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Radiation-induced dysfunction of energy metabolism
in the heart results in the fibrosis of cardiac tissues
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Abstract. Thoracic radiotherapy increases the risk of radia-
tion-induced heart damage (RIHD); however, the molecular
mechanisms underlying these changes are not fully under-
stood. The aim of the present study was to investigate the
effects of radiation on the mouse heart using high-throughput
proteomics. Male C57BL/6] mice were used to establish
a model of RIHD by exposing the entire heart to 16 Gy
high-energy X-rays, and cardiac injuries were verified using a
cardiac echocardiogram, as well as by measuring serum brain
natriuretic peptide levels and conducting H&E and Masson
staining 5 months after irradiation. Proteomics experiments
were performed using the heart apex of 5-month irradiated mice
and control mice that underwent sham-irradiation. The most
significantly differentially expressed proteins were enriched
in 'cardiac fibrosis' and 'energy metabolism'. Next, the cardiac
fibrosis and changes to energy metabolism were confirmed
using immunohistochemistry staining and western blotting.
Extracellular matrix proteins, such as collagen type 1 a 1 chain,
collagen type III a 1 chain, vimentin and CCCTC-binding
factor, along with metabolism-related proteins, such as fatty
acid synthase and solute carrier family 25 member 1, exhib-
ited upregulated expression following exposure to ionizing
radiation. Additionally, the myocardial mitochondria inner
membranes were injured, along with a decrease in ATP levels
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and the accumulation of lactic acid in the irradiated heart
tissues. These results suggest that the high doses of ionizing
radiation used lead to structural remodeling, functional injury
and fibrotic alterations in the mouse heart. Radiation-induced
mitochondrial damage and metabolic alterations of the cardiac
tissue may thus be a pathogenic mechanism of RIHD.

Introduction

Thoracic radiotherapy is an important cancer treatment for
patients diagnosed with malignant tumors, such as breast
cancer, lung cancer, Hodgkin's lymphoma and esophageal
cancer (1-4). Radiotherapy improves overall survival (OS)
in patients with thoracic cancer, but it can result in some
inevitable complications, particularly radiation-induced heart
damage (RIHD), which has gradually become an increasing
concern of oncologists and cardiologists (5,6). The incidence
of RIHD has increased due to the prolonged OS of patients
with cancer, and RIHD usually occurs 5-10 years after radia-
tion (7,8). Radiation influences various aspects of the heart
physiology, including the myocardium, pericardium, valves,
coronary arteries and conduction system (9-11). Ionizing radia-
tion exposure accelerates endothelial injury and facilitates the
development of atherosclerotic plaques in coronary arteries
clinically (10). The rates of major coronary events increase
by 7.4% per gray as the mean heart dose (MHD) is increased,
and these coronary events usually occur 5-20 years after
radiotherapy amongst breast cancer survivors (12). It has been
reported that the risk of coronary heart disease was increased
2.5-fold in a 20 Gy MHD group compared with patients with
Hodgkin's lymphoma treated without radiation (2). Myocardial
injury is another common complication of radiation. In a
previous study, the prevalence of heart failure was nearly 24%
at 20 years after receiving thoracic ionizing radiation (13). In
preclinical studies, mice exposed to high doses of radiation
often exhibited a decrease in left ventricular ejection frac-
tion (LVEF) and an increase in expression of myocardial injury
markers (14,15). In our previous study, soluble suppression of
tumorigenicity-2 was identified as a cardiac biomarker that was
shown to be increased amongst patients with cancer following
thoracic radiotherapy, and it was positively associated with the
radiation parameters Vs, V,,, V,, of heart and MHD (16).
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High-dose exposure (>5 Gy) radiation, which is mostly
observed in patients receiving radiation therapy, leads to
cardiac injury (17). Low dose exposure (<0.5 Gy) radia-
tion has also been investigated with cardiovascular effects,
which is more frequently observed in Japanese atomic bomb
survivors, Mayak workers or other nuclear workers (18). To
further evaluate the heart damage of patients who received
radiotherapy, the relevant literature was examined (19,20), and
consequently a high dose of 16 Gy was selected in the current
study. In previous studies, RIHD progression was considered
to be associated with energy deposition and the generation of
reactive oxygen species (ROS), followed by molecular changes,
damage to DNA, lipids and proteins, as well as the activation
of early response transcription factors, cytokines, endothelial
cell injury and signaling transduction pathways (21-25). This
radiation stimulation to heart tissue of mice may result in
increasing epicardial thickness and infiltrating inflammatory
factors in the epicardium, as well as interstitial collagen depo-
sition (20). To investigate RIHD in-depth, high-throughput
proteomics analysis was used in the present study.

The latest advances in the high-throughput technologies of
multiple ‘combinatorial data’ analyses may allow for a more
direct and precise understanding of the molecular mechanisms
underlying diseases (26,27). Notably, proteomics are used to
provide functional context in interpretation of genomic abnor-
malities, particularly in cancer biology (28,29). Proteomics
has gradually become an important technique in the fields of
disease diagnosis, drug research and drug development, whilst
also serving a predominant role in the study of the molecular
basis of diseases and the understanding of various biological
processes at the protein level (30,31). Proteomics analysis of
radiation injury may provide novel directions for the study of
the mechanism underlying RIHD. Thus, in the present study,
proteomics analysis was used to identify the changes that
occurred in protein expression levels in cells or tissues.

