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ABSTRACT 

Epidemiological data from patients undergoing radiotherapy for thoracic tumours clearly 

show the damaging effect of ionising radiation on cardiovascular system. The long-term 

impairment of heart function and structure after local high-dose irradiation is associated 

with systemic inflammatory response, contraction impairment, microvascular damage 

and cardiac fibrosis. The goal of the present study was to investigate molecular 

mechanisms involved in this process. C57BL/6J mice received a single X-ray dose of 16 

Gy given locally to the heart at the age of 8 weeks. Radiation-induced changes in the 

heart transcriptome and proteome were investigated 40 weeks after the exposure. The 

omics data were analysed by bioinformatics tools and validated by immunoblotting. 

Integrated network analysis of transcriptomics and proteomics data elucidated the 

signalling pathways that were similarly affected at gene and protein level. Analysis 

showed induction of transforming growth factor (TGF) beta signalling but inactivation of 

peroxisome proliferator-activated receptor (PPAR) alpha signalling in irradiated heart. 

The putative mediator role of mitogen-activated protein kinase (MAPK) cascade linking 

PPAR alpha and TGF beta signalling was supported by data from immunoblotting and 

ELISA. This study indicates that both signalling pathways are involved in radiation-

induced heart fibrosis, metabolic disordering and impaired contractility, a 

pathophysiological condition that is often observed in patients that received high 

radiation doses in thorax. 
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INTRODUCTION  

Epidemiological studies show an increased risk of cardiovascular disease (CVD) 

associated with high local doses of ionizing radiation to the heart. This is observed in 

patients after thoracic radiotherapy treatment for breast cancer, Hodgkin´s disease or 

childhood cancers.1-4 A significant increase in the mortality from CVD has been reported 

for patients treated by radiotherapy for left-sided breast cancer compared to those with 

right-sided cancer.1,5-7  The recent development of radiation therapy practice and 

equipment has decreased the heart dose from left-tangential radiotherapy considerably 

over the past 40 years, however certain parts of the heart still receive more than 20 Gy 

in approximately half of left-sided breast cancer patients.8  High-dose radiation leads to 

late adverse cardiac side effects in including damage to pericardium, myocardium, 

valves and coronary vessels, as well as cardiomyopathy and myocardial fibrosis.9, 10 

Since breast cancer is by far the most common cancer in women worldwide and most 

patients are treated by radiotherapy, an estimated increased risk for CVD induced by 

radiation (2.5%/Gy) concerns a large number of people11 and thus remains one of the 

important health concerns.12 Therefore a deep investigation of the molecular 

mechanisms of CVD following irradiation of the heart is urgently needed. 

We have previously shown using a mouse model (C57Bl/6J) that local cardiac high-

dose radiation caused cardiac metabolic impairment that was coupled to mitochondrial 

dysfunction and reduction in the activity of PPAR alpha complex. 13 It also induced a 

systemic inflammatory response and increased the level of free fatty acids in blood.13, 14 

A similar study showed morphological disorders of the heart such as increased left 

ventricle (LV) wall thickening weeks and increased interstitial collagen accumulation in 
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LV myocardium after 40 weeks.15 Moreover, increased structural and microvascular 

damage, inflammation, diffuse amyloidosis, late fibrosis and even sudden death of 

some mice was observed between 30-40 weeks after irradiation at 16 Gy.15 

PPAR alpha, a key regulator of the lipid metabolism in the heart, is involved in the 

development of CVD.16, 17 Impairment of lipid metabolism has been described as a 

consequence of altered transcriptional activity of PPAR alpha.18Inhibition of PPAR alpha 

is accompanied by increased levels of circulating cytokines and enhanced local 

production of profibrotic factors such as TGF beta.16, 19  

TGF beta family represents cytokines that are involved in the regulation of inflammation, 

and cellular growth.20 The increased expression of TGF beta  has been found to 

correlate with induced myocardial hypertrophy and fibrosis in mice and humans.21, 22 

Radiation-induced tissue toxicity has also been associated with TGF beta activation.23-25 

