Proteomics Landscape of Radiation-induced Cardiovascular Disease: Somewhere over the Paradigm
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ABSTRACT

Introduction: Epidemiological studies clearly show that thoracic or whole body exposure to ionizing radiation increases the risk of cardiac morbidity and mortality. Radiation-induced cardiovascular disease (CVD) has been intensively studied during the last ten years but the underlying molecular mechanisms are still poorly understood. 

Areas covered:  Heart proteomics is a powerful tool holding promise for the future research. The central focus of this review is to compare proteomics data on radiation-induced CVD with data arising from proteomics of healthy and diseased cardiac tissue in general. In this context we highlight common and unique features of radiation-related and other heart pathologies. Future prospects and challenges of the field are discussed.

Expert commentary: Data from comprehensive cardiac proteomics have deepened the knowledge of molecular mechanisms involved in radiation-induced cardiac dysfunction. State-of-the-art proteomics has the potential to identify novel diagnostic and therapeutic markers of this disease.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of mortality and morbidity worldwide [1]. Causal association between ionizing radiation and increased risk of CVD is well-documented in the epidemiology [2-6]. The earliest data indicating radiation-induced CVD originates from long-term studies on radiation therapy patients of malignant diseases such as breast cancer [7] or Hodgkin´s disease [8]. In these patients the local heart doses were high, exceeding 40 Gray (Gy) in some cardiac substructures [9]. The recent epidemiological evidence, especially data from the atomic bomb survivors in Japan and from Mayak nuclear facility workers in Russia, indicates that doses much lower than previously assumed may increase the risk of myocardial infarction [10-14]. 

Cardiac symptoms appear late, normally decades after the radiation exposure. They include pericarditis, pericardial and myocardial fibrosis, coronary artery disease, microvascular injury, and stenosis of the valves [15,16]. Substantial effort has been put into the investigation of biological processes behind radiation-induced heart disease in the last years as reviewed recently [17,18]. The mechanistic link between irradiation and cardiac damage is still not fully understood but radiation effects on the heart metabolism, especially on the role of cardiac mitochondria, have recently received attention also in radiation biology [19-23].

The heart has a high and continuous energy demand to fulfill its lifelong pumping function. The energy, in the form of ATP, is to a large extent (97 %) produced using oxidative phosphorylation by cardiac mitochondria [24]. A variety of sources can be utilized to produce ATP and, depending on energy demand and substrate availability, there is a great flexibility to switch from one source to another [24]. The two main sources of energy are fatty acids, representing around 70 % of the ATP produced, and carbohydrates, mainly glucose and lactate. 

In the failing heart the energy production is compromised and the substrate preferences are changed in a complex and controversial manner that is not completely understood [24]. A preference for glucose over lipids has been often observed [25-27], more accurately ATP production by glycolysis is used instead of oxidative phosphorylation [28,29]. However, in mild ischemic conditions oxidation of fatty acids prevails over carbohydrate oxidation [30].

The irradiated heart is characterized by impairment in both lipid and carbohydrate utilization [22]. This observation may represent a special pathological scenario not following any of the classical paradigms of cardiac energy usage. First, it indicates little flexibility in metabolic switching between lipids and carbohydrates for energy production. Second, it suggests a slow but progressive depletion of ATP, possibly leading to impairment of the contractile function. 

Recent well-established proteomics technologies provide novel information on molecular mechanisms involved in the physiology and pathophysiology of the heart. They provide a tool to trace central regulators of metabolic and other biological pathways of interest that have been targeted and inactivated in different heart diseases including radiation-induced heart disease. Consequently, they offer a possibility to interfere with impaired pathways in order to prevent or at least alleviate the symptoms. Furthermore, proteomics can be used to discover early biomarkers of heart pathologies for diagnosis and intervention.

2. Radiation-induced proteome alterations in the heart

2.1 Mitochondrial proteome 

Mitochondria that occupy almost 40% of the total volume of normal cardiomyocytes are key components in generating ATP for contractile function [31]. Different studies have indicated mitochondrial dysfunction in the CVD [32]. Cardiac mitochondria have therefore been intensively investigated in several proteomic studies [33,34]. The downregulation of mitochondrial proteins is a characteristic of heart injury in a variety of pathological conditions including heart failure [35], atrial fibrillation [36], pressure overload-induced heart failure [37], caloric restriction or rapamycin rejuvenation of the aging heart [38]  and type I [39] and type II diabetic heart [40]. 

