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ABSTRACT 

Oxidative species has been demonstrated to play a key role in the radiation exposures’ outcomes. To protect tissues from oxidative stress, organisms have evolved major antioxidant defences; when these defences are overwhelmed, oxidant species interact with crucial bio-molecules leading to potentially serious consequences. Thus antioxidant treatments have been investigated to counteract radiation effects, though the results are so far uncertain. Nanoceria particles were already shown to exert outstanding antioxidant effects in vivo acting as well-tolerated anti-age and anti-inflammatory agents, potentially being innovative therapeutic tools. In this study we report the first mechanistic analysis of the potential effects of nanoceria against the detrimental effects of ionizing radiation. Human non-transformed keratinocytes (HaCaT) are irradiated with 0.1; 1; or 5 Gy of X rays in the presence/absence of nanoceria. Production of reactive oxygen species (ROS), chromosomal DSB, micronuclei count, cell cycle, apoptotic index and clonogenicity are assessed in the different experimental conditions. The study is still running; preliminary results are briefly discussed. 

1.0
OVERVIEW 

The increased risk of exposure to ionizing radiation for nuclear emergencies or accidental contamination has highlighted the need to find medically effective radiation countermeasure. 

Recently the role of oxidative stress in the detrimental outcome of ionizing radiation has gained further evidence (1). It is well known that free radicals are generated during cell’s water radiolysis induced by low LET radiations (Figure 1). 
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Fig. 1: Water radiolysis as a main mechanism of DNA damage

The irradiated cells can also transmit genetic damage to the neighbouring, bystander cells or to their progeny (Figure 2). 
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Fig. 2: ROS evoked by X-rays produce secondary damage to irradiated cells but also damage bystander cells

These non-targeted effects may greatly influence the radiation’s outcome and, even if the underlying cellular mechanisms are still to be fully elucidated, a key role of oxidative species has been demonstrated. In particular reactive oxygen species are reported to trigger the occurrence of delayed effects of radiation such as genomic instability and life shortening carcinogenesis (Figure 3). 

Cell viability and functioning require a redox homeostasis; a basal level of oxidation is necessary for correct signalling, whereas too much oxidation induces, at increasing levels, improper signalling, or oxidative stress and damage to macromolecules, organelles and membranes. The intracellular redox environment is determined by aerobic mitochondria metabolism, and is controlled by a sophisticated web of enzymes that produce (oxygenases) or scavenge (superoxide dismutase, catalase, glutathione peroxidase) reactive oxygen species (ROS) and modulates the disulfide status. H2O2 in the presence of redox active metals, can be partially reduced to OH*, a very toxic product, via the Fenton reaction. Typically free radicals are formed in large amounts as by-product of many biochemical processes. To protect tissues, the organisms have evolved major antioxidant defences; when these defences are overwhelmed, oxidant species interact with crucial bio-molecules leading to potentially serious consequences for the cell. Damage to DNA elicits the DNA-damage response (DDR) a complex process aims at DNA repair, or elimination of the damaged cells by apoptosis. This decreases the risk of tumour development: the more stringent the response, the lower the likelihood that damaged cells survive and proliferate. Oxidations mediate DNA damage upon X irradiation, producing double strand breaks to DNA. These lesions can be reduced by antioxidants. But reactive oxygen species (ROS) also modulate the activity of key enzymes, involved in DDR. Accordingly, antioxidant enzymes such as superoxide dismutase act on the mechanisms of DNA repair by favouring survival, in addition to preventing the initial DNA damage (2) (Figure 3).
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Fig. 3: Production and inter-conversion of ROS and antioxidant enzymes