Binding of TGF beta ligands to corresponding receptors activates this canonical SMAD-

dependent signalling pathway that leads to translocation of cytoplasmic SMAD proteins 

into the nucleus to regulate the transcription of the  target genes.26 Activated TGF beta 

receptors also induce non-SMAD signalling that includes participation of different 

members of the MAPK pathway.27 

It has been shown that activated PPAR alpha complex interferes with TGF beta 

signalling28, 29 but the molecular mechanism is not well understood. MAPK cascade 

plays a regulatory role in both PPAR alpha and TGF beta signalling.20, 30 The 

importance of MAPK components in the control of radiation-induced cellular stress is 

well known.13, 14, 31 
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The goal of the present study was to investigate the mechanism involved in long-term 

radiation-induced cardiac damage, especially the role of PPAR alpha and TGF beta 

signalling pathways in this process. C57BL/6J mice were irradiated with single X-ray 

doses of 16 Gy and the cardiac tissue was studied 40 weeks post-irradiation by 

transcriptomics and proteomics analyses. Both omics data sets predicted the activation 

of TGF beta and inactivation of PPAR alpha signalling pathways. This study strongly 

suggests a crosstalk between the two pathways via MAPK signalling. The combined 

analysis on proteome and transcriptome was performed to provide a comprehensive 

and in depth analysis of alterations associated with radiation-induced cardiac damage 

including fibrosis and amyloidosis observed in the same animals by Seemann et al.15 

 

EXPERIMENTAL SECTION  

Animals 

Male C57BL/6J mice aged 8 weeks were purchased from Charles River Laboratories, 

France. Animals were randomly allocated to different treatment groups of 10-15 animals 

and housed in temperature controlled room with 12 hour light- dark cycle. Standard 

mouse chow and water was provided ad libitum. Irradiation was carried out as 

previously described by Seemann et al.15 Briefly, 4-7 animals were irradiated with a 

single dose of 16 Gy locally to heart using 250 kV X-rays, operating at 12 mA and 

filtered with 0.6 mm of copper. Mice were not anesthetised during irradiation procedure 

but were held in a prone position in restraining jigs with thorax fixed using adjustable 

hinges. The same number of age-matched controls (sham irradiated with 0 Gy) were 

always included providing the appropriate comparison for irradiated groups at that time 
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point. The dose rate was calculated as 0.94 Gy/min. The position and field size (10.6 

×15.0 mm) was determined by pilot studies using soft X-rays (25 kV, 85 mA) to visualise 

the heart. Up to 30 % of lung volume was included in the field and the rest of the body 

was shielded with a 3 mm thick lead plate. The animals were sacrificed 40 weeks after 

irradiation. Heart samples were prepared as described as before.15
 Experiments were in 

agreement with the Dutch law on animal experiments and welfare and in line with the 

international Guide for the Care and Use of Laboratory Animals (8th edition). 

 

Materials 

Beta-octylglucoside, SDS, and ammonium bicarbonate were obtained from Sigma (St. 

Louis, MO); acetone, acetonitrile (ACN), formic acid (FA), and trifluoroacetic acid (TFA) 

were obtained from Roth (Karlsuhe, Germany); dithiothreitol (DTT), iodoacetamide, tris- 

(hydroxymethyl) aminomethane (Tris), and sequencing grade trypsin were obtained 

from Promega (Madison, WI); was obtained from Bruker Daltonik (Bremen, Germany). 

All solutions were prepared using HPLC grade water from Roth (Karlsuhe, Germany). 

 

Gene expression profiling  

Gene expression analysis was performed as described before.32 Total RNA was 

isolated from frozen sections (30 sections of 30 µm per mouse using 4–7 mice per 

group) of the mid part of the horizontally cut heart using Trizol® Reagent (Invitrogen 

Corporation, Carlsbad, USA), according to the manufacturer’s protocol. The quantity of 

total RNA was determined spectrophotometrically (NanoDrop, Thermo scientific, 

Wilmington, USA) followed by a quality check measured by a Agilent 2100 Bioanalyzer 
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with the RNA Integrity Number (RIN) (Agilent technologies, Santa Clara, USA). Samples 

with a RIN above 7 were used for DNAse treatment and amplified (350 ng per sample) 

using Illumina Totalprep RNA Amplification kit (Ambion, Grand Island, USA). Before 

hybridisation individual RNA was pooled for each treatment group. Hybridisation of a 

RNA to Illumina Expression Bead Chips Mouse Whole Genome (WG-6 vs. 2.0) and 

subsequent washing, blocking and detecting were performed according to the 

manufacturer’s protocol (Illumina, San Diego, USA). Samples were scanned on the 

IlluminaR BeadArray™ 500GX Reader using IlluminaR BeadScan image data 

acquisition software (version 2.3.0.13). MouseWG-6 vs. 2.0 BeadChip contains the full 

set of MouseRef-8 BeadChip probes with additional 11,603 probes from RIKEN 

FANTOM2, NCBI REfSeq as well from the MEEBO database. 

