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Photoactivated fullerene c60 induces
store-oPerated ca2+ entry and cytochrome c
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the values of endoplasmic reticulum Ca2+-pool and store-operated Ca2+ entry (SOCe) were estimated 
in rat thymocytes and Jurkat cells loaded with indo-1 and treated with thapsigargin. It was shown that the rela-
tive value of SOCe in thymocytes was substantially lower than in Jurkat cells. Significant increase of SOCe 
in Jurkat cells preincubated with 10-5 M C60 and exposed to uv/visible light irradiation was detected at 1-3 h 
after exposure. at this time FCCP-induced Ca2+-release from mitochondria was shown to be reduced, while 
cytochrome c level into the cytoplasm of Jurkat cells, detected by Western blot analysis, to be increased. It is 
supposed that Ca2+ flux remodulation induced by photoexcited fullerene C60 in Jurkat cells might be involved in 
the initiation of signalling events leading to cell apoptosis. 
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C a2+ is highly regulated within cellular com-
partments to achieve precise control over 
multiple processes in the cell. The increase 

of cytosolic Ca2+ level ([Ca2+]i) mediated by Ca2+ 
entry through the plasma membrane and cation 
release from endoplasmic reticulum (ER) or mi-
tochondria provide calcium signals of different 
kinetics, amplitude and subcellular localization, 
which in integration with other signal-transduction 
cascades control not only cell proliferation, but 
also apoptosis and cell transformation. The role of 
Ca2+ in signalling pathways involved in carcino-
genesis is well established, and altered expression 
of specific Ca2+ channels and pumps is shown in 
cancer cells of different tissue origin [1]. Though 
the question still remains how cancer cells can in-
crease Ca2+ cycling to drive cell proliferation and 
to avoid Ca2+-dependent apoptosis.

In non-excitable cells Ca2+ entry from extra-
cellular space is mainly supported by the mech-
anism known as store-operated calcium entry 
(SOCE). This mechanism is capable of monitoring 
ER Ca2+ filling enabling influx through plasma 
membrane only when ER content is essentially de-
creased. It is assumed that mitochondria, which 
are central to cell death, do not accumulate Ca2+ 
that enters across the plasma membrane as effi-
ciently as Ca2+ that is released from ER. Privileged 
transport of Ca2+ between ER and mitochondria 
sensitises mitochondria to opening of permeability 
transition pore (PTP) and releasing of apoptotic 

factors [2, 3]. It is thought that remodelling of 
Ca2+-buffering system and, in particular, reduced 
basal filling of endoplasmic reticulum Ca2+-stores, 
decreased SOCE. In this way, ER-mitochondrial 
Ca2+ fluxes in cancer cells to bypass Ca2+-depend-
ent apoptotic pathways [1, 4].

Taking into account that many Ca2+ trans-
porters and signalling proteins are sensitive and 
directly exposed to reactive oxygen species (ROS) 
[2], redox regulation of their activity seems to be 
one of the ways to modulate Ca2+ compartmen-
talization and calcium homeostasis in cancer cells. 

Recent progress in nanobiotechnology has 
arisen interest to biomedical application of fullere-
nes C60 – spherical carbon nanostructures, able to 
accommodate hydrophobic regions of cell mem-
brane, to penetrate into cytosol  and to generate 
superoxide anion and singlet oxygen with almost 
100% quantum yield after UV/Vis irradiation [5]. 
In previous investigations we have demonstrated 
that pristine C60 fullerenes, when combined with 
UV/Vis light irradiation, exhibit cytotoxic effect 
and induce increased ROS production in trans-
formed T lymphocytes but not in rat thymocytes 
[6]. Photoinduced apoptosis of Jurkat cells was 
confirmed by DNA fragmentation and caspase-3 
activation [7]. 

The aim of this study was to estimate parame-
ters of Ca2+ homeostasis (Ca2+-pool of ER, SOCE, 
Ca2+ influx from mitochondria) and cytochrome c 
release from mitochondria in transformed T cells 
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(Jurkat cell line) in control or after treatment with 
fullerene C60 following light exposure.

materials and methods

Rat thymocytes were isolated from Wistar 
rats (150-180 g). Thymus was removed and passed 
through nylon mesh into RPMI 1640 medium. 
The isolated cells were washed by centrifugation 
at 600 g. The T leukemia Jurkat cell line was ob-
tained from Bank of Cell Line from human and 
animal tissue of the Kavetsky Institute of Experi-
mental Pathology, Oncology and Radiobiology 
(NAS of Ukraine). Jurkat cells were cultured in 
RPMI 1640 medium supplemented with 10% fetal 
calf serum (FCS), 50 U/ml penicillin and 100 μg/
ml streptomycin.

