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Abstract

Epidemiological data from radiotherapy patients show the damaging effect of ionising
radiation on heart and vasculature. The endothelium is the main target of radiation damage
and contributes essentially to the development of cardiac injury. However, the molecular
mechanisms behind the radiation-induced endothelial dysfunction are not fully understood.
In the present study, 10-week old C57BI/6 mice received local X-ray heart doses of 8 or 16
Gy and were sacrificed after 16 weeks; the controls were sham-irradiated. The cardiac
microvascular endothelial cells were isolated from the heart tissue using streptavidin-CD31
coated micro-beads. The cells were lysed and proteins were labelled with duplex isotope -
coded protein label methodology for quantification. All samples were analysed by LC-ESI-
MS/MS and Proteome Discoverer software. The proteomics data were further studied by
bioinformatics tools and validated by targeted transcriptomics, immunoblotting,
immunohistochemistry, and serum profiling. Radiation-induced endothelial dysfunction was
characterised by impaired energy metabolism and perturbation of the insulin/IGF-PI3K-Akt
signalling pathway. The data also strongly suggested premature endothelial senescence,
increased oxidative stress, decreased NO availability and enhanced inflammation as main
causes of radiation-induced long-term vascular dysfunction. Detailed data on molecular
mechanisms of radiation-induced vascular injury as compiled here are essential in

developing radiotherapy strategies that minimise cardiovascular complications.
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Introduction

Epidemiological studies indicate that high and moderate local doses (>0.5 Gy) of ionising
radiation to the heart increase the risk of cardiovascular disease (CVD). Adverse effects are
observed in patients after thoracic radiotherapy for breast cancer, Hodgkin’s disease or a
number of childhood cancers. " Due to novel post-operative methods, ° the heart dose from
left-tangential radiotherapy has been reduced. However, certain parts of the heart still
receive more than 20 Gy if the cancer is localised on the left thoracic side of the patient. °
Since breast cancer is one of the most common tumours and the age of this patient group is
relatively low, there is a high estimated risk of developing radiation-induced CVD later in life.
® Therefore, a deeper insight of the molecular mechanisms of CVD following irradiation of
the heart is urgently needed.

Human and animal data indicate the important role of vascular injury and endothelial
dysfunction in the pathogenesis of radiation-induced CVD. "'? Endothelial dysfunction refers
to a complex pathological condition that is characterised by series of events including
endothelial barrier impairment, impaired vasodilation and vasoconstriction, reduced nitric
oxide (NO) production, increased expression of adhesion molecules, elevated level of
cytokines, and increased reactive oxygen species production from the endothelium. ' ™
Insulin signal transduction pathway in vascular endothelium regulates the endothelial NO
production via PI3K-Akt cascade. ' ' It is also an upstream regulator of MAP kinase
signalling that is involved in the endothelial vasoconstriction, adhesion and inflammation. "’
Homeostasis between insulin-dependent PI3K signalling and insulin-dependent MAP kinase
signalling pathways governs the main endothelial functions: vasodilation and

vasoconstriction. '@

Endothelial dysfunction contributes to pro-fibrotic and pro-inflammatory environments that
are common features of radiation-induced tissue injury. ' # Oxidative stress, increased

levels of endothelial adhesion molecules, inflammation and cellular senescence are all

ACS Paragon Plus Environment

Page 4 of 55



Page 5 of 55

O©CoO~NOUTA,WNPE

Journal of Proteome Research

consequences of normal aging ' that occur much earlier in irradiated tissues ?* including the
heart. ? These data indicate an intensification and acceleration of age-related molecular

processes.

There is accruing evidence indicating the role of endothelial dysfunction in both macro- and
microvascular damage after irradiation. '> %* It has been demonstrated that high-dose
radiation results in endothelial cell loss and decrease in microvascular density in murine
heart. 2 We have previously shown using an in vitro cellular system that irradiation alters
stress-induced signalling pathways including Rho GTPase % and MAP kinase ' ?°
pathways in endothelial cells (EC). Furthermore, chronic low-dose-rate ionising radiation
accelerated the premature endothelial senescence in vitro, associated with the deactivation

29, 30

of the PI3K-Akt signalling cascade.

However, endothelial cell lines and primary endothelial cells proliferate rapidly in vitro %% *'

and thus may not reflect the response of slowly proliferating endothelial cells of adult organs

on ionising irradiation.

To address this issue we here investigated molecular mechanisms leading to radiation-
induced endothelial dysfunction using an ex vivo experimental design where the analysis
was made using ECs directly isolated from the heart. For this purpose, C57BL/6 mice were
exposed to local heart irradiation at clinically relevant X-ray doses of 8 and 16 Gy, whereas

'2 primary microvascular

control mice were sham irradiated. To avoid of losing animals
endothelial cells were isolated from irradiated and non-irradiated hearts *' 16 weeks after the
exposure. The investigation of the purified primary endothelial cells included quantitative

proteomics analysis that was further completed by targeted transcriptomics and verified by

immunoblotting, bioinformatics, immunohistochemistry and serum profiling.

Our data indicate that radiation-induced endothelial dysfunction is associated with
deactivation of insulin-dependent PI3K signalling and insulin-dependent MAP kinase

signalling pathways. We further show that endothelial injury caused by ionising radiation is
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characterised by increased senescence, enhanced oxidative stress, inflammation and
impaired NO signalling. Our results emphasise the role of early vascular dysfunction in the

heart pathology after radiation exposure.

Experimental section

Materials

Beta-octylglucoside, SDS, and ammonium bicarbonate were obtained from Sigma (St. Louis,
MO); RapiGest from Waters (USA); acetone, acetonitrile, formic acid, and trifluoroacetic acid
(TFA) from Roth (Karlsuhe, Germany); dithiothreitol (DTT), iodoacetamide, tris-
(hydroxymethyl) aminomethane (Tris) and sequencing grade trypsin were obtained from
Promega (Madison, WI); cyano-4-hydroxycinnamic acid was obtained from Bruker Daltonik
(Bremen, Germany). All solutions were prepared using HPLC grade water from Roth

(Karlsuhe, Germany).

Animals

All experiments were approved by the “Regierung von Oberbayern” (Certificate No. 211-
2531-54/01) and were performed in accordance with institutional guidelines of the Klinikum
rechts der Isar, Technische Universitat Minchen. 10-week-old male C57BI/6 mice (Charles
River) received local cardiac irradiation with a single X-ray dose of 8 or 16 Gy (200 kV, 10
mA); age-matched control mice received sham irradiation. Each mouse was immobilised
without anaesthetic in a specially designed jig. Preceding the exposure the position of the
heart inside the jig was localised by digital radiographs. The heart irradiation field consisted
of a 9 x 13 mm? window in a lead plate of 2 mm of thickness. The animals were sacrificed by
cervical dislocation 16 weeks after irradiation. In total, 90 animals with 30 animals in each

group were used in this study.

Isolation of cardiac microvascular endothelial cells and serum
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The heart was rinsed with phosphate buffered saline, and the cardiac microvascular
endothelial cells (ECs) were isolated as described before. *' Briefly, viable primary ECs were
isolated using streptavidin-CD31-coated microbeads after mechanic and enzymatic digestion
of the heart tissue and tested for purity by fluorescence-activated cell sorting (FACS)
analysis. For all proteomics and gene analyses, harvested cells from 3 animals belonging to
the same group (controls, 8 Gy- and 16 Gy-irradiated samples) were pooled separately into
one batch. Each pooled batch was used as a single biological replicate. Freshly isolated
primary microvascular ECs were phenotypically characterised by flow cytometry using a
FACSCalibur instrument (BD, Heidelberg, Germany) with the following fluorescein (FITC),
phycoerythrin (PE) or allophycocyanin (APC) conjugated antibodies: CD31 (PECAM-1, BD
Bioscience, clone MEC 13.3), CD34 (mucosialin, eBioscience, clone RAM34), CD54 (ICAM-
1, BD Bioscience, clone 3E2), CD102 (ICAM-2, BD Bioscience, clone 3C4), CD105
(endoglin, eBioscience, clone MJ7/18), CD106 (VCAM-1, Life Technologies, clone M/K-2)
and CD144 (VE-cadherin, BD Bioscience, clone 11D4.1). Further, CD45 (leukocyte common
antigen, BD Bioscience, clone 30-F11) was used to prove purity. Appropriately labelled
isotype-matched immunoglobulins were used as negative controls. Briefly, 0.1 x 10° viable
cells were incubated with the indicated antibodies for 30 min at 4°C in the dark. Following a
washing step in PBS/FCS (10%) cells were analysed with a FACSCalibur instrument. Dead

cells were excluded from the analysis by a propidium iodide co-staining and gating strategy.

