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Abstract

:

Chronic exposure to low-dose ionizing radiation is associated with an increased risk of cardiovascular disease. Alteration in energy metabolism has been suggested to contribute to radiation-induced heart pathology, mitochondrial dysfunction being a hallmark of this disease. The goal of this study was to investigate the regulatory role of acetylation in heart mitochondria in the long-term response to chronic radiation. ApoE-deficient C57Bl/6J mice were exposed to low-dose-rate (20 mGy/day) gamma radiation for 300 days, resulting in a cumulative total body dose of 6.0 Gy. Heart mitochondria were isolated and analyzed using quantitative proteomics. Radiation-induced proteome and acetylome alterations were further validated using immunoblotting, enzyme activity assays, and ELISA. In total, 71 proteins showed peptides with a changed acetylation status following irradiation. The great majority (94%) of the hyperacetylated proteins were involved in the TCA cycle, fatty acid oxidation, oxidative stress response and sirtuin pathway. The elevated acetylation patterns coincided with reduced activity of mitochondrial sirtuins, increased the level of Acetyl-CoA, and were accompanied by inactivation of major cardiac metabolic regulators PGC-1 alpha and PPAR alpha. These observations suggest that the changes in mitochondrial acetylation after irradiation is associated with impairment of heart metabolism. We propose a novel mechanism involved in the development of late cardiac damage following chronic irradiation.






Keywords:


ionising radiation; chronic exposure; TBI; acetylome; proteomics; sirtuins; heart; mitochondria; cardiovascular disease; PPAR alpha












1. Introduction


Epidemiological studies show a clear causal association between increased risk of cardiovascular disease (CVD) and radiation exposure affecting tens of thousands of people annually [1,2]. Adverse effects of radiation exposure such as myocardial fibrosis and damage to the coronary arteries and microvasculature [3] were first observed at high doses in patients receiving radiotherapy for breast cancer, Hodgkin´s disease and a number of childhood cancers [4,5,6,7]. Recently, data have been accruing showing an increased risk of CVD even in occupationally exposed populations, such as nuclear workers, raising concerns about the risk of heart disease with doses accumulated at a low dose rate over many years [8,9,10,11,12]. The cumulative radiation doses in occupational settings vary considerably [13]. In Germany, for example, cumulative doses of up to 0.2 Gy for aircrew members are possible [13]. Among the Mayak nuclear workers, the mean cumulative external gamma dose was 0.51 Gy, with a maximum of 6.8 Gy [14]. Independent of the dose rate, doses of 0.5 Gy have been shown to result in a significant increase in CVD risk [2]. In contrast to high-dose-rate exposures, practically nothing is known about the biological mechanisms of CVD caused by chronic low-dose-rate exposures.



Our previous studies using C57Bl/6 mice and its ApoE-deficient (ApoE -/-) derivative, exposed to local high-dose, high-dose-rate heart irradiation, suggested persistently decreased fatty acid oxidation (FAO) and inactivation of its transcriptional regulator, peroxisome proliferator-activated receptor (PPAR) alpha, in the irradiated heart [15,16]. This was associated with the reduced respiratory capacity of cardiac mitochondria [16,17]. Importantly, similar findings were observed in a study of cardiac autopsies from Mayak plutonium enrichment plant workers who were chronically exposed to external gamma rays at very low dose rates. Profiling of the cardiac proteome in the left ventricle of these workers showed dose-dependent inactivation of PPAR alpha and dysregulation of mitochondrial proteins at cumulative doses greater than 100 mGy [18].



Lysine acetylation of mitochondrial proteins has emerged as the key post-translational modification (PTM) in the metabolic control [19,20,21] and is one of the causal factors of metabolic derangements in various heart diseases [22,23]. In mitochondria, protein acetylation occurs via non-enzymatic and enzymatic pathways. In the non-enzymatic pathway, proteins are acetylated based on the availability of acetyl-coenzyme A (acetyl-CoA); this is the primary pathway of acetylation in mitochondria [22]. The acetylation status of mitochondrial proteins is regulated both by the level of acetyl-CoA and mitochondrial deacetylases of the sirtuin family, SIRT3 and SIRT5 [23]. SIRT4 is also located in mitochondria but shows only a minor deacetylase activity [24,25]. These sirtuins, as their nuclear (SIRT1, SIRT6, SIRT7) and cytosolic (SIRT2) homologs, are highly conserved NAD+-dependent proteins [26,27]. Both SIRT1 and SIRT3 have been shown to regulate heart metabolism [23]. SIRT1 can directly bind to and deacetylate peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1 alpha), the master regulator of the mitochondrial biosynthesis [23,28]. The deacetylated form of PGC-1 alpha is capable of co-activating PPAR alpha in the transcriptional control of the FAO genes [29,30]. In addition, PGC-1 alpha has been shown to stimulate Sirt3 gene expression in primary mouse hepatocytes and muscle cells [31,32]. The complex and interacting regulatory network of sirtuins, PPAR alpha, and PGC-1 is necessary for an efficient response to alterations in the levels of NAD+ and acetyl-CoA, the sensors of cellular metabolic state [33].



The goal of the present study was to investigate the role of mitochondrial acetylation in the regulation of cardiac injury after chronic radiation exposure. For this purpose, we studied radiation-induced alterations in the mitochondrial proteome and acetylome of ApoE -/- mice after 300 days of continuous low-dose rate (20 mGy/day) total body exposure to 137 Cs gamma rays. Thus, the irradiated mice received a cumulative dose of 6.0 Gy whilst the control mice were sham-irradiated. The ApoE -/- mice were used in this study since they are a well-established model in cardiovascular research [34,35,36]. Radiation-induced alterations of the FAO enzymes are very similar but more dominant in the ApoE -/- mice compared to the wild type [16].




