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radiation

Michalina Gramatyka, Agnieszka Skorupa™ and Maria Sokot

Department of Medical Physics, Maria Sktodowska-Curie Memorial Cancer Center and Institute of Oncology, Gliwice Branch, Gliwice, Poland

Several lines of evidence indicate that exposure of heart
to ionizing radiation increases the risk of cardiotoxicity
manifested by heart dysfunction and cardiovascular dis-
eases. It was initially believed that the heart is an organ
relatively resistant to radiation. Currently, however, it is
suspected that even low doses of radiation (<2 Gy) may
have a negative impact on the cardiovascular system.
Cardiotoxicity of ionizing radiation is associated with
metabolic changes observed in cardiac cells injured by
radiation. In this study, we used human cardiomyocytes
as a model system, and studied their metabolic response
to radiation using high-resolution magic angle spinning
nuclear magnetic resonance techniques (HR-MAS NMR).
Human cardiomyocytes cultured in vitro were exposed
to ionizing radiation and their survival was assessed by
clonogenic assay. Changes in apoptosis intensity and cell
cycle distribution after the irradiation were measured as
well. NMR spectra of cardiomyocytes were acquired us-
ing Bruker Avance 400 MHz spectrometer at a spinning
rate of 3200 Hz. Survival of cardiomyocytes after NMR
experiments was assessed by the Trypan blue exclusion
assay. Exposure of cardiomyocytes to small doses of ion-
izing radiation had no effect on cell proliferation poten-
tial and intensity of cell death. However, analysis of met-
abolic profiles revealed changes in lipids, threonine, gly-
cine, glycerophosphocholine, choline, valine, isoleucine,
glutamate, reduced glutathione and taurine metabolism.
The results of this study showed that ionizing radiation
affects metabolic profiles of cardiomyocytes even at low
doses, which potentially have no effect on cell viability.
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INTRODUCTION

Exposure of human body to ionizing radiation can
cause, among others, bone marrow suppression (myelo-
toxicity) or cardiovascular system disorders — so-called
cardiotoxicity. Reports about cardiotoxicity of ionizing
radiation refer usually to relatively high doses delivered
to the heart, while the negative impact of low doses

(cumulative dose below 5 Gy), despite numerous stud-
ies, remains controversial and unexplained (Shimizu et
al., 2010; Bouillon ez al., 2011; Little ez a/., 2012; Kwon
et al., 2014). However, the findings of the CARDIOR-
ISK collaborative research project suggest that although
low-dose radiation does not per se induce atherosclerotic
changes, it may indirectly affect the stress response of
the heart (http://cordis.curopa.cu/tresult/rcn/56094_
en.html).

The problem of cardiotoxicity of low-dose radiation
becomes more serious because there is a high risk of
exposutre (not only from medical uses of radiation but
also from such sources as radioactive elements, nuclear
plants or cosmic radiation) and because of increasing
life expectancy, which allows the revealing of long-term
radiation effects (Little e al, 2012; Datby es al, 2013;
Evans et al, 2015). Some researchers suggest that such
low-dose exposures are harmless to the heart and un-
likely to increase cardiac mortality (Prosnitz ez al., 2007).
However, there is a growing number of reports on the
impact of low radiation doses on the frequency of heart
diseases (Little ¢7 al., 2012; Dartby e# al., 2013; Monceau ef
al., 2013; Boerma et al., 2016; Delp et al., 2016). For in-
stance, an association between lower dose exposures and
late-occurring circulatory disease was recently suspected
in the Japanese atomic bomb survivors and in various
occupationally exposed cohorts (Little e al, 2015). These
studies indicate that even low doses (below 4 Gy) may
increase the risk of the cardiac event (usually ischemic
heart disease), although the time between the exposure
and the occurrence of clinical symptoms can be very
long. Moreover, the cardiotoxicity mechanisms in case of
low-dose radiation may be different from that of high-
dose (Little ez al., 2012). These cardiotoxic effects are of-
ten progressive and irreversible, emphasizing a need for
effective prevention and treatment to reduce or avoid
the cardiotoxicity.

Detection and characterization of molecular features
of harmful changes occurring in the heart in response
to ionizing radiation are expected to enable identifica-
tion of individuals at increased risk of cardiovascular dis-
orders, and to take steps to prevent them. One of the
most effective methods to detect early changes in cells
in response to stress is to explore their metabolome. The
metabolome is the whole qualitative and quantitative
composition of the metabolites present in the biological
system in certain physiological conditions. It is the final
result of genome and transcriptome expression, and it
seems most closely relevant to the phenotype (Eckhart
et al., 2012; Rhee & Gerszten, 2012). The levels of some
metabolites are altered by various pathological states and
the changes in the metabolic profile can be observed
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long before the clinical symptoms develop. What is more
important, different metabolites may change depending
on the toxic agent (Barba & Garcia-Dorado, 2012).