Fullerenes C60 were synthesized in Technical 
University of Ilmenau (Germany) [8]. A stable wa-
ter colloidal solution of 10-4 M fullerene C60 (puri-
ty > 99.5%), prepared by C60 transfer from toluene 
to water using ultrasound sonication, contains C60 
clusters with the size of 12-50 nm. 

Cells were incubated for 1 h with or without 
fullerene C60 (10

-5 M). Fullerene C60 photoactiva-
tion was done by UV/Vis irradiation of probes with 
mercury-vapor lamp (320-600 nm light, irradiance 
200 mW/cm2, distance 2 cm). 

The concentration of free cytosolic Ca2+ was 
measured using fluorescent probe Indo-1 (Sigma, 
USA). Cells (3×107/ml) in buffer A consisting of 
(mM): KCl – 5, NaCl – 120, CaCl2 – 1, glu-
cose – 10, MgCl2 – 1, NaHCO3 – 4, HEPES – 10, 
pH 7.4 were loaded with Indo-1AM in the pres-
ence of 0.05% Pluronic F-127 (Sigma, USA) for 
40 min at 25 °C, then washed twice from excessive 
fluorescent probe by centrifugation (600 g, 10 min) 
and resuspended in a Ca2+-free buffer A, contain-
ing 0.1 mM EGTA. Cells, loaded with Indo-1, 
were incubated at 37 °C for 1 h with or without 
fullerene C60 (10

-5 M). Indo-1 fluorescence in cells 
was recorded using spectrophotometer (Shimad-
zu RF-510, Japan), λ excitation – 350 nm, λ emis-
sion – 410 and 495 nm. The concentration of free 
cytosolic Ca2+ was calculated as described in [9]. 

Release of cytochrome c from mitochondria 
was measured by Western blotting. Cells were har-
vested by centrifugation and gently lysed for 15 min 
in ice-cold buffer containing 10 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM 
EDTA, 50 mM NaF, 1 mM PMSF and the Com-
plete Protease Inhibitor Cocktail Tablet (Roche, 
Germany). Lysates were centrifuged for 15 min at 
14,000 g. Cell lysates (about 30 μg of total cell 
protein) were run in 15% SDS-polyacrylamide gel. 
After electrophoresis the proteins were transferred 
onto PVDF membranes. The PVDF membranes 

were then incubated in blocking solution (5% skim 
milk in PBST) for 1 h, followed by overnight in-
cubation with antibody against cytochrome c (Sig-
ma, USA) at a dilution of 1 : 2,500 at 4 °C. The 
membranes were washed with PBST and incubated 
with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibodies (1 : 5,000 dilution) 
for 1 h. 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-β-actin antibodies (Sigma, USA). 
Protein concentration was determined using DC 
Protein Assay Kit (Bio-Rad, USA).

Data processing and plotting were performed 
by IBM PC using specialized applications Excel 
2003 and Origin 7.0.

results and discussion

Ca2+-content in endoplasmic reticulum (ER) 
of cells was measured indirectly using thapsigargin 
(TG) which inhibits ER Ca2+ pump allowing Ca2+ 
to release from the ER pool. Indo-1 loaded cells in 
Ca2+-free medium were first depleted of ER Ca2+ 
with 1 μM TG. In the absence of Ca ions in the 
extracellular medium calcium pool of ER cannot 
be replenished, so the increase of calcium probe 
fluorescence corresponds to Ca2+ released from the 
endoplasmic reticulum. It was shown that 1 μM 
TG caused a gradual increase in [Ca2+]i, which 
was hold on the plateau within 10 min, indicating  
that calcium pool of ER was depleted (Fig. 1). The 
value  of TG-induced [Ca2+]i increase above the ba-
sal level was considered as the relative value of ER 
Ca2+-pool. 

Store-operated Ca2+ entry was examined by 
adding 1 mM CaCl2 to cells, which were treated 
with TG in Ca2+-free medium. The value of Ca2+-
induced [Ca2+]i increase above the [Ca2+]i level in 
TG-treated cells was considered as the relative 
value of SOCE. The corresponding traces of Ca2+ 
probe fluorescence changes are presented at Fig. 1, 
and quantitative data calculations - in a Table.

We found that dynamics of TG-induced Ca2+ 
release from ER was slower and the relative value 
of ER Ca2+ - pool was lower in Jurkat cells than in 
thymocytes (Fig. 1, Table).

