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Abstract

:

The radiation protection strategy with chemical agents has long been based on an antioxidative approach consisting in reducing the number of radical oxygen and nitrogen species responsible for the formation of the radiation-induced (RI) DNA damage, notably the DNA double-strand breaks (DSB), whose subset participates in the RI lethal effect as unrepairable damage. Conversely, a DSB repair-stimulating strategy that may be called the “pro-episkevic” approach (from the ancient Greek episkeve, meaning repair) can be proposed. The pro-episkevic approach directly derives from a mechanistic model based on the RI nucleoshuttling of the ATM protein (RIANS) and contributes to increase the number of DSB managed by NHEJ, the most predominant DSB repair and signaling pathway in mammalians. Here, three radioresistant and three radiosensitive human fibroblast cell lines were pretreated with antioxidative agents (N-acetylcysteine or amifostine) or to two pro-episkevic agents (zoledronate or pravastatin or both (ZOPRA)) before X-ray irradiation. The fate of the RI DSB was analyzed by using γH2AX and pATM immunofluorescence. While amifostine pretreatment appeared to be the most efficient antioxidative process, ZOPRA shows the most powerful radiation protection, suggesting that the pro-episkevic strategy may be an alternative to the antioxidative one. Additional investigations are needed to develop some new drugs that may elicit both antioxidative and pro-episkevic properties and to quantify the radiation protection action of both types of drugs applied concomitantly.
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1. Introduction


Exposure to ionizing radiation (IR) causes a large spectrum of DNA damage and cellular deaths and affects individuals by increasing risks of radiation-induced (RI) tissue/organ injuries (radiosensitivity), cancers (radiosusceptibility) and/or aging (radiodegeneration) [1]. Since the first studies initiated in 1942 by the scientists of the Manhattan Project at Walter Reed General Hospital (Washington, DC, USA) and by Antoine Lacassagne at Institut Curie (Paris, France), radiobiologists have endeavored to develop chemical countermeasures aiming to protect DNA, cells, tissues and individuals from the clinical consequences of exposure to IR [2,3,4,5,6,7]. In the field of radiation protection, specific terms are currently used to describe the different radioprotective agents, whether they are administered before (prophylactic drugs), during or after (mitigation drugs) irradiation [2]. The radioprotective agents should be efficient in different scenarios, such as after accidental, military, occupational and clinical exposures to IR (Figure 1):




	-

	
High-intensity warfare has recently emerged as a reality in Europe: Old cold war challenges are currently largely under review, among which the place of radioprotector countermeasures should usefully be revisited. Military operations under radiological/nuclear threat (even limited to tactical level) could result in numerous cases of acute radiation syndrome. Targeting fallout may be more realistic and could offer opportunities for innovative radioprotectors use. As an example, nuclear power plant security during military operations has been a concern for some years in NATO strategy, and recent operations in Ukraine (Tchernobyl area and Zaporizhia power plant) clearly illustrate some of these various scenarios. In such context, maintaining the freedom of action of forces may result in deliberate or accidental limited irradiation of soldiers up to 750 mGy [8].




	-

	
Space radiation represents the most hazardous factor of space exploration [9]. For the astronauts in their spacecraft, exposure to space radiation can be summarized as a continuous low dose rate of X- and gamma-rays (the “bath of radiation”) and a flux of low-energy particles emitted from the metallic shielding [9]. Hence, specific radiation protection countermeasures are needed to protect astronauts.




	-

	
Radioprotective agents are useful in the medical context, notably in anticancer radiotherapy (RT) to specifically protect healthy tissues surrounding the tumor [2,3,10,11]. There has been a plethora of RT trials involving radioprotectors, generally sulfhydryl compounds and other antioxidants. Analogs of cysteine, notably cysteamine, and glutathione were applied to irradiated animals and then cancer patients; the development of new thiol-containing agents was a major axis of research in this field [12,13,14,15,16]. More than 4000 candidate compounds were tested in the Walter Reed Army Research Center (USA) [7]. Among them, WR2721 (ethyol and amifostine) appeared to be the most efficient radioprotective drug in RT. Amifostine was notably shown to reduce IR-induced esophagitis, mucositis, lung inflammation and cisplatin-related nephrotoxicity. Despite some side effects, the application of amifostine during RT generally permits to achieve high rates of complete response [17,18,19,20,21,22,23]. Since 1999, the use of amifostine in RT is permitted by the US Federal Drug Agency agreement to reduce xerostomia in patients undergoing postoperative RT for head and neck cancer [21].









In addition to amifostine, a number of antioxidants such as glutathione, vitamin E, selenium or N-acetylcysteine (NAC) have been used concomitantly with chemo- and radiotherapy [2,3,24]. Among the antioxidants, NAC is one of the most extensively used and provides the advantage of a low cost and the absence of toxicity. The major action of NAC is the increase in glutathione levels, which facilitates the prevention against the pathologies linked to free radicals and reactive species [25]. Mainly supported by experiments on exposed rats, first RT trials with NAC have revealed a significant heart and lung protection [26,27]. However, whatever the antioxidants tested, the experimental protocols are so various that a very small minority of trials involved the same drug, which does not permit to conclude a real benefit of any antioxidative drug during anticancer RT, and reciprocally, it does not facilitate reliable intercomparisons between the different antioxidants [2,3] (Figure 1).