Several studies showed that various cardiac disorders
are represented by different metabolic biomarkers or sets
of biomarker metabolites (Nakae e a/., 2003; Faller e al.,
2013). At the same time, the exact mechanism of cardiac
cell response to ionizing radiation (especially in case of
low doses) is unknown. To address this topic we con-
ducted a study aimed at characterization of heart cells
metabolic profile and changes therein after exposure to
low-dose radiation. We applied proton HR-MAS NMR
(High-Resolution Magic Angle Spinning Nuclear Mag-
netic Resonance) spectroscopic technique enabling non-
invasive detection of metabolic changes in living cells
without the need for metabolite extraction.

MATERIALS AND METHODS

Cell line and materials. Human cardiomyocytes were
obtained from Celprogen (1311001-09) and cultured in
flasks covered with fibronectin. Cells were cultured in
DMEM/F12 medium supplemented with 10% FBS,
2 mM L-glutamine and antibiotics, in 37°C humidified
atmosphere containing 5% CO,. Irradiation of cells was
performed using CLINAC 600 linear accelerator with
6MV photons and 1 Gy/min dose rate.

Clonogenic assay. Ceclls were seeded into 6-well
plates at a density of 1000 cells per well and irradiated
with single doses of 1, 2, 4 or 8 Gy, then cultured in
fresh medium for 7 days. The colonies were stained with
a solution containing 0.5% crystal violet and 50% metha-
nol, rinsed with water to remove an excess of the dye,
and then the number of colonies was counted.

Cell cycle analysis. To characterize the distribution
of the cell cycle phases control and irradiated cells were
harvested by trypsinization and fixed with 70% ethanol.
DNA in the collected cells was stained with a solution
containing 1 ng/ml DAPI and 0.1 pg/ml RNase in PBS
and then analyzed by flow cytometry using FACSCanto
cytometer (Becton Dickinson).

HR-MAS NMR analysis. To characterize the met-
abolic changes occurring in cardiomyocytes after the ir-
radiation HR-MAS NMR spectra of the irradiated living
cells were compared with those of the control, non-irra-
diated cells. 48 hours after the irradiation with a single
dose of 2 Gy the control and irradiated cells were har-
vested by trypsinization, washed in PBS, centrifuged and
suspended in 20% D,O in PBS. Solutions containing
about 8 X 10 living cells were packed into disposable 30
pL inserts and placed in HR-MAS rotors. Three sample
preparations were evaluated for each group.

'H NMR spectra were acquired on a 400 MHz Bruker
Avance spectrometer at room temperature and at a spin-
ning rate of 3200 Hz. The total time for sample prepara-
tion and data acquisition was restricted to 1.5 h to pre-
vent sample degradation. Cell survival after the NMR ex-
periments was assessed using the Trypan blue exclusion
assay. For each sample the following HR-MAS NMR
experiments were performed:

1D Carr-Purcell-Meiboom-Gill  (CPMG, pulse  se-
quence: cpmgprlD). Acquisition parameters: 256 scans,
65k data points, spectral width 20 ppm, relaxation delay
4s, acquisition time 4.08 s, total echo time 90 ms. Pro-
cessing: the spectra were apodized with an exponential
function (0.3 Hz), Fourier-transformed, phased and base-
line corrected. The sequence utilized transverse relaxa-
tion time filter to suppress macromolecular resonances

and to enhance the signal of low molecular weight me-
tabolites.

2D J-resolved (pulse sequence: jresgpprqf). Acquisi-
tion parameters: 8k time domain data points, 40 incre-
ments, 8 scans per increment, spectral width =20 ppm
(F2) and 78.2 Hz (F1), relaxation delay 2s. Processing:
The spectra were tilted by 45°, baseline corrected and
symmetrized about J=0 Hz line. 1D projections of 2D
J-resolved spectra onto chemical shift axis (p-Jres) were
calculated.

1D Diffusion-edited (pulse sequence: ledbpgp2s1dpr).
Acquisition parameters: 64 scans, 65k data points, spec-
tral width 30 ppm, A=200 ms, §=2 X2 ms, eddy current
delay 5 ms, sine-shaped gradient with 36 G/cm followed
by a 200 ps delay for gradient recovery. Processing: the
spectra were apodized with an exponential function
(2 Hz), Fourier-transformed, phased and baseline cor-
rected. Low molecular weight metabolites were attenu-
ated in relation to the macromolecular ones in the diffu-
sion edited spectra.

The metabolites were identified based on J-resolved
spectra and by comparing their chemical shifts with
those for the standard compounds from Chenomx NMR
Suite Professional database (Chenomx Inc., Edmonton,
Canada). The 2D J-resolved technique is well suited for
facilitation of metabolite identification in HR-MAS NMR
studies of living cells because of relatively short acquisi-
tion time (about 18 min) in comparison to the other 2D
techniques (COSY, TOCSY, HSQC).