After sacrificing the mice by cervical dislocation, blood was rapidly removed by
cardiocentesis. For serum isolation the blood was centrifuged at 2000 rpm for 10 min after
clotting and stored at -80°C for further analysis. For all analyses three serum samples were

pooled and used as a single biological replicate.

Proteomics

Protein Extraction
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Proteins were isolated with ICPL lysis buffer following the manufacturer’s instructions
(SERVA). Protein concentration was determined by Bradford assay following the

manufacturer’s instructions (Thermo Fisher).

Protein ICPL labelling and resolution

The labelling was done as previously reported. * Briefly, triplicate aliquots of 50 ug of cell
lysate proteins obtained from either control or irradiated mice were labelled with ICPL
reagents (SERVA) following the manufacturer’s instructions. ICPLO was used for control
samples and ICPL6 for irradiated samples according to the manufacturer's protocol. To
evaluate the biological and technical reproducibility of proteomics analysis, a protein mixture
with known ratios of heavy and light label containing bovine serum albumin (1:1), chicken
ovalbumin (4:1) and bovine carbonic anhydrase Il (1:2) was used as an internal standard
prior labelling. The labelling was done using three biological replicates.

The heavy and light labelled samples were combined, and separated by 12% SDS gel
electrophoresis before staining with colloidal Coomassie solution. SDS-PAGE lanes were cut
into 5 slices. Prior to digestion, proteins were de-stained and digested overnight with trypsin
as described before. ** Peptides were extracted and acidified for subsequent mass

spectrometry analysis.

LC-ESI-MS/MS analysis

The digested peptides were separated by reversed phase chromatography (PepMap, 15 cm
x 75 um 1D, 3 um/100A pore size, LC Packings) operated on a nano-HPLC (Ultimate 3000,
Dionex) with a nonlinear 170 min acetonitrile (ACN) gradient in 0.1% formic acid (FA) in
water at a flow rate of 300 nl/min. The gradient settings were subsequently: 0-140 min: 5-
31 % ACN, 140-150 min: 31-93% ACN, followed by equilibration for 20 min at starting
conditions. The nano-LC was connected to a linear quadrupole ion trap-Orbitrap (LTQ
Orbitrap XL) mass spectrometer (Thermo Fisher, Bremen, Germany) equipped with a nano-

ESI source.
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The mass spectrometer was operated in the data-dependent mode to automatically switch
between Orbitrap-MS and LTQ-MS/MS acquisition. The following mass spectrometer
settings were used: Mass window: 300 — 1500 m/z, charge state settings: Default charge
state +2; rejection of unassigned charge states and +1; all +2 and more allowed normalized
collision energy: 35. Survey full scan MS spectra (from m/z 300 to 1500) were acquired in
the Orbitrap with resolution R = 60,000 at m/z 400. The method used allowed sequential
isolation of the most intense ions, up to ten, depending on signal intensity, for fragmentation
on the linear ion trap using collision-induced dissociation. High resolution MS scans in the
Orbitrap and MS/MS scans in the linear ion trap were performed in parallel. Target peptides
already selected for MS/MS were dynamically excluded for 60 seconds.

The acquired MS/MS spectra were searched against the Ensembl Mus musculus database
using an in-house version of Mascot (Matrix Science, version 2.3.02; 20121023, Number of
residues: 26203053; Number of sequences: 56416) with the following parameters: MS/MS
spectra were searched with a precursor mass tolerance of 10 ppm and a fragment tolerance
of 0.8 Da; Arg-C was selected as enzyme. One missed cleavage was allowed and
carbamidomethylation was set as a fixed modification. Oxidised methionine and the heavy
and light ICPL labels of lysines as well as heavy and light labels of the protein N-terminus

were set as variable modifications.

Quantification with ICPL

Data processing for protein identification and quantification of ICPL pairs was performed
using Proteome Discoverer version 1.3 (Thermo Fisher) as described before. *? Briefly, the
software provides automated strict statistical analysis of the protein quantification using only
unique peptides. To minimise experimental bias the software was set to normalise on the
protein median (minimum protein count: 20). The complete peptide and protein profiles were
filtered using high peptide confidence and top one peptide rank filters. The false discovery
rate (FDR) was calculated at the peptide level for all experimental runs using the Decoy

option in Mascot; this rate was estimated to be lower than 1% using the identity threshold as

9
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the scoring threshold system. The MASCOT Percolator algorithm was used for
discriminating between correct and incorrect spectrum identifications ** with a maximum q
value of 0.01. Due to these criteria, the ICPL method noticeably lowered the significance
level of a protein score and increased the probability of a significant protein hit. Differentially-
labelled isotopic pairs were detected with a mass precision of 2 ppm and a retention time
window of 0.3 min. The calculated peptide ratio variability in the Proteome Discoverer
software is an alternative of coefficient of variation (CV) used to calculate a particular protein
ratio. For the quantification data as replicates, software calculates the protein ratios for
single searches as CV for log-normal distributed data and then calculates the classical
coefficient variation for these ratios. The average heavyl/light ratio and ratio variability were
applied for protein quantification wherever multiple peptides were identified for a protein. The
proteins identified by at least 2 unique “high confidence” identified peptides in two out of
three replicates were considered for further evaluation.

The H/L ratios associated with significant variation of protein expression were determined as
described before. ' % Briefly, the significant fold changes were determined by technical
variability based on the average values of the CV of spiked standard protein mixture. The
CV% obtained for H/L ratios of spiked proteins were 18.6% (8 Gy), and 15.2% (16 Gy). We
considered the variability of 30-40% (>2 CV) as significant as it overcame technical
variability in our experiments. Accordingly, proteins with H/L ratios greater than 1.3-fold or

less than 0.7-fold were defined as significantly differentially expressed.

Protein-protein interaction and signalling network
The analyses of protein-protein interaction and signalling networks were performed by the
software  tool INGENUITY Pathway Analysis (IPA) (INGENUITY  System,

http://www.INGENUITY.com). IPA is a knowledge database generated from peer-reviewed

scientific publications that enables discovery of highly represented functions and pathways

(p < 0.001) from large quantitative data sets. * The analysis of protein—protein interaction

10
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and signalling networks was performed by the search tool STRING version 9.1 (http://string-

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

Pathway-focussed gene expression profiling with gqRT-PCR

Total RNA was extracted from control and the 8 Gy- and 16 Gy- irradiated cardiac vascular
endothelial cells using the mirVana™ miRNA isolation kit (Applied Biosystems; Foster City,
CA, USA) following the protocol for total RNA isolation. The quantity and quality of the total
RNA and miRNA was measured with the Nanodrop spectrophotometer (PeglLab
Biotechnology; Germany). The mouse senescence and PI3K signaling pathway RT? Profiler
PCR arrays (Qiagen) were used to profile the expression of 84 genes related to signalling
pathways. Single-stranded cDNA was synthesised from 100 ng of total RNA using the
SuperArray reaction ready first strand cDNA synthesis kit. The cDNAs were mixed with
SuperArray RT? Real time SYBR Green/ROX PCR master mix and real time PCR performed
in accordance with the manufacturer's instructions. Thermal cycling and fluorescence
detection were performed using a StepOne Sequence Detection System (Applied
Biosystems, Foster City, CA), according to the manufacturer’s instructions., and expression
of the regulated transcripts were compared between the groups using student's t test. The
false discovery rate (FDR) calculation was used to adjust p-values. * The calculation was
performed using modified BenjaminiHochberg.xlsx created by Manuel Weinkauf

(https://marum.de/Software_and Programs.html) licensed under a Creative Commons

Attribution-NonCommercial-ShareAlike 3.0 Unported License

(http://creativecommons.org/licenses/by-nc-sa/3.0/deed.en_GB). All p-values below the

corrected significance level g* considered as significant results.