To date, the great majority of the studies about radioprotectors follow the same antioxidative approach, based on the reduction in the ROS levels that produce RI DNA damage. Consistently, this approach results in decreasing the number of DNA breaks, notably that of DNA double-strand breaks (DSB), the key damage of the cell killing [28,29]. An alternative approach would consist rather in stimulating DSB repair than reducing the number of the RI DSB. Such a strategy has been named the pro-episkevic approach (from the ancient Greek επισκευε (episkeve), meaning “repair”). This term was first mentioned in the PhD thesis dissertation of M.L.F presented in 2017 at the University of Lyon, France [30]. The pro-episkevic approach has been mainly documented in the frame of the RI nucleoshuttling of the ATM protein (RIANS) model [31,32,33,34]. The ATM protein is a major actor in the individual response to IR and DNA-breaking agents. The RIANS model is based on the following molecular steps of the stress response of quiescent cells: (1) RI oxidative stress results in both induction of DSB in nucleus and monomerization of the cytoplasmic ATM dimers; (2) the resulting ATM monomers diffuse from cytoplasm to nucleus; (3) the ATM monomers phosphorylate H2AX histones, which produces nuclear γH2AX foci at the DSB sites (easily visible and quantifiable by immunofluorescence) and contribute to the recognition of DSB by the nonhomologous end-joining (NHEJ) pathway, predominant in human quiescent cells [35,36,37]; (4) a complete DSB repair produces the trans-autophosphorylation of ATM proteins (pATM) that forms ATM dimers in nucleus, reflected by pATM foci at the DSB sites, again easily visible and quantifiable by immunofluorescence [34,36,38,39]. A delayed RIANS may be caused by an overexpression of some ATM phosphorylation substrate proteins (called X-proteins) in cytoplasm. The cytoplasmic X-proteins sequestrate the ATM monomers. As a consequence, either the unrecognized DSB remain unrepaired and participate in cell death, or else, they are misrepaired by error-prone recombination-like pathways and participate in cell transformation and cancer [34,36,38,39]. A combination of statins and bisphosphonates was shown to accelerate the RIANS by increasing the permeability of the nuclear membranes to the ATM monomers and to provide various levels of radioprotection according the genetic syndromes tested [31,32,33,34,40,41] (Figure 1).



Recently, from 200 human fibroblast cell lines showing a large spectrum of radiosensitivity, we provided clues that some quantitative correlations exist between the cellular radiosensitivity of quiescent human cells and γH2AX and pATM biomarkers [42]. Other biomarkers such as DNA-PK foci, Ku expression, or cell-free plasmid end-joining assays were not chosen because of potential technical artifacts, low dose dependence and difficulties to extrapolate data to in vivo experiments, respectively [1,42,43]. Hence, here, by using the number of γH2AX and pATM foci as endpoints, the antioxidative approach (with NAC and amifostine, the most documented antioxidative drugs) and the pro-episkevic approach (with statins and bisphosphonates, the most documented pro-episkevic drugs) were compared with three radioresistant and three radiosensitive human quiescent fibroblasts, pretreated with drug concentrations already tested in the literature and exposed to IR. Our major goal is to better understand the molecular features of the radioprotection process by quantifying the reduction of the molecular effect induced by a reference IR dose (here, 2 Gy X-rays, mimicking a standard RT session) after a 24 h drug pretreatment.




2. Materials and Methods


2.1. Cell Lines


All the skin fibroblasts tested were untransformed to avoid any bias linked to genomic stability in the plateau phase of growth (95–99% in G0/G1) to overcome any cell cycle and homologous recombination effects. Skin fibroblasts were routinely cultured at 37 °C in 5% CO2 humid conditions as monolayers with Dulbecco’s modified Eagle’s minimum medium (DMEM) (Gibco-Invitrogen-France, Cergy-Pontoise, France), supplemented with 20% fetal calf serum, penicillin and streptomycin. The origin and the radiobiological features of the RIANS-normal radioresistant AG1521, 1BR3 and 149BR controls are published elsewhere [39,44,45]. The radiosensitive RIANS-delayed 09CLB, 11CLB and 15CLB fibroblasts were provided from skin biopsy from donors who show adverse tissue reaction after anticancer RT. These cell lines belong to the “COPERNIC” collection managed by our lab and approved by the regional Ethical Committee. The COPERNIC cell lines were declared under the numbers DC2008-585, DC2011-1437 and DC2021-3957 to the Ministry of Research. The radiobiological database was protected under the reference as IDDN.FR.001.510017.000.D.P.2014.000.10300 [39]. The surviving 2 Gy (SF2) of the cell lines used in this study is assessed and published elsewhere [42]. Briefly, while the SF2 of the radioresistant AG1521, 1BR3 and 149BR controls ranged between 60 and 65%, the SF2 of 09CLB, 11CLB and 15CLB fibroblast cell lines were found to be 35 ± 5, 42 ± 8 and 37 ± 4%, respectively. It is noteworthy that 09CLB, 11CLB and 15CLB donors suffered from severity grades 4, 3 and 4 tissue post RT reaction [39,42].




