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Abstract

:

Radiation therapy plays a critical role in the management of a wide range of hematologic malignancies. It is well known that the post-irradiation damages both in the bone marrow and in other organs are the main causes of post-irradiation morbidity and mortality. Tumor control without producing extensive damage to the surrounding normal cells, through the use of radioprotectors, is of special clinical relevance in radiotherapy. An increasing amount of data is helping to clarify the role of oxidative stress in toxicity and therapy response. Radioprotective agents are substances that moderate the oxidative effects of radiation on healthy normal tissues while preserving the sensitivity to radiation damage in tumor cells. As well as the substances capable of carrying out a protective action against the oxidative damage caused by radiotherapy, other substances have been identified as possible enhancers of the radiotherapy and cytotoxic activity via an oxidative effect. The purpose of this review was to examine the data in the literature on the possible use of old and new substances to increase the efficacy of radiation treatment in hematological diseases and to reduce the harmful effects of the treatment.
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1. Introduction


Radiotherapy in Hematologic Malignancies


Radiation therapy (RT) has an essential role in the treatment of a wide range of hematologic malignancies. The ideal radiation dosage and target volume, and efficacious system of combining radiation with systemic drugs, differ in relation to the histologic varieties, stage, and patient performance status. Reducing dosages to adjacent organs without losing disease control is of leading importance as it can increase the therapeutic ratio of subjects getting RT for hematologic malignancies [1].



Lymphomas are very radiosensitive tumors and RT is the principal treatment approach, and it is the most efficacious single therapy for local control of lymphomas. Nevertheless, curative objective is only imaginable if all lymphoma tissue can be included in the zone to be irradiated with the recommended total irradiation dosage. For this reason, RT is a single mode only in early stages of Hodgkin’s lymphoma and low-grade non-Hodgkin’s lymphoma. However, in most subjects, RT can be employed as consolidation treatment after chemotherapy. In the last few years, irradiation treatment of lymphomas has been improved in order to save essential tissues and decrease toxicity. However, although efficacious, RT is a disregarded type of therapy because of the concern of side effects after irradiation [2].



RT is also an efficacious treatment for multiple myeloma (MM) [3]. External beam irradiation is habitually employed for palliation of bone pain and treatment of solitary plasmacytomas [4]. In MM subjects who have diffused bone disease, systemic RT with compounds such as bone-seeking radionuclides [5,6] or treatments such as intensity modulated RT and helical tomography [7,8] have been employed. For instance, bone-seeking radionuclide treatment with radioactive samarium conjugated to a tetraphosphonate chelator has been utilized in myeloablative protocols for MM [9,10,11,12]. Moreover, the combinate use of RT with chemotherapeutic drugs such as bortezomib or thalidomide [13,14,15] has demonstrated good clinical effects with decreased radiotoxicity to normal tissues.



Finally, as far leukemic patients, the most frequent situation in which RT therapy is employed comprises therapy of central nervous system (CNS) disease and other types of extramedullary relapses. Either whole-brain radiation treatment or cranial spinal irradiation may be evaluated in subjects with leukemia and history of CNS disease as part of therapy before allogeneic stem cell transplant (SCT), consolidation after salvage chemo treatment, or salvage therapy. Myeloid sarcoma, also recognized as granulocytic sarcoma, and leukemia cutis are extramedullary malignancies containing myeloid blasts, in most patients arising concomitantly with acute myeloid leukemia, and they are extremely sensitive to RT [16].





2. Radiotherapy and Oxidative Stress


An expanding quantity of results is aiding to explain the effects of oxidative stress in malignancies both in the onset of the disease and in response of the treatment. In several tumoral situations, reactive oxygen species (ROS) generation and removal are out of control, leading to disproportionate quantities of ROS [17]. Antioxidants are essential in the removal of ROS, so preserving the normal physiological condition is vital [18].



An oxidatively balanced redox status may influence carcinogenesis by modifying DNA and different cellular components. On the other hand, oxidative stress increases the activities of several cytostatic drugs by provoking sublethal DNA injury and so stimulates programmed cell death. Moreover, oxidative stress markers are prognostically relevant in solid cancers [19,20,21], but also in multiple myeloma, lymphoma, and acute and chronic leukemia [21,22,23,24,25,26,27].



On the other hand, it is well known that, at molecular level, the cytotoxic actions of ionizing radiation (IR) on tumor and normal cells is essentially due to ROS and reactive nitrogen species (RNS) generation such as the hydrogen peroxide, superoxide anion, hydroxyl radical, and nitrogen dioxide via the radiolysis of cellular water [28]. If not scavenged, these ROS/RNS have a main action in the cell injury by provoking lipid peroxidation, DNA strand breaks, and protein modifications. ROS/RNS also induct the onset of different biochemical and molecular signaling effects that may either fix the injury or provoke cell death, such as apoptosis [29,30].



Among the several compounds that participate in regulating the process, the proto-oncogene bcl-2 family plays a main role. B-cell lymphoma 2 (Bcl-2) is an intracellular protein that locates to endoplasmic reticulum, mitochondria, and the nuclear envelope. It blocks programmed cell death and augments cell survival under different situations in various cell types [31,32]. The expression of Bcl-2 is intensely connected with the expression of several antioxidant enzymes and the strong relationship controlling the intracellular redox concentration has an essential action in cell destiny [33].



However, after exposure of cells to RT, the stimulation of caspases is moderately faint, and then the signal is directed via the mitochondria for efficacious death execution (type 2 or intrinsic signaling).



In fact, damage of cellular DNA after RT is a dose-dependent event and happens in both the nuclear (nDNA) and extra-nuclear DNA. Thus, besides nDNA, mitochondrial DNA (mtDNA) is similarly altered [34,35]. Several experimentations reported that mtDNA can be a target for endogenous ROS and free radicals generated by IR [36,37]. The modalities of cellular response to RT with regard to mtDNA modifications are essentially two different mechanisms. Firstly, mtDNA has limited repair systems and mitochondrial function is maintained principally due to its high copy number. One potential radio-protective system is that increased replication of mtDNA decreases the mutation occurrence of total mtDNA and reduces the onset of lethal radiation injury to the mitochondria [38,39]. This hypothesis has been supported by Zhang et al. by demonstrating augmented mtDNA copy number in bone marrow (BM) of total body irradiated animals [40].



As for the second mechanism, IR generally stimulates cell apoptosis by provoking a gathering of large scale mtDNA deletions, particularly the specific 4977 bp deletion, denoted to as the “common deletion (CD)” [41]. The site of CD is bordered by two 13 bp direct repeats (ACCTCCCTCACCA) at mtDNA nucleotide site 8470 and 13,447 [42]. Findings have demonstrated that CD can be a precise indicator of oxidative damage to mtDNA [43,44,45]. Wen et al. studied mtDNA modifications in irradiated human peripheral lymphocytes from acute lymphoblastic leukemia (ALL) subjects [46]. Significant inverse correlation was demonstrated between CD level and mtDNA content. CD content and mtDNA may be believed as prognostic factors to radiation toxicity [46].



However, it is well known that the post-irradiation injuries in the BM and diverse organs represent a main problem and are the principal reasons of post-irradiation mortality and morbidity [47].



The purpose of this review was to examine the data in the literature on the possibility of using old and new substances to increase the efficacy of radiation treatment in hematological diseases and to reduce the harmful effects of the treatment.




3. Radioprotective Agents


Cancer management without causing wide injury to the adjacent normal cells, via the employment of radioprotectors, is of exceptional clinical importance in RT. Radioprotective factors are compounds that temper the consequences of radiation on normal tissues, maintaining the sensitivity to radiation injury in tumor cells [29]. However, no ideal radioprotector has been obtainable so far that would be non-toxic at its best, at an efficacious dosage, and that could defend normal cells against radiation damage while maintaining the radiosensitivity of tumor cells.



A fragile equilibrium exists between oxidant and antioxidant mechanisms under physiological situations, but it is compromised in pathologic conditions. Oxidative stress activation during several diseases may reduce the antioxidant ability of cells, and vulnerability of target elements to oxidative stress increases as a result. Enzymatic and nonenzymatic antioxidants avoid surplus ROS generation and counteract the ROS. Substances such as vitamin A, vitamin C, vitamin E, catechin, epicatechin, carotenoids, and in vivo low-molecular weight antioxidants (melatonin, lipoic acid, uric acid, haptaglobuline, bilirubin, and melatonin) represent the total antioxidant capacity of plasma [48].



Among the great number of natural and synthetic radioprotective substances, the phytochemical compounds, comprising phenolics (simple phenols, benzoic acid derivatives, flavonoids, stilbenes, phenylpropanoids, tannins, lignins, and lignans) have provided encouraging effects because of their capacity to scavenge free radicals and reduce toxicity [49] (Table 1). However, the possible use of substances, such as genistein and quercetin, has been impeded due to the inadequate water-solubility, and therefore their reduced bioavailability [50,51].



The polyphenolic-polysaccharide conjugates (PPCs) extracted from the plants of Rosaceae family (Rubus plicatus, Sanguisorba officinalis L., and Fragaria vesca L.) as well as of Asteraceae family are compounds for distinguishing the secondary cell wall of higher plants (Figure 1). The PPCs are water-soluble, non-toxic polymeric substances [52]. It was reported that the PPCs were capable of augmenting the post-radiation survival of peripheral blood mononuclear cells (PBMC)s by blocking programmed cell death, while they did not defend the leukemic cells against radiation-induced programmed cell death. The PPCs guarantee an efficacious defense of PBMCs via scavenging of intracellular ROS and reducing DNA injury, while they offered no decrease of the oxidative stress and DNA injury in K562 cells (a human immortalized myelogenous leukemia cell line). These results intensely propose that the PPCs, principally those extracted from Elodea canadensis and S. officinalis, can selectively defend normal cells, thus they have the benchmarks of radioprotectors for possible employment in RT [53].



A diverse possible radioprotective drug could be Cimetidine, a histamine type II receptors blocker, which has been demonstrated to have an antisuppressor action. Cimetidine has also been employed efficaciously to reestablish immune activities in subjects with malignancies, hypogammaglobulinemia, and acquired immune deficiency syndrome-related complexes [77]. Some in vitro and in vivo experiments evaluated the radioprotective activity of cimetidine on lympho-hematopoietic cells. The mechanism by which cimetidine decreases the mutagenic action of radiation is not well-known, even if a hydroxyl radical scavenging mechanism has been proposed [54]. Estaphan et al. studied the protective action of cimetidine in animals exposed to γ-irradiation and evaluated the Bcl2/Bcl2 associated X (bax) pathway as a possible fundamental mechanism [55]. Cimetidine pretreatment considerably reduced the fibrosis, the loss of BM cell count, and the intestinal lining destruction reported in the untreated irradiated animals, and drastically reduced the oxidative stress, inflammation, and Bax/Bcl2 ratio. An important relationship between Bax/Bcl2 ratio, tissue oxidative stress level, and tissue injury was demonstrated. Cimetidine could be a very encouraging radioprotective drug with a possible differential beneficial action on both cancer cells (stimulating programmed cell death) and contiguous normal cells (provoking radioprotection through blocking programmed cell death) via its antioxidant action and consequent control of type 2 apoptotic pathway [55].



However, Waller Reed Army Research Institute produced and examined over 4000 compounds that could have a radioprotective activity. WR2721 (Amifostine) was the most efficacious substance, although its use is restrained due to its accumulative toxicity [56]. So, there is still a persistent necessity to find new, efficacious, and non-toxic radio-protective substances.



Some compounds seem to be capable to exercise a protective effect on specific consequences of the RT, being able to decrease the damaging actions effects on particular organs or systems such as the intestinal mucosa, the male reproductive system, kidney, heart, or bone marrow.



Organ or system healing can be accomplished ex vivo, by administration of embryonic or adult stem cells, or in situ, by dispensing elements that will stimulate or improve the healing mechanisms of the organ itself, and several efforts have been made about the elaboration of a system for efficacious growth factors release in vivo to promote cellular repair and tissue renewal [78].



As far intestinal mucosa, radiation enteritis is a grave complication caused by the cytotoxic action of RT on the intestinal mucosa. The genesis of this situation implicates the delivery of pro-inflammatory cytokines and ROS and augments programmed cell death in the intestinal epithelium, provoking an alteration of intestinal structure and function [79,80]. Research evaluated the possible radio-protective and anti-apoptotic actions of STW5 (Iberogast®,) an herbal preparation, inclosing extracts of Angelica archangelica, Silybum marianum, Melissa officinalis, Iberis amara, Matricaria recutita, Carum carvi, Mentha piperita, Chelidonium majus, and Glycyrrhiza glabra [57].



