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APOPTOSIS PHOTOINDUCTION BY C,, FULLERENE
IN HUMAN LEUKEMIC T CELLS
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The viability of normal (Wistar rat thymocytes) and transformed (human leukemia Jurkat cells) T cells
after UV/Vis irradiation in the presence of pristine C,, fullerene was studied. The data obtained have shown that
C,, fullerene exhibits cytotoxic effect against transformed T lymphocytes when combined with UV/Vis irradia-
tion using mercury-vapor lamp (320-600 nm). C, fullerene photocytotoxicity was not detected in thymocyfes.
C,,-dependent photoinduced apoptosis of Jurkat cells was confirmed by DNA fragmentation and caspase-3
activation. No substantial increase of caspase-3 activation was observed in thymocytes treated with C, fullerene
plus irradiation, while antileukemic agent cytosine arabinoside was shown to induce caspase-3 activation both
in Jurkat cells and thymocytes. The data obtained may be useful for development of photosensitizers for photo-
dynamic therapy with selective action on leukemia cells.
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ecently it became evident that modulation
R of signal transduction pathways rather than

interference at genetic level is a promising
strategy for anticancer chemotherapy. It is well
recognized that tumor cells are characterized by
significant genome instability and great variety of
potential gene targets. The genetic defects that pro-
mote the growth and survival of tumor cells may
also contribute to their resistance against various
anticancer agents. That is why intense research
has been devoted to understanding the molecular
events involved in apoptotic cell death to develope
strategies that can selectively restore the apoptotic
potential of tumor cells and avoid injury of normal
cells.

Photodynamic therapy (PDT) is one of non-
invasive treatments with reduced side effects for
various types of tumors. Although the major-
ity of photosensitizing compounds are based on
the tetrapyrrole backbone, found particularly in
porphyrins, other molecular structures have been
studied for medical purposes in PDT [1, 2]. Recent
progress in nanobiotechnology have arised interest
in biomedical application of a new class of nano-
structures made exclusively of carbon atoms — C
fullerenes, spheroidally shaped molecules (0.72 nm
in diameter), which demonstrate unique physico-
chemical properties and are able to interfere into
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cell signal transduction events [3, 4]. Due to ex-
tended m-conjugated system of molecular orbitals
C,, fullerene absorbs UV/Vis light and generate
reactive oxygen species (ROS) with almost 100%
quantum yield. The studies of C, fullerene biologi-
cal activity were focused mainly on water-soluble
chemically modified derivatives [2, 5]. But sub-
stantial modification of fullerene core appears to
cause a pertubation of its electronic structure and
hence to reduce the photodynamic potential of the
molecule [6]. Therefore pristine (nonmodified) C,
fullerene is suggested to be perspective photosen-
sitizer.

Although no selective uptake of C , by tumor
cells has been demonstrarted yet, the phototoxici-
ty of C,, fullerene against HeLa cells [7] and a
panel of mouse cancer cells [2] was demonstrared.
In a previous research we have demonstrated that
C,, fullerene reduced the viability of transformed
T lymphocytes when combined with UV/Vis irra-
diation [8]. But the mechanisms involved in cell
death induction as well as selectivity of C,, dama-
ging effects still remain unclear and need bet-
ter understanding. The aim of this study was to
evaluate the determinants of apoptosis in normal
(Wistar rats thymocytes) and transformed (human
leukemia Jurkat cell line) T lymphocytes treated
with C fullerene after UV/Vis irradiation.
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Materials and Methods

Materials. Rabbit polyclonal antibody against
cleaved caspase-3 (Cell Signaling, USA), antibodies
against p-actin (Sigma, USA) and horseradish per-
oxidase-conjugated secondary antibodies (Prome-
ga, USA) were used.

A stable water colloidal solution of pristine
C,, fullerene was prepared at Ilmenau Technical
University (Germany) by C,, transfer from toluene
to water using prolonged ultrasound sonication [9].
Both hydrated individual C,, molecules and C,,
clusters (12-50 nm) were present in colloidal solu-
tion.

Cell culture and treatments. Primary rat thy-
mocytes were isolated from female Wistar rats (150-
180 g). Thymus was removed, passed through ny-
lon mesh into RPMI 1640 medium, the cells were
washed by centrifugation (600 g) and resuspended
in RPMI 1640 medium. The human T leukemia
Jurkat cell line was obtained from the Bank of Cell
Lines of R. E. Kavetsky Institute of Experimental
Pathology, Oncology and Radiobiology, NAS of
Ukraine. Jurkat cell line was maintained in sus-
pension culture using RPMI 1640 medium sup-
plemented with 10% fetal bovine serum, 50 pg/ml
streptomycin, 100 pg/ml penicillin.