Oxidative stress is at the basis of many human pathologies, due to failure, insufficiency or saturation of antioxidant defences, or to environmental stress. Oxidative stress damages cell structures, causes cell death and tissue malfunction, promoting tissue degeneration. Reactive oxygen species (ROS) also promote cancer, by exerting multiple and unrelated effects. Cancer arises from mutational events, and ROS are known mediators of DNA damage. However, ROS have been shown to interfere also with endogenous defences and the mechanisms of DNA repair, by impairing the complex set of events leading to repair of damaged DNA at multiple steps (2) (Figure 4).
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Fig. 4: Intracellular production of ROS and their effects on human pathology

SOD is a family of proteins that have been intensively studied upon X-rays irradiation of cells, an experimental model system that has become a paradigm.  X-rays induce direct DNA breaks and H2O radiolysis, which promotes ROS, which in turn produce other DNA lesions, increasing the damage. Antioxidants reduce X rays-induced DNA damage. The logical and chronological order of the endpoints analyzed in the studies of the effects of X-rays on irradiated cells include fluorimetric measure of ROS; DNA damage (generally by Comet assay); gamma-H2AX foci; chromosomal miss-repair  (micronuclei assay); arrest in G2 (cell cycle analysis), apoptosis; cell survival (clonogenicity assay).

SOD reduces X-rays produced superoxide and decreases DNA damage. Additionally SOD potentiates the DNA damage response, enhancing H2AX and delaying the G2/M transition favouring cell accumulation in G2. Finally, SOD inhibits apoptosis and increases cell survival, expanding the clonogenic potential of irradiated cells. Overall, SOD decreases X ray-induced damage, potentiates the DNA damage response, and reduces mutation frequency.

Consequentially research programs are being carried out to study the capability of antioxidant treatments to counteract both early and delayed radiation effects. At the ENEA a research program in collaboration with the Dept. of Chemistry of Delhi University, was conducted to test the radio-protective action of different flavonoids proven to be act as antioxidants. We analyzed quercetin, a naturally occurring flavonoid, observing a decreasing of DNA breaks, however quercetin possess genotoxic properties (3) thus its use in human is not feasible; the other natural or synthetic flavonoids tested didn’t show protective action, indeed, some of them, increased the radio-induced genetic damage (unpublished results). 

Previous researches at the “Tor Vergata” University, have explored a novel approach, based on the intrinsic antioxidant properties of cerium oxide nanoparticles (nanoceria). Its redox activity is based on the switch between Ce3+ and Ce4+ oxidation states on the particles surface, conferring the unique ability to react catalytically with superoxides and hydrogen peroxide, the most abundant and noxious oxygen derivatives in living matter, mimicking the action of two key antioxidant enzymes, superoxide dismutase (SOD) and catalase; SOD and catalase mimesis are performed by oxidation of Ce3+ and reduction of Ce4+, respectively. In the simultaneous presence of H2O2 and superoxides in cells, nanoceria cyclically dismutate superoxides (Ce3+ to Ce4+ oxidation) and eliminate H2O2 (Ce4+ to Ce3+ reduction), thus regenerating while scavenging dangerous ROS, with an efficient, long-lasting and self-limiting (intelligent?) antioxidant effect (4). Nanoceria particles were already shown to exert outstanding antioxidant effects in vivo acting as well-tolerated anti-age and anti-inflammatory agents, potentially being innovative therapeutic tools (5). These features are highlighted in Figure 5. 


Fig. 5: Scheme of cerium oxide redox cycle: superoxide are reduced to peroxide while cerium oxide get oxidized from 3+ to 4+ valence (A). In the presence of peroxides, oxidized Ce4+ and H2O2 are both reduced, liberating O2 (B)

Nanotechnology allows constructing and manipulating materials at the nanometer scale, an approach that has led to promising novel developments for a huge variety of different applications, including the field of pharmacology. Ad hoc particles can be built with the desired features, to overcome many of the intrinsic problems of drug efficacy, such as the interaction with the wrong tissues or cells, or the inability to cross biological barriers. This provides exciting new perspectives in drug management, such as the selection of targets, proper mechanisms of cell internalization, controlled time of release of the active molecules, etc. For these reasons, studies on biocompatibility are required to identify possible risks due to the use of materials that have never interacted with the organisms, focusing on possible alterations of cell behaviour or viability, and pharmacokinetic analysis.