Before analysing, the database was normalised using robust spline normalisation 

method within the microarray facility of the Netherlands Cancer Institute. Log2 ratio 

between expression of genes from control mice and expression of genes from irradiated 

mice were calculated, as well as the sum of the expression of genes from both control 

and irradiated mice. Genes with sums below 6 were discarded. The threshold for 

standard deviation (SD) was set to 3 and mean ± nSD was calculated to identify genes 

that are above an expression-value of 6 and above threshold 3 of SD. Among these 

genes, the genes with fold changes greater than 1.5-fold or less than 0.64-fold were 

defined as significantly differentially expressed. 

 

Proteome profiling 

Protein extraction and quantification 
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Frozen heart samples obtained form 5 mice per group were lysed as described 

previously. Cardiac tissue was ground to a fine powder with a cold (-20°C) mortar and 

pestle before being suspended in lysis buffer (SERVA).13 Same animals were used for 

transcriptomics and proteomics. Protein concentration was determined by the Bradford 

assay following the manufacturer’s instructions (Thermo Fisher). 

 

Protein purification and mass spectrometry 

Protein lysates (10 µg) from each animal were digested using a modified filter-aided 

sample preparation (FASP) protocol.33 Briefly, the samples were reduced with 10 mM 

DTT at 60°C for 30 min, followed by alkylation with 15 mM iodoacetamide for 30 min at 

room temperature in the dark.33 Samples were diluted using 8 M urea in 0.1 M Tris/HCl, 

pH 8.5, and centrifuged using a 30 kDa cut-off filter (Pall Corporation). After washing 

with 8 M urea in 0.1 M Tris/HCl, pH 8.5, and with 50 mM ammonium bicarbonate (ABC), 

the proteins were initially digested on the filter with 1 µg Lys-C (Wako Chemicals 

GmbH) in 50 mM ABC at room temperature, followed by addition of 2 µg trypsin 

(Promega) and digestion overnight at 37°C. Tryptic peptides were collected by 

centrifugation and acidified with trifluoric acid (TFA) to a pH of 2.0. Samples were stored 

at -20°C. 

Prior to LC-MS/MS analysis the samples were centrifuged (16,000 g) for 5 min at 4°C. 

Each sample (approx. 0.5 µg) was analysed separately on a LTQ OrbitrapXL (Thermo 

Fisher Scientific) coupled to Ultimate 3000 nano-HPLC (Dionex) as described 

previously.14 
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Label-free quantification 

The raw files of the individual measurements were loaded to the Progenesis QI software 

and analysed as described previously.34, 35 Peptide features in the individual runs were 

aligned in order to reach a maximum overlay of at least 87%. After feature detection, the 

singly charged features and features with charges higher than +7 were excluded. 

Protein identification was performed using the Mascot search engine (Matrix Science, 

version 2.5.1) in the Ensembl mouse database (release 75, 23354020 residues, 51771 

sequences).  

The following search parameters were used: 10 ppm peptide mass tolerance and 0.6 

Da fragment mass tolerance, one missed cleavage was allowed, carbamidomethylation 

(C) was set as fixed modification, and oxidation (M) and deamidation (N, Q) were 

allowed as variable modifications. Search results were reimported into the Progenesis 

QI software and the resulting summed normalised abundances of the unique peptides 

for every single protein were used for the calculation of abundance ratios and statistical 

analysis. For final quantifications, proteins with ratios greater than 1.30-fold or less than 

0.77-fold (t-test; q< 0.05) were defined as being significantly differentially expressed. 