2.2. Radioprotective Drugs


With regard to the antioxidative drugs, N-acetyl-L-cysteine (NAC) and amifostine (2-(3-Aminopropyl)aminoethyl phosphorothioate, WR2721, Ethyol) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France; #9165 and #A5922, respectively). Cells were incubated with these two last drugs separately for 24 h at 37 °C at 10–300 mM NAC or at 24–96 mM for amifostine. The choice of these drug concentrations was motivated by preliminary experiments based on the assessment of γH2AX foci when drug was applied alone to radioresistant fibroblasts. All the conditions leading to the production of more than 2 γH2AX foci per cell were excluded. With regard to the pro-episkevic drugs, cells were incubated with either 1 µM pravastatin (#P4498, Sigma-Aldrich) for 24 h at 37 °C alone or 1 µM zoledronate (#SML0223, Sigma-Aldrich) for 12 h at 37 °C alone (to permit intercomparisons) or together (ZOPRA treatment) [46]. The choice of these drug concentrations was notably motivated by our previous data published in [46].




2.3. X-ray Irradiations


Irradiations were performed with a 6 MeV X-ray medical irradiator (SL 15 Philips) (dose rate: 6 Gy.min−1) at the anticancer Center Léon-Bérard (Lyon, France) [39,45]. In all the experiments, a dose of 2 Gy was applied. It is noteworthy that 2 Gy X-rays represent a reference dose equivalent to a session of a standard anticancer RT.




2.4. Immunofluorescence


The immunofluorescence protocol was described elsewhere [47,48]. Briefly, cells were fixed in paraformaldehyde for 10 min at room temperature and were permeabilized in 0.5% Triton X-100 solution for 5 min at 4 °C. Primary and secondary antibody incubations were performed for 40 and 20 min at 37 °C, respectively. Anti-γH2AXser139 antibody (#05636; Upstate Biotechnology-Euromedex, Mundolsheim, France) was used at 1:800. The monoclonal anti-mouse anti-pATMser1981 (#ab2888) from Abcam (Cambridge, UK) was used at 1:100. Incubations with anti-mouse fluorescein (FITC) and rhodamine (TRITC) secondary antibodies were performed at 1:100 at 37 °C for 20 min. Slides were mounted in 4′,6′ Diamidino-2-Phenyl-indole (DAPI)-stained Vectashield (Abcys, Paris, France), and foci were examined with Olympus fluorescence microscope. The foci scoring procedure applied here received the certification agreement of CE mark and ISO-13485 quality management system norms. Our foci scoring procedure also developed some features that are protected in the frame of the Soleau Envelop and patents (FR3017625 A1, FR3045071 A1, EP3108252 A1) [48]. More than 50 nuclei were analyzed per experiment and at least 3 independent replicates were performed for each condition [39]. It is noteworthy that γH2AX foci reveal only the presence of DSB recognized by the NHEJ pathway: vis-à-vis the DSB induced “physically” by IR, the proportion of DSB recognized by NHEJ is maximal in radioresistant cells, while the number of γH2AX foci may be lower than the total number of DSB induced in radiosensitive cells, notably in those eliciting a delayed RIANS [38,39,42].




2.5. Statistical Analysis


Statistical significance between data points was verified with the one-way ANOVA test. Statistical analysis was performed by using Kaleidagraph v4 (Synergy Software, Reading, PA, USA).





3. Results


3.1. Radioprotective Effect of the Antioxidative N-Acetylcysteine (NAC)


Before irradiation, while NAC did not significantly impact the number of spontaneous γH2AX foci in radioresistant controls below 150 mM, the NAC pretreatment decreased the number of γH2AX foci in all the radiosensitive fibroblasts tested (p < 0.001, p < 0.01 and p < 0.05 for the 09CLB, 11CLB and 15 CLB fibroblasts, respectively) (Figure 2A). Interestingly, the effect of NAC on radiosensitive cells fitted well with a sigmoidal curve (all the correlation coefficients’ r were found higher than 0.8) that converged to an average minimal value of 0.3 ± 0.1 γH2AX foci per cell (0.1 ± 0.1 γH2AX foci per cell for the radioresistant controls, p < 0.05). These findings suggest that millimolar concentrations of NAC may decrease the number of spontaneous DSB (Figure 2A).



When the number of γH2AX foci was assessed 10 min post irradiation, the untreated radioresistant controls showed an average of 79.5 ± 1.5 γH2AX foci per cell, in agreement with the literature data and with a DSB induction rate of 37 ± 4 γH2AX foci per Gy per cell (p > 0.8) [45] (Figure 2B). After NAC pretreatment, the number of γH2AX foci assessed 10 min post irradiation was shown to decrease significantly by obeying a sigmoidal function of the NAC concentration in all the radioresistant controls. In these cases, all the correlation coefficients’ r were found higher than 0.9, and the lowest average value corresponded to 50.3 ± 1.5 γH2AX foci. The radiosensitive fibroblasts showed a significantly lower number of γH2AX foci without NAC pretreatment than radioresistant controls (p < 0.01), according to previous data [39]. The NAC pretreatment led to decrease the number of γH2AX foci assessed 10 min post irradiation, suggesting that millimolar concentration of NAC may significantly decrease the number of DSB induced by IR and recognized by NHEJ. However, the lowest average number of γH2AX foci reached with radiosensitive cells was not found significantly different from that reached by radioresistant controls (p > 0.1) (Figure 2B).



Finally, the number of γH2AX foci assessed 24 h post irradiation was examined. As previously reported, the numbers of γH2AX foci assessed 24 h post irradiation were found not significantly different from zero in the untreated radioresistant controls (p > 0.5) (Figure 2C). The NAC pretreatment did not significantly change these values (p > 0.3). Interestingly, this last conclusion was also reached with the 09CLB and 15CLB radiosensitive fibroblasts (p > 0.3), even if the γH2AX foci values were significantly higher than those found with the radioresistant controls (p < 0.01). In the radiosensitive 11CLB fibroblasts, the NAC pretreatment was found to decrease significantly the number of γH2AX foci assessed 24 h post irradiation (p < 0.01) (Figure 2C). Altogether, these data suggest that the NAC pretreatment may produce a significant radioprotective effect on spontaneous DSB, as well as on a subset of recognized DSB (Figure 2).