Mitochondrial proteins represent the most sensitive protein class even in response to ionizing radiation [22,41,42]. The cardiac mitochondrial proteome was analyzed in C57BL/6 mice four weeks after local heart exposure to moderate doses of X-rays (0.2 Gy or 2 Gy) using ICPL and saturated 2D-DIGE [41]. The analysis showed significantly reduced levels of several subunits of mitochondrial complexes I, III and V after irradiation (2 Gy), suggesting a considerable loss in their function. The proteome analysis of similarly treated cardiac mitochondria 40 weeks after irradiation showed that the number of deregulated proteins and the magnitude of deregulation in protein expression were increased in comparison to the four-week data, suggesting accelerated mitochondrial dysfunction in time. A persistent significant reduction in mitochondrial respiratory capacity was shown 4, 20, and 40 weeks after 2 Gy-irradiation [43].

To investigate long-term cardiac injury after high-dose radiation, C57BL/6 mice were exposed locally to the heart with 8 or 16 Gy X-rays and cardiac proteomes were analyzed 16 weeks after the irradiation [42]. The proteome profiling showed significant radiation-induced downregulation of proteins belonging to mitochondrial respiratory chain and energy metabolism. The majority of downregulated proteins belonged to a protein cluster regulated by mitochondrial transcription factor A (TFAM) or peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α). Irradiated hearts showed decreased numbers of cardiac mitochondria and alteration in mitochondrial morphology [42].

Short-term (4 and 24 h) effects of total body irradiation (TBI) on the heart were studied using a gamma dose of 3 Gy on C57Bl/6 mice. Heart proteomes were analyzed using ICPL and 2D DIGE [44] and label-free methods [45]. In the label-free study, 34 of the 45 known subunits of Complex I were identified [45]. Both studies showed a significant downregulation of mitochondrial proteins after radiation exposure [44].

Recently, heart autopsies of plutonium enrichment plant workers were used for label-free proteomics analysis [22]. The workers were occupationally exposed to low and moderate radiation doses throughout their working life. They were diagnosed with ischemic heart disease and died of this disease as did the unexposed control group. A marked downregulation of mitochondrial proteins was seen in the left ventricle of all irradiated groups (< 100 mGy, 100 – 500 mGy, > 500 mGy) in comparison to the control group. Mitochondrial respiratory complexes I, III and V were especially affected, in line with previous animal studies [23,44]. The number of downregulated mitochondrial proteins increased with the radiation dose [22].

2.2. Proteins of cardiac metabolism 

Mitochondria represent the central platform in cardiac energy production where metabolic products originating from glycolysis and fatty acid oxidation enter the citric acid cycle to produce NADH2 for electron transport chain (ETC) [32]. Co-alteration in the abundance of proteins of fatty acid oxidation and ETC has been observed in different heart pathologies including pressure overload-induced heart failure [37,46], ischemia–reperfusion injury [35,47,48], chronic progressive heart failure [49], and heart failure in post-myocardial infarction [50].

As the energy metabolism is so essential for the heart function it is not surprising that it is also found to be the most radiation-responsive cardiac pathway [22,42,43,45,51]. The key proteins involved in fatty acid oxidation, pyruvate metabolism and citric acid cycle were significantly downregulated in the formalin-fixed paraffin-embedded (FFPE) heart proteome immediately (24 h) after total body irradiation of mice (3 Gy) [45]. Similarly, downregulation of several lipid metabolism enzymes was seen in the proteome of locally irradiated mouse hearts 40 weeks post-radiation (2 Gy) [43]. 

The proteome analysis of cardiac tissue after local high-dose irradiation (16 Gy) showed that the majority of the deregulated proteins were associated with fatty acid metabolism [42,51]. In this study, radiation-induced metabolic impairment was coupled to a marked deactivation of peroxisome proliferator-activated receptor alpha (PPAR alpha) [42]. This transcription factor is a key regulator of cardiac fatty acid oxidation, lipoprotein assembly and lipid transport [52,53]. Diminished PPAR alpha activity has previously been observed in different cardiac pathologies including hypoxia [54,55], ischemic heart disease [56], pressure overload-induced cardiac hypertrophy [54,57] and heart failure [52]. 