The FDR (q value) calculation was used to adjust p-values.36, 37 

 

Interaction and signalling network analysis 

For deregulated proteins, protein-protein interaction and signalling networks were 

analysed by the software tool INGENUITY Pathway Analysis (IPA) 

(http://www.INGENUITY.com)38 and the search tool STRING version 10 (http://string-

db.org), coupled to the Reactome database (http://www.reactome.org).39 

http://www.ingenuity.com/
http://string-db.org/
http://string-db.org/
http://www.reactome.org/
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Sandwich ELISA assay 

The alteration in the phosphorylation status of SMAD 2/3 was assessed using 

PathScan® phospho- SMAD 2 (Ser465/467) / SMAD 3 (Ser423/425) Sandwich ELISA 

Kits (#120001). The data were compared to the level of total SMAD 2 / 3 sandwich 

ELISA kit (Cell Signaling) (#12000C). The assays react with mouse. The measurement 

was performed using three biological replicates. 

 

Immunoblotting analysis 

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes (GE 

Healthcare) using a TE 77 semidry blotting system (GE Healthcare) at 1 mA/cm for 2 h. 

The membranes were blocked with either 5% non-fat dry milk powder or 3% BSA in 

TBST for 2 h at room temperature, washed four times in TBST for 5 min and incubated 

overnight at 4°C with primary antibodies using the dilutions recommended by the 

manufacturer. Immunoblotting analysis of heart lysates were performed using anti-ERK 

44/42 (# 9202), anti-phospho ERK 44/42 (Thr 202/Tyr 204) (# 9101), anti-p38 (# 9212), 

anti-phospho p38 (Thr 180/Tyr 182) (# 9211), anti-PPAR-alpha (sc-1982), anti-phospho 

PPAR alpha (Ser 12) (ab3484), anti-JNK1/JNK2 (ab179461), anti-phospho JNK1/JNK2 

(Thr 183 / Tyr 185) (ab4821), anti-TAK-1 (ab109526), anti-phospho TAK-1 (Thr 187) 

(ab192443), anti-SMAD 4 (sc-7966), anti-MYH6 (sc-168676), anti- MYH7 (sc-53089), 

anti-ATPB (ab14730). Blots were washed four times with TBST after primary antibody 

incubation and incubated with secondary antibody conjugated with horseradish 

peroxidase (Santa Cruz Biotechnology) or alkaline phosphatase for 2 h at room 
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temperature and developed using the ECL system (GE Healthcare) or 1-step NBT/BCIP 

method (ThermoFisher) following standard procedures. ATPB5 were not changed in the 

proteomic profile after 8 and 16 Gy and used as loading control. All antibodies react with 

mouse. Quantification of digitised images of immunoblot bands from three biological 

replicates were quantified using ImageJ software (http://rsbweb.nih.gov/ij/).  

 

2.8 MicroRNA analysis 

Total RNA was isolated from frozen heart of sham and irradiated animals and purified 

using the mirVana™ Isolation Kit (Thermo Fisher                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

Germany) according to the manufacturer’s protocol. For microRNA studies the OD ratio 

of 260 nm / 280 nm from RNA lysates was estimated using a Nanodrop 

spectrophotometer. This ratio reflecting the RNA quality ranged between 2.0 and 2.1. 

Samples were stored at −20°C until further analysis. Expression of single microRNA 

using TaqMan Single MicroRNA Assay (Thermo Fisher, Germany) was performed 

according to manufacturer’s protocol on a StepOnePlus device (Applied Biosystems, 

Germany) using Taqman primers. For single microRNA analysis following Taqman 

primers were used:  SnoRNA 202 (ID: PN4427975), miR-21-5p (ID: #477975). All 

primers were purchased from Thermo Fisher, Germany. Expression levels of microRNA 

21 were calculated based on the 2-ΔΔCt method with normalisation to control SnoRNA 

202. 

 

2.9 Statistical analysis 

http://rsbweb.nih.gov/ij/
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The student´s t-test (unpaired) was used as statistical test. Group difference was 

considered as statistically significant with p values of p* < 0.05, p** < 0.01, and p*** < 

0.001. The error bars were calculated as standard deviation (SD). All experiments were 

done with at least three biological replicates. 

 

2.10 Data availability 

The raw MS data can be accessed from the RBstore 

(https://www.storedb.org/store_v3/study.jsp?studyId=1040).13, 14 

 

RESULTS 

Irradiation alters genes involved in the inflammatory response  

Increased levels of inflammation, diffuse amyloidosis, and fibrosis have been observed 

previously as late effects in locally irradiated murine heart.15 We performed gene 

expression analysis to identify genes involved in these pathways.  