The aim of the present study was to use a novel
high-throughput proteomics technology to evaluate the
effects of radiation on expression of proteins in the heart by
establishing a RIHD mouse model to further understand the
potential molecular mechanisms underlying the development
of RIHD.

Materials and methods

Animal model of RIHD and local cardiac irradiation. In total,
18 C57BL/6 male mice (weight, 20-25 g; age, 8 weeks) were
purchased from the Shanghai Institute of Biochemistry and
Cell Biology. The mice were irradiated at the age of 8-9 weeks.
All mice were maintained with controlled humidity (40-60%)
and temperature (22-24°C) and a 12-h light/dark cycle, with
ad libitum access to food and water. The irradiated mice
were sacrificed after 1, 3 or 5 months, and the mice in the
control group mice were sacrificed after 5 months. Mice were
sacrificed by dislocating the cervical spine under intraperito-
neal injection of 75 mg/kg pentobarbital sodium. Each group
included 3-6 mice. Ethical approval for the animal experi-
ments was obtained from the Institutional Review Board of
The Second Affiliated Hospital of Nanchang University.

The whole heart was locally irradiated with a dose
of 16 Gy using a precise small-animal radiation research

platform (XStrahl Medical and Life Sciences) in the Zhejiang
Key Radiation Laboratory. Mice in the control group were
sham-irradiated and heart tissue was harvested after 5 months.
All mice were anesthetized by intraperitoneal injection of
75 mg/kg pentobarbital sodium and placed in the supine
position in the irradiation area of the small animal X-ray radi-
ometer. The laser system was used to establish a 3D coordinate
system. Irradiated mice underwent whole heart radiation.
Control mice received sham irradiation (0 Gy). Cone-beam
computed tomography, using 50 kV and 0.8 mA photons
filtered with aluminum (1 mm), was performed for each mouse
to visualize the tomographic scanning of the thorax. Heart,
lungs and the spinal cord were drawn by the same physicist
during the tomographic scanning of the thorax, then the
physicists designed and evaluated the radiotherapy plan, and
limited the irradiated volume of the lung tissue and spinal cord
in the mice as much as possible. A dose-volume histogram of
the heart, lungs and spine was obtained (Fig. S1B). For arc
radiation, a 0.15-mm copper filter was fitted with a 10x10 mm?
collimator (-90° to 90°) at a source-skin distance of 342.5 mm,
energized at 220 kV and 13.0 mA a single X-ray beam with a
dose rate of 2.32 Gy/min (Fig. S1A, C-E).

Cardiac echocardiogram. Transthoracic echocardiography
was performed using the Vevo 2100 ultrasound system
(Visualsonics, Inc.) as described in our previous study (32). The
mice were anesthetized by isoflurane (induction and mainte-
nance doses of isoflurane were 3 and 1.5%, respectively). Mice
were placed in the supine position on an electrical heating pad
at 37°C. At the level of the largest left ventricle (LV), 2D guided
M-mode echoes were obtained. The left ventricular posterior
wall at the end of diastole was measured from the M-mode
image in short axis. The LVEF and fractional shortening were
calculated from the measured ventricle dimensions. Each
group contained =3 mice.

Measurement of serum brain natriuretic peptide (BNP)
levels. Mice were anesthetized by intraperitoneal injection
of 75 mg/kg pentobarbital sodium, and blood was collected
from the vena orbital sinus of the 1-, 3- and 5-month irradi-
ated mice group and the control group. Then, mice were
sacrificed quickly via cervical dislocation. Blood samples
(~1 ml per mouse) were collected in tubes with EDTA and the
serum was separated via centrifugation at 4°C at 600 x g for
10 min. BNP was determined using a high sensitivity ELISA
kit [Presage BNP assay; USCNK, http:/www.uscnk.cn/uscn
/ELISA-Kit-for-Brain-Natriuretic-Peptide-(BNP)-49004.htm]
according to the manufacturer's protocol. BNP levels were
evaluated after determining the optical density of the samples
at 450 nm (Thermo Fisher Scientific, Inc.). Each group
contained =3 mice.

H&E, Masson staining and immunohistochemistry (IHC).
Half of the apical part of mouse hearts in control (n=3) and
experiment (n=3) group was quickly excised, immersed in
10% paraformaldehyde at room temperature for 24 h and
embedded in paraffin. The heart tissue was cut into 5-ym thick
sections, and the slides were stained with the H&E staining
kit (Beijing Solarbio Science & Technology Co., Ltd.; cat.
no. G1120). Masson staining of heart tissue was conducted
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using a Trichrome stain (Masson) kit (Beijing Solarbio
Science & Technology Co., Ltd.; cat. no. G1340) according to
manufacturer's instructions.