1D projections of 2D J-resolved spectra onto chemi-
cal shift axis (p-Jres) were chosen for determination of
signal integrals corresponding to low molecular weight
metabolites. These spectra do not show multiplicity and
the resolution of signals is improved in comparison to
CPMG spectra (Ludwig &Viant, 2010). Integration was
performed for the highest and the most isolated signal
arising from a particular metabolite in order to minimize
the errors from the spectral overlapping. However, the
remaining signals of the metabolites exhibited similar
trends. The changes detected in p-Jres spectra were also
apparent in CPMG spectra. Lipid signals were evaluated
in diffusion-weighted spectra.

HR-MAS NMR spectra normalization. In order to
detect only biologically meaningful changes in metabo-
lite concentrations that may be obscured by experimen-
tal inter-sample variance lowering the statistical power of
the analysis, the NMR data were preprocessed by two
state-of-the-art normalization protocols independently:
the commonly used integral (or total area) normaliza-
tion (IN) (Craig, 2000) and the probabilistic quotient
normalization (PQN), the method claimed to be more
robust and more accurate than the widespread integral
normalization (Dieterle, 2006). PQN is based on the hy-
pothesis that a majority of molecule concentrations re-
main unchanged across the samples and the spectra are
compared to a reference sample (the median spectrum).
Such approach mitigates scaling artifacts resulting from
the total area normalization since the latter is prone to
the influence of highly abundant signals.

The normalization operations, applied to each spec-
trum, make the data from all samples directly compara-
ble to each other — by taking into account the variations
of the overall metabolic concentrations due to biological
and technical reasons.

In case of IN the spectral range from 0.8 to 4.62 ppm
was integrated for each spectrum and this integral value
was used as a scaling factor. The PQN approach start-
ed with a normalization of each spectrum to the total
area within the range from 0.8 to 4.62 ppm. Then, the
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Figure 1. The influence of ionizing radiation on clonogenic sur-
vival of cardiomyocytes. Numbers of surviving clones are pre-
sented in relation to untreated controls (100%).

median across all of the spectra was taken as the refer-
ence spectrum and the ratio of all peaks between a given
spectrum and the reference spectrum was calculated.
The median of these ratios in a sample was the final di-
vision factor.

RESULTS

In this work, we assessed the hypothetical effect of
ionizing radiation on the metabolic profile of living hu-

man cardiomyocytes cultured 7z vitro. In the pilot exper-
iments, we tested several doses of ionizing radiation (up
to 8 Gy) to examine the influence of various radiation
doses on the survival of cardiac cells and to identify the
threshold dose — the smallest exposure level that will
cause a specific and measured effect in the cellular tests.

The viability of cardiomyocytes treated with ionizing
radiation was assessed with the clonogenic assay. Visi-
ble reduction of cell viability (by more than 50%) was
observed only after the highest radiation dose (8 Gy),
which indicates a high radioresistance of cardiomyocytes
(Fig. 1). Nevertheless, a lower, more clinically relevant
dose (2 Gy) was selected for further experiments.

The potential effect of ionizing radiation on the
blockade of cell cycle progression was assessed by flow
cytometry-based analysis of the cell cycle phases distri-
bution. The analysis revealed that exposure to 2 Gy in-
duced a prolonged block in the G2/M phase, which was
still detectable 72 hours after the end of the treatment
(Fig. 2); the ratios of G2/G1 in the control and radia-
tion-treated cell population were 0.23 and 0.40, respec-
tively. At 24 and 48 hours after irradiation, ionizing ra-
diation increased the number of apoptotic cells (detected
here as subG1 subpopulation) to 8.1% and 5.0% of the
whole population respectively. Such increase was no lon-
ger detectable 72 hours after irradiation.

The metabolic status of the irradiated cells was ob-
served using the NMR-based approach as the spectro-
scopic methods provide an insight into living cells with-
out disturbing the cellular organization. '"H HR-MAS
NMR study of cardiomyocytes revealed metabolic chang-
es in cells exposed to ionizing radiation at a dose of 2
Gy and, as revealed from the vitality tests, the observed
changes were not due to vitality decline (Fig. 1). Figures
3, 4 and 5 show the representative CPMG, p-Jres, and
diffusion edited spectra, respectively. In order to evalu
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Figure 2. The influence of ionizing radiation on the distribution of the cell cycle phases.
The number of cells in different phases was counted by flow cytometry 1, 2 and 3 days after the exposure to ionizing radiation and
expressed as a percentage of all cells counted in a given sample. The average percentage of cells in subG1, G1, S and G2/M phases is

shown in each diagram. 2 Gy radiation dose was used in each case.
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Figure 3. Representative 'TH HR-MAS NMR CPMG spectrum (after integral normalization) of control cells and cells 48 h after the ex-

posure to ionizing radiation (2 Gy).

