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MODULATION OF CISPLATIN-INDUCED REACTIVE
OXYGEN SPECIES PRODUCTION BY FULLERENE C_,
IN NORMAL AND TRANSFORMED LYMPHOID CELLS
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The early response of normal (Wistar rat thymocytes) and transformed (mice lymphoid leukemia
L1210) cells to treatment with anticancer drug cisplatin or to combined treatment with cisplatin and carbon
nanostructure fullerene C, was studied. We demonstrated with fluorescent probes DCFH-DA and TMRE that
cisplatin at concentration I ug/ml induced reactive oxygen species (ROS) production and decreased the value
of mitochondrial membrane potential in both cell types. The combined treatment with cisplatin (I ug/ml) and
Sullerene Cy, (7.2 ug/ml) was shown to be followed by oppositely directed modulation of ROS production in
thymocytes and L1210 cells. Cisplatin-induced ROS production was intensified in L1210 cells, while in thy-
mocytes it was decreased. It is supposed that the different effects of combined treatment are associated with
peculiarities of fullerene C. accumulation and localization in normal and cancer cells.
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Cisplatin (CP) is one of the primary chemo-
therapeutic agents used for treatment of ma-
lignant tumors. It is a metal-containing com-
pound and an alkylating agent that covalently binds
to DNA and exerts cytotoxic, bacteriostatic and
mutagenic effects. The toxicity of the compound is
either due to its DNA-platinum adduct products [1],
or due to extranuclear effects mediated by initiation
of apoptosis via increased reactive oxygen species
(ROS) production, changes in calcium signaling, or
depolarization of mitochondrial membrane [2, 3].

Along with its positive chemotherapeutic ef-
fect, cisplatin exhibits noticeable side effects (i.e. ne-
phrotoxicity, hepatotoxicity, and cardiotoxicity) that
limits its application in therapeutic dosage [2]. Thus,
it is currently of importance to identify compounds
that, combined or in complex with antitumor drugs,
may potentiate the cytotoxic effect in cancer cells
and limit it in normal cells. Carbon nanostructures,
and fullerene C_, in particular, are promising objects
of study in this respect. Fullerene C_ can permeate
plasma membrane, accumulate within cell and bind
free radicals due to a network of conjugated double
bonds on its surface, thus acting as an antioxidant
[4, 5]. It can also produce ROS if photoexcited [6].
C,, application as a modulator of antitumor drugs
cytotoxic effect is promising for modifying ap-
proaches in anticancer therapy.
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The aim of the present study was to evaluate
the rate of ROS production and the value of mito-
chondrial membrane potential as the early effects
of fullerene C_, cisplatin, and their combination in
normal (rat thymocytes) and transformed (mouse
lymphocytic leukemia L1210) cells.

Materials and Methods

The thymocytes were isolated from thymus of
Wistar rats (150-180 g). Thymus (200-300 mg) was
removed, cleaned from blood and connective tis-
sue and passed through nylon mesh into buffer A
of the following composition (in mM): Na,HPO, —
3, KCI -5, NaCl - 120, CaCl, - 1, glucose - 10,
MgSO, - 1, NaHCO, — 4, HEPES - 10; pH 7.4. The
cell suspension was centrifuged (5 min, 600 g) in
the same medium, the sediment was resuspended to
a concentration of 2-5x108 cells per ml. L1210 cells
(lymphocytic leukemia) had been obtained from
cell bank of RE Kavetsky Institute of Experimen-
tal Pathology, Oncology and Radiobiology of NAS
of Ukraine. The ascitic form of L1210 cancer cells
was obtained after 8-10 day of intraperitoneal injec-
tion of cells from donor animals into mice hybrids F,
DBAZ2 with body mass of 20 g. The L1210 cells were
washed from ascitic fluid by centrifugation (10 min,
600 g) in buffer A, and used in the experiments.
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The animal experiments were conducted in ac-
cordance with guidelines of the European Conven-
tion for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes.

The cell count was performed with Biolam
"LOMO" P12 in Goryaev hemocytometer with 0.4%
solution of trypan blue.

Cell viability was assessed by rate of MTT
reduction (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) [7]. The test was performed
in 96-well plates, cell count per well was 1-5x10°
in 200 pl of RPMI medium. 20 pL of MTT solu-
tion was added to each well and incubated for 2 h at
37 °C. The plates were then centrifuged for 7 min
at 600 g. Formazan sediment was dissolved with
150 pL of concentrated dimethyl sulfoxide and as-
sayed in digital spectrometer (uQuant, BioTEK,
USA) at A =570 nm. Cell viability was calculated as
percentage to control.