IHC was performed as described previously (33). The
5-uM sections were baked at 65°C for 30 min, deparaf-
finized with xylene and rehydrated with a decreasing series
of ethanol concentrations (100, 95, 90, 80 and 70%). Then,
antigen retrieval was performed using EDTA, after which
tissues were treated with 3% hydrogen peroxide in methanol
to quench endogenous peroxidase activity for 30 min at room
temperature, and blocked with 5% goat serum (Solarbio, Inc.)
at room temperature for 1 h. Primary antibodies against mouse
anti-collagen type 1 a 1 chain (Collal; 1:500; ProteinTech
Group, Inc.; cat. no. BA0325) or mouse anti-collagen
type IIT a 1 chain (Col3al; 1:500; ProteinTech Group, Inc.;
cat. no. M00788) were added, and samples were incubated
at 4°C overnight, following which they were incubated with
biotinylated secondary antibody (anti-rabbit; 1:5,000; OriGene
Technologies, Inc.; cat. no. TA130017) for 1 h at room temper-
ature and stained with DAB for 15 min at room temperature.
After fully washing under tap water, sections were stained with
10% hematoxylin for 3 min at room temperature and sealed
with neutral gum. Sections were examined using an Olympus
CX33 light microscope (Olympus Corporation)

Proteomics analysis. Proteomics analysis was conducted and
analyzed by Jingjie PTM Biolab Co., Ltd. The 5-month and
control groups contained three mice each. The primary processes
included protein extraction of heart apex with lysis buffer-8 M
urea (Sigma-Aldrich; Merck KGaA), 1% Protease Inhibitor
(Calbiochem; Merck KGaA), 3 uM TSA (Sigma-Aldrich; Merck
KGaA), 50mM NAM (Sigma-Aldrich; Merck KGaA), 2 mM
EDTA (Sigma-Aldrich; Merck KGaA), trypsin digestion and
tandem mass tag (TMT) labeling, followed by high perfor-
mance liquid chromatography (LC) fractionation and LC-mass
spectrometry (MS)/MS analysis. MS/MS data were analyzed
using the Maxquant search engine (https:/www.maxquant.
org/yversion 1.5.2.8), and the tandem mass spectra were analyzed
using the SwissProt Mouse database (version 201808,16992
sequences, https://www.uniprot.org/), along with the reverse
decoy database to calculate the false positive rate caused by
random matching. Detailed descriptions can be found in the
Data S1.

Bioinformatics analysis

Gene Ontology (GO) analysis. A GO annotation proteome
was derived from the UniProt-GOA database (version Goa_
uniprot_gcrp.gaf.163; ebi.ac.uk/GOA/).

Subcellular localization analysis. Wolfpsort (version 0.2;
genscript.com/psort/wolf_psort.html), a subcellular localiza-
tion predication program, was used to predict the subcellular
localization of the proteins.

Cluster of Orthologous Groups/Eukaryotic Orthologous
Groups (COG/KOG) function classification. The KOG data-
base (version 2003; https://ftp.ncbi.nih.gov/pub/COG/KOG/)
was uses to classified DEPs for function annotations.

Functional enrichment
Enrichment of GO analysis. GO annotations can be
divided into three categories: Biological Process (BP), Cellular

Component (CC) and Molecular Function (MF), which cate-
gorize the biological functions of proteins based on different
features. A two-tailed Fisher's exact test was used to assess
the enrichment of the differentially expressed proteins (DEPs)
against all identified proteins.

Enrichment of pathway analysis. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) database (version 2.5;
https://www.kegg.jp/kegg/pathway) was used to study the
enriched pathways using a two-tailed Fisher's exact test.

Enrichment of the protein domain analysis. InterPro
(version 5.14-53.0; ebi.ac.uk/interpro/), a database providing
functional analysis of protein sequences and predicting the
presence of domains and important sites, was used and a
two-tailed Fisher's exact test was used to assess the enrichment
of the DEPs.

Protein-protein interaction (PPI) network mapping. All
DEP database accession nos. or sequences were searched
against the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database version 11.0 (https:/www.
string-db.org/) to determine the PPI network. Only interac-
tions between the proteins belonging to the searched dataset
were selected, thereby excluding external candidates. STRING
defines a metric termed ‘confidence score’ to describe the
interaction confidence; all interactions that had a confidence
score >0.7 (high confidence) were fetched. Interaction networks
from STRING were visualized in Cytoscape 3.7.2 (34). Multi
Contrast Delayed Enhancement (MCODE) version 1.5.1 was
used to identify significant modules (MCODE score =10) (35).
Additionally, cytoHubba (version 1.6) was used to study
essential nodes in the network using 11 methods [Density of
maximum neighborhood component (DMNC) exhibits a satis-
fied comparative performance], and was completed to examine
the hub genes (36).

Transmission electron microscopy. Parts of fresh apical heart
portions of the mice after 5 months were quickly sectioned into
1-mm? cubes and fixed in paraformaldehyde (Beijing Solarbio
Science & Technology Co., Ltd.) for 2 h at 4°C. Sections were
fixed in 1% osmium tetroxide for 2 h at room temperature,
followed by stepwise dehydration in graded acetone, after
which, tissues were infiltrated, embedded (1:1 acetone/812
embedding agent for 3 h at 37°C, 1:2 acetone/812 embedding
agent overnight at 37°C and 812 embedding agent for 6 h at
37°C) and polymerized. The pieces were sectioned with an
ultramicrotome into 1-2 ym pieces, and then stained with a
toluidine blue dye solution for 30 sec at room temperature.
The myocardial ultrastructure of the heart was observed on
a HITACHI-7700 electron microscope (Hitachi, Ltd.). Each
group contained three mice.

