PPAR is Necessary for Radiation-Induced Activation of Non-Canonical TGF signaling in the Heart
Vikram Subramanian1, Sabine Borchard2, Omid Azimzadeh1, Wolfgang Sievert3, Juliane Merl-Pham4, Mariateresa Mancuso5, Emanuela Pasquali5, Gabriele Multhoff3, Bastian Popper6, Hans Zischka2,7, Michael J. Atkinson1,8, Soile Tapio1*

1Institute of Radiation Biology, Helmholtz Zentrum München - German Research Center for Environmental Health GmbH, Munich, Germany
2Institute of Molecular Toxicology and Pharmacology, Helmholtz Zentrum München - German Research Center for Environmental Health GmbH, Munich, Germany

3Department of Radiation Oncology, Klinikum rechts der Isar, Technical University of Munich, Munich, Germany and Institute of innovative Radiotherapy (iRT), Helmholtz Zentrum München, German Research Center for Environmental Health GmbH Munich, Germany

4Research Unit Protein Science, Helmholtz Zentrum München - German Research Centre for Environmental Health, Munich, Germany 

5Laboratory of Radiation Biology and Biomedicine, Agenzia Nazionale per le Nuove Tecnologie, l’Energia e lo Sviluppo Economico Sostenibile (ENEA), Rome, Italy

6Department of Cell Biology and Core Facility Animal Models (CAM), Biomedical Center, Ludwig-Maximilians University Munich, Planegg, Germany

7Institute of Toxicology and Environmental Hygiene, Technical University of Munich, Munich, Germany

8Chair of Radiation Biology, Technical University of Munich, Munich, Germany

*To whom correspondence should be addressed:

E-mail: soile.tapio@helmholtz-muenchen.de 

Phone: +49-89-3187-3445 Fax: +49-89-3187-3378

Key words: Ionizing radiation, proteomics, label-free quantification, PPAR, TGF, fibrosis, cardiovascular disease.

Abbreviations: PPAR, peroxisome proliferator activated receptor alpha; TGF, transforming growth factor beta; IPA, Ingenuity Pathway Analysis; Gy, gray 

ABSTRACT
High-dose ionizing radiation is known to induce adverse effects such as inflammation and fibrosis in the heart. Transcriptional regulators PPAR and TGFare known to be involved in this radiation response. PPAR, an anti-inflammatory transcription factor controlling cardiac energy metabolism, is inactivated by irradiation. The pro-inflammatory and pro-fibrotic TGF is activated by irradiation via SMAD-dependent and SMAD-independent pathways. The goal of this study was to investigate how altering the level of PPAR influences the radiation response of these signaling pathways. For this purpose, we used genetically modified C57Bl/6 mice with wild type (+/+), heterozygous (+/-) or homozygous (-/-) PPAR genotype. Mice were locally irradiated to the heart using doses of 8 or 16 Gy; the controls were sham-irradiated. The heart tissue was investigated using label-free proteomics 20 weeks after the irradiation and the predicted pathways were validated using immunoblotting, ELISA, and immunohistochemistry. The heterozygous PPAR mice showed most radiation-induced changes in the cardiac proteome whereas the homozygous PPAR mice showed the least changes. Irradiation induced SMAD-dependent TGF signaling independently of the PPAR status but the presence of PPAR was necessary for the activation of the SMAD-independent pathway. These data indicate a central role of PPAR in cardiac response to ionizing radiation.
INTRODUCTION
Heart failure represents the major cause of cardiovascular disease mortality and morbidity worldwide and thereby contributes considerably to the health and economic burden in financial and health care systems.


1
 Ionizing radiation is known to be a causal factor for heart disease in medical, occupational or accidental exposure situations.


2-7
 Typically, cardiac symptoms appear late, decades after the radiation exposure, and include increased inflammatory infiltrations and fibrosis of the myocardium, especially after high radiation doses.8
 Although the biological mechanisms behind the radiation-induced heart disease are not totally elucidated, adverse effects on cardiac blood vessels such as vascular inflammation, endothelial dysfunction and premature senescence have been described in cellular and animal studies.


9-11
 In addition to vascular abnormalities, recent studies have emphasized disturbances in myocardial energetics as a possible causal factor for radiation-induced heart disease.


12-17

To fulfill its high energy demand the heart produces large amounts of ATP, more than any other organ.


18
 Normally, the main source of energy is free fatty acids19
 used in the oxidative phosphorylation to produce ATP by cardiac mitochondria.2120

 The usage of free fatty acids for energy production inhibits the uptake and oxidation of glucose.
 However, depending on substrate availability and energy demand a rapid switch between energy sources is possible if necessary.22

Peroxisome proliferator-activated receptor alpha (PPAR) is a transcription factor that regulates energy metabolism in the heart. Together with PPAR and PPAR it belongs to the PPAR subfamily of nuclear receptors.

23

 PPARs have both distinct and overlapping functions with some degree of tissue specificity, although all of them are expressed in the heart.24
 In its active form PPAR builds a complex with the retinoid X receptor (RXR) and the coactivator 1 alpha (PCG1) to transcribe its target genes.
 ADDIN EN.CITE 
25, 26
 These genes largely code for enzymes used in fatty acid transport, fatty acid binding and activation, and peroxisomal and mitochondrial fatty acid β-oxidation24
 but also influence ketogenesis, triglyceride turnover, and gluconeogenesis.24
 The activity of PPAR is directly regulated by binding of ligand agonists that can be intracellular or dietary fatty acids or artificially administered fibrates.
 ADDIN EN.CITE 
27, 28
 It is also modulated by posttranslational protein modifications such as phosphorylation.

29


Mice overexpressing PPAR in the cardiac muscle show enhanced fatty acid oxidation rates, accumulation of triglycerides, reduction in glucose metabolism, and eventually cardiomyopathy.
 ADDIN EN.CITE 
30, 31
 In contrast, PPAR-null mice (PPAR -/-) show elevated free fatty acid levels as a consequence of inadequate fatty acid oxidation and dependency on glucose, decreased cardiac ATP production, abnormal mitochondrial cristae, and fibrosis.
 ADDIN EN.CITE 
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 Suppression of cellular fatty acid flux by chemical inhibition of mitochondrial fatty acid import caused massive hepatic and cardiac lipid accumulation, hypoglycemia, and death in 100% of male but only 25% of female PPAR -/- mice.

