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Summary

Exposure to ionizing radiation is a daily part of modern human life. In the form of
therapeutic, diagnostic and environmental exposure people receive low to high doses of
ionizing radiation. Cancerous and non-cancer diseases are the major classes of adverse
effects that may results from exposure to ionizing radiation. Cardiovascular diseases are one
of the major non-cancer consequences occurring after moderate to high doses of ionizing
radiation. Epidemiological evidence show that both children and adults, for example atomic
bomb survivors, childhood cancer survivors and nuclear workers have increased risk of
developing cardiovascular disease even at low doses. The molecular mechanisms
responsible for these adverse health effects are unknown. The heart is complex machinery
in the circulatory system and is the primary component involved in the vascular radiation
effect. The development of the heart can be divided in prenatal and postnatal growth
period. Mechanical and chemical stress received during these developmental stages can
adversely impact the normal heart growth. lonizing radiation can also hinder the heart

development and can lead to long-term postnatal damage.

For studies reported in this thesis, we have used the mouse as an experimental model. Mice
were irradiated at either prenatal or early postnatal stage with gamma irradiation at low to
moderate doses (0.02 to 1.0 Gy); the changes in the heart proteome were studied over
different periods of time using Isotope Coded Protein Labeling (ICPL) and quantitative mass

spectrometry analysis.

A range of bioinformatics platforms were used on the quantified proteome data to find the
molecular pathways involved in the radiation damage. This is the first study to identify

radiation-induced global molecular alterations in the developing heart after irradiation.

In the prenatal total body irradiation study we found radiation-induced deregulation of
structural proteins normally controlled by MAPK signaling. The level of the kinase MAP4K4
was found to be decreased and less phosphorylated in the irradiated hearts compared to
the shame-irradiated hearts even months after the exposure. Using postnatal total body
irradiation we observed that the metabolic alterations in the heart were synchronized
between those found in the liver and serum. These data suggest that early exposure to

ionizing radiation leads to developmental alterations in the heart that are still present in the



adult heart. A key finding is the important role of the age at exposure for subsequent health
effects. These data will be helpful in improving cardiovascular disease prognosis after
irradiation and may indicate novel therapeutic approaches in order to prevent or treat early

radiation-induced damage in the heart.



Zusammenfassung

lonisierende Strahlung gehort zu dem modernen taglichen Leben. Menschen werden in
Form von Therapie, Diagnose oder Umwelteinflissen geringen bis hohen Dosen an
ionisierender Strahlung ausgesetzt. Krebserkrankungen und Erkrankungen, die nicht mit
Krebs zusammenhidngen, zdhlen dabei zu den unerwiinschten Auswirkungen, die
ionisierende Strahlung haben kann. Im Wesentlichen treten hierbei Herz-Kreislauf-
Erkrankungen nach moderaten bis hohen Strahlendosen auf. Epidemiologische Daten von
sowohl Kindern als auch Erwachsenen, von Uberlebenden der Atom-Bomben,
Uberlebenden von Krebserkrankungen im Kindesalter und strahlenexponierten Arbeitern,
zeigen schon nach geringen Strahlendosen ein erhdhtes relatives Risiko eine Herz-Kreislauf-
Erkrankung zu bekommen. Allerdings ist der molekulare Mechanismus, der diesen
gesundheitsschadlichen Auswirkungen zu Grunde liegt, noch unbekannt. Das Herz ist ein
komplexes Organ in der Maschinerie des Blutkreislaufs und ist primar involviert an den
Auswirkungen ionisierender Strahlung. Die Entwicklung des Herzens lasst sich in eine pra-
natale und postnatale Wachstumsphase unterteilen; mechanischer und chemischer Stress
wahrend dieser Entwicklungsphasen konnen zu Auswirkungen auf das Herz fihren.
lonisierende Strahlung kann die Entwicklung des Herzens beeintrachtigen und zu

postnatalen Langzeitschdaden des Herzens fiihren.

Fiir die Studien, die dieser Arbeit zu Grunde liegen, haben wir die Maus als experimentelles
Model gewahlt und diese in der pranatalen oder frithen postnatalen Phase mit niedrigen bis
moderaten Dosen (0,02 bis 1,0 Gy) Gammastrahlung bestrahlt. Die zu verschiedenen
Zeitpunkten isolierten Herzen dieser Tiere wurden fiir Isotope Coded Protein Labelling (ICPL)
und quantitative Massenspektrometrie verwendet und die Verdnderungen nach

Bestrahlung im Proteom untersucht.

Die quantifizierten Proteom-Daten wurden anschlieBend mit Hilfe von Bioinformatik-
Plattformen den entsprechenden molekularen Signalwegen zugeordnet. Dies ist die erste
Studie dieser Art, um die molekularen Anderungen im sich entwickelnden Herzen nach

Bestrahlung zu identifizieren.

In der pranatalen Ganzkorper-Bestrahlungsstudie haben wir herausgefunden, dass

Strukturproteine, die normalerweise durch den MAPK-Signalweg kontrolliert werden,



dereguliert sind. Die MAP4K4 Kinase wurde selbst nach Monaten in deaktivierter und nicht-
phosphorylierter Form vorgefunden. In der postnatalen Ganzkorper-Bestrahlungsstudie
fanden wir heraus, dass Verdanderungen im Stoffwechsel des Herzens synchron zu denen in
Leber und Serum ablaufen. Diese Daten geben Einblicke in Verdnderungen in der
Entwicklung des Herzens, verursacht durch frilhe Strahlenexposition. Eine
Schlisselentdeckung ist, dass das Alter zum Zeitpunkt der Exposition fiir die daraus
resultierenden Gesundheitsschiaden wichtig ist. Diese Erkenntnisse werden helfen, die
Prognose zu verbessern und mogliche neue therapeutische Ansatze aufzuzeigen, um frihen

Strahlenschaden am Herzen vorzubeugen oder diese zu behandeln.
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Chapter 1: Introduction

This cumulative thesis report aims to understand the effects of low acute doses of ionizing
radiation (IR) on the embryonic and postnatal mouse heart. The first manuscript (chapter
2.1) gives an insight into the effects of low-dose ionizing radiation on the embryonic
development of the heart. Publications Il and Il (chapter 2.2 and 2.3) summarize the effects
of ionizing radiation on neonatal heart development, including the observation of metabolic

maladaptation facilitated by possible cross talk between heart and liver.

Epidemiological studies suggest that an exposure to ionizing radiation in the developmental
phase increases the risk of cardiovascular disease later in the life (Baker, Moulder et al.
2011). The molecular mechanisms behind the elevated risk for cardiovascular disease during
different stages of the heart development are unknown. Undisturbed growth at prenatal
and postnatal phases is important in order to achieve optimal cardiac function throughout
the life (Sanford, Ormsby et al. 1997, Vallaster, Vallaster et al. 2012) To understand why
people that received radiation exposure in-utero or at young age are more susceptible to
cardiac disease, it is important to know which molecular pathways are affected in the heart

during these different developmental stages.

1.1 The heart development
1.1.1 Prenatal (in-utero) heart development

The embryonic development of the mammalian heart involves the formation of a four-
chambered contractile balloon from a small number of cardiac progenitor cells (Moorman,
Webb et al. 2003) (Anderson, Webb et al. 2003). Figure 1 shows the major events in
mammalian heart formation. In mice, the initial prenatal growth stage is the formation of a
crescent of myocardial progenitor cells on embryonic day 8 (E8) (Buckingham, Meilhac et al.
2005) and then linearization of the crescent (E8 toE9). This is followed by folding and finally
by the chamber formation (E10.5) and maturation of heart (E14) until birth (Anderson,
Webb et al. 2003) (Figure 1). In human embryonic development, the heart formation follows
a similar progression, but takes place over a considerably longer time of 50 days during the

prenatal phase (Figure 1) until maturation (Srivastava 2006, Rose, Force et al. 2010).



In the embryonic phase, the early lineage specification of cardiac progenitor cells is followed
by differentiation into new cell types, namely cardiomyocytes (leda, Fu et al. 2010),
fibroblasts, and smooth muscle cells as the main populations (van Weerd, Koshiba-Takeuchi
et al. 2011). For cardiomyocyte differentiation from progenitor cells the protein BRG1 plays
a vital role (Takeuchi, Lou et al. 2011). The BAF complex protein BAF60C forms a molecular
bridge to bring the BRG1 complex together with the transcription factors TBX5 and GATA4
to transcribe important target genes, including bone morphogenic proteins (BMP), and
proteins involved in Wnt and R-Catenin signaling (Klaus, Saga et al. 2007, van Weerd,

Koshiba-Takeuchi et al. 2011)
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Figure 1: Key stages in the embryonic development of the mammalian heart (modified
from (Buckingham, Meilhac et al. 2005, Srivastava 2006). In mouse, myocardial progenitor
cells come to lie under the head folds and form the cardiac crescent (E8), where
differentiated myocardial cells can be observed. The early cardiac linearization of the
crescent can be observed on E8.5. The linear heart tube undergoes looping to form
distinguishable chambers on E10.5. The final maturation of the mouse fetal heart can be
observed at E14.5, where the chambers are separated from the vascular structures, which in
the immediate postnatal phase divide to create the systemic and pulmonary circulations. RA;

right atrium, LA; left atrium, RV; right ventricle, LV; left ventricle

The BMP and Wnt signaling pathways are important for determining the continued activity

of in-utero development (Brand 2003). Multiple branches of the Wnt pathway such as



Wnt/R-Catenin, Wnt/INK, and Wnt/Ca** pathways are involved in the prenatal development
of the mammalian heart (Gessert and Kuhl 2010). Wnt/B-Catenin pathway is involved
especially in the formation of the heart chambers (Figure 1) and the intermediate outflow
track (OFT) responsible for the separation of pulmonary and systemic circulation in the
mouse at E10 and E11 (Cai, Liang et al. 2003). The other (non-canonical) Wnt pathways have
often been linked to cell polarity and cell migration caused by cytoskeletal rearrangements
(Gessert and Kuhl 2010). Mitogen activated protein kinase (MAPK) cascade determines the
formation of structural components of the heart by targeted phosphorylation of
downstream targets, including Wnt, BMP-2 and EGFR signaling in embryonic heart
development (Rose, Force et al. 2010). These signaling pathways are actively involved in the
heart chamber formation. Environmental stresses, such as fetal hypoxia, can lead to
disturbances in Wnt and BMP-2 signaling pathways, followed by cardiac growth restriction
and myocardial thinning (Ream, Ray et al. 2008) by blocking transcriptional function of HIF-
1. They participate in formation of the myocardium and control abnormal hypoxia in the

fetal heart (Patterson and Zhang 2010).

1.1.2 Postnatal heart development

The postnatal mammalian heart development represents a transition from the prenatal
hyperplasticity to postnatal physiological hypertrophy (increase in size) (Vakili, Okin et al.
2001) (Frey and Olson 2003) (Figure 2). In mouse, this rapid increase in the size of the heart
occurs until postnatal day 21, in rat until 7 weeks and in human until 2 years of age (Dowell

1984, Wessels and Sedmera 2003, Porrello, Mahmoud et al. 2011).

1.1.2.1 Structural components of growth and regulation

The neonatal four-chambered heart consists of multiple differentiated cell types including
cardiomyocytes, fibroblasts, endothelial cells, smooth muscle cells, and pacemaker cells
(Xin, Olson et al. 2013). Proliferative myocytes of the prenatal stage mature to give rise to
non-dividing cardiomyocytes during the neonatal developmental phase. Thus, the neonatal
mouse heart only retains regenerative potential until around 7 days after birth (Figure 2B)
(Porrello, Mahmoud et al. 2011). Although the adult heart can undergo some structural
regeneration (Porrello, Mahmoud et al. 2011) damaged cardiomyocytes can only be

replaced in a limited manner from the available stem cell pool (Kimura, Xiao et al. 2015).



The Wnt, Hippo, and mTOR signaling pathways are known to maintain the functionality of
the adult cardiomyocyte (Figure 2C) (Rolfe, McLeod et al. 2005, Heallen, Morikawa et al.
2013, Ozhan and Weidinger 2015). The Hippo pathway, by the activation of STE20-like
protein kinase 1 (MST1), influences the Wnt and IGF pathways that are necessary for growth
regulation of cardiomyocytes and which determine the size of the heart the in postnatal

development (Heallen, Zhang et al. 2011, Xin, Olson et al. 2013).

Cardiac fibroblasts contribute to the heart structural and functional composition. In the
postnatal phase they are from multiple origins such as endothelial cell precursors, native
fibroblasts and the bone marrow mesenchyme (Zeisberg and Kalluri 2010). They have
essential functions in inflammatory cytokine signaling (Mann 2003) and in the regulation of
myocardial regeneration through B1 integrin signaling for the damage control and tissue

remodeling in case of myocardial injury (leda, Tsuchihashi et al. 2009).

A B C
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adaptation of myocytes into capacity regeneration
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Figure 2: Postnatal development of the mammalian heart. In the postnatal phase the heart
undergoes (A) metabolic adaptation from glucose to lipids as an energy source. In the early
developmental stage the myocytes either proliferate or terminally divide, a process driven by
kinase signaling pathways including CDK-1, PI3K, and MAPK signaling (B). The cell cycle of
terminally divided cardiomyocytes (C) is maintained by Hippo, Wnt and mTOR signaling.
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1.1.2.2 Metabolic adaptation

In the postnatal phase, the heart adapts to a new metabolic environment. Cardiomyocytes
undergo a metabolic switch from glucose as an energy substrate to lipids (Makinde, Kantor
et al. 1998). The activation of the nuclear transcription factor peroxisome proliferator-
activated receptor alpha (PPAR-alpha) and hypoxia-inducible factors (HIF) plays an
important role in regulation of this metabolic transition (Figure 2A) (Nau, Van Natta et al.
2002, Breckenridge 2014). The HIF-1 protein acts as an essential sensor of oxygen (O,) for
oxidative phosphorylation (Semenza, Agani et al. 1998, Semenza 2000). The stimulation of
mitochondrial B-oxidation by activated PPAR alpha enables the energy substrate switch in
cardiomyocytes to use fatty acids as an energy source in the postnatal period (Lehman and
Kelly 2002, Breckenridge 2014). Throughout the life, PPAR alpha continues to play a role in
controlling important pathways such as fatty acid oxidation and anti-inflammatory
responses that are essential for energy production as well as controlling inflammation in the

cardiovascular system (Burns and Vanden Heuvel 2007).

1.1.3 Metabolic cross talk between postnatal heart and liver

Postnatal use of fatty acid as an energy source requires 3-oxidation in the liver, as in the
heart (Poirier, Antonenkov et al. 2006, Fillmore, Mori et al. 2014). The levels of PPAR alpha
rapidly increase during the postnatal stages in the liver and activate fatty acid metabolism
by mitochondrial R-oxidation activation (Panadero, Herrera et al. 2000, Lehman and Kelly
2002). PPAR alpha in the liver also regulates the level of circulatory lipids such as
triglycerides (TG) and frees fatty acids (FFA).These are known ligands of the PPAR alpha
protein (Aoyama, Peters et al. 1998, Edvardsson, Ljungberg et al. 2006, Wierzbicki,
Chabowski et al. 2009). This indicates that the systemic metabolism is coordinated by cross
talk between heart and liver to adopt to the new metabolic challenges under environmental

stress (Magida and Leinwand 2014).

1.2 Ionizing radiation

lonizing radiation has a number of adverse effects on biological systems. Generally, these
effects are classified as deterministic, when the level of damage is directly dependent on the

absorbed radiation dose or as stochastic if the detriment is not correlated with the absorbed



dose (Little 2003). The probability of stochastic effects is increased with increased radiation
doses. The development of cataracts and arrhythmias are considered to be deterministic
whereas the pathogeneses of malignancies and genetic disorders represent stochastic
events. The radiation dose is measured in the International System of Units (SI) as the Gray
(Gy) or Sievert (Sv). Each unit has a different application in context of absorbed dose and
health hazard. One Gray is defined as the absorption of one joule of energy, deposited in
the form of ionizing radiation, per kilogram of living or non-living substance. The biological
effects per unit of absorbed dose differ with the physical nature of the radiation or the
tissue exposed (UNSCEAR 2000, Eric J. Hall 2006) (Bureau International des Poids et
Measures; BIPM).

Classically, it was believed that radiation-induced cardiovascular disease (CVD) was of a
deterministic nature where there is a threshold dose for damage induction (Kumar 1980,
Baker, Moulder et al. 2011, Little 2013). This assumption has been challenged by more
recent epidemiological studies of A-bomb survivors (Shimizu, Kodama et al. 2010) and
breast cancer patients treated with radiotherapy (Darby, Doll et al. 1985, McGale, Darby et
al. 2011). There are recent data indicating that the age at exposure may influence the
development of radiation-induced CVD (Boerma and Hauer-Jensen 2010, Shimizu, Kodama
et al. 2010, Wondergem, Boerma et al. 2013). Consequently, more research on the effects
of low-dose ionizing radiation on the heart at different ages is needed to solve the question

of risk at low dose (Wondergem, Boerma et al. 2013).