ATP and lactic acid assays. Samples of the apex of the heart
were mixed with lytic fluid, homogenized with a homogenizer
and then centrifuged at 4°C at 12,000 x g for 5 min. ATP
production was detected using an ATP Assay kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. Relative light unit values were collected using
with the Luminometer mode using a multimode Varioskan
LUX microplate reader (Thermo Fisher Scientific, Inc.).
Lactic acid was detected using a lactic acid kit (Nanjing
Jiancheng Bioengineering Institute) according to the
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manufacturer's protocol. The optical density value was
measured using a multimode microplate reader at 530 nm.
The protein concentration was measured using a BCA
assay. Absolute ATP and lactate levels were calculated from
the corresponding standard curve and normalized to the total
protein concentration. Each group contained three mice.

Western blotting. Western blotting was performed using a
standard protocol, as described previously (37). Samples of
the apex of the heart from all mice were briefly homogenized
using a homogenizer (PRO Scientific), and lysed in lysis buffer
[50 mmol/l Tris-HCI (pH 8.0), 150 mmol/l NaCl, 0.5% NP-40,
0.1% SDS and 5 mmol/l EDTA (pH 8.0)] containing aprotinin
phosphatase inhibitor (Beyotime Institute of Biotechnology)
and protease inhibitor (Beyotime Institute of Biotechnology).
Protein concentrations were quantified using a BCA Protein
assay kit (Beyotime Institute of Biotechnology), and 10 ug
protein was loaded per a lane on an 8 or 12% SDS-gel. Proteins
were resolved using SDS-PAGE and transferred to PVDF
membranes (MilliporeSigma). The membranes were blocked
using 5% fat-free milk for 1 h at room temperature and incu-
bated with primary antibodies at 4°C overnight, followed by
incubation with secondary antibodies (anti-rabbit; 1:5,000;
Wuhan Boster Biological Technology, Ltd.) for 1 h at room
temperature. Signals were visualized using chemilumines-
cence reagent (Bio-Rad Laboratories, Inc.) and semi-quantified
using ImagelJ 1.49 (National Institutes of Health). The primary
antibodies used in the present study were: Anti-Collal poly-
clonal antibody (1:1,000; Wuhan Boster Biological Technology,
Ltd.; cat. no. BA0325), anti-Col3al monoclonal antibody
(1:1,000; Wuhan Boster Biological Technology, Ltd.; cat.
no. M00788), anti-CCCTC-binding factor (CTGF) polyclonal
antibody (1:1,000; Wuhan Boster Biological Technology, Ltd.;
cat. no. PB0570), anti-vimentin (VIM) monoclonal antibody
(1:1,000; Wuhan Boster Biological Technology, Ltd.; cat.
no. BM0135), anti-fatty acid synthase (Fasn) monoclonal anti-
body (1:1,000; Wuhan Boster Biological Technology, Ltd.; cat.
no. BM4865), anti-solute carrier family 25 member 1 (Slc25al)
polyclonal antibody (1:1,000; Wuhan Boster Biological
Technology, Ltd. ; cat. no. A05995-2) and anti-a-tubulin mono-
clonal antibody (1:1,000; Wuhan Boster Biological Technology,
Ltd.; cat. no. M03989-2). The secondary antibodies used were
anti-rabbit (1:10,000; cat. no. SAO0001-2) and anti-mouse IgG
(1:10,000; cat. no. SA0O0001-1), both of which were obtained
from ProteinTech Group, Inc.

Statistical analysis. All data are presented as the mean + SD
of =3 repeats. Multiple comparisons difference involving
=3 groups were analyzed using one-way ANOVA with a
Tukey's post hoc test and the differences between two groups
were analyzed using unpaired Student's t-test. All analyses
were performed using SPSS version 20 (IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results

High-dose ionizing radiation causes cardiac structural
remodeling and functional injury to the hearts of mice. To
investigate the effects of high-energy X-rays on mouse heart
tissue, an RIHD animal model was first established using

local 16 Gy heart irradiation. Cardiac echocardiography,
serum myocardial biomarkers, and H&E and Masson staining
were used to verify cardiac injury at the different time points.
The results showed that LVEF and LV systolic posterior wall
thickness were decreased, while LV systolic internal dimen-
sion was increased in the 5-month group compared with the
3-month group (Fig. 1A-G). Moreover, pericardial effusion
was not observed in any of the groups (Fig. 1A-D). In addi-
tion, the levels of serum BNP, a cardiac biomarker, were
significantly increased 5 months after exposure to ionizing
radiation (Fig. 1H).