34

 PPAR-null hearts exhibited 2- to 3-fold increase in oxidative damage, measured as oxidative protein adducts.

35


In addition to its role in cardiac metabolism, PPAR has other important functions including regulation of cardiac inflammation, oxidative stress, and extracellular matrix remodeling.36
 Its anti-inflammatory effect is partly based on transcriptional inhibition of c-JUN and activator protein 1 (AP-1), downstream targets of non-canonical SMAD-independent TGF signaling, in a process called transrepression.

36-38

 
TGF is the master regulator of heart fibrosis, influencing the alteration of normal quiescent cardiac fibroblasts to myofibroblasts.39
 It drives fibroblast-to-myofibroblast differentiation through activating both SMAD-dependent and SMAD-independent pathways,



40

 which in turn stimulates the production of extracellular matrix proteins including -smooth muscle actin (-SMA), vimentin, paxillin, and vinculin. HYPERLINK \l "_ENREF_40" \o "Hong, 2007 #4934" 
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Recently, a direct interaction in was shown between PPAR and a member of the non-canonical SMAD-independent TGF signaling pathway, TGF activated kinase 1 (TAK1).

42

 Activated by a specific ligand (arjulonic acid), PPAR was shown to inhibit the phosphorylation of TAK1 thereby leading to a blockage of the non-canonical pathway and inhibition of its downstream targets. This resulted in the amelioration of excess collagen synthesis and regression of cardiac fibrosis.

42


We have previously shown PPAR to be a radiation target both in mouse and man.
 ADDIN EN.CITE 
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 In both cases the total cardiac PPARlevels were not affected by irradiation but increased inactivating phosphorylation (Ser12) of PPAR was observed. A study of late radiation-related effects using a mouse model (C57Bl/6J) showed increased cardiac inflammation, diffuse amyloidosis and severe fibrosis 40 weeks after local heart irradiation (16 Gy).43
 An integrated transcriptomics and proteomics study using the heart tissue of these mice indicated radiation-induced inhibition of PPAR and simultaneous activation of TGF by SMAD-dependent and SMAD-independent pathways.

44

 This multi-omics study indicated a crosstalk between PPAR and TGF signaling pathways. 

44


The aim of this study was to further investigate the possible role of PPAR on the radiation-induced activation of the TGF signaling using label-free proteomics and other methods. For this purpose, we used wild type, hetero- and homozygous mutant PPAR C57Bl/6 mice having normal, reduced or absent PPAR gene expression, respectively.
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 The mice were irradiated locally to the heart (8 Gy, 16 Gy), the corresponding control mice were sham-irradiated, and the heart tissue was examined 20 weeks later. Based on the previous data, PPAR shows radiation-induced cardiac inactivation at this time point.12
 Furthermore, first signs of inflammation are being observed12
 whilst no significant fibrosis is yet seen in the murine heart tissue.43
 This study now shows that irradiation induces SMAD-dependent TGF signaling independently of the PPAR status. However, the radiation-induced activation of the SMAD-independent pathway is not detected in the absence of PPAR. Furthermore, in mice expressing the wild type PPAR genotype, ionizing radiation induces the expression of PPAR and marker proteins involved in fibroblast-to-myofibroblast conversion. 
EXPERIMENTAL SECTION
Animals

Male PPARα -/- mice (B6;129S4-Pparatm1Gonz/J) were purchased from Jackson Laboratories (Sulzfeld, Germany) and mated with C57BL/6J wild type females to obtain hybrid PPARα +/- offspring that were the used to produce PPARα wild type, PPARα +/- heterozygous and PPARα -/- homozygous mutant mice. 
The PPAR genotypes were confirmed by amplification of genomic DNA from ear punch blood samples. To isolate the DNA, the samples were treated with proteinase K (100 g/ml) in digestion buffer (1M Tris, 0.5 M EDTA, 5 M NaCl, 20% SDS) overnight at 55°C, followed by extraction and ethanol precipitation. The nucleotide sequences of PCR primers used for genotyping were: common primer 5' GAGAAGTTGCAGGAGGGGATTGTG-3' (oIMR8075), reverse wild type primer 5'-CCCATTTCGGTAGCAGGTAGTCTT-3' (oIMR8076), and mutant reverse primer 5'-GCAATCCATCTTGTTCAATGGC-3' (oIMR8077) (all primers from Eurofins genomics). The thermal cycles were followed according to the protocol of Jackson laboratory (https://www2.jax.org/protocolsdb/f?p=116:5:0::NO:5:P5_MASTER_PROTOCOL_ID,P5_JRS_CODE:23560,008154). The PCR products from all samples were electrophoresed on 1.5% agarose gel (Figure S-1).

At the age of 8 weeks, male mice with different genotypes for PPARα (wild type, heterozygous PPARα +/-, homozygous PPARα -/-) were randomly allocated to three different groups each containing at least 30 animals and housed in temperature controlled room with 12 h light-dark cycle. Standard mouse chow and water was provided ad libitum. Male mice were used to provide the possibility to compare this study with our earlier ones where male mice were used.
 ADDIN EN.CITE 
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Irradiation and sample preparation
All animal experiments were approved and licensed under Bavarian federal law (Certificate No. AZ 55.2-1-54-2532-114-2014). Altogether 90 mice were used in this study, with 10 mice in each group. Local heart irradiation was carried out at the age of 8 weeks as previously described.12
 Briefly, mice from the three genotypic groups were irradiated with a single X-ray dose of 8 Gy or 16 Gy locally to the heart (200 kV, 10 mA) (Gulmay, UK). The age-matched control mice were sham irradiated. Mice were not anesthetized during irradiation but were held in a prone position in restraining jigs with thorax fixed using adjustable hinges. The position and field size (9 x13 mm2) of the heart was determined by pilot studies using soft X-rays; the rest of the body was shielded with a 2 mm thick lead plate. The radiation field by necessity included 30% of the lung volume. The animals were sacrificed 20 weeks after irradiation. The heart tissue was rapidly removed, rinsed with PBS and snap-frozen in liquid nitrogen and stored in -80°C for further analysis. For histological analysis heart samples were and fixed in 1% paraformaldehyde. For electron microscopy, heart tissue was fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences, Pennsylvania). 
Proteome profiling

Frozen heart samples obtained from at least 5 mice per group were ground to a fine powder with a cold (-20°C) mortar and pestle before being suspended in lysis buffer (SERVA).46
 Protein concentration was determined by the Bradford assay following the manufacturer’s instructions (Thermo Fisher Scientific).