The full list of 16,892 identified genes is provided in the supporting information (SI) 

Table S1. The analysis showed that 185 genes were significantly differentially 

expressed in irradiated samples compared to controls (+1.5-fold) using the statistical 

criteria described in Methods (Table S2 in the SI). 

The analysis showed that chemokines formed the main cluster of significantly 

deregulated genes. Many of these genes were associated with tissue inflammation and 

metabolic diseases (Figure A1 and Table S2 and S3 in the SI).The most significantly 

altered networks were “metabolic disease”, “inflammatory disease”, and “cardiovascular 

system development and function”. 

https://www.storedb.org/store_v3/study.jsp?studyId=1040
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“Tissue fibrosis”, “complement system” and “acute phase response signalling” were the 

most important deregulated functional pathways (Figure 1B and Table S3 in the SI). 

Differently expressed genes were associated with toxic pathways including cardiac 

fibrosis, hypertrophy, necrosis, and stenosis (Table S3 in the SI).  

 

Irradiation changes the cardiac proteome  

To further elucidate the mechanisms of gene alterations, the cardiac proteome was 

analysed after irradiation. The complete list of all identified and quantified peptides and 

proteins with fold changes and p and q values are shown in the supporting information 

(Tables S4-S7in SI). Global proteomics analysis of the heart tissue identified 1,038 

proteins in total (Table S5 in the SI). Of 940 quantified proteins, 87 proteins were 

significantly changed in expression (2 unique peptides; fold change > 1.30 or < 0.77; 

q<0.05) after radiation exposure. The expression of 31 proteins was down-regulated 

and that of 56 proteins up-regulated (Table S7 in SI).  

A detailed analysis of functional interactions and biological pathways was performed 

using IPA software. Many of the altered proteins were associated with tissue skeletal 

disorders, and metabolic and inflammatory diseases (Figure 2A and Table S8 in the SI). 

The analysis showed that “organismal injury and abnormalities”, “free radical 

scavenging” and “metabolic disease” were the main networks altered in the cardiac 

proteome after irradiation (Table S8 in the SI).  

The pathways “actin cytoskeleton signalling”, “mitochondrial dysfunction” and “acute 

phase response signalling” as well as “nuclear factor (erythroid-derived 2)-like 2, 
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NFE2L2-mediated oxidative stress response” were significantly affected in irradiated 

hearts (Figure 2B and Table S8 in the SI).  

The majority of significantly altered proteins were associated with different heart 

diseases including heart hypertrophy, inflammation, heart failure and heart fibrosis 

(Table S8 in the SI).  

 

Common transcription regulatory pathways are affected in both gene and protein 

data sets 

Based on IPA upstream regulator analysis, TGF beta 1 was predicted activated after 

irradiation in both data sets (Figure 3A and 3B, and Tables S3 and S8 in the SI) 

whereas PPAR alpha was deactivated (Figure 3C and 3D, and Tables S3 and S8 in the 

SI). Furthermore, the analysis of both data sets predicted induction of different 

interleukins including IL6, and IL1A in irradiated hearts (Figure S1A and S1B).  

MAPK-p 38 was also predicted to be activated after irradiation (Figure S2A and S2B in 

the SI). Other components of TGF beta signalling including SMAD 3 and MAPK-ERK, 

and JNK were predicted to be induced only at the gene expression level after radiation 

exposure (Figure S3 A-C in the SI). 

The analysis also showed that several significantly deregulated genes and proteins 

formed an amyloid precursor protein (APP)-related protein cluster supporting cardiac 

amyloidosis observed previously in these animals 15 (Figure S4 in the SI). 

 

TGF beta induces SMAD-dependent and SMAD-independent pathways after 

irradiation 
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As SMAD proteins mediate the TGF beta signalling, the levels of SMAD 2 and 3 

proteins were measured. The analysis showed a significant increase in the ratio of 

phosphorylated / total level of SMAD 2 and 3 after exposure (Figure 4A, p < 0.05), 

suggesting activation of SMAD 2/3. Active SMAD 2 and 3 are known to interact with 

SMAD 4 to assemble a complex that is required for efficient TGF-beta SMAD-

dependent signal transduction 26. In good agreement with this, enhanced protein level of 

SMAD 4 was detected in the irradiated heart (Figure 4B, p < 0.05). 