2. Results


2.1. The Cardiac Mitochondrial Proteome Is Altered after Chronic Irradiation


Changes in the cardiac mitochondrial proteome of chronically irradiated mice were analyzed with label-free quantitative proteomics. A total number of 788 mitochondrial proteins were identified and quantified, of which 512 proteins were quantified at least with two unique peptides (2-UP) (Table S1). Among all 2-UP-identified proteins, 311 (61%) have been previously annotated as mitochondrial proteins based on MitoCarta 2.0 [37] (Table S1).



To investigate differences in the proteome profiles between irradiated and control heart mitochondria, a principal component analysis (PCA) was performed based on all proteome features. Control and irradiated samples clustered into two separate groups (Figure 1A). The expression of 61 proteins was significantly different (2-UP; ± 1.3-fold; and ANOVA p < 0.05); of these, 41 proteins were down-regulated and 20 up-regulated in the irradiated samples (Figure 1B, Table S2).



A detailed analysis of the functional interactions and biological pathways was performed using Ingenuity Pathway Analysis (IPA) software. Mitochondrial dysfunction, cardiac fibrosis, sirtuin signalling, fatty acid metabolism, cardiac hypertrophy, and actin cytoskeleton signalling were the most affected pathways in the irradiated mitochondria compared to the control group (Figure 1C). PGC-1 alpha and PPAR alpha were predicted to be inhibited whilst transforming growth factor beta-1 (TGFB1) and p38 mitogen-activated protein kinases (P38MAPK) were predicted to be induced (Table S3). Differentially expressed proteins were associated with the cardiotoxicity related pathways such as cardiac enlargement, cardiac dysfunction, cardiac damage, and cardiac fibrosis (Table S3).




2.2. Long-Term Chronic Irradiation Causes Mitochondrial Protein Hyperacetylation


The acetylated proteins from control and irradiated mouse heart mitochondria were enriched as described in Materials and Methods. Of the 397 identified peptides in the enriched fractions, 172 peptides (43%) were found to be acetylated (Table S4). Among these peptides, the acetylation status of 142 unique peptides was significantly different (ANOVA p < 0.05) compared to the controls (Table S4). The irradiated mitochondria were clearly different from the controls based on the acetylation status of the peptides (Figure 2A). The irradiated mitochondria showed a generally higher abundance of acetylated peptides compared to the controls (Figure 2B).



The unique acetylated peptides were allocated to 71 acetylated proteins (Table 1). Of these, 49 possessed one unique acetylation site, whilst 22 had multiple acetylation sites. The acetylation status of 62 proteins was increased, whereas only three proteins showed hypoacetylation (Table 1 and Table S5). Aconitate hydratase (ACO2), dihydrolipoyl dehydrogenase (DLD), aspartate aminotransferase (GOT2), myosin-6 (MYH6) and ADP/ATP translocase 1 (SLC25A4) had peptides showing both increased and decreased acetylation levels (Table S5). The acetylated proteins showed no expression changes in the total proteome in response to irradiation, except in the case of somatic cytochrome C (CYCS), 2,4-dienoyl CoA reductase 1 (DECR1), dihydrolipoamide dehydrogenase (DLD), hydroxyacyl-coenzyme A dehydrogenase (HADH), and alpha subunit of succinate-CoA ligase (SUCLG1). These showed a slight reduction in protein expression (Table S5). Among the hyperacetylated proteins, there were several subunits of the mitochondrial respiratory chain as well as metabolic enzymes including Acyl-Coenzyme A dehydrogenase (ACADL), and trifunctional enzyme subunit alpha (HADHA) catalysing the first and last steps of FAO in mitochondria (Table 1 and Table S5). In general, the acetylated proteins were clustered in four main functional pathways: sirtuin signalling, tricarboxylic acid (TCA) cycle, FAO, and oxidative stress (Table 1 and Figure 2C).




2.3. Chronic Irradiation Decreases the Activity of Respiratory Complexes I and III and Cardiac ATP Level


Since several subunits of the mitochondrial electron transport chain (Complex I, Complex III, ATP synthase) were hyperacetylated in the irradiated samples (Table 1 and Table S5), we measured the activity of Complex I and Complex III. Both were significantly reduced in the irradiated samples (Figure 3A,B). The ATP level was also significantly reduced after chronic irradiation (Figure 3C). The increased acetylation status was presumably contributing to the reduced activity as the level of the complex proteins was only slightly or not significantly reduced (Tables S2 and S5).




2.4. Acetylation Impairs the Oxidative Stress Response in Irradiated Mitochondria


Impairment of the mitochondrial complexes is involved in the enhanced oxidative stress [38]. The mitochondrial superoxide dismutase 2 (SOD2) is important in the clearance of mitochondrial reactive oxygen species. The acetylation level of SOD2 was increased, whilst the level of the total protein was not significantly changed in irradiated mitochondria (Tables S2 and S5). The activity of SOD2 showed a significant reduction in irradiated mitochondria, coinciding with the hyperacetylation (Figure 4A).



The effect of chronic radiation on the oxidative stress response was further studied by analysing the levels of malondialdehyde modification (lipid peroxidation marker) in mitochondrial samples. The level of malondialdehyde-modified proteins was significantly increased after irradiation (Figure 4B).