Exposure to radiation caused apoptotic modifications associated with an augmentation in cytosolic calcium, reduction of complex I, mitochondrial cytochrome c, and B-cell lymphoma-2. Oxidative stress parameters were disturbed, while inflammation markers such as tumor necrosis factor and indicators of intestinal damage such as serum diamine oxidase were augmented. STW 5 defended against histological modifications and stabilized the deranged parameters [58].



The powerful antioxidant action of STW5 was reported in numerous other experimental situations [59] and was demonstrated by the reduction of glutathione(GSH) levels and lessening of the increased thiobarbituric acid reactive substances and nitrite concentrations in the intestinal tissue [60]. STW5 avoided the increase of myeloperoxidase and TNF levels in intestinal tissue caused by RT as well as the increase of serum level of diamine oxidase. The antioxidant and anti-inflammatory actions of STW5 have been ascribed, at least in part, to the flavonoid and phenolic carboxylic acid content of its components [57].



A different interesting compound is CBLB502, a polypeptide originated from Salmonella flagellin. This compound connects to the Toll-like receptor 5 (TLR5) and stimulates nuclear factor-kappa B (NFκB), a main controller of programmed cell death, inflammation, and immune response. A single administration of CBLB502 before lethal IR doses was demonstrated to defend animals from gastrointestinal and hematopoietic acute radiation syndrome, but not tumor expansion [61]. CBLB502 administration induces the expression of the powerful natural antioxidant superoxide dismutase (SOD)2 and stimulates the expression of numerous radioprotective cytokines, such as IL-6, G-CSF, and TNF-α [61]. CBLB502 may theoretically increase the therapeutic index of RT and act as a new substance stopping irradiation injury [62]. Moreover, CBLB502 displays immunotherapeutic ability by stimulating TLR5-expressing accessory immune cells [63,64,65].



IR can also cause damage to the male reproductive system in subjects experiencing RT [81,82]. The testis, one of the most radiosensitive organs, can be altered by low IR dosages as of the existence of replicating spermatogonial cells [83]. Abdominal irradiation during RT may cause the accrual of harmful radiation concentrations in the testes. Previous studies demonstrated that IR can alter physiologic spermatogenic metabolism, growth, and differentiation, provoking low sperm counts, sterility, and sexual alterations [84,85,86].



Numerous sorts of antioxidants, such as hydrogen-rich saline, have been studied for the treatment of IR-caused testicular damage, with the intention of increasing the fertility of patients [87,88,89]. CBLB502 was also stated to reestablish testicular antioxidant condition and decrease testicular oxidative injury caused by IR [66]. To evaluate if CBLB502 can reduce testicular damage, animals were intraperitoneally injected with CBLB502 prior to applying IR [67]. It was reported that CBLB502 administration reduced IR-provoked oxidative stress, decreased the alterations of architecture of seminiferous tubules, increased the sperm quality and quantity, and ameliorated male mouse fertility. Moreover, CBLB502 effectively decreased DNA injuries. CBLB502 was reported to stimulate the NFκB pathway and decrease the programmed cell death rate with an augmentation in anti-apoptotic B-cell lymphoma 2 concentrations. Furthermore, an IR-caused decrease in serum testosterone and superoxide dismutase (SOD) concentrations and an augmentation in malondialdehyde (MDA) concentrations were significantly inverted in CBLB502-pretreated animals. No relevant actions were reported in TLR5 knockout mice, proposing that defense of the testis against IR by CBLB502 is essentially due to the TLR5 signaling pathway [67].



A different side effect of RT is the radiation-caused kidney damage, particularly radiation nephropathy. The frequency of RT-caused kidney injury is probably underrated because of the protracted latency and being often ascribed to diverse causes [90,91]. In RT nephropathy, renal endothelial alterations and modified hemodynamics are well-known elements [92,93].



The radiation-caused damage is principally due to the production of ROS, which causes an imbalance between pro-oxidant and antioxidant elements within the cell and, in turn, oxidation of DNA, lipids, proteins, and cell death [94]. Moreover, there is some proof for programmed cell death as the mechanism of renal tubular cell loss in RT nephropathy [95,96,97].



A homocysteine derivative, Erdosteine, is recognized to have protecting actions on the delivery of free oxygen radicals alongside its mucolytic effect. A study evaluated the potential protective action of Erdosteine against radiation-caused renal alterations in rats [68]. The findings demonstrated that the use of Erdosteine in rats before irradiation ameliorated the altered kidney function. Moreover, IL-1, IL-6, and TNF-alpha circulating levels were also significantly improved. Kidney glutathione peroxidase and catalase levels and reduced glutathione levels displayed almost normal concentrations with respect to the irradiated group.



Erdosteine operates in the kidney as a powerful scavenger of free radicals and might offer relevant protection against RT-caused inflammatory kidney injury [68].



Irradiation myocardial fibrosis (IMF) is a diverse complication correlated with RT for hematopoietic stem cell transplantation, and lymphoma [98]. A research evaluated the paracrine actions of human umbilical cord-derived mesenchymal stromal cells (UC-MSCs) in an experimental model of IMF [69]. Primary human cardiac fibroblasts (HCF) cells were exposed to radiation and cultured with the conditioned medium of UC-MSCs (MSCCM). MSCCM increased cell viability, decreased collagen deposition, inhibited oxidative stress, augmented antioxidant status, and diminished pro-fibrotic IL-6, IL-8, and TGF-β1 concentrations [69].



Furthermore, as regards to bone marrow toxicity, calf spleen extractive injection (CSEI), a small peptide, has been employed to ameliorate leucopenia and thrombocytopenia in subjects who experienced RT [70,71,72].



Polyxydroxylated fullerenes have also been recently established as exogenous redox balance controllers, able to produce anti-oxidative actions [73]. Examinations of biological consequences of fullerenol have offered confirmation for its ROS/RNS scavenger abilities in vitro and radioprotective efficacy in vivo [74].



Finally, FDA authorized Palifermin to decrease the occurrence and duration of grave oral mucositis in subjects with hematological diseases. Palifermin is a recombinant N-terminal truncated form of endogenous keratinocyte growth factor (KGF) with activity analogous to that of the KGF, but with augmented stability. Palifermin stimulates cell proliferation and increases cytoprotective systems. Thus, palifermin may inhibit epithelial cell apoptosis and block injury to the epithelial DNA, decrease the delivery of pro-inflammatory cytokines, and augment protective enzymes against free radicals [99]. Several clinical studies confirmed that the drug remarkably decreases the employ of parenteral nutrition and the duration of the mucositis, allowing an improvement in the patient’s condition after chemo-radiotherapies [100,101].




4. Enhancers of Radiotherapy Activity in Hematologic Neoplasms


As well as the substances capable of carrying out a protective action against the damage caused by RT reported above, other substances have been recognized as possible enhancers of the RT and cytotoxic action (Table 2). The following section summarizes new therapeutic agents that are proposed to be inducers of oxidative stress in hematologic malignancies and may have clinical efficacy in the treatment of B-cell lymphoma and MM.



The appearance of radio-resistance in tumor cells involves a mechanism devised by its intracellular antioxidant system to block the oxidative stress and maintain a low, steady level. It is well recognized that radio-resistance of lymphoma cells accounts for lower basal ROS levels. It is well recognized that GSH concentrations and antioxidant enzymes were greater in lymphoma cells with respect to normal lymphocytes [102].



RT has drawback of toxicity and resistance in cancer cells. A number of natural phytochemicals, such as curcumin, demethoxycurcumin, quercetin, and genistein, are demonstrated to hold radio-sensitizing potential in tumor cells [119,120,121].



Substances that present affinity for electrons can strengthen the biologic action of ionizing radiation [122]. Strengthening may indirectly happen by modifying concentrations of radioprotective metabolites such as glutathione, or the sensitizer may directly cooperate with cellular elements to provoke or increase cellular injury. Models of radiation sensitizers supposed to operate by the former mechanism comprise diamide (diazenedicarboxylic acid bis[N, N_-dimethylamide]), tert-butyl hydroperoxide, L-buthionine-(S,R)-sulfoximine (BSO), and other thiol depleters [123,124,125]. Furthermore, nitroimidazoles, tirapazamine, and oxygen directly act with DNA or other targets such as lipid or proteins [126,127]. Generally, oxygen mimetic sensitizers of this latter group are most efficacious under hypoxic situations and the activity is not covered by the competitive action of oxygen. Solvated electrons generated by the radiolysis of water may help to decrease the electron-affinic sensitizer. Nevertheless, even in the absence of ionizing radiation, electron transfer to a radiation sensitizer may happen in the presence of cellular elements that have a more negative standard reduction potential, such as NADPH, flavins, ascorbate, or reduced glutathione [128,129]. This mechanism decreases the reducing substances, which must then be restocked. Moreover, in the presence of oxygen, additional electron transfer can generate reduced oxygen species and restore the sensitizer. Generally, such redox cycling can provoke the onset of a situation of oxidative stress.



Long-chain n-3 polyunsaturated fatty acids (n-3 PUFAs), such as docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA), are easily oxidized, and n-3 PUFA-derived peroxidation products are believed essential to justify the cytotoxicity toward tumor cells [130,131,132]. Moreover, their peroxidation may trigger cells to ROS, causing oxidative stress [133]. Additionally, DHA- and EPA-caused oxidative stress may control ROS-sensitive molecular pathways implicated in survival signaling (Figure 2). ROS-sensitive mitogen-activated protein kinases (MAPKs), MAPK-phosphatases [134], and transcription factors [135,136] are essential elements of these pathways. Currently, however, discussion occurs if n-3 PUFAs might also exercise antioxidant actions and decrease ROS production. The paradoxical antioxidant action generated by n-3 PUFAs in several experimental patterns has been justified essentially on the basis of the stimulation of cellular antioxidant elements [103,104,137].



An increased cytotoxic action of irradiation was reported in tumor cells cultured in vitro and treated with DHA and EPA [138]. DHA was also described to block γ -radiation-provoked activation of NF-κB in Ramos cells, an extremely radiation-resistant Burkitt’s lymphoma cell line, and to sensitize the cells to radiation-caused programmed cell death [139].



Encouraging results have been also reported in in vivo research in non-hematologic malignancies [105,106,140,141]. This effect was correlated to the DHA-provoked oxidative stress in tumor cells previously subjected to augmented radiation-caused production of ROS.



Ascorbyl stearate (Asc-s) is a byproduct of ascorbic acid with superior anti-tumor effectiveness with respect to ascorbic acid. In a report, authors have evaluated radio-sensitizing action of Asc-s in T cell lymphoma (EL4) cells. Asc-s and radiation administration decreased cell growth, causing programmed cell death in a dose-dependent manner by blocking the cells at S/G2-M phase of the cell cycle [142]. It also reduced the occurrence of tumor stem cells per se, with considerably greater reduction in combination with radiation therapy. Moreover, Asc-s and radiation treatment augmented ROS concentration, a drop in mitochondrial membrane potential (MMP), and augmented caspase-3 activity, thus provoking programmed cell death of EL4 cells. Furthermore, it also drastically reduced GSH/GSSG ratio due to binding of Asc-s with thiols. The augmented oxidative stress caused by Asc-s and radiation treatment was abolished by thiol antioxidants in EL4 cells. Remarkably, this redox modulation stimulated relevant augmentation in protein glutathionylation. Asc-s administration caused glutathionylation of p50-NF-kB, IκB kinase (IKK), and mutated p53, thus blocking tumor expansion during oxidative stress.



A new spleen tyrosine kinase (SYK) P-site inhibitor, 1,4-Bis (9-O dihydroquinidinyl) phthalazine/hydroquinidine 1,4-phathalazinediyl diether (C-61), significantly increased H2O2-caused programmed cell death of primary leukemia cells from each of five relapsed B-lineage acute lymphoblastic leukemia (ALL) subjects [143]. An extremely radiation-resistant subclone of the murine B-lineage leukemia cell line BCL-1 was employed to evaluate the in vivo radio-sensitizing actions of C-61. C-61 increased the antileukemia effectiveness of total-body irradiation (TBI) in a study on syngeneic bone marrow transplantation (BMT) at 20%. It is probable that the use of C-61 into the pretransplant TBI protocols of subjects with high-risk B-ALL will aid the overwhelmed radio-chemotherapy resistance of leukemia cells and thus increase survival outcome [143].