1.3 Ionizing radiation and CVD

Mortality due to CVD is a cause for concern in western as well as mid to low income
countries (Cannon 2013). Ischemic heart disease (IHD) caused by blockage of the blood
vessels supplying blood to heart itself (Weber and Noels 2011), failure of the heart as a
pump (Parmley 1985, Kemp and Conte 2012) and cerebrovascular disease (Weischer, Juul et
al. 2010, Sim, Shi et al. 2014, Ueda, Cnattingius et al. 2014) represent major classes of CVD.
Reduced physical activity, smoking, high fat diet and excessive use of alcohol are major risk
factors contributing to cardiac morbidity (Epstein 1996, Wong 2014). There are other factors
such as age, gender and hereditary features that also influence the risk of CVD (Wilson,

D'Agostino et al. 1998). A number of epidemiological studies show an increased risk of CVD



over a range of radiation doses. Several international agencies such as the International
Commission for Radiation Protection (IRCP) and (Advisory Group on lonizing Radiation) AGIR
have compared the data from different epidemiological studies (Shimizu, Kodama et al.
2010) (Bhatti, Sigurdson et al. 2008) and have estimated that the radiation dose causing

enhanced CVD risk may be as low as 0.5 Gy (Cousins, Miller et al. 2013).

1.4 Epidemiology

1.4.1 Occupational exposures

In the early 20™ century medical staffs routinely using diagnostic and therapeutic radiation
where both patients and professionals were exposed to significant cumulative doses. A
study following 90,000 radiography technologists show the increased incidence of CVD
above a 0.3 Sv dose (Hauptmann, Mohan et al. 2003). A later smaller study published by
Berrington et al. of United Kingdom radiologists showed no clear increase in CVD at this

dose range (Berrington, Darby et al. 2001).

Another population receiving occupational radiation exposure is nuclear industry workers. A
study amongst the U.S. nuclear power plant workers showed a statistically significant
increase in mortality from atherosclerosis and heart disease at cumulative doses as low as
30 mSv compared to non-exposed workers (Howe, Zablotska et al. 2004). A study on Mayak
plutonium enrichment plant workers also showed an elevated risk of mortality due to CVD
from external doses of gamma radiation (Azizova, Haylock et al. 2014). Here, doses equal to
or higher than 1.0 Gy were associated with increased risk of ischemic heart disease (Azizova,
Muirhead et al. 2012). The 15-country mortality study of nuclear industry workers who have
received a dose of up to 500 mSv did not show increased excess relative risk per Sievert
(ERR/Sv) from ischemic heart disease (IHD), but the majority of workers were relatively

young and the follow up period was relatively short (Vrijheid, Cardis et al. 2007)

1.4.2 A- bomb survivors

Atomic bomb survivors are the best studied radiation exposed group. Here epidemiological
data show an elevated risk of CVD even several decades after the initial acute exposure
(Preston, Shimizu et al. 2003). Doses as low as 0.5 Gy have been shown to result in a

significant increase in the risk of CVD, especially if the exposure occurred below 40 years of



age (Shimizu, Kodama et al. 2010). The in-utero exposed group of atomic bomb survivors did
not show significant increase in the risk of elevated CVD. The study did not have strong
statistical power and follow-up period was too short to allow a comparison with the
sporadic incidence peak of CVD (Tatsukawa, Nakashima et al. 2008). However, Nakashima et
al. found elevated systolic hypertension in atomic bomb survivors exposed in utero

(Nakashima, Akahoshi et al. 2007).

1.4.3 Therapeutic exposures

The use of radiation therapy in the treatment of some thoracic malignancies such as breast
cancer and Hodgin’s disease results in local exposure to the heart. Patients are typically
treated with doses as high as 50 Gy, delivered in a fractionated manner (Rutqvist, Rose et al.
2003, Lin and Tripuraneni 2011, Yeoh and Mikhaeel 2011). Thus, in right sided breast cancer
patients the mean local dose to the heart has been estimated to be around 1.3 to 1.7 Gy
whereas the dose to the heart in left side breast cancer patient was higher with a mean of
3.7 Gy and a maximum dose up to 20 Gy (Hurkmans, Borger et al. 2000, Baker, Moulder et
al. 2011, Johansen, Tjessem et al. 2013). Such high local doses (20 Gy) to the heart cause
local fibrosis in the ventricles, cardiac tissue degeneration, and blockage of pericardial blood
vessels and eventually lead to clinical CVD pathologies (Taylor, Povall et al. 2008, Baker, Fish
et al. 2009). There are growing data on increased cardiac mortality after therapeutic
application of irradiation at lower doses but molecular pathologies are unknown (Aleman,

van den Belt-Dusebout et al. 2003, Henson, McGale et al. 2013).

Childhood cancer survivors who have received radiation therapy at an early age are also
highly prone to increased risk of CVD later in life if the heart has received doses bigger or
equal to 1.0 Gy (Armstrong, Liu et al. 2009, Wong, Bhatia et al. 2014). The relative risk of
12.5 % for the cardiovascular mortality was calculated in the childhood cancer survivor
patients who received an average radiation dose to the heart that exceeded 5 Gy

(Tukenova, Guibout et al. 2010).

1.4.4 Diagnostic exposures

Computed Tomography (CT), X-ray examinations, and mammography are all common

diagnostic tools in the clinical practice use of ionizing radiation. No excess risk of CVD was



found in tuberculosis patients receiving chest X-rays (Davis, Boice et al. 1989). Children
receiving multiple CTs at an early age show a modest increase in heart disease that was

observed 30-40 years later in life (Laskey, Feinendegen et al. 2010).

1.5 Experimental background
1.51. Cellular experiments

In vitro models have been used to study the effects of ionizing radiation on the different
compartments of the heart and vascular system. These studies can be divided into those
investigating radiation effects on the endothelial cells and those on the cardiomyocytes. A
study using acute 4 Gy irradiation has shown the activation of nuclear factor kappa-B (NF-
kB) in human umbilical vascular endothelial cells (HUVECs) (Chou, Chen et al. 2009); this
resulted in changes in the expression of a number of adhesion molecules including
intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), E-
selectin and platelet endothelial cell adhesion molecule (PECAM-1) (Wondergem, Wedekind
et al. 2004, Baluna, Eng et al. 2006). Cytokines such as IL-4, and IL-11 were also observed to
be elevated after high (10 Gy) acute doses of ionizing radiation in endothelial cells (Van der
Meeren, Mouthon et al. 2004). TGF-B which plays the crucial role in the regulation of
inflammation in endothelial cells was also found to be induced after an acute dose of 20 Gy
or five fractions of 9 Gy (Kruse, Bart et al. 1999, Boerma, Roberto et al. 2008).The above
mentioned data at high doses show that increased vascular adhesiveness and inflammation

are typical characteristics of radiation-induced endothelial dysfunction.

Low-dose studies involving doses ranging from 0.1 Gy to 1 Gy have shown an anti-
inflammatory effect of reduced adhesion of monocytes to endothelial lining of blood vessels
(Rodel, Frey et al. 2012). Primary human umbilical vein endothelial cells have shown the
induction of premature senescence after chronic exposure to low dose rate of 4.1
mGy/h(Yentrapalli, Azimzadeh et al. 2013). The PI3K/Akt/mTOR pathway was found to be
involved in the progression of radiation-induced premature senesce (Yentrapalli, Azimzadeh

et al. 2013).

Compared to the studies using endothelial cells less data are available concerning direct

effects of ionizing radiation on the cardiomyocyte cell population. The main limitation of the



cardiomyocyte studies is that the survival of cardiac cells in culture is limited so that long-
term effects of irradiation are difficult to examine (Louch, Sheehan et al. 2011, Sander, Sufie
et al. 2013). Recent studies using 3D cultures of cardiomyocytes that were irradiated with X-
rays ranging between 0.5 to 7 Gy have shown significant changes in electrophysiology as
well as reactive oxygen species(ROS) -induced apoptosis only at the highest dose (7 Gy)
(Friess, Heselich et al. 2015).

1.5.2 Animal experiments

The majority of animal experiments on radiation exposure and CVD have been performed
using mice. These studies can be divided into acute vs. chronic exposure or local heart vs.
total body exposure to mimic the different clinical, occupational and environmental

exposures in human.

A functional study using male C57BL/6J mice and high radiation doses of 2, 8 and 16 Gy has
shown thickening of epicardium, modest alteration in systolic and diastolic function, and
structural damage to the myocardium and microvasculature (Seemann, Gabriels et al. 2012).
Another functional study using mast cell-deficient rats exposed to a local 18 Gy dose has
shown a reduction in left ventricle (LV) diastolic area from 0.50 to 0.24 cm after irradiation
and a greater increase in LV posterior wall thickness after irradiation (Boerma, Wang et al.

2005)

An increase in the atherosclerotic lesions in ApoE'/' mice was observed after a dose of 14 Gy
given to adult mice (Stewart, Heeneman et al. 2006). A study using rats irradiated with local
high doses of 15 Gy or 20 Gy showed deposition of von Willebrand factor (vWf) 6 months
after irradiation (Boerma, Kruse et al. 2004). Mitochondrial permeability transition pore
(mPTP) opening leading to ischemia was also found at local high doses (21 Gy) using the rat
model (Sridharan, Aykin-Burns et al. 2014).A proteomic study of local high dose (8 and 16
Gy) irradiation on adult murine heart has shown changes in proteins involved in the
metabolic activity of heart and mitochondria (Azimzadeh, Sievert et al. 2013). A total body
irradiation study with a 10 Gy dose using 5-week old rats has shown sustained increase in
the level of low density lipoprotein (LDL) in serum, a decrease in endothelial nitric oxide
synthase (e-NOS) and an increase in fibrinogen and PAR-1 protein after 120 days (Baker, Fish
et al. 2009).
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A study on long-term effects of moderate heart doses (2 Gy) using C57BL/6 adult mice has
shown increase in oxidative stress, and dysfunction in mitochondrial function (Barjaktarovic,
Shyla et al. 2013). Histopathological studies suggest modulation of the TGF-B1 pathway and
pro-inflammatory responses characterized by IL-6 regulation after 2 Gy irradiation
(Monceau, Meziani et al. 2013). An inflammation profiling study using ApoE'/'mice and low
to moderate total body doses (0.05 Gy to 2 Gy) has shown elevation of IL-6, ICAM-1, VCAM-
1, fibrinogens, and MCP-1 in the heart. These markers have also shown to be more
significantly increased if the irradiation was given at the age of 5 or 8 months compared to
that at 2 months (Mathias, Mitchel et al. 2015), indicating a progressive inflammatory

reaction after low to moderate doses.

1.5.3 The early radiation exposure

Recent animal studies using an NMRI mouse model show the effects of total body low-dose
(0.02 Gy to 1 Gy) ionizing radiation. This study found adverse effects on the brain
development indicated by altered phosphorylation in protein signaling cascades (Kempf,
Casciati et al. 2014). However, no animal studies have been performed to challenge the
epidemiological data on increased risk of CVD after neonatal irradiation. Consequently, the
molecular mechanisms behind the cardiac effects of low to medium total body doses given

early in life are unknown.

1.6 Working hypothesis

The importance of age at exposure and increased relative risk of CVD after low doses of
ionizing radiation have been indicated. This work was conducted to elucidate the molecular
targets in heart of early radiation exposure by using global proteome screening of the
cardiac tissue. Our main hypothesis was that the biological effects of low dose ionizing
radiation depend on the age at exposure. Distinct biological pathways are activated at
different stages of the heart development. We suggested that those pathways being
activated at the time of irradiation are more susceptible to damage than those already
switched on or those not yet functioning. We also suggested that the alteration in these

pathways would be seen in a persistent manner even in the adult hearts.
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Apart from size, the anatomy and the development of the heart in mouse and human are
quite similar, with few exceptions (Wessels and Sedmera 2003). A mouse model can thus
serve as a good model system to evaluate radiation-induced changes in the heart
development and to identify biological pathways involved in the radiation-induced

alteration.

1.7 Analysis of the mouse heart proteome

The pre- and postnatal development of the heart highlights the significance of proteins as
signaling molecules in the heart structural development, energy switch mechanism and
cardiomyocyte maintenance. Detailed analysis of changes in the cardiac protein expression
after radiation insult applied at different developmental stages is essential in order to

elucidate molecular mechanisms of low dose ionizing radiation on the developing heart.

Proteins can be used as biomarkers in several pathophysiological conditions to diagnose
bacterial and viral infections, status of cancer metastasis, organ functions etc. In this
context, it becomes very important to be able to identify and quantify proteins in different
biological systems. In 1994 Marc Wilkins invented the term proteome as “the total amount
of proteins in the living system at a particular time and at a particular situation” (Wilkins
2009). There are several ways to identify and quantify the proteome starting from the
classical two-dimensional SDS-PAGE electrophoresis (Weber and Osborn 1969) to recent
hybrid mass spectrometer analysis (Kolkman, Dirksen et al. 2005, Bantscheff, Lemeer et al.

2012).

In this study, the effects of low-dose ionizing radiation on the heart were investigated by
measuring the quantitative proteomic changes between sham-irradiated and irradiated
tissue samples using Isotope-Coded Protein Label (ICPL) method combined with 1D gel
based fractionation and LC-MS/MS analysis. The methods used for the proteomic analyses

of heart and liver tissue are described below briefly.

1.7.1 Sample preparation

One of the crucial steps in proteomic analysis is the sample preparation. Different biological
systems require customized sample preparation methods. The isolation of the cardiac

proteome needs special consideration since heart is one of the most rigid tissues due to the
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strong cardiac muscles. There are many mechanical ways to extract proteins from heart
including sonication, homogenization, and pulverization in liquid nitrogen. The buffers used
for solubilization of the proteins are normally chosen according to the intended method for
downstream proteomic analysis. Commonly used strong ionic buffers to lyse the tissue for
proteomic analysis include 2% SDS in Tris-hydroxymethyl aminomethane (Tris), 6 M urea,

and 8 M guanidine hydrochloride.

1.7.2 Protein labeling

In guantitative mass spectrometry studies the labeling of proteins is a well-established
method, especially when it comes to the relative quantification. Labeling can be categorized
into two main classes i.e. chemical labeling (e.g. ICPL, iTRAQ, iCAT, 0*) and metabolic
labeling (SILAC). The metabolic labeling is done in vivo while chemical labels are commonly

used jn vitro i.e. after protein isolation.

The ICPL quantification is based on the usage of heavy and light labels, which result in a
mass shift to the corresponding labeled protein. This is used to determine the relative
protein abundances in the mass spectrometric analysis. N-nicotinoyloxy-succinimide labels
are introduced by the different compositions of C**/C** and hydrogen/deuterium isotopes.
This method enables the relative quantification of up to four different protein samples in
one experiment. The chemical N-nicotinoyloxy-succinimide reacts with free amine group of
proteins (—NH2) that typically exist at the N-terminus and on lysine residues. In duplex ICPL
technology the control samples are labeled with C*2-N-nicotinoyloxy-succinimide (light) and
the irradiated protein samples with C™--N-nicotinoyloxy-succinimide (heavy). Peptides
labeled with the heavy label show a typical mass shift of 6 Da, compared to the light-labeled
control (Lottspeich and Kellermann 2011). Figure 3 shows the typical labeling reaction using
heavy and light N-nicotinoyloxy-succinimide. Once labelled the two sets of labelled proteins
are mixed. After separation by 1D gel electrophoresis, the proteins are in-gel digested with
proteases and after elution the peptide fragments are analyzed with mass spectrometry.
The mass spectrometry data is further evaluated with various bioinformatics tools (Figure

4).
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Figure 3: ICPL labeling reaction. Heavy and light isotopes of N-nicotinoyloxy-succinimide

react with free N-terminal and lysine residues of proteins.

1.7.3 SDS-PAGE pre-fractionation

Electrophoresis is a classical method to separate proteins based on their molecular weight.
Sodium dodecyl sulfate (SDS) is a strong anionic detergent; it unfolds the proteins from 3D
structure to linearity (Shapiro, Vinuela et al. 1967). The Laemmli sample buffer is used to
denature the proteins. It contains reducing agents like dithiothreitol (DTT), R-
mercaptoethanol (Laemmli 1970). This electrophoresis provides an additional fractionation
step before the chromatographic resolution of proteins which enables to get good coverage

of the total proteome in the mass spectrometry (MS) analysis.

1.7.4 Enzymatic digestion of proteins

To reduce the complexity of the proteome and determine the accurate molecular mass, the
proteins are digested with proteases. In classical data dependent acquisition (DDA)
experiment, proteins are digested directly in solution or they are separated on 1D or 2D gels
and in-gel digested (Camerini and Mauri 2015). Chymotrypsin, trypsin, Lys-c, Arg-C, and
pepsin are some of the common proteases used for digestion. Each of these proteases has
selective cleavage sites allowing accurate mapping of peptides. The peptides generated by
the proteolytic cleavage are mapped to the original proteins based on the databases such as

EXPASY or MASCOT.

14



1.7.5 Liquid chromatography

Chromatographic methods are well established techniques in the individual protein and
total proteome analysis. On the basis of physicochemical properties including size, charge,
and hydrophobicity the complex peptide and protein mixtures are resolved on the analytical

columns on liguid mobile phase (Horvath, Preiss et al. 1967).