H&E staining of sections indicated that the cardiomyocytes
had degenerated and the myofilament boundary was blurred
after radiation, and these changes became more obvious as the
time of follow-up increased (Fig. 2A). In addition, compared
with the control mice, collagen fibers in the 5-month irradiated
heart tissues were notably increased (Fig. 2B). Collectively,
cardiomyocyte degeneration, fibrosis deposition, ventricular
wall remodeling, BNP elevation and LV systolic dysfunction
were evident in the 5-month irradiated mice. This indicated
that myocardial damage and cardiac remodeling manifested
in the mice in the 5 months after local heart radiation expo-
sure.

Proteomics analysis

Protein quantification. In the aforementioned results, it
was shown that mice manifested a RIHD phenotype 5 months
after administration of 16 Gy ionizing radiation. Therefore,
proteomics was performed using heart tissues from the control
and 5-month irradiated mice (Fig. 3A). Principal component
analysis and relative standard deviation were used to evaluate
the quantitative repeatability of the proteins (Fig. 3B and C).
A total of 269,637 secondary spectra were obtained by MS.
After the secondary spectrum of the MS was analyzed using
the protein theory database, the available number of spectra
was 64,186 and the utilization rate of the spectrum was 23.8%.
A total of 29,161 peptides were identified by the spectral
diagrams, amongst which, there were 28,194 unique peptides.
From these peptides, 3,777 proteins were identified, and 3,274
were quantifiable (Fig. 3D). High-throughput proteomics
analysis identified 234 proteins in total, and 219 proteins were
found to be significantly increased [log, fold change (FC)>1.2],
whereas only 15 proteins were considered downregulated
(log,FC<1:1.2) in the irradiated mouse hearts (Fig. 3E).

Subcellular localization and functional classification
analysis. The 234 DEPs were searched in the WolfPsort
database for prediction of their subcellular localization. The
subcellular localization analysis found that the distributions
of the DEPs were extracellular (46.58%), cytoplasmic (18.8%),
nuclear (14.1%), plasma membrane-bound (7.26%), mitochon-
drial (6.41%), endoplasmic reticulum (2.99%) and cytoplasm,
nucleus (2.99%), with the remainder of proteins considered to
be in other locations (0.85%) (Fig. 4A).

According to the GO category results, the proteins related
to BP were primarily ‘cellular process’, ‘single-organism
process’, ‘biological regulation’, ‘response to stimulus’ and
‘metabolic process’, while CC was primarily composed of
‘organelle’, ‘cell’ and ‘extracellular region’ components.
‘Binding’ and 'catalytic activity' proteins were the primary
MF (Fig. 4B).
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Figure 1. Local heart irradiation leads to RIHD after 5 months in mice. Representative images of mice echocardiographs in the (A) control mice, and mice (B) 1,
(C) 3 and (D) 5 months after local heart irradiation with a dose of 16 Gy. Red arrow, systolic thickness of the LV posterior wall 3 months after ionizing irradiation.
Blue arrow, systolic thickness of the LV posterior wall 5 months after ionizing irradiation. (E) Cardiac parameter: LVEF (%) in the control mice, and mice 1, 3
and 5 months after local heart irradiation with a dose of 16 Gy. (F) Cardiac parameter: LVID; s (mm) in the control mice, and mice 1, 3 and 5 months after local
heart irradiation with a dose of 16 Gy. (G) Cardiac parameter: LVPW; s (mm) in the control mice, and mice 1, 3 and 5 months after local heart irradiation with a
dose of 16 Gy. (H) Serum BNP (ng/ml). “P<0.05, “P<0.01; n=3-6 per group. LV, left ventricular; RIHD, radiation-induced heart damage; BNP, brain natriuretic
peptide; LVID;s, Left ventricle internal dimension in systole; LVPW; s, LV posterior wall thickness in systole; LVEF, left ventricular ejection fraction.

The DEPs in the heart tissue induced by radiation were
classified using COG/KOG (Fig. 4C). The results of the
COG/KOG functional classification showed that the DEPs
were primarily distributed in the following functions:
(W) Extracellular structure, (O) Posttranslational modifica-
tion, protein turnover, chaperones. (T) Signal transduction
mechanisms and (V) Defense mechanism. Moreover, there
were also significant DEPs in substance metabolism after
radiation, such as (C) energy production and conversion, (E)
amino acid transport and metabolism, (F) nucleotide transport
and metabolism, (G) carbohydrate transport and metabolism
and (I) lipid transport and metabolism (Fig. 4C). Thus, metab-
olism-related proteins were significantly altered according

to their subcellular localization and functional classification
analysis.

Functional enrichment analysis. To determine the significant
enrichment trend of the DEPs amongst the functional types,
the enrichment of the DEPs in the irradiated group compared
with the control group were analyzed through three aspects:
GO term enrichment, KEGG pathway enrichment and protein
domain enrichment.