IL-6 might also increase resistance to radiotherapy. In fact, IL-6 plays an important role in promoting myeloma cell growth and chemoresistance; increased IL-6 concentrations are associated with aggressive disease and poor outcome [144,145]. IL-6 has been demonstrated to induce superoxide generation in monocytes, neutrophils, and neuronal cells [146,147]. However, surprisingly, IL-6 can provoke adaptive responses to oxidative stress in normal cells by protecting cells from hydrogen peroxide-caused cell death [148]; transgenic animals overexpressing IL-6 demonstrate resistance to hyperoxia [149]. Although MM subjects display augmented lipid peroxidation and lower concentrations of antioxidant enzymes in plasma and erythrocytes [150,151,152,153,154,155,156], research reported the effect of IL-6 in restoring intracellular redox homoeostasis in the setting of myeloma treatment. IL-6 employment augmented myeloma cell resistance to substances that provoke oxidative stress, comprising IR and Dex (dexamethasone) [157]. As compared to IR alone, myeloma cells treated with IL-6 plus IR showed decreased caspase-3 stimulation, annexin/propidium iodide staining, PARP [poly(ADPribose) polymerase] cleavage, and mitochondrial membrane depolarization with augmented clonogenic survival. IL-6 combined with IR or Dex augmented early intracellular pro-oxidant concentrations that were correlated to stimulation of NF-κB. In myeloma cells, upon combination with hydrogen peroxide administration, relative to TNF-α, IL-6 caused an alteration of decreased glutathione concentration and augmented NF-κB-dependent manganese superoxide dismutase (MnSOD) expression. Furthermore, knockdown of MnSOD reduced the IL-6-caused myeloma cell resistance to radiation. MitoSOX Red staining demonstrated that IL-6 administration reduced late mitochondrial oxidant generation in irradiated myeloma cells [157]. Moreover, in B-cell lymphoma, radio-resistance has been also associated with the presence of IL-6-producing tumor cells [158].



The use of substances with anti-IL-6 activity (tocilizumab) should be explored in an attempt to increase sensitivity to radiotherapy.



From this point of view, the action of steroids could be interesting. Dexamethasone has been reported to provoke oxidative cell death in T-cell lymphoma [107]; nevertheless, Dex effect in causing oxidative stress in MM has not been proved [108,159].



Bera et al. suggested a new combination of radiation plus Dex that presents greater clonogenic cell killing and programmed cell death of myeloma cells and eradicates myeloma cells when cultured with bone marrow stromal cells (BMSCs) [109]. Dex was reported to block the production of IL-6 from irradiated BMSCs. In 5TGM1 model, combined use of Dex with skeletal radiotherapy (153-Sm-EDTMP) increased median survival time and reduced radiation-caused myelosuppression. Dex augmented superoxide and hydrogen peroxide generation and increased radiation-caused oxidative stress and cell death of myeloma cells. However, Dex reduced radiation-caused augmentation in pro-oxidant concentrations and increased the clonogenic survival in progenitor cells and normal hematopoietic stem cells. Administration with either N-acetylcysteine or the combinate use of polyethylene glycol (PEG)–conjugated copper, PEG-catalase, and zinc-superoxide dismutase considerably safeguarded myeloma cells from Dex-caused clonogenic death [109]. These findings state that Dex in combination with RT increases the destroying of myeloma cells while defending normal bone marrow hematopoiesis via a system that implicates an augmentation in oxidative stress.



Magda et al. evaluated the mechanism of radiation improvement by motexafin gadolinium (Gd-Tex) in vitro [110]. Clonogenic assays were employed to evaluate radiation response in lymphoma cell lines. Gd-Tex catalyzed the oxidation of NADPH and ascorbate under aerobic conditions, generating hydrogen peroxide. Cultivation with Gd-Tex in the presence of ascorbate augmented the aerobic radiation response of E89. Gd-Tex sensitizes cells to IR by augmenting oxidative stress [110].



Finally, RT, chemotherapy, and immunotherapy are the main treatments in Non-Hodgkin’s lymphoma therapy. There is the probability that the combination of chemotherapy or immunotherapy and RT may have a synergistic effect. In one report, rituximab was reported to radio-sensitize lymphoma cells controlling programmed cell death and cell cycle-related proteins [111,112,113,160].



The stimulation of apoptosis caused by the combined use of RT and rituximab was demonstrated to be caused by mitochondrial dissipation. ROS were described to have a role in this phenomenon [161]. Fengling et al. evaluated the action of rituximab on cell death caused by radiation in Raji lymphoma cells [114]. G2/M cell cycle arrest was reported after irradiation alone and the combination therapy. The combination therapy caused an increase in ROS production in a radiation dose-dependent manner. Moreover, rituximab increased the cell inhibition and programmed cell death caused by H2O2 [114].



An interesting field of study is the Kelch-like ECH-associated protein 1(Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2). It is the most investigated signaling pathway of cellular defense against oxidative stress [115]. When ROS concentrations are augmented, Nrf2 detaches from its inhibitor, Keap1, and translocates into the nucleus where it creates a heterodimer with small V-Maf Avian Musculoaponeurotic Fibrosarcoma Oncogene MAF proteins (sMAF) and controls the expression of genes that comprise the antioxidant response elements. Nrf2 regulates about 250 genes, essentially implicated in the endogenous antioxidant defense and detoxification of ROS. Mutation of Nrf2, or of its negative regulator Keap1, can alter their relations, which may explain the overexpression of Nrf2 signaling [115]. While normal cells are defended from DNA injury caused by ROS, tumor cells are protected against chemo- or radiotherapy [115].



Nevertheless, Nrf2 stimulation is not general. For instance, it was observed that after RT, the majority of Nrf2-targeted genes remained unchanged. Moreover, there were nine genes implicated in lipid peroxidation, which showed under expression in the case of new RT [116]. Recently, new data suggest that Nrf2 has conflicting actions in tumors. Anomalous stimulation of Nrf2 is correlated with poor prognosis as lasting stimulation of Nrf2 considerably increases the tumor cell resistance to ROS by increasing antioxidant enzymes. The increased Nrf2 in RT is recognized to be correlated with greater expression of Nrf2 downstream targets that stimulate GSH synthesis. Affecting Nrf2 activity in hematologic malignancies and tumors may be an efficacious approach to reduce radioresistance [116] and several Nrf2 inhibitors detected. For instance, All-trans-retinoic acid, employed for the therapy of acute promyelocytic leukemia, has been suggested as a specific Nrf2 inhibitor, which permits Nrf2 to form a complex with retinoid X receptor alpha (RARα), inhibiting stimulation of the Nrf2 pathway [117]. Moreover, metformin, a drug commonly used in the therapy of type 2 diabetes, decreases mRNA and protein concentrations of Nrf2 via the block of Raf/ERK/Nrf2 signaling [118], while IM3829 (4-[2-Cyclohexylethoxy] aniline) reduces Nrf2 mRNA and protein concentrations, and combination with radiation is capable to considerably block tumor survival [162].



Moreover, other radiosensitizers, which can considerably increase the radiotherapeutic efficacy, have been produced. Gold-based nanomaterials, as a novel sort of nanoparticle-based radiosensitizer, have been employed in experimentations implicating tumor RT [163]. However, therapeutic action employing the gold nanoparticle-based RT is generally not significant because of the low cellular uptake effectiveness and the autophagy-inducing capacity of these gold nanomaterials. Using gold nanospikes (GNSs), investigators built a series of thiol-poly(ethylene glycol)-modified GNSs terminated with folic acid (FA) (FA-GNSs), amine (NH2-GNSs), methoxyl (GNSs), and the cell-penetrating peptide TAT (TAT-GNSs), and studied their actions on X-ray RT [164]. The sensitization enhancement ratio (SER), which is generally employed to assess how efficiently radiosensitizers reduce cell growth, reaches 2.30 for TAT-GNSs. The exceptionally elevated SER value for TAT-GNSs suggests the greater radiosensitization action of this nanomaterial. The radiation improvement system of these GNSs implicated the augmented ROS and mitochondrial depolarization. Surface-modified GNSs could provoke the increase of autophagy-related protein (LC3-II) and apoptosis-related protein (active caspase-3) in tumor cells. GNSs provoked the diminishing of autolysosome degradation ability and autophagosome amassing. These findings established that autophagy has a protecting action against RT, and the block of defensive autophagy with inhibitors would provoke an augmentation of cell apoptosis. As well as the above in vitro experiments, the in vivo studies also reported that X-ray + TAT-GNSs therapy had the best tumor proliferation inhibitory action, which proved the greatest radiation sensitizing action of TAT-GNSs [164].



Finally, some drugs that have long been used in the treatment of haematological neoplasms also seem to have radiosensitizing capabilities. For instance, fludarabine is also a well-known DNA damage repair inhibitor that has clinical activity against hematological cancers [165].



In an in vitro experimental study, fludarabine-P, in clinically possible dosages, is a potent radiosensitizer in a human squamous carcinoma cell line of the oropharynx (ZMK-1 cells) and has a minor action in the fetal lung fibroblasts (MRC-5) [166]. The radiosensitization of fludarabine-P appears to be over additive in the malignant cells and additive in normal fetal fibroblasts. This would suggest that fludarabine-P might increase the therapeutic ratio of radiation.



Another well-known radiosensitizer is hydroxyurea, which was used in treatment of hematological malignancies [167], and several studies demonstrated that the addition of hydroxyurea to ionizing radiation produced a synergistic effect in vitro [75,168].




5. Future Perspectives


RT is a keystone of both curative and palliative tumor treatment. However, RT is harshly limited by radiation-caused side effects. If these side effects could be decreased, a bigger dosage of radiation could be given to obtain a superior response. Pre-clinical experimentations have demonstrated that irradiation at dosage rates far exceeding those generally employed decreases radiation-induced side-effects though conserving a comparable anti-tumor effect. This is recognized as the FLASH effect [76]. To date, numerous subjects have been treated with Ultra-High Dose Rate (FLASH) RT for the therapy of lymphomas causing complete responses and reduced toxicities. The mechanism accountable for decreased tissue toxicity is yet to be clarified, but the most noticeable theory so far suggested is that acute oxygen diminution happens within the irradiated tissue [76].



In the near future, other areas of intervention will open up in the field of radiation protection, such as that of non-coding genetic material. Previous reports have recognized essential actions of specific miRNAs in radiation response in numerous malignancies [169].



miR-139-5p is a powerful controller of RT response in tumors through its modulation of genes implicated in several DNA repair and ROS protection pathways. Therapy of solid cancer cells with a miR-139-5p mimic intensely synergized with radiation both in vitro and in vivo, causing a relevant augmentation of oxidative stress and stimulation of programmed cell death. Numerous miR-139-5p target genes were also predictive of prognosis. These prognostically important miR-139-5p target genes were employed as markers to recognize radioresistant cancer xenografts extremely responsive to sensitization by treatment with a miR-139-5p mimetic [170]; one of its confirmed targets, MAT2A, has a role in ROS defense [171].



The use of specific antisense oligonucleotides, able to bind and antagonize miRNAs, could be efficacious as a therapeutic element able of provoking a diverse response to oxidative stress and RT [172].



A different field of study could be the neuroprotection. Primary Central Nervous System Lymphoma (PCNSL) is a non-Hodgkin lymphoma that occurs within the brain, spinal cord, or eyes in the absence of systemic disease. Therapy often comprises whole-brain radiotherapy. However, after therapy, some subjects may show neurologic alterations [173]. This delayed treatment-related side-effect appears to be similar to a diffuse leukoencephalopathy. Some data indicate that the mechanism is related to the disruption of frontal subcortical circuits provoked by radiation injury, probably produced by oxidative stress [174].



Platelet-rich plasma (PRP) is an autologous preparation of platelets which comprehends great amounts of growth factors such as platelet-derived growth factor, epidermal growth factor, vascular endothelial growth factor, hepatocyte growth factor, insulin-like growth factor-1, and transforming growth factor-beta 1 [175]. PRP pre-treatment considerably decreased the radiation-induced alterations. Moreover, PRP remarkably improved the state of oxidative stress and seemed to block apoptotic process [176]. A similar approach could be attempted to prevent RT-induced neurological toxicity.



In the future, the possibility of modifying the radiosensitivity of the different cell types could be decisive in guaranteeing the effectiveness of the radiotherapy treatment. The L5178Y lymphoma cells (LY-S cell line) were the first ionizing radiation-sensitive mammalian cell line to be described. Investigators isolated the LY-S line from the parental L5178Y line (later called LY-R; R for resistant) and studied its high radiosensitivity. The following studies were targeted at comprehending the cause for the radiation sensitivity difference between the LY lines [177]. The LY-R to LY-S phenotype modification was due to the oxidative shock after cell relocation from the ascitic tumor into culture medium [177].