GSH - glutathione; Thr - threonine; Gly - glycine; Tau - taurine; hTau - hypotaurine, GPC - glycerophosphocholine; PC - phosphocho-
line; Cho - choline; PCr — phosphocreatine; Cr - creatine; Glu - glutamate; Ala - alanine; Lac - lactate; Val - valine; lle — isoleucine.
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Figure 4. Representative '"H HR-MAS NMR p-Jres spectrum (after integral normalization) of the control cells and the cells 48 h after

exposure to ionizing radiation (2 Gy).

GSH - glutathione; Thr — threonine; Gly — glycine; Tau - taurine; hTau — hypotaurine; GPC - glycerophosphocholine; PC — phosphocho-
line; Cho - choline; PCr — phosphocreatine; Cr - creatine; Glu - glutamate; Ala - alanine; Lac - lactate; Val - valine; lle — isoleucine.

ate the metabolic changes the signals clearly represen-
tative of a single metabolite in the p-Jres or diffusion ed-
ited HR-MAS NMR spectra were analyzed.

Table 1 presents the metabolite levels (expressed ei-
ther as peak areas for low molecular weight metabolites
or as peak heights for lipids) in the irradiated and con-
trol cells as well as the change ratios calculated as the
ratios of the signals’ mean values for the irradiated cells
and those for the control, non-irradiated ones (for both
normalization methods, IN and PQN). As seen from
these data, the main metabolic effect of cardiomyocytes’
irradiation involved increase in threonine (Thr), glycine

(Gly), free choline (Cho), glycerophosphocholine (GPC),

valine (Val), isoleucine (Ile) as well as lowering of the
glutamate (Glu), reduced glutathione (GSH), taurine
(Tau) and hypotaurine (hTau) levels as compared to the
appropriate values for the control samples. Both normal-
ization methods reproduced the fold changes of these
metabolites acceptably (especially regarding the direc-
tion of the changes). The main discrepancies concerned
phosphocholine (PC), creatine (Cr) and phosphocre-
atine (PCr). For PC the integral normalization gave the
fold change <1, whereas PQN yielded the value close
to 1 (1.09%+0.10); the changes of Cr were visible only
when PQN was applied (PQN showed the Cr level to
increase following irradiation, whereas IN indicated no
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change in the Cr level), and, finally, though both normal-
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Figure 5. Representative 'H HR-MAS NMR diffusion edited spectrum (after integral normalization) of the control cells and the cells 48

h after exposure to ionizing radiation (2 Gy).

PTC - phosphatidylcholine; GPC- glycerophosphocholine; PC — phosphocholine; Cho - choline; GSH - glutathione.

ization methods consistently showed an increase in PCr
(Table 1), the uncertainties of the PCr levels were high.
Thus, the changes in the normalized integrals of PC,
Cr and PCr signals should be interpreted with caution.
Nonetheless, the PCr/Cr, Cho/PC and GPC/PC ratios
(Table 2) increased after the irradiation.

We also observed an increase in the lipid signals (Ta-
ble 1), with the elevation of the CH,/CH, rato. Ttypan
blue staining showed that after NMR experiments the
cells remained viable.

DISCUSSION

Metabolic effects of low-dose ionizing radiation on
the heart cells have not been studied yet. However,
many reports indicated that metabolic alterations occur
in other human cells irradiated with low or high doses
as well as under various pathological conditions (Kell e#
al., 2005; Barba & Garcia-Dorado, 2012; Laiakis ez al/.,
2012; Goudarzi et al, 2014; Kwon et al., 2014; Jang e
al., 2016).

In this study, we showed that cardiomyocytes are rel-
atively resistant to ionizing radiation, as the visible re-
duction of cell viability occurred only after doses higher
than 4 Gy. Despite the small observed effect of relative-
ly low doses (2 Gy) of ionizing radiation on the cell vi-
ability, irradiation disturbed the distribution of cell cycle
phases (block in the G2/M phase), induced apoptosis in
cardiomyocytes. The intensity of apoptosis decreased in
time and after an initial increase, the apoptotic subpop-
ulation in the irradiated group was the same as in the
control group. However, the G2/M cell cycle arrest in
response to radiation could be a clear matker of the on-
set of cellular processes leading to DNA repair or apop-
totic death (DiPaola, 2002).

