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A B S T R A C T

Fullerenol C60(OH)24 nanoparticles (FNP) are promising radioprotectors in prevention of early and late
ionizing radiation injury. The aim of this study was to compare the ef�cacy of FNP and amifostine (AMI) in
protection of rats exposed to whole-body X-ray irradiation (7 or 8 Gy). Both compounds (FNP, 100 mg/kg
ip; AMI, 300 mg/kg ip) were given 30 min before irradiation throughout the study. The general
radioprotective ef�cacy of FNP and AMI were evaluated in rats irradiated with an absolutely lethal dose of
X-rays (8 Gy) and their survival were monitored during the period of 30 days after irradiation. Both
compounds were of comparable ef�cacy. Tissue-protective effects of tested compounds were assessed in
rats irradiated with an sublethal dose of X-rays (7 Gy). For this purpose, the animals were sacri�ced on the
7th and 28th day after irradiation. Their lung, heart, liver, kidney, small intestine and spleen were taken
for histopathological and semiquantitative analysis. Careful examination of established tissue and
vascular alteration revealed better radioprotective effects of FNP compared to those of AMI on the small
intestine, lung and spleen, while AMI had better radioprotective effects than FNP in protection of the
heart, liver and kidney. Results of this study con�rmed high radioprotective ef�cacy of FNP in irradiated
rats that was comparable to that of AMI, a well-known radioprotector.
ã 2016 Published by Elsevier Sp. z o.o. on behalf of Faculty of Health and Social Sciences, University of

South Bohemia in Ceske Budejovice.
Introduction

The acute exposure of living organism to ionizing radiation (IR)
results in an increased rate of genetic mutations, cell death or
tissue disorganisation. These harmful effects of IR are mainly
mediated by free radical formation, such as superoxide (O2

�) and
hydroxyl (OH�) radicals, that damage DNA, cytoplasmic organelles
and endoplasmic reticulum (Hall and Giaccia, 2011; Prasad, 2005).
The successful prevention or treatment of early and late IR effects
ralove, Czech Republic.
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behalf of Faculty of Health and S
depends on antioxidative potential of different radioprotectors and
their ability to react with highly reactive oxygen radical species
(Citrin et al., 2010; Koukourakis, 2012; Kuntic et al., 2013; Mettler
et al., 2011).

Radioprotectors can be of natural or synthetic origin. A variety
of natural radioprotectors, such as ginseng extracts, melatonin,
antioxidant vitamins etc., have limited potential for reducing the
damaging effects of irradiation. On the other hand, the most
prominent synthetic radioprotector AMI, a chemical congener of
known sulfhydryl radioprotectors like cysteamine and cystamine,
has exhibited protective effects in a broad spectrum of normal cells
and tissues subjected to radiation, as well as during antineoplastic
drug therapy (Hall and Giaccia, 2011). AMI is a phosphorothioate
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prodrug that is easily converted into its active thiol form (known
under code name WR-1065) by the activity of alkaline phosphatase
(ALP). WR-1065 easily diffuses into cells and acts as a free-radical
scavenger. Although free-scavenging activity is considered to be
the main mechanism of AMI radioprotective activity, additional
mechanisms of protection have also been reported: tissue hypoxia,
hydrogen donation, condensation of DNA, the liberation of
endogenous non-protein sulfhydryls (mainly glutathione) from
their bond with cells protein, the formation of mixed disulphides in
order to protect normal cells (Giambarresi and Jacobs,1987; Grdina
et al., 2002; Murley et al., 2006; Spencer and Goa, 1995), activation
of manganese superoxide dismutase (MnSOD) and anti-apoptotic
nuclear factor kB (NFkB) (Mihailovic et al., 2009; Utley et al., 1980),
induction of acute-phase proteins (Yuhas, 1980) that can provide
protection against harmful effects of ionizing radiation and many
antineoplastic drugs.

Active form of AMI has been shown to penetrate more rapidly
and to higher extent into normal tissues than into tumor ones. It is
supposed that mechanism of amifostine’s tissue selectivity is
related to the different expression of ALP and blood �ow in tumor
tissues as well as to acidosis of tumors with consequent reduced
concentration of WR-1065 in tumor cells compared to normal ones
(Smoluk et al., 1988; Spencer and Goa, 1995; Utley et al., 1980;
Yuhas, 1980). Because of that, AMI was extensively clinically tested
as a radio � and chemoprotector. In many of these studies AMI was
found to reduce toxicity from radio- and chemotherapy and was
approved for clinical use as radio- and chemoprotective drug
(Dragojevic-Simic and Dobric, 1996; Spencer and Goa, 1995; Zois
et al., 2011). However, AMI produces many adverse effects, some of
which are quite serious (e.g. pronounced hypotension, hypersen-
sitive reactions, nausea and vomiting), which consequently led to
drug withdrawal (Demiral et al., 2002; Rades et al., 2004; Spencer
and Goa, 1995; Vardy et al., 2002). Therefore, search for new radio-
and chemoprotectors has been continuing.