2.5. Mitochondrial NAD+/NADH Level Is Reduced after Chronic Irradiation


The deficiency of mitochondrial complex I results in alteration of NAD+ homeostasis and subsequently alters the protein acetylation status [39]. The NAD+/NADH ratio in irradiated mitochondria decreased compared to controls (Figure 5A).




2.6. The Level of Acetyl-CoA Is Enhanced in Irradiated Mitochondria


Protein acetylation is partly mediated by non-enzymatic mechanism mainly controlled by acetyl-CoA level in mitochondria [22]. In accordance with the radiation-induced hyperacetylation, the analysis of acetyl-CoA amounts showed a significantly enhanced level of acetyl-CoA in irradiated mitochondria compared to that of the controls (Figure 5B).




2.7. Irradiation Negatively Influences the Activity and Expression of Sirtuins


Since sirtuins are NAD+-dependent deacetylases, the radiation-associated decrease in the NAD+/NADH ratio may affect their activity and expression and lead to hyperacetylation. The analysis indicated a significantly decreased level of total mitochondrial sirtuin activity in the irradiated samples (Figure 6A). The immunoblot analysis of the level of different mitochondrial sirtuins (SIRT3, SIRT4, SIRT5) showed that the expression of SIRT3 and SIRT4 was significantly reduced in irradiated mitochondria in comparison to controls (Figure 6B,C and Figure S1A–E), whereas the level of SIRT5 remained unchanged.



The activity and expression of SIRT1 were tested in the corresponding control and irradiated heart tissue. Both were significantly reduced in the irradiated heart (Figure 6D–F and Figure S2A,B).




2.8. Reduced Sirtuin Activities Contribute to Cardiac Senescence


To investigate the evidence of accumulated senescent cells in irradiated cardiac tissue, the expression levels of senescence-associated proteins p21 and p16 were analyzed in the heart lysate using immunoblotting. The levels of p21 and p16 were significantly increased in the irradiated samples compared to the controls (Figure 7A,B and Figure S3A–C), suggesting the early onset of cardiac ageing.




2.9. Mitochondrial Acetylation Is Involved in Radiation-Induced Cardiac Metabolism Alteration


The proteome and acetylome analysis of the irradiated mitochondria showed alteration of a cluster of metabolic proteins regulated by PGC-1 alpha and PPAR alpha (Tables S2 and S3). Based on IPA upstream regulator analysis of the mitochondrial proteome, PPAR alpha and its coactivator PGC-1 alpha were predicted to be inhibited following irradiation (Table S3). Since PPAR alpha and PGC-1 alpha are not mitochondrial proteins, we analyzed the expression levels of these factors in the whole heart lysate. PGC-1 alpha activity is regulated by acetylation [40]. The results confirmed the significantly enhanced level of acetylated (inactive) PGC-1 alpha in irradiated heart tissue (Figure 8A,B and Figure S4A–C). The activity of PPAR alpha in the heart is regulated by the phosphorylation of Ser12, increased phosphorylation meaning deactivation [41]. The ratio of phosphorylated (inactive) to total protein was significantly increased in the irradiated heart samples compared to the control group (Figure 8C,D and Figure S2A,C,D), indicating a radiation-related reduction of PPAR alpha transcriptional activity in the chronically irradiated heart. This was in agreement with its predicted inactivation based on the changes in the mitochondrial proteome (Table S3).





3. Discussion


The goal of the present study was to investigate the late cardiac effects of low-dose-rate chronic exposure. This is important as several recent studies have suggested an excess radiation-induced risk of heart disease at low occupational and environmental dose rate levels [1]. For example, Mayak nuclear workers show an increased risk for ischemic heart disease that was shown to increase linearly in relation to the total external gamma-ray dose in both male and female workers [8,9].



Our previous data using cardiac left ventricle autopsies of male Mayak workers showed a dose-dependent increase in the number of dysregulated proteins [18,42]. In all dose groups, the most affected pathway was cardiac energy production [18]. Especially influenced were mitochondrial proteins, particularly members of the respiratory chain complexes I and III [18]. Here, we report a study using a mouse model that identifies the protein acetylation as a potential contributor mechanism in radiation-induced mitochondrial metabolic disruption. To our best knowledge, it is the first study to investigate the effect of chronic ionizing radiation on the cardiac mitochondrial acetylome and proteome. The study correlates the omics findings with functional analysis to address the molecular mechanism involved in the late cardiac effect of irradiation.



Cardiac mitochondrial proteins are the known targets of post-translational acetylation [22]. The acetylation status of proteins is mainly regulated by a NAD+-dependent deacetylases known as sirtuins [43]. Among the mitochondrial sirtuins, SIRT3 is a major regulator of the mitochondrial acetylation status [43]. More than 60% of mitochondrial proteins contain acetylation sites [22], and the majority of acetylated mitochondrial proteins are involved in energy metabolism [44], including the aforementioned oxidative phosphorylation but also FAO, and the TCA cycle [45,46,47].



The present study clearly shows a radiation-induced increase in the acetylation status of several subunits of mitochondrial respiratory complexes I and III that coincides with their decreased activity. It has been shown previously that deficiencies in oxidative phosphorylation, in particular in Complex I, lead to a decrease in NAD+/NADH ratio and inhibition of SIRT3 activity in the heart [39]. In accordance with this, we also observe a reduced level of NAD+/NADH and decreased expression and activity of SIRT3 in the irradiated mitochondria.



