
Abstract. Background/Aim: Radiation-induced heart
disease (RIHD) is a concern during radiotherapy. For its
comprehensive study, an in vivo selective heart irradiation
model was developed. Materials and Methods: Sprague-
Dawley rats were irradiated with 50 Gy and functional
imaging, biochemical (circulating growth differentiation
factor-15 (GDF-15), transforming growth factor-beta (TGF-
beta) and morphological (picrosirius red staining of the
heart) objectives were tested. Results: Signs and symptoms
of RIHD occurred >12 weeks after irradiation with
tachypnea, systolic and diastolic dysfunction, cardiac
hypertrophy and body development retardation. Plasma
GDF-15 was increased 3, 12 and 26, while plasma TGF-beta
was increased 12 weeks after irradiation. At autopsy,
extensive pleural fluid was found in the irradiated animals.
Interstitial fibrosis could be reliably detected and quantified
in irradiated hearts after a follow-up time of 19 weeks.
Conclusion: The studied parameters could be used in future
experiments for testing protective agents for prevention of
radiation heart injury.

Radiotherapy is an integral part of anticancer therapy.
Nonetheless, a substantial number of irradiated patients may
suffer from late side-effects that cause deterioration of
quality of life, extra cost to health care or lead, occasionally,
to fatal outcome. Among these, cardiotoxicity is one of the

most important concerns in oncology practice (1-3).
Radiation-induced heart disease (RIHD) is dose-dependent
and develops many years after radiotherapy of thoracic
tumors (4-7). Although modern radiotherapy techniques
significantly attenuate the dose to the heart, in many cases,
the whole heart or a part of it still receives a dose sufficient
to cause RIHD (1, 8). 

The study of the pathomechanisms of RIHD, the
identification of its early predictors and its prevention by
administration of protective agents are relevant research
perspectives, studied under both experimental and clinical
research conditions (3, 9). Although different experimental
approaches have been tested to model the clinical scenario
of RIHD, the results obtained so far are rather contradictory
and only few of the in vivo models applied selective heart
irradiation. Most experience was collected in murine models,
despite that, in these species, the different structures of the
heart show less radiosensitivity than in larger animals. Using
Wistar rats, Lauk et al. (10) demonstrated ventilatory failure
accompanied with pleural effusion that developed earlier and
in a more severe form at a higher (i.e., 20-40 Gy) than a
lower (<20 Gy) heart dose. Yeung et al., >6 months after the
delivery of a single dose of 30-50 Gy to the heart,
experienced dose-dependent vascular damage and decreased
cardiac output in Sprague-Dawley rats, but no or
insignificant fibrosis (11). Sharma et al. developed an image-
guided irradiation technique in Sprague-Dawley rats and,
after the delivery of 21 Gy to the heart, found myocardial
degeneration and fibrosis (12).

Although signs and symptoms of RIHD develop many
years after radiation exposure, early predictive markers
would be useful. Transforming growth factor-beta (TGF-
beta) and growth differentiation factor-15 (GDF-15) belong
to the TGF-beta/bone morphogenetic protein (BMP)
superfamily involved in the regulation of cell proliferation,
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differentiation, apoptosis, inflammation and tumorigenesis
(13-15). TGF-beta is a key cytokine implicated in the
development of radiation injury of various tissues (16, 17).
In cardiovascular diseases, GDF-15 has great potential as a
biomarker (13, 15, 18). 

We developed a model appropriate for the comprehensive
study of RIHD with heart functional, imaging, biochemical
and morphological end-points. A rat model applying high-
dose selective heart irradiation and relatively long follow-up
was setup. 

Materials and Methods
The experiments performed conform to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH
Pub. No. 85-23, Revised 1996) and were approved by the local
ethics committee of the University of Szeged. All institutional and
national guidelines for the care and use of laboratory animals were
followed.

Animals. Male Sprague-Dawley rats of 180-200 g were used. The
animals were housed three per individually ventilated cages
(Sealsafe IVC system; Buguggiate, Italy) in a temperature-
controlled room with 12 h:12 h light/dark cycles. Standard rat chow
supplemented with 5% fat (Innovo Kft., Gödöllő, Hungary) and tap
water were supplied ad libitum (19).