Recently, a new class of compounds, polyhydroxylated deriv-
atives of fullerene C60, called fullerenols (C60(OH)n, n = 2–44), has
attracted attention due to their strong free-radical scavenging
activity (Cavas et al., 2014; Djordjevic et al., 2004; Krokosz et al.,
2014; Mirkov et al., 2004; Yang et al., 2014; Ye et al., 2014). Now,
they are considered to be promising agents in therapy of various
disorders in which oxidative stress plays an important pathogenic
role (Grebowski et al., 2013).

One of the most studied fullerenol is C60(OH)24. It has diameter
around 1 nm with symmetrically arranged hydroxyl groups on the
C60 sphere. Fullerenol is a dark brown amorphous substance,
[(Fig._1)TD$FIG]

Fig. 1. Structure of fullerenol C60(
soluble in water and dimethyl sulfoxide (DMSO). Dissolved in
water it forms polyanionnano aggregates (fullerenol nanoparticles
� FNP) of size mostly between 10 nm and 100 nm (Indeglia et al.,
2014). Several earlier studies showed that fullerenol expressed
radioprotective and chemoprotective activity in both: in vitro
(Bogdanovic et al., 2008; da Rocha et al., 2013; Stankov et al., 2013)
and in vivo (Cai et al., 2010; Injac et al., 2008a, 2008b, 2008c, 2009a,
2009b; Shipelin et al., 2013; Thakral and Thakral, 2013; Trajkovic
et al., 2005, 2007) experimental models. Moreover, it was shown
that fullerenol C60(OH)24 produced radioprotective ef�cacy com-
parable to that of AMI in rats irradiated with lethal dose of X-rays
(Trajkovic et al., 2007).

Having all these results in mind, the aim of this study was to
thoroughly compare the ef�cacy of FNP and AMI in protection of
various tissues in irradiated rats.

Materials and methods

Synthesis of fullerenol C60(OH)24 nanoparticles and amifostine

Polyhydroxylated fullerenol C60(OH)24 (Fig. 1A) was synthesized
starting from polybrominated derivative C60Br24 in alkaline media
by complete substitution of bromine atoms in C60Br24 (Mirkov
et al., 2004). Amifostine (Fig. 1B), in the form of dihydrate, was
synthesized in the Chemical Department of Military Technical
Institute, Belgrade, Serbia, by original procedure based on the
method described by Piper et al. (1969). Both compounds were
dissolved in aqua pro injectione prior to use.

Characterisation of fullerenol C60(OH)24 nanoparticles

Results for distribution and zeta-potential of FNP in aqueous
solution and normal saline enriched with 20% fetal bovine serum
(FBS) were obtained by dynamic light scattering (DLS) using
Zetasizer Nano ZS, Malvern. Morphology and structure of FNP in
water and normal saline with 20% FBS were evaluated using atomic
force microscopy (AFM) and transmission electron microscopy
(TEM). Surface topography and phase images were simultaneously
acquired by standard AFM tapping mode using a commercial SNC
(Solid Nitride Cone) AFM probe (NanoScience-Team Nanotec
GmbH), with the tip radius lower than 10 nm. Highly-orientated
pyrolytic graphite (HOPG) was used as surface. Multimode quadrex
SPM with a NanoscopeIIIa controller (Veeco Instruments, Inc.)
operated under ambient conditions. Samples of FNP in saline for
OH)24 (A) and amifostine (B).
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DLS measurements were tempered in dark at 37 �C. Measurements
were done after: 5 min, 2, 4 and 24 h.

Animals

Experiments were performed on male Wistar rats, 6–8 weeks old
(180–220 g) bred at the Department for Experimental Animals,
Military Medical Academy, Belgrade, Serbia. They were housed in
plastic cages, under standard laboratory conditions (21–22 �C, 12 h
light/dark cycle, 30–70% relative humidity) with commercial food
and tap water ad libitum. The study protocol was approved by
Ethics Committee for Experiments on Animals issued by Military
Medical Academy, Belgrade, Serbia (approved study protocol no.:
282-12/2002).

Radiation

Irradiation procedure was performed as described elsewhere
(Trajkovic et al., 2007). Brie�y, animals were whole-body
irradiated by 8 MeV X-rays at a dose of 7 Gy as well as 8 Gy using
a linear accelerator (SL 75–20, Philips, Germany). For whole-body
irradiation, rats were treated simultaneously in a well-ventilated
Plexiglas box (35 � 35 � 7 cm). Plexiglass sheet 2 cm thick, was
placed on the top of the box, and the distance from the source to
the sheet was 100 cm.