Proteome and acetylome analyses of this study show that it is mainly mitochondrial metabolic enzymes that are affected after irradiation. SIRT3 null mice have been shown to have a 33% lower FAO in the heart compared to wild type [20]. The first enzyme of FAO, ACADL, is a known target of SIRT3 [22]. Hyperacetylation of ACADL, as observed in the irradiated mitochondria in this study, is reported in different heart diseases such as cardiac hypertrophy [48] and heart failure [49]. We have shown previously that local heart irradiation (2 Gy X-ray) results in down-regulation of enzymes involved in long-chain fatty acid degradation, including ACADL, 40 weeks after the radiation exposure in male ApoE -/- mice [16]. Accumulation of long-chain fatty acids is a typical feature of aged cardiac mitochondria [50]. In accordance with this, mice lacking SIRT3 show similar cardiac pathologies as the aged wild-type mice such as cardiac hypertrophy and fibrosis [51,52].



The sirtuin family is known to play a role in cardiac ageing [53,54,55,56]. Our analysis confirms radiation-responsive up-regulation of p21 and p16 in cardiac tissue suggesting accumulated senescent cells in heart tissue following irradiation. Accumulation of senescent cells in aged tissues impairs tissue function and affects the neighbouring cells via senescence-associated secretory phenotype (SASP) [57]. Increased levels of p21 and p16 have been shown previously in the aged heart [58,59].



SIRT3 plays an essential role in the regulation of mitochondrial redox state [22], since it is able to deacetylate SOD2 and induce its activity [60,61] leading to changes in the reactive oxygen species (ROS) level [61]. The present study shows that chronic irradiation results in increased acetylation of SOD2 and reduction of its activity. In good agreement with this, irradiated mitochondria show here enhanced level of lipid peroxidation, a biomarker of oxidative stress [62]. We have shown previously that local acute heart irradiation permanently increases mitochondrial ROS production and this is associated with enhanced protein oxidation in cardiac mitochondria [16,17]. Similarly, the proteome analysis of the heart of Mayak workers demonstrated a dose-dependent reduction of nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2), key regulator of oxidative stress response pathway 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) and enhanced protein carbonylation in the highest dose group (< 500 mGy) [18].



These findings suggest that cardiac mitochondria are both the source and target of ROS after radiation exposure, independent of the dose rate. A comparison of our previous studies using male mice with the data presented here for female animals indicates that irradiation does not appear to cause a different mitochondrial response in males and females [16,17]. We have previously shown the downregulation of several metabolic enzymes in male human and male animal heart proteome following irradiation [15,16,18]. This event is accompanied by inactivation of cardiac metabolic transcription factor PPAR alpha [15,18]. Here, in the female mouse hearts, we also see the inactivation of PPAR alpha after irradiation, suggesting that radiation-induced impairment of cardiac energy metabolism might be a signature of radiation-induced cardiac pathology independent of gender. It remains to be determined whether mitochondrial acetylation differs between males and females.



The level of SIRT3 is not only dependent on the availability of NAD+. SIRT3 expression is reported to be regulated by SIRT1 either via the AMPK-PGC1 pathway or by deacetylation [63,64]. We observed here reduction in expression and activity of both sirtuins in irradiated hearts. The role of SIRT1 and SIRT3 in the maintaining of cellular metabolism and response to stress has been previously shown [63,65].



One of the transcriptional controllers of the Sirt3 gene is PGC-1 alpha, a coactivator of PPAR alpha transcription complex [31,32]. Interestingly, PGC-1 alpha is deacetylated and thereby activated as a cofactor by SIRT1 [40] that, in its turn, results in the transcription of genes involved in oxidative phosphorylation and FAO [40,66]. Furthermore, SIRT1 has been shown to bind PPAR alpha directly and facilitates PGC-1/ PPAR alpha interactions [67]. We observed here a marked reduction of the expression and activity of both sirtuins that was accompanied by the inactivation of PGC-1 alpha and PPAR alpha.



Data presented here highlight the role of the SIRT/ PGC-1/ PPAR alpha network in the maintenance of cardiac metabolism [40,63,64]. A putative model for the role of SIRT/ PGC-1/ PPAR alpha regulatory axis in the radiation-induced cardiac injury is suggested in Figure 9. It proposes that irradiation caused mitochondrial metabolic impairment, enhanced oxidative damage and accelerated senescence.




4. Materials and Methods


4.1. Animals


ApoE -/- mice on the C57BL/6J background (Charles River Laboratories, Wilmington, Massachusetts, USA) were bred at the IES animal facility under specific pathogen-free (SPF) conditions. All experiments were conducted according to the legal regulations in Japan and the Guidelines for Proper Conduct of Animal Experiments (2006, Science Council of Japan, Cabinet Office) (http://www.scj.go.jp/ja/info/kohyo/pdf/kohyo-20-k16-2e.pdf). The experiment protocol (Project ID Codes 24-20 (March 19, 2013), 24-21 (March 19, 2013) and 25-16 (March 27, 2014)) was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Institute for Environmental Sciences according to the science-based guidelines for Laboratory Animal Care (https://www.ncbi.nlm.nih.gov/books/NBK25422/). The mice were fed with standard rodent chow ad libitum and maintained at a 12 h light/dark cycle.




4.2. Irradiation


At 8 weeks of age, female mice (16 mice, 8 for heart analysis and 8 for mitochondria analysis) were subjected to chronic irradiation with gamma rays for 300 days using a 137 Cs source (22 hr/day; dose rate 20 mGy/day) reaching cumulative total body doses of 6.0 Gy. Controls were sham-irradiated. Mice were euthanized immediately after the radiation exposure using CO2 asphyxiation. The animals exposed to a total dose of 6 Gy appeared apparently healthy until the termination of the study. No neoplasms were detected in all examined animals. There was no significant difference in the body weight, heart weight and heart/body weight ratio of the irradiated mice compared to the non-irradiated mice (Table S6).