In addition, the protein components of SMAD-independent pathway, TGF beta 

associated kinase 1 (TAK1), and JNK1/2, and their phosphorylated forms, were 

analysed (Figure 4C and 4D). Significant increase in the ratio of phosphorylated / total 

level of TAK 1 and JNK 2 was found in the irradiated heart (Figure 4C and 4D, p < 

0.05). Active TGF beta is known to induce MAPK signalling.40 Therefore, the protein 

expression of components of the MAPK pathway, ERK 44/42 and p 38 and their 

phosphorylated forms, was measured (Figure 4C and 4D). The ratio of phosphorylated / 

total ERK 42 and p 38 was significantly increased (Figure 4C and 4D, p < 0.05) at 

irradiated hearts compared to control whereas there was no significant effect on the 

ratio of phosphorylated / total level of ERK 44 (Figure 4C and 4D). 

 

Transcription factor PPAR alpha is inactivated by irradiation 

The predicted inhibition of PPAR-alpha was analysed by measuring the level of 

phosphorylated (inactive) and total protein. The ratio of phosphorylated / total PPAR 

alpha was significantly increased in irradiated hearts compared to control (Figure 4C 

and 4D, p < 0.05) suggesting reduced PPAR alpha transcriptional activity.  
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miR-21 is induced in irradiated heart 

As miR-21 is known to regulate the activity of PPAR alpha41 and TGF beta42, the 

expression level of miR-21 was compared in irradiated to control hearts. The analysis 

showed that the expression of miR-21 was significantly increased after irradiation 

compared to the control (Figure 5A, p< 0.01).  

 

The protein expression of myosin heavy chain isoforms is altered after irradiation 

To validate the changes in the structural proteins indicated by the proteomics analysis 

the levels of cardiac myosin heavy chain isoforms 6 (MYH 6) and 7 (MYH 7) were 

measured using immunoblotting. The level of MYH 6 was significantly decreased and 

MYH 7 significantly increased in irradiated hearts compared to control (Figure 5B and 

5C, p < 0.05). The shift of MYH 6 to MYH 7is a known human heart pathology 

associated with.43 

 

Integration of all omics data indicates PPAR alpha and TGF beta as common 

regulators of radiation response 

Among the significantly deregulated genes and proteins, annexin A1, fibronectin and 

serine (or cysteine) peptidase inhibitor 3 were found in both data sets up-regulated 

suggesting a similar response to radiation exposure at gene and protein level (Table S2 

and S7). 
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A reconstruction of integrative networks of all deregulated genes and proteins indicated 

a high degree of interconnectivity between the two data sets with PPAR alpha and TGF 

beta as common regulators (Figure 6). 

 

DISCUSSION 

In this study, radiation-induced transcriptome and proteome changes were examined in 

mouse heart tissue 40 weeks after local radiation exposure (16 Gy). A similar study 

done by Seemann et al. showed functional disorders in the irradiated heart including 

microvascular damage, inflammation, diffuse amyloidosis, and late fibrosis.15 The goal 

of the present study was to investigate molecular mechanism involved in such long-term 

radiation-induced cardiac damage using exactly similar experimental design (age-at-

exposure, dose and time point) as in the previous study. 15 

The novelty of the present study is to correlate radiation-induced proteome and 

transcriptome changes to the functional impairments observed before.15 We noticed 

only modest direct correlation between gene and protein expression. This is in 

agreement with previous data showing poor or even negative correlation between gene 

and protein expression levels.44, 45 One reason for this is the different regulatory 

mechanisms for gene and protein expression 46, 47, such as gene expression regulation 

by non-coding RNAs or protein expression regulation by post-translational 

modifications.47  

In spite of expression differences between individual genes and proteins, both profiles 

revealed same biological processes affected by irradiation. The integrated analysis 

elucidated the signalling pathways that are commonly deregulated in proteome and 
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transcriptome level. These processes were closely related to heart pathologies such as 

cardiac remodelling, hypertrophy, metabolic perturbation, and fibrosis. 