Full knowledge of the intergenomic interactions seems crucial for understanding the cellular response to ionizing radiation. Finding therapeutic solutions for hematologic malignancies and other diseases may also depend upon such knowledge.




6. Conclusions


Ionizing radiation has a main function in modern tumor treatment due to its distinctive advantages comprising non-invasiveness and a lack of severe systemic toxicity. Even though RT has showed several degrees of success, relapse and treatment failure may happen in tumor subjects due to radioresistance. Therefore, approaches are urgently necessitated for increasing radiosensitivity of tumor cells and augmenting the radioprotection of normal cells. The elaboration of novel and clinically efficacious modulators will offer prospects for new treatment paradigms.



In this compound, planning complementary therapeutic methods founded on differences in oxidative metabolism between tumoral and normal cells could be an effective approach to create more successful treatments.







Author Contributions


Conceptualization, A.A., A.G.A., and C.M.; methodology, V.I., F.M.; formal analysis, V.I., F.M.; data curation, V.I., F.M.; writing—original draft preparation, A.A., A.G.A.; writing—review and editing, A.A., A.G.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tseng, Y.D.; Ng, A.K. Hematologic Malignancies. Hematol. Oncol. Clin. N. Am. 2020, 34, 127–142. [Google Scholar] [CrossRef] [PubMed]

	



Galunić-Bilić, L.; Šantek, F. Infradiaphragmal Radiotherapy in Patients with Lymphoma: Volume Definition and Side Effects. Acta Clin. Croat. 2018, 57, 554–560. [Google Scholar] [CrossRef]

	



Bosch, A.; Frias, Z. Radiotherapy in the treatment of multiple myeloma. Int. J. Radiat. Oncol. Biol. Phys. 1988, 15, 1363–1369. [Google Scholar] [CrossRef]

	



Kilciksiz, S.; Celik, O.K.; Pak, Y.; Demiral, A.N.; Pehlivan, M.; Orhan, O.; Tokatli, F.; Agaoglu, F.; Zincircioglu, B.; Atasoy, B.M.; et al. Clinical and prognostic features of plasmacytomas: A multicenter study of Turkish Oncology Group–Sarcoma Working Party. Am. J. Hematol. 2008, 83, 702–707. [Google Scholar] [CrossRef] [PubMed]

	



Goel, A.; Dispenzieri, A.; Witzig, T.E.; Russell, S.J. Enhancing the therapeutic index of radiation in multiple myeloma. Drug Discov. Today Dis. Mech. 2006, 3, 515–522. [Google Scholar] [CrossRef]

	



Chatterjee, M.; Chakraborty, T.; Tassone, P. Multiple myeloma: Monoclonal antibodies–based immunotherapeutic strategies and targeted radiotherapy. Eur. J. Cancer 2006, 42, 1640–1652. [Google Scholar] [CrossRef]

	



Wong, J.Y.; Liu, A.; Schultheiss, T.; Popplewell, L.; Stein, A.; Rosenthal, J.; Essensten, M.; Forman, S.; Somlo, G. Targeted total marrow irradiation using three dimensional image-guided tomographic intensity–modulated radiation therapy: An alternative to standard total body irradiation. Biol. Blood Marrow Transplant. 2006, 12, 306–315. [Google Scholar] [CrossRef]

	



Wong, J.Y.; Rosenthal, J.; Liu, A.; Schultheiss, T.; Forman, S.; Somlo, G. Image-guided total-marrow irradiation using helical tomotherapy in patients with multiple myeloma and acute leukemia undergoing hematopoietic cell transplantation. Int. J. Radiat. Oncol. Biol. Phys. 2009, 73, 273–279. [Google Scholar] [CrossRef]

	



Anderson, P.M.; Wiseman, G.A.; Dispenzieri, A.; Arndt, C.A.; Hartmann, L.C.; Smithson, W.A.; Mullan, B.P.; Bruland, O.S. High-dose samarium-153 ethylene diamine tetramethylene phosphonate: Low toxicity of skeletal irradiation in patients with osteosarcoma and bone metastases. J. Clin. Oncol. 2002, 20, 189–196. [Google Scholar] [CrossRef]

	



Dispenzieri, A.; Wiseman, G.A.; Lacy, M.Q.; Geyer, S.; Litzow, M.R.; Tefferi, A.; Inwards, D.J.; Micallef, I.N.; Ansell, S.; Gastineau, D.A.; et al. A phase II study of high dose 153-samarium EDTMP (153-sm EDMTP) and melphalan for peripheral stem cell transplantation (PBSCT) in multiple myeloma (MM). Blood 2003, 102, 982. [Google Scholar]

	



Wilky, B.A.; Loeb, D.M. Beyond Palliation: Therapeutic Applications of 153Samarium-EDTMP. Clin. Exp. Pharmacol. 2013, 3, 1000131. [Google Scholar] [CrossRef] [PubMed]

	



Abruzzese, E.; Iuliano, F.; Trawinska, M.M.; DiMaio, M. 153Sm: Its use in multiple myeloma and report of a clinical experience. Expert Opin. Investig. Drugs 2008, 17, 1379–1387. [Google Scholar] [CrossRef] [PubMed]

	



Marchand, V.; Decaudin, D.; Servois, V.; Kirova, Y.M. Concurrent radiation therapy and lenalidomide in myeloma patient. Radiother. Oncol. 2008, 87, 152–153. [Google Scholar] [CrossRef] [PubMed]

	



Berenson, J.R.; Yellin, O.; Patel, R.; Duvivier, H.; Nassir, Y.; Mapes, R.; Abaya, C.D.; Swift, R.A. A phase I study of samarium lexidronam/bortezomib combination therapy for the treatment of relapsed or refractory multiple myeloma. Clin. Cancer Res. 2009, 15, 1069–1075. [Google Scholar] [CrossRef] [PubMed]

	



Berges, O.; Decaudin, D.; Servois, V.; Kirova, Y.M. Concurrent radiation therapy and bortezomib in myeloma patient. Radiother. Oncol. 2008, 86, 290–292. [Google Scholar] [CrossRef]

	



Bakst, R.L.; Dabaja, B.S.; Specht, L.K.; Yahalom, J. Use of radiation in extramedullary leukemia/chloroma: Guidelines from the International Lymphoma Radiation Oncology Group. Int. J. Radiat. Oncol. Biol. Phys. 2018, 102, 314–319. [Google Scholar] [CrossRef] [PubMed]

	



Karihtala, P.; Winqvist, R.; Syvaoja, J.E.; Kinnula, V.L.; Soini, Y. Increasing oxidative damage and loss of mismatch repair enzymes during breast carcinogenesis. Eur. J. Cancer 2006, 42, 2653–2659. [Google Scholar] [CrossRef] [PubMed]

	



Mates, J.M.; Segura, J.A.; Alonso, F.J.; Marquez, J. Intracellular redox status and oxidative stress: Implications for cell proliferation, apoptosis, and carcinogenesis. Arch. Toxicol. 2008, 82, 273–299. [Google Scholar] [CrossRef]

	



Karihtala, P.; Soini, Y. Reactive oxygen species and antioxidant mechanisms in human tissues and their relation to malignancies. Acta Pathol. Microbiol. Immunol. Scand. 2007, 115, 81–103. [Google Scholar] [CrossRef]

	



Karihtala, P.; Kauppila, S.; Soini, Y.; Jukkola-Vuorinen, A. Oxidative stress and counteracting mechanisms in hormone receptor positive, triple-negative and basal-like breast carcinomas. BMC Cancer 2011, 11, 262. [Google Scholar] [CrossRef]

	



Salzman, R.; Pacal, L.; Kankova, K.; Tomandl, J.; Horakova, Z.; Tothova, E.; Kostrica, R. High perioperative level of oxidative stress as a prognostic tool for identifying patients with a high risk of recurrence of head and neck squamous cell carcinoma. Int. J. Clin. Oncol. 2010, 15, 565–570. [Google Scholar] [CrossRef] [PubMed]

	



Imbesi, S.; Musolino, C.; Allegra, A.; Saija, A.; Morabito, F.; Calapai, G.; Gangemi, S. Oxidative stress in oncohematologic diseases: An update. Expert Rev. Hematol. 2013, 6, 317–325. [Google Scholar] [CrossRef]

	



Gangemi, S.; Allegra, A.; Aguennouz, M.; Alonci, A.; Speciale, A.; Cannavò, A.; Cristani, M.; Russo, S.; Spatari, G.; Alibrandi, A.; et al. Relationship between advanced oxidation protein products, advanced glycation end products, and S-nitrosylated proteins with biological risk and MDR-1 polymorphisms in patients affected by B-chronic lymphocytic leukemia. Cancer Investig. 2012, 30, 20–26. [Google Scholar] [CrossRef] [PubMed]

	



Musolino, C.; Allegra, A.; Alonci, A.; Saija, A.; Russo, S.; Cannavò, A.; Cristani, M.; Centorrino, R.; Saitta, S.; Alibrandi, A.; et al. Carbonyl group serum levels are associated with CD38 expression in patients with B chronic lymphocytic leukemia. Clin. Biochem. 2011, 44, 1487–1490. [Google Scholar] [CrossRef] [PubMed]

	



Peroja, P.; Pasanen, A.K.; Haapasaari, K.M.; Jantunen, E.; Soini, Y.; Turpeenniemi-Hujanen, T.; Bloigu, R.; Lilja, L.; Kuittinen, O.; Karihtala, P. Oxidative stress and redox state-regulating enzymes have prognostic relevance in diffuse large B-cell lymphoma. Exp. Hematol. Oncol. 2012, 1, 2. [Google Scholar] [CrossRef]

	



Zhou, F.L.; Zhang, W.G.; Wei, Y.C.; Meng, S.; Bai, G.G.; Wang, B.Y.; Yang, H.Y.; Tian, W.; Meng, X.; Zhang, H.; et al. Involvement of oxidative stress in the relapse of acute myeloid leukemia. J. Biol. Chem. 2010, 285, 15010–15015. [Google Scholar] [CrossRef]

	



Bur, H.; Haapasaari, K.M.; Turpeenniemi-Hujanen, T.; Kuittinen, O.; Auvinen, P.; Marin, K.; Koivunen, P.; Sormunen, R.; Soini, Y.; Karihtala, P. Oxidative stress markers and mitochondrial antioxidant enzyme expression are increased in aggressive Hodgkin lymphomas. Histopathology 2014, 65, 319–327. [Google Scholar] [CrossRef]

	



Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys Acta 2016, 1863, 2977–2992. [Google Scholar] [CrossRef]

	



Rahgoshai, S.; Mohammadi, M.; Refahi, S.; Oladghaffari, M.; Aghamiri, S. Protective effects of IMOD and cimetidine against radiation induced cellular damage. J. Biomed. Phys. Eng. 2017, 8, 133–140. [Google Scholar]

	



Azzam, E.I.; Jay-Gerin, J.P.; Pain, D. Ionizing radiation-induced metabolic oxidative stress and prolonged cell injury. Cancer Lett. 2012, 327, 48–60. [Google Scholar] [CrossRef]

	



Popgeorgiev, N.; Jabbour, L.; Gillet, G. Subcellular localization and dynamics of the Bcl-2 family of proteins. Front. Cell Dev. Biol. 2018, 6, 13. [Google Scholar] [CrossRef] [PubMed]

	



Warren, C.F.A.; Wong-Brown, M.W.; Bowden, N.A. BCL-2 family isoforms in apoptosis and cancer. Cell Death Dis. 2019, 10, 177. [Google Scholar] [CrossRef] [PubMed]

	



Pohl, S.Ö.-G.; Agostino, M.; Dharmarajan, A.; Pervaiz, S. Cross talk between cellular redox state and the antiapoptotic protein Bcl-2. Antioxid. Redox Signal. 2018, 29, 1215–1236. [Google Scholar] [CrossRef] [PubMed]

	



Iliakis, G.; Wang, H.; Perrault, A.R.; Boecker, W.; Rosidi, B.; Windhofer, F.; Wu, W.; Guan, J.; Terzoudi, G.; Antelias, G. Mechanisms of DNA double strand break repair and chromosome aberration formation. Cytogenet. Genome Res. 2004, 104, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