The BP analysis results of the GO secondary classification
showed that ‘collagen fibril organization’, ‘protein activation
cascade’ and ‘plasma membrane invagination’ were amongst
the most apparent differences. Abundant proteins were mainly
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Figure 2. H&E and Masson staining of locally irradiated and control mouse heart tissues. (A) H&E staining of heart tissues from the control mice, and 1, 3
and 5-month groups. Upper panel, light microscope at magnification, 10x10; lower panel, light microscope at magnification, 10x40. (B) Masson's staining
of heart tissues from the control mice, and 1, 3 and 5-month groups. Upper panel, light microscope at magnification, 10x10; lower panel, light microscope at

magnification, 10x40.

enriched in ‘negative regulation of protein metabolic process’
and ‘regulation of proteolysis’ (Fig. 5A). CC enrichment
analysis demonstrated that the proteins related to ‘fibrillar
collagen trimer’, ‘banded collagen fibril’, ‘extracellular matrix
components’, ‘extracellular vesicles’, ‘extracellular region’ or
the parts of extracellular structures were increased signifi-
cantly after irradiation (Fig. 5B). MFs, such as ‘platelet-derived
growth factor binding’, ‘immunoglobulin receptor binding’,
‘serine-type endopeptidase inhibitor activity’, ‘extracellular
matrix structural constituent’, ‘peptidase regulator activity’
and ‘enzyme inhibitor activity’ were also significantly
increased after irradiation (Fig. 6A).

KEGG enrichment analysis found that the radia-
tion-induced altered proteins were primarily enriched in
‘Staphylococcus aureus infection’, ‘complement and collagen
cascade’, ‘protein digestion and absorption’, ‘extracellular
matrix (ECM) interactions’ and ‘folding and adhesion
related signaling pathways’ (Fig. 6B). The domains of these
differentially expressed proteins were primarily enriched

in ‘immunoglobulin subtypes’, ‘immunoglobulin folding’,
‘EGF-like domains’ and ‘immunoglobulin-like domains’,
amongst others (Fig. S2). From the three functional enrich-
ment analyses, fibrosis was considered to be increased
following irradiation.

PPI network analysis. In order to identify the significant
clusters (confidence score >0.7), 74 proteins were filtered into
the DEP PPI network complex using STRING, and the resul-
tant PPI network contained 74 nodes and 870 edges (Fig. 7A).
MCODE was used to identify the most significant module
that was comprised of two clusters (Fig. 7B and C) that
consisted of upregulated DEPs (MCODE score >10).
The top 10 hub genes selected using the DMNC method
(score =5,000) and node degree (score =10) in the cytoHubba
plug-in included transthyretin, GC vitamin D binding protein,
a-1-microglobulin/bikunin precursor, a-1-antitrypsin 1-4,
inter-a-trpsin inhibitor heavy chain 1, histidine rich glycopro-
tein, serine protease inhibitor A3M, hemopexin (Hpx), serpin
family F member 2 and complement factor I (Fig. 7D). The
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results of MCODE and cytoHubba analysis indicated that core  Irradiation induces ECM and mitochondrial metabolism
DEPs were associated with abnormal lipid metabolism, nega-  damage. According to the proteomics analysis results, it was
tive regulation of fibrinolysis and ECM (Tables SI-SVI). found that irradiation led to the upregulation of ECM proteins,
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such as Coll4al, perisostin (Postn), galectin 3 (Lgals3), Hpx,
Tgfpi, Col2al, Col5a2, Col3al, Colla2, Collal, SPARC like 1
(Sparcll), Col5al, vitronectin (Vtn), Col6al and laminin
subunit o 5 (Lama5) (Table I). Collal and Col3al in the irradi-
ated heart were shown to be upregulated, as determine by THC
and western blotting experiments (Fig. 8A-C). Additionally,
other fibrosis-associated proteins (Vim and CTGF) were also
upregulated (Fig. 8B and C). The results of the proteomics
analysis indicated that metabolism-related proteins associated
with carbohydrate transport and metabolism, energy produc-
tion and conversion, amino acid transport and metabolism,
nucleotide transport metabolism and lipid transport metabo-
lism were increased (Table IT). Metabolism-related proteins,
such as Fasn and Slc25al were confirmed to be overexpressed
by western blotting (Fig. 8D and E).

Subsequently, the electron micrograph results of the
5-month irradiated heart mitochondria were found to have
myofilaments with fuzzy boundaries, swelling and cavitation of
the mitochondria were observed, and fewer mitochondria were
present compared with control group (Fig. 8F). The 3-month
irradiated heart mitochondria electron micrograph results are
shown in Fig. S3. It was also found that ATP production was

decreased following irradiation, from 133.2 ymol/gprot in the
control to 103.0 xmol/gprot in the irradiated mice (Fig. 8G).
However, lactate production in the irradiated heart tissue
was notably increased from 110.7 gmol/l in the control to
269.4 ymol/l in the irradiated mice (Fig. 8H).

Discussion

The aim of the present study was to elucidate the poten-
tial mechanisms involved in RIHD in mice using a novel
high-throughput proteomics technology. Using this tech-
nology, 29,161 peptides were identified, including 28,194
specific peptides, and 3,274 quantitative proteins amongst
the 3,777 identified proteins. Of these, 219 proteins were
significantly upregulated and 15 proteins were downregulated.
By contrast, Azimzadeh et al (38) investigated the proteomics
of 16-week-old irradiated mouse heart (16 Gy) and found that
there were 662 myocardial proteins identified and 371 quanti-
fied proteins. Moreover, Subramanian et al (39) studied the
proteomics of the mouse hearts at 40 weeks after 16 Gy radia-
tion, and identified 1,038 proteins, of which 940 proteins were
quantified. In the present study, 3,777 proteins were screened
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and 3,274 proteins were quantified using TMT labeling, which
may be the highest flux and labeling rate in the historical data
of RIHD, and this increased quantity of data may further show
potential mechanisms associated with RIHD.

