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Radiotherapy-induced toxicity is a major dose-limiting factor in anti-cancer treatment. Ionizing radi-

ation leads to the formation of reactive oxygen and nitrogen species (ROS/RNS) that are associated with 
radiation-induced cell death. Investigations of biological effects of fullerenol have provided evidence for 
its ROS/RNS scavenger properties in vitro and radioprotective efficiency in vivo. Therefore we were inter-
ested to evaluate its radioprotective properties in vitro in the human erythroleukemia cell line. Pre-
treatment of irradiated cells by fullerenol exerted statistically significant effects on cell numbers and the 
response of antioxidative enzymes to X-ray irradiation-induced oxidative stress in cells. Our study pro-
vides evidence that the pre-treatment with fullerenol enhanced the enzymatic activity of superoxide dismu-
tase and glutathione peroxidase in irradiated K562 cells.

INTRODUCTION

Polyxydroxylated fullerenes have been recently recog-
nized as exogenous redox balance modulators, capable to 
exert anti-oxidative effects in both in vitro and in vivo sys-
tems.1) Thus, the antioxidative activity of fullerenols is their 
most exploited property in medicinal chemistry.

Reactive oxygen/nitrogen species (ROS/RNS), generated 
by ionizing radiation, have been implicated in its harmful 
effects on living tissues, inducing apoptosis of malignant 

and normal cells, by triggering mitochondrial permeability 
transition pore opening.2) Application of radiotherapy for the 
control of cancer, either alone or in conjunction with chemo-
therapy, is often limited by normal tissue toxicity including 
haematopoietic toxicity.

Our recently published results showed the in vivo radio-
protective efficiency of fullerenol in irradiated rats, as well 
as its nitric oxide (NO) – quenching activity in both in vivo
and in vitro systems.3–5) Therefore, we were particularly 
interested in fullerenol in vitro effects on malignant cultured 
cells of human erythroleukemia. The aim of our study was 
to estimate the number, cell viability and colony-forming 
capacity of irradiated cells, treated by fullerenol, together 
with the response of anti-oxidative enzymes to X-ray radia-
tion induced oxidative stress in these cells.

Exposure of cells to ionizing radiation leads to the forma-
tion of ROS that are associated with radiation-induced 
cytotoxicity. The antioxidative enzyme superoxide dismu-
tase (SOD) catalyzes the dismutation of the superoxide 
anions into hydrogen peroxide.6) SOD is known as a factor 
conferring increased protection from lethal irradiation to 
haematopoietic cells.6)

The activity of γ-glutamyltransferase (GGT) is frequently 
upregulated in tumor cells after oxidative stress and may 
thus increase the availability of amino acids needed for bio-
synthesis of the antioxidant glutathione (GSH). As irradia-
tion of tumor cells enhances oxidative stress, we investigated 
whether such treatments can modulate the enzyme level of 
GGT in K562 cells.7)
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In order to estimate the possible radioprotective effects of 
fullerenol on irradiated K562 erythroleukemia cell line, we 
measured the activity of GGT and SOD in K562 cells, 
together with the activity of glutathione peroxidase (GPX), 
a key enzyme for the cellular defense against ROS.

MATERIALS AND METHODS

Fullerenol C60(OH)24 (Fig. 1) was synthesized and char-
acterized by Djordjević et al, from polybromine derivative 
C60Br24, which was synthesized in reaction of C60 in Br2 with 
FeBr3 as catalyst.8,9) Obtained results are very similar to 
those published by Chen et al.10) Fullerenol C60(OH)24 was 
dissolved in distilled water and was adjusted to pH = 7.4 
with phosphate buffer immediately before use.

Human erythroleukemia K562 cell line was cultured in 25 
cm2 flasks (Costar, USA) in 10 ml of RPMI 1640 medium 
(Sigma, USA), supplemented with 2 mM L-glutamine, 10% 
FCS (v/v) (Veterinary institute Novi Sad - NIVNS), 100 IU/
ml penicillin (ICN, USA) and 100 μg/ml streptomycin (ICN, 
USA) at 37°C in fully humified atmosphere with 5% CO2.

For the experiments with irradiation and fullerenol pre-
treatment, K562 cells were seeded in Petri dishes, 5 × 105

cells in 5 ml of RPMI 1640 with 10% FCS. Water dissolved 
fullerenol (pH = 7.4) was added to cells in medium, in final 
concentration of 10 μM, 30 minutes prior to X-ray irradia-
tion. Irradiation was carried out 24h post-planting time at 
25°C. K562 cells were exposed to 24 Gy single dose of X-
rays, using radiotherapeutic instrument LINAC Mevatron 

MD 7475 (Siemens, Germany) (10 MV X-rays), at a dose 
rate of 3 Gy/min.