Nowadays, high pressure/performance liquid chromatography (HPLC) is routinely used in
proteomic workflow. In the case of protein separation for analytical purposes the reverse
phase (RP) chromatography is the method of choice (Dauly, Periman et al. 2006). In RP-HPLC
proteins are separated on columns packed with porous particles with a typical diameter of
30 to 40 um. These particles consist of silica, polystyrene-divinyl-benzene synthetic resin
that is an alumina-like material. For the elution of peptides from the reverse phase columns
polar solvents are required (Peterson, Hohmann et al. 2009). The column material consists
of a C18 resin. The pore size of the column beads for peptide elution can be reduced to 2
um which gives efficient peptide separation in very low concentrations. The nano-flow is the

method of choice for resolving complex peptide mixtures (Gaspari and Cuda 2011).
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Figure 4: Generic representation of comparative proteomic analysis. The key steps are

tissue lysis, ICPL labeling, LC-MS analysis and bioinformatics evaluation

1.7.6 Mass spectrometry

Mass spectrometer (MS) is the heart of proteomic analysis. Using the simple principle of

measuring mass-to-charge (M/Z) ratio, it is possible to analyze a large spectrum of proteins

and peptides. A typical mass spectrometer consists of an ionization source, a mass analyzer

and a detector. Proteins or peptides are vaporized and ionized with ionization sources such
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as electrospray (ESI), lasers (MALDI), chemicals (Cl) etc. and sprayed into the mass

spectrometer (Fenn, Mann et al. 1989, Castro, Koster et al. 1992).

In proteomics applications, quadrupole, time-of-flight (tof), ion trap, or orbitrap types of
mass analyzers are routinely used. In recent commercially available instruments two or
more mass analyzers are combined to get a better resolution. After the first measurement
of the peptide mass the peptides are further fragmented with inert gas collision to its amino
acid stages in the second detector to enable the identification of the peptide sequence. The
ions striking on the surface of the detector produce a weak alternating current (AC) signal
that is further amplified by the detector. In quantitative analysis, the intensity of
differentially labeled peptides is compared to receive the relative amount of peptides (and

corresponding proteins) in the different samples (Bantscheff, Lemeer et al. 2012).

In this study, the mass-based separation of the labeled proteins was performed by 1D SDS-
PAGE gel. Each SDS gel lane representing one total proteome was cut in two and the
proteins were subjected to in-gel digestion with trypsin (Sigma Aldrich) (Merl, Ueffing et al.
2012). The digested peptides were separated by nano-HPLC and mass spectroscopic analysis
performed with an LTQ Orbitrap XL mass spectrometer (Thermo Scientific) (Hauck, Dietter
et al. 2010). Up to ten of the most intense ions were selected for fragmentation in the linear
ion trap and target peptides already selected for MS/MS were dynamically excluded for 60

seconds.

The MS/MS spectra were searched against the Ensembl mouse database (Version: 2.4,
56416 sequences) using the Mascot search engine (version 2.3.02; Matrix Science) with the
following parameters: a precursor mass error tolerance of 10 ppm and a fragment tolerance
of 0.6 Da. One missed cleavage was allowed. Carbamidomethylation was set as the fixed
modification. Oxidized methionine and ICPL-0 and ICPL-6 for lysine residues and N-termini

of peptides were set as the variable modifications.

1.7.7 Bioinformatics tools for MS data analysis

Bioinformatics analysis has two different goals. The first goal is to convert the raw data
obtained from the mass spectrometer to a meaningful list of identified and quantified

proteins. This step is important in deciding about the quality and possible exclusion of
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disqualified spectra that are obtained from the mass spectrometer run. The second goal is
to extract the biological significance from differentially regulated proteins. Both steps
require the use of data mining tools to provide statistical calculations and manual literature

and data base search.

Software tools such as Proteome Discoverer, MaxQuant, ICPL-quant, and Pro-genesis are
used for the first step of reading the raw mass spectra and comparing the peptide masses to
those found in global databases such as Ensembl, Protein Database (PDB), SwissProt, and
UniProt. The direct comparison of spectral library to the databases leads to the generation
of protein lists with features including p-value, fold change, PEP intensities, and number of
unique peptides identified and quantified (sequence coverage) (Cox and Mann 2008,
Colaert, Barsnes et al. 2011). In comparative proteomics, these attributes allow the
significance of the deregulated proteins to be determined. In this study, data processing for
the identification and quantitation of ICPL-duplex labeled proteins was performed using

Proteome Discoverer version 1.3.0.339 (Thermo Scientific).

In the second step bioinformatics tools are used to investigate the biological networks based
on the significantly changed proteins from first step. Many data mining tools such as
Ingenuity Pathway Analysis (http://www.ingenuity.com/), STRING protein networks
(Szklarczyk, Franceschini et al. 2015), and Gene Ontology (GO) using PANTHER classification

system (Mi, Muruganujan et al. 2013) can be used for analyses of the proteomics datasets.

1.7.8 Supporting experiments

Mass spectrometry-based comparative methods trace small changes at the level of total
protein. However, they are currently unable to reveal alterations in the post-translational
modifications of proteins. The level of protein modifications such as phosphorylation and
acetylation is well-known to be altered in cellular and molecular processes. In order to track
those changes the classical laboratory techniques such as western blotting are very useful.
Western blotting, also known as immunoblotting, is widely applied to detect and quantify
specific proteins with the help of antigen-antibody reaction from complex protein extracts.
Proteins are separated using gel electrophoresis and transferred on nitrocellulose
membrane and targeted with specific antibodies (Towbin, Staehelin et al. 1979). This

method provides the opportunity to quantify the levels of total as well as modified proteins.
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Immunoblotting of protein extracts from control and irradiated tissues can used to validate

proteomic data.

Some proteins such as enzymes and transcription factors, have specific activity that can be
measured with enzyme-linked immunosorbent assay (ELISA). This technique is useful in
measuring the activity of a target protein and comparing it with the total amount of this
protein (Yalow and Berson 1960). Histological analysis is a valuable tool in cardiac
pathophysiological studies. The localization and amount of differentially expressed proteins

can be studied using various stainings for tissue sections.

The materials and methods, results and discussions from this study are included in the

following publications.
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Chapter 2: Results and discussion

2.1 In-utero Low-dose Irradiation Leads to Persistent Alterations in
the Mouse Heart Proteome

2.1.1 Aim and summary

Prenatal development of the heart is very important for the postnatal function.
Environmental stress can cause disturbances during the prenatal phase. No proteomics
studies on the heart have been performed to unravel the changes induced by ionizing
radiation in utero. The aim of this study was to analyze the long-term (6 months and 2 year
of age) alterations on the proteome level after in-utero exposure to low-dose ionizing
radiation. Pregnant mice were irradiated (X-ray) with total body exposure on embryonic day
11. The doses ranging from 0.02 Gy to 1.0 Gy were delivered and the hearts were isolated

and examined with the ICPL triplex method for proteomic quantification.

The protein profiles in irradiated hearts indicate a progressive impairment in cardiac
function. The changes were significantly visible at a dose as low as 0.1 Gy in both time
points studied (6 months, 2 years). At the 1.0 Gy dose the persistent damage to structural
components and alterations in mitochondrial proteins were observed. The Ingenuity
Pathway Analysis indicated that the kinase family protein MAP4K4 is inhibited at the 1 Gy in-
utero dose, even after 2 years. The changes in MAP4K4 were validated by biochemical

methods.

Our study contributes to the understanding of the effects of ionizing radiation exposure in
utero. Our data suggests that the in-utero exposure to IR leads to persistent proteome
alteration at 6 months and is progressively seen at 2 years. Although the results from this in-
utero study remain to be further confirmed, this study that is first of its kind pinpoints the

biological mechanisms that need further evaluation.

2.1.2 Contribution

This study was performed in co-operation between Institute of Radiation Biology (ISB), the

Research Unit Protein Science (PROT) of Helmholtz Zentrum Miinchen and the Radiobiology

Unit, Belgian Nuclear Research Centre (SCK-CEN) Belgium. Dr. Tine Verreet from SCK-CEN

did the in-utero animal irradiation; Dr. Juliane Merl-Pham from PROT ran the LC-MS/MS, |
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isolated the proteins from the control and irradiated mice hearts, labeled them with ICPL
and performed the downstream data analysis. Additionally | also performed the
immunoblotting and the enzyme activity assays. Moreover, | designed all the tables, figures
and wrote the manuscript with the help of PD Dr. Soile Tapio, Dr. Omid Azimzadeh and Prof.
Dr. Michael J. Atkinson. Dr. Stefanie M Hauck and Dr. Mohammed A. Benotmane helped in

the scientific discussion.

2.1.3 Publication

The following paper was published as an original research paper on June 8th 2016 in

PLosOne

In-utero Low-dose Irradiation Leads to Persistent Alterations in the Mouse

Heart Proteome

Mayur V. Bakshi, Omid Azimzadeh, Juliane Merl-Pham, Tine Verreet, Stefanie M. Hauck,

Mohammed A. Benotmane, Michael J. Atkinson, Soile Tapio

PLoS One. 2016 Jun 8; 11(6):e0156952.

DOI: 10.1371/journal.pone.0156952. eCollection 2016.
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Abstract

Prenatal exposure to stress such as increased level of reactive oxygen species or antiviral
therapy are known factors leading to adult heart defects. The risks following a radiation
exposure during fetal period are unknown, as are the mechanisms of any potential cardiac
damage. The aim of this study was to gather evidence for possible damage by investigating
long-term changes in the mouse heart proteome after prenatal exposure to low and moder-
ate radiation doses. Pregnant C57BI/6J mice received on embryonic day 11 (E11) a single
total body dose of ionizing radiation that ranged from 0.02 Gy to 1.0 Gy. The offspring were
sacrificed at the age of 6 months or 2 years. Quantitative proteomic analysis of heart tissue
was performed using Isotope Coded Protein Label technology and tandem mass spectrom-
etry. The proteomics data were analyzed by bioinformatics and key changes were validated
by immunoblotting. Persistent changes were observed in the expression of proteins repre-
senting mitochondrial respiratory complexes, redox and heat shock response, and the cyto-
skeleton, even at the low dose of 0.1 Gy. The level of total and active form of the kinase
MAP4K4 that is essential for the embryonic development of mouse heart was persistently
decreased at the radiation dose of 1.0 Gy. This study provides the first insight into the
molecular mechanisms of cardiac impairment induced by ionizing radiation exposure during
the prenatal period.

Introduction

Ionizing radiation is now recognized as a risk factor for cardiovascular disease [1]. It is sug-
gested that children may be more susceptible to future radiation-induced heart impairment
than adults [2]. Given the well-documented association between prenatal radiation exposure

PLOS ONE | DOI:10.1371/journal.pone.0156952 June 8, 2016

1/14


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0156952&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://storedb.org/store_v3/study.jsp?studyId=1019
http://storedb.org/store_v3/study.jsp?studyId=1019

@’PLOS ‘ ONE

In-Utero Irradiation Affects Adult Heart Proteome

Competing Interests: The authors have declared
that no competing interests exist.

Abbreviations: Gy, Gray; IPA, Ingenuity Pathway
Analysis; H/L, heavy to light ratio; ICPL, isotope
coded protein label; LC-MS, liquid chromatography
mass spectrometry.

and both childhood cancer [3] and developmental impairments [4,5], the incidence of hyper-
tension, hypercholesterolemia and cardiovascular disease was investigated in atomic bomb
survivors exposed in utero [6]. Although no significant excess in the risk for cardiovascular dis-
ease was found, there was a suggestion of an increased risk when fatal and nonfatal cardiovas-
cular disease cases were combined. This study has statistical limitations due to the low number
(506) of in-utero exposed subjects studied and their relatively young age (under 60 years) at the
time of examination [6].

The embryonic development of the murine fetal heart is a very dynamic process as the typi-
cal gestation period only lasts three weeks. A. particular window of susceptibility extends from
embryonic day E9 to E12. When corrected for size and embryonic time scale, the anatomy and
growth of mouse and human hearts are quite similar [7], suggesting that mouse models can be
successfully used to study the heart development.

The activation of the MAP kinase cascade plays an important role in the heart chamber for-
mation of the fetus [8]. Data from human studies suggest that environmental stress factors
such as hypoxia, increased level of reactive oxygen species or antiviral therapy adversely influ-
ence this process [9,10]. It is reasonable to suggest that ionizing radiation may have similar
adverse effects on the fetal heart development. However, no experimental data concerning
radiation-induced cardiac defects after prenatal exposure are available at the moment.

The aim of this study was to evaluate the long-term consequences of low and moderate in-
utero (E11) radiation doses using the C57Bl/6] mouse model. The lowest radiation dose used
here is comparable to that received in coronary computed tomography angiogram (20 mGy).
The higher doses of 0.1 and 1.0 Gy have been measured in accidental and occupational situa-
tions, even in females [6,11]. Both male and female offspring were included in the study. A
global quantitative proteomics analysis with a liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) identification of dysregulated proteins was performed. Proteins altered in
expression could be clustered to several categories including mitochondrial, acute phase and
structural proteins. Significant proteome alterations were detectable two years post-irradiation
even after exposure to a dose of 0.1 Gy.

Materials and Methods
In-utero irradiation

All animal experiments were performed in accordance with the European Communities Coun-
cil Directive of November 24, 1986 (86/609/EEC) and approved by the local ethical board Stu-
diecentrum voor Kernenergie-Centre d'Etude de 1'énergie Nucléaire/Vlaamse Instelling voor
Technologisch Onderzoek (SCK-CEN/VITO) (ref. 02-012). C57Bl/6] were purchased from
Janvier (Bio-services, Uden, The Netherlands) and housed under standard laboratory condi-
tions (12 h light/dark cycle). Mice were mated during a 2-hourtime period in the morning, at
the start of the light phase (7.30 h until 9.30 h), in order to ensure synchronous timing of
embryonic development. Subsequently, pregnant females were whole body irradiated at E11
(0.02/0.05, 0.1 and 1.0 Gy) at a dose rate of 0.35 Gy/min using a Pantak RX tube operating at
250 kV, 15 mA (1 mm Cu-filtered X-rays). The calibration of the X-ray tube was performed
using an ionization chamber. Control pregnant females were sham-irradiated. The overall
health of the mice was monitored weekly. No adverse health consequences were observed in
the irradiated mice. All mice were sacrificed via cervical dislocation, the male offspring after 6
months and the female offspring 2 years after birth. Hearts were excised and maintained at
-80°C until further analysis. The time points referred to in this paper (6 m, 2 y) are calculated
from the birth, not from the irradiation.
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Isolation of total heart protein

The frozen hearts were pulverized in liquid nitrogen using mortar and pestle. The powdered
tissue was immediately suspended in 6 M guanidine hydrochloride (SERVA) with phosphatase
and protease inhibitor cocktails (Roche). The samples were centrifuged at 13,000 g and the
supernatants were collected. Protein concentration of each supernatant was measured with
Bradford assay [12].

ICPL labeling

Fifty (50) ug of protein from each supernatant was labeled with Isotope Coded Protein Label
(ICPL) technology. Triplex set of labels (light, medium and heavy) were used as follows: con-
trol was labeled with light labels while irradiated heart proteomes (0.02/0.05 Gy, 0.1 Gy) were
labeled with medium and heavy isotopes as described previously [13]. Duplex set of labels was
used for the dose of 1.0 Gy: control was labeled with a light label and the irradiated sample with
a heavy label. Three biological replicates were used for each dose and for the respective control
groups. The labeled proteins were mixed, precipitated and dissolved in Laemmeli sample buffer
[14]. The proteins were separated by SDS-PAGE gel electrophoresis and stained using Coo-
massie Blue.

Mass spectrometric analysis

Mass spectrometric analysis was done as described previously [15]. Shortly, the Coomassie
Blue stained protein lanes were cut into 5 slices and individually in-gel digested with trypsin
(Sigma Aldrich). The digested peptides were fractionated on nano-HPLC and subsequently
analyzed with an Orbitrap-XL mass spectrometer (Thermo Scientific) as described previously
[16].

The MS/MS spectra were searched against the Ensembl mouse database (Version: 2.4, 56
416 sequences) using the Mascot search engine (version 2.3.02; Matrix Science) with the fol-
lowing parameters: a precursor mass error tolerance of 10 ppm and a fragment tolerance of 0.6
D. One missed cleavage was allowed. Carbamidomethylation was set as the fixed modification.
Oxidized methionine and ICPL-0, ICPL-4 and ICPL-6 for lysine residues and N-termini of
peptides were set as the variable modifications.

Data processing for the identification and quantitation of ICPL-triplex labeled proteins was
performed using Proteome Discoverer version 1.3.0.339 (Thermo Scientific). The MASCOT
Percolator node-based algorithm was used to discriminate correct from incorrect peptide spec-
trum matches. The q value of the percolator algorithm was set to 0.01 representing strict pep-
tide ranking. Thus, only the best ranked peptides were used. Further, these peptides were
filtered against a Decoy database resulting in a false discovery rate (FDR) of each LC-MS-run;
the significance threshold of the FDR was set to 0.01 to ensure that only highly confident pep-
tides were used for protein quantification [17]. Proteins identified by at least two unique pep-
tides in two out of three biological replicates, and having an H/L variability of less than 30%
were considered for further evaluation. Proteins identified by a single peptide were manually
scrutinized and regarded as unequivocally identified if they fulfilled the following four criteria:
(a) they had fragmentation spectra with a long, nearly complete y- and/or b-series; (b) all
lysines were modified; (c) the numbers of lysines predicted from the mass difference of the
labeled pair matched the number of lysines in the given sequence from the search query and
(d) at least one mass of a modified lysine was included in the detected partial fragment series
[18]. Proteins with ratios of H/L label greater than 1.30-fold or less than 0.769-fold were
defined as being significantly differentially expressed.
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Access to raw data files from LC-MS/MS runs

The raw data files from the mass spectrometry analysis have been deposited under the follow-
ing link-http://storedb.org/store_v3/study.jsp?studyld=1019

Bioinformatics analysis

Protein-protein interactions and signaling networks were searched using INGENUITY Path-
way Analysis (IPA) (http://www.INGENUITY.com) [19] and STRING protein database
(http://string-db.org) [20]. The Ensembl protein accession numbers, including the relative
expression values of all significantly deregulated proteins, were uploaded to IPA and STRING
to elucidate possible interactions.

