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Abstract

Ionizing radiation is undoubtedly the most frequently used means of cancer treatment especially in the case of solid tumors
like breast, prostate etc. Significant evidence suggests that long-term effects of radiation in patients who have undergone
even successful treatment include high oxidative stress and inflammation in their blood and various tissues and the
underestimation of the so called “non-targeted” effects. This chronic stress can lead in some cases to malignant
transformation (secondary primary cancers) after radiation treatment of primary tumors several years after the initial
irradiation. This mini-review discusses the evidence for the role(s) of oxidative DNA damage and inflammation as one of
the primary contributing factors in chronic tissue injury and secondary carcinogenesis. Several important questions arise
like for example if based on this idea we can develop in vivo reliable predictive biomarkers for radiation-induced chronic
injury and to pinpoint carcinogenesis precursor sites after radiotherapy treatment even years after the patient exposure.
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1 Introduction

A percentage of 60%-70% of cancer patients has received radiation treatment as a part of their therapeutic regime. The
induction of chronic oxidative stress, DNA damage and inflammation are accepted as possible major contributors of tissue
injury and possibly malignant transformation and initiation of secondary primary cancers in radiotherapy-treated
patients ", Exposure to radiotherapy with total doses varying from 20-70 Gy is expected to produce a significant amount
of clustered (complex) DNA lesions induced directly (acute effect) from radiation or indirectly through generation of
chronic inflammation and oxidative stress in patients. Clustered DNA damage i.e. a dense synthesis of DNA lesions are
poorly repaired and expected to produce mutagenic effects and pro-malignant sites through chromosomal instability in
cells and tissues (cancer precursor sites). Therefore, there is a critical need to delineate the molecular mechanisms behind
the processing (repair) of radiation-induced clustered DNA damage and radiation effects 1%\, In addition, it is of high
importance to develop reliable radiation biomarkers that will predict the acute and/or delayed injury to specific organs and
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tissues after radiation exposure (radiation therapy) and methodologies to assay those biomarkers, to facilitate precise and
timely medical interventions and optimization of radiation therapy .

Therefore our main hypotheses of this mini-review are: (1) that clustered DNA damage is an in vivo characteristic
signature of radiation and the severity and complexity of clustered DNA damage can be used as a marker for biological
response and cancer precursor sites induction (DNA damage, epigenetic changes and chromosomal breaks) and (2) that
mitigation/amelioration of these end product effects (cancer precursors) can be achieved by use of dietary anti-oxidants
and anti-inflammatory drugs underlying the central role of oxidative stress and inflammation in these long-term effects of
radiation.

The critical target of ionizing radiation (IR) has traditionally been believed to be the DNA with relatively little substantial
cellular effects from action on other molecules or especially outside the area of radiation. Most of traditional radiobiology
has almost exclusively targeted this direct action of radiation. Relatively recently, other types of impact from IR have been
detected i.e., that IR produces significant effects in “non-targeted” cells/tissues not directly interacting with radiation or
radiation genotoxic products such reactive oxygen species (ROS). These short or even long-term effects include (but not
limited to): increased DNA damage, inflammation, DNA repair gene and protein expression changes and genomic
instability. DNA damage detected by a variety of techniques includes simple and complex oxidative DNA lesions and
double-strand breaks (DSBs) . These non-targeted effects have been investigated under a variety of conditions (for a
recent review, please see ). The consequential non-targeted effects for specific circumstances have been designated as
81 Although the mechanisms behind this
phenomenon still in principle remain under intensive investigation the involvement of oxidative stress, pro-inflammatory