The experimental conditions applied in this study, con-
cerning the selection of fullerenol and irradiation dose, are 
based on our preliminary experiments of dose-dependent 
effects on survival of fullerenol pre-treated cells subjected to 
irradiation. This in vitro screening study, performed on a 
panel of human malignant hematopoietic cell lines (K562, 
Raji, HL60 and PC-MDS cells), showed that the 10 μM of 
fullerenol and 24 Gy single dose of X-rays, induced the opti-
mal K562-cell specific response.1)

The experimental design consisted of the following sets: 
a/ control non-irradiated cells; b/ non-irradiated cells pre-
incubated with 10 μM of fullerenol; c/ X-ray (24 Gy) irra-
diated cells; d/ X-ray (24 Gy) irradiated cells, pre-incubated 
with 10 μM of fullerenol.

K562 cells were passaged 24h before the experiment and 
were maintained in medium for next 1, 24 and 48 hours. 
Therefore, each of the parameters in four experimental sets 
was estimated in time-dependent manner after the irradia-
tion.

In each of the experimental sets, the number of cells was 
determined using the dye exclusion test (DET).11) Trypan 
blue exclusion test was performed by mixing 200 μl of cell 
suspension (1 × 105/ml) with an equal volume of 0.3% Try-
pan blue solution (Sigma, St Louis, MO) in PBS. After 5 
minutes of incubation at room temperature, the number of 
cells excluding Trypan blue (unstained) was determined, 
using a Burker Turk hemocytometer to estimate the cell sur-
vival in all experimental sets.

Morphological alterations in surviving fraction of control 
and irradiated K562 cells were followed and documented by 
use of light microscope (100 × magnification level) 
(Olympus BX51), using May-Grünwald Giemsa (MGG) 
cell-staining method. Cells were prepared by centrifugation 
(Shandon cytospin 3, Thermo Fisher Scientific, USA) (800 
rpm, 10 × 103 cells/0.1 ml in each sample chamber). The cel-
lular area of 100 cells in each experimental set was mea-
sured with optical resolution of 6.57 pixels, using Scion 
image software.

Following irradiation, the cells were assayed for viability 
by DET, and then transferred to viscous medium for the col-
ony forming unit quantitative test. The irradiated cells (3.5 
× 103 K562 cells per well) were plated in medium consisting 
of RPMI 1640, 10% FCS in 0.8% methylcellulose (Dow 
Chemical Co.). Colonies were scored following incubation 
at 37°C with 5% CO2 for 10 days. Only those aggregates 
containing more than 50 cells were scored as colonies. The 
K562 cell line formed colonies only in methylcellulose and 
grew in suspension culture in the absence of detectable 
adherence.12)

All enzyme activity analyses were performed in cytosolic 
cell fraction, in supernatant obtained by ultrasonification 
(Soniprep 150 MSE) (10 minutes at 10 000 rpm at 4°C) and 

Fig. 1. Schematic diagram of water soluble fullerene derivative 
fullerenol C60(OH)24.
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kept at –80°C. The enzyme activities of γ-glutamyl trans-
ferase, total superoxide dismutase and glutathione peroxi-
dase were determined by kinetic method.13–15) The enzyme 
activity is expressed as units per 106 of cells.

All the experiments were done in triplicate and enzyme 
analyses in quadruplicate. Results are expressed as mean ±
standard deviation of the mean value (SD). Differences 
among means were tested for statistical significance by stu-
dent’s two-tailed t-test and one-way ANOVA test. Statistical 
significance was set at p < 0.05.

RESULTS AND DISCUSSION

The survival rates of K562 cells, determined by DET 
analysis, showed that the X-ray irradiation (24 Gy), induces 
cell death of 50% of cells, at 24h post-irradiation time (Fig. 
2). Our experiments showed that K562 cell line is sensitive 
to irradiation of 24 Gy. This result is comparable to the 
results showing the double strand damage and massive apo-
ptosis at 24h post-irradiation time.16,17) At 48 h after irradi-
ation, the number of K562 cells was increased, indicating 
that the survived fraction of cells continued to proliferate. 
This effect was more pronounced in fullerenol pre-treated 
cells. The fullerenol applied alone does not induce the cyto-
toxic effects, which is in accordance with other in vitro stud-
ies.18–20)

Cell morphology was estimated by means of computer-
assisted image analysis. In the cellular set exposed to 24 Gy, 
we found morphological changes consisting of significantly 
larger cell size and the appearance of numerous vacuoles 
throughout the cytoplasm, which was absent in control cel-
lular set, as well as in the fullerenol pre-treated irradiated 
K562 cells at 24 h time point (data not shown).