Immunoblotting analysis

Immunoblotting of protein lysates from control and irradiated tissues was performed as
described [21]. In short, proteins were separated using 1D gel electrophoresis and transferred
to nitrocellulose membranes (GE Healthcare) using a TE 77 semidry blotting system (GE
Healthcare) at 0.8 mA/cm for 1 h. Membranes were saturated for one hour with 8% milk pow-
der in TBS (50 mM Tris-HCI, pH 7.6 and 150 mM NaCl) containing 0.1% Tween 20 (TBS/T).
Blots were incubated overnight at 4°C with antibodies against vimentin (Abcam ab92547),
LIM domain-binding protein 3 (Abcam ab154183), peroxiredoxin-5 (Abcam ab119712), apoli-
poprotein E (Abcam ab1906) and phospho Map4K4-ser801 (BioSource bs-5493R).

After washing three times in TBS/T, blots were incubated for one hour at room temperature
with horseradish peroxidase-conjugated or alkaline phosphatase anti-mouse or anti-rabbit sec-
ondary antibody (Santa Cruz Biotechnology) in blocking buffer (TBS/T with 8% w/v milk pow-
der). Immuno-detection was performed with ECL advance Western blotting detection kit (GE
Healthcare). The protein bands were quantified using Total Lab (TL100) software (http://www.
totallab.com). ATP synthase 8 (Abcam ab14730) was used for normalization as it showed no
significant change in the proteomics analysis.

MAP4K4 ELISA assay

To test the amount of total MAP4K4 same amount of protein (100 pg) from each sample was
used for the enzyme-linked immunosorbent assay (ELISA) assay that was performed according
to manufacturer’s guidelines (MyBioSource MBS9317805).

Statistical analysis

Statistical analysis was performed using Graph Pad Prism (release 4). Immunoblotting results
were evaluated using non-paired Student s t-test. Data are presented as means + standard devi-
ation (SD). A p-value of less than 0.05 was considered to denote statistical significance. Three
biological replicates were used in all experiments.

Results
Proteome alteration increases with the radiation dose

The proteomic analysis at 6 months using male offspring identified a total of 1196 proteins
(682 quantified) of which 19 (1.6%) and 29 proteins (2.4%) were significantly deregulated at
0.02 Gy and 0.1 Gy, respectively (Tables A and B in S2 File). At 6 months, the number of iden-
tified proteins after 1.0 Gy was 1188 (644 quantified) of which 34 proteins (2.9%) were signifi-
cantly deregulated (Table C in S2 File). The protein expression changes induced at the lowest
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Fig 1. Venn diagrams showing the number of all and shared deregulated proteins at doses of 0.1 Gy and 1.0 Gy. (A) The numbers of
deregulated proteins at 6 months and (B) 2 years are indicated above the circles. The list of shared proteins at these time points is shown on
the right.

doi:10.1371/journal.pone.0156952.g001

dose (0.02 Gy) showed little overlap with those seen at the higher doses with only seven pro-
teins shared with the deregulated proteins at the dose of 0.1 Gy or 1.0 Gy. However, thirteen
significantly deregulated proteins were shared between 0.1 Gy and 1.0 Gy doses, including per-
oxiredoxin 5 (PRDX5), LIM domain-binding protein-3 (LDB3), and several mitochondrial
proteins (Fig 1A).

As only a few proteome alterations were seen at the dose of 0.02 Gy, the effect of a slightly
higher but still a low radiation dose (0.05 Gy) was investigated at a later time point (2 years).
To estimate the effect of the gender in the radiation response female offspring was used at this
time point. The proteomics analysis at 0.05 Gy and 0.1 Gy identified a total of 983 proteins
(528 quantified) of which 11 (1.1%) and 26 proteins (2.7%) were significantly deregulated,
respectively (Tables D and E in S2 File). At the 1.0 Gy dose 2 years post-irradiation, 988 pro-
teins were identified (582 quantified), of which 41 proteins (4.2%) were significantly deregu-
lated (Table F in S2 File). Again, the proteome response at the lowest dose was distinct from
that of the higher doses with only six deregulated proteins shared with 0.1 Gy or 1.0 Gy. In con-
trast, the higher doses induced similar changes in the heart proteome. Fourteen significantly
deregulated proteins were shared between these doses (Fig 1B). These included PRDX5, LDB3,
heat shock protein HSPB6, and several mitochondrial proteins.

The proteome alteration at the highest dose (1.0 Gy) was investigated as a function of time.
Ten deregulated proteins were found shared at 6 months and 2 years (Table 1), indicating a
similar response in male and female mice. Members of mitochondrial complexes I and III, and
hydroxyacyl-Coenzyme A dehydrogenase (HADH), involved in acetyl-CoA pathway, were
found upregulated. Similarly, HSBP6, PRDXS5, and LDB3 were upregulated whereas the struc-
tural protein vimentin (VIM) and the lipid translocator apolipoprotein E (APOE) were found
downregulated (Table 1). With the exception of transgelin 2 (TAGLN2), an actin binding pro-
tein and a marker of differentiated smooth muscle [22], all shared proteins showed a similar
direction of deregulation at the two time points. All differentially regulated proteins showed a
greater fold change in expression at 2 years than at 6 months, suggesting a progressive prote-
ome alteration.
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Table 1. Significantly deregulated proteins after 1.0 Gy in-utero dose common to time points of 6 months and 2 years.

Protein name Fold change Function
6m 2y
Heat shock protein, alpha-crystallin-related, B6 2.3 3.7 Cardiac apoptosis
LIM-domain binding protein 3 2.2 2.4 Developmentally regulated in cardiac muscle
Peroxiredoxin 5 1.8 2.0 Response to mitochondrial oxidative stress
Hydroxyacyl-Coenzyme A dehydrogenase 1.6 1.7 Acetyl-CoA pathway
MACRO domain containing 1 1.5 1.7 Ribose deacetylase
Ubiquinol-cytochrome c reductase core protein 1 1.4 2.0 Mitochondrial respiratory Complex IlI
NADH dehydrogenase (ubiquinone) flavoprotein 2 1.3 1.4 Mitochondrial respiratory Complex |
Transgelin 2 0.7 1.4 Marker of differentiated smooth muscle
Vimentin 0.7 0.6 Structural constituent
Apolipoprotein E 0.6 0.4 Lipid transportation

doi:10.1371/journal.pone.0156952.t001

Taken together, these data indicate a dose-dependent increase in the number of deregulated
proteins at both time points. The proteome response at the lowest doses used here (0.02 Gy,
0.05 Gy) showed little similarity with that at the higher doses. Nevertheless, the protein LDB3
that is essential for the structure of sarcomeres was found upregulated at all doses and time
points.

Deregulated proteins form mitochondrial, acute phase, and structural
protein clusters

Proteins, the expression of which was altered at the lowest radiation doses, i.e. 0.02 Gy and 0.05
Gy, (6 months and 2 years, respectively) could not be clustered to form an interactive network
using STRING analysis. This suggested that no particular biological pathway was significantly
affected at these doses.

Significantly deregulated proteins at doses of 0.1 Gy or 1.0 Gy could be clustered in catego-
ries as follows: mitochondrial proteins, acute phase response and structural proteins (cytoskele-
ton) (Fig 2). In most cases, the number of proteins in a particular network increased with dose
at both time points, supporting a dose-dependent increase of proteome alterations that was
also suggested by the proteomics analysis. In case of mitochondrial proteins, several members
of the respiratory complexes I, IIT and IV showed persistent upregulation, ubiquinol-cyto-
chrome c reductase (UQCRC1) being a central member of all networks. Although the networks
of acute phase and structural proteins were represented as deregulated at both time points, the
members of these networks changed in a time-dependent manner. For example, a transient
deregulation was seen in the serpine family of proteins at 1.0 Gy at 6 months but not at 2 years.
Some of these changes may also be due to a gender-specific alteration of the cardiac proteome.

Immunoblotting confirms the results of the proteomic analysis

In order to validate the proteomics data, the expression of proteins representing the biological
categories of cellular structure, metabolism or oxidative stress was investigated by immuno-
blotting (Fig 3). In agreement with the proteomics data, immunoblotting showed increase in
the amount of LDB3 and PRDX5 whereas a decrease in the level of structural protein vimentin
and lipid transporter APOE was observed after the 1.0 Gy dose at both time points (Figs A-D
in S1 File).
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Fig 2. STRING protein networks of significantly changed proteins at prenatal (E11) radiation exposure of 0.1 Gy and 1.0 Gy.

Common networks between 6-month- and 2-year-time points are shown. Mitochondrial proteins, acute phase proteins and structural
proteins represent the major protein classes of proteins affected by the pre-natal irradiation.

doi:10.1371/journal.pone.0156952.g002

Expressions of the total MAP4K4 and phospho-MAP4K4 are decreased
after 1.0 Gy

Ingenuity Pathway Analysis (IPA) predicted the inhibition of mitogen-activated protein kinase
kinase kinase kinase 4 (MAP4K4) at 6 and 24 months after a dose of 1.0 Gy (Fig 4) but not at
lower doses.

The relative quantification of the level of phosphorylated (active) MAP4K4 (Ser-801) using
immunoblotting showed a significant decrease at 6 months (Fig 5A and Fig D in S1 File). At 2
years, the significance of downregulation was not reached (p = 0.1714) (Fig 5A).

To confirm the predicted inhibition of MAP4K4, the total amount was measured using the
control and 1.0 Gy irradiated cardiac tissue. A significant decrease in the level of total kinase
expression was observed at both time points in irradiated hearts (Fig 5B).

Discussion

There is a considerable lack of data concerning late effects of radiation-induced damage in the
prenatal period. This study is to our knowledge the first to investigate persistent molecular
changes in the murine heart after in-utero exposure to low and moderate doses of ionizing radi-
ation. The doses used here, ranging from 0.02 to 1.0 Gy, are comparable to those found in med-
ical diagnostic situations, atomic bombings and occupationally exposed populations [23,24].
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Fig 3. Inmunoblot validation of proteomics data at 1.0 Gy using antibodies against vimentin (VIM), apolipoprotein E (APOE), LIM
domain-binding protein (LDB3), and peroxiredoxin 5 (PRDX5). (A) The immunoblot images of VIM, APOE (6 months), PRDX5, and
LDB3 are shown. The bar charts at 6 months (B) and 2 years (C) represent the average ratios with standard deviation (SD) of relative
protein expression in control and 1.0 Gy irradiated samples after background correction and normalization to ATP synthase 3. (unpaired
Student’s t-test; *p <0.05; **p<0.01; n=3).

doi:10.1371/journal.pone.0156952.9003

We show here that many mitochondrial proteins show differential expression after prenatal
irradiation (E11) already at the dose of 0.1 Gy. Recent data strongly suggest that the switch to
aerobic metabolism in the murine embryonic heart occurs around embryonic day E11.5 [25],
close to the time point of irradiation in this study. It has been shown that at E9.5 mitochondrial
electron transfer chain (ETC) activity and oxidative phosphorylation (OXPHOS) are not cou-
pled, even though the complexes are present. At E11.5, mitochondria appear functionally more
mature, ETC activity and OXPHOS are coupled and respond to ETC inhibitors [25]. The time
window of OXPHOS activation may be especially susceptible to radiation-induced mitochon-
drial impairment. In this study, many members of respiratory Complexes I and IV are found
differentially regulated after prenatal exposure, this being in agreement with the data following
neonatal irradiation with same doses as used here [21]. In addition, upregulation of Complex
III proteins is seen in this study. Our previous data on locally irradiated adult (8 weeks) mouse
hearts (2 Gy) also highlight mitochondrial respiratory complexes as radiation targets in the
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Fig 4. Ingenuity Pathway Analysis networks showing predicted inhibition of protein kinase MAP4K4. (A) Predicted networks afterin
utero irradiation at 1.0 Gy, 6 months and (B) 1.0 Gy, 2 year are shown. Three biological replicates were used in all experiments. ACAA2,
acetyl-Coenzyme A acyltransferase 2; FASN, fatty acid synthase; HADH, hydroxyacyl-Coenzyme A dehydrogenase; UQCRC1, ubiquinol-
cytochrome c reductase core protein 1; NDUFA11, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 11; NDUFS8, NADH

dehydrogenase (ubiquinone) Fe-S protein 8; PGAM1, phosphoglycerate mutase 1; MAP4K4, Mitogen-activated protein kinase kinase
kinase kinase 4.

doi:10.1371/journal.pone.0156952.9004

heart but mice irradiated in the adulthood show downregulation, not upregulation, of the com-
plex proteins [26]. This was connected with increased reactive oxygen species formation and
protein oxidation, even 40 weeks after the radiation exposure [27]. The prenatal irradiation
used here does not increase protein oxidation in the heart (data not shown) although the per-
sistent upregulation of PRDXS5 is indicative of long-term oxidative stress [28,29]. The upregula-
tion of respiratory chain proteins may indicate a protective response to the early transient
radiation insult [30].

A second group of significantly deregulated proteins found in this study are the heat shock
proteins. Similar to mitochondrial proteins, the marked upregulation of heat shock protein B6
(HSPBS6, formerly heat shock protein 20) that is observed at the 1.0 Gy dose already after 6
months and at all doses after 2 years, may indicate a response to persistent radiation-induced
damage. HSPB6 plays a key role in protection against apoptosis, remodeling, and ischemia/
reperfusion injury [31,32]. It has been implicated in modulation of cardiac contractility
through sarcoplasmic reticulum calcium cycling [33].

Also involved in the cardiac contractility is the protein LDB3, also known as Cypher or Z-
band alternatively spliced PDZ-motif (ZASP). It is the only protein found upregulated at all
doses and time points. It stabilizes the cardiac sarcomere during contraction, through interac-
tions with actin [34]. Mutations in LDB3 cause several forms of heart disease including dilated
cardiomyopathy [35,36]. Another Z-disc protein, SYNPO2L, highly expressed in the mouse
embryonic heart [37] and essential for heart function [38], is found almost twofold upregulated
two years after the prenatal radiation dose of 1.0 Gy.

A transient deregulation (both up- and downregulation) at six months is seen of many
members of the serpin family, especially at 1.0 Gy. The serpin family comprises a structurally
similar, yet functionally diverse, set of proteins. Named originally for their function as serine
proteinase inhibitors, many of its members are not inhibitors but rather chaperones, involved
in cellular storage and transport [39]. An almost twofold upregulation is found at 1.0 Gy for
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Fig 5. Characterization of MAP4K4 in the control and 1.0 Gy-irradiated mouse heart. (A) The immunoblot images of phospho-MAP4K4
(Ser-801) in the 1.0 Gy irradiated hearts compared to the controls at 6 months and 2 years is shown. (B) Columns represent the average
ratios with standard deviation (SD) of relative protein expression in control and 1.0 Gy irradiated samples after background correction and
normalization to ATP synthase B3 (unpaired Student’s t-test; *p <0.05; ns, non-significant; n = 3). (C) The total amount of MAP4K4
measured using ELISA in control and 1.0 Gy irradiated heart tissue shows significant radiation-induced decrease at 6 months and 2 years
(unpaired Student’s t-test; *p <0.05; ns, non-significant; n = 3).

doi:10.1371/journal.pone.0156952.g005

the expression of SERPINA1A, alpha-1-antitrypsin orthologue, the deletion of which is embry-
onically lethal [40]. Alpha-1-antitrypsin expression has been associated with atherosclerosis
progression in human [41].

An alteration of the cardiac cytoskeleton is suggested already at 0.1 Gy. The proteins from
the structural component category such as annexin 5, transgelin (2 years), obscurin, and differ-
ent forms of actin and myosin show increased expression. Obscurin plays a role in the forma-
tion of new sarcomeres during myofibril assembly [42] and mutations in this protein have
been associated with dilated [43] and hypertrophic cardiomyopathy [44]. In contrast, downre-
gulation of the vimentin expression was observed here, in accordance with our previous studies
using adult mice [26,27].

APOE has an important function in the heart by facilitating the transport of high density
lipoproteins (HDL) and low density lipoproteins (LDL) across the plasma membrane [45]. The
downregulation of APOE observed at both time points (1.0 Gy) may suggest increased lipid
accumulation [46] as previously shown at high doses of ionizing radiation to the heart [47].