Immunoblotting analysis

Proteins separated by 4-12% SDS-PAGE were transferred to nitrocellulose membranes (GE
Healthcare) using a TE 77 semidry blotting system (GE Healthcare) at 1 mA/cm for 1h. The
membranes were blocked using 3% BSA in PBS, pH 7.4, for 1 h at room temperature,

11
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washed three times in 10 mM Tris-HCI, pH 7.4, 150 mM NaCl for 5 min and incubated
overnight at 4°C with primary antibodies using dilutions recommended by the manufacturer.

Immunoblot analysis of EC protein lysate was performed using anti-INSR / IGF1R
(ab172965) , anti-phospho INSR / IGF1R (Tyr1146/1131) (#3021), anti-PI3K (p85) and anti-
phospho PI3K [p85 (Tyr458)/p55 (Tyr199)] (#9655), anti-Akt (#9272), anti-phospho AKt
(Serd73) (#9271), anti-mTOR, anti-phospho mTOR (Ser2488), anti-GSK3 beta (cs-9315),
anti-phospho GSK3 beta (Ser21/9) (cs-9331), anti-FOXO3a (cs-9467), anti-phospho
FOXO3a (Ser318/321) (cs-9464), anti-eNOS (#9572), anti-phospho eNOS (Ser1177)
(#9571), anti-Glut4 (sc-53566), anti-ERK 44/42(#9102), anti-phospho-ERK (p-ERK) (#9101),
anti-p38 (#9212), anti-phospho-p38 (p-p38) (#9211), anti-superoxide dismutase 1 (SOD)
(sc11407), anti-heat shock proteins 90 (Hsp90) (#4875), anti-heat shock proteins 70
(Hsp70)(MA3-007), anti-p16 (#4824), anti-p21(#2947) and anti-p53 and anti-phospho-p53
(#9919) and anti-GAPDH (sc-47724).After washing three times, the blots were incubated
with either horseradish peroxidase-conjugated or alkaline phosphatase-conjugated anti-
mouse, anti-rabbit or anti-goat secondary antibody (Santa Cruz Biotechnology) for 2 hours at
room temperature and developed using the ECL system (GE Healthcare) or 1-step™
NBT/BCIP method (ThermoFisher) following standard procedures. GAPDH was unchanged
in proteomics profiles after 8 Gy and 16 Gy and was therefore used as a loading control.

Quantification of digitised images of immunoblot bands from three biological replicates was

done using ImageJ (http://rsbweb.nih.gov/ii/).

IRS-1 Phosphorylation status assay

The alteration in the phosphorylation status of insulin receptor substrate 1 (IRS-1) was
assessed using PathScan® Phospho-IRS-1 (serine-621, serine-307) and phospho-IRS-1
(pan-tyrosine) Sandwich ELISA Kits. The data were compared to the level of total IRS-1

detected by PathScan® Total IRS-1 Sandwich ELISA Kit (Cell Signaling).

12
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Lipid peroxidation and protein nitrosylation and protein homocysteinylation and
protein carbonylation assay

Oxidative stress-induced protein modifications including the malondialdehyde (MDA)
formation, protein carbonyl group and 3-nitrotyrosine assay were performed using the assay
kits (Biovision) according to the manufacturer’s instructions. The level of homocysteinylated
endothelial proteins was detected by immunoblotting. Lysates from control and irradiated
endothelial cells were loaded on the same gel in similar amounts using same transfer
conditions. The amount of the total protein was confirmed by Ponceau S staining for
accurate comparison between the three groups. Total intensity of protein bands was

quantified using ImageJ software (http://rsbweb.nih.gov/ij/) by integration of all the pixel

values in the band area after background correction.

Serum glucose, nitric oxide, cytokines and oxLDL assay

The serum glucose was measured using Cayman glucose colorimetric assay kit (Cayman
chemical). For the quantitative determination of bioavailability of the nitric oxide in serum, the
total nitrate/nitrite was measured by an in vitro enzymatic colorimetric assay (BioVision).The
quantitative profiling of the oxidative stress-induced cytokines was performed by an in vitro
ELISA assay (Signosis). The assay compared the protein expression level of TNF alpha,
TGF beta, MCP1, IL1 alpha, IL 1beta, and IL6. The level of oxidised low-density lipoprotein
(oxLDL) was measured in serum using oxLDL ELISA kit (My Biosource) following the

manufacturer’s instructions.

Histology and immunohistochemistry

Myocardial microvessel density (MVD) was measured by immunohistochemical staining for
CD31. Three randomised areas of the left ventricular myocardium (0.025 mm?) were chosen
for quantification using the criteria of Weidner et al. ** Any brown-staining of endothelial cells

or cell clusters, clearly separate from adjacent microvessels or other tissue elements, was

13
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considered as a single, countable microvessel. The number of vessels counted in any of the
areas was recorded and the mean and standard deviation were calculated.

Inflammatory endothelial activation was measured by immunohistochemical staining of the
adhesion molecule E-selectin. The expression of E-selectin was graded by evaluating the
incidence and intensity of positively stained endothelium of myocardial vessels using the
criteria of Tsokos. *° The intensity of the immunostaining was graded as absent (0), weak
(1), moderate (2) and strong (3) and the percentage of blood vessels involved per visual field
was graded as absent (0), < 10% (1), 10-50% (2) and > 50% (3). The total score was
achieved by adding both variables. Each immunohistochemical staining was performed
simultaneously with identical incubation times and concentrations for the primary and

secondary antibody and diaminobenzidine (DAB) solution.

Statistical analysis

Comparative analysis of the data was carried out using the Student’s t-test (two-paired and
unpaired). The significance levels were p* < 0.05 (5%); p** < 0.01 (1%); p*** < 0.001 (0.1%).
The error bars were calculated as standard error of the mean (SEM). All experiments were

done with at least three biological replicates.

Data availability

Access to raw MS data is provided in RBstore (http://www.rbstore.eu), '° the radiobiology

database, where all MS/MS raw files for this publication are located.

Results

The yield and cell surface marker expression of EC were altered after local heart

irradiation

Compared to the age-matched control animals, a significant decrease (15%) in the number

of isolated cardiac microvascular ECs was observed in the group of mice that were irradiated

14
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with 16 Gy but not at 8 Gy (Figure 1). Primary ECs from all groups were characterised
directly after isolation by flow cytometric analysis using EC-specific antibodies directed
against PECAM-1, endoglin, VE-cadherin, ICAM-1, ICAM-2, mucosialin and VCAM-1. The
leukocyte marker was not detectable in any population of isolated ECs (data not shown).
The proportion of cells that stained positively for PECAM-1, endoglin, VE-cadherin, ICAM-1,
ICAM-2 and mucosialin was nearly 100% (97+2), independent of the radiation dose (Figure
2 A). The proportion of ECs that stained positively for VCAM-1 was only around 40% in all
groups and modestly but significantly increased after 8 Gy (32%) compared with control
ECs. Analysis of the cell surface densities of both intercellular adhesion molecues ICAM-1
and ICAM-2 showed significant increases after 16 weeks at 8 Gy (44 and 71%, respectively)

and 16 Gy (55 and 69%, respectively) compared to control ECs (Figure 2 B).

The irradiation altered endothelial proteome

The ICPL method was used to investigate radiation-induced changes in the cardiac
endothelial proteome. The proteins with H/L ratios greater than 1.3-fold or less than 0.7-fold
were defined as significantly differentially expressed. ' % The heavy / light (H/L) ratio and
coefficient of variation (CV%) of spiked proteins in different replicates and the complete lists
of significantly deregulated proteins and all identified and quantified peptides are shown in
the Tables S1- S5.

After local radiation exposure of the heart with a dose of 8 Gy, a total number of 731
endothelial proteins were identified, of which 501 proteins contained labelled peptides. 436
proteins were quantified using the statistical criteria described in Methods. Among the
quantified proteins, 89 proteins were significantly differentially expressed in irradiated
samples compared to controls (+1.3-fold). The abundance of 45 proteins was decreased and
that of 44 increased.

After irradiation with a dose of 16 Gy, 578 proteins were identified, of which 389 proteins

contained labelled peptides. Quantification of 333 proteins was performed using the

15
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statistical criteria described in the Methods section. Ninety-five proteins were considered as
significantly differentially expressed in irradiated samples compared to controls (+1.3-fold);
the expression of 49 proteins was down-regulated and that of 46 proteins up-regulated.

Twenty-six significantly deregulated proteins were shared between the two doses
representing a general radiation response signature (Table 1). Of these proteins, 13 were
up- and 13 down-regulated. The majority of these proteins were involved in cytoskeletal
organisation or metabolic activity. Importantly, the direction of deregulation was similar at

both doses for all shared proteins.