Protein lysates (10 µg) were digested using a modified filter-aided sample preparation (FASP) protocol

47

 as described before with the use of cut-off filters from Sartorius.

44

 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 analyzed by LC-MS/MS on a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) online coupled to a nano-RSLC (Ultimate 3000 RSLC; Dionex) as described previously.
The acquired spectra were loaded to the Progenesis QI software (version 3.0, Nonlinear) for label free quantification and analyzed as previously described, 
 ADDIN EN.CITE 
49, 50
 except that all features were exported as Mascot generic file (mgf) and used for peptide identification with Mascot (version 2.4) in the Ensembl Mouse protein database (release 80, 54,197 sequences, 24,204,564 residues). Search parameters used were: 10 ppm peptide mass tolerance and 0.02 Da fragment mass tolerance, one missed cleavage allowed, carbamidomethylation was set as fixed modification, methionine oxidation and asparagine or glutamine deamidation were allowed as variable modifications. A Mascot-integrated decoy database search calculated an average false discovery of < 1%. The Mascot Percolator algorithm was used for the discrimination between correct and incorrect spectrum identifications.51

 Peptides with a minimum percolator score of 13 were re-imported into the Progenesis QI software and the abundances of all unique peptides allocated to each individual protein were summed up and used for the calculation of abundance ratios and statistical analysis. Statistics was based on the ANOVA calculated by the Progenesis QI software, on arcsinh() transformed normalized protein abundances,
For final quantifications, proteins identified with more than one unique peptide having ratios greater than 1.30-fold or less than 0.77-fold (q.< 0.05) were defined as being significantly differentially expressed. 

Interaction and signaling network analysis

The signaling networks were analyzed using Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity).
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 measurement was performed using at least four biological replicates.

Immunoblot analysis

Immunoblot analysis was performed as described previouslyhttp://rsbweb.nih.gov/ij/
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 using anti-PPARα (bs-3614R) (Bioss Antibodies), anti-phospho-PPARα (Ser12) (ab3484) (Abcam), anti-JNK1/JNK2 (ab179461) (Abcam), anti-phospho-JNK1/JNK2 (Thr183 / Tyr185) (ab4821) (Abcam), anti-TAK1 (ab109526) (Abcam), anti-phospho-TAK1 (Thr187) (ab192443) (Abcam), anti-SMAD 4 (sc-7966) (Santa Cruz Biotechnologies), anti-c-JUN (60A8) (#9165) (Cell Signaling Technology), anti-phospho-c-JUN (Ser63) (#2361) (Cell Signaling Technology), anti-vinculin (#4650) (Cell Signaling Technology), anti- smooth muscle actin (ab32575) (Abcam), anti-vimentin (Sc-32322) (Santa Cruz Biotechnologies), anti-MMP9-(E-11) (Sc-393859) (Santa Cruz Biotechnologies), anti-DRP1 (ab54038) (Abcam), anti-PGC1 (Sc-13067) (Santa Cruz Biotechnologies), anti-PPAR (#2443) (Cell Signaling Technology), anti-phospho-PPAR (Ser112) (PA5-35664) (Thermo Scientific), and anti-paxillin (#12065) (Cell Signaling Technology). Reversible Ponceau S staining was used as loading control as the usual loading controls GAPDH, ATP5B, or tubulin showed changed levels of expression at least in one condition based on the proteomics data. Quantification of digitized images of immunoblot bands from four biological replicates were quantified using ImageJ 1.50f3 software ( HYPERLINK \l "_ENREF_44" \o "Subramanian, 2017 #4855" 
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Protein carbonylation

Protein carbonylation assay was performed as a colorimetric measurement of protein oxidation level using the assay kit (#K830-100, Biovision) according to manufacturer’s instructions.

Transmission electron microscopy

Sample fixation and embedding were done as described previously.12
 Briefly, the heart samples were post-fixed with 2% osmium tetraoxide, dehydrated with gradual ethanol (30-100%), infiltrated with propylene oxide, embedded in Epon (Merck), and cured for 24 h at 60°C. Semi-thin sections were cut and stained with toluidine blue. Ultrathin sections of 50 nm were collected onto 200 mesh copper girds, stained with uranyl acetate and lead citrate before the analysis by transmission electron microscopy (Jeol 1200 EXII; TEM) at 80 kV. Images were taken using a digital camera (KeenViewII, Olympus) and processed with the iTEM software package (anlySISFive, Olympus). The size and number of mitochondria were quantified in pictures of identical magnification from at least two biological replicates of each experimental group using ImageJ 1.50f3.
Serum analysis

Blood samples were collected from all mice by cardiac puncture, and serum was isolated and kept at -80° C. The levels of circulating free fatty acids were measured according to the manufacturer´s prescriptions. The expression level of TGFβ was measured using mouse oxidative stress ELISA strip colorimetric kit (#EA-1401) (Signosis) according to the manufacturer’s instructions.
Immunohistochemistry

Paraffin embedded heart tissue samples were cut in slices (4 µm) at the level of the mid horizontal plane. Heart sections from all groups with different treatment dose were stained with anti-CD45 (ab10558) to study the severity of inflammation after high-dose irradiation. Quantification of CD45 positive cells was carried out collecting four digital images per heart section (IAS image-processing software, Delta Sistemi, Rome, Italy) and carried out by investigators blinded to treatment groups.
Statistical analysis

The student´s t-test (unpaired) and 2-way ANOVA with Bonferroni post-hoc test were used as statistical tests. Group difference was considered as statistically significant with values of p* < 0.05, p** < 0.01, and p*** < 0.001. The error bars were calculated as standard deviation (SD). Proteomics analysis was done using five biological replicates. Immunoblotting, ELISA, and colorimetric experiments were done using four biological replicates.