Decreased protein levels of myocardial lipid metabolism were recently reported in the proteomics analysis of human heart autopsies of Mayak nuclear plant workers, suggesting that the inactivation of PPAR alpha greatly contributes to radiation-induced ischemic heart disease in human [22].

In comparison to the normal heart, several heart pathologies show a metabolic switch from using fatty acid oxidation as the main energy source to increased glycolysis to produce ATP [58-60]. This classical paradigm of metabolic switch is not supported by most of the available studies investigating radiation-induced heart disease. The Mayak study showed that the majority of glycolytic as well as fatty acid oxidation enzymes were downregulated in a dose-dependent manner [22], suggesting inflexibility in the substrate switch [17]. The proteomics study of TBI mice indicated downregulation of proteins associated with pyruvate metabolism, demonstrating a rapid radiation-induced reduction in the glucose oxidation [45]. 

However, the proteome profile of mice irradiated only to the heart did not show significant changes in the glycolysis and glucose oxidation enzymes [42]. Furthermore, radiation-induced deactivation of PPAR alpha did not result in metabolic conditions as seen in PPAR alpha deficient mice where reduced cardiac fatty acid oxidation is compensated by increased glucose oxidation rates [61,62]. The disability of the irradiated heart to produce ATP or switch between energy substrates is an important issue that warrants further investigations.

2.3. Cardiac contractile proteome 

Cardiac myofilament apparatus responsible for cardiac contraction consists of structural proteins with actin, tropomyosin, troponin, and heavy and light chains of myosin being the most abundant [63]. The recent proteomics studies have emphasized the differences of contractile regulatory mechanisms in healthy and diseased heart [63-66]. The complexity and dynamic character of myocardial proteins on one side and their regulation by posttranslational modifications on the other side makes the proteome analysis challenging [66,67]. 

The structural proteins are one of the most affected groups in the heart after radiation exposure [22,42,44,51,68,69]. The proteomics analysis of the TBI heart (3 Gy) showed significant and immediate alterations in the levels of cardiac proteins involved in contraction and cytoskeletal structure such as myosin regulatory light chain1, tropomyosin, troponin I, and desmin [44]. The cytoskeletal proteins of the heart were also differentially regulated after in utero and postnatal low-dose TBI [68,69].

The alteration of cytoskeletal proteins was also observed in the high-dose (16 Gy) locally irradiated mouse hearts after 16 weeks [42]. The follow-up proteomics study on similarly treated mice at 40 weeks showed significant and persistent alterations in the structural proteins including myosin isoform alteration [51]. The level of MYH 6 was significantly decreased and MYH 7 significantly increased in the irradiated hearts compared with the sham-irradiated controls, indicating a shift also known in human heart pathology [70,71]. 

Cardiac structural proteins were significantly downregulated in the post mortem human heart study of Mayak plutonium workers suggesting radiation-induced contractile apparatus impairment [22]. The level of cardiac troponin, a well-known specific marker for heart damage [72], was significantly diminished in the two highest dose groups of the Mayak workers, compared to the controls [22]. 

The deregulation of cardiac structural proteins found in the irradiated heart may be coupled to severe damage in mitochondria, leading to impairment in the cardiac energy supply and increased mitochondrial reactive oxygen species (ROS) production [41]. This may lead to protein degradation or aggregation or alteration of the protein function due to oxidative modifications [44,73,74] since cytoskeletal proteins are known to be sensitive to redox alterations [75].

2.4. Proteins of oxidative stress response

Imbalance in redox homoeostasis and subsequent impairment of antioxidant signaling plays a critical role in different cardiac diseases [76,77]. Several studies showed alteration of stress response proteins in the cardiac proteome of human heart failure [35], in rat heart with inborn low aerobic capacity [78] and in mouse heart under acute and chronic hypoxia [79].

Irradiation leads to uncontrolled mitochondrial oxido-reductive processes coupled to increased production of ROS, damaging lipids, proteins, and DNA [80]. Radiation-induced ROS production is accompanied by cellular oxidative capacity changes [81]. In the irradiated heart, oxidative stress is immediately and irreversibly observed in the form of oxidized proteins [23,41,43,44,82]. However, the expression and identity of antioxidant defense proteins varies in a dose- and time dependent manner showing initial increase but reduction in the long-term (Figure 1). 