Bioinformatics analysis revealed cell-cell junction and metabolism pathways affected
by irradiation
To understand the protein networks involved in the radiation response, the significantly

deregulated proteins were analysed using the STRING software (http://string-db.org). The

analysis of both protein profiles showed five distinct but interconnected clusters of proteins:
cytoskeletal structure, translation and transcription, heat shock proteins, mitochondrial
respiratory chains, and metabolism (Figure 3 A and 3 B).

A detailed analysis of the functional interactions and biological pathways was performed

using IPA software (http://www.INGENUITY.com). The analysis showed that networks

“inflammatory response”, “cellular assembly and organisation” and “DNA replication and
repair” were the most altered in the endothelial proteome after 8 Gy (Table S6). The most
influenced networks at 16 Gy were “energy production” and “cell-to-cell signalling and
interaction”, and “cellular movement, assembly and organisation” (Table S7). The most
significant protein interaction networks after 8 or 16 Gy were merged to elucidate the central
regulatory radiation-responsive nodes; these merged networks are shown in the supporting
information, Figure S1 (8 Gy) and Figure S2 (16 Gy). Such nodes that were present at both
doses included phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), protein kinase (Akt)
and extracellular signal regulated kinase (ERK). The pathways “remodelling adherens
junction”, and “cell-cell junction” were significantly affected after both exposures (Tables S6
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and S7). The alteration in energy metabolism was more pronounced in 16 Gy-exposed
samples.

Compiling of the 20 most important canonical pathways of the significantly deregulated
proteins provided several overlapping and interconnected super pathways mainly involved in
cell communication and cytoskeletal organisation (Figure S3A and Figure S3B). The IPA
predicted that insulin receptor (INSR), insulin-like growth factor 1 receptor (IGF1R) and
peroxisome proliferator-activated receptor (PPAR) alpha were deactivated after both
exposures (Tables S6 and S7). PPAR gamma was predicted to be inhibited only after 16 Gy.
The analysis predicted that the myocardin-like 2 (MKL) protein was activated after 8 Gy
while MAPK4 and IFNG were activated in the 16 Gy irradiated cardiac endothelial cells
(Tables S6 and S7). The analysis indicated interaction between two putative up-stream
transcription regulators, namely INSR and IGFR1, based on the shared affected target
proteins (Figure 4 A and 4 B). IPA analysis of the differently expressed proteins associated
with toxic pathways showed NRF2-mediated oxidative stress response, fatty acid
metabolism and mitochondrial dysfunction as the main targets of radiation-induced cellular
toxicity after both exposures (Tables S6 and S7). Data analysis indicated a broad range of
cardiotoxicity end points including cardiac inflammation, cardiac damage, and cardiac

hypertrophy (Tables S6 and S7).

The expression of PI3K cascade genes was affected by irradiation

As PI3K was indicated as a central regulatory radiation-responsive node of the protein
networks in our proteome profiling, the alteration in the expression of genes related to PI3K
signalling was evaluated. Data for individual genes are provided in Tables S8 and S9. Out of
88 PI3K signalling-related genes examined, 54 and 61 genes showed significant differences
(g™ <0.03) in expression levels between controls, 8 and 16 Gy irradiated mice, respectively
(Tables S8 and S9). The expression of most genes belonging to the PI3K signalling pathway
was reduced by irradiation (Tables S8 and S9). The analysis showed 50 shared genes the

expression of which was altered in both irradiated samples in the same direction. The shared
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genes are presented in the bold italic in the Tables S8 and S9. The gene expression of
several isoforms of Pi3k, Eif (eukaryotic translation initiation factor), Mapk (mitogen-activated
protein kinase kinase), PrKcb (protein kinase C) and Igfir (insulin-like growth factor |
receptor) was reduced in the irradiated cells after both exposures compared to control cells

(g*<0.03) (Tables S8 and S9).

The irradiation altered genes involved in endothelial senescence
We have previously shown that PI3K signalling pathway is associated with endothelial

% 3% To investigate the

senescence triggered by chronic low-dose-rate exposure.
involvement of senescence after acute high-dose radiation exposure, the expression of
genes involved in cellular senescence was analysed. Data for individual genes are provided
in Tables S10 and S11. Out of 88 senescence-related genes examined, 25 and 43 genes
showed significant differences (g*< 0.02) in expression levels between controls and 8- or 16
Gy- irradiated mice, respectively (Tables S10 and S11). The analysis showed 24 shared
genes the expression of which was altered in both irradiated samples in the same direction.
The shared genes are shown in bold italic in the Tables S10 and S11. The gene expression
of classical senescence markers such as p21, p16, and Igfbp3 was increased whereas
PrKcd (protein kinase C delta) was decreased after both exposures compared to control

cells. The gene expression of Nox4 (NADPH oxidase 4) was altered only after 8 Gy (g*<

0.02) (Tables S10 and S11).

Insulin / IGF signalling pathways were impaired after irradiation

To confirm the deregulation in insulin / IGF cascade, we examined the EC lysates by
immunoblotting using antibodies relevant for this pathway. Our gene expression analysis
showed that the expression level of Igfr1 gene was reduced after both doses. In addition,
the amount of phospho-INSR/ IGF1R was decreased in the irradiated samples compared to
the control samples (Figure 5 A and 5 C, p<0.05). The levels of PI3K and phospho-PI3K
were reduced in the irradiated samples (Figure 5). No significant change was observed in
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the level of AKT but phospho-AKT showed significant reduction in the irradiated samples
(Figure 5). The expression level of both mTOR and phospho-mTOR was reduced
significantly after 16 Gy (Figure 5). The antibody detection of the key downstream proteins of
PI3K pathway such as GSK3 and FOXO3 confirmed the radiation-responsive down-
regulation of the phosphorylated forms of these proteins (Figure 5 A and 5 C; p<0.05). The
immunoblotting showed significantly reduced levels of eNOS and phospho-eNOS in
irradiated samples. The analysis showed decreased glucose transporter type 4 (Glut4)
content after 16 Gy (Figure 5 ; p<0.05). The analysis indicated less active insulin/IGF-PI3K-
Akt signalling pathway after radiation (Figure 5 D).

We also analysed phosphorylation status of the proteins of insulin/MAPK cascade (ERK
44/42 and p38). A significant decrease in abundance was seen for ERK 44/42 in 16 Gy-
irradiated samples (Figure 6 A and 6 C; p<0.05). Radiation reduced phosphorylation of ERK
44/42 but increased phosphorylation of p38 (Figure 6 A and 6 D; p<0.05); the level of non-
phosphorylated form of p38 did not change after irradiation (Figure 6 A and 6 C; p<0.05).
The analysis indicated that ionising radiation affected insulin/IGF-MAPK signalling pathway
(Figure 6 D).

Our proteome profiling predicted less capacity of anti-oxidative stress defence Therefore,
the protein levels of SOD1, Hsp90 and Hsp70 were analysed. Immunoblot analysis
confirmed the markedly decreased level of SOD1 and Hsp90 and increased level of Hsp70
in the irradiated samples (Figure 6 B and 6 E; p<0.05).

To confirm the senescence gene array analysis, the protein expression levels of p16, p21
and p53 were investigated. The antibody detection of senescence markers confirmed the
radiation-responsive up-regulation of p76 and p21 found in the gene array analysis (Figure 6
B and 6 F; p<0.05). Immunoblotting did not show any detectable changes in the level of p53

or phospho-p53 after irradiation (Figure 6 B and 6 F; p<0.05).

Irradiation changed IRS serine and tyrosine phosphorylation status
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The homeostasis in the phosphorylation level of insulin receptor substrate 1 (IRS-1) plays an
important role in the insulin cascade. The endothelial cell lysates were analysed using
phospho-IRS-1 (Ser-621, Ser-307 and tyrosines) Sandwich ELISA kits and the data were
compared to the level of total IRS-1. Irradiation significantly increased phosphorylation of
IRS-1 at Ser-307 and decreased phosphorylation of IRS-1 at tyrosine residues (Figure 7 C
and 7 D; p<0.05). The level of total IRS-1 and phospho-IRS1 (Ser-621) did not change after

irradiation (Figure 7 A and 7 B; p<0.05).