3.2. Radioprotective Effect of the Antioxidative Amifostine (Ethyol)


Fibroblasts were pretreated to 24–96 mM amifostine for 24 h and irradiated thereafter. Despite a systematic decrease with concentration, the amifostine pretreatment did not significantly impact the number of spontaneous γH2AX foci in the radioresistant controls (p > 0.2) (Figure 3A). Conversely, in the radiosensitive fibroblasts, the amifostine pretreatment resulted in a significant decrease in the number of spontaneous γH2AX foci that obeyed a decreasing exponential function of the amifostine concentration for the 09CLB cells (r = 0.9) and a sigmoidal function for the two other radiosensitive cell lines tested (r = 0.8) for both. These findings suggest that millimolar concentrations of amifostine may decrease the number of spontaneous DSB recognized by NHEJ in radiosensitive cells (Figure 3A).



The number of γH2AX foci assessed 10 min post irradiation was shown to decrease significantly by obeying a sigmoidal function of the amifostine concentration in all the fibroblasts tested (all the correlation coefficients’ r were found higher than 0.8) (Figure 3B). The lowest γH2AX foci reached 96 mM amifostine and corresponded to an average of 26 ± 0.5 and 28 ± 2 γH2AX foci per cell for the radioresistant and radiosensitive cells, respectively (p > 0.4). Interestingly, this value was found significantly lower than that obtained with the NAC pretreatment (p < 0.001). These findings support that amifostine results in significantly decreasing the number of DSB induced by IR and recognized by NHEJ (Figure 3B).



Lastly, the amifostine pretreatment did not significantly change the number of γH2AX foci assessed 24 h post irradiation in the radioresistant controls (p > 0.5) (Figure 3C). Conversely, the amifostine pretreatment led to a significant decrease in the number of γH2AX foci in the 09CLB and 15CLB radiosensitive cell lines (p < 0.04) from 26 mM and in the 11CLB cell lines (p < 0.05) at 96 mM amifostine (Figure 3C). In these conditions, the action of amifostine was found more efficient for the three radiosensitive cell lines tested than with NAC (p < 0.03). Altogether, these data suggest that amifostine pretreatment provides a radioprotective effect on spontaneous DSB, a reduction in the number of DSB recognized by NHEJ in a larger extent than with NAC pretreatment and a significant reduction in the remaining unrepaired DSB (Figure 3).




3.3. Radioprotective Effect of the Pro-Episkevic Drugs Zoledronate and Pravastatin


The findings described above showed that the pretreatment with NAC or amifostine antioxidative agents consisted in decreasing the number of γH2AX foci, likely because they contribute to reduce the ROS and therefore the number of DSB induced by IR in general. Such reduction is likely to be performed chemically, i.e., independently of any DSB repair and signaling pathway recognizing the DSB induced by IR. Conversely, pro-episkevic drugs such as zoledronate and pravastatin accelerate the RIANS and therefore increase the number of DSB recognized by NHEJ [34]. Hence, as far as the γH2AX foci reflect the DSB managed by NHEJ, we can expect an increase in the number of DSB recognized by NHEJ (i.e., early γH2AX foci), while the number of DSB “physically” induced by IR should remain constant.



The fibroblasts were pretreated to zoledronate and pravastatin separately, as well as with the combination of both drugs (ZOPRA). In the radioresistant controls pretreated with zoledronate and pravastatin separately or concomitantly, the number of γH2AX foci assessed before irradiation was found to be significantly lower than that observed in the non-pre-treated cells (p < 0.03) (Figure 4A). The same value was reached whether cells were pretreated with zoledronate or pravastatin, taken separately or with ZOPRA (p > 0.8). The extent of such a decrease is the same as that found with the pretreatment with amifostine (p > 0.1). In radiosensitive cells, the picture changed, since more DSB recognized by NHEJ are expected: 0.5 ± 0.1 γH2AX foci vs. 0.3 ± 0.1 γH2AX foci per cell were found on average with the pro-episkevic drugs and the antioxidative drugs, respectively (p < 0.01). Altogether, these data suggest that zoledronate, pravastatin and ZOPRA may significantly reduce the number of spontaneous DSB but not to the same extent as antioxidative agents such as NAC or amifostine (Figure 4A).



In the radioresistant controls, the pretreatment of cells with zoledronate and pravastatin, separately and ZOPRA, has no significant effect on the number of γH2AX foci assessed 10 min post irradiation (p > 0.8), in agreement with the hypothesis that all the RI DSB are recognized by NHEJ in radioresistant cells (Figure 4B). Conversely, in the radiosensitive fibroblasts, the number of γH2AX foci assessed 10 min post irradiation increased with the pro-episkevic drugs pretreatment (by comparison with the untreated conditions), but this tendency was not significant (p < 0.08). The ZOPRA combination provided the largest increase by reaching the values of the radioresistant controls for the 09CLB and 11CLB cell lines. Such a tendency was drastically different from the reduction in the number of γH2AX foci assessed 10 min post irradiation observed with antioxidative agents, (p > 0.5 with NAC and p > 0.8 with amifostine). These findings suggested that the pro-episkevic drugs increase the number of DSB recognized by NHEJ among the DSB physically induced by IR, while the antioxidative drugs decrease the number of all the DSB physically induced by IR (Figure 4B).