The metabolic effects of radiation observed 48 h after
the stimuli (the single dose of 2 Gy) were detected using
'H HR-MAS NMR and the results showed that the met-
abolic changes induced in cardiomyocytes by low doses

are evident and may be related to the metabolites asso-
ciated mainly with oxidative stress (glutamate, GSH, tau-
rine), and with perturbations in multiple metabolic path-
ways, including energy metabolism (valine, isoleucine,
GSH, glycine, threonine, taurine), membranes (phospho-
lipids, cholines, glycine, taurine) and amino acids.

Oxidative stress is the main cause of ionizing radiation
cardiotoxicity. Free radicals have the potential to damage
all cell structures (proteins, lipids, nucleic acids), disrupt
mitochondrial functioning and induce cardiac cell death
and heart dysfunction (Khurana e a/, 2013). Because
of the destructive effect of free radicals, there are many
pathways that allow cells to deal with oxidative stress —
and many metabolites are involved in these antioxidative
reactions, including GSH, glutamate and taurine, whose
concentrations changed after the radiation in our study.

Glutathione is one of the main antioxidants pro-
duced in cells in response to the oxidative stress (Shimzu
et al., 1998; Grande et al, 2001; Khurana et al., 2013).
However, it participates not only in antioxidant defense
systems but also in many metabolic and detoxification
processes (Lushchak, 2012). The latter function is also
important because many toxic compounds are produced
as side-products of the cellular metabolism — thus, the
GSH depletion leaves the cells unprotected against the
harmful compounds. Due to its cell roles, GSH has
been accepted as an indicator of cell sensitivity to radi-
ation (Grande ef al, 2001; Santini e al, 2006a; Santini
¢t al., 2000b; Palma e al, 2016). In our experiment, the
GSH level in the irradiated cardiomyocytes was found to
drop by 60 (PQN)-70% (IN) as compared to the con-
trol cells (Table 1). Such loss of GSH may be due to its
consumption during the oxidative stress induced by the
irradiation, indicating a change in the antioxidant status
of the cells, but at the same time, it may result from the
inhibition of mitotic activity (Grande e/ a/., 2001; Ladei-
rinha, 2011).

Taurine can be linked to glutathione by a common
precursor — cysteine. Also, the final step of taurine bio-
synthesis typically requires the oxidation of hypotaurine
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Table 1. The list of the altered metabolite levels (expressed as peak heights for lipids and integrals for the remaining signals) ob-

tained from the p-Jres and diffusion edited spectra.

. Chemical Normali Irradiated Control Fold Spectrum
Metabolite shift zation (mean+SD) (mean+SD) change type
IN 0.19+£0.06 0.064+0.017 2.94+1.757
Valine (Val) 1.04ppm(d) — e
PQN 0.19+0.06 0.046+0.010 4.11+£2.237
IN 0.164+£0.004 0.060+£0.008  2.74+0.411
Isoleucine (lle) 1.01 ppm (d) o
PQN 0.164+0.004 0.043+0.003 3.81+£0.387
IN 1.63+£0.15 5.31+0.15 0.31£0.04]
Glutamate (Glu) 2.35 PPM (M) 7
PQON 1.63£0.15 3.81+0.10 0.43+0.05]
Reduced IN 0.30+0.12 1.01+£0.03 0.30+£0.13]
glutathione 217 ppm (M) T e
(GSH) PQN 0.30+0.12 0.73+0.06 041+£0.21]
; IN 18.81+0.49 23.81+0.40 0.79+£0.03]
Phosphocholine 322 ppm () (8812049 | 23812040
PQN 18.81+£0.49 17.18+1.20 1.09£0.107
IN 17.70+2.38 7.20+0.61 2.45+0.541
Glycerophosphocholine (GPC) 323 PPM (S)
PQN 17.70+2.38 5.21+0.71 3.40+0.921
IN 13.61+£0.83 6.34+0.55 2.14+£0.327 §
Choline (Cho) 3.20 PPM (§) oo a
PQON 13.61+0.83 4.58+0.64 2.97+0.601
IN 2.94+0.15 1.87+£0.24 1.58+0.307
Threonine (Thr) 3.59 ppm (d)
PQN 2.94+0.15 1.35+£0.24 2.17£0.517
IN 2.07+0.18 0.89+0.12 2.32+0.521
Glicyne (Gly) 3.56 PPM (S)
PQN 2.07+£0.18 0.64+0.12 3.21+£0.891
IN 2.37+0.26 3.51+0.07 0.68+0.09]
Taurine (Tau) 343 ppm (f)
PQON 2.37+0.26 2.53+0.09 0.94+0.13]
IN 0.32+0.07 0.47+0.02 0.68+0.19]
Hypotaurine (hTau) 2.65 ppm (f)
PQN 0.32+0.07 0.340+0.003 0.94+0.23
IN 1.13+£0.05 1.12+0.04 1.00+£0.08«>
Creatine (Cr) 3.02 PPM (S)
PQN 1.13+£0.05 0.81+0.02 1.39+£0.097
IN 1.68+0.05 1.15+£0.44 1.46+£0.607
Phosphocreatine (PCr) 3.03 PPM (S)
PQON 1.68+0.05 0.84+0.36 1.99+£0.921
IN 2.17+0.10 2.54+0.07 0.85+0.06]
Phosphatidylcholine (PTC) 327 PPM e
PQN 2.23+0.19 2.48+0.13 0.90£0.12]
IN 0.031+0.003 0.016+0.001 1.88+0.231
lipid (CH;-CH,-CH,) 0.90 PPM -
PQN 0.031+0.001 0.016+0.001 1.99+£0.217 2
IN 0.050+0.005 0.020+0.001 2.49+0.397 k
lipid (CH,-CH,-CH,) T3 PPM e e s
PQON 0.051+0.003 0.020£0.002  2.63+0.371 g
IN 0.0051+0.0004 £
lipid (CH,-CH,-COO-) 1.58 ppm - n.d. n.d.
PQN 0.053+0.003
lipid 53 IN 0.0052+0.0005 q d
_ ppm - n. n.d.
(-CH=CH-) PQN 0.0053+0.0004