The initiation and execution of cell apoptosis program is 
a key determinant of irradiation response in tumor cells. In 
cell culture studies it is defined as loss of the ability to form 
colonies, due to growth arrest and cell senescence.21) Our 
experiments showed statistically significant decrease in col-
ony forming ability of irradiated cells (data not shown). It is 
interesting to note that the pre-treatment with fullerenol par-
tially prevented this effect in irradiated cells.

The activity of GGT is frequently upregulated as a conse-
quence of an irradiation-induced acute oxidative stress.7) Our 
results showed that the activity of GGT in irradiated K562 
cells was significantly increased, in time-related manner, 
being 4 fold increased at 24 h post-irradiation time, and 2.8 
fold at 48 h post-irradiation time (Fig. 3). The fullerenol pre-
treatment, significantly reduced the levels of GGT in irradi-
ated cells, indicating the important role of fullerenol for 
maintenance of redox homeostasis.18) The activity of GGT is 
increased after the exposure to NO, thus, the ability of 
fullerenol to scavenge NO is in accordance with decreased 
GGT activity in fullerenol pre-treated irradiated cells.5,7)

The increase in SOD activity has been postulated as one 
of the possible mechanisms of radioprotection for hemato-
poetic cells.22) Our data are showing the significant increase 
of total SOD levels in irradiated cells, at 1 hour post-
irradiation time (Fig. 4). More interestingly, we observed 2 
and 3 fold elevated SOD levels at 24 and 48 h time points, 
respectively, in fullerenol pre-treated non-irradiated cells, 
and 2 fold elevated SOD activity in fullerenol pre-treated 
irradiated cells at 24 hours post-irradiation time. These 
results are in accordance with fullerenol ROS scavenging 
activity, observed in both in vivo and in vitro systems.23)

The administration of fullerenol before irradiation 
induced a significant increase in the activities of both SOD 

 *p < 0.05 in comparison with control cells
**p < 0.05 in comparison with 10 μM 24 Gy cells

Fig. 2. Number of K562 cells in different experimental sets: Control: non-irradiated cells; 10 μM: non-
irradiated, fullerenol pre-treated cells; 24 Gy: irradiated cells; 10 μM 24 Gy: irradiated, fullerenol pre-treated cells.
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and GPX. This effect was followed by preserved cell number 
and colony forming capacity in the same experimental set. 
Irradiation effects on cellular redox balance are mediated by 
dramatic depletion of GSH content and consecutive decline 
of SOD and GPX activity, due to ROS generation. Our 
results are comparable with those of the already published 
study, showing an increase of SOD and GPX activity after 
pre-treatment of irradiated skin of experimental animals 
with ascorbic acid, which has been reported to be a good 
ROS scavenger and radioprotective agent.24) We may 

hypothesize that the fullerenol pre-treatment prevented the 
deleterious effects of ROS, directly by increasing the anti-
oxidant enzyme activities of irradiated cells.

Our hypothesis, concerning the possible mechanisms 
responsible for the increased activity of SOD in K562 cells 
pre-treated by fullerenol, may be viewed in light of the pos-
sibility that the NO scavenging - fullerenol activity may pre-
vent superoxide consumption in the reaction of formation of 
peroxynitrite anion, concomitantly increasing the O2

•– con-
centration, and increasing SOD activity as a consequence of 

 *p < 0.05 in comparison with control cells
**p < 0.05 in comparison with 10 μM 24 Gy cells

Fig. 3. Gamma-glutamyltransferase (GGT) enzyme activity (mU/106 cells) in K562 cell line in different 
experimental sets: Control: non-irradiated cells; 10 μM: non-irradiated, fullerenol pre-treated cells; 24 Gy: irra-
diated cells; 10 μM 24 Gy: irradiated, fullerenol pre-treated cells.

 *p < 0 .05 in comparison with control cells
**p < 0.05 in comparison with 10 μM 24 Gy cells

Fig. 4. Total superoxide-dismutase (SOD) enzyme activity (mU/106 cells) in K562 cell line in different exper-
imental sets: Control: non-irradiated cells; 10 μM: non-irradiated, fullerenol pre-treated cells; 24 Gy: irradiated 
cells; 10 μM 24 Gy: irradiated, fullerenol pre-treated cells.
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superoxide excess.
Our results in vivo are showing efficient scavenging of 

NO by fullerenol, further supported by the results of other 
authors showing fullerene derivatives-induced inhibition of 
all three forms of NOS.5, 25)