The activation of TGF beta 22, 48 was predicted in both transcriptomics and proteomics 

data sets. TGF beta signalling is able to initiate both canonical SMAD-dependent and 

non-canonical SMAD-independent transduction pathways.40 Here, we show enhanced 

phosphorylation of SMAD 2 and 3 and increased level of SMAD 4 after radiation 

exposure suggesting an activation of the SMAD-dependent pathway.  

The so-called SMAD-independent pathway initiates with activation of TAK1, followed by 

a series of phosphorylation events of MAPK members such as ERK, p 38, and JNK.40 

The transcriptomic analysis of this study predicted radiation-induced activation of these 

factors that was confirmed by immunoblot analysis showing increased phosphorylation 

of TAK1, p 38, ERK 42 and JNK 2. These data suggest an alteration in both canonical 

and non-canonical TGF beta signalling. Cross-talk between the two signalling pathways 

has been suggested previously as TGF beta-induced activation of the ERK and JNK 

kinases results in phosphorylation of SMAD proteins and thus regulates their 

activation.40 

Enhanced levels of TGF beta are involved in radiation-induced cardiac fibrosis that is 

characterised by excess fibroblast proliferation and deposition of collagen fibres.15, 49 In 

line with this, our study showed a marked alteration in the expression of extracellular 

matrix proteins such as biglycan, decorin, and collagens 6 and 10 in the irradiated heart. 

Excessive accumulation of collagen fibres leading to cardiac fibrosis and dysfunction 

has previously been reported in different cardiac diseases50, 51 including radiation-

induced heart disease.52 In agreement with this, similar mice as used in this study 
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showed diffused amyloidosis caused by extracellular deposition of insoluble, abnormal 

fibrils that derived from aggregation of misfolded proteins in the myocardium.15 It was 

suggested that the sudden death of nearly half of the irradiated mice was caused by this 

cardiac amyloidosis.15 In good agreement with this finding, transcriptomics and 

proteomics data of the present study show that significantly altered extracellular matrix 

genes and proteins form a cluster of APP-related factors. 

Consistent with our previous data13, 14, 53, this study indicated a persistent alteration of 

cardiac metabolism due to decreased PPAR alpha activity related to its increased 

phosphorylation.30  PPAR alpha regulates lipid metabolism in the heart and reduced 

PPAR alpha activity is associated with the development of CVD.16, 17  The activity of 

PPAR alpha transcription factor is known to be regulated at the phosphorylation level by 

MAPK-ERK and p38 pathways.54 The enhanced phosphorylation of ERK found in this 

study strongly indicates that increased phosphorylation and subsequent inactivation of 

PPAR alpha results from the activation of MAPK pathway.30
  

Besides metabolism, the expression of genes involved in the inflammatory and acute 

phase response is regulated by PPAR alpha activation.55 The gene and protein 

expression analysis of this study showed that the inflammation-related factors including 

acute phase proteins and different chemokines were markedly and permanently 

affected in irradiated hearts. The gene expression profiling predicted activation of 

different interleukins. This is supported by previous studies showing enhanced levels of 

inflammatory markers in serum, cardiac endothelial cells and heart tissue in mice after 

local heart irradiation.15, 56 Consistent with this finding, the persistent inhibition of the 
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PPAR alpha signalling pathway is suggested to lead to pro-inflammatory homeostasis in 

irradiated heart.53
  

PPAR alpha and TGF beta signalling pathways are contributing to the cardiac 

homeostasis. The regulatory cross-talk between PPAR alpha and TGF beta was 

reported previously.57, 58 TGF beta-treated cardiac myocytes showed significantly 

supressed fatty acid oxidation due to impaired PPAR alpha activity.57 In line with this, 

PPAR alpha agonist significantly inhibited fibrotic LV  remodelling59  that is extremely 

prevalent in PPAR alpha knockout mice.28  Agonist-activated PPAR alpha has been 

shown to inhibit TGF beta signal transduction by suppression of c-JUN expression, a 

downstream target of JNK.58, 60  On the other hand, JNK activation inhibited PPAR alpha 

gene expression and fatty acid oxidation in mouse hearts and in a human 

cardiomyocyte-derived cell line.61 Furthermore, the interaction between PPAR alpha 

and SMAD pathways has been previously suggested in mouse heart.57 

PPAR alpha and TGF beta are known to be regulated by miR-21.41, 42 This study 

showed significant upregulation of miR-21 expression in the irradiated heart. Increased 