Data availability

The raw MS data can be accessed from the RBstore data base (https://www.storedb.org/store_v3/study.jsp?studyId=1100).
RESULTS
Irradiation induces changes in the cardiac proteome depending on the PPAR status

The cardiac proteome of PPARα wild type, PPARα +/-, and PPARα -/- mice was analyzed 20 weeks after local heart X-ray irradiation (8 Gy, 16 Gy). Global label-free analysis of the cardiac tissue identified 2,736 proteins in total (Table S-1) of which 1,750 could be quantified (Table S-1). 

Among quantified proteins in the PPARα wild type, only a single protein, thyroid hormone receptor associated protein 3, was significantly differentially expressed at the dose of 8 Gy compared to the PPARα wild type sham-irradiated control group (Table S-3). At 16 Gy, 84 proteins were significantly differentially expressed, of which 46 were upregulated and 38 downregulated (Table S-4). Eight of the downregulated proteins were belonged to the lipid metabolism pathway (Table S-4, orange color). Of these lipid metabolic enzymes only annexin 1 (ANXA1), a negative regulator of the phospholipase family, was upregulated; all others were downregulated. 
The total number of deregulated proteins at 8 Gy and 16 Gy in the wild type mice are shown in the Venn diagram (Figure 1A).

In the PPARα heterozygous +/- mice, 32 proteins were significantly differentially expressed at 8 Gy (8 upregulated and 24 downregulated) if compared to the PPARα +/- control heart tissue (0 Gy) (Table S-5). At 16 Gy, 307 proteins were deregulated, of which 83 were upregulated and 224 downregulated (Table S-6). The largest group of these differentially regulated proteins belongs to the mitochondrial oxidative phosphorylation system (24 proteins); all of these were downregulated (Table S-6, gray color). The second largest group was proteins of lipid metabolism, all of which were downregulated with the exception of ANXA1 (Table S-6, orange color). The proteomics analysis showed that 22 proteins were shared between the two doses in the PPARα +/- mice (Figure 1B) (S-6 Table, italics). All shared proteins with the exception of one (SPRY domain containing 4) showed same direction of deregulation (downregulation). One of the shared proteins was apolipoproteinA-II (Apoa2) that was markedly downregulated at both doses (fold changes 0.26 and 0.23 at 8 Gy and 16 Gy, respectively). Apoa2 is a target gene of PPAR.
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 Altogether 10 proteins known to be transcriptionally regulated by PPAR were found to be differentially regulated (16 Gy) with 7 downregulated and 3 upregulated proteins (Table S-6, bold).54

 
In the homozygous PPARα -/- mice, 24 proteins were significantly differentially expressed at 8 Gy of which 18 proteins were upregulated and 6 downregulated compared to the PPARα -/- control group (Table S-7). At 16 Gy, 14 proteins were significantly differentially expressed of which 8 proteins were upregulated and 6 downregulated (Table S-8), partly due to the high variability between the biological replicates. Of these, only one protein, podocalyxin-like protein, was shared between 8 Gy and 16 Gy radiation doses (Figure 1C). It was downregulated at both doses (Tables S-7, S-8).

Taken together, at the highest dose the heterozygous mutant showed the largest number of significant radiation-induced protein expression changes (307 proteins) whilst the homozygous mutant showed the least significant changes (14 proteins).

Absence of PPARα influences the cardiac proteome 

The low number of radiation-responsive deregulated proteins in the homozygous PPARα mutant compared to the large number in the heterozygous mutant prompted us to investigate possible differences between the non-irradiated heart proteomes. 

In the non-irradiated heterozygous PPARα +/- mice heart tissue, 33 proteins were significantly differentially expressed in comparison to the non-irradiated wild type PPARα heart tissue (11 upregulated, 22 downregulated) (Table S-9). Of these 33 deregulated proteins, a great majority (29) were also found deregulated in the homozygous mutant, with 26 proteins showing the same direction of deregulation (Table S-10). Only 3 three proteins showed different direction of deregulation (Arghdip, Plin5, Ttc38) (Table S-9, green text color). 

The non-irradiated homozygous PPARα -/- mice heart tissue showed, in addition to the 29 proteins common with the heterozygous mutant, a large number of differentially expressed proteins (518) in comparison to the non-irradiated wild type PPARα heart proteome (Table S-10) with 364 proteins being upregulated and 154 downregulated. Of these, 31 deregulated proteins were known targets of PPAR.54

All in all, these results showed that the heart proteome of the heterozygous +/- genotype was very similar to the homozygous -/- genotype whereas the homozygous proteome showed a great number of additional changes, mainly in proteins involved in lipid metabolism (27), most of these being downregulated (22) (S-10 Table, orange color). In addition, proteins of mitochondrial oxidative phosphorylation system or calcium transporters represented a large group of deregulated proteins (25 proteins) (Table S-10, gray color), 6 of which were mitochondrial encoded. Also 11 mitochondrial ribosomal proteins were found significantly deregulated (Table S-10, light green color). Proteins of oxidative stress response were also well represented (14 proteins) showing both up- and downregulation (S-10 Table, red color).
Both irradiation and PPARα genotype influence the mitochondrial morphology