4.3. Cardiac Mitochondria Isolation


Cardiac mitochondria were isolated using differential centrifugation and discontinuous Percoll gradient technique as described before [17]. To investigate the mitochondrial purity, mitochondrial marker voltage-dependent anion-selective channel protein (VDAC) and endoplasmic reticulum marker, binding immunoglobulin protein (BiP) were measured using immunoblotting in the mitochondrial and heart tissue lysates. VDAC was enriched in the mitochondrial fraction compared to the whole heart tissue, whilst endoplasmic reticulum marker BiP was strongly reduced (Figure S5A–C).




4.4. Proteome Analysis


Mitochondrial proteins from control and irradiated hearts (four mice per group) were quantified using label-free LC-MS/MS analysis as described before [18]. Briefly, samples were analyzed on the LTQ-OrbitrapXL (Thermo Scientific, Wilmington, Massachusetts, USA) online coupled to the Ultimate 3000 RSPL (Thermo) equipped with a reversed-phase analytical column (Thermo Scientific Acclaim PepMap 100 C18, 3µm, 250mm length, 0.075mm I.D.). Label-free quantifications were performed using the Progenesis QI for proteomics software (Waters) in combination with the search engine Mascot (Matrix Science) and the Swiss-Prot mouse database (16872 sequences). For final quantifications, proteins were identified with at least 2 unique peptides and with ratios greater than 1.30-fold or less than 0.77-fold (ANOVA; p < 0.05) were defined as being significantly differentially expressed.




4.5. Acetylome Analysis


Protein extracts (300 μg) of mitochondria isolated from control and irradiated hearts (four mice per group) were resolved in 1% Triton, 100 mM Tris buffer, pH 7.6, and were subjected to overnight in-solution tryptic digestion. Acetylated peptides were enriched from lysates using agarose-conjugated anti-acetyl lysine (#ICP0388, ImmunChem, Burnaby, Canada) and eluted using 0.1% TFA as described previously [68]. Acetylated peptides were quantified similarly to the proteome analysis described above. The acetylation of lysine and N-terminus of protein was selected as variable modifications in addition to standard search settings.



For quantification, all unique peptides with p < 0.05 (resulting peptide FDR 3.04%) for each identified protein were included. No minimal thresholds were set for the method of peak picking or selection of data used for quantification. Peptides showing a significant difference (p < 0.05) between the two groups were considered to be significantly changed in their acetylation status.



To control the effect of proteins changes in the irradiated mitochondria that might contribute to altered levels of acetylated peptides, the change in the acetylated state of each peptide was normalized by dividing the ratio (irradiated /control) of the acetylated peptide to the ratio (irradiated /control) of the corresponding protein obtained from proteome quantification.




4.6. Principal Components Analysis


Principal components analysis was performed in the Perseus software [69] based on the log2 of the protein/peptide abundance ratios for every single sample to the average protein/peptide abundance in all samples.




4.7. Heatmap Generation


A heatmap of the acetylome data was generated using the log2 of the peptide abundance ratios for every single sample to the average peptide abundance in all samples, with peptides with an abundance above average given in yellow and lower proteins in blue. Ratios were used for complete hierarchical clustering based on euclidean distance using Cluster 3.0 software (Stanford, CA, USA) [70].



The resulting tree and heatmap were visualised with Java Treeview (http://www.eisenlab.org/index.html?page_id=42).




4.8. Protein-Protein Interaction and Signalling Network


The analyses of protein–protein interactions and signalling networks were performed by the software tools STRING 11 (http://string-db.org) [71] and INGENUITY Pathway Analysis (IPA) (QIAGEN Inc., https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis) [72].




4.9. Sirtuin Activity Assay


The mitochondrial global sirtuin activity was measured by SIRT-Glo™ Assay (#G6450; Promega, Madison, Wisconsin, USA) as recommended by the manufacturer. The activity of SIRT1 was measured in whole heart lysate using fluorometric assay (ab156065; Abcam, Cambridge, UK) according to the manufacturer´s recommendations.




4.10. Complex I and Complex III Activity


Complex I and Complex III activities were measured in isolated mitochondria using the assay kit (#700930; MitoCheck®; USA and #K520; BioVision, Milpitas, CA, USA) according to the manufacturer’s recommendations.




4.11. ATP Assay


The ATP levels were measured in the frozen heart samples using a commercially available kit (ab83355, Abcam; USA) according to the manufacturer’s instructions.




4.12. Acetyl-CoA Assay


Mitochondrial Acetyl-CoA levels were quantified with a fluorometric assay kit (#K317; BioVision; USA) according to the manufacturer’s instructions.




4.13. NAD+/ NADH Assay


Mitochondrial NAD+/NADH levels were quantified with a commercially available kit (MAK037, Sigma Chemical, St. Louis, Missouri, USA) according to the manufacturer’s instructions.




4.14. SOD2 Activity Assay


Superoxide dismutase activity was measured in isolated mitochondria by colourimetric assay (ab65354, Abcam; USA) as recommended by the manufacturer.




4.15. Lipid Peroxidation Assay


Lipid peroxidation was measured in isolated mitochondria using the colourimetric assay kit (ab118970; Abcam; USA) according to the manufacturer´s instructions.