The majority of these altered proteins were extracellular
proteins (46.58%). Fibrosis is the abnormal deposition of
ECM, which can lead to organ dysfunction, morbidity and
necrosis (40-42). According to COG/KOG functional clas-
sification, 15 upregulated proteins associated with the ECM or

fibrosis were increased; these included Coll4al, Postn, Lgals3,
Hpx, Tgfbi, Col2al, Col5a2, Col3al, Colla2, Collal, Sparcll,
Col5al, Vtn, Col6al and Lama5. According to GO enrichment
analysis, the results of BP and CC classifications indicated that
there were significant changes in fibrotic proteins. Additionally,
protein domain enrichment, KEGG pathway enrichment
and PPI analysis showed that radiated injury was associated
with the ECM and fibrillar collagen. Intriguingly, the most
significantly correlated enriched pathway based on KEGG
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pathway analysis was ‘Staphylococcus aureus’ infection.
Stoddard er al (43) used molecular techniques to investigate
the microbial flora in chronic sinusitis caused by head-and
neck radiotherapy, and found that Staphylococcus aureus was
the most common microorganism present following radiation.
Moreover, the microbiota induces alterations of metabolism
and inflammatory responses following radiotherapy (44). The
change in the flora of microbiota may lead to alterations in
metabolism and the inflammatory response of irradiated heart
tissues, although this requires further analysis.

It has been reported that the mechanism via which
RIHD occurs may be associated with endothelial cell injury,

inflammatory reactions and ROS (9,21,25). Irradiation leads
to endothelial cell injury via pro-inflammatory cytokines and
damage of DNA or proteins mediated by ROS. Endothelial
dysfunction influences vascular intimal collagen deposi-
tion, which can cause vessel wall thickening and luminal
stenosis (45). A series of pathological effects, such as isch-
emia and hypoxia of the irradiated heart, may aggravate the
inflammatory reaction (25). With the continuous release of
inflammatory cytokines, such as TNF, IL-1, IL-6 and IL-8,
cardiac parenchyma cell necrosis and excessive deposition of
ECM is observed in irradiated heart tissue (9). Clinically, the
rate of chronic infections and fibrosis are increased following
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B

Figure 7. PPI network. (A) PPI network of the DEPs. Blue nodes represent upregulated genes, and green nodes represent downregulated genes. (B and C) MCODE
was used to extract the most highly interconnected functional clusters from the network, which are indicated in yellow. (D) cytoHubba was used to extract top
10 hub proteins from the PPI network. Node colors reflect the degree of connectivity. Red nodes represent a higher degree of connectivity, and yellow nodes
represent a lower degree of connectivity. PPI, protein-protein Interaction; DEP, differentially expressed protein; MCODE, MultiContrast Delayed Enhancement.

thoracic radiation therapy and Staphylococcus aureus infec-
tions (46). These clinical results are consistent with the
proteomic data in the present study, in that high-energy radia-
tion can indeed cause inflammation, ECM and fibrosis.

In recent years, metabolism-associated disorders have
become increasingly recognized as important pathogenic

processes of several diseases, including neurological disorders,
type 2 diabetes mellitus, cancer and organ fibrosis, amongst
others (47,48). In the present study, COG/KOG functional clas-
sification of high-throughput proteomics indicated that proteins
associated with various metabolic processes were increased.
Mitochondria are best known as the sites of production of
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respiratory ATP, and are essential for metabolic process (49,50).
Electron micrographs of the mitochondria were obtained in
the present study, and ATP levels and lactate production of
the irradiated heart tissue were measured. High-dose ionizing
radiation resulted in increased structural alterations of cardiac
mitochondria. Consistent with the histological results, changes
in the inner membrane of the mitochondria led to alterations in
expression of metabolism-related enzymes.