The results from the proteomics analyses were further investigated using the IPA software. The most affected canonical pathways in all proteome comparisons that were made in this study (Tables S-3, S-10) were oxidative phosphorylation and mitochondrial dysfunction (Figure 2A). The dose of 16 Gy changed the mitochondrial proteome to a larger extent than that of 8 Gy in the wild type and heterozygous mutant whilst in the homozygous mutant no significant radiation effect was seen. However, the comparison between non-exposed wild type and homozygous mitochondrial proteomes indicated significant changes in the mitochondrial pathways (Figure 2A, high color intensity).
Electron microscopy (EM) imaging revealed differences in the mitochondrial size and morphology, depending both on the genotypic status (Figure 2B, Figure S-1). In the homozygous mutant, several massively enlarged mitochondria were observed even in the non-irradiated control, indicating disturbed mitochondrial biogenesis and dynamics due to the lack of PPAR protein. The cristae patterns were more irregular with increased matrix parts than in the non-irradiated wild type.
Based on the EM images, the size of the mitochondria was quantified in each genotype and radiation condition (Figure 2C). Cardiac mitochondria of the homozygous non-irradiated mice were significantly larger compared to the mitochondria of non-irradiated wild type mice. No obvious radiation effect on the mitochondrial morphology was seen.
Additionally, the total number of the cardiac mitochondria per image was calculated for each genotype and radiation condition (Figure 2D). The number of cardiac mitochondria in the non-irradiated hetero- and homozygous mutants in comparison to that of non-irradiated wild type mice was significantly reduced. The reduction was larger in the case of the homozygous mutant than in the heterozygous one. Irradiation had no significant effect on the number of mitochondria.
The enlarged mitochondrial size suggested disturbance in the fusion and fission properties. For this reason, the expression of the dynamin 1-like protein (DRP1) that is responsible for the fission process and that of the fusion protein OPA1, mitochondrial dynamin like GTPase, were tested. The level of the total DRP1 was significantly increased in the non-irradiated hetero- and homozygous mutant compared to the wild type (Figure 2E, Figure S-3). Furthermore, irradiation increased the level of DRP1 in the wild type but had no effect in the hetero- or homozygous mutant (Figure 2E, Figure S-3). As increasing phosphorylation of DRP1 at Ser637 prevents mitochondrial fission in cardiomyocytes,
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 the level of phosphorylation at this site was measured. No significant changes were observed between the different genotypes or irradiation conditions (data not shown). No changes in the expression of OPA1 were found between the different genotypes in non-irradiated or irradiated samples (data not shown). In conclusion, the increased mitochondrial size seen in some conditions could not be explained based on the expression changes of OPA1 or DRP1. 

As we have shown before that radiation-induced changes in the mitochondrial proteome are associated with increased mitochondrial reactive oxygen species (ROS),
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 the level of protein oxidation (carbonylation) in the heart tissue was measured (Figure 2F). The basal (non-irradiated) level of carbonylated proteins was higher in the homozygous mutant than in the wild type. Furthermore, irradiation significantly enhanced the protein carbonylation content in the wild type at 16 Gy but reduced it in the homozygous mutant (16 Gy). 

In addition, the expression PGC1, a central regulator of the mitochondrial biogenesis57
 and a cofactor needed for the activation of PPAR
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 was investigated in the different genotypic backgrounds at different radiation exposures. The level of PCG1 was significantly influenced by the genotype, its basal (non-irradiated) expression being increased in the homozygous mutant in comparison to the wild type (Figure S-4). No radiation effect on the level of PGC1 was seen.
Irradiation induces inactivation of PPARα and increases PPAR and TGF expression
Based on IPA upstream regulator analysis, PPAR was predicted to be deactivated in both PPARα wild type and PPARα +/- mice at 16 Gy (Figure 3A, 3B). The activity of PPARα in the cardiac tissue depends on the phosphorylation of Ser12, increased phosphorylation meaning deactivation of this transcription factor.
 ADDIN EN.CITE 
12, 59
 The ratio of phosphorylated (inactive) to total protein was significantly increased in PPARα wild type and PPARα +/- mice at 16 Gy compared to the control group (Figure 3C, Figure S-5) suggesting radiation-related reduced PPAR alpha transcriptional activity in both genotypic groups.
It was also investigated whether the lack of PPAR is compensated by increasing levels of PPARas the functions of these two PPARs are partly overlapping.36
 The level of PPAR was significantly increased by irradiation at both doses in the wild type mice and at the dose of 16 Gy in the heterozygous mutant (Figure 3D, Figure S-5). In the homozygous mutant the basal level of PPAR showed an increasing tendency compared to the wild type level that however did not reach significance (p = 0.08) (Figure 3D). It was also tested whether the level of phosphorylated (Ser112) PPAR leading to its inactivation was altered due to irradiation or genotype.60
 No change in the phosphorylated status of PPAR was observed in any condition (Figure S-5).
TGF1 was predicted to be significantly activated at 16 Gy in the heart tissue of wild type and homozygous -/- mice (Figure 4A, 4C; deep orange color of the central node) but less activated in the heterozygous +/- mice (Figure 4B, light orange color of the node). The level of TGF was measured in the serum of all mice. It was significantly increased at 16 Gy in the wild type and homozygous mutant but not in the heterozygous mutant (Figure 4D).
The level of free fatty acids in the serum was increased significantly only in the wild type mice at 16 Gy (data not shown) in agreement with our previous data.12

Irradiation induces SMAD-dependent TGF signaling independently of the PPAR status