By comparing it with data from untreated cells, the number of γH2AX foci assessed 24 h post irradiation in radioresistant controls did not change when pretreated with the pro-episkevic drugs, whether the drugs were applied separately or concomitantly (p > 0.8). By contrast, in radiosensitive cells, the number of γH2AX foci assessed 24 h post irradiation decreased significantly with pro-episkevic drugs (p < 0.03 with NAC and p < 0.04 with amifostine) and reached its lowest values with ZOPRA pretreatment (Figure 4C).



To better illustrate such differences, the percentage of γH2AX foci remaining at 24 h post irradiation was calculated by dividing the number of γH2AX foci assessed 24 h post irradiation by the number of γH2AX foci assessed 10 min post irradiation. The resulting percentage was found to be the lowest with the ZOPRA pretreatment and the highest with the antioxidative drugs. Considering such percentage resulted in increasing the differences between ZOPRA on one hand and NAC and amifostine on the other hand (p < 0.001). These findings suggested that, even if NAC and amifostine may reduce the DSB physically induced by IR, they do not reduce the severity of the DSB remaining (Figure 5). Let us recall again that γH2AX foci represent the DSB recognized by the ATM-dependent NHEJ pathway [34], that the pro-episkevic drugs act on the NHEJ pathway specifically and that the antioxidative agents act on all the DSB, whatever the pathway involved.




3.4. Influence of the ATM Protein in the Antioxidative and Pro-Episkevic Approaches


In the frame of the RIANS model, the cytoplasmic ATM monomers diffuse to the nucleus and contribute to the recognition of DSB via NHEJ by phosphorylating H2AX molecules at the DSB sites [34]. Once the recognition and DSB repair steps are completed, the ATM monomers reassociate via a trans-autophosphorylation responsible of the formation of pATM foci [38,39]. We therefore examined the different action of the antioxidative NAC and amifostine and the pro-episkevic ZOPRA pretreatments by using pATM immunofluorescence. No spontaneous pATM focus was observed, whatever the conditions (data not shown). By contrast, the number of pATM foci assessed 10 min post irradiation reached similar conclusions as that with γH2AX foci, with the lowest values obtained with the pretreatment with the antioxidative drugs and the highest values with the pretreatment with ZOPRA (Figure 6A). The 24 h data reached similar conclusions as those reached with γH2AX data, with a nearly complete absence of pATM foci in ZOPRA pretreated cells (p < 0.001 by comparison with untreated conditions) and lower reduction with NAC and amifostine pretreatment (p < 0.04 by comparison with untreated conditions) (Figure 6B).




3.5. Review of the Radioprotective Action of the Pro-Episkevic ZOPRA Combinations


Since 2008, our research group has endeavored to document the major radiobiological features of genetic syndromes associated with radiosensitivity [43]. For the first time, by focusing on the pATM data only, we gathered the data involving ZOPRA pretreatment in 10 diseases, namely Usher’s syndrome (USH) [41], PROS syndrome (PROS) [49], McCune-Albright syndrome (MAC) [33], retinoblastoma (RB) [50], Tuberous Sclerosis Complex syndrome (TSC) [32], Huntington Disease (HD) [40], Xeroderma Pigmentosum D (XPD) [48], Neurofibromatosis 1 (NF1) [31], LIG4 syndrome (LIG4) [51] and ataxia telangiectasia (AT) [52]. When the numbers of pATM foci assessed at 10 min post irradiation with and without ZOPRA pretreatment were plotted together, a sigmoidal function appeared, indicating that there is no significant ZOPRA protective effect for cells eliciting fewer than 10 pATM foci per cell, such as the two ATM-mutated hyper-radiosensitive cell lines (Figure 7). Furthermore, for fibroblasts showing more than 10 but fewer than 25 pATM foci at 10 min post irradiation, the ZOPRA protective effect was found proportional to the number of pATM foci (Figure 7). From 30 pATM up to the maximal 40 pATM foci values, the ZOPRA protective effect reached a plateau (p > 0.8) (Figure 7). The sigmoidal function indicated that the maximal ZOPRA effect can add 15 additional recognized DSB to a number of 20 DSB already managed by NHEJ, which corresponds to a relative increase of 75%. Altogether, these findings suggest that ZOPRA cannot correct, on one hand, the hyper-radiosensitive cells with no or nearly absent nuclear ATM kinase activity, and on the other hand, the hyper-radiosensitive LIG4-mutated cells and radioresistant controls that all show a normal ATM kinase activity. Such data therefore support that the ZOPRA pretreatment is particularly adapted to correct moderate but significant radiosensitivity. Additional investigations are needed to identify more efficient pro-episkevic drugs and to ask whatever the combination of antioxidative and pro-episkevic agents may lead to an enhanced protection against IR.