This study shows that in-utero irradiation (1.0 Gy) decreases the expression of total and
active form of MAP4K4 by reducing the phosphorylation of serine-801. MAP4K4, a serine/
threonine protein kinase [48], is essential in embryonic mesoderm formation leading to the
origin of the cardiovascular system [49]. The deletion of the corresponding gene is lethal as the
k.o. mice die between E9.5 and E10.5. (Xue, Wang et al. 2001). Little is known of its function in
the heart but several isoforms of this enzyme were identified recently in the rat cardiac kinome
[50]. Its expression was higher in neonatal ventricular myocytes compared to the adult ones.
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MAP4K4 may play a role in the response to environmental stress and inflammation as silenc-
ing it in macrophages in vivo protected mice from lipopolysaccharide-induced lethality by
inhibiting TNF-alpha and interleukin-1beta production [51]. The reduced amount of total and
active form of MAP4K4 seen in this study may be protective against cardiac inflammation but
more research is needed to clarify this.

As we find no great differences in the heart proteome responses of male and female mice,
the gender-specific responses may be characteristic only to mice irradiated at a mature age.
This is in agreement with our previous studies using both male and female mice that were irra-
diated early in life at postnatal day 10. These studies showed little difference in the hippocam-
pal proteome after low and moderate doses of ionizing radiation [17,52].

Conclusions

This study suggests that biological pathways important at the time of irradiation (E11) are still
found altered years after the initial insult. Such pathways include initiation of mitochondrial
respiration and activation of MAP kinases in the mouse embryonic heart. The proteomic
response after prenatal irradiation is different from that observed after radiation exposure at
the adult age but bears resemblance to that found after radiation exposure at the early postnatal
phase. Several structural proteins found dysregulated in this study are involved in the sarco-
mere formation and contractility. Both of these processes are rapidly developing at the time of
the radiation exposure.
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2.2 Long-term effects of acute low-dose ionizing radiation on the
neonatal mouse heart: a proteomic study

2.2.1 Aim and summary

Infants and children are more susceptible for radiation-induced cardiovascular disease
(CVD). The biological changes behind the increased risk for CVD after low-dose exposure in
the early developmental phase are unknown. So far, long-term effects of low-dose ionizing

radiation on neonates were not studied by global proteome profiling.

The aim of this study was to investigate the long-term alterations on the proteome level
after exposure to total body low-dose ionizing radiation at neonatal stage. Neonatal mice
were irradiated on postnatal day 10 with whole body ®°Co gamma-irradiation, with doses
ranging from 0.02 Gy to1.0 Gy. The mice were sacrificed at 7 months of age and hearts were
isolated. Global quantitative proteomic study was performed using ICPL (duplex) labeling
and LC-MS/MS analysis. We identified 32, 31, 66, and 34 significantly deregulated proteins
after doses of 0.02, 0.1, 0.5, and 1.0 Gy, respectively. The four doses shared 9 deregulated
proteins, belonging to inflammatory response, antioxidant activity and cytoskeletal protein
categories. The transcription factor peroxisome proliferator-activated receptor alpha
(PPARA) was predicted to be a common upstream regulator of several deregulated proteins.
The phosphorylation level of PPARA was found to be significantly reduced from the dose of

0.1 Gy onwards, correlating with its altered activity.

This study indicates that both adaptive and maladaptive responses to the initial radiation
insult occur, leading to persistent damage. It will contribute to the understanding of the
long-term consequences of radiation-induced injury and developmental alterations in the

neonatal heart.

2.2.2 Contribution

This study is the first and essential work to test the main hypothesis of this thesis
concerning the role of age at exposure. This study was performed with the help of Sonja
Buratovic (University of Uppsala) and Dr. Juliane Merl-Pham. Dr. Sonja Buratovic irradiated
the mice and Dr. Merl-Pham performed the LC-MS/MS run. The heart proteome isolation

ICPL labeling and data analysis was my major contribution. All the immunoblotting
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experiments for cytoskeletal protein as well as the experiment concerning phosphorylation
of PPARA were done by me. The figures and tables and the text for the publication was
created by me with guidance from PD Dr. Soile Tapio and Prof. Dr. Michael J. Atkinson. The
co-authors Dr. Omid Azimzadeh, Dr. Stefanie M Hauck and Prof. Per Eriksson helped in the

scientific discussion.

2.2.3 Publication

The following paper was published as an original manuscript in 2013 in Radiation

Environmental Biophysics

Long-term effects of acute low-dose ionizing radiation on the neonatal
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Abstract Epidemiological studies establish that children
and young adults are especially susceptible to radiation-
induced cardiovascular disease (CVD). The biological
mechanisms behind the elevated CVD risk following
exposure at young age remain unknown. The present study
aims to elucidate the long-term effects of ionizing radiation
by studying the murine cardiac proteome after exposure to
low and moderate radiation doses. NMRI mice received
single doses of total body ®Co gamma-irradiation on
postnatal day 10 and were sacrificed 7 months later.
Changes in cardiac protein expression were quantified
using isotope-coded protein label and tandem mass spec-
trometry. We identified 32, 31, 66, and 34 significantly
deregulated proteins after doses of 0.02, 0.1, 0.5, and
1.0 Gy, respectively. The four doses shared 9 deregulated
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proteins. Bioinformatics analysis showed that most of the
deregulated proteins belonged to a limited set of biological
categories, including metabolic processes, inflammatory
response, and cytoskeletal structure. The transcription
factor peroxisome proliferator-activated receptor alpha was
predicted as a common upstream regulator of several
deregulated proteins. This study indicates that both adap-
tive and maladaptive responses to the initial radiation
damage persist well into adulthood. It will contribute to the
understanding of the long-term consequences of radiation-
induced injury and developmental alterations in the neo-
natal heart.

Keywords Low-dose ionizing radiation - Acute
exposure - Total body irradiation - Cardiac effects -
Fibrinogen - PPAR alpha - Proteomics - ICPL

Abbreviations

Gy Gray

IPA Ingenuity Pathway Analysis

CVD Cardiovascular disease

H/L Heavy to light ratio

ICPL Isotope-coded protein label

LC-MS Liquid chromatography mass spectrometry
PND Postnatal day

TBI Total body irradiation

PPAR Peroxisome proliferator-activated receptor
Introduction
Epidemiological studies of A-bomb survivors from

Hiroshima and Nagasaki provide evidence for the devel-
opment of an increased risk of cardiovascular disease
(CVD) many decades after the radiation exposure
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(Preston et al. 2003). Even relatively low radiation doses
(0.5 Gy) may elevate the risk of late CVD in this cohort,
especially if the age at exposure was below 40 years
(Shimizu et al. 2010). Survivors of childhood cancer who
have received radiation therapy are also highly susceptible
to increased risk CVD later in life (Aleman et al. 2003;
Armstrong et al. 2009; Tukenova et al. 2010; Shankar
et al. 2008). The underlying biological mechanisms
responsible for elevated CVD risk at young age after
ionizing radiation are unknown.

The A-bomb and cancer survivor cohorts represent quite
different types of exposures in terms of both the applied
dose (acute vs. fractionated over many weeks) and the
anatomical location. The medical cohorts received multiple
fractions of local irradiation, while the A-bomb survivors
were exposed to an acute total body irradiation (TBI).
Cardiac effects after equivalent exposures differ as TBI
may affect the heart both directly and indirectly through
damage to other organs such as lung (Ghobadi et al. 2012)
and kidneys (Moulder et al. 2004). Nevertheless, these
studies consistently show that age at exposure is an
important parameter influencing the risk of CVD later in
life. In addition to biological factors, this may be due to the
fact that cardiovascular effects have more time to develop
in those exposed at young age than in adults.

A comparison of the long-term cardiovascular damage
after TBI and local thorax irradiation was made in young
5-week-old rats, following changes in heart function and
coronary vessel morphology after a single dose of 10 Gy
(Baker et al. 2009). TBI, but not an equivalent local thorax
dose, impaired cardiac function, indicated by a decreased
strain pattern after 240 days. Similar damage had previ-
ously been observed after local thorax irradiation, but after
the application of considerably higher doses (20-70 Gy)
(Lauk 1986; Yeung et al. 1989).

We have previously studied the early changes in cardiac
proteome of C57BL/6 mice after exposure to acute TBI
with a gamma dose of 3 Gy (Azimzadeh et al. 2011).
Significant biological responses observed within the first
24 h included inflammation, antioxidative defense, and
reorganization of structural proteins. Mitochondrial pro-
teins represented the protein class most sensitive to ioniz-
ing radiation (Azimzadeh et al. 2011, 2012). In numerous
biochemical and functional studies of cardiomyocytes and
heart tissue, impairment of mitochondrial function has been
directly linked to the development of CVD and radiation
(Takano et al. 2003; Dhalla et al. 2000; Ballinger 2005;
Misra et al. 2009; Barjaktarovic et al. 2011, 2013).

The aim of the present study was to investigate the long-
term cardiac effects following low-dose total body irradi-
ation of developing neonatal mice hearts. For this purpose,
we used the outbred NMRI mice strain to study the effects
of ionizing radiation on the neonatal heart as this strain has

@ Springer

a degree of genetic variance similar to what would be
expected in the human population. The mice were exposed
to TBI on postnatal day 10 (PND 10) using doses ranging
from 0.02 to 1.0 Gy. The cardiac tissue proteome changes
were analyzed 7 months postirradiation using isotope-
coded protein labeling (ICPL) and tandem mass spec-
trometry (LC-MS/MS).

Experimental procedures
Mouse total body irradiation (TBI)

Mice were bred and irradiated at the Svedberg Laboratory,
Uppsala University, in accordance with the guidelines of
Swedish Committee for Ethical Experiments on Laboratory
Animals (approval number C 347/10). NMRI male mice
were exposed to a single acute dose of TBI at PND 10
using a ®°Co gamma radiation source (dose rate 0.023
Gy/min) delivering doses of 0.02, 0.1, 0.5, and 1.0 Gy.
Control mice were sham-irradiated. The radiation exposure
did not cause any additional stress to the mice. An ioni-
zation chamber (Markus chamber type 23343.PTW-Frei-
burg) was used to validate the radiation exposure. After
arrival in Germany at the age of 5 months, the mice
received a routine treatment for intestinal parasites with
Ivomac (Merial, 0.03 mg/mouse) (Baumans et al. 1988).
Animals were sacrificed at the age of 7 months when they
were fully grown but not yet aged, via cervical dislocation.
Hearts were excised, thoroughly rinsed in PBS to remove
excessive blood, snap-frozen, and stored at —80 °C until
required.

Isolation and extraction of whole heart proteome

Whole frozen hearts were powdered in liquid nitrogen
using a cooled mortar and pestle. The tissue powder was re-
suspended in ICPL lysis buffer containing guanidine
hydrochloride (SERVA) with protease and phosphatase
inhibitor cocktails following the manufacturer’s instruc-
tions (Roche Diagnostics). The supernatants were stored at
—20 °C until analysis.

Proteomic analysis
Protein quantification and labeling

The protein concentration in the tissue lysates was deter-
mined by Bradford assay following the manufacturer’s
instructions (Thermo Fisher) (Bradford 1976).

The ICPL labeling was done as previously reported
(Sarioglu et al. 2006; Azimzadeh et al. 2011, Sarioglu
et al. 2006). Briefly, three biological replicates containing
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100 pg of protein were prepared from both control and
irradiated cardiac tissue and labeled with ICPL reagents
(SERVA) following the manufacturer’s instructions.
ICPL-0 was used for control tissue and ICPL-6 for irradi-
ated tissue. A bovine serum albumin standard with a
defined ratio (1:1) of heavy and light ICPL labels was used
as an internal standard for quantification. The heavy and
light labeled replicates were combined prior to separation
using 12 % SDS gel electrophoresis before staining with
colloidal Coomassie solution.

LC-ESI-MS/MS analysis

After Coomassie blue staining, each SDS gel lane was cut
into two and subjected to in-gel digestion with trypsin
(Sigma Aldrich) as described previously (Merl et al. 2012).
The digested peptides were separated by nano-HPLC and
mass spectroscopic analysis performed with an LTQ
Orbitrap XL mass spectrometer (Thermo Scientific) as
described (Hauck et al. 2010). Up to ten of the most intense
ions were selected for fragmentation in the linear ion trap,
and target peptides already selected for MS/MS were
dynamically excluded for 60 s.

The MS/MS spectra were searched against the Ensembl
mouse database (Version: 2.4, 56 416 sequences) using the
Mascot search engine (version 2.3.02; Matrix Science) with
the following parameters: a precursor mass error tolerance
of 10 ppm and a fragment tolerance of 0.6 D. One missed
cleavage was allowed. Carbamidomethylation was set as
the fixed modification. Oxidized methionine and ICPL-0
and ICPL-6 for lysine residues and N-termini of peptides
were set as the variable modifications.

Data processing for the identification and quantitation of
ICPL-duplex labeled proteins was performed using Prote-
ome Discoverer version 1.3.0.339 (Thermo Scientific). The
MASCOT Percolator algorithm was used for discriminat-
ing between correct and incorrect spectrum identifications
(Brosch et al. 2009) with a maximum q value of 0.01. The
proteins identified by at least two unique peptides in two
out of three biological replicates and quantified by the H/L
variability of less than 30 % were considered for further
evaluation. Proteins identified with a single peptide were
manually scrutinized and regarded as unequivocally iden-
tified if they fulfilled the following four criteria: (1) they
had fragmentation spectra with a long, nearly complete
y- and/or b-series; (2) all lysines were modified; (3) the
numbers of lysines predicted from the mass difference of
the labeled pair had to match the number of lysines in the
given sequence from the search query, and (4) at least one
mass of a modified lysine was included in the detected
partial fragment series (Sarioglu et al. 2006). Proteins with
ratios of H/L label greater than 1.30-fold or less than 0.769-
fold (p < 0.05; Perseus statistical tool) were defined as

being significantly differentially expressed. The signifi-
cance of the fold-change was determined by technical
variability based on the average values of the coefficient of
variation (CV) of a spiked standard protein mixture. The
average %CV obtained for H/L ratio of spiked protein was
18 % for bovine serum albumin (Supplementary Table S1)
in all MS/MS runs. The biological significance of this fold-
change cutoff is in good agreement with previously pub-
lished data (Sarioglu et al. 2006; Papaioannou et al. 2011).

Pathway and functional correlation analysis
Gene Ontology (GO) analysis

Differentially expressed proteins in all samples were cat-
egorized using the protein analysis through evolutionary
relationships (PANTHER), bioinformatics tool (http://
www.pantherdb.org) (Thomas et al. 2006) for Gene
Ontology (GO) category “biological processes”.

Protein—protein interaction and signaling network

The analyses of protein—protein interaction and signaling
networks were performed by the two bioinformatics tools:
Ingenuity Pathway Analysis (IPA) (INGENUITY System.
http://www.ingenuity.com) (Mayburd et al. 2006) and
STRING protein database (http://string-db.org/) (Szklarc-
zyk et al. 2011). The protein accession numbers including
the relative expression values (fold-change) of each
deregulated protein were uploaded to IPA and STRING to
investigate interactions between these proteins.

Immunoblotting analysis

Immunoblotting of protein extracts from control and irra-
diated tissues was used to validate the proteomic data.
Proteins were separated by 1-D gel electrophoresis and
transferred to nitrocellulose membranes (GE Healthcare)
using a TE 77 semidry blotting system (GE Healthcare) at
0.8 mA/cm for 1 h. Membranes were saturated for 1 h with
8 % advance blocking reagent (GE Healthcare) in TBS
(50 mM Tris-HCI, pH 7.6 and 150 mM NaCl) containing
0.1 % Tween 20 (TBS/T). Blots were incubated overnight
at 4 °C with antibodies against phospho-PPAR alpha
(Ser-12) (Abcam), anti-heavy chain cardiac myosin anti-
body (Abcam), and anti-desmin antibody (Abcam).

After washing three times in TBS/T, blots were
incubated for 1 h at room temperature with horseradish
peroxidise-conjugated anti-mouse or anti-rabbit secondary
antibody (Santa Cruz Biotechnology) in blocking buffer
(TBS/T with 5 % w/v advance blocking reagent). Immuno-
detection was performed with ECL advance Western
blotting detection kit (GE Healthcare). The protein bands
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were quantified using ImageQuant 5.2 software (GE
Healthcare) by integration of all pixel values in the band
area after background correction. ATP synthase 3 (Abcam)
was used for normalization as our proteomic data showed
no deregulation of this protein.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism
(release 4) and Perseus software (http://maxquant.org/).
Immunoblotting results were evaluated using non-paired
Student’s ¢ test. Data are presented as mean =+ standard
deviation (SD). A p value of less than 0.05 was considered
to denote statistical significance. Three biological repli-
cates were used for all experiments.

Results

The aim of this study was to analyze the long-term effects
of low and moderate radiation exposures on the proteome
of the developing murine heart. As a model, we used the
outbred NMRI mouse strain exposed to TBI early in life
(PND10) and analyzed changes in protein expres-
sion 7 months later.

Proteomic analysis

The cardiac tissue of the irradiated mice showed alterations
in the heart proteome compared with control animals, even
after the lowest dose (0.02 Gy) used. The numbers of
identified proteins were 856, 778, 753, and 725 after
radiation doses of 0.02, 0.1, 0.5, and 1.0 Gy, respectively.

The numbers of quantified proteins in these exposed groups
were 546, 498, 507, and 489, respectively.