Nitric oxide (NO) reacts with superoxide (O2
•–) at diffu-

sion controlled rates, competing with endogenous SOD for 
substrate, which is determined by bimolecular rate constants 
(1.9 × 1010 M–1 s–1 and 2 × 109 M–1 s–1 respectively).26) It has 
been shown that micromolar amounts of SOD compete 
effectively with NO for superoxide and that the inhibition of 
nitric oxide synthase (NOS) activity or treating cells with 
NO scavengers may induce SOD activity.27)

Concentration of fullerenol should exceed that of super-
oxide, in order to achieve the effective competition in the 
reaction of the formation of peroxynitrite anion. Superoxide 
cellular concentrations under normal, nonstressed physio-
logical conditions are less then nanomolar.27,28) Therefore, it 
should be necessary to measure the intracellular concentra-
tion of fullerenol, always taking into consideration the cell/
tissue specificities as well as the differences in water solu-
bility or tissue permeability of different fullerene derivatives.

It would be very interesting to carry out further kinetic 
studies in order to prove that by NO scavenging, fullerenol 
may prevent the formation of peroxynitrite anion, a reactive 
and short-lived species that promotes oxidative molecular 
and tissue damage, due to fullerenol effects on decreasing 
the bioavailability of NO, one of the peroxynitrite precursor 
radical species.29)

Further investigation remains to be performed in order to 
support the hypothesis of effective competition of fullerenol 
and superoxide for nitric oxide, consequently enhancing the 
SOD activity due to excess of superoxide. This hypothesis 

of the fullerenol effects, attributed to preventing the interac-
tion of nitric oxide with superoxide, must be interpreted with 
caution and require further investigation.

Glutathione (GSH) acts as a co-factor with the enzyme 
glutathione peroxidase (GPX) to detoxify ROS in irradiated 
cells and tissues.24,30) Therefore, it would be of fundamental 
importance to characterize the substances, which may be 
safely administered as radio-protectors, in order to achieve 
maximal tumor suppression during radio therapy, with min-
imal collateral damage to normal tissues. GPX is the enzyme 
required for reduction of hydrogen peroxide, and its activity 
is reflecting the cellular responses to increased level of ROS.

Fullerenol pre-treatment did not change the control levels 
of GPX activity (1h time point) (Fig. 5). In contrast, the 
levels of GPX at 1h time point were higher in both irradiated 
cellular sets. Following fullerenol pre-treatment and 24 Gy 
irradiation, the GPX level was significantly elevated at 1h 
post-irradiation time, in comparison with other experimental 
sets. This effect of fullerenol pre-treatment in irradiated cells 
may be partially explained by consecutive activation of GPX 
due to SOD increased activity, as well as by substrate accu-
mulation in cell cytosole, which inhibits the GPX enzyme 
active center.31)

The chemistry of oxidative stress has focused upon gen-
eration of hydroxyl radical and superoxide.37) There are 
many contradictory and intriguing data, concerning protec-
tive role of C60 derivatives towards ROS/RNS and irradia-
tion-induced oxidative stress.7,18,25) The growing evidence 
suggests that the fullerenol-induced activity of the enzymes 
involved in cell resistance to oxidative stress, may be con-
sidered as an important mechanism for the maintenance of 
redox balance and cell survival after irradiation, which is not 
restricted only to normal cells, according to our results.

 *p < 0.05 in comparison with control cells
**p < 0.05 in comparison with 10 μM 24 Gy cells

Fig. 5. Glutathione peroxidase (GPX) enzyme activity (mU/106 cells) in K562 cell line in different 
experimental sets: Control: non-irradiated cells; 10 μM: non-irradiated, fullerenol pre-treated cells; 24 Gy: 
irradiated cells; 10 μM 24 Gy: irradiated, fullerenol pre-treated cells.
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Our previously published results are showing that fullere-
nol induces moderate changes in cell cycle distribution, 
DNA synthesis and mitotic activity of K562 cells, indicating 
cytostatic rather then cytotoxic activity of fullerenol.1) Data 
related to genotoxic properties of water soluble fullerenes 
are still insufficient. Our in vitro study on two human breast 
cancer cell lines did not show the significant augmentation 
of sister chromatid exchanges, nor the incidence of micro-
nuclei in fullerenol treated cells compared to control.1)

Therefore, our present data may be discussed in light of our 
previously published results, showing no genotoxic activity 
of fullerenol.

The fullerenole capacity to form clusters in water, with a 
mean size of 100 nm or more, at physiological pH and tem-
perature, may be responsible, in part, for the biological 
effects we observed.33) The aim of our ongoing studies is to 
further support this hypothesis.
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