Purkayastha, S.; Milligan, J.R.; Bernhard, W.A. On the chemical yield of base lesions, strand breaks, and clustered damage generated in plasmid DNA by the direct effect of × rays. Radiat. Res. 2007, 168, 357–366. [Google Scholar] [CrossRef] [PubMed]

	



Yakes, F.M.; van Houten, B. Mitochondrial DNA damage is more extensive and persists longer than nuclear DNA damage in human cells following oxidative stress. Proc. Natl. Acad. Sci. USA 1997, 94, 514–519. [Google Scholar] [CrossRef]

	



Rodemann, H.P.; Blaese, M.A. Responses of normal cells to ionizing radiation. Semin. Radiat. Oncol. 2007, 17, 81–88. [Google Scholar] [CrossRef]

	



Larsen, N.B.; Rasmussen, M.; Rasmussen, L.J. Nuclear and mitochondrial DNA repair: Similar pathways? Mitochondrion 2005, 5, 89–108. [Google Scholar] [CrossRef]

	



Yang, J.L.; Weissman, L.; Bohr, V.A.; Mattson, M.P. Mitochondrial DNA damage and repair in neurodegenerative disorders. DNA Repair 2008, 7, 1110–1120. [Google Scholar] [CrossRef]

	



Zhang, H.; Maguire, D.; Swarts, S.; Sun, W.; Yang, S.; Wang, W.; Liu, C.; Zhang, M.; Zhang, D.; Zhang, L.; et al. Replication of murine mitochondrial DNA following irradiation. Adv. Exp. Med. Biol. 2009, 645, 43–48. [Google Scholar]

	



Cortopassi, G.A.; Arnheim, N. Detection of a specific mitochondrial DNA deletion in tissues of older humans. Nucleic Acids Res. 1990, 18, 6927–6933. [Google Scholar] [CrossRef] [PubMed]

	



Krishnan, K.J.; Reeve, A.K.; Samuels, D.C.; Chinnery, P.F.; Blackwood, J.K.; Taylor, R.W.; Wanrooij, S.; Spelbrink, J.N.; Lightowlers, R.N.; Turnbull, D.M. What causes mitochondrial DNA deletions in human cells? Nat. Genet. 2008, 40, 275–279. [Google Scholar] [CrossRef]

	



Gerhard, G.S.; Benko, F.A.; Allen, R.G.; Tresini, M.; Kalbach, A.; Cristofalo, V.J.; Gocke, C.D. Mitochondrial DNA mutation analysis in human skin fibroblasts from fetal, young, and old donors. Mech Ageing Dev. 2002, 123, 155–166. [Google Scholar] [CrossRef]

	



Chabi, B.; Mousson de Camaret, B.; Chevrollier, A.; Boisgard, S.; Stepien, G. Random mtDNA deletions and functional consequence in aged human skeletal muscle. Biochem. Biophys. Res. Commun. 2005, 332, 542–549. [Google Scholar] [CrossRef] [PubMed]

	



Pavicic, W.H.; Richard, S.M. Correlation analysis between mtDNA 4977-bp deletion and ageing. Mutat. Res. 2009, 670, 99–102. [Google Scholar] [CrossRef]

	



Wen, Q.; Hu, Y.; Ji, F.; Qian, G. Mitochondrial DNA alterations of peripheral lymphocytes in acute lymphoblastic leukemia patients undergoing total body irradiation therapy. Radiat. Oncol. 2011, 6, 133. [Google Scholar] [CrossRef]

	



Soyal, D.; Jindal, A.; Singh, I.; Goyal, P. Protective capacity of Rosemary extract against radiation induced hepatic injury in mice. Int. J. Radiat. Res. 2007, 4, 161–168. [Google Scholar]

	



Janssen, L.; Bosman, C.B.; van Duijn, W.; Oostendorp-van de Ruit, M.M.; Kubben, F.J.; Griffioen, G.; Lamers, C.B.; van Krieken, J.H.; van de Velde, C.J.; Verspaget, H.W. Superoxide dismutases in gastric and esophageal cancer and the prognostic impact in gastric cancer. Clin. Cancer Res. 2000, 6, 3183–3192. [Google Scholar]

	



Hall, S.; Rudrawar, S.; Zunk, M.; Bernaitis, N.; Arora, D.; McDermott, C.M.; Anoopkumar-Dukie, S. Protection against Radiotherapy-Induced Toxicity. Antioxidants 2016, 5, 22. [Google Scholar] [CrossRef]

	



Xu, G.; Shi, H.; Ren, L.; Gou, H.; Gong, D.; Gao, X.; Huang, N. Enhancing the anti-colon cancer activity of quercetin by self-assembled micelles. Int. J. Nanomed. 2015, 10, 2051–2063. [Google Scholar] [CrossRef]

	



Rusin, A.; Krawczyk, Z.; Grynkiewicz, G.; Gogler, A.; Zawisza-Puchałka, J.; Szeja, W. Synthetic derivatives of genistein, their properties and possible applications. Acta Biochim. Pol. 2010, 57, 23–34. [Google Scholar] [CrossRef] [PubMed]

	



Szejk, M.; Poplawski, T.; Czubatka-Bienkowska, A.; Olejnik, A.K.; Pawlaczyk-Graja, I.P.; Gancarz, R.; Zbikowska, H.M. A comparative study on the radioprotective potential of the polyphenolic glycoconjugates from medicinal plants of Rosaceae and Asteraceae families versus their aglycones. J. Photochem. Photobiol. B 2017, 171, 50–57. [Google Scholar] [CrossRef] [PubMed]

	



Szejk-Arendt, M.; Czubak-Prowizor, K.; Macieja, A.; Poplawski, T.; Olejnik, A.K.; Pawlaczyk-Graja, I.; Gancarz, R.; Zbikowska, H.M. Polyphenolic-polysaccharide conjugates from medicinal plants of Rosaceae/Asteraceae family protect human lymphocytes but not myeloid leukemia K562 cells against radiation-induced death. Int. J. Biol. Macromol. 2020, 156, 1445–1454. [Google Scholar] [CrossRef] [PubMed]

	



Mozdarani, H.; Salimi, M.; Froughizadeh, M. Effect of cimetidine and famotidine on survival of lethally gamma irradiated mice. Iran. J. Radiat. Res. 2008, 5, 187–194. [Google Scholar]

	



Estaphan, S.; Abdel-Malek, R.; Rashed, L.; Mohamed, E.A. Cimetidine a promising radio-protective agent through modulating Bax/Bcl2 ratio: An in vivo study in male rats. J. Cell Physiol. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Yamini, K.; Gopal, V. Natural radioprotective agents against ionizing radiation—An overview. Int. J. Pharm. Tech. Res. 2010, 2, 1421–1426. [Google Scholar]

	



Wegener, T.; Wagner, H. The active components and the pharmacological multi-target principle of STW 5 (Iberogast). Phytomedicine 2006, 13, 20–35. [Google Scholar] [CrossRef]

	



Khayyal, M.T.; Abdel-Naby, D.H.; Abdel-Aziz, H.; El-Ghazaly, M.A. A multi-component herbal preparation, STW 5, shows anti-apoptotic effects in radiation induced intestinal mucositis in rats. Phytomedicine 2014, 21, 1390–1399. [Google Scholar] [CrossRef]

	



Wadie, W.; Abdel-Aziz, H.; Zaki, H.F.; Kelber, O.; Weiser, D.; Khayyal, M.T. STW 5 is effective in dextran sulfate sodium-induced colitis in rats. Int. J. Colorectal Dis. 2012, 27, 1445–1453. [Google Scholar] [CrossRef]

	



Michael, S.; Kelber, O.; Hauschildt, S.; Spanel-Borowski, K.; Nieber, K. 2009. Inhibition of inflammation-induced alterations in rat small intestine by the herbal preparations STW 5 and STW 6. Phytomedicine 2009, 16, 161–171. [Google Scholar] [CrossRef]

	



Burdelya, L.G.; Krivokrysenko, V.I.; Tallant, T.C.; Strom, E.; Gleiberman, A.S.; Gupta, D.; Kurnasov, O.V.; Fort, F.L.; Osterman, A.L.; Didonato, J.A.; et al. An agonist of toll-like receptor 5 has radioprotective activity in mouse and primate models. Science 2008, 320, 226–230. [Google Scholar] [CrossRef] [PubMed]

	



Toshkov, I.A.; Gleiberman, A.S.; Mett, V.L.; Hutson, A.D.; Singh, A.K.; Gudkov, A.V.; Burdelya, L.G. Mitigation of Radiation-Induced Epithelial Damage by the TLR5 Agonist Entolimod in a Mouse Model of Fractionated Head and Neck Irradiation. Radiat. Res. 2017, 187, 570–580. [Google Scholar] [CrossRef] [PubMed]

	



Leigh, N.D.; Bian, G.; Ding, X.; Liu, H.; Aygun-Sunar, S.; Burdelya, L.G.; Gudkov, A.V.; Cao, X. A flagellin-derived toll-like receptor 5 agonist stimulates cytotoxic lymphocyte-mediated tumor immunity. PLoS ONE 2014, 9, e85587. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Brackett, C.M.; Morales-Tirado, V.M.; Li, Z.; Zhang, Q.; Wilson, M.W.; Benjamin, C.; Harris, W.; Waller, E.K.; Gudkov, A.V.; et al. The Toll-like receptor 5 agonist entolimod suppresses hepatic metastases in a murine model of ocular melanoma via an NK cell-dependent mechanism. Oncotarget 2016, 7, 2936–2950. [Google Scholar] [CrossRef]

	



Brackett, C.M.; Kojouharov, B.; Veith, J.; Greene, K.F.; Burdelya, L.G.; Gollnick, S.O.; Abrams, S.I.; Gudkov, A.V. Toll-like receptor-5 agonist, entolimod, suppresses metastasis and induces immunity by stimulating an NK-dendritic-CD8+ T-cell axis. Proc. Natl. Acad. Sci. USA 2016, 113, E874–E883. [Google Scholar] [CrossRef]

	



Li, W.; Ge, C.; Yang, L.; Wang, R.; Lu, Y.; Gao, Y.; Li, Z.; Wu, Y.; Zheng, X.; Wang, Z.; et al. CBLB502, an agonist of Toll-like receptor 5, has antioxidant and scavenging free radicals activities in vitro. Int. J. Biol. Macromol. 2016, 82, 97–103. [Google Scholar] [CrossRef]

	



Bai, H.; Sun, F.; Yang, G.; Wang, L.; Zhang, Q.; Zhang, Q.; Zhan, Y.; Chen, J.; Yu, M.; Li, C.; et al. CBLB502, a Toll-like receptor 5 agonist, offers protection against radiation-induced male reproductive system damage in mice. Biol. Reprod. 2019, 100, 281–291. [Google Scholar] [CrossRef]

	



Elkady, A.A.; Ibrahim, I.M. Protective effects of erdosteine against nephrotoxicity caused by gamma radiation in male albino rats. Hum. Exp. Toxicol. 2016, 35, 21–28. [Google Scholar] [CrossRef]

	



Chen, Z.Y.; Hu, Y.Y.; Hu, X.F.; Cheng, L.X. The conditioned medium of human mesenchymal stromal cells reduces irradiation-induced damage in cardiac fibroblast cells. J. Radiat. Res. 2018, 59, 555–564. [Google Scholar] [CrossRef]

	



Zhao, F.; Wang, Z.; Zheng, R. Efficacy of calf spleen extract injection combined with chemotherapy in the treatment of advanced gastric cancer. J. Bengbu Med. Coll. 2010, 779, 781. [Google Scholar]

	



Liu, Z.; Zhang, X.; Ma, J.; Wang, L.; Yang, Y. Calf spleen extract injection combined with docetaxel Saijiakapei gemcitabine treatment of patients with advanced breast cancer program in clinical research. Cancer Res. Prev. 2014, 132, 122–130. [Google Scholar]

	



Svirnovskiĭ, A.I.; Shimanskaia, T.V.; Bakun, A.V. Protivoluchevoe deĭstvie ékstrakta regeneriruiushcheĭ selezenki. The radioprotective action of an extract of regenerating spleen. Radiobiologiia 1993, 33, 141–147. [Google Scholar] [PubMed]

	



Djordjevic, A.; Bogdanovic, G.; Dobric, S. Fullerenes in biomedicine. J. Buon 2006, 11, 391–404. [Google Scholar] [PubMed]

	