Out of all quantified proteins, 32 (0.02 Gy), 31 (0.1 Gy),
66 (0.5 Gy), and 34 (1.0 Gy) were significantly deregulated
using the statistical criteria described before. All signifi-
cantly deregulated proteins are listed in Supplementary
Tables S2-S5. There was no relationship between dose and
the number of deregulated proteins, the dose of 0.5 Gy
showing more deregulated proteins than other doses.

Nine proteins were found to be significantly deregulated
at all radiation doses (Table 1). These represented struc-
tural proteins such as actin and myosin and inflammatory
proteins such as fibrinogens (alpha, beta and gamma). Two
isoforms of carbonic anhydrase that function as free radical
scavengers were also commonly down-deregulated. In
addition, the ribosomal protein L19 was up-regulated at all
doses (Table 1).

A number of the deregulated proteins were shared
between different doses, and these are illustrated in Fig. 1.
Twelve proteins were shared between the two lowest doses
of 0.02 and 0.1 Gy (Table S2), including hemopexin
(down-regulated) and cyclooxygenase-2 (up-regulated).
Sixteen proteins were overlapping between the highest two
doses of 0.5 and 1.0 Gy (Table SS5), containing proteins
involved in lipid metabolism, such as phytanoyl-CoA
dioxygenase (PHYHD1) and apolipoprotein A-I (APOALI).

Bioinformatics analysis
Gene Ontology studies
“Metabolic processes”, “cellular processes,” and “trans-

port” were the major categories of biological processes that
were affected (Fig.2). In the category ‘“metabolic

Table 1 Shared significantly deregulated proteins between all radiation doses

Ensembl gene ID Gene Protein Fold changes in the different doses  Biological functions
name
002Gy 0.1Gy 05Gy 110Gy
ENSMUSP00000103181 RPL19 Ribosomal protein 1.648 1426  3.124  2.868  Protein synthesis
L19
ENSMUSP00000029630 FGA Alpha fibrinogen 0.646 0.579 0597 0.496  Blood clotting and inflammatory
responses
ENSMUSP00000039472 FGB Beta fibrinogen 0.727 0.628 0.634 0.417  Blood clotting and inflammatory
responses
ENSMUSP00000037018 FGG Gamma fibrinogen 0.655 0.763  0.593 0.497  Blood clotting and inflammatory
responses
ENSMUSP00000091925 CARI1 Carbonic anhydrase 1 0.493 0.405 0532 0463  Antioxidative response
ENSMUSP00000029078 CAR2 Carbonic anhydrase 2 0.575 0468 0.568 0.582  Antioxidative response
ENSMUSP00000030187 TLN1 Talin 1 0.404 0.327 0.388 0.405  Structural constituent of cytoskeleton
ENSMUSP00000099867 MYH7 Myosin 7, heavy 1.853 0.337 0.176  0.537  Structural constituent of cytoskeleton
chain
ENSMUSP00000071486 ACTG1 Gamma actin 0.680 0.644 0.585 0.544  Structural constituent of cytoskeleton
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processes,” the primary metabolic processes (lipid, protein,
and carbohydrate metabolism) were those mostly affected
by radiation. Lipid transport was significantly changed, as
indicated by the deregulation of the ApoA class of proteins.
The biological process “cellular compartment organiza-
tion” revealed substantial down-regulation of structural
proteins such as actin, talin, myosin, and desmin.

Protein—protein interaction and signaling network analysis

IPA of networking and protein—protein interactions
revealed that “cell-to-cell signaling” and “cellular inter-
action” were the most common molecular and cellular
functions affected at all doses (Tables S2-S5).

0.1 Gy

0.5 Gy

Fig. 1 Venn diagram showing the number of shared proteins affected
in all irradiated samples

Fig. 2 Gene Ontology analysis
of mice irradiated with different
doses. Proteins are categorized
according to the GO term
“biological processes”
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Interestingly, the transcription factor peroxisome
proliferator-activated receptor alpha (PPAR alpha) was
predicted to be a mediator of the observed protein changes,
quite independent of the radiation dose applied (Fig. 3).
PPAR alpha targets that show down-regulation were the
apolipoproteins (APOA1, APOA4) and the fibrinogens
(FGA, FGB, FGG), while the mitochondrial complex IV
subunit COX2 was showing up-regulation.

At the dose of 0.5 Gy, the networking of these proteins
was additionally analyzed using the STRING software tool.
Three radiation-induced clusters of proteins became
apparent representing amino acid and fatty acid metabo-
lism, inflammatory responses, and structural proteins
(Fig. 4).

Taken together, GO, IPA, and STRING analyses sug-
gested an alteration in lipid metabolism with a possible role
of PPAR alpha as a central regulator after radiation.

Immunoblotting analysis

In agreement with the predicted activation of PPAR-
alpha-dependent pathways, the phosphorylation status of
cardiac tissue revealed a significant decrease in the serine-
12 phosphorylated form of PPAR alpha at the doses of
0.1, 0.5, and 1 Gy, while the lowest dose of 0.02 Gy
showed no significant change (Fig. 5, Fig S1, Fig S2). As
phosphorylation of PPAR alpha leads to its deactivation
(Burns and Vanden Heuvel 2007), this result is consistent
with an increased transcription of PPAR alpha targets. No
change was observed in the level of total PPAR alpha
(Figure S2).

Two structural proteins showing radiation-induced
changes, myosin heavy chain and desmin, were also
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Fig. 3 Ingenuity Pathway Analysis networks showing transcriptional
factor PPAR alpha as an upstream regulator. The networks corre-
sponding to doses of 0.02 Gy (a), 0.1 Gy (b), 0.5 Gy (c¢), and 1.0 Gy
(d) are shown. PPAR alpha is predicted activated in all networks. The
proteins indicated in red are up-regulated and those indicated in green
are down-regulated. Three biological replicates were used in all
experiments. ACAA2, acetyl-Coenzyme A acyltransferase 2;
ACATI, acetyl-Coenzyme A acetyltransferase 1; ALDH2, aldehyde
dehydrogenase mitochondrial precursor; ALDH6AI, aldehyde dehy-
drogenase family 6 subfamily Al; APOAI, apolipoprotein A-I;

quantified by immunoblotting (Fig. S2). Both were found
to be significantly down-regulated (Fig. 6), again consis-
tent with our proteomics data.

Discussion

Epidemiological data suggest an increased radiation sensi-
tivity of the cardiovascular system in children and young
adults receiving radiation exposure to the heart, albeit with a
very prolonged latency to appearance of CVD. The long-
term follow-up of A-bomb survivors suggests that there is an
excess risk even at the low doses that may be encountered
from repeated medical procedures (Shimizu et al. 2010).
Our study now provides the first indications of the
mechanisms underlying the long-term damage following a
single low-dose exposure to ionizing radiation of the
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CD36, CD36 antigen; COL6A3, collagen type VI alpha 3; COX2,
cytochrome ¢ oxidase subunit 2; CPT1B, carnitine palmitoyltrans-
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fatty acid binding protein 4 adipocyte; FGA, fibrinogen alpha; FGB,
fibrinogen beta; FGG, fibrinogen gamma; FHL1, four and a half LIM
domains protein 1; FLNC, filamin C gamma; HPX, hemopexin;
INSR, insulin receptor; MYH7, myosin heavy polypeptide 7; PPARA,
peroxisome proliferator-activated receptor alpha (color figure online)

developing heart. The doses used here ranged from very
low (0.02 Gy) to moderate (1.0 Gy), in order to provide an
insight into the possible risk at low doses that may be
received from realistic exposure scenarios.

Our results indicate that there were considerable chan-
ges in the cardiac proteome even at the lowest dose of
0.02 Gy. Furthermore, the functional spectra of the affec-
ted pathways were quite similar between the different
doses (Fig. 2). More strikingly, several proteins commonly
deregulated at all doses were potential downstream targets
of a single transcriptional regulator, PPAR alpha (Fig. 3)
(Azimzadeh et al. 2013). The levels of the phospho-PPAR
alpha were significantly down-regulated at the higher doses
of 0.1, 0.5, and 1 Gy. As phosphorylation of PPAR alpha
leads to its deactivation (Burns and Vanden Heuvel 2007),
this result is consistent with an increased transcription of
PPAR alpha targets.
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Fig. 4 STRING protein network showing different classes of proteins significantly deregulated at the dose of 0.5 Gy. Major proteins from the
network clustered in the amino acid and lipid metabolism, inflammatory responses and cytoskeletal structure

PPAR alpha plays an important role during perinatal
cardiac development, when the heart undergoes a switch in
energy substrate preference from glucose in the fetal period
to fatty acids following birth (Lehman and Kelly 2002).
The postnatal activation of the mitochondrial energy pro-
duction pathway involves the up-regulated expression of
fatty acid oxidation enzymes, as well as other proteins
important in mitochondrial energy transduction and pro-
duction pathways (van der Lee et al. 2000). This postnatal
transcriptional switch is regulated by the activation of
PPAR alpha (Djouadi et al. 1999). This is consistent with
our observation with mice irradiated at young age revealing
radiation-induced up-regulation of enzymes involved in
fatty acid metabolism (ECH1, ACAT1, CPT1B, ACAA2,
CPT2) and of mitochondrial proteins (NDUFB8, ATP5J2,
SLC25A4, COX2), as well as the decrease in phosphory-
lated PPAR alpha protein indicating an increased activity
of PPAR alpha in cardiomyocytes (Barger et al. 2000).
This may be a sign of adaptation in order to prohibit a
developmental impairment of the heart.

PPAR alpha is activated in a complex manner by both
ligand-dependent and ligand-independent mechanisms
(Lazennec et al. 2000; Vanden Heuvel et al. 2003). Natural

ligands of PPAR alpha include fatty acids and eicosanoids
(Murakami et al. 1999), while ligand-independent activa-
tion is the result of cross talk between kinases and phos-
phatases (Burns and Vanden Heuvel 2007).

Later in life, PPAR alpha continues to regulate the
expression of a large number of proteins involved in lipid
and carbohydrate metabolism (van Raalte et al. 2004;
Fruchart et al. 1999). In our study, the expression of apoli-
poproteins APOA1 and APOA4 was found to be down-
regulated in the irradiated hearts compared with the control.
APOAL1, the major protein of the HDL complex, has the
ability to act as an extracellular acceptor of cholesterol,
thereby promoting cholesterol efflux from the heart and
other tissues to the liver for subsequent excretion (Boisvert
etal. 1999). In addition, HDL has other properties, including
antioxidant, anti-inflammatory, and antithrombotic effects
that may also be antiatherogenic (Barter et al. 2007). PPAR
alpha has been shown to reduce plasma HDL in mice (Peters
et al. 1997). Consequently, and in accordance with our
proteomics data, PPAR alpha activation in mouse reduced
APOA1 mRNA expression (Vu-Dac et al. 1998).

Recent data support the central coordinating role of
PPAR alpha in the regulation of both inflammatory and
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Columns represent the average ratios with standard deviation (SD) of

vascular responses, processes known to contribute to the
development of CVD (Fruchart 2009; Smeets et al. 2007).
The anti-inflammatory action of active PPAR alpha has
been associated with the transcriptional inhibition of genes
coding for fibrinogen and other acute-phase proteins
(Gervois et al. 2001). Our proteomics analysis showed a
down-regulation of fibrinogens in the heart tissue, indi-
cating an ongoing radiation-induced anti-inflammatory
process. Fibrinogen plays two essential roles in the body: It
is along with other acute-phase proteins immediately ele-
vated with tissue inflammation or tissue destruction, but
also a vital part of the coagulation process (Gervois et al.
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2001). When fibrinogen acts as an “acute-phase reactant,”
it rises sharply during tissue inflammation or injury.
Radiation-induced increases in acute-phase proteins have
been observed immediately after irradiation of the murine
heart (TBI of 3 Gy) (Azimzadeh et al. 2011). The long-
term anti-inflammatory effect that we observe here may be
a protective response to the initial injury.

Among numerous defense mechanisms against oxidative
injury in the heart, glutathione S-transferases play a crucial
role (Roth et al. 2011). We observed deregulation of glu-
tathione S-transferases mu and omega, both of which are
involved in cellular redox homeostasis. Our data also show
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a dose-independent down-regulation of two carbonic
anhydrase isoenzymes, indicating an effect on the antiox-
idative system (Basel et al. 2012). High carbonic anhy-
drase-2 levels have been shown to promote cardiomyocyte
hypertrophy (Alvarez et al. 2007; Brown et al. 2012) and
were found in hypertrophic failing hearts (Alvarez et al.
2013). Early induction of antioxidative defense has been
previously observed in murine hearts exposed to TBI
(3 Gy) (Azimzadeh et al. 2011).

The higher doses (0.1, 0.5, and 1.0 Gy) used in this
study induced significant down-regulation in the levels of
those cardiac proteins involved in contraction and cyto-
skeletal organization, such as actin, decorin, talin, and
myosin. High doses of TBI have been shown to induce
similar alterations in cardiac myosin isozymes (Litten et al.
1990) and increase the risk of degeneration of heart
structure and of cardiac dysfunction in rat (Baker et al.
2009). Our previous data also show acute radiation-induced
decrease in key cardiac structural proteins immediately
after TBI (3 Gy) (Azimzadeh et al. 2011) that are sustained
even 40 weeks after a moderate (2 Gy) local cardiac irra-
diation (Barjaktarovic et al. 2013) in C57BL/6 mice.
Despite such evidence of progressive structural damage to
the myocardium and microvasculature, only modest chan-
ges in murine cardiac function occur even after a high local
heart dose of 16 Gy (Seemann et al. 2012). However,
despite the absence of overt damage, this dose lead to a
sudden cardiac death between 30 and 40 weeks in 38 % of
the mice (Seemann et al. 2012).

Conclusions

This study of the long-term effects of TBI on the devel-
oping murine heart illuminates two diverse responses. On
the one hand, activation of PPAR alpha across the wide
dose range of 0.02—1 Gy is predicted from the induction of
fatty acid metabolism and anti-inflammatory and antioxi-
dative activities. The data emphasize the importance of this
transcriptional regulator in the radiation response of neo-
natal hearts, probably due to its essential role in pre- and
postnatal phases of cardiac function. The observed changes
may be considered to be a regenerative adaptation to the
initial radiation-induced damage.

On the other hand, doses of 0.5 Gy and above result in a
reduced expression of cytoskeletal proteins, indicating
degenerative changes to the heart structure and thus mal-
adaptation to the damage. Structural degeneration may be
an indication of the non-proliferative nature of the cardiac
tissue. Structural remodeling has been observed frequently
in several previous studies as a dose-dependent phenome-
non. We suggest that compensatory mechanisms may
maintain cardiac integrity due to the modest doses used

here. However, it cannot be excluded that detrimental
effects of the compensatory process may themselves later
contribute to the increased risk of CVD seen in the long
term after radiation exposure.
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2.3 Total Body Exposure to Low-Dose Ionizing Radiation Induces
Long- Term Alterations to the Liver Proteome of Neonatally Exposed
Mice

2.3.1 Aim and summary

Previous data show the negative impact of ionizing radiation on the liver function. In the
previous study of this thesis on the radiation effects on neonatal mouse heart, PPARA alpha
was convincingly identified as a cardiac target of low doses of ionizing radiation. PPARA also
plays a very crucial role in liver for HDL and LDL metabolism. Experimental data also show

that PPARA activity in liver is strongly associated with serum lipid profile.

This study was designed to investigate the acute and long-term global liver proteome using
low-dose total body irradiated animals. Mice were irradiated at postnatal day 10 using *’Cs
gamma irradiation source with doses of 0.02, 0.05, 0.1, 0.5 and 1 Gy and the animals were
sacrificed after 7 months. Liver tissues from control (sham) and irradiated animals were
removed and total proteome was isolated using 6 M guanidine hydrochloride. ICPL duplex
labelling was performed and quantitative proteome profiling was done using LC-MS/MS.

Serum from these animals was tested for triglyceride (TG) and free fatty acid (FFA) content.

Inhibition of glycolysis pyruvate dehydrogenase pathway was indicated immediately after
irradiation. In addition, alteration in structural proteins was observed directly (1 day) after
the radiation exposure but they were no longer detectable after seven months, indicating
the repair capacity of liver after low and moderate doses of IR. However, persistent
alteration in lipid metabolism and activity of transcription factor PPARA were observed.

Serum TG and FFA levels were also found persistently altered.

Together with our previous data on the cardiac effects in these mice, these results
underscore the importance of PPARA -driven systemic effects after low-dose irradiation in
neonates. Therapeutic substances controlling the activity of PPARA and lipid metabolism

may act as radioprotective agents.