4. Discussion


4.1. Documented Evidence That NAC and Amifostine May Act as Radioprotectors


An exposure to IR triggers the formation of a large spectrum of reactive oxygen and nitrogen species [53]. The natural antioxidative agents produced in cells are mostly related to glutathione (GSH) [54]. However, at high IR dose, the levels of endogenous RI-induced GSH molecules may be not sufficient to provide a significant radioprotective effect: exogenous thiols are required. A plethora of antioxidative thiol compounds have been developed to serve as countermeasures of IR-induced toxicity. Among them, NAC and amifostine appear as the most efficient radioprotectors [2]. NAC has been recommended as mucolytic and against acetaminophen overdose [55,56]. The great majority of radiobiological studies with NAC have been conducted with rats [2,3,24]. However, its radioprotective effect has also been documented in RT trials, notably in non-small-cell lung cancers [27]. For example, the pretreatment with NAC was shown to improve anastomoses and wound healing, to decrease post-irradiation toxicity and show anti-inflammatory effects in the liver, gastrointestinal tract, cochlea, bones and skin [55,56]. NAC has the double advantage of being cheap and to present few side effects. Historically, NAC is one of the simplest molecules proposed in the group of cysteine-containing agents. However, in the present study, the radioprotective effect of NAC was found to be lower than amifostine, the most extensively used radioprotector [2]. The actions of these two drugs have often been compared [24,57,58]. NAC may have two concomitant actions: (1) A reduction effect through which the free SH-groups of NAC break the disulfur R-S-S-R’ bridges of different proteins. As indicated above, such hydrolysis is exploited in gastric mucus to provide mucolytic properties [59]. (2) A cysteine production effect through which the deacetylation of NAC produces cysteine required for GSH production [60]. Conversely, amifostine is transformed to an active thiol when dephosphorylated by alkaline phosphatases, which is very abundant in the cellular membranes, to provide an SH group. Its two amine functions and SH permit a high power of chelation of ions, including Ca2+ ions, particularly produced after exposure to IR [61]. These various action modes of NAC and amifostine may explain some discrepancies in their radioprotective effect, likely due to tissue specificities and differences in experimental protocols. For example, by using clonogenic cell surviving fraction and yields of γH2AX foci as endpoints, Kataoka et al. (2007) systematically showed that amifostine was a better radioprotector than NAC in a human endothelial cell line [58]. Conversely, NAC was reported to be a better cytoprotective drug than amifostine in methotrexate-treated hepatic rat tissues [62]. Seker et al. did not find differences between the two drugs in RT-induced uterine tissue injuries in rats [63]. Despite such discrepancies, amifostine remains the only radioprotective agent approved in RT by FDA [2]. In this study, the pretreatment with 96 mM amifostine was found to be more efficient to protect cells against IR injuries than the most efficient concentration of NAC. It is also important to mention that amifostine (WR2721) is the thiophosphate prodrug of an active thiol form (WR1065) that is usually applied in culture medium at lower concentrations and that shows a radioprotective effect earlier than amifostine [2,64]. However, we deliberately chose to apply the drug recommended by the FDA as a 24 h pretreatment, as with the other drugs tested here, to facilitate intercomparisons.



Finally, with regard to the concentrations used, while it must be stressed that the drug concentrations used in ZOPRA treatment correspond to the posology applied in standard antiosteoporosis and anticholesterolemiant treatments [46], the question of translation to clinical use is more complex with regard to antioxidative drugs, even if the concentrations applied here have been extensively used in the literature and even if they currently present few side effects [2].




4.2. Documented Evidence That Statins and Bisphosphonates May Act as Radioprotectors


Pravastatin is currently used as countermeasure of hypercholesterolemia and has showed anti-inflammatory properties associated with the inhibition of Rho and Rho-associated kinases involved in a number of RI tissue injuries [65]. Pravastatin is known as an inhibitor of 3-hydroy-3 methyl-glutaryl-coenzyme A reductase (HMG-coA). However, although such property may explain its anticholesterolemiant action, the molecular mechanisms at the origin of its radioprotective effect remain unknown, inasmuch as some adverse side effects have been reported when statins are applied for a long period [66]. Some authors have suggested that statins may accelerate the DSB repair and can also increase the expression of some DNA repair proteins [67,68]. However, statins may induce ROS and some toxicities [69], so that they may be associated with antioxidative drugs. While its protective action in prostate cancer patients becomes more and more documented, no mechanistic model of the action of statins is still consensual [68].



In parallel, bisphosphonates in general, and zoledronate in particular, are currently used in treatment of osteoporosis and of cancer linked to hypercalcemia [70]. Bisphosphonates were shown to reduce skeletal events, notably pain, in the treatment against bone metastasis [71]. Bisphosphonates have the property to bind to exposed calcium areas and to cause apoptosis in osteoclasts [72]. Hence, like statins, while the molecular action of bisphosphonates is well-documented as a hypercalcemia countermeasure, no mechanistic model still explains its action in radioprotection.



A combined action of statins and aminobisphosphonates leads to the inhibition of both farnesylation and geranylgeranylation of progerin and prelamin A proteins, which are notably found cumulated in the nuclear membrane of progeroid cells [46]. Interestingly, these two drugs lead to increase the permeability of membranes, particularly those of mitochondria. With regard to statins, it is well known that cholesterol influences the organization of the membranes’ structure by inducing conformational ordering of the lipid chains: an anticholesterolemiant action may therefore impact the lipid layers’ permeability [73]. With regard to bisphosphonates, their impact on Ca2+ ions strongly suggests an important role in the regulation of the pores of the nuclear membranes [74]. Hence, to better document the radioprotective actions of each pro-episkevic drug alone and to compare them with the action of each antioxidative drug tested, it was useful to evaluate both applications of these drugs (i.e., alone or in association). Altogether, the literature and our data suggest that there is a body of evidence that a combination of statins and bisphosphonates would act on the protein trafficking between cytoplasm and nucleus. However, what is the link between such nucleoshuttling and radioprotection?