Endothelial proteins underwent stress modifications after irradiation

The proteomics data indicated the presence of radiation-induced oxidative stress. To confirm
this observation, the levels of stress-induced protein modifications including nitrosylation
modification and malondialdehyde modification (lipid peroxidation marker) and
homocysteinylation were analysed (Figure 8). Significant increase in the level of
malondialdehyde-modified proteins, nitrated proteins, homocysteinylated proteins and
carbonylated proteins (Figure 8 A, 8 B, 8 C and 8 D; p<0.05) was found after irradiation

suggesting protein damage by oxidative stress.

Irradiation enhanced serum inflammation and impaired NO production

As the endothelial dysfunction results in an alteration in serum NO level, *' the serum of
control and irradiated mice was tested. The levels of NO were significantly reduced in the
irradiated samples in comparison to controls (Figure 9 A, p<0.05).

Since the endothelial dysfunction is associated with circulating levels of the oxLDL, ** we
compared the level of serum oxLDL in control and irradiated animals. The level of serum
oxLDL was significantly higher in the irradiated mice compared to controls (Figure 9 B,
p<0.05).

Endothelial dysfunction is also associated with hyperglycemia. ** We measured the serum

glucose levels in control and irradiated animals. The glucose concentration was slightly but
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significantly higher in the serum of irradiated animals after 16 Gy than in the controls (Figure
9 C, p<0.05).

To measure the inflammatory response after radiation exposure, we analysed the level of six
different cytokines in serum. The serum level of TNF-alpha, IL-1 alpha and IL-6 was

significantly increased in the irradiated mice in comparison to controls (Figure 9 D, p<0.05).

Vascular E-selectin was mildly increased in heart sections after irradiation

The morphological changes in the irradiated cardiac vasculature were analysed using
immunohistochemistry. Analysis showed a subtle increase in E-selectin staining in irradiated
mice hearts [(averaged score 0 Gy: 3.0; 8 Gy: 4.25; 16 Gy: 3.3); Table S12]. As local heart
irradiation of mice is known to decrease microvascular density (MVD) 40 weeks after
exposure'? we analysed the MVD on the heart sections in the present study. No clear

differences were detectable in the MVVD 16 weeks after irradiation (Figure S4 A and S4 B).

Pathways affected by irradiation in cardiac microvascular ECs

All proteins and genes found significantly up- or downregulated in this study were introduced
to the IPA to receive a comprehensive “cross-omics” view of all affected pathways and their
interactions. These pathways are shown in Figure S5. The upregulation is indicated with a
red and downregulation with a green colour. The greatest alterations are seen in the PI3K

and MAPK pathways in the cytosolic fraction and in the senescence in the nucleus.

Discussion

The goal of the present study was to elucidate potential biological mechanisms causing the
radiation-induced vascular injury and endothelia dysfunction. For the first time, cardiac
microvascular endothelial cells were analysed directly after their isolation from irradiated and
non-irradiated hearts. The radiation exposures of 8 and 16 Gy induced large alterations in
the endothelial proteome; the corresponding proteins are involved in endothelial dysfunction

that is hallmarked by increased senescence, enhanced oxidative stress, inflammation and
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NO signalling defect. In the context of cellular radiation response many of these findings are
novel, yet not in disagreement with the radiation-induced endothelial impairment of previous
in vivo and in vitro studies. ' % % These data prompt us to propose that these changes are
predictive events that result in vascular damage and increased risk of cardiovascular
disease after radiation exposure.

Endothelial dysfunction is described as the first pathogenic event of vascular damage.
Endothelial barrier dysfunction and cell-cell adhesion and junction impairment are
characteristic responses of the endothelium to increasing oxidative stress. '. The proteome
profiling of this study emphasises radiation-induced alterations in endothelial cellular
assembly and organisation. Accordingly, we observed alteration in proteins involved in the
cytoskeletal organisation and focal adhesion such as actin, tubulin, vimentin and intercellular
adhesion molecules (ICAM). Surface marker as well as proteomic analyses demonstrate an
increase in the level of ICAM-1 and ICAM-2 after radiation exposure, in agreement with
previous data. ** Increased expression of these adhesion molecules induces endothelial
junction alterations and subsequently endothelial cell leakiness. ** ICAM-1 mediates signal
transduction to initiate several pro-inflammatory signalling cascades. *° ICAM-2 is involved in
the leukocyte migration trough the endothelium in response to inflammatory stimuli. ** Our
data also indicate an increase in the level of the cytokine-induced adhesion molecule E-
selectin, further suggesting an alteration in microvascular integrity and permeability. *® High-
dose ionising radiation has been shown previously to enhance the gene expression level of
E-selectin in cardiac endothelial cells.*® The increased expression of cadherin, clathrin and
catenin after irradiation found in this study further suggests alteration in endothelial
permeability but also activation of RhoGTPase signalling. *°

Deficient NO bioavailability is a hallmark of endothelial cell dysfunction that results in
impaired endothelium-dependent vasodilation. °' Our data indicate a marked decrease of
NO levels in the serum of animals after exposure to 8 and 16 Gy. Our immunoblotting data
show that the expression level of the active form of eNOS was reduced in irradiated ECs.
The radiation-induced impairment of the NO pathway is characteristic of radiation-induced
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vascular endothelial injury. °* The loss of NO generation is also associated with accelerated
NO degradation by reactive oxygen species (ROS). > Peroxynitrite, a product of ROS and
NO reaction, increases the level of oxidative and nitrosative stress. ** Consistent with this,
we detected considerable changes in the level of stress-induced modifications including lipid
peroxidation, protein carbonylation, nitrosylation and homocysteinylation in irradiated ECs.
Stress-induced protein modifications precede increased protein degradation or inactivation.
' Elevated levels of homocysteine are associated with various human cardiovascular
diseases including atherosclerosis. *° Cellular and extracellular protein homocysteinylation
causes endothelial dysfunction, * oxidation of LDL, * increase in the expression of adhesion
molecules on the endothelial cell surface, > enhanced monocyte adhesion to the vessel wall
%8 and reduced NO production. *°

Radiation-induced ROS production is accompanied by reduced cellular oxidative capacity. %
The pathway analysis predicted less activation of NFE2L2 transcription factors after both
doses, suggesting a reduced capacity of antioxidant defence. ® Our data show that the gene
and protein levels of SOD1 were reduced after irradiation. In addition, radiation exposure
induced alterations in the expression level of other proteins involved in oxidative stress
response such as heat shock proteins (Hsp90, Hsp70, and Hsp40), and peroxiredoxin 1.
Enhanced ROS production is associated with the disruption of actin filaments ® changing
the cellular permeability. ® Our data also indicate significantly increased levels of oxidised
low density lipoprotein (oxLDL) that is a marker of oxidative stress. It contributes in vascular
damage including disruption of the endothelial cell barrier, and impairment of NO production.
64

Our serum cytokine profiling indicated significantly increased levels of TNF alpha, IL-1 alpha
and IL-6. Enhanced levels of circulating inflammatory markers have been correlated with
endothelial dysfunction,  impaired insulin signalling, ®® reduced bioavailability of NO ** and
vascular ageing #'. The pathway analysis predicts a radiation-associated inhibition of PPAR
alpha and PPAR gamma suggesting increased inflammation. ¢’ Elevated levels of TNF

alpha, ® IL1 and IL-6 ®° have been reported in age-associated vascular disease. Both local
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and systemic inflammatory response in heart tissue has been shown to alter the endothelial
barrier and result in vascular dysfunction. "

Increased ROS also induces a series of signalling mechanisms associated with changes in
protein kinase and phosphatase activities that are known to influence the endothelial
function. ™ In this study, marked changes in the phosphorylation status of MAP kinase
proteins including ERK44/42 and p38 were found in the irradiated samples. The activation of
vascular p38 is observed in heart failure "' and it contributes to impaired NO production and
vasodilation.