Cells (thymocytes — 1-2:10°/ml, Jurkat
cells — 0.5-10°/ml) were preincubated for 1 h in
RPMI 1640 medium with or without C fullere-
ne followed by illumination with mercury-vapor
lamp (320-600 nm light, irradiance 200 mW/cm?,
distance 2 cm). Cells were further incubated for
different time periods in RPMI 1640 medium
at 37 °C in a 5% CO, humidified atmosphere.
In other experiments cells were incubated in the
presence of 10 uM cytosine arabinoside (Sigma,
USA) for 24 h.

Cell viability was assessed by the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazo-
lium bromide] reduction assay [10]. After treat-
ment, 10 uM MTT, which is metabolized into
formazan by intact mitochondrial dehydrogenases,
was added to cells. After 2 h reaction period, the
precipitates were dissolved with 150 ul DMSO and
absorbance was measured at 570 nm using auto-
matic plate reader (mQuant, BioTek, USA).

Immunoblot analysis [11]. Cells were washed
with PBS and lysed in a buffer containing 10 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100,
5 mM EDTA, 50 mM NaF, 1 mM PMSF and the
Complete Protease Inhibitor Cocktail Tablet (Ro-
che, Germany) on ice for 15 min. Cell lysates were
clarified by centrifugation at 14,000 g for 15 min.
Cell lysates (about 30 pg of total cell protein) were
loaded onto a 15% SDS-polyacrylamide gel. After
electrophoresis the proteins were transferred onto
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PVDF membranes. The PVDF membranes were
then incubated in blocking solution (5% skim milk
in PBST) for 1 h followed by overnight incuba-
tion with antibody against cleaved caspase-3 at a
dilution of 1:2500 at 4 °C. The membranes were
washed with PBST and incubated with horseradish
peroxidase-conjugated secondary  antibodies
(1:5000 dilution) for 1 h. After additional washing,
immunoreactive bands were detected by enhanced
chemiluminescence with an ECL plus Western
blotting detection system (Amersham, USA).
Equal loading of samples was confirmed by using
anti-p-actin antibodies (1:2000 dilution).

Detection of DNA fragmentation [12]. For
DNA ladder assay the cells (3-10° for each sample)
were lysed in a buffer, containing 0.5% sarkosyl,
50 mM Tris-HCL, 10 mM EDTA, proteinase K
(0.5 mg/ml), pH 8. After 1 h incubation RNAse A
(0.25 mg/ml) was added to each sample. The DNA
was analyzed by electrophoresis on a 1.5% agarose
gel in the presence of 0.5 pg/ml ethidium bromide.
A DNA markers (Fermentas, USA) were used to
size DNA fragments.

Protein concentration was determined using
DC Protein Assay Kit (Bio-Rad, USA).

Statistical analysis. Paired Student’s z-tests
were performed. Values P < 0.05 were considered
to be significant.

Results and Discussion

As we have shown previously irradiation with
applied light (320-600 nm) per se does not affect
cell survival — the viability of thymocytes was at
the level of control and that of Jurkat cells was not
less than 83% at 24 h of incubation [8]. These cont-
rol indices (viability of cells preincubated without
C,, fullerene but irradiated as described above)
were taken as 100%.

The effect of C,, in different concentrations
plus UV/Vis irradiation on the viability of thymo-
cytes incubated for 6 h was evaluated and compared
with that of transformed T-lymphocytes (Fig. 1).
No appreciable effect on thymocytes was revealed
in the range of applied C,; concentrations. At the
same time substantial phototoxicity of C,, fullerene
against transformed T lymphocytes was detected.
Photocytotoxic effect of fullerene C,; was shown
to be concentration dependent — viability of Jurkat
cells was diminished to approximately 50% when
C,, concentration was increased up to 100 uM.

To study the dynamics of photoexcited C,, ef-
fects the experiments were done with short- and
long-term incubation of T lymphocytes irradiated
in the presence of 50 uM C, . Fig. 2 shows that up
to 24 h the viability of thymocytes was comparable
to that of control. Only a slight change of Jurkat
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Fig. 1. Viability of cells after UV/Vis irradiation in the
presence of C,, fullerene at different concentrations
(viability of cells irradiated in the absence of C,,
fullerene was set as 100%)

cells viability was observed at 3 h, but a substantial
decrease was observed after subsequent 6 and 24 h
of incubation.