The fold change was calculated as the ratio of the mean value (irradiated) to the mean value (control). n.d. - not detected in diffusion edited spec-
tra, IN —integral normalization, PQN - probabilistic quotient normalization

to taurine. Both metabolites — hypotaurine and taurine
— showed a similar decrease in this study (though, the
value of the drop depended on the normalization meth-
od used, Table 1). Taurine is an amino acid accepted as
an MR-detectable biomarker of apoptosis unrelated to
necrosis (Rainaldi e7 a/, 2008). In cardiac tissue, it pro-
motes calcium transport, stabilizes cell membrane, regu-
lates cellular osmolality, protects against oxidative stress
and has its role in energy metabolism (Schaffer ez al,
2010). The decrease in taurine in various types of irra-

diated cells was described in the literature and associat-
ed with oxidative stress (Sokét ez al, 2004; Santini ef al.,
2006b; Jang ez al., 2016). There is a growing consensus
that oxidative stress is linked to mitochondrial dysfunc-
tion (Ripps & Shen, 2012). Thus, the total protective
effect of taurine involves its antioxidant properties and
improvement of mitochondrial function by stabilizing
the electron transport chain and inhibiting the generation
of reactive oxygen species. Due to the drop in taurine
levels, the electron transport in respiratory chain is im-
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Table 2. Selected metabolite ratios determined from p-Jres spectra for irradiated and control samples.

Metabolite ratio

Irradiated (mean + S.D.) Control (mean + S.D.)

Phosphocreatine / creatine (PCr/Cr) 1.49+0.03 1.03+0.43
Choline / Phosphocholine (Cho/PC) 0.72+0.03 0.27+0.02
Glycerophosphocholine / Choline (GPC/PC) 0.94+0.15 0.30+0.02

paired leading to an increase of oxidative stress and the
decrease of ATP synthesis (Jong e/ al, 2012). Reduced
ATP levels in hypoxic cells are also claimed to contrib-
ute to the decrease in choline phosphorylation (Bansal
et al., 2012). In our experiment, however, the variations
of phosphocholine observed after irradiation (Table 1)
are too ambiguous to draw conclusions from them (with
PQN there is no change in the integral intensity of this
signal). Also, the analysis of the PCr-Cr relationships
— important, because PCr (and Cr) is involved in oxi-
dative stress protection — did not provide a direct clue
concerning the energetic processes (due to the high un-
certainties of the PCr fold changes and the ambiguous
Cr fold changes). It can be only speculated that because
the PCr/Cr ratio bears a predictable relationship to the
ATP/ADP ratio in the cell, the increase in PCr/Cr mea-
sured 48 hours post itradiation (PCt/Cr is ~1.5 for the
irradiated cells, whereas for the control samples it is ca.
1, regardless of the normalization method applied) points
rather towards a regeneration of the cellular ATP level
(Saks ez al., 2006) with a supranormal restoration of PCr.
Such “PCr overshoot phenomenon” associated with a
slower and often incomplete ATP recovery after a peri-
od of ischemia (or anoxia) was reported to occur in the
reperfused myocardium (Kida ez 4/, 1993). However, the
Cr-PCr energetic mechanism is so complex and depends
on so many factors, that a separate study is required to
investigate the effects of hypoxia and stress onto these
dependencies. It is reflected, for instance, by the dynam-
ic changes in the integral intensities of the creatine and
phosphocreatine signals — as measured iz vivo — during
the irradiation cycle and long after it; these changes are
accompanied by the variations in the T1 relaxation times
(Sokot et al., 2004).