The functional correlation analysis of the differentially expressed proteins in the present
study predicted the inactivation of the INSR/ IGFR1 after irradiation. In accordance, IGF1-R
and INSR showed reduced levels of gene expression and active protein after irradiation.
Impaired insulin signalling is a constituent of metabolic disorder and characteristic of
endothelial dysfunction. ™ Since eNOS is a downstream protein of the insulin cascade,
impairment of endothelial NO production has been described as a link between defective
insulin signalling pathway and endothelial dysfunction ** The balance between PI3K-
dependent insulin signalling and MAPK-dependent insulin signalling pathways seems to
regulate the main endothelial functions, namely vasodilation and vasoconstriction. '®

One of the main pathological mechanisms involved in the deactivation of the insulin pathway
is lipotoxicity. ** Mitochondrial dysfunction and subsequently elevated free fatty acid
concentrations are typically associated with defective insulin signalling. " We have
previously shown markedly enhanced levels of circulating free fatty acids (FFA) in serum of
animals after local irradiation of the heart. °In the present study, we found significant
alterations in proteins involved in endothelial energy production and oxidative
phosphorylation (OXPHOS). It is proposed that persistence exposure of cells to high
concentration of FFA activates the serine/threonine kinase cascade and increase
phosphorylation of insulin receptor substrates (IRS-1 and IRS-2) on serine/threonine but not
at tyrosine sites. Misbalance in IRS serine and tyrosine phosphorylation reduces the ability
of the insulin receptor substrates to activate NO production. ** In a good agreement with this,
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our assay of phosphorylation status of IRS confirmed the increase in IRS1 serine
phosphorylation but not in tyrosine residues.

An additional mechanism resulting in insulin pathway impairment is hyperglycemia. Impaired
INSR/ IGFR1 cascade affects the uptake of glucose due to reduced glucose transporter type
4 translocation to the cell surface. °® We accordingly observed an increase in serum glucose
and a reduction in the Glut4 content. Lower Glut4 level was observed in the context of
contractility dysfunction and in excess of FFA in rats. "° High glucose concentration
contributes to endothelial dysfunction ** and endothelial senescence. "® Hyperglycaemia is
also associated with the increased mitochondrial ROS production. " The mechanisms of
endothelial dysfunction and insulin pathway impairment share many similar features. It has
been shown that PI3K-Akt-NO pathway is involved in the glucose uptake and translocation
of Glut4 to cell surface in different cell types including cardiomyocytes "® and adipocytes.
Interestingly, it has been reported that administration of chemo-radiation for head and neck
carcinoma alters glucose metabolism during and after treatment. 2 A main event of insulin
cascade inhibition in endothelial cells is deactivation of in PI3K-Akt pathway.”® Our
immunoblotting data and gene expression profiling confirmed that total and active forms of
different components of the PI3K-Akt pathway were changed after irradiation. It has been
shown that an inhibition of the insulin / IGF1R pathway caused an altered phosphorylation
and activation of Akt 3" and mTOR complexes (MTORC1/2) ® and other downstream targets
including Foxo3 % and GSK3. # GSK3 serves as negative regulator of insulin and impairs
insulin cascade via IRS1 serine phosphorylation. %

We have shown before that the PI3K-Akt-mTOR pathway is associated with progression of
premature senescence in vitro after chronic radiation exposure. * Cellular senescence
contributes to the endothelial dysfunction in vivo and in vitro. ® Endothelial senescence is
associated with endothelial dysfunction, disrupted cell-cell junctions and increased

monolayer permeability. ¥ Our data show an increase in the senescent markers of irradiated

6, 88, 89 87

cells including accumulation of p21 and p1 increased amount of cadherin, ®* and

ICAM, * and reduced level of prohibitin-1. ® High acute doses of ionising radiation have
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been shown to induce a senescence-like phenotype in endothelial cells with a significant

%2 and in vivo. ® Persistent up-regulation of

decrease in angiogenic activity in vitro
senescence marker expression has been observed in vivo after irradiation. ** Recently,
Panganiban and Day have shown that high dose radiation (10 Gy X-ray) induced IGF1R
phosphorylation 24h after exposure in human pulmonary arterial endothelial cells
(HPAEC).* The authors suggested that the activation of IGF1R contributed to accelerated
senescence in these cells. Although our study and that of Panganiban and Day both
investigated the effect of irradiation on endothelial senescence, a direct comparison between
the studies is difficult. The study by Panganiban and Day was performed on primary lung
endothelial cells that were in vitro irradiated and analysed shortly after the exposure. % In
contrast, we analysed freshly harvested primary endothelial cells from in vivo irradiated
hearts 16 weeks after exposure. The nature of stress-induced accelerated senescence
differs in in vivo and in vitro environments. The isolated cardiac endothelial cells in our study
were a target of a complex cellular communication and exposed to local and circulatory
stress-induced molecules. However, both studies emphasise the important role of IGF11R in
the radiation-induced endothelial senescence.

In addition to deactivation of insulin / IGF1R pathway, the endothelial proteome profiling in
this study predicts an inhibition of the transcription factor PPAR alpha after irradiation. We
have previously shown that high-dose radiation altered the cardiac fatty acid oxidation and
increased inflammation due to the impairment of the PPAR alpha transcription factor activity.
' The members of the PPAR family are expressed in endothelial cells and play a role in

endothelial cell function and structure. ® Endothelial PPAR alpha regulates mainly the

9 55

leukocyte recruitment and adhesion to endothelial cells, " endothelial cell contraction,

inflammatory signalling,

and regulation of oxLDL-dependent pathway by alteration in
cellular lipids. ® Interestingly, IGF-1 has been described as a PPAR alpha target gene. %
PPAR alpha ligands are shown to stimulate eNOS expression. '® Furthermore, a negative
correlation between PPAR alpha activity and the level of homocysteine has been reported. *°

PPARs are involved in the endothelial FFA transport by regulating the fatty acid binding
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proteins. '°" A decrease in the level of the fatty acid binding protein 4 (FABP4) and reduced
fatty acid oxidation in the endothelial cell proteome after was observed after 16 Gy
irradiation. Our immunoblotting data showed enhanced levels of active (less phosphorylated)
form of GSK3 beta after irradiation. The active GSK3 has been shown to phosphorylate
PPAR alpha and thereby increase its turn-over and ubiquitination. "% GSK3 beta is activated
by inflammation and associated with increased endothelial adhesion molecule expression.
% Our data emphasise the role of PPAR alpha in heart pathophysiology after high-dose
radiation where impairment of PPAR may orchestrate the myocardial and endothelial
pathology.

Taken together, the data gathered here using different methods strongly suggest a radiation-
dependent inactivation of both insulin-dependent PI3K and MAPK signalling pathways. A
putative model of the role of these pathways in radiation-induced cardiovascular damage is
presented in Figure 10. It proposes that irradiation deactivates the insulin signalling in
endothelial cells via the insulin receptor substrate-PI3K-Akt pathway to reduce the activation
of endothelial nitric-oxide synthase (eNOS). The event is accompanied by alteration in
MAPK cascade and followed by increased oxidative stress and inflammation confirming
earlier observations of a pro-inflammatory reaction of endothelial cells to irradiation.
Elevated levels of FFA and glucose alter the homeostasis of insulin receptor substrate serine
/ tyrosine phosphorylation and change the activity of the insulin receptor. Deactivation of the
insulin/IGF-PI3K-Akt cascade is characterised by a low level of NO bioavailability, increased
ROS production, enhanced endothelial permeability and adhesion, endothelial senescence,
and elevated circulatory cytokines. These changes are proposed to contribute in endothelial

dysfunction and vascular injury after radiation exposure.

Clinical application
Endothelial dysfunction has been described as an early and critical marker of response to

irradiation.
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Further, EC dysfunction has been qualified as a marker of cardiovascular disease. ™

European hypertension guidelines ' recognised endothelial cell function as a therapeutic
target to reduce cardiovascular risk. '® Screening of endothelial function in a reliable and
cost-effective manner could be applied for future cardiovascular therapy. The upstream
regulators and mediators of PI3K pathway such as PPAR alpha and IGF need to be
considered as future therapeutic targets protecting the patient from vascular complications
due to radiotherapy.

Supporting information,

Supporting information, including supplementary figures and tables to this article is available

free of charge via http://pubs.acs.org/.

Supplementary Figures:

Fig. S1. Graphical representation of the merged most significant protein interaction networks
after 8 Gy using Ingenuity Pathway Analysis of differentially regulated proteins.

Fig. S2. Graphical representation of the merged most significant protein interaction networks
after 16 Gy using Ingenuity Pathway Analysis of differentially regulated proteins.

Fig. S3. Graphical representation of 20 most important canonical pathway networks
representing significantly deregulated proteins after 8 Gy (A) and 16 Gy (B)

(http://mwww.INGENUITY.com).

Fig. S4. The analysis of endothelial E-selectin expression (A) and myocardial microvessel
density (MDV) using CD31 immunohistochemistry (B).