Increased expression of acute phase proteins involved in the oxidative stress response such as peroxiredoxin, hemopexin, ferritin, transferrin, and murinoglobulin1 was observed in the mouse heart 24 hours after TBI [44]. The analysis of the heart proteome of mice that received low-dose TBI postnatally showed reduced expression level of fibrinogen isoforms months after the exposure [69]. Proteomics analysis of locally irradiated mouse hearts showed radiation-induced upregulation of peroxiredoxin 6, murinoglobulin, hemopexin and glutathione S-transferase and activation of Nrf2, main regulator of oxidative stress response 16 weeks after irradiation [42] but downregulation of several oxidative stress proteins and inactivation of Nrf2 after 40 weeks [51]. Similarly, the long-term analysis of the heart proteome of Mayak workers showed a dose-dependent reduction of Nrf2 and several of its target proteins including catalase, superoxide dismutases (SOD1 and SOD2), peroxiredoxins (1, 2, 3, 5, and 6), and glutathione-S-transferases (kappa1, mu2, mu3, omega 1, pi1) in the highest dose group (< 500 mGy) [22]. 

The inhibition of the PPAR alpha signaling pathway as seen in the irradiated heart could alter the oxidation/reduction equilibrium [83]. The role of PPAR alpha in the regulation of cellular redox status, antioxidant defense and inflammatory response is well documented [84,85]. The decrease in the cellular oxidative capacity is associated with enhanced inflammation and increased production of ROS after irradiation, leading to a vicious circle [81]. 

2.5. Extracellular matrix proteome 

The extracellular matrix (ECM) provides a structural support for cardiac tissue and is involved in the cell-cell interaction and communication [86]. Extensive cardiac ECM changes contribute to several heart pathologies [87,88] leading to cardiac fibrosis and dysfunction [88] and cardiac remodeling [86,89-92]. 

Accumulation of collagen fibers and excessive fibroblast proliferation are characteristic for radiation-induced heart fibrosis [93,94]. Proteomics analysis of locally irradiated heart showed significant upregulation in the expression of ECM proteins such as biglycan, decorin, fibrinogen, and collagen 16 and 40 weeks after the exposure to 16 Gy [42,51]. These altered proteins formed an amyloid precursor protein (APP)-related protein cluster [51]. This was in line with the enhanced amyloidosis reported in the cardiac tissue of similarly treated mice that probably caused the sudden death of almost half of the animals 40 weeks post-irradiation [93]. Diffused amyloidosis may result from extracellular deposition of insoluble and abnormal fibrils derived from the aggregation of misfolded proteins in the myocardium [93]. A causal link between radiation-induced heart fibrosis and induction of TGF beta signaling has been suggested [51].

2.6. Cardiac endothelial proteome

Endothelial cells (EC) forming the inner layer of all blood vessels is a target of radiation damage that essentially contributes to the progression of cardiac injury. Endothelial dysfunction as characteristic of vascular damage refers to complex pathological events including endothelial barrier impairment, reduced nitric oxide (NO) production, impaired vasodilation and vasoconstriction, increased expression of adhesion molecules, elevated levels of cytokines, and increased ROS production from the endothelium [95,96]. In spite of their important role in heart disease, EC have received little attention in the cardiac pathology and only a few proteomic studies have been published in this context [97-99].

The effects of radiation exposure on different EC models have been well studied [100-104]. Sriharshan et al. used SILAC and 2D-DIGE on human endothelial cell line EA.hy926 to identify four key pathways that were immediately affected by ionizing radiation (2.5 Gy): (i) glycolysis/gluconeogenesis and synthesis/degradation of ketone bodies, (ii) oxidative phosphorylation, (iii) Rho-mediated cell motility and (iv) non-homologous end joining [104]. Similarly, the study by Pluder at al. using 2D-DIGE on irradiated EA.hy926 indicated the activation of the RhoA pathway after low-dose radiation (0.2 Gy) [102]. Rho-driven contractility by actin-myosin filaments plays an important role in vessel wall stiffening, endothelial vasoconstriction, and vascular disease [105].

Activation of the Rho pathway has also been associated with radiation-induced endothelial senescence [82] that, instead of cell death, is a common consequence after high-dose radiation [106]. Typically, acute high doses of ionizing radiation inhibit proliferation, induce early senescence and result in increased monocyte adhesion in vitro [107-109] but even chronic low-dose-rate radiation induces premature aging of human umbilical vein endothelial cells (HUVEC) [100,101]. Proteomics analysis of the chronically irradiated HUVEC using ICPL indicated the involvement of PI3K/Akt/mTOR pathway inhibition in the radiation-induced endothelial senescence.