Nanoparticles with therapeutic potential can be generically divided into two categories; the first, which has been extensively reviewed, considers nanoparticles where the core is a support to carry the active molecule, and may include additional determinants to perform specific functions, being in fact tailored nanoparticles. The other category considers nanoparticles that may directly act as therapeutic agents, where the material itself performs a biochemical action that can be of use to restore homeostasis in tissues or cells. This latter category, which is recently coming into the attention, is primarily focused at materials able to perform reversible redox reactions, such as metal oxides. Their anti-oxidant effect is very important, since practically any disease, including serious ones such as tumour, neuro-degenerations, immune-deficiencies, etc., involves impaired redox states. In particular, the oxide form of cerium, a member of lanthanides or rare-earth elements, is receiving much attention since early studies showed very attractive features, such as high biocompatibility, and the possibility to regenerate the initial oxidation state performing redox cycling reactions, allowing continuous anti-oxidant effect without requiring serial treatments. Initial biological studies highlight cell protective effects after in vitro irradiations and oxidative damage, and neuro-protective or cardio-protective effects and anti-inflammatory properties after in vivo administration; these beneficial effects are conceivably due to the antioxidant properties of nanoceria, but a clear cause-effect relationship is still to be demonstrated (6). 

The transposition of the results obtained in simple reconstituted systems to the biological systems, however, is not straightforward, due to the molecular complexity of living matter. Moreover, biological barriers, such as cell plasma membrane and intracellular membranes on the one side, and the membranes delimiting specific tissues or organs, such as the blood-brain barrier, the endothelial wall, or the renal membrane, on the other, are selective obstacles for the penetration of molecules, and conceivably of particles, and thus may determine the biological activity of nanoceria in the cells and its fate in the organism, respectively. 

Several in vitro studies have been published, demonstrating reliable effects of ceria nanoparticles on cells in culture. The most direct way of altering cell functions implies internalization of nanoceria. Several confocal and transmission electron microscopy analyses demonstrate unequivocally that nanoceria can enter epithelial cells, in a dose and size-dependent manner, i.e., the smaller the particles, the more likely the uptake. The particles have been found in cytoplasmic vacuoles; it is unclear whether this is a way of cell defence, or a sign of a vesicular mechanism of entry. In fact, the mechanism of entry has not been investigated; epithelial cells possess a (though limited) phagocytic ability, and some authors take for granted that nanoceria might be internalized by phagocytosis. Since several nanoceria powder preparations include particles as small as 3-4 nm, other routes of entry are theoretically possible, and should be considered. In principle, demonstrating that nanoceria exerts clear effects on cells does not necessarily imply particle internalization. Indeed, scavenging of intracellular ROS by extracellular nanoceria might still occur since superoxide and hydrogen peroxide can easily cross membranes (apparently via Cl-channels and Aquaporins, respectively). Moreover, nanoceria adhesion to the membrane exterior might produce disturbances to the membrane architecture (e.g., at the caveolae regions) or mimic specific molecular interactions (i.e., ligand-receptor); this may cause intracellular signalling cascades and produce pleiotropic effects that not necessarily indicate antioxidant mechanisms.

The in vivo studies are based on the supplementation of nanoceria to laboratory animals, and is mostly done by intra-peritoneal or intravenous injection of nanoceria suspensions, independently of the organ/tissue where the potential effects of ceria will be analyzed, i.e., heart, eye, lungs, etc. Since significant effects of nanoceria are reported in the literature following this experimental procedure, in spite of the distance between the injection point and the target organ, this means either that a) nanoceria exerts a systemic effect, ameliorating the body's generic responsiveness to a broad range of insults, or b) nanoceria is delivered to many different target organs after injection, where it then exerts local effects. Though most studies did not assess whether nanoceria was indeed present in the organs that show nanoceria effects, one transmission electron microscopy study did show that nanoceria, injected in mice tail vein, was found 24 h later in distal organs such as kidney or liver (more precisely within the cytoplasm of renal cells and hepatocytes). This demonstrates that nanoceria can travel within the body, and that local effects are possible (7). 