A stable water colloid solution of pristine
fullerene C,, was prepared in IImenau Technical
University (Germany) [8]. The fullerene C,, samples
used in the experiments were over 99.5% pure; the
average hydrodynamic diameter of nanoparticles
was 50 nm [9]. L1210 cells were preincubated with
fullerene C,, (7.2 pg/ml, 10° M) for 1.5 h to load
them with nanoparticles [10], and then cisplatin was
added (Sigma, USA).

ROS production was measured using fluores-
cent probe 2'7'-dichlorodihydrofluorescein diacetate
(DCFH-DA, Sigma, USA), which was added to the
cell incubation medium (1x10° cells/ml) in concen-
tration 5 M. The probe's fluorescent signal was as-
sayed in real time by Shimadzu RF-1501 spectro-
fluorometer (Japan), A =480 nm, A, = 520 nm [11].

Mitochondrial membrane potential was deter-
mined with fluorescent potential-sensitive probe te-
tramethylrhodamine ethyl ester perchlorate (TMRE,
Sigma, USA). Cells suspended in buffer A (10" per
ml) were loaded with the probe for 40 min at 25 °C
with addition of Pluronic F-127 (0.05%) to facili-
tate probe dissolution in hydrophilic medium. The
cells loaded with probe (1x10° per ml) were incu-
bated at 25 °C. TMRE fluorescence was registered
with Shimadzu RF-1501 spectrofluorometer (Japan),
L. = 540 nm, A, = 595 nm. Relative values of mi-
tochondrial potential were determined as changes in
probe fluorescence after addition of protonophore
FCCP (1 uM) [12].

Data analysis was performed in MS Excel 2010.
Statistical analysis of the results was done with con-

ventional methods of variance statistics using Stu-
dent’s t-test [13].

Results and Discussion

We investigated effects of CP in various con-
centration on viability of L1210 leukemic cells after
24 h incubation.

The viability of the cells after treatment with
CP in concentration range from 0.1 to 10 ug/ml de-
creased in dose-dependent manner (Fig. 1). Cell via-
bility after treatment with 0.1 pg/ml of CP remained
within control limits, decreased by 25% after treat-
ment with 1 pg/ml CP, further increase of CP con-
centration (up to 10 mg/ml) caused more pronounced
drop in the values of this parameter.

In order to study the capability of fullerene to
potentiate the effects of CP in a low doses, we evalu-
ated the relative value of mitochondrial membrane
potential as an indicator of early influence of these
compounds on leukemic and normal cells. We used
rat thymocytes as a relative control in these model
experiments to compare the effects of the com-
pounds.

The relative values of mitochondrial potential
in L1210 cells are higher than those in thymocytes,
as shown on Fig. 2. These results are in good agree-
ment with data concerning increased activity of
electron-transport chain and higher hyperpolariza-
tion of mitochondrial inner membrane in cancer cells
[14, 15].

The mitochondrial potential changes were
comparable in both leukemia and normal lymphoid
cells (approx. 50% decrease), which indicates gene-
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Fig. 1. Viability of L1210 cells after 24 h incuba-

tion with cisplatin (CP) in different concentrations,
(n=16)

45



ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 1

45 ~ L1210

40

35 -

30 -

Intensity of TMRF fluorescence, a.u.

Thymocytes

*

25 *

20 -

15 4

10 -1 *
5 | '
O 5! T T T T T T

c CcP C,, c CcP o

Fig. 2. Relative value of mitochondrial membrane potential in L1210 cells and thymocytes treated with CP
(1 ug/ml) and fullerene C (7.2 ug/ml) (n = 4); * denotes P < 0.05 in comparison to control (C)

ral cytotoxicity of antitumor drug and its potential
to cause early disturbance of mitochondrial status.
An unspecific induction of mitochondrial apoptotic
pathway in breast cancer cells (MCF-7) as well as in
non-transformed kidney cells (LLC-PK1) under ef-
fect of CP had been demonstrated in [3, 16]. The au-
thors had demonstrated that CP induced Bax translo-
cation to mitochondria and decreased mitochondrial
membrane potential in both cell types.

We found differences in response of mitochon-
dria in L1210 cells and thymocytes to treatment with
fullerene C_. The relative values of mitochondrial
potential was not changed in thymocytes preincu-
bated with the nanostructure, while was decreased
in leukemic cells (Fig. 2).

These differences in fullerene C, effect can be
linked to modified properties of plasma membrane,
enhanced uptake of compounds, particularly of
fullerene C,, in cancer cells.

Fullerene C_ is accumulated by transformed
cells (epithelial Hep-2, breast cancer MCF10A,
leukemic L1210, and keratinocytes HaCaT). The ca-
pacity of C_ and its derivatives to bind to mitochon-
drial membranes and permeate into intermembrane
space had been demonstrated with FITC-labeled
monoclonal antibodies [17, 18]. It has been proposed
that the negative surface charge of fullerene nano-
structure promotes its binding to mitochondrial
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membranes, dissipation of proton gradient and mito-
chondrial membrane depolarization [19-21].