2.3.2 Contributions

This study was performed with the help of Sonja Buratovic (Uppsala University) and Dr.
Juliane Merl-Pham (PROT/HMGU). Dr. Buratovic irradiated the animals; Dr. Merl-Pham ran
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the LC-MS/MS analysis. | isolated the heart proteomes, labeled with ICPL and did all the
downstream data analysis. | also performed all the immunoblottings and PDH assays.
Moreover, | isolated nuclear fractions from the liver tissue and measured the PPARA activity
by transcription factor activity assay. | also measured the serum TG and FFA levels. The text,
tables, figures and supporting material of the publication was produced by me with the help

of PD Dr. Soile Tapio and Prof. Dr. Michael J. Atkinson.
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ABSTRACT: Tens of thousands of people are being exposed daily to
environmental low-dose gamma radiation. Epidemiological data indicate that =~ © 2.
such low radiation doses may negatively affect liver function and result in the  * 2 P
development of liver disease. However, the biological mechanisms behind o« .

these adverse effects are unknown. The aim of this study was to investigate ‘ o0
radiation-induced damage in the liver after low radiation doses. Neonatal male “ ¥ e @
NMRI mice were exposed to total body irradiation on postnatal day 10 using [

acute single doses ranging from 0.02 to 1.0 Gy. Early (1 day) and late (7 e e P
months) changes in the liver proteome were tracked using isotope-coded
protein label technology and quantitative mass spectrometry. Our data
indicate that low and moderate radiation doses induce an immediate
inhibition of the glycolysis pathway and pyruvate dehydrogenase availability in
the liver. Furthermore, they lead to significant long-term alterations in lipid
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metabolism and increased liver inflammation accompanying inactivation of the
transcription factor peroxisome proliferator-activated receptor alpha. This study contributes to the understanding of the potential
risk of liver damage in populations environmentally exposed to ionizing radiation.

KEYWORDS: Low-dose ionizing radiation, liver, metabolic crosstalk, PPAR alpha, proteomics, ICPL

B INTRODUCTION

Exposure to ionizing radiation is omnipresent. We are
constantly exposed to cosmic radiation and to gamma-rays
from naturally occurring radionuclides in the ground, building
materials, food, and drink.! In addition, accidental nuclear
scenarios lead to environmental contamination of unknown
levels. Tens of thousands of people including children are living
in polluted areas and are being exposed daily to low-dose
gamma radiation. Most epidemiological studies concerning
radiation-induced health effects are being conducted in
medically or occupationally exposed populations, and very
little is known about the consequences of environmental
radiation.

Classically, liver has been considered to be a radiation-
sensitive organ.” Several studies using acute high doses of
radiation (>10 Gy) have shown clear structural damage and
hepatic toxicity in this organ.>* Most of these data originate
from locally irradiated liver tumor patients.’ In accordance,
animal studies using single high (25 Gy) and cumulative
fractionated doses (total dose of 60 Gy) have indicated
macroscopically detectable scarring and changes in liver
function caused by deregulation of metabolic enzymes.’
Ionizing radiation has been shown to increase the inflammatory

-4 ACS Publications  © 2014 American Chemical Society
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status of the liver.’ An inflammatory environment promotes the
development of various liver diseases such as hepatitis as well as
hepatocellular carcinoma.” Interestingly, the recent data from
atomic bomb survivors that received only moderate to low
radiation doses show significantly increased mortality due to
liver cancer in this cohort.®

The liver is the metabolic center of the body; major
metabolic activities and detoxification are performed by liver
mitochondria via metabolic pathways such as lipid metabolism
and the TCA cycle. The early postnatal period plays a pivotal
role in structural and functional development of this organ with
far-reaching consequences throughout the lifetime;” it has been
suggested that nonalcoholic fatty liver may have roots in the
neonatal period.10 For hepatocytes, the main cellular
components of the liver, the neonatal period means a time of
adaptation to the new metabolic environment, mainly due to a
switch in energy substrate preference from glucose in the fetal
period to fatty acids following birth.'"' The neonatal liver
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undergoes several chan§es in its functional capacity during the
early postnatal period.!

Previous data show that mice irradiated during the neonatal
period are more susceptible to life shortening than those
exposed in the intrauterine or adult period."® Liver cancer is
significantly induced in neonatal mice at total body doses
around 0.5 Gy.'* The decreased capacity of the newborn liver,
due to its low CYP450 content, to metabolize, detoxify, and
excrete drugs'® may be responsible for the increased
susceptibility to ionizing radiation. However, very little is
known about the biological mechanisms leading to radiation-
induced liver damage. In particular, practically nothing is
known about the dose dependence of this damage.

The aim of the current study was to elucidate immediate and
late effects on liver of low-dose ionizing radiation given at early
age. For this purpose, we used NMRI mice as a model. The
mice were exposed to total body irradiation (TBI) on postnatal
day 10 (PND 10) using doses ranging from 0.02 to 1.0 Gy.
Early (1 day) and late (7 months) changes in the liver tissue
were tracked by quantitative proteomics technology. As
observed previously in the heart,'®'” transcription factor
peroxisome proliferator-activated receptor alpha (PPAR
alpha) was found to play a central role in the regulation of
the radiation-induced metabolic changes in the liver.

B EXPERIMENTAL SECTION

Total Body Irradiation of Mice

Experiments were carried out in accordance with the European
Communities Council Directive of 24 November 1986 (86/
609/EEC), after approval from the local ethical committees
(Uppsala University and the Agricultural Research Council)
and by the Swedish Committee for Ethical Experiments on
Laboratory Animals.

For early effect studies, male NMRI mice (Charles River)
were exposed to single acute dose of total body irradiation
(TBI) at PND 10 using a Cs-137 gamma radiation source (dose
rate 0.2 Gy/min), delivering doses of 0.05, 0.1, 0.5, and 1.0 Gy
(The Rudbeck Laboratory, Uppsala University). For late effects,
mice were exposed to a single acute dose of TBI at PND 10
using a Co-60 gamma radiation source (dose rate 0.02 Gy/
min), delivering doses of 0.02, 0.1, 0.5, and 1.0 Gy (The
Svedberg Laboratory, Uppsala University). An ionization
chamber (Markus chamber type 23343.PTW-Freiburg) was
used to validate the radiation exposure as described
previously.'® Control mice were sham-irradiated, and the
dose was validated as mentioned above. Control and irradiated
animals were sacrificed at the age of 11 days or 7 months via
cervical dislocation. Livers were excised, thoroughly rinsed in
phosphate-buffered saline to remove blood, snap-frozen, and
stored at —80 °C. In total, 60 mice were used for this study.

Isolation and Extraction of Whole Liver Proteome

Whole frozen livers were powdered in liquid nitrogen using a
cooled mortar and pestle. The tissue powder was resuspended
in ICPL lysis buffer containing 6 M guanidine hydrochloride
(SERVA) with protease and phosphatase inhibitor cocktails
(Roche Diagnostics). The lysates were stored at —20 °C until
analysis.

Proteomic Analysis

Protein Quantification and Labeling. The protein
concentration in the tissue lysates was determined by Bradford
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assay following the manufacturer’s instructions (Thermo
Fisher)."?

The ICPL labeling was done as previously reported.'® Briefly,
individual protein lysates (100 yg in 100 L of 6 M guanidine
hydrochloride from each biological sample) were reduced,
alkylated, and labeled with the respective ICPL reagent
(SERVA) as follows: ICPL-0 was used for sham-irradiated
control tissue, and ICPL-6, for the corresponding irradiated
tissue. The heavy and light labeled replicates were combined
prior to separation using 12% SDS gel electrophoresis and
stained with colloidal Coomassie Blue solution. Three bio-
logical replicates per dose and time point were analyzed in all
experiments.

LC—ESI-MS/MS Analysis. After staining, each SDS gel
lane was cut into four equal slices and subjected to in-gel
digestion with trypsin (Sigma-Aldrich) as described previ-
ously.’® The generated peptides were separated by nano-
HPLC, and mass spectrometric analysis was performed with an
LTQ Orbitrap XL mass spectrometer (Thermo Scientific) as
described before.*’ Up to 10 of the most intense ions were
selected for fragmentation in the linear ion trap, and target
peptides already selected for MS/MS were dynamically
excluded for 60 s.

The MS/MS spectra were searched against the Ensembl
mouse database (version 2.4, 56416 sequences) using the
MASCOT search engine (version 2.3.02; Matrix Science) with
the following parameters: a precursor mass error tolerance of
10 ppm and a fragment tolerance of 0.6 Da. One missed
cleavage was allowed. Carbamidomethylation was set as the
fixed modification. Oxidized methionine and ICPL-0 and ICPL-
6 for lysine residues and N-termini of peptides were set as the
variable modifications.

Data processing for the identification and quantitation of
ICPL-duplex labeled proteins was performed using Proteome
Discoverer, version 1.3.0.339 (Thermo Scientific). The
MASCOT node uses the ions score for an MS/MS match.
MASCOT Percolator node uses algorithm to discriminate
correct from incorrect peptide spectrum matches and calculates
accurate statistics, such as the g-value (FDR) and posterior
error probability (PEP), to improve the number of confidently
identified peptides at a given false discovery rate.”” It also
assigns a statistically meaningful g-value to each PSM and the
probability of the individual PSM being incorrect. The peptides
passing the filter settings were grouped into the identified
proteins. The proteins identified by at least two unique peptides
in two out of three biological replicates, and quantified with an
H/L variability of less than 30%, were considered for further
evaluation. Proteins identified with a single peptide were
manually scrutinized and regarded as unequivocally identified if
they fulfilled the following four criteria: (a) they had
fragmentation spectra with a long, nearly complete y- and/or
b-series; (b) all lysines were modified; (c) the numbers of
lysines predicted from the mass difference of the labeled pair
had to match the number of lysines in the given sequence from
the search query; and (d) at least one mass of a modified lysine
was included in the detected partial fragment series.”> Proteins
with ratios of H/L label greater than 1.30-fold or less than
0.769-fold and having peptide g-value less than 0.01 in the
Percolator high confidence peptide filter were defined as being
significantly differentially expressed.

Data Deposition of Proteomics Experiments. The MSF
files of the obtained after analyzing MS/MS spectra in
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Proteome Discoverer can be found at http://storedb.org/
project_details.php?projectid=39.

Bioinformatics Analysis

The analyses of protein—protein interaction and signaling
networks were performed with two bioinformatics tools:
Ingenuity Pathway Analysis (IPA) (INGENUITY System;
http://www.ingenuity.com)** and STRING protein database
(http://string-db.org/).>® The protein accession numbers
including the relative expression values (fold-change) of each
deregulated protein were uploaded to IPA and STRING to
identify possible interactions among these proteins.

Immunoblotting Analysis

Immunoblotting of protein extracts from control and irradiated
tissues was used to validate the proteomic data. For nuclear
fraction enrichment, immunoblotting was also used. Proteins
were separated by 1D PAGE gel electrophoresis and transferred
to nitrocellulose membranes (GE Healthcare) using a TE 77
semidry blotting system (GE Healthcare) at 0.8 mA/cm for 1 h.
Membranes were saturated for 1 h with 8% advance blocking
reagent (GE Healthcare) in TBS (50 mM Tris-HC, pH 7.6,
and 150 mM NaCl) containing 0.1% Tween-20 (TBS/T). Blots
were incubated overnight at 4 °C with anti-tropomyosin-1
(alpha) (Abcam no. ab$5915), anti-desmin (Abcam no.
ab32362), anti-PCNA (PC10, for nuclear fraction) (Santa
Cruz no. sc56), and anti-GAPDH (Santa Cruz no. sc-47724)
(for nuclear fraction).

After washing three times in TBS/T, blots were incubated for
1 h at room temperature with horseradish peroxidise-
conjugated anti-mouse or anti-rabbit secondary antibody
(Santa Cruz Biotechnology) in blocking buffer (TBS/T with
5% w/v advance blocking reagent). Immunodetection was
performed with ECL advance western blotting detection kit
(GE Healthcare). The protein bands were quantified using total
lab (TL) 100 software by integrating all pixel values in the band
area after background correction. Tubulin alpha (GeneTex no.
GTX72360) was used for normalization, as it was not
significantly changed in proteomics analysis of the early 1.0
Gy dose.

Pyruvate Dehydrogenase Activity Assay

Pyruvate dehydrogenase (PDH) activity was measured using
the dipstick assay kit in the control and 0.0S, 0.1, 0.5, and 1.0
Gy treated liver samples from PND 11. The assay was
performed following the manufacturer’s guidelines (Abcam no.
ab109882). The band intensities were quantified by using total
lab (TL) 100 software.

PPAR Alpha Transcription Factor Activity Assay

Nouclear fractions from three biological replicates of control and
0.02, 0.1, 0.5, and 1.0 Gy irradiated livers after 7 months
postirradiation were extracted using NE-PER nuclear and
cytoplasmic extraction kit (Thermo Scientific no. 78833), and
the protein concentration in the nuclear fractions was
determined by Bradford assay following the manufacturer’s
instructions (Thermo Fisher)."” Equal amounts of protein from
control and irradiated samples were added on immobilized
dsDNA-coated plates containing the peroxisome proliferator
response element (PPRE). PPAR alpha was detected by
addition of a specific primary antibody directed against PPAR
alpha. After adding the secondary antibody, the activity was
measured colorimetrically according to the manufacturer’s
guidelines (Abcam no. ab133107).
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Serum FFA and TG Analysis

Serum of the animals 7 months postirradiation was collected
immediately after sacrifice and stored at —80 °C for free fatty
acid (FFA) and triglyceride (TG) quantification. Control and
0.02, 0.1, 0.5, and 1.0 Gy irradiated serum samples were
analyzed. The quantification was done using BioVision
colorimetric assay kits (TG cat no. K622-100 and FFA cat
no. K612-100).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(release 4). Immunoblotting results were evaluated using
unpaired Student’s t test. Data are presented as mean +
standard deviation (SD) or standard error of the mean (SEM).
P-values equal to or smaller than 0.05 were considered to
denote statistical significance. Three biological replicates were
used for all experiments.

B RESULTS

Proteomics Analysis

The total number of all identified and significantly deregulated
proteins in each group are shown in Table 1. In the early (1

Table 1. Numbers of All Proteins Identified and Significantly
Deregulated in This Study”

1 day post IR 7 months post IR

total significantly total significantly

dose (Gy) identified deregulated identified deregulated
0.05/0.02 1683 40 1669 42
0.1 1768 56 1528 76
0.5 1698 74 1484 60
1.0 1664 77 1440 64

“The different doses and time points are indicated.

day) group, the proteomic alterations showed dose depend-
ence, with the number of differentially regulated proteins being
smallest at the lowest dose (0.05 Gy) and greatest at the
highest dose (1.0 Gy) (Figure 1A). On the contrary, in the late-
effect group (7 months), the highest number of deregulated
proteins was observed at the dose of 0.1 Gy (Figure 1B).

The immediate effect of radiation on the liver proteome
indicated that the three highest doses, i.e,, 0.1, 0.5, and 1.0 Gy,
had several differentially expressed proteins in common; 12
proteins were shared among all three of the highest doses, and
26 proteins were shared between the two highest doses (Figure
1A). Many of the shared proteins belonged to the glycolytic
pathway, such as dihydrolipoamide S-acetyltransferase
(DLAT), aldolase A (ALDO-A), and carnitine acetyltransferase
(CRAT); all of these were downregulated. Two shared proteins
were components of the mitochondrial respiratory chain
complex I (NDUFV-3, NDUFV-7); both of these were
downregulated (Supporting Information Table S1).

The major protein category representing the late proteome
alterations was the inflammatory response, with proteins such
as plasminogen and fibrinogens (FGG, FGB) being upregu-
lated. Proteins of the beta oxidation process were also
significantly affected, including enzymes such as ACAAIA
(downregulated) and ALDH-1 (upregulated) (Supporting
Information Table S2).

At both time points, the common affected process was
translation; proteins such as CAPRIN-1, HNRNPK, and DDX-
S were found to be commonly upregulated. We observed

dx.doi.org/10.1021/pr500890n | J. Proteome Res. 2015, 14, 366—373


http://storedb.org/project_details.php?projectid=39
http://storedb.org/project_details.php?projectid=39
http://www.ingenuity.com
http://string-db.org/

Journal of Proteome Research

Figure 1. Venn diagram showing the number of significantly deregulated and shared proteins affected in all irradiated samples at 1 day (A) and 7

months postirradiation (B).

persistent alterations in liver structural proteins at the two
highest doses at both time points. Structural proteins such as
desmin, tropomyosin-1, and decorin were found to be
downregulated (Supporting Information Tables Slc,d and
S2c,d). The complete lists of significantly deregulated proteins
and all identified and quantified peptides are shown in Tables
S1-S4.

Bioinformatics Analysis

We analyzed the protein networks after exposure to 1.0 Gy
using the STRING software tool (Supporting Information
Figure S4). Both early and late time points showed an effect on
the translation process. After 1 day of exposure, the most
affected protein networks were lipid metabolism, mitochondrial
electron transport, and structural proteins (Supporting
Information Figure S4). The long-term effects at 7 months
showed alterations in detoxification, catalytic proteins, and
inflammation (Supporting Information Figure S4). The
STRING analysis confirmed the results of IPA analysis.

To study protein networks involved in the radiation
response, we used Ingenuity Pathway Analysis (IPA) software
(Supporting Information Figures S5—S12). The analysis
showed that the most important protein clusters at the lowest
doses were hepatic system disease (0.05 Gy, early response)
(Supporting Information Figure SS) and cellular assembly and
organization (0.02 Gy, long-term response) (Supporting
Information Figure S9). At higher doses (0.5 Gy, 1.0 Gy),
lipid metabolism and energy production were the most
significant networks both at early and late time points
(Supporting Information Figures S8, S11, and S12). The
immediate response to the dose of 1.0 Gy was characterized by
the presence of stress response proteins such as glutathione S-
transferase, theta 1 (upregulated) (Supporting Information
Table S 1d). In the long-term effects, proteins belonging to the
inflammatory responses group were significantly presented
(Supporting Information Figures S11 and S12). The tran-
scription factor PPAR alpha was predicted to be downregulated
due to the deregulation of downstream targets such as
hemopexin, fibrinogens beta and gamma, catalase, and
CYP2CS8 at the three highest doses (0.1, 0.5, 1.0 Gy) (Figure
2).