Summarizing, the key role of ROS in the detrimental effects of exposure to X-ray, and the outstanding anti-oxidant effects of nanoceria, suggest a potential beneficial effect of nanoceria against the effects of ionizing radiation on humans. Interesting effects of nanoceria in cells or mice exposed to X-radiation are reported (8), but no information about the underlying involved mechanisms are provided.
We have started the mechanistic analysis (the first to our knowledge) of the potential effects of nanoceria against the detrimental effects of ionizing radiation; we report here the experimental scheme and preliminary results. 

2.0
EXPERIMENTAL SCHEME AND METHODOLOGY

Since nanoceria act as SOD-mimetic material, in our study we follow the paradigm of the experiments that allowed demonstrating the beneficial effects of SOD upon X-rays irradiation on cell cultures, as shown in Figure 5. 
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Fig. 5: experimental scheme

Here follows a brief description of the methodology to utilize for our experiments:

2.1
Preparation of nanoceria

Ceria nanoparticles are suspended in deionized water at the concentration of 10 mg/mL, dispersed with ultrasounds (Branson Ultrasonic Corp., Danbury, CT, USA), and immediately added to the cells. 

2.2
Cells

For this study, experiments are performed on Hacat cells, a non-tumorigenic, spontaneously transformed human keratinocyte cell line selected due to the close similarity to normal keratinocytes. Cells are grown at 37 °C in a 5% CO2 humidified atmosphere in DMEM (4.5 g/liter glucose,10% fetal calf serum, 100,000 units/liter penicillin, 50 mg/liter streptomycin, and 200 mM glutamine). Initial seeding densities or longer growth periods are chosen depending on experimental requirements. Depending on the end point to be studied HaCaT cells are seeded in different types of plastic flasks. 

2.3
Irradiation

Fresh medium with the final concentration of 100 µg/mL of nanoceria is added to the cultures prior to all irradiation, unless indicated otherwise. When 80% conﬂuent, cells are irradiated respectively with 0; 0.1; 1 and 5 Gy of X rays generated by CHF 320 G generator (Gilardoni, Mandello del Lario, LC, Italy) equipped with a Cu filter of 0.5 mm, operating at 250 keV, 5 mA, delivering a dose rate of 0.11 Gy/min.

When not stated otherwise the biological end-points are assessed 24 h after irradiation.

2.4
Biological end-points:

2.4.1
Detection of superoxides. 

Superoxides are assayed using 5 mM dihydroethidium (DHE, excitation 370 nm/emission 420 nm), which is sensitive to oxidation by superoxide. H2DCFDA, DHE and DHR are added directly to the cell samples and incubated at 37 °C in the dark for 20 min; then cells are analyzed by FACSCalibur flow cytometer; 20,000 cells are analyzed for each sample. Data are analyzed with WinMdi 2.9 software; the mean values are used for tables and graphs. 

2.4.2
Cell cycle analysis. 

To obtain cell cycle profiles, cells are centrifuged at 800 rpm, washed with PBS and fixed in methanol/acetone (4:1) at 4°C for 40 min. After the fixation process cells are washed with PBS, treated with RNAse at 200 µg/mL, stained with PI at the final concentration of 50 µg/mL and finally analyzed by FACSCalibur flow cytometer; 20,000 cells for each sample. The data are analyzed by WinMdi 2.9 software to quantify the cell population fraction in every cell cycle phase; the G1/G2 ratio is then calculated.
2.4.3
Genetic damage