4.3. Toward a Unified Model for Chemical Radioprotection?


As evoked in the Introduction, the RIANS model is based on the occurrence of some important molecular steps [34]:




	-

	
DSB and ATM monomers induction: Immediately after irradiation, cytoplasmic ATM dimers dissociate in ATM monomers in a linearly dose-dependent manner; in parallel, in the nucleus, the RI DNA damage, and notably, the RI DSB, are induced in a dose-dependent manner as well [38]. During this step, the antioxidative approach leads to reduce the ROS in both cytoplasm and nucleus. Hence, the antioxidative approach would result in the decrease in the number of both RI-induced ATM monomers and DSB. This action should equally affect the DSB recognized by NHEJ and those recognized by any other pathways or even DSB that are not recognized at all. As a result, the number of early γH2AX foci decreases [31,32,33,40,41,48,49,50]. In the case of normal-RIANS quiescent cells, all the DSB are recognized by NHEJ: the number of γH2AX foci corresponds to the DSB physically induced by IR. Hence, the radioprotective effect of any antioxidative drug can be easily quantified on radioresistant controls. Conversely, in the case of delayed-RIANS quiescent cells, the difference between the number of DSB physically induced (about 40 per Gy) and the number of DSB recognized by NHEJ reflected by the γH2AX foci corresponds to the number of the DSB non-recognized by NHEJ or recognized by other pathways than NHEJ. At this step, the pro-episkevic drugs may not significantly impact the process.




	-

	
ATM monomers diffusion and DSB recognition: The RI ATM monomers diffuse in the nucleus. The pro-episkevic approach may result in accelerating and facilitating the diffusion of ATM monomers in the nucleus. Consequently, the number of pATM monomers that diffuse in the nucleus increases [31,32,33,40,41,48,49,50]. In the normal-RIANS quiescent cells, the number of ATM monomers available is sufficient to recognize all the DSB physically induced: no effect is observed. Conversely, in the delayed-RIANS quiescent cells, a larger number of ATM monomers contributes to recognize some additional DSB that are not recognized at all or that are recognized by other pathways than NHEJ. Hence, the number of γH2AX foci increases [31,32,33,40,41,48,49,50].




	-

	
DSB repair: In the case of the normal-RIANS quiescent cells, the pro-episkevic approach has no significant effect, while the antioxidative approach that leads to decrease the number of DSB does not reduce the proportion of unrepairable DSB. In the case of delayed-RIANS quiescent cells, the pro-episkevic approach contributes to increase the subset of DSB repaired by NHEJ, which decreases the RI lethal effect, while the antioxidative approach is not efficient enough to make the unrepaired DSB disappear.









The linear–quadratic (LQ) model is an empirical formula that links the cell survival to the IR dose. Since the 1970s, such a formula has been extensively used by radiobiologists and radiation oncologists to describe the individual response to IR [75]. The LQ model describes the clonogenic cell survival S as a function of dose D as follows:


  S =  e  −   α D + β  D 2       



(1)




in which α and β are adjustable parameters to be determined [75].



In 2016, the RIANS model provided a coherent interpretation of the two LQ parameters, α and β, by defining two types of RI and lethal DSB [38]: (1) The α-type DSB that are recognized by the ATM monomers in nucleus and therefore by NHEJ early after irradiation. Their number was demonstrated to be proportional to the dose [38]. (2) The β-type DSB that are not recognized by the ATM monomers in the nucleus (therefore not managed by NHEJ) because of a delay or an absence of the RIANS. Their number was demonstrated to be proportional to the square of the dose. It is noteworthy that the total number of DSB induced by IR (whatever their type, α or β) remains proportional to the dose [38]. A certain proportion of α- and β-type DSB may remain unrepairable and participate in the RI lethal effect. However, only the α-type DSB are detectable by γH2AX and pATM immunofluorescence. Hence, from the hypotheses developed above, the antioxidative approach results in the reduction in the number of DSB induced, whatever their type, α or β, while the pro-episkevic approach tends to transform the β-type DSB into α-type DSB (Figure 8). In other terms, the antioxidative approach may not change the mutation rate induced by IR, while the pro-episkevic approach may decrease it. Additional investigations are needed to verify such hypotheses.





5. Conclusions


In this study, we aimed to investigate and compare the molecular features of two different approaches of radioprotection. These investigations were performed, as a first step, with quiescent human fibroblasts and in standard conditions of a current RT session. Altogether, our findings suggest the following:




	-

	
The radiation protection strategy has long been based on an antioxidative approach consisting in reducing the oxidization process of the RI water radiolysis through an efficient reduction in ROS:




	⚬

	
The number of DSB induced by IR decreases significantly;




	⚬

	
Our findings confirm the efficiency of amifostine as one of the most efficient antioxidative drugs.










	-

	
The pro-episkevic approach, directly deriving from the RIANS model, aims at stimulating repair and contributes to increase the number of DSB managed by NHEJ—the most predominant DSB repair and signaling pathway in mammalians:




	⚬

	
The combination of pravastatin and zoledronate (ZOPRA) shows a significant pro-episkevic property that appears to be more efficient than amifostine;




	⚬

	
In the case of genetic syndromes associated with the loss of function of some genes essential for DSB repair, the effect of ZOPRA appears to be limited.