Cellular studies have enabled investigations on factors indirectly affecting protein levels such as microRNAs (miRNAs). Integrative proteomic and miRNA analysis of primary human coronary artery endothelial cells exposed to low-dose gamma radiation showed a negative correlation between miR-21 level (downregulation) and its target proteins TOM1, desmoglein 1, and phosphoglucomutase (upregulation) [103]. A close radiation-induced crosstalk between miRNAs and endothelial proteins was also shown in the EA.hy926 cells [110].

The role of posttranslational modifications, especially acetylation, has been implicated in CVD [111]. Ionizing radiation (2 Gy gamma) changed the acetylome of primary human cardiac microvascular endothelial cells four hours after the exposure. The proteins with changed acetylation status were involved in several biological pathways including mitochondrial metabolism, stress response and protein synthesis [112]. A rapid stabilization of the p53 protein by acetylation was shown, following its subsequent phosphorylation and activation of the p53-regulated gene expression [112]. In addition, several members of Rho and Wnt signaling changed their acetylation status.

Radiation-induced changes in the proteome and acetylome of human coronary artery endothelial cells irradiated at 0.5 Gy (X-ray) were recently analyzed [82,113]. Most of the proteins showing alterations in their acetylation status belonged to actin cytoskeleton, RhoA, RhoGDI, junction and calcium signaling [113]. The proteome analysis showed significant long-lasting (14 days) deactivation of RhoGDI and NO signaling and reduced proteasome activity [82]. Increased expression of senescence markers p16 and p21 was also seen at this time point [82].

Although in vitro EC models are practical for molecular studies they may not fully represent the EC in the body as far as the proteome analysis is concerned. EC proliferate much more rapidly in vitro than in vivo [114,115] and therefore may not reflect radiation response of EC in adult organs. To address this issue, primary EC were isolated directly from locally irradiated (16 Gy) and sham-irradiated mouse hearts and the proteomes were analyzed 16 weeks after the exposure [116]. In a good agreement with previously published data [117,118], the study showed that radiation-induced endothelial dysfunction was associated with perturbation of the insulin/IGF/PI3K/Akt signaling pathway resulting in impaired NO signaling [82,116]. The proteomic analysis indicated the involvement of long-term vascular dysfunction in the radiation-induced injury in cardiac endothelium [116].

3. Expert commentary

A comprehensive heart proteomics analysis provides promising means for elucidating biological pathways involved in radiation-induced CVD. This technology can be used to identify proteins that actively participate in the pathophysiology of the disease but also novel protein candidates that can potentially serve as useful clinical diagnostic biomarkers [119]. The comparison between the irradiated heart and other heart pathologies reveals a number of similar features but, on the other hand, introduces a unique picture of radiation-induced heart disease. Whole-tissue proteome studies have repeatedly discovered a subset of proteins that play a major role in oxidative stress response, mitochondrial dysfunction, metabolic impairment and structural organization of the cytoskeleton. A simultaneous inactivation of both glycolytic enzymes and PPAR alpha responsible for lipid utilization is observed in radiation-induced ischemia if compared to “normal” ischemia [22], a scenario that is not typical for other heart pathologies [32].

Despite of proteomics being a rapidly developing and sensitive technology it is not yet routinely used in the CVD research. The majority of proteomics studies available today have been applying 2D-MS/MS quantification that no longer represents state-of-the-art proteome analysis. Furthermore, the results from only a few proteomics studies have qualified for clinical applications [120,121]. 

In the radiation biology, a variety of quantitative proteomics platforms including chemical labelling such as ICPL [23,41,44,51,68,82,116,122-124], DIGE [41,43,102,104] and SILAC [104], and recently label-free analysis [42,45,51] have been applied to investigate the effect of radiation exposure on myocardium and cardiac endothelial cells (Table 1). Although these proteomics strategies are well advanced, challenges remain. 