‘bystander effects, abscopal effects’ cohort effects and adaptive effects

and inflammatory responses is considered fundamental ",

2 Evidence on the role(s) of oxidative stress and inflammation

An intensive research ofthe literature and always in relation to radiation-induced health risks for the human population and
especially radiotherapy patients, underlines the necessity of targeting the mechanisms towards understanding the
induction of oxidative stress and inflammation in radiation-induced injury in mammalian tissues and organs through
targeted and non-targeted effects. The risk of radiation-induced late normal tissue injury can limit significantly the dose of
radiation that can be delivered safely and efficiently to cancer patients with solid tumors. A variety of side effects and
different types and levels of tissue injury manifested as tissue dysfunction and failure (associated with atrophy, fibrosis
and/or necrosis) as well as vascular injury, have been reported in late responding normal tissue. These tissues usually are
the central nervous system, gut, kidneys, liver, lungs, and skin. The exact mechanisms underlying the pathogenesis of
radiation-induced long term effects have not been entirely and meticulously investigated. It has been proposed that the
radiation-induced late effects are initiated, in part, by inflammation andchronic oxidative stress leading to DNA damage
and potentially chromosomal instability *!. Increased production of reactive oxygen and nitrogen species (ROS/RNS),
which usually leads to lipid peroxidation, oxidation injury of proteins and DNA, as well as release of pro-inflammatory
and/or various clastogenic (chromosome breaking) factors (tumor necrosis factor, free radicals, lipid peroxidation
byproducts, inosine triphosphate and others) has been observed in vitro and in vivo. In the past ten years, evidence has
accumulated for a novel biological phenomenon termed as “radiation-induced bystander effect” (RIBE) (discussed also
above), wherein directly irradiated cells transmit “damaging” signals like soluble plasma clastogenic factors to
non-irradiated cells and neighboring tissues thereby inducing a DNA damage response very similar to that of irradiated
cells ). The in vivo though confirmation of the ‘bystander’ phenomenon is needed in order to eliminate uncertainties in
the field of radiation therapy and biology and to provide a solid foundation for assessing the possible implications of this
effect in humans exposed to ionizing radiations. Nuclear factor-kappa B (NF-«kB) is a well known pivotal transcription
factor for many signalling genes, including the inflammatory moleculecyclooxygenase-2(COX-2). It is expected that
NF-kB plays an important role in the ‘bystander’ response primarily through COX-2 upregulation'”’. Future research
projects will have to link for the first time all three poles of this complex phenomenon in vivo: the radiation-induced
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biological response (DNA damage, epigenetic modifications, apoptosis/senescence and chromosomal breaks) with
oxidative stress (ROS, lipid peroxidation, antioxidant enzymes) and inflammation (release of cytokines, macrophages)
pathways. Therefore, the suggested interdisciplinary studies are considered a significant advancement in the field with
applications ranging from radiotherapy to human population health.

3 Conclusions and future steps

The proposed work for the near future has to utilize systematic and innovative carefully designed in vivo experiments to
address important questions related to the induction, processing and biological significance (cancer risk) of radiation. In
addition, it has been nearly impossible to find a single biological metric for estimating the short- and long-term effects of
ionizing radiation especially in the non-irradiated areas (bystander). In order to address all these issues, we have to initiate
a cohesive and integrated multidisciplinary effort. The first, innovative aspect of the near-future research, it has to be the
determination of cluster damage levels in vivo (human patients and animals) and the bilateral targeting of two contributing
factors: oxidative stress and inflammation (mouse and human models). The second innovative aspect, should be the
analytical study of the role(s) and mechanisms of non-targeted effects in vivo combined with the cluster processing,
inflammation, epigenetic changes and chromosomal aberrations which are expected to be strongly associated. Finally, the
short- and long-term design of appropriate studies has to include another innovative element i.e. the realistic simulation of
the patient’s response to radiation therapy. To our knowledge, these hypothetical studies will be the only ones so far that
will examine such a variety of radiation response mechanisms at the mammalian organism level (mice strains and
patients). Using mice with or without antioxidant dietary/anti-inflammatory supplementation will offer unique and
applicable to human health, mechanistic insights for the modulation and mitigation of cancer risk due to exposure of
population to environmental radiation or radiotherapy via elimination of the so called ‘cancer precursors’ like clustered
DNA damage, epigenetic changes, chromosomal aberrations and modulation of the bystander effects etc. This new
hypothesis and unconventional combined methodologies are expected to lead to a major breakthrough by showing clear
evidence for a unifying model between irradiated tissue and tumor development with an impact beyond the specific
research domain of radiobiology and distinctive applications in a variety of environmental and medical conditions and
interventions affecting human health.
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