Several ECM- and metabolism-related proteins have been
reported to be upregulated in irradiated heart tissue. Previous
studies have highlighted the metabolic processes promoting
factors,includingincreasing glycine, ATP synthesis and mitochon-
dria respiration, involved in the pathogenesis of fibrosis (51-53).
Glucose metabolism can provide energy for anabolic processes
and collagen production. It is well established that not only
glucose metabolism, but also protein and lipid metabolism are
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Table I. Upregulation of extracellular matrix proteins in mouse hearts 5 months after exposure to ionizing radiation.
Category Protein name Ratio Regulated type P-value
Extracellular structures Coll4al 1.832 Up 0.0032566
Postn 1.643 Up 0.0184358
Lgals3 1.637 Up 0.0100236
Hpx 1.531 Up 0.0092418
Tgftbi 1.468 Up 0.0008027
Col2al 1.419 Up 0.0005821
Col5a2 1.406 Up 0.0023836
Col3al 1.342 Up 0.0002423
Colla2 1.334 Up 0.0001224
Collal 1.331 Up 0.0004185
Sparcll 1314 Up 0.043479
Col5al 1.299 Up 0.0041625
Vitn 1.287 Up 0.0076994
Col6al 1.24 Up 0.0013383
Lama5 1.219 Up 0.0004591
Table II. Upregulation of metabolism-related proteins in the mouse heart 5 months after exposure to ionizing radiation.
Category Protein name Ratio Regulated type P-value
[C] Energy production and conversion Slc25al 1.228 Up 0.0136395
Aldhlal 1.268 Up 0.0105642
Aldh1bl 1.257 Up 0.013897
[G] Carbohydrate transport and metabolism Hexb 1.245 Up 0.0017016
Manba 1.311 Up 0.038884
Slc2al 1.309 Up 0.0061217
Tkt 1.217 Up 0.0160025
[E] Amino acid transport and metabolism Cfi 1.318 Up 0.0001813
Abat 1.335 Up 0.0140643
Cfb 1.429 Up 0.0005422
Klkb1 1.605 Up 0.0008644
Lta4h 1.204 Up 0.0122628
[F] Nucleotide transport and metabolism Dpysl3 1.247 Up 0.0009192
Entpd1 1.232 Up 0.022776
[1] Lipid transport and metabolism Fasn 1.617 Up 0.0052028
Lta4h 1.204 Up 0.0122628
Ttr 1.444 Up 0.0011445

closely correlated with mitochondrial function (54-56). Indeed,
mitochondria are considered to be the major suppliers of cellular
energy in the form of ATP, which is produced by oxidative
phosphorylation, and is the primary means of energy production
under baseline conditions (57,58). Vincent et al (59) investigated
keloid scars with excessive amounts of collagen production, and
concluded that keloid-associated fibroblasts consume unusually
large amounts of glucose and produce more lactate to fulfill their
ATP needs, which means the secretion of collagen relies on ATP
produced by glycolysis. However, in normal heart tissue, fatty
acids are the main source of energy metabolism, accounting for
40-80% (60,61).

Metabolic changes are regarded as important patho-
genic processes of fibrosis in various organs, and metabolic
targeted therapy may become an important strategy to reduce
fibrosis (41,49,62). Disturbance of myocardial energy metabo-
lism is an important cause of myocardial heart disease, and
mitochondria are the primary organelles involved in energy
metabolism (50,63,64). Similarly, mitochondrial dysfunction
may also be an important cause of radiation-induced heart
disease. It has been shown that the respiratory capacity of
myocardial mitochondria among C57BL/6 mice was signifi-
cantly decreased 40 weeks after local 2 Gy radiation, but not
in the 0.2 Gy group (12). Sridharan et al (65) used Sprague
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Dawley rats to establish a radiation and tyrosine kinase inhib-
itors-related heart injury model and showed enhanced effects
on mitochondrial morphology and mitochondrial permeability
transition pore opening. Another study confirmed that late
application of a palladium lipoate complex improved myocar-
dial mitochondrial function by reducing the presence of a
cellular inflammatory microenvironment, although it had no
effect on repairing the damaged mitochondrial structures (66).
In 2019, Dai et al (67) also reported that radiation caused
damage to heart function, and this was mediated by ROS
produced by the mitochondria. The simple ganoderma lucidum
spore oil system these authors developed targeted the myocar-
dial mitochondria and slowed down the production of ROS,
thus exhibiting a preventative and therapeutic effect on RIHD.
Additionally, the differences in expression levels of mitochon-
drial genes caused by genetic variants may lead to differences
in sensitivity to ionizing radiation (68). Collectively, the
aforementioned studies revealed that mitochondrial damage
was an important target in RIHD, and drugs or drug-loaded
materials for the repair of mitochondrial damage can reduce
radiation-induced heart injury.

Radiation induces oxidative changes and persistent
inflammation last days and months after the initial expo-
sure, possibly due to the continuous generation of ROS and
nitrogen species (69). Defects in mitochondrial DNA, protein
import, proteins and metabolic enzymes resulting from
exposure to ionizing radiation may lead to late health effects,
including degenerative diseases and metabolic disorders (23).
In the present study, via electron microscopic analysis of
mitochondria it was indicated that myocardial mitochondria
damage persisted after high dose radiation. Therefore, the
mitochondrial damage caused by ionizing radiation may be
a significant cause of the pathogenic mechanisms underlying
RIHD.

The present study has some limitations. The heart tissue
samples for proteomics were obtained from the heart apex,
including the left ventricle and right ventricle. Thus, it is hard
to distinguish the LV alternations alone. Additionally, the
study was performed in male mice only, and differences in sex
should be considered.

In the present study, the DEPs between irradiated and
control mice heart tissue, as well as the alterations enriched
in fibrosis and energy metabolism, were identified. Ionizing
radiation indeed led to cardiac fibrosis and metabolic disor-
ders, and these were validated by subsequent experiments.
No direct mechanism was identified in the present study;
however, further investigations regarding the mechanisms
between ATP alterations and radiation induced cardiac
fibrosis are ongoing.

In conclusion, the results of the present study demonstrated
that ionizing radiation caused structural remodeling, functional
injury and fibrotic alterations in the heart. Radiation-induced
mitochondrial damage and metabolic alterations in cardiac
tissue may underlie the pathogenic mechanisms of RIHD.
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