4.16. Immunoblot Analysis


Mitochondrial protein lysate (10 µg) or heart tissue lysate (10 µg) were separated by gradient 4-12% SDS-PAGE were transferred to nitrocellulose membranes (GE Healthcare; USA) using a Trans-Blot Turbo™ system (Bio-Rad, Hercules, California, USA) according to manufacturer´s recommendations. The membranes were blocked using 3% BSA in TBS, pH 7.4, for 1 h at room temperature, washed three times in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl for 5 min and incubated overnight at 4 °C with primary antibodies using dilutions recommended by the manufacturer. Immunoblot analysis was performed using anti-SIRT1 (#9475S; Cell Signaling Technology, Danvers, Massachusetts, USA), anti-SIRT3 (#5490; Cell Signaling Technology), anti-SIRT4 (sc-135797; Santa Cruz Biotechnology; USA), anti-SIRT5 (sc-271635; Santa Cruz Biotechnology, Dallas, Texas, USA), anti-PGC-1 (ab54481; Abcam; USA), anti-PPAR alpha (sc-9000; Santa Cruz Biotechnology; USA), anti-phospho-PPAR alpha, S-12 (ab3484; Abcam; USA), anti-acetylated lysine (#9441; Cell Signaling Technology; USA), anti-VDAC (#4661; Cell Signaling Technology; USA), anti-BiP (#3177; Cell Signaling Technology; USA), anti-p21 (#2947; Cell Signaling Technology; USA) and anti-p16 (#80772; Cell Signaling Technology; USA). After washing three times, the blots were incubated with the appropriate horseradish peroxidase-conjugated or alkaline phosphatase-conjugated anti-mouse, anti-rabbit or anti-goat secondary antibody (Santa Cruz Biotechnology) for 2 h at room temperature and developed using the ECL system (GE Healthcare, Chicago, Illinois, USA) or 1-stepTM NBT/BCIP method (ThermoFisher, Wilmington, Massachusetts, USA) following standard procedures. Reversible Ponceau staining was used as the loading control. For immunoprecipitation, 100 µg of protein lysate was incubated overnight with control IgG or PGC-1 antibody; the mixed reaction was precipitated with Protein A/G Agarose beads (Santa Cruz Biotechnology; USA) according to the manufacturer’s instructions and immunoprecipitated proteins were analyzed by immunoblotting.



Full-length images of Ponceau S staining and antibody detection of the replicates that not shown in the main results figures are provided in supplementary materials (Supplementary Figures S1–S5).




4.17. Statistical Analysis


Comparative analysis of the data was carried out using the Student´s t-test (unpaired). The significance levels were p* < 0.05.




4.18. Data Availability


The raw MS data have been deposited in the RBstore database, Study ID: 1151: (https://www.storedb.org/store_v3/study.jsp?studyId=1151).





5. Conclusions


This study emphasizes the role of acetylation in the mitochondrial response to chronic irradiation and suggests a strong interdependence between mitochondrial acetylation and energy production. The impaired cardiac metabolism, the increased ROS levels and especially the reduced expression of SIRT1 and SIRT3, the longevity proteins, are all reminiscent of the processes seen in the ageing heart. These and other data [3] indicate that radiation-induced accelerated ageing may play a role in cardiac injury seen in occupationally exposed populations.
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Figure 1. Proteome analysis of mitochondrial proteins in the irradiated heart. (A) Principal component analysis (PCA) based on all proteomic features. (B) Graphical representation of quantitative proteomics data of cardiac mitochondria after chronically exposure to accumulated doses of 6 Gy. Proteins are ranked in a volcano plot according to the −log10 of their statistical p-value (y-axis) and log2 fold change (x-axis). The yellow points represent the significantly more abundant proteins in cardiac mitochondria after irradiation, the blue points represent the significantly less abundant proteins. (C) The most significant canonical pathways altered by irradiation. The analyses were generated through the use of IPA (QIAGEN Inc., https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis). Bars indicate canonical pathways and the y-axis displays the −(log p) enrichment significance. Taller bars are more significant than shorter bars. 
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Figure 2. Protein-protein interaction analysis of acetylated proteins changed following total body irradiation. Principal component analysis (PCA) based on all acetylated peptides features (A). Heat map showing higher abundance of acetylated peptides (in yellow) in irradiated samples compared to the controls (B). Protein–protein interactions are analyzed by the STRING software tool (http://string-db.org) indicating the most affected protein clusters (C). 
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Figure 3. Analysis of the mitochondrial complex I and II activity, and cardiac ATP level. The activities of complex I and III were compared in irradiated and control samples (A,B). The ATP levels were compared in irradiated and control samples (C). The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 4). 
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Figure 4. Analysis of the mitochondrial oxidative stress response. The expression level of mitochondrial SOD2 (A) and the amount of lipid peroxidation (B) as a marker of oxidative stress was measured in irradiated and control samples. The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 4). 
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Figure 5. Analysis of the mitochondrial NAD+, NADH and NAD+/NADH and Acetyl-CoA. The concentration of NAD+, NADH and NAD+/NADH (A) and Acetyl-CoA (B) was compared in samples from irradiated and control groups. The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 4). 
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Figure 6. Analysis of the sirtuin proteinsactivity and expression. The activity of sirtuin proteins was measured in mitochondria fraction using pan-SIRT assay. The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 3) (A). Immunoblotting analysis of SIRT3, SIRT4, SIRT5 was performed in the mitochondrial lysates from each group (B, C). The columns represent the average ratios of relative protein expression in control and irradiated samples after background correction (t-test; * p < 0.05; n = 3) (C). The activity of SIRT1 was compared between irradiated and control samples (t-test; * p < 0.05; n = 4) (D). Immunoblotting analysis of SIRT1 was performed using whole heart lysate. The error bars represent standard error of the mean (t-test; * p < 0.05; n = 4) (E,F). The amount of the total protein was measured by Ponceau S staining for an accurate comparison between the groups. The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 3). 
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Figure 7. Analysis of the senescence-associated proteins. Immunoblotting analysis of the senescence markers (p21 and p16) in whole heart lysate (A,B). The amount of the total protein was measured by Ponceau S staining for an accurate comparison between the groups. The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 3). 
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Figure 8. Analysis of the cardiac PGC-1 and PPAR alpha protein expression. Immunoblot analysis of total PGC1, and acetylated form (inactive) in whole heart lysate is shown (A). The columns represent the average ratios of relative protein expression in control and irradiated samples. The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 3) (B). Immunoblot analysis of total and phospho-PPAR alpha (Ser12) in whole heart lysate samples is shown (C). The amount of the total protein was measured by Ponceau S staining for an accurate comparison between the groups. The columns represent the average ratios of relative protein expression in control and irradiated samples after background correction (D). The error bars represent standard error of the mean (± SEM) (t-test; * p < 0.05; n = 4). 
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Figure 9. A proposed model for the role of SIRT/ PGC-1/ PPAR alpha network in regulation of radiation-induced cardiac injury. Irradiation impairs the mitochondrial complex I activity resulting in NAD+ homeostasis alteration. A change in the level of NAD+/NADH reduces the activity of SIRT3 and enhances the acetylation state of mitochondrial proteins. NAD+/NADH alteration also affects the SIRT1 activity and impairs the PGC-1/ PPAR alpha transcription complex via an increased level of acetylated (inactive) PGC-1. Deactivation of PGC-1/ PPAR alpha is associated with a low level of myocardial metabolism, elevated oxidative damage and accelerated senescence contributing to the radiation-induced cardiac injury. 
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Table 1. List of significantly changed acetylated mitochondrial proteins following irradiation (p < 0.05). The number of acetylated peptides, Gene Ontology (GO) description and GO Accession are shown for each acetylated protein.
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	No.
	ID
	Description
	No. Of Hyperacetylated Peptides
	No. Of Hypoacetylated Peptides
	GO Description
	GO Accession