The results of MTT test demonstrate an evi-
dent photodamage of Jurkat cells incubated with
C,, fullerene. These data do not provide informa-
tion regarding the type of cell death. The decrease
of cell viability can be mediated by different cell
death mechanisms such as necrosis, apoptosis, au-
tophagy, etc. Therefore the formation of DNA lad-
der was monitored as a hallmark of apoptosis.

Agarose gel electrophoresis of DNA extracted
from control untreated thymocytes incubated for
24 h revealed the characteristic ladder pattern of
fragments with a spacing of about 200 bp (Fig. 3).
Internucleosomal DNA cleavage is considered to
be typical for thymocytes. Immature lymphocytes
precursors with unstable genome undergo sponta-
neous apoptosis as a mechanism of negative se-
lection during differentiation [13]. After UV/Vis
irradiation either without or in the presence of
50 uM C,, fullerene no appreciable difference in
the amount of fragmented DNA was revealed as
compared to untreated thymocytes.

In contrast only large scale DNA fragmenta-
tion was detected in control untreated Jurkat cells
at 24 h. A slight increase of DNA fragmentation
was observed after UV/Vis irradiation, while ir-
radiation in the presence of C fullerene was fol-
lowed by internucleosomal DNA cleavage and ap-
pearance of DNA fragments of 200 and 400 bp in
ladder pattern (Fig. 3).
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So the data of DNA ladder assay confirm that
Jurkat cells death induced by C, after UV/Vis ir-
radiation was of apoptotic type.

Is is generally assumed that proteases of cas-
pase family are rate limiting for the development
of apoptosis. Executive caspase-3 and caspase-6
are responsible for the terminal phase of apopto-
sis by cleaving various protein substrates thereby
disabling cellular structural and repair processes
[14]. Caspase-3 is expressed in cells as an inactive
precursor with molecular weight of 35 kDa and is
cleaved upon activation into two fragments of 17
and 19 kDa [15]. Therefore our next step was to
assess the status of caspase-3 during PDT-induced
apoptosis in Jurkat cells.

As it is shown at Fig. 4 UV/Vis irradiation
alone is followed by caspase-3 activation in Jur-
kat cells at 6 and 24 h. But in cells, irradiated
in the presence of 50 uM C fullerene, caspase-3
processing was dramatically intensified — the
content of 17 and 19 kDa intermediate cleavage
products was increased already at 6 h (Fig. 4). Af-
ter 24 h caspase-3 activation was increased times
20 as compared to control (Fig. 4 and Fig. 5).

The correlation between caspase-3 activation
and DNA fragmentation under the same experi-
mental conditions was observed, supporting the
role of caspase-3 as executable protease of apop-
tosis in C -treated Jurkat cells after UV/Vis ir-
radiation.

We have done more detailed analysis of pho-
toexcited C, fullerene apoptosis-inducing potential
and selectivity against transformed lymphocytes in
a comparative study of caspase-3 activation in thy-
mocytes and Jurkat cells treated with cytosine ara-
binoside (1-p-d-arabinofuranosylcytosine, Ara-C).
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Fig. 2. Viability of cells incubated for different time
periods after UV/Vis irradiation in the presence
of C,, fullerene. *P < 0.05 in comparison with cells
irradiated in the absence of C,, fullerene
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Fig. 3. DNA fragmentation in thymocytes and Jurkat cells at 24 h incubation after UV/Vis irradiation in the

absence or in the presence of C,, fullerene

Ara-C is a cytidine analogue containing a modi-
fied sugar moiety (arabinose instead of ribose) and
one of the most important antimetabolite used to
induce remission in children and adults with acute
leukemia. This agent inhibits DNA polymerase
resulting in a decrease in DNA replication and
repair. The major mechanisms of Ara-C-induced
apoptosis are incorporation of the drug into DNA

——— 6hours ——

during replication, increase of ROS generation and
p53-dependent cytotoxicity [16].

Figure 5 shows caspase-3 status presented as a
fold of enzyme activation at 24 h in cells subjected
to treatment with light alone, with light plus C
fullerenes or with 10 uM Ara-C as compared to
control (caspase-3 activation in untreated cells). As
we showed previously [17], Ara-C in this concen-

—— 24hours ——

C Irrad Irrad+Cy C Irrad Irrad+Cyg
Cleaved S PR P «—19 kDa
caspase-3 o I R “ «—17kDa
B actin

T P G—" GED Gl G

Fig. 4. Western blot analysis of caspase-3 activation in Jurkat cells after UV/Vis irradiation in the absence or

in the presence of C,, fullerene
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Fig. 5. Caspase-3 activation at 24 h in cells treated with light alone, with light plus 50 uM C, fullerene or with
10 uM Ara-C. *P < 0.05 in comparison with caspase-3 activation in irradiated cells

tration induces 50% decrease of both thymocytes
and Jurkat cells viability.