We have shown previously that irradiation induces both SMAD-dependent and SMAD-independent TGF signaling in the heart.
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 Active SMAD2 and SMAD3 are known to interact with SMAD4 to assemble a complex that is required for efficient TGFSMAD-dependent signal transduction.61
 To see whether the expression of PPAR has an effect on SMAD-dependent pathway the levels of total and phosphorylated forms of SMAD2, SMAD3, and SMAD4 were measured in wild type, hetero- and homozygous mutant. The analysis showed a small but significant increase in the ratio of phosphorylated / total level of SMAD2, 3 and 4 in PPARα wild type and homozygous mutant at 16 Gy (Figure 5, Figure S-6). The heterozygous mutant showed significant increase of SMAD4 at 16 Gy whilst the increase in the level of SMAD2, 3 did not reach statistical significance (p = 0.25). These data suggest that the status of PPAR does not influence the radiation-induced activation of SMAD-dependent pathway.
Irradiation does not influence SMAD-independent TGFsignaling in the absence of PPAR
To estimate the effect of irradiation on the SMAD-independent TGF signaling, the total and phosphorylated forms of protein components of this pathway, TGF associated kinase 1 (TAK1), c-JUN N-terminal kinase (JNK2), and c-JUN were analyzed. A significant increase in the ratio of phosphorylated to total level of TAK1 was observed at 16 Gy in PPARα wild type but not in heterozygous PPARα +/- or homozygous PPARα -/- mice at 8 Gy or 16 Gy (Figure 6A, Figure S-7). Activated TAK1 has been shown to induce activation (phosphorylation) of the JNK2 protein that in its turn activates c-JUN protein and thereby triggers the transcription of target genes that are involved in inflammatory and fibrotic responses.62
 Significant increase in the ratio of phosphorylated / total level of JNK2 was found in the PPARα wild type mice at 8 and 16 Gy but no significant alteration was observed in PPARα +/- and PPARα -/- mice at either radiation dose (Figure 6B, Figure S-7). Furthermore, radiation-induced activation of c-JUN was seen in PPARα wild type mice (16 Gy) whilst no radiation effect was seen in the heterozygous +/- mice. Interestingly, a significant decrease in the ratio of phosphorylated to total level of c-JUN was observed in PPARα -/- group at 16 Gy (Figure 6C, Figure S-7). These data indicate that the presence of PPAR is necessary for the radiation-induced activation of the non-canonical TGF signaling.
Irradiation enhances expression of marker proteins involved in fibroblast to myofibroblast conversion
The expression of protein markers involved in fibroblast to myofibroblast differentiation (α-SMA, vinculin, paxillin, and vimentin) was measured in order to investigate the initiation of radiation-induced cardiac fibrosis in PPARα wild type, PPARα +/-, and PPARα -/- mice. Our analysis showed a significant increase in the level of α-SMA in PPARα wild type at 16 Gy and but no significant alteration in PPARα +/- or PPARα -/- mice at either dose (Figure 7A, Figure S-8). The level of vimentin, however, was significantly increased in all mice at 16 Gy (Figure 7B, Figure S8). Similar to -SMA, the protein expression of vinculin was only increased in the wild type mouse (Figure 7C, Figure S-8) whilst the level of paxillin was significantly enhanced at 16 Gy in wild type and heterozygous PPAR mice (Figure 7D, Figure S-8). Taken together, the dose of 16 Gy was able to increase the expression of myofibroblast maturation markers in the wild type mouse whilst only the levels of vimentin and paxillin were affected in the PPAR mutated genotypes at this dose. The dose of 8 Gy did not significantly affect the expression of any of the investigated proteins irrespective of the genotype. These data show that the fibroblast to myofibroblast conversion is initiated early, weeks before the appearance of fibrotic tissue.43

Irradiation induces inflammation of the heart tissue

The effect of irradiation on the number of inflammatory macrophages in the cardiac tissue was tested in all three genotypes using immunohistochemistry (Figure 8A). In the wild type the number of CD45 positive cells was significantly decreased at the 16 Gy dose which is in contrast with our previous results 16 weeks post-irradiation.12
 However, in the heterozygous mutant the level of inflammatory infiltrates was significantly increased at the dose of 16 Gy and an increasing tendency was also seen in the homozygous mutant (p = 0.08) (Figure 8B).
The influence of ionizing radiation on the level of matrix metalloprotease 9 (MMP9), a biomarker for cardiac inflammation,63
 was also tested in the heart tissue of the genotypic different mice. The highest dose (16 Gy) caused significantly increased expression of MMP9 independent of the genotype (Figure 8C, Figure S-6). In conclusion, local heart irradiation appears to function in a pro-inflammatory manner, in agreement with previous studies.
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DISCUSSION
The goal of this study was to investigate how altering the basal level of PPAR in the heart influences the radiation response, focusing on the two distinct functions of PPAR, namely the regulation of energy metabolism and the anti-inflammatory effect via the TGF signaling. For this purpose, in addition to the wild type mice with normal expression of PPAR, also mice that show a loss of one or both genes encoding PPARwere used in all irradiation experiments.
In the wild type mice, the data of this study confirm our previous results showing radiation-induced inactivation of PPARin the heart12
 The inhibiting effect of irradiation (16 Gy) on fatty acid oxidation, based on the large number of downregulated proteins of this pathway, is obvious in this study. Furthermore, the activation of TGF signaling via SMAD-dependent and SMAD-independent pathways that was previously observed 40 weeks post-irradiation43

 and data not shown). 
In the heterozygous mutant mice, a systemic reduction of the PPARlevel leads to reduced mitochondrial number in the heart. Furthermore, the heterozygous mutant shows more radiation-induced changes in the heart proteome than the wild type. However, similar to the wild type mice, the number of differentially regulated proteins increases in a dose-dependent manner. Of the more than 300 differentially regulated proteins (16 Gy), the majority are downregulated and belong to metabolic pathways (mitochondrial respiratory chain and fatty acid oxidation) suggesting that ionizing radiation greatly influences the metabolic function but less the anti-inflammatory function of PPAR in the heterozygous genotype.
In the homozygous mutant lacking PPAR, the cardiac mitochondria are found to be significantly enlarged and their number greatly reduced compared to the wild type or the heterozygous mutant mitochondria. The heart proteome of this mutant, published for the first time in this study, shows severely abnormal features with most protein changes affecting the lipid metabolism and mitochondrial proteins. These proteins are encoded either in the nucleus or in the mitochondria. Radiation exposure does not induce much alteration in this cardiac proteome.
This study shows that in the mice having genotypically reduced or absent expression of PPAR SMAD-dependent activation of TGF pathway is enhanced in a dose-dependent manner as seen in the wild type. In contrast, irradiation shows no effect on the activation of the non-canonical SMAD-independent TGF pathway. It was recently shown by Bansal et al. that active PPAR is able to directly bind to TAK1, an upstream member of the non-canonical pathway, thereby inhibiting its phosphorylation and activating the downstream targets.
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 TAK1-mediated downstream effects involve activation of JNK2, and c-JUN N-terminal kinase.
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 This was ultimately resulting in reduced collagen synthesis and regression of cardiac fibrosis. HYPERLINK \l "_ENREF_42" \o "Bansal, 2017 #4918" 
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 We show here that the level of active (phosphorylated) forms of TAK1, JNK2, and c-JUN is only increased by irradiation in wild type mice expressing normal levels of PPAR. These data suggest that under normal physiological conditions (with no radiation exposure) active PPAR inhibits the non-canonical TGF signaling, presumably by binding to TAK1. High-dose irradiation inactivates PPAR that subsequently leads to activation of the SMAD-independent TGF signaling. In contrast, the SMAD-dependent TGF signaling appears to be activated by irradiation independent of the PPAR status.