Immunoblotting Analysis

Western blotting analysis was done to validate the proteomics
data. Both desmin and tropomyosin-1 showed significant
downregulation at PND11 (1.0 Gy) (Figure 3 and Supporting
Information Figure S1), which was in good agreement with our
proteomics data. The enrichment of nuclear fraction from
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Figure 2. Ingenuity Pathway Analysis networks showing transcription
factor PPAR alpha as an upstream regulator. PPAR alpha is predicted
to be deactivated in all networks at the long-term time point. The
proteins indicated in red are upregulated, and those indicated in green
are downregulated. Three biological replicates were used in all
experiments. ACACA, acetyl-coenzyme A carboxylase alpha; ACOXI,
peroxisomal acyl-coenzyme A oxidase 1; ACCLS, acyl-CoA synthetase
long-chain family member S; ASSI, argininosuccinate synthetase 1;
CAT, catalase; FGA, fibrinogen alpha; FGB, fibrinogen beta; FGG,
fibrinogen gamma; PBLDI1, phenazine biosynthesis-like protein
domain containing 1; UGT1A9, UDP glucuronosyltransferase 1
family, polypeptide A9; CS, citrate synthase; C3, complement C3
precursor; HPX, hemopexin; PCKI, phosphoenolpyruvate carbox-
ykinase 1; TPP1, tripeptidyl peptidase I; ACAALI, acetyl-coenzyme A
acyltransferase 1A; CPT1A, carnitine palmitoyltransferase 1a; PPARA,
peroxisome proliferator-activated receptor alpha.

irradiated live tissue was also confirmed using immunoblotting
(Supporting Information Figure S2).

Pyruvate Dehydrogenase Assay

In order to verify the downregulation of the pyruvate complex
and pyruvate kinase (PDK) that was indicated in the proteome
changes at the early time point, we tested the activity of
pyruvate dehydrogenase 1 day after radiation exposure; it
showed a significant reduction by more than 2-fold at 0.5 and
1.0 Gy but not at lower doses (Figure 4 and Supporting
Information Figure S3). This supported our proteomics data
that showed significantly decreased expression of several
pyruvate dehydrogenase subunits and pyruvate kinase at 0.5
and 1.0 Gy (Supporting Information Tables Slc,d).
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Figure 3. Immunoblot validation of proteomic results (1.0 Gy; PND
11) using anti-desmin and anti-tropomyosin-1 antibodies. A significant
downregulation of the levels of desmin and tropomyosin-1 is shown.
Columns represent the average ratios with standard deviation (SD) of
relative protein expression in control and 1.0 Gy (PND 11) irradiated
samples after background correction and normalization to tubulin
alpha (unpaired Student’s ¢ test; *p < 0.05; n = 3).
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Figure 4. Liver pyruvate dehydrogenase (PDH) activity in the control
and 0.05, 0.1, 0.5, and 1.0 Gy treated mice at PND 11. Bars represent n
fold-changes with their corresponding standard error of the mean
(SEM) from the biological replicates; statistical analysis was performed
with unpaired Student’s ¢ test; *p < 0.05; ns, not significant; n = 3;
data origin from two independent experiments to evaluate PDH
activity at 1.0 and lower doses (0.5, 0.1, and 0.05 Gy) versus the
respective controls.
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PPAR Alpha Activity Assay

To confirm the prediction of PPAR alpha inactivation by IPA
software (Figure 2), the activity of PPAR alpha was measured
from nuclear extracts at the late time point (7 months). A
significant dose-dependent decrease in the activity of this
transcription factor was observed, starting from the dose of 0.1
Gy (Figure SA).

Serum FFA and TG Analysis

Because PPAR alpha is well-known to control the free fatty acid
(FFA) and triglyceride (TG) homeostasis in serum, we
measured the serum concentrations of FFA and TG in control
and 0.02, 0.1, 0.5, and 1.0 Gy irradiated animals (7 months
postirradiation). The amount of FFA was found to be
significantly elevated in the serum of irradiated mice at doses
of 0.5 and 1.0 Gy but not at lower doses. In contrast, the level
of TG showed a significant decrease at 0.5 and 1.0 Gy but not
at lower doses (Figure SB,C).

B DISCUSSION

In this study, we investigated early and late alterations in the
biological pathways triggered by low and moderate doses of
total body ionizing radiation in the developing mouse liver. We
show that doses as low as 0.1 Gy were able to inactivate PPAR
alpha, a key regulator of hepatic fat oxidation, in a persistent
manner.
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Early Radiation Effects 1 Day after Irradiation

As a metabolic consequence of early radiation-induced effects,
the expression of pyruvate kinase isozymes (PKM) and
pyruvate dehydrogenase (PDH) were found to be significantly
downregulated at all doses (Supporting Information Table S1).
Because PKMs catalyze the final step in the glycolytic pathway,
producing pyruvate and ATP in the presence of oxygen, their
downregulation would result in less energy production through
glycolysis but also less pyruvate, the main substrate of the citric
acid cycle. Pyruvate not only acts as an energy substrate but
also functions as a scavenger of hydrogen peroxide,”® and its
reduced level may result in increased oxidative stress in
irradiated liver. The reduced level of PDH, transforming
pyruvate into acetyl-CoA, was accompanied by downregulation
of PDH activity (Figure 4). It has been shown previously that
downregulation of PDH in liver is associated with increased
insulin sensitivity,”” which may decrease the metabolic
flexibility of the liver, primarily between glucose and fatty
acid oxidation.”®

We observed an immediate effect on the glycolytic pathway,
with many of its proteins (DLAT, ALDO-A, CRAT) being
downregulated. Also, early on, some lipid metabolism enzymes,
such as peroxisomal acyl-coenzyme A oxidase 1 (ACOX1) and
peroxisomal acyl-coenzyme A oxidase 2 (ACOX2), were found
to be deregulated. ACOX1 showed radiation-induced down-
regulation, whereas ACOX2 was upregulated. ACOX1 is the
first and rate-limiting enzyme of the inducible peroxisomal
beta-oxidation system.””*° Its gene expression is positively
regulated by PPAR alpha,*" and shRNA-mediated PPAR alpha
gene knockdown in primary human hepatocytes decreased
expression levels of ACOX1 by more than 50%.>* Mice lacking
the ACOXI1 gene develop hepatocellular carcinomas in 100% of
animals between 10 and 15 months due to constitutive
overexpression of PPAR alpha.”

Some mitochondrial electron transport chain proteins, all
belonging to the respiratory Complex I, were also found to be
downregulated (Supporting Information Table Slc,d). In
accordance with previous data,®® we found a decrease in the
level of aconitase, a key enzyme in energy metabolism in
mitochondria. Because aconitase is a sensitive target of reactive
oxygen species and its loss limits citric acid cycle activity and
mitochondrial respiratory capacity in vivo,> this may indicate
early mitochondrial dysfunction and increased production of
reactive oxygen species (ROS).***> Data from animal studies
indicate that neonatal liver mitochondria are very sensitive to
oxidative stress.>® Oxidative stress is considered to be the major
reason for many metabolic disorders.*>*”®

In addition, an immediate effect of irradiation was seen in the
downregulation of the expression of many structural proteins of
the cytoskeleton and connective tissue (plectin, catenin,
decorin, collagen, desmin, tropomyosin). The levels of desmin
and tropomyosin-1 were found to be downregulated using both
proteomics and immunoblotting. In hepatocytes, tropomyosin
plays a role in stabilizing actin filaments.>* The expression of
desmin has been exclusively associated with hepatic stellate cells
in the liver.** These changes indicate a rapid radiation-induced
proteomic remodeling of the liver tissue.

Late PPAR Alpha-Mediated Metabolic Alterations after
Low to Moderate Radiation Doses

On the basis of our proteomics data at 7 months
postirradiation, PPAR alpha was predicted to be deactivated,
as the expression of many of its target enzymes involved in lipid
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Figure 5. (A) Quantification of PPAR alpha activity in the liver of control and 0.02, 0.1, 0.5, and 1.0 Gy samples 7 months postirradiation (AU;
arbitrary unit). (B, C) Quantification of triglycerides (B) and free fatty acid (C) in the serum samples of control and 0.02, 0.1, 0.5, and 1.0 Gy
samples 7 months postirradiation (unpaired Student’s ¢ test; *p < 0.0S; **p < 0.01; n = 3).

metabolism, such as ACOX1 and ACAAL1, were downregulated,
while inflammatory response proteins such as fibrinogens and
hemopexin were found upregulated (Figure 2). Therefore, we
measured the activity of PPAR alpha using nuclear extracts and
found a clear decrease in PPAR alpha activity in the irradiated
livers, even at a dose as low as 0.1 Gy (Figure SA). The
deactivation of PPAR alpha can be accomplished by both
ligand-dependent and -independent mechanisms.*"** Unlike in
the heart,'® we did not find changes in the total or
phosphorylated form of PPAR alpha in the irradiated liver
(data not shown). Instead, a persistent increase in oxidative
stress may contribute to the deactivation of PPAR alpha, as
suggested by Azimzadeh et al."’

One of the hallmarks of inactivated PPAR alpha is its inability
to use free fatty acids (FFA) for energy production.’ In
accordance with this, we found elevated levels of FFA in the
serum of irradiated animals (0.5 and 1.0 Gy) (Figure SB,C). In
contrast, serum triglyceride (TG) levels in the irradiated mice
were found to be decreased. The decreased levels of serum TG
may result from the increased cardiac PPAR alpha activity in
these animals,'® as overexpression of PPAR alpha in the heart
induces triglyceride accumulation in cardiomyocytes.'®** Our
results and previous data suggest that there is an intensive
crosste}}lsk between heart and liver, especially in the neonatal
phase.

Late Increase in the Level of Cytochrome CYP450 Enzymes
in Irradiated Liver

Cytochrome P450 comprises a large and diverse group of
enzymes that catalyze the oxidation of organic substances. We
found several types of CYP450 to be upregulated, especially
Cyp2E1, which was persistently upregulated at doses of 0.1, 0.5,
and 1.0 Gy (Supporting Information Table S2b—d). It has been
shown previously that the expression of CYP2EI is immediately
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induced after exposure to gamma rays (3 Gy) in rat liver.>> A
dose-dependent increase of CYP2E1 was also shown after fast
neutron irradiation in mouse liver.*® It has been demonstrated
that under conditions with increased oxidative stress Cyp2E1
plays an ingortant role in the induction of mitochondrial
dysfunction.

B CONCLUSIONS

These data suggest a long-term radiation-induced dose-
dependent inactivation of transcription factor PPAR alpha in
liver, associated with mitochondrial dysfunction and increased
oxidative stress. Total body radiation doses as low as 0.1 Gy
given to neonatal mice resulted in both immediate and
persistent adverse effects on metabolic pathways. Although
doses lower than 0.1 Gy caused long-term alterations in the
liver proteome, these very low doses did not result in significant
changes in any of the functional assays performed in this study.
In contrast, exposure to a dose of 0.5 Gy resulted in alterations
in all end points that were investigated. Although the absence of
evidence is not evidence of absence, it must be concluded that
this study gives no support to long-term liver damage at doses
lower than 0.1 Gy in a mouse model. Together with our
previous data on the cardiac effects in these animals, these
results underscore the importance of systemic effects after low
radiation doses relevant in environmental exposure situations.
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Table S1: Significantly deregulated proteins in irradiated
samples (postnatal day 11). Table S2: Significantly deregulated
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Chapter 3: Conclusions and Outlook

Epidemiological studies have shown that children and young adults are more susceptible for
radiation-induced CVD. This study was carried out to investigate the proteome changes in
the cardiac tissue after pre- and postnatal low and moderate doses of ionizing radiation in
order to better understand whether the age at exposure plays a role in cardiac response to
irradiation. Chapters 2.1 and 2.2 show the similarities and differences between radiation
responses in the cardiac tissue after pre- and postnatal low doses irradiation. Chapter 2.3
shows the metabolic maladaptation and the cross talk between the heart and liver driven by

PPARA after postnatal total body exposure.

3.1 Impairments in the heart after in-utero exposure to low-dose
ionizing radiation

The prenatal exposure to ionizing radiation causes significant changes in the structural,
mitochondrial and acute phase protein components of the proteome (Chapter 2.1). As
mentioned in the introduction, the impairment in the structural formation of the heart is a
cause for developmental heart disease. We see marked effects of low-dose ionizing
radiation on the structural components of heart, associated with the activity of MAP4K4.
Several structural proteins including different subunits of actin and myosin, vimentin, and
obscurin and proteins associated with these (LDB3, HSBP6) were found to be among the
deregulated proteins (Chapter 2.1). All these proteins have an important function in
sarcomere formation and contractility, processes are that are rapidly developing at the time
of the radiation exposure. This can be interpreted as the long-term consequence of the low-
dose in-utero irradiation on the cardiac structure and function. Previous studies have shown
that there is an active involvement of cytoskeletal proteins in hypertrophic heart failure and
contractile dysfunction (Hein, Kostin et al. 2000, Katz 2000). Additional knowledge of
consequences after in-utero irradiation can lead to the development of new means to

improve prognosis and damage prevention of prenatal heart growth.
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3.2 PPARA-driven metabolic imbalance after early postnatal low-dose

irradiation

Metabolic maladaptation is a key process that was identified during this thesis work as
deregulated after early postnatal total body irradiation. In the irradiated heart the nuclear
transcription factor PPARA was found activated (Chapter 2.2) in contrast to its status in the
liver where it was deactivated (Chapter 2.3). Mitochondrial R-oxidation is the key source in
the adult heart for energy production (Grynberg and Demaison 1996). Imbalances in the
cardiac energy production caused by reactive oxygen species on mitochondrial respiratory
complexes and B-oxidation lead to cardiac arrhythmia, cardiomyopathy (Lorenzo, Ramirez et
al. 2013, Yang, Bonini et al. 2014) and chronic heart failure (Ventura-Clapier, Garnier et al.
2004). In physiological conditions the heart and liver are synchronized for energy production
by burning of free fatty acids that is regulated by the transcription factor PPARA (Francis,
Annicotte et al. 2003). We have shown persistent changes in the serum concentration of
triglycerides (TG) and free fatty acids (FFA) after neonatal total body irradiation. This
indicates the presence of a systemic metabolic imbalance in heart and liver. Further studies
on the function and mechanism of radiation-induced metabolic imbalance will lead to a
better understanding of the developmental cardiac abnormalities. As it is known that PPARA
is activated by both ligand-dependent and ligand-independent mechanisms and that PPARA
ligands are essential for the activity of this transcription factor (Lazennec, Canaple et al.
2000, Vanden Heuvel, Kreder et al. 2003), these ligands are attractive candidates for
designing novel therapeutic countermeasures in cardiac disease. Several clinical and
preclinical studies have already demonstrated the beneficial effects of PPAR ligands on
various cardiovascular risk factors (Francis, Annicotte et al. 2003, Staels, Maes et al. 2008,
Cavender and Lincoff 2010, Chen, Liang et al. 2010). It should be investigated whether the
administration of PPARA agonists may provide protection against postnatal radiation
damage in the heart. Taken together, in the context of neonatal exposure it will be
worthwhile to focus on the PPARA- driven metabolic pathways that integrate the energy

demand of heart and liver.
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3.3 Summary and outlook

To summarize the long-term consequences of pre- and postnatal irradiation, both
similarities and differences are found (Figure 5). Both in-utero and postnatal exposure show
alteration in the level of structural components of the heart. In prenatal exposure the MAPK
signaling and in postnatal exposure the PPARA- driven metabolic signaling were imbalanced.
This coincides with the activation of these pathways as MAP kinase pathway is essential for
the prenatal heart chamber formation and PPARA activation is crucial during the postnatal
metabolic switch from glucose to lipids (milk) in the energy production. Figure 5 shows that
the main difference between the both exposures. This confirms our hypothesis that age at
exposure determines the molecular damages in the heart by low doses of ionizing radiation.
It also suggests that the biological pathways important at the time of irradiation are still

found altered a long time after the initial insult.

Pre-natal (in-utero)

irradiation
Inhibition of Activation of PPAR in':/tlnztlg?mzzti:n
MAP4K4 in heart alphain heart liver

Phospho & activity

MAPAKA ¢ Phospho PPAR alpha

l, PPAR alpha activity

Persistent
structural
damage

¢ Vimentin, Cardiac myosin

Figure 5: Molecular summary of the cardiac developmental alteration by total body low
dose ionizing radiation in the mouse. The prenatal irradiation causes persistent
downregulation of the kinase MAP4K4 and alteration in structural protein expression. The
postnatal ionizing radiation leads to the PPARA- driven metabolic imbalance between heart

and liver and changes in the cytoskeletal proteome.
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This thesis represents the first effort to elucidate the molecular changes in developing heart
after radiation insult. Significant changes in the proteomic profile were found at doses equal
to or above 100 mGy but not at lower doses. Thus, these data give no direct support to the
linear no- threshold model on the effects of ionizing radiation in the heart. However, further
studies at low and moderate radiation doses are essential in order to minimize radiation-

associated cardiovascular health risks, especially in fetuses and newborns.
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