Although in Ara-C-treated Jurkat cells the
greater fold increase of caspase-3 activation was
observed than in cells subjected to treatment with
light plus C fullerene it is obvious that in gene-
ral photosensitizing cytotoxic effect of C; fullere-
ne is comparable with that of Ara-C in apoptosis
induction. The data observed are in agreement
with susceptibility of a number of typical human
leukemia cell lines to Ara-C-induced cell death
via apoptosis [16]. It should be stressed that 10 uM
Ara-C appears to induce apoptosis via caspase-3
activation not only in Jurkat cells but in thymo-
cytes as well (Fig. 5), while no substantial increase
in caspase-3 activation was observed in thymocytes
subjected to treatment with C,; fullerene plus ir-
radiation (Fig. 5). These results correspond to data
that photoexcited C,, fullerene does not influence
thymocytes viability and the level of DNA frag-
mentation. So the selectivity of photoexcited C,,
cytotoxic effect against transformed T cells but not
T cells from thymus is demonstrated in contrast to
Ara-C nonspecific cytotoxicity.

All experiments with irradiation in this study
were done after 1 h incubation of cells with C
fullerene. During this period of time fullerene
should be incorporated into the cell membrane or
taken up inside the cells [18], because generation of
ROS outside the cell will not be sufficient to pro-
duce cell death. Fullerene has inherent photolumi-
niscence but it allows to detect intracellular uptake
only at high C concentrations. In recent report
[18] non-toxic pristine C, preparation (200 pg/ml)
was used and intracellular uptake of C in malig-
nant cancer breast cells was demonstrated by fluo-
rescence microscopy.

We suggest that transformed T cells death
after C; illumination is mediated mainly by ROS
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influence on targets in cytoplasmic membrane
involved in cellular signaling, but subcellular or-
ganells can also be involved. It was shown recently
[2] that C,, modified by single pyrrolidinium group
can mediate killing of lung and colon adenocarci-
noma and reticulum sarcoma cells at low concen-
tration (2 uM) by induction of apoptosis after very
modest exposure to white light. In addition, the
increase of intracellular ROS probe dichlorofluoro-
scein fluorescence was demonstrated.

Studies carried out on animal tumor models
demonstrate that an apoptotic response can be
achieved when mitochondria [19] or lysosomes
[20] are targeted for photodamage. The Kkinetics
of apoptotic response following lysosomal photo-
damage appear to be slower than that observed in
cell culture following mitochondrial photodamage
[21, 22]. We demonstrated the substantial induction
of caspase-3 activation by PDT mediated by C,,
fullerenes in Jurkat cells at 24 h after irradiation.
The relatively slow induction of apoptosis allows
to suggest that the release of lysosomal proteases
and subsequent activation of cytoplasmic caspase
or damage of mitochondria leading to release of
cytochrome ¢ may be involved in cell response.