Interestingly, we observe in the heart tissue of the wild type and heterozygous mice that show radiation-induced loss of active PPAR a simultaneous radiation-induced increase in the expression of PPAR. In line with our study, the level of PPAR was increased 3 months after high-dose chest irradiation (15 Gy, 18 Gy) in Sprague-Dawley rats.66


65

 No radiation-induced enhancement in the PPAR level is seen in the homozygous mutant lacking the PPARprotein. This may be due to the higher basal level of PPAR in the homozygous mutant that is indicated by these data but did not reach statistical significance. As these two PPAR family members have distinct metabolic functions that are both tissue- and pathway-dependent, HYPERLINK \l "_ENREF_65" \o "Gao, 2012 #4154" 
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 a full compensation of one by another is not probable. Although both PPARs have common cofactors, the target genes are not similar.

33

 It is assumed that PPAR is not involved in the activation of fatty acid oxidation in the heart.67
 However, some studies showed anti-inflammatory properties of PPARγ agonists in cardiomyocytes in vitro and in cardiac tissue in vivo.68
 
All in all, these data emphasize the important role of PPAR in the metabolic and inflammatory response to ionizing radiation in the heart. They suggest that activating PPAR by appropriate ligands could be used to alleviate metabolic abnormalities and inflammation after cardiac radiation exposure. However, ligand-based activation of PPAR in “normal” myocardial ischemia cases is still a subject of controversy as recently reviewed.70

17

 Clinical studies suggest that inducing the anti-inflammatory effects of PPAR is clearly protective whilst the systemic stimulatory effect on fatty acid oxidation in the whole body may be detrimental as it reduces the lipid and thereby energy supply to the heart.
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Figure-S1. Genotyping of wild type, PPARα heterozygous, and PPARα homozygous mutant mice.

Figure-S2. Typical electron microscopy images of heart sections.

Figure-S3. Immunoblot analysis of phosphorylated and total levels of DRP1 in wild type (W), PPARα heterozygous (H) mutant mice and PPARα homozygous (M) mutant mice.

Figure-S4. Immunoblot analysis of total levels of PGC1 in wild type (W), PPARα heterozygous (H) mutant mice and PPARα homozygous (M) mutant mice.

Figure-S5. Immunoblot analysis of phosphorylated and total levels PPARα and PPARα are shown in wild type (W) and heterozygous (H) mice in control (0 Gy) and irradiated (8 and 16 Gy) animals.
Figure S-6. Immunoblot analysis of MMP9 and SMAD 4 expression in wild type (W), PPARα heterozygous (H) mutant mice and PPARα homozygous (M) mutant mice.
Figure S-7. Immunoblot analysis of phosphorylated and total levels TAK1, JNK2, c-JUN in wild type (W), PPARα heterozygous (H) mutant mice and PPARα homozygous (M) mutant mice.
Figure S-8. Immunoblot analysis of expression of α-SMA, vimentin, vinculin and paxillin is shown in wild type (W), PPARα heterozygous (H) mutant mice and PPARα homozygous (M) mutant mice.

Table-S1. All proteins identified by label free proteomics.
Table-S2. All proteins quantified by label free proteomics.
Table-S3. Significantly deregulated proteins in irradiated heart after 8 Gy in PPARα wild type.
Table-S4. Significantly deregulated proteins in irradiated heart after 16 Gy in PPARα wild type.
Table-S5. Significantly deregulated proteins in irradiated heart after 8 Gy in PPARα +/-.
Table-S6. Significantly deregulated proteins in irradiated heart after 16 Gy in PPARα +/-.
Table-S7. Significantly deregulated proteins in irradiated heart after 8 Gy in PPARα -/-.
Table-S8. Significantly deregulated proteins in irradiated heart at 16 Gy in PPARα -/-.

Table-S9. Significantly deregulated proteins in sham-irradiated PPARα +/- compared to the sham-irradiated PPARα +/+ (wild type).
Table-S10. Significantly deregulated proteins in sham-irradiated PPARα -/- compared to the sham-irradiated PPARα +/+ (wild type).
FIGURE LEGENDS
Figure 1. Radiation-induced alteration in the cardiac proteome. (A) The Venn diagram shows the number of total and shared deregulated proteins at 8 Gy and 16 Gy compared to control (0 Gy) of wild type mice (B) PPAR heterozygous (+/-) mutant mice and (C) PPAR homozygous (-/-) mutant mice.