When the medium was supplemented with 
1 mM CaCl2 15 min after TG addition, the sus-
tained plateau phase of [Ca2+]i increase caused by 
SOCE was observed in cells. Detection of SOCE 
both in thymocytes and Jurkat cells indicates the 
presence of Ca2+-channels in plasma membrane 
that are activated in response to ER depletion - 
store-operated Ca2+ channels (SOCC). These re-
sults correspond to the literature data about SOCC 
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expression in B- and T-lymphocytes and Jurkat 
cell line [10, 11]. 

Further, we demonstrated a significant dif-
ference in the relative value of SOCE in cells of 
two types. It was 3.5 times lower in Jurkat cells 
than in thymocytes (Fig. 1, Table). The obtained 
data agree with the assumption about genetically 
determined remodulation of calcium homeostasis: 
underfilling of ER calcium pool and reducing of 
SOCE in cancer cells is directed at prevention of 
Ca2+-dependent way of apoptosis induction [1, 4]. 

The next task of the study was to determine 
whether photoexcited fullerene C60 affects calcium 
homeostasis in transformed T-cells. It was shown 
that separate action of fullerene C60 or light irradi-
ation have no evident effect on dynamics of Indo-1 
fluorescence signals in treated cells as compared to 
control cells (data not presented).

It was shown that combined action of 10-5 M 
C60 and light irradiation in the range of 320-
600 nM results in time-dependent enhancement of 
store-operated Ca2+ entry in Jurkat cells. Ca2+-in-

Fig. 1. dynamics of thapsigargin-induced Ca2+ release from er and store-operated Ca2+ entry in thymocytes 
(1) and Jurkat cells (2) loaded with Indo-1

1

2

duced an increase of [Ca2+]i in cells incubated with 
fullere ne C60 was characterized by the appearance 
of a net peak which was 4.5 and 7.8 times higher 
than those obtained in the control cells at 1 h and 
3 h after fullerene C60 photoexcitation, respectively 
(Fig. 2).

In our previous study we have demonstrated 
that transformed T-cells responded to a combined 
action of fullerene C60 and light irradiation by the 
increase of ROS production in a time period of 3 
hours [6]. We assume that the increase of store-op-
erated Ca2+ entry induced by photoactivated fuller-
ene C60 in Jurkat cells is associated with intensifi-
cation of ROS production and modulation of the 
activity of the components of calcium homeosta-
sis-maintaining system – SERCA pumps, IP3 and 
ryanodine receptors, mitochondrial PTP, which 
are the direct molecular targets of ROS [12, 4].

In Jurkat cells treated with photoexcited 
fullerene C60 the concentration of cytosolic [Ca2+]i 
after reaching a peak induced by SOCE has been 
gradually reduced (Fig. 2). Since the accumulation 
of cation by endoplasmic reticulum was depressed 
due to the presence of thapsigargin, an inhibitor 
of ER Ca2+-ATPase, the decrease of [Ca2+]i was 
likely to be caused by mitochondrial accumulation. 
Recent studies have shown that pseudosynaptic 
contacts exist between ER and mitochondrial Ca2+ 
pools, so the release of Ca2+ from ER stores can 
result in rapid Ca2+ uptake by mitochondria [3, 14].

To estimate mitochondrial Ca2+ content 
we used FCCP - proton ionophore and uncou-
pler, which completely releases the mitochondrial 
Ca2+ pool. It was shown that subsequent addition *P < 0.05 in comparison with thymocytes

Quantification of er Са2+ pool and SOCe in 
thymocytes and Jurkat cells

Δ[Ca2+]i, nM Thymocytes Jurkat cells

Thapsigargin induced 
Ca2+ release from ER 130 ± 10 81 ± 7*

Store-operated 
Ca2+ entry 350 ± 15 102 ± 8*
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of FCCP to thapsigargin-treated control Jurkat 
cells induced sustained [Ca2+]i increase indicating 
that mitochondrial Ca2+ pool was filled enough 
(Fig. 3, 1). FCCP induced weaker Ca2+ release 
from mithochondria in the cells exposed to com-
bined action of fullerene C60 and light irradiation 
than in the control cells indicating that mitho-
chondrial Ca2+ pool had been already partially de-
pleted. So, in Jurkat cells treated with photoexcited 

fullerene C60 SOCE is increased and mitochondria 
do not retain accumulated Ca2+, possibly because 
of transient fall of Δμ.