In conclusion, our investigation has revealed
that pristine C,, fullerene exhibits cytotoxic ef-
fect against transformed T Ilymphocytes when
combined with UV/Vis irradiation. Photoinduced
apoptosis of Jurkat cells was confirmed by DNA
fragmentation and caspase-3 activation. C fullere-
ne photocytotoxicity was not detected in normal
T lymphocytes (thymocytes) in contrast to Ara-C
cytotoxocity detected in cells of both types. Our
results may be useful for search of new photosen-
sitizers for PDT with selective action on leukemia
cells.
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HocniaxkeHo XMTTE3MAaTHICTh HOPMaJbHUX
(TuMolIMTH 1ypa JiHii Bictap) Ta myXJIMHHUX
(xaituHu niHii Jurkat neiikemii moauHu) T-Koi-
THH TIiCJIsI OIIPOMiHEHHS B yIbTpaioseToBOMY Ta
BUJIMMOMY Jiana3oHi 3a MPUCYTHOCTI (yJiepeHy
C,,- Onmepxani maHi cBim4arb, 110 KOMOiHOBaHa
nis pynepeny C ., Ta ONPOMiHEHHS PTYTHO-AEH-
TepieBoo Jammnor (320—600 HM) CIIpUYUHSIE LIK-
TOTOKCUYHUY edeKT Ha JelikeMiuHi T-1iMpouTu.
@Oynepen C,) He BUABIAE (POTOUUTOTOKCUYIHOCTI
MO BiTHOILIEHHIO 10 TUMOLUTIB. DOTOiHAYKOBA-
HMIA anonTo3 KJituH Jinii Jurkat 3a mii C , min-
TBEPIXKYETHCS MiXKHYKJIEOCOMHOIO (parmeHTa-
miero JIHK Ta akTuBaiieio kacmasu-3. BiporigHoi
3MiHM DPiBHS aKTHMBallii Kacra3u-3 y TUMOLUTAX
3a il ¢oro30ymxkeHoro ¢ynaepeny C,, mopiBHA-
HO 3 OMPOMIiHEHHSIM He CIOCTepirajoch, TOAI K
LMTO3WHAPaOiHO3U/I CIIPUYMHSIE aKTUBAIlil0 Kac-
na3u-3 He Jaulle B KiaiTuHax Jurkat, aje i B TMMO-
nuTax. OnepxaHi 1aHi MOXYTb OyTH KOPUCHUMU
JUIST PO3pPOOKKM HOBUX (POTOCEHCMOITi3aTOPIB IS
(poTonmHamiuHOI Teparii i3 CeJIEKTUBHOIO €0 Ha
JIeKeMiuHi KJIITUHMU.

Knw4yosi cnosa: pynepen C, ), TumMoLM-
Td, KJaiTuHu Jurkat, HyUTO3MHApaOMHO3KM, amoIl-
TO3, XXUTTE3NATHICTh KJIITUH, Kacla3a-3, Mi>KHYK-
neocomHa dparmenTauis JHK, doronnHamiuHa
Tepamis.
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HccnenoBaHo XKU3HEAESATEILHOCTE HOPMaJlb-
HBIX (TUMOLIMTHI KpbIChl TMHUKM Bucrtap) u onyxo-
JIeBbIX (KJIeTKU JuHUM Jurkat leliKkeMun 4eaoBeKa)
T-xneTok mocie o0jydeHUs B YABTPa(pUOICTOBOM
1 BUJMMOM JIMafa3oHe B MPUCYTCTBUU yiiepeHa
C,- [lonyueHHble pe3yIbTaThl CBUAETEILCTBYIOT O
TOM, UTO KOMOMHUPOBAHHOE JeicTBUE yinepe-
Ha C,, 1 00JyYeHUs] PTYTHO-AEATEPUEBON JIaM-
noit (320—600 HM) BBI3BIBAET LIMTOTOKCUYECKUIA
addekT Ha Jeiikemndyeckre T-muMmbounTel. Dyi-
aepeH C , He NPOABIAET (POTOUUTOTOKCUIHOCTD
10 OTHOIICHHWIO K TUMonuTaM. MOTOMHIYIIMPO-
BaHHBIN aloNTO3 KJIETOK JWHUM Jurkat Tipy meii-
crBun C,, TOATBEPXKAAETCA MEXHYKJIEOCOMHOIA
¢dparmenTanueit JIHK u aktuBamueil kacnasbi-3.
JoCTOBEpHBIX WM3MEHEHWU YPOBHSI aKTUBAIIUM
Kacmasbl-3 B TUMOIIMTAX TIpA AeMCTBUM (DOTOBO3-
OyxnenHoro ¢ysepena C 1o cCpaBHEHUIO ¢ 00-
JIydeHueM He HaOJlo1aioch, Torna Kak 1UTO3WH-
apabWMHO3M/ BbI3bIBAJ aKTHMBAIIMIO Kacrasbl-3 He
TOJILKO B KJeTKax Jurkat, Ho u B TumonuTax. Ilo-
JIy4eHHBIE Pe3yJbTaThl MOTYT OBITH TTOJE3HBIMU
IUIST pa3pabOTKM HOBBIX (POTOCEHCHOMIN3AaTOPOB
st (OTOAMHAMMYECKON Tepanmuu C CeleKTHUB-
HBIM JIECTBHEM Ha JISMKeMUYeCKe KIIETKMU.

Knwuesbie cnosa: ¢ynrepen C, Tu-
MOLIMTHI, KjeTku Jurkat, 1MTO3MHApPaOMHO3U,
aroriTo3, XMW3HECIMOCOOHOCTh KJIETOK, Kacmasa-3,
MexHykyieocoMHast pparmeHtanus JHK, doro-
JIMHaMU4YecKasl Teparnus.
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