Since we did not find significant decrease in
L1210 cell viability after 24 h treatment with 1 pg/ml
of CP (Fig. 1), as well as after fullerene C,, loading
[22], we can assume that a decrease of mitochondrial
potential in L1210 cells treated with these effectors
may be of adaptive nature and does not affect cells’
survival after longer period of incubation.

Next task was to evaluate ability of fullerene
C,, in combination with CP in low concentrations to
modulate the cytotoxic effect of the drug. The role of
intensified ROS production in apoptosis induction in
cancer cells if overcoming their antioxidant defense
is currently widely accepted [23, 24]. As there is a
correlation between mitochondrial functional state
and level of ROS production, the effect of combined
treatment with C,, and CP on ROS generation in
normal and leukemic cells was studied.

The results presented in Fig. 3. (A, B) demon-
strate that CP at concentration 1 pg/ml increased
ROS production in L1210 cells as well as in thy-
mocytes, which is in accordance with decrease of
mitochondrial potential in these cells. The intensi-
fication of ROS production after treatment with CP
at concentration 5 pg/ml was observed, more pro-
nounce effect was in thymocytes than in leukemic
cells. Such differences in dynamics of ROS produc-
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Fig. 3. The dynamics of ROS production in L1210 cells (4) and thymocytes (B) under effect of fullerene C., CP

and their combination; DCF, dichlorofluorescein (n = 4)

tion may be due to higher activity of antioxidant en-
zymes in L1210 cells in comparison to that in thy-
mocytes [25].

The prooxidative effect of CP can be explained
by its influence not only upon mitochondria, but
also upon endoplasmic reticulum as another extra-
nuclear target. Cisplatin has been demonstrated to
cause time-dependent increase of ROS production
in HTC116 (colon cancer), MCF-7 (breast cancer),
and HeLa (cervix cancer) cells [26-28], presumably
due to activation of NADPH-oxidases NOX-1 and
NOX-4 [29]. Induction of oxidative stress by CP via
inhibition of antioxidant enzymes (superoxide dis-
mutase, catalase, glutathione peroxidase, and glu-
tathione reductase) has been also demonstrated in
non-transformed kidney cells (LLC-PK1, RTE) and
in hepatocytes [16].

Preincubation with fullerene C_; did not affect
ROS production in L1210 cells and in thymocytes,
yet it did modulate the prooxidative effect of CP in
normal and leukemia cells in opposite directions. In
L1210 cells combined treatment with C_ and 1 pg/
ml CP is followed by more pronounce intensification
of ROS production in comparison to the effect of the
drug alone in this dose. We also observed a syner-
gistic effect of fullerene C_, and CP in dose 5 ug/
ml on ROS generation in leukemic cells. This effect
of combined treatment on ROS production can be
connected with ability of fullerene C  to enhance
endocytosis in cancer cells. The metallofullerene in
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complex with CP has been demonstrated to increase
intracellular CP accumulation in human prostate
cancer cells by activation of endocytosis, the sup-
pression of which is one of the possible mechanisms
of antitumor drug resistance [30].

According to the results presented in Fig. 3 (B),
in thymocytes fullerene C., modulates CP-induced
ROS production by exhibiting of antioxidant ef-
fect. In thymocytes ROS production after combined
treatment with fullerene C_, and CP at concentra-
tion 1 pg/ml is not higher than in control, and under
fullerene with CP in a dose of Sug/ml is significantly
weaker than the effect of the drug alone.

It is supposed that our results on opposite di-
rected effects in thymocytes and L1210 cells after
combined treatment is connected with differences in
fullerene C,, nanoparticles interaction with plasma
membrane, rate of its uptake and distribution inside
normal and cancer cells. For instance, we found that
incubation of thymocytes with fullerene C_ leads to
inhibition of plasma membrane ecto-ATPase activi-
ty in thymocytes, but not in MT-4 leukemic cells
[17, 31]. It is possible that suppression of CP-induced
prooxidative effect by fullerene C,; in thymocytes
is due to its accumulation in plasma membrane and
adjacent of endoplasmic reticulum. The mechanism
underlying the antioxidant activity of C_ is known to
be the interaction between ROS and conjugated dou-
ble bonds system on the surface of C_, which results
in e~ acceptance, transition of unstable 4n w-electron
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system to stable (4n+2) system with production of
stable C,, radical. This mechanism may be realized
as well if the nanostructure is localized within cel-
lular membranes [32].