Fig. S5. Graphical representation of mainly molecular network affected in cardiac
microvascular endothelial cells after 8 Gy (A) and 16 Gy (B).

Supplementary Tables:

Table S1. H/L fold change ratio of the spiked proteins quantified by ICPL approach.

Table S2. Significantly differently expressed proteins quantified by ICPL approach after 8 Gy
exposure.

Table S3. Significantly differently expressed proteins quantified by ICPL approach after 16
Gy exposure.
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Table S4. All peptides identified and quantified by ICPL approach after 8 Gy exposure.

Table S5. All peptides identified and quantified by ICPL approach after 16 Gy exposure.
Table S6. IPA Analysis summary of significantly deregulated proteins after 8 Gy exposure.
Table S7. IPA Analysis summary of significantly deregulated proteins after 16 Gy exposure.
Table S8. The Mouse PI3K signalling Targets RT? Profiler PCR Array profile after 8 Gy
exposure

Table S9.The Mouse PI3K signallingTargets RT? Profiler PCR Array profile after 16 Gy
exposure

Table S10.The mouse senescence targets RT? Profiler PCR Array profile after 8 Gy
exposure

Table S11.The mouse senescence targets RT? Profiler PCR Array profile after 16 Gy
exposure

Table S12. The analysis of myocardial microvessel density (MDV) using CD31

immunohistochemistry and evaluation of endothelial E-selectin expression
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Figure legends

Figure 1. The number of isolated endothelial cells after irradiation. The counts of
isolated endothelial cells from mice irradiated with 0 Gy (control), 8 Gy or 16 Gy show that
the amount of endothelial cells isolated from mice that were irradiated with 16 Gy was
significantly lower than the amount isolated from control or 8 Gy-irradiated mice. The error
bars represent standard error of the mean (SEM). Four biological replicates in each group

were used for the statistical analysis; (p* < 0.05, t-test; n=4).

Figure 2. Identification and characterisation of endothelial cells isolated from mouse
hearts irradiated with 0 Gy (control), 8 Gy or 16 Gy. Proportion of positively stained cells
of all cells (%) is shown for endothelial cell markers PECAM-1, endoglin, VE-cadherin,
ICAM-1, ICAM-2, mucosialin and VCAM-1. The proportion of cells that stained positively for
these markers was nearly 100% (97+2), independent of the radiation dose. The amount of
endothelial cells that stained positively for VCAM-1 was significantly increased after 8 Gy
(32%) compared with control cells. The error bars represent standard error of the mean
(SEM). Three biological replicates in each group were used for the statistical analysis; (p* <
0.05, t-test) (A). Mean fluorescence intensity values are shown for endothelial cell markers
PECAM-1, endoglin, VE-cadherin, ICAM-1, ICAM-2, mucosialin and VCAM-1. Cell surface
densities of ICAM-1 and ICAM-2 showed significant increases after 16 weeks at 8 Gy and 16
Gy compared to control cells. The error bars represent standard error of the mean (SEM);

(p* < 0.05, t-test; n=3) (B).

Figure 3. Protein-protein interaction analysis of the significantly differentially
expressed proteins. The biological networks are shown after 8 Gy (A) and 16 Gy (B).

Association networks were analysed by the STRING software tool (http://string-db.org). The

analysis of all significantly deregulated proteins from both protein profiles indicated five
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distinct but interconnected clusters of proteins: cytoskeletal structure, translation and

transcription, heat shock proteins, mitochondrial respiratory chains, and metabolism.

Figure 4. Ingenuity pathway analysis of upstream transcriptional regulators. Graphical
representation of the deregulated protein networks with their upstream transcriptional

regulators after 8 Gy (A) and 16 Gy (B) (http://www.INGENUITY.com). The up-regulated

proteins are marked in red and the down-regulated in green. The nodes in blue represent
transcription factors. The gene IDs of the proteins are available in supplementary tables S2

and S3.

Figure 5. Immunoblot verification of the relevant proteins of the Insulin-PI3K-Akt
pathway after 8 and 16 Gy. Immunoblot analysis of EC protein lysate was performed using
anti-INSR / IGF1R , anti-phospho INSR / IGF1R (Tyr1146/1131), anti-PI3K (p85), anti-
phospho PI3K [p85 (Tyr458)/p55 (Tyr199)], anti-Akt, anti-phospho AKt (Ser473), anti-mTOR,
anti-phospho mTOR (Ser2488), anti-GSK3 beta, anti-phospho GSK3 beta (Ser21/9), anti-
FOXO3a, anti-phospho FOXO3a (Ser318/321), anti-eNOS, anti-phospho eNOS (Ser1177)
and anti-Glut4 (A). The columns represent the average ratios of relative protein expression
in sham- and irradiated samples after background correction and normalisation to GAPDH
expression (B and C) (t-test; *p< 0.05; n=3). The analysis showed the significantly reduced

activity of insulin/ PI3K cascade (D).

Figure 6. Inmunoblot analysis of phosphorylation events of MAPK pathway, oxidative
stress response and senescence. Immunoblot analysis of EC protein lysate was
performed using anti-ERK 44/42, anti-phospho-ERK (p-ERK), anti-p38, anti-phospho-p38 (p-
p38), anti-superoxide dismutase 1 (SOD), anti-heat shock proteins 90 and 70 (Hsp90 and
Hsp70) and anti-p16, anti-p21 and anti-p53, and anti-phospho-p53 (A, B).Columns represent

the average ratios of relative protein expression in sham- and irradiated samples after
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background correction and normalisation to GAPDH expression (C, D, E and F) (t-test; *p<
0.05; n=3). The analysis showed significantly increased level of phosphorylated p38 after 16
Gy (D) indicating effect of ionising radiation on insulin/IGF-MAPK signalling pathway (G).
The protein levels of SOD and Hsp90 were significantly decreased while hsp70 was
increased after radiation. The protein markers of senescence (p16 and p21) were markedly

increased after both doses.

Figure 7. Analysis of insulin receptor substrate 1 (IRS-1) phosphorylation. The
phosphorylation status of insulin receptors was analysed using total IRS (A), phospho-IRS-1
(serine-621) (B), phospho-IRS-1 (serine-307) (C) and phospho-IRS-1 (pan-tyrosine) (D)
Sandwich ELISA Kits . AU: arbitrary unit (A-D) (t-test; *p<0.05; n=3). The level of total IRS-1
and phospho-IRS1 (Ser621) did not change after irradiation (B). Phosphorylation of IRS-1 at

Ser-307 was increased while phosphorylation of IRS-1 at tyrosine residues was reduced (D).

Figure 8. Analysis of the levels of stress-induced protein modifications. The total
amount of the 3-nitrotyrosine-modified proteins (protein nitrosylation marker) (A),
malondialdehyde modified proteins (lipid peroxidation marker) (B), homocysteinylated
proteins (C) and carbonylated proteins (D) were analysed after irradiation. Analysis showed
markedly increase level of malondialdehyde-modified proteins, nitrosylated proteins and
homocysteinylated proteins and carbonylated proteins after radiation suggesting protein

damage by oxidative stress. (t-test; *p<0.05; n=3).

Figure 9. Serum glucose, nitric oxide, oxLDL and cytokines assay. The serum levels of
glucose (A), nitric oxide (NO) (B), oxLDL (C) and cytokines (D) were analysed using ELISA
assay after irradiation. The analysis showed increased level of glucose after 16 Gy (A). The
serum NO level was significantly reduced after both doses (B). The analysis showed
elevated level of oxLDL after both doses (C). The levels of TNF alpha, IL1a and IL6 were
enhanced after irradiation (D). (-test; *p< 0.05; n = 4).
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Figure 10. Proposed model for the role of insulin/IGF-PI3K-Akt cascade in radiation-

induced endothelial dysfunction. All proteins and genes found significantly deregulated in

O©CoO~NOUTA,WNPE

this study are indicated with stars in pathway.
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Table 1. Overlapping significantly deregulated proteins between the two radiation

doses. The number of shared endothelial proteins with their accession numbers, gene IDs

and names with corresponding fold changes (H/L) after doses of 8 and 16 Gy are indicated.