	1
	ACAA2
	3-ketoacyl-CoA thiolase
	2
	0
	FAO
	GO:0006635



	2
	ACADL
	Long-chain specific acyl-CoA dehydrogenase
	2
	0
	FAO
	GO:0006635



	3
	ACADM
	Medium-chain specific acyl-CoA dehydrogenase
	1
	0
	FAO
	GO:0006635



	4
	ACAT1
	Acetyl-CoA acetyltransferase
	1
	0
	FAO
	GO:0006635



	5
	ACO2
	Aconitate hydratase
	6
	1
	TCA metabolic process
	GO:0072350



	6
	ACOT13
	Acyl-coenzyme A thioesterase 13
	4
	0
	acyl-CoA hydrolase activity
	GO:0047617



	7
	ACOT5
	Acyl-coenzyme A thioesterase 5
	1
	0
	acyl-CoA hydrolase activity
	GO:0047617



	8
	ALDH4A1
	Delta-1-pyrroline-5-carboxylate dehydrogenase
	1
	0
	TCA metabolic process
	GO:0072350



	9
	ATP5A1
	ATP synthase subunit alpha
	1
	0
	ATP metabolic process
	GO:0046034



	10
	ATP5B
	ATP synthase subunit beta
	2
	0
	ATP metabolic process
	GO:0046034



	11
	ATP5F1
	ATP synthase F(0) complex subunit B1
	3
	0
	ATP metabolic process
	GO:0046034



	12
	ATP5H
	ATP synthase subunit d
	9
	0
	ATP metabolic process
	GO:0046034



	13
	ATP5L
	ATP synthase subunit g
	2
	0
	ATP metabolic process
	GO:0046034



	14
	ATP5O
	ATP synthase subunit O
	1
	0
	ATP metabolic process
	GO:0046034



	15
	AUH
	Methylglutaconyl-CoA hydratase
	1
	0
	FAO
	GO:0006635



	16
	CBLB
	E3 ubiquitin-protein ligase
	1
	0
	ubiquitin protein ligase binding
	GO:0031625



	17
	COX4I1
	Cytochrome c oxidase subunit 4 isoform 1
	2
	0
	ATP metabolic process
	GO:0046034



	18
	CUX1
	Homeobox protein cut-like 1
	1
	0
	DNA binding
	GO:0003677



	19
	CWC27
	Peptidyl-prolyl cis-trans isomerase
	1
	0
	protein folding
	GO:0006457



	20
	CYCS
	Cytochrome c
	1
	0
	ATP metabolic process
	GO:0046034



	21
	DECR1
	2-4-dienoyl-CoA reductase
	1
	0
	FAO
	GO:0006635



	22
	DLD
	Dihydrolipoyl dehydrogenase
	3
	1
	ATP metabolic process
	GO:0046034



	23
	DLST
	Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex
	1
	0
	TCA metabolic process
	GO:0072350



	24
	ECHS1
	Enoyl-CoA hydratase
	1
	0
	FAO
	GO:0006635



	25
	ETFA
	Electron transfer flavoprotein subunit alpha
	3
	1
	FAO
	GO:0006635



	26
	ETFB
	Electron transfer flavoprotein subunit beta
	1
	0
	FAO
	GO:0006635



	27
	FAM187A
	Ig-like V-type domain-containing protein
	1
	0
	enzyme binding
	GO:0019899



	28
	FGD6
	RhoGEF and PH domain-containing protein 6
	1
	0
	regulation of GTPase activity
	GO:0043087



	29
	FH
	Fumarate hydratase
	5
	0
	TCA metabolic process
	GO:0072350



	30
	GBAS
	Protein NipSnap homolog 2
	1
	0
	ATP metabolic process
	GO:0046034



	31
	GLUD1
	Glutamate dehydrogenase 1
	1
	0
	TCA metabolic process
	GO:0072350



	32
	GOT2
	Aspartate aminotransferase
	3
	1
	amino acid binding
	GO:0016597



	33
	HADH
	Hydroxyacyl-coenzyme A dehydrogenase
	1
	0
	FAO
	GO:0006635



	34
	HADHA
	Trifunctional enzyme subunit alpha
	7
	0
	FAO
	GO:0006635



	35
	HIST1H1C
	Histone H1
	1
	0
	DNA binding
	GO:0003677



	36
	HIST1H1E
	Histone H1
	1
	0
	ATP binding
	GO:0005524



	37
	HMGCL
	Hydroxymethylglutaryl-CoA lyase
	1
	0
	fatty-acyl-CoA binding
	GO:0000062



	38
	HSPA9
	Stress-70 protein
	1
	0
	unfolded protein binding
	GO:0051082



	39
	HSPD1
	60 kDa heat shock protein
	1
	0
	unfolded protein binding
	GO:0051082



	40
	IDH2