Taurine content can be dramatically altered by osmot-
ic stress: cardiomyocytes exposed to hypoosmotic con-
ditions undergo cell swelling, followed by extrusion of
osmolytes, such as taurine, from the cell, whereas the
regulatory response to hyperosmotic conditions leads
to taurine influx into the cell (Thurston ez a/, 1981); this
mechanism may lead to cell deformation and shrinkage,
which was reported for several cell types as characteristic
for apoptosis (Lang et al., 2000; Moran e# al., 2000; Friis
et al., 2005). Taurine deficiency itself may trigger apopto-
sis through an initiation of the mitochondrial permeabil-
ity transition, which is dependent on both calcium over-
load and oxidative stress (Schaffer e @/, 2010).

The NMR studies on metabolic alterations in apoptot-
ic cells — HL60 promyelocytic leukemia cells (Milkevitch
et al., 2005) and DU145 human prostatic carcinoma cells
(Rainaldi e# al., 2008) — reported decreased levels of cho-
line, glutamate, GSH and taurine, and increased levels
of mobile lipids. The metabolic pattern obtained in this
study provided similar results for irradiated cardiomyo-
cytes, however, different for total choline. In the irradi-
ated cells, we observed free choline and glycerophospho-
choline (GPC) to be markedly increased (two or three
times), and phosphatidylcholine to be decreased by 10-
15% (Table 1). Choline, the major membrane constitu-
ent, and PC are precursors of phosphatidylcholine, while

glycerophosphocholine is a choline derivative and one of
the two major forms of choline storage (along with PC)
formed from phosphatidylcholine. Unlike GPC, phos-
phocholine is both catabolic and anabolic metabolite: its
increase may indicate its de novo biosynthesis from free
choline but also membrane disruption, as it is phospha-
tidylcholine breakdown product. The decrease in the sig-
nal intensity of phosphocholine may indicate induction
of growth arrest that takes place during the onset of ap-
optosis (Bezabeh ez al, 2001). However, in case of any
perturbation in cell membrane metabolism GPC and PC
may change and their mutual changes are of importance.
The disturbed choline metabolism and proportions of
GPC/PC and Cho/PC observed here in irradiated car-
diomyocytes were described in literature as common ef-
fect of ionizing radiation (Grande et al, 2001; Sokél er
al., 2004; Santini ez al., 2006a; Santini e/ al., 2006b; Jang et
al., 2016). High levels of choline can cause an increase in
glycine level. In fact, we observed 2-3 fold Gly increase
in the irradiated cardiomyocytes (Table 1). We also per-
formed some pilot experiments using GC-MS to analyze
metabolites extracted from irradiated cardiomyocytes and
found an about 2.5-fold increase in abundance of gly-
cine, which confirmed the results received with NMR.
Glycine is a catabolic product of choline (Locasale,
2013) and acts as a precursor for several key metabolites
of low molecular weight, e.g. glutathione.

The results of this work indicate that phospholipid
metabolism is influenced by the ionizing radiation and
the effects observed by 'H MAS NMR are due to a
damage of membrane structures — among others mito-
chondria — in the cells. Such supposition is supported
by the available literature (Santini ¢ a/, 2006a; Barba e7
al., 2007; Kwon et al., 2014, Palma e/ al., 2016). We ob-
served an increase in the signals arising from methylene
(-CH2-CH,-CH2-) and methyl (CH,-CH2-) groups at 1.3
and 0.9 ppm, respectively. The CH,/CH, ratio increased
from 1.25 (non-irradiated cells) to 1.61 (irradiated cells).
Increase in the lipid signals, especially increase in CH,/
CH, ratio, is frequently claimed to be associated with
progression of apoptotic death (Santini e al, 20006a;
Santini e a4/, 2006b; Rainaldi e# 4/, 2008; Matulewicz e
al., 2013) and with disruption of fatty acid metabolism
(Goudarzi et al., 2014). Blankenberg ¢ al. (Blankenberg
et al., 1997) observed that in lymphoblasts treated with
doxorubicin the onset of apoptosis was accompanied by
over twofold increase in the CH, resonance. They sug-
gested that increased mobility of the plasma membrane
lipids may be due to a loss of cytoskeletal architecture
and the CH,/CH, ratio could be propottional to the pet-
centage of apoptotic cells 7z vitro.

Along with methylene and methyl groups signals in-
crease the lipid signal at 5.32 ppm increased markedly
after irradiation (Table 1). It corresponded to ceramide,
a sphingolipid that is a major membrane component.
Perry and coworkers (Perry e/ al, 2000) showed its in-
crease in etoposide-induced apoptosis of Molt-4 human
leukemia cells and suggested that ceramide functions as
a regulatory molecule in mediating membrane related ap-
optotic events. The increase in ceramide, with its long
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-CH,-chain, could also explain the increase in the 1.3
ppm signal intensity in our NMR spectra. Increasing lev-
els of phospholipids and choline compounds after the
exposure to radiation indicate that the cell membrane
was damaged, presumably by free radical ions induced
by radiation (Kwon ez al, 2014). It is also possible that
the changes in phospholipid profiles are correlated with
hypoxic conditions (Lin ¢/ al, 2009; Palma et al., 2016)
and many studies reported the initiation of lipid perox-
idation following the radiation exposure (Pathak ez al,
2007; Jang et al., 2016).