Figure 2. Radiation- and genotype-induced alterations in the mitochondria-associated features. (A) The most affected signaling pathways analysis according to IPA analysis are shown in (a) irradiated wild type (16 Gy vs. 0 Gy); (b) irradiated heterozygous mutant (8 Gy vs. 0 Gy); (c) irradiated heterozygous mutant (16 Gy vs. 0 Gy); (d) irradiated homozygous mutant (8 Gy vs. 0 Gy); (e) irradiated homozygous mutant (16 Gy vs. 0 Gy); (f) non-irradiated heterozygous mutant vs. non-irradiated wild type; (g) non-irradiated homozygous mutant vs. non-irradiated wild type. High color intensity represents high significance (p-value). All colored boxes have a p-value of ≤ 0.05; white boxes have a p-value of ≥ 0.05 and are not significantly altered. (B) Typical electron microscopy images of heart sections of the non-irradiated wild type mice (a), irradiated wild type mice at 8 Gy (b) or 16 Gy (c), non-irradiated PPAR heterozygous mutant mice (d), heterozygous mutant mice irradiated at 8 Gy (e) or 16 Gy (f), and non-irradiated PPAR homozygous mutant mice (g), homozygous mutant mice irradiated at 8 Gy (h) or 16 Gy (i). Magnification 2000X. (C) The size of mitochondria was analyzed using ImageJ and data are shown as mean ± SD. W, H, M correspond to wild type, heterozygous and homozygous mutant, respectively. The radiation doses are indicated in the figure. For each condition, at least two biological replicates and > 200 mitochondria were investigated at a magnification of 2,000X. (2-way ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 0.01, *** p < 0.005) (D) The total number of mitochondria per image was analyzed using ImageJ. W, H, M correspond to wild type, heterozygous and homozygous mutant, respectively. The radiation doses are indicated in the figure. For each condition, at least two biological replicates and 10 electron micrographs were used for quantification. Data are shown as mean ± SD. (2-way ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 0.01, *** p < 0.005). (E) Immunoblot analysis of the total protein level of DRP1 is shown in wild type (W), heterozygous (H), and homozygous (M) PPAR mice in control (0 Gy) and irradiated (8 and 16 Gy) animals. The columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization as described in Experimental Section. The error bars are calculated as SD. (2-way ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 0.01, *** p < 0.005; n = 4). (F) Protein carbonylation was calculated based on a colorimetric assay as described in Experimental Section in wild type (W), heterozygous (H), and homozygous (M) PPAR mice under control (0 Gy) and irradiated (8 and 16 Gy) conditions. The error bars are calculated as SD. (2-way ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 0.01; n = 4).
Figure 3. Radiation-induced inactivation of PPAR and increased expression of PPAR in the heart tissue of wild type (W) and PPARheterozygous (H) mutant mice. (A) A predicted inactivation (blue color) of PPARis shown for wild type mice and (B) for heterozygous mutant mice based on the label-free proteomics at 16 Gy (http://www.INGENUITY.com). The upregulated proteins are marked in red and the downregulated in green. (C) Immunoblot analysis of phosphorylated and total levels PPAR is shown in wild type (W) and heterozygous (H) mice in control (0 Gy) and irradiated (8 and 16 Gy) animals. Columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization to Ponceau. The error bars are calculated as SD. (t-test; * p ≤ 0.05; n = 4). (D) Immunoblot analysis of PPAR is shown in wild type (W) and heterozygous (H) mice in control (0 Gy) and irradiated (8 and 16 Gy) mice. Columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization to Ponceau. The error bars are calculated as SD. (t-test; * p ≤ 0.05; n = 4).
Figure 4. Analysis of the TGF status in the wild type (W), PPAR heterozygous (H) and PPARhomozygous (M) mice at 16 Gy. (A) The predicted activation (orange color) of TGF is shown for wild type, (B) heterozygous and (C) homozygous mice (http://www.INGENUITY.com). The upregulated proteins are marked in red and the downregulated in green. (D) The level of TGF is shown in the serum of wild type (W) and heterozygous (H) PPAR mice in control (0 Gy) and irradiated (8 and 16 Gy) animals. Columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization as described in Experimental Section. The error bars are calculated as SD. (t-test; * p ≤ 0.05; n = 4).

Figure 5. The influence of PPAR status on the SMAD-dependent TGF pathway. (A) ELISA analysis of phosphorylated and total levels of SMAD 2/3 is shown in wild type (W), heterozygous (H), and homozygous (M) PPAR mice in control (0 Gy) and irradiated (8 and 16 Gy) animals. (B) Immunoblot analysis of SMAD 4 expression is shown in W, H, and M PPARmice in control (0 Gy) and irradiated (8 and 16 Gy) animals. The columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization as described in Experimental Section. The error bars are calculated as SD. (t test; * p < 0.05, ** p < 0.01; n = 4).

Figure 6. The influence of PPAR status on the SMAD-independent TGF pathway. (A) Immunoblot analysis of phosphorylated and total levels of TAK1, (B) JNK2, and (C) c-JUN is shown in wild type (W), heterozygous (H), and homozygous (M) PPAR mice in control (0 Gy) and irradiated (8 and 16 Gy) animals. Columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization to Ponceau. The error bars are calculated as SD. (t-test; * p ≤ 0.05; n = 4).
Figure 7. Expression of marker proteins involved in fibroblast to myofibroblast differentiation. (A) Immunoblot analysis of the levels of α-SMA , (B) vimentin, (C) vinculin, and (D) paxillin is shown in wild type (W), heterozygous (H), and homozygous (M) PPAR mice in control (0 Gy) and irradiated (8 and 16 Gy) animals. The columns represent the average ratios of relative protein expression in control and irradiated samples after background correction and normalization to Ponceau. The error bars are calculated as SD. (t test; * p < 0.05, ** p < 0.01; n = 4). 

Figure 8. Validation of inflammation marker proteins CD45 and MMP9. (A) Typical CD45 immunohistochemistry images detecting inflammatory infiltrations in the heart tissue are shown. (B) The number of CD45 positive cells normalized to the heart area (number of positive cells per mm2) in control and irradiated wild type (W), heterozygous (H), and homozygous (M) PPAR mice is shown (t test; * p < 0.05, ** p < 0.01, *** p < 0.005; n = 3). (C) Immunoblot analysis of the level of MMP 9 is shown. The columns represent the average ratios of relative protein expression in control and irradiated wild type (W), heterozygous (H), and homozygous (M) PPAR mice after background correction and normalization to Ponceau. The error bars are calculated as SD. (t test; * p < 0.05; n = 4).
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