important for therapeutic measu res 
and side effects, since necrosis activates inflamma-
tion and an immune response that is not inherent  to 
apoptosis [17]. Consequently, the presence of proa-
poptotic cytostatics is a very important area in the 
anticancer studies. 

It should be noted that cisplatin is a prooxidant, 
and cluster rhenium compounds are powerful anti-
oxidants [1-4]. They contain quadruple bond, formed 
by one σ-bond, two π-bonds and δ-bond; the last may 
be formed only from d-electrons of heavy metals. 
This is the base of mighty antiradical, antioxidant 
properties of cluster rhenium compounds, which 
are δ-antioxidants and far exceed such properties 
of π-conjugated conventional antioxidants. Chemo-
therapy aimed to change the level of reactive oxygen 
species (ROS) in cancer cells (modulation of redox 
state) is considered to be a promising strategy in can-
cer care. The most common hypothesis that proves 
the effectiveness of such a strategy is following: a 
cancer cell, unlike a normal one, has a high level of 
ROS; high level of ROS suppresses the antioxidant 
defence system, that is unable to respond to the sud-
den increase in the concentration of ROS, induced 
by administration of ROS-induced agents (drugs); as 
a result of such a radical burst the cellular compo-
nents are destructing and the cancer cell dies. This 
was partially confirmed by studies of ROS concen-

Fig. 4. Percentage of apoptotic cells in the total number of dead cells at the administration of cisplatin and I

9                         8                        7                        6                         5
-lg[C], M

N
um

be
r o

f a
po

pt
ot

ic
 c

el
ls

, %

100

60

80

40

[I]

20

0

I
cisPt



124

ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N1

Fig. 5. Percentage of apoptotic cells in the total 
number of dead cells at the administration of the 
rhenium-platinum system
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trations in Jurkat cells under apoptosis-induced an-
tibiotic landomycin (LC50 = 1.5 µM) [11, 12], normal 
the administration of which at concentration 1 µM 
caused the 5.6-fold increase of ROS, followed by 
apoptotic death of cancer cells. The administration 
of antioxidant enzymes together with landomycin 
reduced the level of ROS and increased the quantity 
of survived cells. However, it was noted that an in-
creased level of ROS is not a direct triggering factor 
of apoptosis mediated by mitochondria. 

Also, antioxidants were shown to exhibit cy-
totoxic effects. For example, umbeliprenin (terpe-
noid coumarin, π-conjugated antioxidant) caused 
apoptotic  death of Jurkat cells (LC50 = 25 µM), even 
in the presence of interleukin [4], which initiated re-
sistance to apoptotic death of leukaemic cells [21].

An attempt was made to modulate the cytotoxic 
effect of cisplatin and doxorubicin with the help of 
some antioxidants (sodium selenite, selenomethio-
nine, D-pantethine) in several human cancer cells, 
also in Jurkat cells [11, 12]. Unlike doxorubicin, the 
toxicity of which towards Jurkat cells was reduced, 
there were no statistically significant changes in the 
effect of antioxidants on the viability of cells after 
cisplatin action. 

On the other hand, the anticancer effect of such 
antioxidants as curcuminoids is well-known [22, 23]. 
It was explained by inhibition of NF-κB pathway by 
reducing ROS concentrations, that were shown to be 
signaling molecules for NF-κB pathway and directly 
inhibited competent immune cells (ICC) - kinase 
activity by modifying cysteine residues critical for 
functioning of cancer cells [24, 25].

Unfortunately, signalling pathways of cancer 
cells that are influenced by cluster rhenium com-
pounds have not been studied. It is known that these 
compounds are traps for radicals due to quadruple 
bond, but as mentioned above, they also interact with 
DNA and histidine residues of proteins depending on 
the structure and orientation of the ligands around 
the cluster fragment, i.e., additionally have diverse 
coordination functions [4]. Therefore, to our opinion, 
the anticancer effect of these compounds depends 
not only on their antioxidant properties, but also on 
their possibility to affect other regulatory processes 
of cancer cell.

The results obtained showed the availability of 
the use of dirhenium compounds as anticancer sub-
stances and emphasized the need for further study of 
mechanisms of anticancer activity of cluster rhenium 
compounds with organic ligands of various nature.

Thus, the new dirhenium dicarboxylate com-
plex with zwitterionic amino acid ligands possesses 
an appreciable cytotoxic activity against leukemic 
cells. The compound also reveals mighty proapop-
totic activity. This should find further applications 
for the development of new antitumor agents and 
confirms importance of the development of proto-
cols for combined Re–cisPt chemotherapeutic pro-
cedures. 
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Раніше нами було показано, що кластерні 
сполуки ренію не лише пригнічують пухлин-
ний ріст in vivo, але й підтримують антиокси-
дантний статус експериментальних тварин. 
Подальші дослідження впливу нових синте-
зованих сполук диренію(ІІІ) та кластерних 
сполук ренію на лейкемічні клітини людини 
є важливими. Метою цієї роботи було дослі-
дити цито токсичну активність нової кластер-
ної сполуки ренію з β-аланіновими лігандами 
[Re2Cl6(C3H7NO2)2]·1.5H2O (i) у розчинах і на-
ноліпосомах окремо та разом з цисплатином 
на клітинах Jurkat. Показано, що цитотоксич-
ність І у розчині близька за значенням LC50 до 
цисплатину (LC50 = 2,06·10-6 M). Застосування 
системи реній–платина у комбінації з І показа-
ло збільшення цитотоксичності, особливо коли 
обидва компоненти системи знаходилися у фор-
мі змішаних ліпосом (LC50 = 4,93·10-10 M). Отже, 
нова сполука ренію зі структурою дикарбок-
силату з цвітер–іонними лігандами має значну 
цитотоксичну і проапоптотичну дію в культу-
рі лейкемічних клітин, особливо в комбінації 
з цис платином, що підкреслює важливість по-
дальшого пошуку нових активних сполук ренію 
та розробки нових протоколів для комбінаційної 
хіміотерапії на основі систем реній–платина.

К л ю ч о в і  с л о в а: кластерна сполука ре-
нію, система реній–платина, цитотоксична ак-
тивність, апоптоз.
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