Trajković, S.; Dobrić, S.; Jaćević, V.; Dragojević-Simić, V.; Milovanović, Z.; Dordević, A. Tissue-protective effects of fullerenol C60(OH)24 and amifostine in irradiated rats. Colloids Surf. B Biointerfaces 2007, 58, 39–43. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, T.R.; Kinsella, T.J. Ribonucleotide reductase inhibitors: A new look at an old target for radiosensitization. Front. Oncol. 2012, 1, 56. [Google Scholar] [CrossRef]

	



Wilson, J.D.; Hammond, E.M.; Higgins, G.S.; Petersson, K. Ultra-High Dose Rate (FLASH) Radiotherapy: Silver Bullet or Fool’s Gold? Front. Oncol. 2020, 9, 1563. [Google Scholar] [CrossRef]

	



Jafarzadeh, A.; Nemati, M.; Khorramdelazad, H.; Hassan, Z.M. Immunomodulatory properties of cimetidine: Its therapeutic potentials for treatment of immune-related diseases. Int. Immunopharmacol. 2019, 70, 156–166. [Google Scholar] [CrossRef]

	



Little, M.H. Regrow or repair: Potential regenerative therapies for the kidney. J. Am. Soc. Nephrol. 2006, 17, 2390–2401. [Google Scholar] [CrossRef]

	



Linard, C.; Ropenga, A.; Vozenin-Brotons, M.C.; Chapel, A.; Mathe, D. Abdominal irradiation increases inflammatory cytokine expression and activates NF-kappa B in ratileal muscularis layer. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 285, 556–565. [Google Scholar] [CrossRef]

	



Wong, P.C.; Dodd, M.J.; Miaskowski, C.; Paul, S.M.; Bank, K.A.; Shiba, G.H.; Facione, N. Mucositis pain induced by radiation therapy: Prevalence, severity and use of self-care behaviors. J. Pain Symptom Manag. 2006, 32, 27–37. [Google Scholar] [CrossRef]

	



Duca, Y.; di Cataldo, A.; Russo, G.; Cannata, E.; Burgio, G.; Compagnone, M.; Alamo, A.; Condorelli, R.A.; La Vignera, S.; Calogero, A.E. Testicular Function of Childhood Cancer Survivors: Who Is Worse? J. Clin. Med. 2019, 8, 2204. [Google Scholar] [CrossRef]

	



Meistrich, M.L. Effects of chemotherapy and radiotherapy on spermatogenesis. Eur. Urol. 1993, 23, 136–141. [Google Scholar] [CrossRef]

	



Hermann, R.M.; Henkel, K.; Christiansen, H.; Vorwerk, H.; Hille, A.; Hess, C.F.; Schmidberger, H. Testicular dose and hormonal changes after radiotherapy of rectal cancer. Radiother. Oncol. 2005, 75, 83–88. [Google Scholar] [CrossRef]

	



Shen, H.; Ong, C. Detection of oxidative DNA damage in human sperm and its association with sperm function and male infertility. Free Radic. Biol. Med. 2000, 28, 529–536. [Google Scholar] [CrossRef]

	



Ash, P. The influence of radiation on fertility in man. Br. J. Radiol. 1980, 53, 271–278. [Google Scholar] [CrossRef]

	



Albuquerque, A.V.; Almeida, F.R.; Weng, C.C.; Shetty, G.; Meistrich, M.L.; Chiarini-Garcia, H. Spermatogonial behavior in rats during radiation-induced arrest and recovery after hormone suppression. Reproduction 2013, 146, 363–376. [Google Scholar] [CrossRef]

	



Chuai, Y.; Gao, F.; Li, B.; Zhao, L.; Qian, L.; Cao, F.; Wang, L.; Sun, X.; Cui, J.; Cai, J. Hydrogen-rich saline attenuates radiation-induced male germ cell loss in mice through reducing hydroxyl radicals. Biochem. J. 2012, 442, 49–56. [Google Scholar] [CrossRef]

	



Ding, J.; Wang, H.; Wu, Z.B.; Zhao, J.; Zhang, S.; Li, W. Protection of murine spermatogenesis against ionizing radiation-induced testicular injury by a green tea polyphenol. Biol. Reprod. 2015, 92, 6. [Google Scholar] [CrossRef]

	



Kim, J.; Lee, S.; Jeon, B.; Jang, W.; Moon, C.; Kim, S. Protection of spermatogenesis against gamma ray-induced damage by granulocytecolony-stimulating factor in mice. Andrologia 2011, 43, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.D.; Maquart, F.X.; Monboisse, J.C. Ionizing radiations and collagen metabolism: From oxygen free radicals to radio-induced late fibrosis. Radiat. Phys. Chem. 2005, 72, 381–386. [Google Scholar] [CrossRef]

	



Cohen, E.P.; Robbins, M.E. Radiation nephropathy. Semin. Nephrol. 2003, 23, 486–499. [Google Scholar] [CrossRef]

	



Teixeira, V.P.; Boim, M.A.; Segreto, H.R.; Schor, N. Acute, subacute, and chronic x-ray effects on glomerular hemodynamics in rats. Ren. Fail. 1994, 16, 457–470. [Google Scholar] [CrossRef]

	



Withers, H.R.; Mason, K.A.; Thames, H.D., Jr. Late radiation response of kidney assayed by tubule-cell survival. Br. J. Radiol. 1986, 59, 587–595. [Google Scholar] [CrossRef] [PubMed]

	



Flora, S.J. Role of free radicals and antioxidants in health and disease. Cell. Mol. Biol. 2007, 53, 1–2. [Google Scholar]

	



Gobé, G.C.; Axelsen, R.A.; Harmon, B.V.; Allan, D.J. Cell death by apoptosis following X-irradiation of the foetal and neonatal rat kidney. Int. J. Radiat. Biol. 1988, 54, 567–576. [Google Scholar] [CrossRef]

	



Moulder, J.E.; Fish, B.L.; Regner, K.R.; Cohen, E.P.; Raife, T.J. Retinoic acid exacerbates experimental radiation nephropathy. Radiat. Res. 2002, 157, 199–203. [Google Scholar] [CrossRef]

	



Robbins, M.E.; O’Malley, Y.; Zhao, W.; Davis, C.S.; Bonsib, S.M. The role of tubulointerstitium in radiation-induced renal fibrosis. Radiat. Res. 2001, 155, 481–489. [Google Scholar] [CrossRef]

	



Hu, S.; Chen, Y.; Li, L.; Chen, J.; Wu, B.; Zhou, X.; Zhi, G.; Li, Q.; Wang, R.; Duan, H.; et al. Effects of adenovirus-mediated delivery of the human hepatocyte growth factor gene in experimental radiation-induced heart disease. Int. J. Radiat. Oncol. Biol. Phys. 2009, 75, 1537–1544. [Google Scholar] [CrossRef]

	



Blijlevens, N.; Sonis, S. Palifermin (recombinant keratinocyte growth factor-1): A pleiotropic growth factor with multiple biological activities in preventing chemotherapy- and radiotherapy-induced mucositis. Ann. Oncol. 2007, 18, 817–826. [Google Scholar] [CrossRef]

	



Lauritano, D.; Petruzzi, M.; Di Stasio, D.; Lucchese, A. Clinical effectiveness of palifermin in prevention and treatment of oral mucositis in children with acute lymphoblastic leukaemia: A case-control study. Int. J. Oral Sci. 2014, 6, 27–30. [Google Scholar] [CrossRef]

	



Spielberger, R.; Stiff, P.; Bensinger, W.; Gentile, T.; Weisdorf, D.; Kewalramani, T.; Shea, T.; Yanovich, S.; Hansen, K.; Noga, S.; et al. Palifermin for oral mucositis after intensive therapy for hematologic cancers. N. Engl. J. Med. 2004, 351, 2590–2598. [Google Scholar] [CrossRef] [PubMed]

	



Shankar, B.; Kumar, S.S.; Sainis, K.B. Generation of reactive oxygen species and radiation response in lymphocytes and tumour cells. Radiat. Res. 2003, 160, 478–487. [Google Scholar] [CrossRef]

	



Komatsu, W.; Ishihara, K.; Murata, M.; Saito, H.; Shinohara, K. Docosahexaenoic acid suppresses nitric oxide production and inducible nitric oxide synthase expression in interferon-gamma plus lipopolysaccharide stimulated murine macrophages by inhibiting the oxidative stress. Free Radic. Biol. Med. 2003, 34, 1006–1016. [Google Scholar] [CrossRef]

	



Sneddon, A.A.; Wu, H.C.; Farquharson, A.; Grant, I.; Arthur, J.R.; Rotondo, D.; Choe, S.-N.; Wahle, K.W.J. Regulation of selenoprotein GP×4 expression and activity in human endothelial cells by fatty acids, cytokines and antioxidants. Atherosclerosis 2003, 171, 57–65. [Google Scholar] [CrossRef]

	



Wen, B.; Deutsch, E.; Opolon, P.; Auperin, A.; Frascogna, V.; Connault, E.; Bourhis, J. n-3 polyunsaturated fatty acids decrease mucosal/epidermal reactions and enhance antitumour effect of ionising radiation with inhibition of tumour angiogenesis. Br. J. Cancer 2003, 89, 1102–1107. [Google Scholar] [CrossRef]

	



Minami, Y.; Miyata, H.; Doki, Y.; Yano, M.; Yamasaki, M.; Takiguchi, S.; Fujiwara, Y.; Yasuda, T.; Monden, M. omega-3 Fatty acid-containing diet (Racol) reduces toxicity of chemoradiation therapy for patients with esophageal cancer. Gan Kagaku Ryoho 2008, 35, 437–440. [Google Scholar]

	



Briehl, M.M.; Cotgreave, I.A.; Powis, G. Downregulation of the antioxidant defence during glucocorticoid-mediated apoptosis. Cell Death Differ. 1995, 2, 41–46. [Google Scholar]

	



Burington, B.; Barlogie, B.; Zhan, F.; Crowley, J.; Shaughnessy, J.D., Jr. Tumor cell gene expression changes following short-term in vivo exposure to single agent chemotherapeutics are related to survival in multiple myeloma. Clin. Cancer Res. 2008, 14, 4821–4829. [Google Scholar] [CrossRef] [PubMed]

	



Bera, S.; Greiner, S.; Choudhury, A.; Dispenzieri, A.; Spitz, D.R.; Russell, S.J.; Apollina Goel, A. Dexamethasone-induced oxidative stress enhances myeloma cell radiosensitization while sparing normal bone marrow hematopoiesis. Neoplasia 2010, 12, 980–992. [Google Scholar] [CrossRef]

	



Magda, D.; Lepp, C.; Gerasimchuk, N.; Lee, I.; Sessler, J.L.; Lin, A.; Biaglow, J.E.; Miller, R.A. Redox cycling by motexafin gadolinium enhances cellular response to ionizing radiation by forming reactive oxygen species. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51, 1025–1036. [Google Scholar] [CrossRef]

	



Skvortsova, I.; Popper, B.A.; Skvortsov, S.; Saurer, M.; Auer, T.; Moser, R.; Kamleitner, H.; Zwierzina, H.; Lukas, P. Pretreatment with rituximab enhances radiosensitivity of non-Hodgkin’s lymphoma cells. J. Radiat Res. 2005, 46, 241–248. [Google Scholar] [CrossRef] [PubMed]

	



Skvortsova, I.; Skvortsov, S.; Popper, B.A.; Haidenberger, A.; Saurer, M.; Gunkel, A.R.; Zwierzina, H.; Lukas, P. Rituximab enhances radiation-triggered apoptosis in non-Hodgkin’s lymphoma cells via caspase-dependent and -independent mechanisms. J. Radiat. Res. 2006, 47, 183–196. [Google Scholar] [CrossRef] [PubMed]

	



Kapadia, N.S.; Engles, J.M.; Wahl, R.L. In vitro evaluation of radioprotective and radiosensitizing effects of rituximab. J. Nucl. Med. 2008, 49, 674–678. [Google Scholar] [CrossRef] [PubMed]

	



Fengling, M.; Fenju, L.; Wanxin, W.; Lijia, Z.; Jiandong, T.; Zu, W.; Xin, Y.; Qingxiang, G. Rituximab sensitizes a Burkitt lymphoma cell line to cell killing by X-irradiation. Radiat. Environ. Biophys. 2009, 48, 371–378. [Google Scholar] [CrossRef] [PubMed]

	



Zimta, A.A.; Cenariu, D.; Irimie, A.; Magdo, L.; Nabavi, S.M.; Atanasov, A.G.; Berindan-Neagoe, I. The Role of Nrf2 Activity in Cancer Development and Progression. Cancers 2019, 11, 1755. [Google Scholar] [CrossRef]