levels of mir-21 have been reported in heart failure and radiation-induced cardiac 

ischemia.53, 62, 63 

Both cardiac fibrosis and cardiac energy metabolism impairment are known to affect the 

heart contractile function.64, 65 Proteomics data of this study showed significant changes 

in the cardiac structural proteins. This correlates well with previous data showing 

progressive structural damage in locally irradiated murine hearts.15 The myosin isoform 

switching between MYH 6 and MYH 7 shown in the present study is a well-known 
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human heart pathology43, 66 that was also detected in rats irradiated with a total body 

high-dose exposure.67  

 

CONCLUSION 

This study provides evidence for long-term alterations in the cardiac transcriptome and 

proteome after local irradiation. The integrated analysis of transcriptome and proteome 

shows a complex and complimentary network of genes and proteins involved in the 

radiation-induced heart pathology. A putative model for the role of PPAR alpha and TGF 

beta signalling pathways is presented in Figure 7. It proposes that radiation-induced 

activation of MAPK cascade connects these pathways and modulates them, resulting in 

metabolic disordering, fibrosis, and inflammation.  
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Figure legends 

Figure 1. Pathway and network analysis of significantly differentially expressed 

genes in irradiated heart. Bars indicate top networks (A) and canonical pathways (B) 

and y-axis displays the – (log) significance. Taller bars are more significant than shorter 

bars. A positive z-score implies potential activation (orange) and a negative z-score 

indicates potential inhibition (blue) of the pathway (http://www.INGENUITY.com).  

Figure 2. Pathway and network analysis of significantly differentially expressed 

proteins in irradiated heart. Bars indicate top networks (A) and canonical pathways 

(B) and y-axis displays the – (log) significance. Taller bars are more significant than 

shorter bars. A positive z-score implies potential activation (orange) and a negative z-

score indicates potential inhibition (blue) of the pathway (http://www.INGENUITY.com).  

Figure 3. The analysis of transcriptomics and proteomics upstream regulators. 

Graphical representation of the deregulated genes and protein networks with their 

upstream transcriptional regulators at 16 Gy is shown (http://www.INGENUITY.com). 

The up-regulated proteins are marked in red and the down-regulated in green. The 

nodes in blue and orange represent transcription factors. The genes and protein IDs are 

available in Tables S2, S3, S7 and S8 in SI. 

Figure 4. Validation of TGF beta and PPAR alpha signalling pathways. Immunoblot 

analysis of the levels of TAK-1, phospho TAK-1, JNK1 / JNK2, phospho JNK1 / JNK2, 
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ERK 44/42, phospho ERK 44/42 ,p 38, phospho p 38, PPAR-alpha, and phospho PPAR 

alpha is shown (A). The columns represent the average ratios of relative protein 

expression in sham- and irradiated samples after background correction and 

normalisation to ATPB5 expression (B) (t test; * p < 0.05, ** p < 0.01; n = 3). 

Figure 5. Analysis of radiation-induced changes in miR-21 and the myosin heavy 

chain isoforms. Analysis of miR-21 showed significant upregulation of miR-21 in the 

irradiated heart compared to controls (A) (t test; *p < 0.05, **p < 0.01; n = 3). 

Immunoblot analysis of the levels of- myosin heavy chain 6 (MYH 6), and myosin heavy 

chain 7 (MYH 7) is shown (B). The columns represent the average ratios of relative 

protein expression in sham- and irradiated samples after background correction and 

normalisation to ATPB5 expression (C) (t test; *p < 0.05, **p < 0.01; n = 3). 

Figure 6. Combined analysis for common regulatory networks of all significantly 

deregulated cardiac genes and proteins. The TGF beta (A) and PPAR alpha (B) 

networks were generated by introducing all proteins and genes found significantly up- or 

downregulated in this study to the STRING software. Proteins are shown in brown and 

genes in blue balls. The protein and gene IDs are available in Tables S2 and S7 in SI. 

Mapk3: ERK1; Mapk1: ERK2; Mapk8: JNK; map3k7: TAK1; and Mapk14: p 38. 

Figure 7. Proposed model for the role of TGF beta and PPAR alpha pathways in 

radiation-induced cardiac damage.  
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