When Ca2+ released from ER is localized in 
microenvironment of mitochondria and when high 
local concentrations of Ca2+ and ROS are com-
bined, mitochondria could respond by depolariza-
tion, PTP opening and release of apoptotic fac-
tors. To confirm this possibility we estimated the 

Fig. 2. dynamics of store-operated Ca2+ entry in control Jurkat cells (1) and at 1 h (2) or 3 h (3) after fullerene 
C60 photoexcitation
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Fig. 3. FCCP-induced Ca2+ release from mitochondria of tG-treated control Jurkat cells (1) and at 1 h (2) or 
3 h (3) after fullerene C60 photoexcitation
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content of cytochrome c in the cytosolic fraction 
which corresponds to the release of cytochrome c 
from mitochondria as the marker of Jurkat cell 
apoptosis induced by photoexcited C60. 

As can be seen from Fig. 4, cytochrome c 
was detectable within cytosolic fraction prepared 
1 h after exposure of Jurkat cells to light irradia-
tion, but 3 h later its level was decreased (Fig. 4). 
Combined action of fullerene C60 and light irradia-
tion was followed by increase of cyt c release from 
mitochondria. Its content in cytosolic fraction was 
substantially higher in cells irradiated in the pres-
ence C60 both at 1 h and 3 h after irradiation. 
Cytochrome c was also shown to appear in the 
cytosol of HeLa cells treated with photodynamic 
therapy immediately (1-2 h) following light activa-
tion of the photosensitizer verteporfin and before 
caspase-8 activation [15].

The similar dynamics of SOCE increase and 
cyt c release from mitochondria (Fig. 2 and 4) 
induced by photoactivated fullerene C60 indicates 
that Ca2+ fluxes are involved in early events of apo-
ptosis induction in Jurkat cells. Remodulation of 
Ca2+ fluxes precedes caspase-3 activation in Jurkat 
cells, that was not detected during 6 h after com-
bined action of fullerene C60 and light irradiation 
[7]. 

In the present study the effect of photoex-
cited fullerene C60 on ER and mitochondrial Ca2+-
pools and store-operated Ca2+ entry in Jurkat cells 
loaded with Indo-1, as well as on cytochrome c 
content in cell cytosol were estimated. Together, it 
was demonstrated that under light irradiation C60 

induces the increase of SOCE, depletion of mi-
tochondrial Ca2+-pool and cytochrome c release 
from mitochondria. Our data suggest that Ca2+ 
flux remodulation induced by photoexcited fullere-
ne C60 might be involved in the initiation of Jurkat 
cells apoptosis.
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З використанням флуоресцентного зонда 
індо-1 оцінено відносну величину кальцієвого 
пулу епр, ємнісного входу са2+ і ступеня на-
повнення кальцієвого пулу мітохондрій в 
тимоцитах і клітинах Jurkat. показано, що 
ємнісний вхід катіона в тимоцити значно ниж-
чий, ніж у клітини Jurkat. Відмічено значне по-
силення ємнісного входу са2+ у клітини Jurkat, 
преінкубовані з 10-5 M C60 і піддані дії видимо-
го опромінення. Через 1–3 години після його 
впливу було зафіксовано зниження FCCP-
індукованого вивільнення Ca2+ з мітохондрій 
і підвищення вмісту цитохрому с у цитоплазмі 
клітин Jurkat. припускається, що ремодуляція 
системи са2+-сигналювання може бути залу-
чена до початкових етапів індукованого фото-
збудженим фулереном с60 апоптозу в клітинах 
Jurkat. 

К л ю ч о в і  с л о в а: тимоцити, Jurkаt, 
індо-1, фулерен с60, ємнісний вхід цитозоль-
ного са2+, цитохром с, апоптоз.

Fig. 4. Cytochrome c release into cytoplasm of control 
Jurkat cells (1), after irradiation (2) or fullerene C60 

photoexcitation (3)
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с использованием флуоресцентного зонда 
индо-1 дана оценка относительной величины 
кальциевого пула Эпр, емкостного входа са2+ 
и степени наполнения кальциевого пула ми-
тохондрий в тимоцитах и клетках Jurkat. по-
казано, что емкостный вход катиона в тимо-
циты значительно ниже, чем в клетки Jurkat. 
отмечено значительное увеличение емкост-
ного входа са2+ в клетки Jurkat, преинкубиро-
ванные с 10-5 M C60 и подверженные действию 
видимого облучения. Через 1–3 часа после его 
воздействия зафиксировано снижение FCCP-
индуцированного высвобождения Ca2+ из ми-
тохондрий и повышение содержания цитохрома 
с в цитоплазме клеток Jurkat. предполагается, 
что ремодуляция системы са2+-сигнализации 
может быть задействована в начальных этапах 
индуцированного фотовозбудженным фулле-
реном с60.апоптоза в клетках Jurkat

К л ю ч е в ы е  с л о в а: тимоциты, Jurkаt, 
индо-1, фуллерен с60, емкостной вход цито-
зольного са2+, цитохром с, апоптоз.
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