No. | GenelD Description HIL8 Gy | HIL 16 Gy
1 ACADM acyl-Coenzyme A dehydrogenase, medium chain 0.7 0.7
2 ATP50 ATP synthase, H+ transporting, complex, O subunit 0.7 0.7
3 Bin2 bridging integrator 2 1.6 1.9
4 CLTC clathrin, heavy polypeptide (Hc) 8.3 3.0
5 DES desmin 0.8 0.5
6 DPYSL2 dihydropyrimidinase-like 2 1.3 2.0
7 EEF1A1 eukaryotic translation elongation factor 1 alpha 1 1.6 1.4
8 EHD2 EH-domain containing 2 15 2.1
9 H2D1 H2-D1 MGI Symbol|histocompatibility 2, D region locus 1 1.3 1.9
10 HADHB hydroxyacyl-Coenzyme A dehydrogenase beta subunit 0.7 0.6
1 HIST1H1C histone cluster 1, H1c 0.6 0.7
12 HIST1HE histone cluster 1, H1e 0.6 0.6
13 HSP90AA1 heat shock protein 90, alpha (cytosolic), class A member 1 0.6 0.6
14 HSP90B1 heat shock protein 90, beta (Grp94), member 1 0.6 0.7
15 HSPA12B heat shock protein 70, 12B 2.3 1.3
16 HSPA5 heat shock protein 5 0.7 0.7
17 LMNB2 lamin B2 0.6 0.7
18 MYH9 myosin, heavy polypeptide 9, non-muscle 4.1 1.4
19 PDHA1 pyruvate dehydrogenase E1 alpha 1 0.8 0.6
20 RPL3 ribosomal protein L3 0.7 0.8
21 THBS1 thrombospondin 1 2.6 2.2
22 TKT transketolase 1.8 2.2
23 TUBB4B tubulin, beta 4B class IVB 22 1.3
24 Uqcre2 ubiquinol cytochrome c reductase core protein 2 0.5 0.7
25 VASP vasodilator-stimulated phosphoprotein 1.3 1.5
26 Vim vimentin 1.3 1.3
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Figure 1

30 The number of isolated endothelial cells after irradiation. The counts of isolated endothelial cells from mice
31 irradiated with 0 Gy (control), 8 Gy or 16 Gy show that the amount of endothelial cells isolated from mice
32 that were irradiated with 16 Gy was significantly lower than the amount isolated from control or 8 Gy-
33 irradiated mice. The error bars represent standard error of the mean (SEM). Four biological replicates in
34 each group were used for the statistical analysis; (p* < 0.05, t-test; n=4).
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Figure 2

Identification and characterisation of endothelial cells isolated from mouse hearts irradiated with 0 Gy
(control), 8 Gy or 16 Gy. Proportion of positively stained cells of all cells (%) is shown for endothelial cell
markers PECAM-1, endoglin, VE-cadherin, ICAM-1, ICAM-2, mucosialin and VCAM-1. The proportion of cells
that stained positively for these markers was nearly 100% (97+2), independent of the radiation dose. The
amount of endothelial cells that stained positively for VCAM-1 was significantly increased after 8 Gy (32%)
compared with control cells. The error bars represent standard error of the mean (SEM). Three biological
replicates in each group were used for the statistical analysis; (p* < 0.05, t-test) (A). Mean fluorescence
intensity values are shown for endothelial cell markers PECAM-1, endoglin, VE-cadherin, ICAM-1, ICAM-2,
mucosialin and VCAM-1. Cell surface densities of ICAM-1 and ICAM-2 showed significant increases after 16
weeks at 8 Gy and 16 Gy compared to control cells. The error bars represent standard error of the mean
(SEM); (p* < 0.05, t-test; n=3) (B).
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Figure 3
Protein-protein interaction analysis of the significantly differentially expressed proteins. The biological
networks are shown after 8 Gy (A) and 16 Gy (B). Association networks were analysed by the STRING
software tool (http://string-db.org). The analysis of all significantly deregulated proteins from both protein
profiles indicated five distinct but interconnected clusters of proteins: cytoskeletal structure, translation and
transcription, heat shock proteins, mitochondrial respiratory chains, and metabolism.
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Figure 4

Ingenuity pathway analysis of upstream transcriptional regulators. Graphical representation of the
deregulated protein networks with their upstream transcriptional regulators after 8 Gy (A) and 16 Gy (B)
(http://www.INGENUITY.com). The up-regulated proteins are marked in red and the down-regulated in
green. The nodes in blue represent transcription factors. The gene IDs of the proteins are available in
supplementary tables S2 and S3.
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Figure 5
g; Immunoblot verification of the relevant proteins of the Insulin-PI3K-Akt pathway after 8 and 16 Gy.
Immunoblot analysis of EC protein lysate was performed using anti-INSR / IGF1R , anti-phospho INSR /
IGF1R (Tyr1146/1131), anti-PI3K (p85), anti-phospho PI3K [p85 (Tyr458)/p55 (Tyr199)], anti-Akt, anti-
30 phospho AKt (Ser473), anti-mTOR, anti-phospho mTOR (Ser2488), anti-GSK3 beta, anti-phospho GSK3
31 beta (Ser21/9), anti-FOX03a, anti-phospho FOX03a (Ser318/321), anti-eNOS, anti-phospho eNOS
32 (Ser1177) and anti-Glut4 (A). The columns represent the average ratios of relative protein expression in
33 sham- and irradiated samples after background correction and normalisation to GAPDH expression (B and C)
34 (t-test; *p< 0.05; n=3). The analysis showed the significantly reduced activity of insulin/ PI3K cascade (D).
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Figure 6
Immunoblot analysis of phosphorylation events of MAPK pathway, oxidative stress response and
senescence. Immunoblot analysis of EC protein lysate was performed using anti-ERK 44/42, anti-phospho-
ERK (p-ERK), anti-p38, anti-phospho-p38 (p-p38), anti-superoxide dismutase 1 (SOD), anti-heat shock
proteins 90 and 70 (Hsp90 and Hsp70) and anti-p16, anti-p21 and anti-p53, and anti-phospho-p53 (A,
B).Columns represent the average ratios of relative protein expression in sham- and irradiated samples after
background correction and normalisation to GAPDH expression (C, D, E and F) (t-test; *p< 0.05; n=3). The
analysis showed significantly increased level of phosphorylated p38 after 16 Gy (D) indicating effect of
ionising radiation on insulin/IGF-MAPK signalling pathway (G). The protein levels of SOD and Hsp90 were
significantly decreased while hsp70 was increased after radiation. The protein markers of senescence (p16
and p21) were markedly increased after both doses.
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34 Analysis of insulin receptor substrate 1 (IRS-1) phosphorylation. The phosphorylation status of insulin

35 receptors was analysed using total IRS (A), phospho-IRS-1 (serine-621) (B), phospho-IRS-1 (serine-307)

36 (C) and phospho-IRS-1 (pan-tyrosine) (D) Sandwich ELISA Kits . AU: arbitrary unit (A-D) (t-test; *p<0.05;

37 n=3). The level of total IRS-1 and phospho-IRS1 (Ser621) did not change after irradiation (B).

38 Phosphorylation of IRS-1 at Ser-307 was increased while phosphorylation of IRS-1 at tyrosine residues was
reduced (D).
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Figure 8. Analysis of the levels of stress-induced protein modifications. The total amount of the 3-
nitrotyrosine-modified proteins (protein nitrosylation marker) (A), malondialdehyde modified proteins (lipid
peroxidation marker) (B), and homocysteinylated proteins (C) and carbonylated proteins (D) were analysed

after irradiation. Analysis showed markedly increase level of malondialdehyde-modified proteins,
nitrosylated proteins and homocysteinylated proteins and carbonylated proteins after radiation suggesting

protein damage by oxidative stress. (t-test; *p<0.05; n=3).
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Serum glucose, nitric oxide, oxLDL and cytokines assay. The serum levels of glucose (A), nitric oxide (NO)
(B), oxLDL (C) and cytokines (D) were analysed using ELISA assay after irradiation. The analysis showed
increased level of glucose after 16 Gy (A). The serum NO level was significantly reduced after both doses
(B). The analysis showed elevated level of oxLDL after both doses (C). The levels of TNF alpha, IL1a and IL6
were enhanced after irradiation (D). (t-test; *p< 0.05; n = 4).
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Figure 10
Proposed model for the role of insulin/IGF-PI3K-Akt cascade in radiation-induced endothelial dysfunction. All
proteins and genes found significantly deregulated in this study are indicated with stars in pathway.
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