Study of FNP and AMI mean lethal dose (LD50) calculation

For calculating LD50 values of FNP and AMI, mortality of rats given
these compunds were recorded 24 h after their intraperitoneally
(ip) administration in increasing doses. LD50 values were then
calculted by method of Litch�eld and Wilcoxon (1949).
[(Fig_2)TD$FIG]

Fig 2. AFM analysis of FNP in saline after 24 h at 370 �C in the dark. (A) Fullerenol nanopar
Cross-section of fullerenol nanoparticles formed out of particles with following widths: 1
scale image 1200 �1200 nm2. (D) 3D image of FNP on the HOPG surface.
Study of general radioprotective ef�cacy

In the second set of experiments FNP (100 mg/kg) and AMI
(300 mg/kg) were given intraperitoneally (ip) 30 min before
X-irradiation in an absulutely lethal dose of 8 Gy. Control animals
(unprotected ones) were injected by 1 mL/kg ip of physiological
solution also 30 min before irradiation. Experimental groups
consisted of 10 animals each. Survival were monitored during
the period of 30 days after irradiation. Percentage of survival and
mean lethal time (LT50) of both irradiated and previously treated
animals were calculated (Litch�eld and Wilcoxon, 1949).

Light microscopy study

In order to thoroughly evaluate protective effects of FNP on several
tissues and compare it with amifostine second part of the
experiment was carried out on rats irradiated with a sublethal
dose of 7 Gy. FNP was given in a dose of 100 mg/kg ip, AMF in a dose
of 300 mg/kg ip, both 30 min before irradiation. Experimental
groups consisted of 6 animals each. Animals were sacri�ced on day
7 and 28 after irradiation. At necropsy, the dissected organs (heart,
lung, small intestine, spleen, liver, and kidneys) were carefully
spread over a metal tray coated with wax and �xed with 10%
neutral buffered formalin solution. Five to seven days after �xation
all tissues were divided into 6 portions in order to be prepared for
making sections. After process of �xation, all tissue samples were
dehydrated in graded alcohol (100%, 96% and 70%), xylol and
embedded in paraf�n blocks. Finally, 2-mm-thick paraf�n sections
were stained by Haematoxylin and Eosin (H&E) method. From each
specimens, whole visual �elds magni�ed by 20 x were analyzed by
using light microscope according to the 5-point semiquantitative
scale, i.e. tissue damage score for degenerative and vascular
changes as described previously (Trajkovic et al., 2007).
ticle of 95 nm formed of several smaller nanoparticles of radius within 16–42 nm. (B)
9 nm, 39 nm, 31 nm, and heights: 3.5 nm, 5.5 nm and 3.9 nm, respectively. (C) Large-
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around DNA. These facts explain higher protective potential of AMI
compared with that of neutral or positive charged thiols. On the
other hand, several lines of evidence suggest that AMI is
presumably modi�ed by membrane-bound alkaline phosphatase
which is highly expressed in the endothelium and transferred into
WR-1065, which then, quickly penetrates into cells, and acts as
free-radical scavenger protecting cells from oxidative damage
(Giambarresi and Jacobs, 1987). Besides, marked elevation of the
expression of antioxidant enzyme MnSOD gene in human
microvascular endothelial cells following their exposure to a
WR-1065 can result in elevated resistance to the cytotoxic effects
of ionizing radiation. Namely, MnSOD is nuclear-encoded mito-
chondrial enzyme that scavenges O2

�� in mitochondrial matrix,
and has been shown to be highly protective against radiation-
induced ROS (Babbar and Casero, 2006; Spencer and Goa, 1995).
According to Kuntic et al. (2013), after ionizing radiation, ROS by
inducing lipid peroxidation produce cytotoxic aldehydes resulting
in in�ammatory reactions. This eventually leads to increased
synthesis of cytokines, in�ltration of mononuclear cells and
cellular death (Jamalludin et al., 2007; Zabbarova and Kanai,
2008). In accordance with this, in our experiment the presence of
mononuclear cells and �broblasts was decreased in AMI-protected
rats, while necrotic cells in the heart, liver and kidney were rare
compared with IR-only treated group.

Conclusion

Our results have indicated that FNP (100 mg/kg) expressed better
radioprotection of the small intestine, lung and spleen, while these
effects of AMI (300 mg/kg) were more prominent in the heart, liver
and kidney. FNP examined in this model by comparing with AMI,
potent cytoprotector with antiin�amatory effects, is potentially a
valuable candidate for further investigation as an agent for the
prevention and/or treatment of various disorders associated with
in�ammation.
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