	



Wu, S.; Lu, H.; Bai, Y. Nrf2 in cancers: A double-edged sword. Cancer Med. 2019, 8, 2252–2267. [Google Scholar] [CrossRef]

	



Wang, X.J.; Hayes, J.D.; Henderson, C.J.; Wolf, C.R. Identification of retinoic acid as an inhibitor of transcription factor Nrf2 through activation of retinoic acid receptor alpha. Proc. Natl. Acad. Sci. USA 2007, 104, 19589–19594. [Google Scholar] [CrossRef]

	



Do, M.T.; Kim, H.G.; Khanal, T.; Choi, J.H.; Kim, D.H.; Jeong, T.C.; Jeong, H.G. Metformin inhibits heme oxygenase-1 expression in cancer cells through inactivation of Raf-ERK-Nrf2 signaling and AMPK-independent pathways. Toxicol. Appl. Pharmacol. 2013, 271, 229–238. [Google Scholar] [CrossRef]

	



Allegra, A.; Innao, V.; Russo, S.; Gerace, D.; Alonci, A.; Musolino, C. Anticancer Activity of Curcumin and Its Analogues: Preclinical and Clinical Studies. Cancer Investig. 2017, 35, 1–22. [Google Scholar] [CrossRef]

	



Krishnan, S.; Sandur, S.K.; Shentu, S.; Aggarwal, B.B. Curcumin enhances colorectal cancer cell radiosensitivity by suppressing the radiation-induced nuclear factorkappaB (NF-kB) pathway. Int. J. Radiat. Oncol. Biol. Phys. 2006, 66, S547. [Google Scholar] [CrossRef]

	



Jayakumar, S.; Patwardhan, R.S.; Pal, D.; Sharma, D.; Sandur, S.K. Dimethoxycurcumin, a metabolically stable analogue of curcumin enhances the radiosensitivity of cancer cells: Possible involvement of ROS and thioredoxin reductase. Biochem. Biophys. Res. Commun. 2016, 478, 446–454. [Google Scholar] [CrossRef] [PubMed]

	



Adams, G.E.; Dewey, D.L. Hydrated electrons and radiobiological sensitization. Biochem. Biophys. Res. Commun. 1963, 12, 473–477. [Google Scholar] [CrossRef]

	



Biaglow, J.E.; Varnes, M.E.; Clark, E.P.; Epp, E.R.R. The role of thiols in cellular response to radiation and drugs. Radiat. Res. 1983, 95, 437–455. [Google Scholar] [CrossRef] [PubMed]

	



Biaglow, J.E.; Varnes, M.E.; Epp, E.R.; Clark, E.P.; Tuttle, S.; Held, K.D. Role of glutathione in the aerobic radiation response. Int. J. Radiat. Oncol. Biol. Phys. 1989, 16, 1311–1314. [Google Scholar] [CrossRef]

	



Biaglow, J.E.; Mitchell, J.B.; Held, K. The importance of peroxide and superoxide in the x-ray response. Int. J. Radiat. Oncol. Biol. Phys. 1992, 22, 665–669. [Google Scholar] [CrossRef]

	



Siim, B.G.; van Zijl, P.L.; Brown, J.M. Tirapazamine-induced DNA damage measured using the comet assay correlates with cytotoxicity towards tumour cells in vitro. Br. J. Cancer 1996, 73, 952–960. [Google Scholar] [CrossRef]

	



Coleman, C.N.; Beard, C.J.; Hlatky, L. Biochemical modifiers: Hypoxic cell sensitizers. In Radiation Oncology: Technology and Biology; Mauch, P.M., Loeffler, J.S., Eds.; W.B. Saunders: Philadelphia, PA, USA, 1994; pp. 56–89. [Google Scholar]

	



Biaglow, J.E.; Varnes, M.E.; Roizen-Towle, L.; Clark, E.P.; Epp, E.R.; Astor, M.B.; Hall, E.J. Biochemistry of reduction of nitro heterocycles. Biochem. Pharmacol. 1986, 35, 77–90. [Google Scholar] [CrossRef]

	



Jacobson, B.; Biaglow, J.E.; Fielden, E.M.; Adams, G.E. Respiratory effects and ascorbate reactions with misonidazole and other recently developed drugs. Cancer Clin. Trials 1980, 3, 47–53. [Google Scholar]

	



Mengeaud, V.; Nano, J.L.; Fournel, S.; Rampal, P. Effects of eicosapentaenoic acid, gamma-linolenic acid and prostaglandin E1 on three human colon carcinoma cell lines. Prostaglandins Leukot Essent Fatty Acids 1992, 47, 313–319. [Google Scholar] [CrossRef]

	



Ng, Y.; Barhoumi, R.; Tjalkens, R.B.; Fan, Y.Y.; Kolar, S.; Wang, N.; Lupton, J.R.; Chapkin, R.S. The role of docosahexaenoic acid in mediating mitochondrial membrane lipid oxidation and apoptosis in colonocytes. Carcinogenesis 2005, 26, 1914–1921. [Google Scholar] [CrossRef]

	



Dommels, Y.E.; Haring, M.M.; Keestra, N.G.; Alink, G.M.; van Bladeren, P.J.; van Ommen, B. The role of cyclooxygenase in n-6 and n-3 polyunsaturated fatty acid mediated effects on cell proliferation, PGE synthesis and cytotoxicity in human colorectal carcinoma cell lines. Carcinogenesis 2003, 24, 385–392. [Google Scholar] [CrossRef] [PubMed]

	



Maziere, C.; Conte, M.A.; Degonville, J.; Ali, D.; Maziere, J.C. Cellular enrichment with polyunsaturated fatty acids induces an oxidative stress and activates the transcription factors AP1 and NFkappaB. Biochem. Biophys. Res. Commun. 1999, 265, 116–122. [Google Scholar] [CrossRef] [PubMed]

	



Bubici, C.; Papa, S.; Dean, K.; Franzoso, G. Mutual cross-talk between reactive oxygen species and nuclear factor-kappa B: Molecular basis and biological significance. Oncogene 2006, 25, 6731–6748. [Google Scholar] [CrossRef] [PubMed]

	



Simon, H.U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 2000, 5, 415–418. [Google Scholar] [CrossRef] [PubMed]

	



Hofmanova, J.; Vaculova, A.; Lojek, A.; Kozubık, A. Interaction of polyunsaturated fatty acids and sodium butyrate during apoptosis inHT-29 human colon adenocarcinoma cells. Eur. J. Nutr. 2005, 44, 40–51. [Google Scholar] [CrossRef]

	



Sarsilmaz, M.; Songur, A.; Ozyurt, H.; Kus, I.; Ozen, O.A.; Ozyurt, B.; Söğüt, S.; Akyol, O. Potential role of dietary omega-3 essential fatty acids on some oxidant/antioxidant parameters in rats’ corpus striatum. Prostaglandins Leukot Essent Fatty Acids 2003, 69, 253–259. [Google Scholar] [CrossRef]

	



Vartak, S.; Robbins, M.E.; Spector, A.A. Polyunsaturated fatty acids increase the sensitivity of 36B10 rat astrocytoma cells to radiation-induced cell kill. Lipids 1997, 32, 283–292. [Google Scholar] [CrossRef]

	



Zand, H.; Rahimipour, A.; Salimi, S.; Shafiee, S.M. Docosahexaenoic acid sensitizes Ramos cells to gamma-irradiation-induced apoptosis through involvement of PPAR-gamma activation and NF-kappaB suppression. Mol. Cell. Biochem. 2008, 317, 113–120. [Google Scholar] [CrossRef]

	



Colas, S.; Paon, L.; Denis, F.; Prat, M.; Louisot, P.; Hoinard, C.; le Floch, O.; Ogilvie, G.; Bougnoux, P. Enhanced radiosensitivity of rat autochthonous mammary tumors by dietary docosahexaenoic acid. Int. J. Cancer 2004, 109, 449–454. [Google Scholar] [CrossRef]

	



Calviello, G.; Serini, S.; Piccioni, E.; Pessina, G. Antineoplastic effects of n-3 polyunsaturated fatty acids in combination with drugs and radiotherapy: Preventive and therapeutic strategies. Nutr. Cancer 2009, 61, 287–301. [Google Scholar] [CrossRef]

	



Mane, S.D.; Kamatham, A.N. Ascorbyl stearate and ionizing radiation potentiate apoptosis through intracellular thiols and oxidative stress in murine T lymphoma cells. Chem. Biol. Interact. 2018, 281, 37–50. [Google Scholar] [CrossRef] [PubMed]

	



Uckun, F.M.; Dibirdik, I.; Qazi, S. Augmentation of the Antileukemia Potency of Total-Body Irradiation (TBI) by a Novel P-site Inhibitor of Spleen Tyrosine Kinase (SYK). Radiat. Res. 2010, 174, 526–531. [Google Scholar] [CrossRef] [PubMed]

	



Allegra, A.; Innao, V.; Allegra, A.G.; Pugliese, M.; di Salvo, E.; Ventura-Spagnolo, V.; Musolino, C.; Gangemi, S. Lymphocyte Subsets and Inflammatory Cytokines of Monoclonal Gammopathy of Undetermined Significance and Multiple Myeloma. Int. J. Mol. Sci. 2019, 20, 2822. [Google Scholar] [CrossRef] [PubMed]

	



Musolino, C.; Allegra, A.; Innao, V.; Allegra, A.G.; Pioggia, G.; Gangemi, S. Inflammatory and Anti-Inflammatory Equilibrium, Proliferative and Antiproliferative Balance: The Role of Cytokines in Multiple Myeloma. Mediators Inflamm. 2017, 2017, 1852517. [Google Scholar] [CrossRef] [PubMed]

	



Kharazmi, A.; Nielsen, H.; Rechnitzer, C.; Bendtzen, K. Interleukin 6 primes human neutrophil and monocyte oxidative burst response. Immunol. Lett. 1989, 21, 177–184. [Google Scholar] [CrossRef]

	



Behrens, M.M.; Ali, S.S.; Dugan, L.L. Interleukin-6 mediates the increase in NADPH-oxidase in the ketamine model of schizophrenia. J. Neurosci. 2008, 28, 13957–13966. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.; Klein, A.S.; Radaeva, S.; Hong, F.; El-Assal, O.; Pan, H.N.; Jaruga, B.; Batkai, S.; Hoshino, S.; Tian, Z.; et al. In vitro interleukin-6 treatment prevents mortality associated with fatty liver transplants in rats. Gastroenterology 2003, 125, 202–215. [Google Scholar] [CrossRef]

	



Ward, N.S.; Waxman, A.B.; Homer, R.J.; Mantell, L.L.; Einarsson, O.; Du, Y.; Elias, J.A. Interleukin-6-induced protection in hyperoxic acute lung injury. Am. J. Respir. Cell. Mol. Biol. 2000, 22, 535–542. [Google Scholar] [CrossRef]

	



Gangemi, S.; Allegra, A.; Alonci, A.; Cristani, M.; Russo, S.; Speciale, A.; Penna, G.; Spatari, G.; Cannavò, A.; Bellomo, G.; et al. Increase of novel biomarkers for oxidative stress in patients with plasma cell disorders and in multiple myeloma patients with bone lesions. Inflamm. Res. 2012, 61, 1063–1067. [Google Scholar] [CrossRef]

	



Allegra, A.; Pace, E.; Tartarisco, G.; Innao, V.; DI Salvo, E.; Allegra, A.G.; Ferraro, M.; Musolino, C.; Gangemi, S. Changes in Serum Interleukin-8 and sRAGE Levels in Multiple Myeloma Patients. Anticancer Res. 2020, 40, 1443–1449. [Google Scholar] [CrossRef]

	



Ettari, R.; Zappalà, M.; Grasso, S.; Musolino, C.; Innao, V.; Allegra, A. Immunoproteasome-selective and non-selective inhibitors: A promising approach for the treatment of multiple myeloma. Pharmacol. Ther. 2018, 182, 176–192. [Google Scholar] [CrossRef]

	



Kuku, I.; Aydogdu, I.; Bayraktar, N.; Kaya, E.; Akyol, O.; Erkurt, M.A. Oxidant/antioxidant parameters and their relationship with medical treatment in multiple myeloma. Cell. Biochem. Funct. 2005, 23, 47–50. [Google Scholar] [CrossRef]

	



Sharma, A.; Tripathi, M.; Satyam, A.; Kumar, L. Study of antioxidant levels in patients with multiple myeloma. Leuk. Lymphoma 2009, 50, 809–815. [Google Scholar] [CrossRef]