2.4.3.1

Comet assay The alkaline Comet assay is be performed using the method established by Collins (9) slightly modified by Giovanetti et al (10). Briefly 20 μm of cells are mixed in 180 μl of 0.7% LMA agarose and immediately pipetted onto a frosted glass microscope slide precoated with a layer of 1% NMA agarose.  Slides are then incubated in the lysis solution and, after rinsing, placed onto a horizontal electrophoresis unit containing the electrophoresis buffer 20 min for unwinding and after for 20 min of the electrophoretic run. After neutralization slides are dehydrated with ethanol series, dried at room temperature and one hundred comets on each slide, analysed by visual scoring. 


2.4.3.2
 
 Micronuclei Cells are plated in the six-well plates 24 h before treatment. After the different treatments, cytochalasin B (5 μg/mL; Sigma) is added to the medium and cultured for 48 h. Then, the medium is removed, and the cells are rinsed with PBS and fixed by Carnoy fixative (methanol/acetic acid, 3:1) for 5 min and then stained with Giemsa solution for 2 to 5 min with gentle shaking. Then, cells are washed with PBS, and the micronuclei are scored under a fluorescent microscope.

2.4.4
Clonogenicity 

For clonogenicity assay cells seeded in 12 well plates are irradiated and, after 1 h, a total number of 150 cells for 1 mL of medium were plated, according to the Puck and Marcus technique (9), in 10 mm diameter Petri dishes (4 of dishes for each experimental point).  Dishes are left for 14 days and then rinsed 3 times with PBS, fixed with cold methanol and stained with 0,5% crystal violet. Only colonies constituted by > 50 cells are counted. The experiment is replicated three times.

2.4.5
Evaluation of apoptosis

Apoptosis is evaluated by quantifying the fraction of apoptotic nuclei by fluorescence microscopy after DNA staining with the cell-permeable specific dye Hoechst 33342, directly added to the cell culture at the final concentration of 10 µg/mL. To evaluate the eventual presence of necrotic cells, cells stained are stained with PI at a final concentration of 5 µg/mL. The fraction of apoptotic nuclei among the total cell population is calculated by counting at the fluorescence microscope at least 300 cells in at least 3 independent randomly selected microscopic fields. Apoptosis is estimated also by quantifying the sub-G1 apoptotic peak in the cell cycle profile.
2.4.6
Statistical analysis 

Data are presented as means ± SD. Statistical evaluation is conducted by a one-way ANOVA, followed by Tukey's Multiple Comparison Test (Homogeneous Variances) using the software SPSS 16.0. Statistical significance is set at p < 0.05..

3.0. SIGNIFICANCE AND PERSPECTIVES

From preliminary experiments, we have evidence that nanoceria strongly protects irradiated cells against immediate damage, to an extent similar to the most potent antioxidants tested. Moreover, nanoceria apparently is able to clear the population of cells surviving X-irradiation from mutation, by impeding survival and propagation of the damaged cells. 

The ideal X-irradiation countermeasures should protect against acute and chronic radiation damage. Since a substantial amount of damage derives from X-rays-induced ROS production, antioxidants are extremely helpful in limiting the immediate damage, preserving cell viability as a consequence, thus behaving as important tools against acute damage. Cells that are damaged but escapes death, may carry DNA mutations, the most dangerous form of chronic damage of radiations, which open the way to tumour transformation. In this scenario, the mere preservation of viability is not a sufficient protection, being in fact a possible mean of maintaining mutated cells alive, thus favouring tumour development. Most antioxidants do not offer protection against this type of damage. 

Nanoceria offers the unique opportunity to combine short and long term protection. If confirmed, this will constitute an unprecedented combination of actions limiting radiation-induced cell damage, but at the same time eliminating the cells that were damaged notwithstanding the protection. This qualifies nanoceria, which has proven to be non-toxic in experimental animals, as a potential revolutionary class of antioxidants that may hopefully open a novel avenue in radiation protection. 
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