The protective effect of fullerene C; and its
derivatives has been confirmed also under hydrogen
peroxide treatment of thymocytes [33] and under
treatment of non-malignant transformed cells (LLC-
PK1, kidney columnar epithelial cells) with antican-
cer drug [34, 35].

Therefore, our results indicate the possibility of
potentiation of CP cytotoxicity in low concentrations
against leukemic cells after combined treatment with
fullerene C,,. The detected intensification of ROS
production in leukemic cells under combined treat-
ment may indicate that fullerene C,, can reinforce
extranuclear mechanisms of CP action, leading to in-
duction of cancer cell death. The positive side to this
is also a protective effect of fullerene C,, towards
CP-induced ROS production in normal cells.

MOAYJIALIA IHAY KOBAHOI'O
HOUCIIJIATUHOM IMPOAYKYBAHHSA
AKTUBHUX ®OPM KUCHIO
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JocnikeHo paHHi MpOsSiBY i1 TPOTUITY XJITUH-
HOTO TIperapary HUCIUIATUHY Ta HOro KOMOIHOBaHOT
Iii 13 TIPeACTaBHUKOM BYTJICLEBUX HAHOCTPYKTYD
¢ynepenom C,; Ha HOpPMaibHi (TUMOLMTH MIypa
Wistar) Ta TpancdopmoBaHi (JliMmpoinHa JgerKeMis
muii L1210) kaituau. 3 BUKOpUCTaHHAM (iyopec-
nentuux 30118 DCFH-DA ta TMRE mnokasano,
mo nucmiatud (1 MKI/MII) CIPUYMHSIB TPONYKY-
BaHHS akTUBHUX (opM kucHio (ADK) Ta 3HIKY-
BaB BEJIMYMHY MITOXOHAPIAJbHOTO MOTEHLIaTy
B KkiitTuHax o0ox tumiB. KomOiHOBaHa 00poOka
nucratueoM (1 mxr/mi) ta Cy (7,2 MKr/mi) npu-
3BOJIMIIA JI0 PI3HOCHPSMOBAHOI MOAYJSLii MPOay-
kyBanHs A®K y tumonmrtax ta kiituHax L1210.
InnykoBane wnucriaTuHoM nponaykyBaHHsS ADK
y kxmitmHax L1210 mocuimtoBanock, TOli K y TH-
MOLIUTaX 3MEHIIyBanoch. [IpumyckaeTscs, 110
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BUSIBIICHI PI3HOCTIPSIMOBaHI e(eKTH NOB’sI3aHi 3
BIIMIHHOCTSIMH B aKyMYJISIIIi Ta Jokami3anii ¢ye-
pena C,; y HOpMaIbHHX Ta 3J0AKICHAX KJIITHHAX.
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pen C,, A®K, miroxonapianbHuii MeMOpaHHHI
MoTeHIiall, TMuMOUMTH, Kiitnau L1210.
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YTJIEPOAHBIX HAHOCTPYKTYp (ymnepenom C,, Ha
HOpMallbHble (TUMOIMTBI Kpbichl Wistar) U TpaHc-
(hopmupoBanHbie (IuMpOUTHAS JTEHKEMUS MBIITH
L1210) xietku. C ucnonb3oBaHueM (QJIyopeCICHT-
geIx 30H10B DCFH-DA u TMRE mnoka3ano, 4To
nucruiatiH (1 MKT/MIT) yCHIIHBAI MTPOMYIIHPOBAHUE
A®K u cHmXal BEIUUYMHY MUTOXOHIPHATHHOTO
MOTEHIIMAJIla B KJIeTKax oOomx TuroB. KomOuHU-
poBaHHasi 00pabOTKa KJIETOK IUCIIaTUHOM (1 MKT/
mi) u C, (7,2 MKI/MJI) IPMBOIMIA K Pa3HOHANPAB-
JICHHOW MOmysanuu nponynupoBanus ADK Tumo-
uutoB U kietok L1210. UnaynupoBanHoe mucIa-
tuHOM mnponyuupoanue ADPK B knetkax L1210
YCHJIMBAJIOCh, TOTJa KaK B THMOI[UTAX 0cj1adeBalio.
[IpenmonaraeTcsi, 4To OOHApy>XCHHBIE pa3HOHA-
npaBieHHbIE YDPEKTH CBS3aHBI C PA3IMIUSIMH B
aKKyMyJIMPOBaHUM M JloKanu3auuu gysepena C, B
HOpPMAJFHBIX M 3JI0OKaY€CTBEHHBIX KIIETKaX.

KnrwoueBbie ciaoBa: MUCILUIATHH, (yiie-
pen C,;, AOK, MUTOXOHApHAIBHBIH MEMOPaHHbIH
IMOTEHIIMAJI, THMOIIMTHEI, KineTku L1210.
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