	Isocitrate dehydrogenase [NADP]
	12
	0
	TCA metabolic process
	GO:0072350



	41
	IDH3A
	Isocitrate dehydrogenase [NADP]
	0
	1
	TCA metabolic process
	GO:0072350



	42
	LRRC40
	Leucine-rich repeat-containing protein 40
	1
	0
	cellular process
	GO:0009987



	43
	MDH1B
	Putative malate dehydrogenase 1B
	1
	0
	TCA metabolic process
	GO:0072350



	44
	MDH2
	Malate dehydrogenase
	6
	0
	TCA metabolic process
	GO:0072350



	45
	MMEL1
	Membrane metallo-endopeptidase-like 1
	1
	0
	endopeptidase activity
	GO:0004175



	46
	MRGPRA1
	Mas-related G-protein coupled receptor member A1
	0
	1
	G protein-coupled receptor activity
	GO:0004930



	47
	MYH6
	Myosin-6
	2
	1
	actin-dependent ATPase activity
	GO:0030898



	48
	NDUFA2
	NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2
	1
	0
	NADH dehydrogenase (ubiquinone) activity
	GO:0008137



	49
	NDUFAB1
	Acyl carrier protein
	0
	1
	acyl binding
	GO:0000035



	50
	NDUFB3
	NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 3
	1
	0
	NADH dehydrogenase (ubiquinone) activity
	GO:0008137



	51
	NDUFS1
	NADH-ubiquinone oxidoreductase 75 kDa subunit
	2
	0
	NADH dehydrogenase (ubiquinone) activity
	GO:0008137



	52
	NDUFV2
	NADH dehydrogenase [ubiquinone] flavoprotein 2
	1
	0
	NADH dehydrogenase (ubiquinone) activity
	GO:0008137



	53
	NIT2
	Omega-amidase NIT2
	1
	0
	omega-amidase activity
	GO:0050152



	54
	OXCT1
	Succinyl-CoA:3-ketoacid coenzyme A transferase 1
	1
	0
	3-oxoacid CoA-transferase activity
	GO:0008260



	55
	PAPOLB
	Poly(A) polymerase beta
	1
	0
	RNA polymerase binding
	GO:0070063



	56
	PDHA1
	Pyruvate dehydrogenase E1 component subunit alpha
	1
	0
	TCA metabolic process
	GO:0072350



	57
	PRDX5
	Peroxiredoxin-5
	2
	0
	response to oxygen radical
	GO:0000305



	58
	PROSC
	Proline synthase co-transcribed bacterial homolog protein
	1
	0
	pyridoxal phosphate binding
	GO:0030170



	59
	RPIA
	Ribose-5-phosphate isomerase
	1
	0
	carbohydrate binding
	GO:0030246



	60
	SDHA
	Succinate dehydrogenase [ubiquinone] flavoprotein subunit
	4
	0
	TCA metabolic process
	GO:0072350



	61
	SLC25A3
	Phosphate carrier protein
	1
	0
	phosphate transmembrane transporter
	GO:0005315



	62
	SLC25A4
	ADP/ATP translocase 1
	2
	1
	ATP:ADP antiporter activity
	GO:0005471



	63
	SLC25A5
	ADP/ATP translocase 2
	1
	0
	ATP:ADP antiporter activity
	GO:0005471



	64
	SOD2
	Superoxide dismutase [Mn]
	1
	0
	response to oxygen radical
	GO:0000305



	65
	SUCLA2
	Succinate--CoA ligase [ADP-forming] subunit beta
	1
	0
	TCA metabolic process
	GO:0072350



	66
	SUCLG1
	Succinate--CoA ligase [ADP/GDP-forming] subunit alpha
	1
	0
	TCA metabolic process
	GO:0072350



	67
	TXNRD2
	Thioredoxin reductase 2
	1
	0
	response to oxygen radical
	GO:0000305



	68
	UQCRB
	Cytochrome b-c1 complex subunit 7
	1
	0
	ATP metabolic process
	GO:0046034



	69
	UQCRC1
	Cytochrome b-c1 complex subunit 1
	1
	0
	ATP metabolic process
	GO:0046034



	70
	VDAC1
	Voltage-dependent anion-selective channel protein 1
	5
	0
	anion channel activity
	GO:0005253



	71
	VDAC3
	Voltage-dependent anion-selective channel protein 3
	1
	0
	anion channel activity
	GO:0005253
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