According to existing literature heart muscle cells
(cardiomyocytes) have very high energy demands. Con-
sequently, proper heart functioning depends on the
presence of adequate amounts of oxygen and oxidizable
substrates for energy production in order to meet the
demands of working heart (Carvajal ez al., 2003; Zervou
et al., 2016). Mitochondria, which occupy 30% of the
cardiac cell volume, produce 90% of ATP — a source
of chemical energy in the cell — and ATP is generated
almost exclusively from the aerobic metabolism of glu-
cose, lactate, and fatty acids coupled to mitochondrial
oxidative phosphorylation (Catvajal & Moreno-Sanchez,
2003). Any disruption of metabolic pathways that re-
duces the energy production can result in dysfunction
of cardiomyocytes and the whole heart. Among the
changes observed by us in metabolic profiles of the
irradiated cells there were also those involved in ener-
getic pathways: alteration of threonine and glycine level
can be associated with disruption of the citric acid cy-
cle (Andreadou e# al, 2009; Jang et al., 2016), while in-
crease in lipids indicates impaired beta-oxidation and is
described in the literature as a radiation effect (Goudarzi
et al., 2014; Palma et al., 2016). Disruption of these two
energetic pathways: beta-oxidation, which produces ace-
tyl-CoA, and citric acid cycle, converting acetyl-CoA to
energy, can result in insufficient energy production and
lead to cardiomyocytes’ death.

Leucine, isoleucine and valine, the three branched-
chain amino acids (BCAAs), play an important role in
metabolic and physiological processes (Harris ez al., 2004,
Tom & Nair, 2000). Two of them: isoleucine and valine
increased distinctly (3—4 folds). The radiation-induced
increase of these amino acids can result from protein
breakdown or DNA damage (Schwenen ef 4/, 1989). An
increase of isoleucine and valine was observed in the
plasma after doxorubicin treatment and in the spleen
after ionizing radiation and is probably connected with
oxidative stress (Schnackenberg ef al, 2016; Xiao e al.,
2016). Radiation-induced disruption of these amino ac-
ids metabolism may be associated with radiation ability
to affect energy and fatty acid metabolism (Goudarzi e
al., 2014).

Many authors claim that metabolomics is very sensi-
tive to environmental or genetic interventions, and pro-
vides one of the most effective methods of early detec-
tion of metabolic changes in cells, tissues or body fluids.
Our results seem to be consistent with such statement
— the NMR analysis enabled us to detect the metabolic
changes in irradiated cells, while standard biological tests
revealed to be less sensitive. Thus, NMR opens new
possibilities for monitoring changes in metabolites asso-
ciated with heart damage, and what is more important,
for identifying the metabolites that change depending on
the toxic agent applied (Barba & Garcia-Dorado, 2012).
Several studies showed that various cardiac disorders are
represented by different metabolic biomarkers. For ex-
ample, in case of heart ischemia lactate metabolism is
disturbed, in case of cardiomyopathy — creatine is the

main biomatker, and in infarcted areas of the heart — lip-
id compounds are of interest (Nakae ez 4/, 2003; Faller
et al., 2013).

The effect of low-dose radiation on the cardiac met-
abolic profile should be further analyzed using animal
models. The results obtained in this research, using cul-
tured cardiomyocytes, may differ from those from ani-
mal models, primarily due to the complexity of the inter-
actions in the living organism. Nevertheless, our results
strongly indicate that ionizing radiation affects cardiac
cells metabolome and HR-MAS NMR technique is suit-
able and sufficiently sensitive for their detection.

In conclusion, the problem of cardiotoxicity of low-
dose radiation has become more serious because of a
high risk of exposure and because of increasing life ex-
pectancy, which allows for revealing of long-term effects
of radiation. Detailed analysis of the metabolic changes
observed in this study suggests that low-dose radiation
initiates cell death program in cardiomyocytes and pro-
cesses invoked by radiation may lead to cardiotoxicity.
Our results showed that ionizing radiation induces oxi-
dative stress, affects energetic pathways and damages
membrane structures of cardiomyocytes, and can even-
tually lead to cell death even at low doses, which po-
tentially have no effect on cell viability. Identification of
metabolites disturbed by low-dose radiation in the heart
cells may allow early detection of changes leading to the
development of cardiovascular diseases and taking steps
to prevent them.
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