Additional investigations are needed to develop some new drugs that may elicit both antioxidative and pro-episkevic properties and to quantify the radiation protection action of both types of drugs applied together, whether on quiescent or proliferating cells. The question of the innocuity of long-term treatments should also be examined.
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Figure 1. Schematic view of the two different approaches of radioprotection, their major principles and their historical milestones. 
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Figure 2. Radioprotective effect of a pretreatment with NAC. Number of γH2AX foci per cell in the human untransformed radioresistant AG1521 (blue squares), 1BR3 (blue triangles) and 149BR (blue circles) fibroblasts in the radiosensitive 09CLB (red triangles), 11CLB (red squares) and 15CLB (red circles) fibroblasts after pretreatment with NAC (A), followed by 2 Gy X-rays and 10 min (B) or 24 h (C) incubation. Each point represents the mean ± standard error (SEM) of at least three replicates. Sigmoidal or linear functions were used for data fitting. Inserts show representative examples of 300 mM pretreated 09CLB nuclei with γH2AX foci assessed at the indicated conditions. White bar represents 5 µm. 
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Figure 3. Radioprotective effect of a pretreatment with amifostine. Number of γH2AX foci per cell in the human untransformed radioresistant AG1521 (blue squares), 1BR3 (blue triangles) and 149BR (blue circles) fibroblasts and in the radiosensitive 09CLB (red triangles), 11CLB (red squares) and 15CLB (red circles) fibroblasts after pretreatment with amifostine (A), followed by 2 Gy X-rays and 10 min (B) or 24 h (C) incubation. Each point represents the mean ± standard error (SEM) of at least three replicates. Exponential, sigmoidal or linear functions were used for data fitting. Inserts show representative examples of 96 mM pretreated 09CLB nuclei with γH2AX foci assessed at the indicated conditions. White bar represents 5 µm. 
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Figure 4. Radioprotective effect of a pretreatment with zoledronate, pravastatine and ZOPRA. Number of γH2AX foci per cell assessed in the indicated pretreatment and after the indicated pretreatment (A), followed by 2 Gy X-rays and 10 min (B) or 24 h (C) incubation. Each bar represents the mean ± standard error (SEM) of at least three replicates. The NAC and amifostine data are those already shown in Figure 3 and Figure 4 with pretreatment of 300 mM NAC and 96 mM amifostine. one, two and three asterisks indicate p < 0.05, p < 0.01 and p < 0.001, respectively, by comparison with untreated controls. 
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Figure 5. Relative radioprotective effect of a pretreatment with zoledronate, pravastatine, ZOPRA, NAC and amifostine. The data shown in Figure 3C are expressed as percentage of γH2AX foci remaining, calculated by dividing the number of γH2AX foci assessed 24 h post irradiation (Figure 4C) by the number of γH2AX foci assessed 10 min post irradiation (Figure 4B). Inserts show representative examples of untreated and ZOPRA, 300 mM amifostine and 96 mM NAC pretreated 09CLB nuclei with γH2AX foci assessed at the indicated conditions. White bar represents 5 µm. Four asterisks indicate p < 0.0001, respectively, between ZOPRA data and NAC and amifostine data. 
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Figure 6. Radioprotective effect of a pretreatment with zoledronate, pravastatine and ZOPRA assessed with pATM foci. Number of pATM foci per cell assessed in the indicated pretreatment and after the indicated pretreatment, followed by 2 Gy X-rays and 10 min (A) or 24 h (B) incubation. Each point represents the mean ± standard error (SEM) of at least three replicates. Inserts show representative examples of untreated and ZOPRA, 300 mM amifostine and 96 mM NAC pretreated 09CLB nuclei with pATM foci assessed at 24 h post irradiation at the indicated conditions. White bar represents 10 µm. one, two and three asterisks indicate p < 0.05, p < 0.01 and p < 0.001, respectively, by comparison with the untreated controls. 
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Figure 7. Radioprotective effect of ZOPRA in fibroblasts from 10 genetic syndromes with pATM foci. The number of pATM foci assessed at 10 min post irradiation (X-rays) with and without ZOPRA pretreatment were plotted together. Fibroblasts were derived from the indicated syndromes: Usher’s syndrome (USH), PROS syndrome (PROS), McCune–Albright syndrome (MAC), retinoblastoma (RB), Tuberous Sclerosis Complex syndrome (TSC), Huntington Disease (HD), Xeroderma Pigmentosum D (XPD), Neurofibromatosis 1 (NF1), LIG4 syndrome (LIG4) and ataxia telangiectasia (AT). Note the AT data are obtained from historical data of the N.F. lab; all these data were published elsewhere [31,32,33,40,41,48,49,50]. Each point represents the mean ± standard error (SEM) of at least three replicates. Data were fitted to the following sigmoidal function: y = 40.53 + (40.10)/(1 + (x/12.797)3.51); r = 0.944. 
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Figure 8. Schematic view of the molecular and cellular consequences of an exposure to IR inducing two types of DSB. The α-type DSB are recognized by the NHEJ DSB repair pathway, while the β-type DSB are not [38]. For each type of DSB, there are some subsets of unrepaired DSB [38]. Among them, some may be unrepairable and participate in the lethal effect. The γH2AX foci reveal the α-type DSB only. The antioxidative approach consists in reducing the number of DSB involved by IR, independently of the DSB repair pathways involved in their recognition. The pro-episkevic approach consists in increasing the number of DSB recognized by NHEJ by accelerating and facilitating the RIANS and therefore by stimulating the efficiency of NHEJ. 
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