	



Zima, T.; Spicka, I.; Stipek, S.; Crkovska, J.; Platenik, J.; Merta, M.; Nemecek, K.; Tesar, V. Lipid peroxidation and activity of antioxidative enzymes in patients with multiple myeloma. Cas. Lek. Cesk. 1996, 135, 14–17. [Google Scholar]

	



Goel, A.; Spitz, D.R.; Weiner, G.J. Manipulation of cellular redox metabolism for improving therapeutic responses in B-cell lymphoma and multiple myeloma. J. Cell. Biochem. 2011, 113, 419–425. [Google Scholar] [CrossRef]

	



Brown, C.O.; Salem, K.; Wagner, B.A.; Soumen Bera, S.; Singh, N.; Tiwari, A.; Choudhury, A.; Buettner, G.R.; Goel, A. Interleukin-6 counteracts therapy-induced cellular oxidative stress in multiple myeloma by up-regulating manganese superoxide dismutase. Biochem. J. 2012, 444, 515–527. [Google Scholar] [CrossRef]

	



Gougelet, A.; Mansuy, A.; Blay, J.Y.; Alberti, L.; Vermot-Desroches, C. Lymphoma and myeloma cell resistance to cytotoxic agents and ionizing radiations is not affected by exposure to anti-IL-6 antibody. PLoS ONE 2009, 4, e8026. [Google Scholar] [CrossRef]

	



Jaramillo, M.C.; Frye, J.B.; Crapo, J.D.; Briehl, M.M.; Tome, M.E. Increased manganese superoxide dismutase expression or treatment with manganese porphyrin potentiates dexamethasone-induced apoptosis in lymphoma cells. Cancer Res. 2009, 69, 5450–5457. [Google Scholar] [CrossRef]

	



Yi, J.; Gao, F.; Shi, G.; Li, H.; Wang, Z.; Shi, X.; Tang, X. The inherent cellular level of reactive oxygen species: One of the mechanisms determining apoptotic susceptibility of leukemic cells to arsenic trioxide. Apoptosis 2002, 7, 209–215. [Google Scholar] [CrossRef]

	



Bellosillo, B.; Villamor, N.; López-Guillermo, A.; Marcé, S.; Esteve, J.; Campo, E.; Colomer, D.; Montserrat, E. Complement-mediated cell death induced by rituximab in B-cell lymphoproliferative disorders is mediated in vitro by a caspase-independent mechanism involving the generation of reactive oxygen species. Blood 2001, 98, 2771–2777. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Lim, M.-J.; Kim, M.-H.; Yu, C.H.; Yun, Y.S.; Ahn, J.; Song, J.Y. An effective strategy for increasing the radiosensitivity of Human lung Cancer cells by blocking Nrf2-dependent antioxidant responses. Free Radic. Biol. Med. 2012, 53, 807–816. [Google Scholar] [CrossRef] [PubMed]

	



Allegra, A.; Penna, G.; Alonci, A.; Rizzo, V.; Russo, S.; Musolino, C. Nanoparticles in oncology: The new theragnostic molecules. Anticancer Agents Med. Chem. 2011, 11, 669–686. [Google Scholar] [CrossRef] [PubMed]

	



Ma, N.; Liu, P.; He, N.; Gu, N.; Wu, F.G.; Chen, Z. Action of Gold Nanospikes-Based Nanoradiosensitizers: Cellular Internalization, Radiotherapy, and Autophagy. ACS Appl. Mater. Interfaces 2017, 9, 31526–31542. [Google Scholar] [CrossRef] [PubMed]

	



Plunkett, W.; Gandhi, V.; Huang, P.; Robertson, L.E.; Yang, L.Y.; Gregoire, V.; Estey, E.; Keating, M.J. Fludarabine: Pharmacokinetics, mechanisms of action, and rationales for combination therapies. Semin. Oncol. 1993, 20, 2–12. [Google Scholar]

	



Laurent, D.; Pradier, O.; Schmidberger, H.; Rave-Fränk, M.; Frankenberg, D.; Hess, C.F. Radiation rendered more cytotoxic by fludarabine monophosphate in a human oropharynx carcinoma cell-line than in fetal lung fibroblasts. J. Cancer Res. Clin. Oncol. 1998, 124, 485–492. [Google Scholar] [CrossRef]

	



Donehower, R.C. An overview of the clinical experience with hydroxyurea. Semin. Oncol. 1992, 19, 11–19. [Google Scholar]

	



Vokes, E.; Panje, W.; Schilsky, R.; Mick, R.; Awan, A.; Moran, W.; Goldman, M.; Tybor, A.; Weichselbaum, R. Hydroxyurea, fluorouracil, and concomitant radiotherapy in poor prognosis head and neck cancer: A phase I-II study. J. Clin. Oncol. 1989, 7, 761–768. [Google Scholar] [CrossRef]

	



Allegra, A.; Musolino, C.; Tonacci, A.; Pioggia, G.; Gangemi, S. Interactions between the MicroRNAs and Microbiota in Cancer Development: Roles and Therapeutic opportunities. Cancers 2020, 12, 805. [Google Scholar] [CrossRef]

	



Pajic, M.; Froio, D.; Daly, S.; Doculara, L.; Millar, E.; Graham, P.H.; Drury, A.; Steinmann, A.; de Bock, C.E.; Boulghourjian, A.; et al. miR-139-5p Modulates Radiotherapy Resistance in Breast Cancer by Repressing Multiple Gene Networks of DNA Repair and ROS Defense. Cancer Res. 2018, 78, 501–515. [Google Scholar] [CrossRef]

	



Mao, Z.; Liu, S.; Cai, J.; Huang, Z.Z.; Lu, S.C. Cloning and functional characterization of the 5’-flanking region of human methionine adenosyltransferase 2A gene. Biochem. Biophys. Res. Commun. 1998, 248, 479–484. [Google Scholar] [CrossRef]

	



Innao, V.; Allegra, A.; Pulvirenti, N.; Allegra, A.G.; Musolino, C. Therapeutic potential of antagomiRs in haematological and oncological neoplasms. Eur. J. Cancer Care 2020, 29, e13208. [Google Scholar] [CrossRef] [PubMed]

	



Allegra, A.; Innao, V.; Basile, G.; Pugliese, M.; Allegra, A.G.; Pulvirenti, N.; Musolino, C. Post-chemotherapy cognitive impairment in hematological patients: Current understanding of chemobrain in hematology. Expert Rev. Hematol. 2020, 13, 393–404. [Google Scholar] [CrossRef] [PubMed]

	



Omuro, A.M.; Ben-Porat, L.S.; Panageas, K.S.; Kim, A.K.; Correa, D.D.; Yahalom, J.; Deangelis, L.M.; Abrey, L.E. Delayed neurotoxicity in primary central nervous system lymphoma. Arch. Neurol. 2005, 62, 1595–1600. [Google Scholar] [CrossRef]

	



Weibrich, G.; Kleis, W.K.; Hafner, G.; Hitzler, W.E. Growth factor levels in platelet rich plasma and correlations with donor age, sex, and platelet count. J. Craniomaxillofac. Surg. 2002, 30, 97–102. [Google Scholar] [CrossRef] [PubMed]

	



Soliman, A.F.; Saif-Elnasr, M.; Abdel Fattah, S.M. Platelet-rich plasma ameliorates gamma radiation-induced nephrotoxicity via modulating oxidative stress and apoptosis. Life Sci. 2019, 219, 238–247. [Google Scholar] [CrossRef]

	



Szumiel, I. From radioresistance to radiosensitivity: In vitro evolution of L5178Y lymphoma. Int. J. Radiat. Biol. 2015, 91, 465–471. [Google Scholar] [CrossRef]








[image: Antioxidants 09 01116 g001 550] 





Figure 1. Natural and synthetic radioprotective substances. 
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Figure 2. Reactive oxygen species (ROS)-sensitive molecular pathways implicated in survival signaling. 
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Table 1. Radioprotective agents able to reduce the harmful effects of the treatment.
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	Agent
	Mechanisms of Action
	Limits
	Advantages
	Ref.





	Phenolic (flavonoids, stilbenes, tannins, lignans, lignins, quercetin, genistein)
	Inhibition of apoptosis
	Limited water solubility and poor availability
	
	[49,50,51]



	Polyphenolic—polysaccharide conjugates
	Inhibition of apoptosis
	
	Non-toxic, water-soluble polymeric compounds.

They did not protect the leukemic cells against radiation-induced apoptotic death.
	[52,53]



	Cimetidine
	Hydroxyl radical scavenging mechanism. Decrease of inflammation, and Bax/Bcl2 ratio.
	
	Reduction of loss of bone marrow cell count, intestinal lining destruction, and fibrosis. Differential effect on both cancer cells and adjacent healthy cells.
	[54,55]



	Amifostine (WR2721)
	Organ repair via bone marrow recruitment or dedifferentiation.
	Intolerance and significant accumulative toxicity.
	
	[56]



	STW5 (Iberogast)
	Anti-apoptotic effects.
	Antioxidant activity and anti-inflammatory properties
	Action on radiation enteritis. Preservation of the mucosal integrity of the small intestine.
	[57,58,59,60]



	CBLB502
	Increased expression of the strong natural antioxidant superoxide dismutase and induction of radioprotective cytokines (G-CSF, IL-6, and TNF-α).

Suppression of p53-dependent apoptosis. Reduction of DNA damage and chromosomal aberrations. Action on the TLR5 signaling pathway.
	
	It protects mammals from gastrointestinal and hematopoietic acute radiation syndrome.

Reduction of IR-induced oxidative stress, reduction of decline of sperm quantity and quality.
	[61,62,63,64,65]

[66,67]



	Erdosteine
	Protective role on the release of free oxygen radicals. Action on TNF alpha, interleukin 1, and IL-6.
	
	Protection against radiation induced inflammatory kidney damage.
	[68]



	Human umbilical cord-derived mesenchymal stromal cells
	Prevention of oxidative stress and increased antioxidant status. Reduction of pro-fibrotic TGF-β1, IL-6, and IL-8 levels.
	
	Protective effects on irradiation myocardial fibrosis with increased cell viability, reduction of collagen deposition.
	[69]



	Calf spleen extractive injection
	Regenerating action on damaged cells.
	
	Reduction of thrombocytopenia and leucopenia.
	[70,71,72]



	Polyxydroxylated fullerenes
	Anti-oxidative effects.
	
	Prevention of radiation-induced reduction in the white cell count.
	[73,74]



	Platelet-rich plasma
	Administration of growth factors. Reduction of oxidative stress and inhibition of the induced apoptosis.
	
	Neuroprotection.
	[75,76]
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Table 2. Enhancers of radiotherapy activity in hematologic neoplasms.
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	Agent
	Mechanisms of Action
	Effects
	Ref.





	Natural phytochemicals (curcumin, demethoxycurcumin, quercetin, genistein)
	Alteration of levels of radioprotective metabolites.

Electron transfer to a radiation sensitizer.
	Reduction of radio-resistance.
	[100,101,102]



	Long-chain n-3 polyunsaturated fatty acids
	Their peroxidation may sensitize cells to ROS, inducing an oxidative stress.

Modulation of ROS-sensitive mitogen-activated protein kinases and phosphatases, and transcription factors.
	Cytotoxicity.

Increased radiation-induced apoptosis.
	[103,104]



	Ascorbyl stearate
	Augmented levels of ROS, drop in mitochondrial membrane potential and increased caspase-3 activity.
	Reduction of cell proliferation, induction of apoptosis by arresting the cells at S/G2-M phase of cell cycle.
	[105]



	Spleen tyrosine kinase (SYK) P-site inhibitor
	Increased H2O2-induced apoptosis.
	Action on radio-chemotherapy resistance.
	[106]



	Dexamethasone
	Increased superoxide and hydrogen peroxide production and augmented radiation-induced oxidative stress.
	Clonogenic cell killing and apoptosis of myeloma cells.
	[107]



	Rituximab
	Elevation in ROS generation
	Increase of cell growth inhibition. Augmented apoptosis.
	[108,109,110,111,112,113]



	All-trans-retinoic acid, Metformin, IM3829
	Inhibition of nuclear factor erythroid 2-related factor 2
	Inhibition of cancer cell survival.
	[114,115,116]



	Gold nanoparticle-based compounds
	Increased ROS levels, mitochondrial depolarization, and cell cycle redistribution.
	Inhibition of protective autophagy.
	[117,118]
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