The complexity of the cardiac proteome with its many cellular components, cardiac fibroblasts, endothelial cells, cardiomyocytes and vascular smooth muscle cells, the high abundance of contractile proteins actin and myosin that interfere with the detection of regulatory proteins [125], and unavailability of biomaterial are all general heart proteomics problems. In the radiation biology the delayed onset of radiation-induced CVD and the influence of multiple contributory risk factors exacerbate the interpretation of proteomics data.

4. Five-year view

Current data obtained using traditional proteomics tools has already provided valuable knowledge about the progression of radiation-induced CVD. The inactivation of PPAR alpha seems to play an important role in radiation-induced heart disease. Since ligands are essential for the activity of this transcription factor, they are attractive candidates for designing novel therapeutic countermeasures [126]. Several clinical and preclinical studies have already demonstrated beneficial effects of PPAR ligands on various cardiac risk factors [127-130] although some controversy remains [131-133]. The beneficial effect of PPAR agonists such as fenofibrate may rather lie in the reduction of circulating fatty acids than in boosting the cardiac fatty acid oxidation [32]. The crucial question here is, however, whether the administration of fibrates prior to or during radiation therapy is able to provide protection against adverse cardiac effects. A recent meta-analysis revealed a significantly greater effect of fibrates in comparison to statins in reducing the level of plasma lipoproteins [134]. Yet, statins could be applied in combination with fibrates especially in radiation oncology settings as their beneficial effect on the prevention of radiation-induced long-term cardiac fibrosis has been shown in mice [135]. Statins that specifically inhibit the Rho pathway could be beneficial as this pathway has been found to be radiation-activated in EC in numerous proteomics studies [82,102,104,112,116].

The knowledge about radiation effects on the cardiac proteome can be improved by investigating radiation effects on different myocardial cell types and on the communication between these. Furthermore, studying subproteomes of cardiac mitochondrial populations, contraction filaments or ECM as well as those of ion channels, exchangers and pumps contributing to cellular cardiac electrophysiology will be of advantage. 

In addition to acetylation, other posttranslational modifications (PTMs) (phosphorylation, ubiquitination, methylation, GlcNAcylation) will probably play a role in triggering and maintaining radiation-responsive pathways in the heart. The enzymes that control both brief and irreversible PTMs are already emerging as an important contributor to cardiovascular therapy that holds a great promise for the cardioprotection of the ischemia/reperfusion injured heart [136]. In the case radiation-induced heart disease the research is still in its infancy and more effort should be put to investigate and control these regulatory pathways in the future.

Novel proteomics technologies such as data-independent acquisition or parallel reaction monitoring will further facilitate discovery of specific molecular signatures of radiation-induced CVD. Molecular biomarkers representing early stages of the disease would be especially handy for preventive measures [137]. Here, integration of proteomics with other omics technologies, especially transcriptomics and metabolomics, holds a great promise [51,103,116]. Circulating biomarkers may represent the future noninvasive tool in the early diagnosis and prognosis of radiation-induced CVD risk to select radiation-sensitive individuals for therapeutic interventions [99,138]. 

Key Issues

•
 Ionizing radiation causes heart disease the symptoms of which appear late, even decades after the exposure. They include pericarditis, pericardial and myocardial fibrosis, coronary artery disease, microvascular injury, and stenosis of the valves.

•
 Different proteomics technologies have been used to elucidate biological pathways involved in the progression of the disease. Both myocardial and vascular (endothelial) alterations have been observed.

•
 Cardiac mitochondria represent the most sensitive target of ionizing radiation. The proteins of mitochondrial respiratory chain complexes are typically downregulated after irradiation.

•
 Downregulation of proteins involved in both lipid metabolism and glycolysis is typical for radiation-induced heart disease indicating inflexibility in substrate utilization and suggesting progressive energy depletion. Inactivation of transcription factor PPAR alpha seems to play an essential role in the metabolic alteration.

•
 Proteins of oxidative stress response, contractile apparatus, extracellular matrix, and endothelium represent additional radiation-sensitive protein groups in the heart.

•
 The inactivation of PI3K/Akt /mTOR pathway and activation of RhoA pathway is typically found in irradiated endothelial cells in vitro and in vivo. 

Funding

This paper has not been funded.
Conflict of Interest

The authors declare no conflict of interest.

ORCID

Soile Tapio https://orcid.org/0000-0001-9860-3683 

Figure Legend

Figure 1. Radiation-induced cardiovascular damage. The main pathways involved in the development of the disease from the physiological to the pathological state are indicated.
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