Experimental setup. Two preliminary experiments focused on dose
finding and optimum timing of tests for the pre-specified end-points.
In the first experiment, 5 groups of 2 animals each were irradiated with
0 Gy (control), 20 Gy, 25 Gy, 30 Gy and 40 Gy, respectively, and were
observed 14 weeks thereafter. In the second experiment, 4 groups of
5 animals each were irradiated with 50 Gy and the observation time
lasted for 14, 18, 22 or 26 weeks. An unirradiated group of the same
size was observed for 26 weeks. In these preliminary experiments,
weight gain, ventilatory symptoms and animal loss were studied.
Circulating cytokine tests and echocardiography were performed at
weeks 0, 3, 8, 12 and 26; heart pathology was studied with special
attention to radiogenic abnormalities. 

In the third experiment, the animals were divided into control and
irradiated groups (n=12 each). In the irradiated group, a single dose
of 50 Gy was delivered to the whole heart. Body weight was
measured weekly in both groups. Cardiac morphology and function
were assessed by transthoracic echocardiography and
electrocardiogram (ECG). One-ml blood samples were carefully
collected with 25 G needles from the tail vein into heparinized
Eppendorf tubes (Figure 1). Plasma was separated by centrifugation
at 4,460 rpm, 10 min, 4˚C and stored until measurements at –70˚C.

Despite the initial plan to follow-up the animals for 24-28 weeks,
the experiment was terminated because of status deterioration at
week 19.

Heart irradiation. Based on the computed tomography (CT)
morphology of the heart in 3-month-old Sprague Dawley rats in the
supine position, the irradiation was carried out with a single 2 cm
circular 6 MeV electron field. Dose distribution measurements were
carried out using a water phantom with a pinpoint ionization chamber
(PTW, Freiburg GmbH, Germany). Dose was prescribed as a mean
dose to a 1 cm spherical volume 3 mm below the body surface. 

The rats were anesthetized with sodium pentobarbital (Euthasol;
i.p. 40 mg/kg; Produlab Pharma b.v., Raamsdonksveer, The
Netherlands), then fixed in supine position to a flat surface couch.
The radiation dose was delivered with a Primus linear accelerator
(Siemens Healthcare GmbH, Erlangen, Germany) at a dose intensity
of 5 Gy/min if the appropriate position of the animal was proved by
the verification film obtained with the radiation beam.

Transthoracic echocardiography. Echocardiography was carried out
at weeks 0, 12 and 19. The rats were anesthetized with 2%
isoflurane (Forane, AESICA, Queenborough Limited Kent, UK), the
chest was shaved and the animal was placed in supine position onto
a heating pad. Echocardiography was performed as described
previously (20). Moreover, maximal flow velocity and pressure
gradient through the left ventricular outflow tract were assessed by
continuous-wave Doppler across the aortic valve from the
parasternal long axis view. Diastolic function was assessed using
pulse-wave Doppler across the mitral valve from the apical four-
chamber view. Early (E) and atrial (A) flow velocity, as well as their
ratio, provide an indication of diastolic function. The septal mitral
annulus velocity e' was assessed by tissue Doppler imaging as an
early indicator of left ventricular diastolic dysfunction. The mean
values of three measurements were calculated and used for
statistical evaluation.

Measurement of GDF-15 and TGF-beta in plasma. Levels of
plasma GDF-15 and TGF-beta1 protein were determined in blood
plasma taken from the rats the day before and 3, 8, 12 and 26 weeks
(preliminary experiment) after the irradiation. Confirmatory
measurement of GDF-15 concentrations was performed in the final
experiment as indicated in Figure 1. Cytokine levels were
determined using the Quantikine Rat GDF-15/TGF-beta1 ELISA kit
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions.

Tissue harvesting. In the third experiment, at week 19, rats were
anesthetized with sodium pentobarbital, the heart was excised and
perfused according to Langendorff as described (20, 21). The hearts
were weighed and a cross section of the whole heart at the ring of
the papillae was cut and fixed in 10% buffered formalin for
histological analysis. Pleural fluid was collected and measured,
whereas all other organs were weighed. 

Histology and computerized image analysis of fibrosis in the heart.
Five-μm paraffin-embedded transverse cut sections of the formalin-
fixed subvalvular area of the ventricles were stained with both
hematoxylin-eosin and picrosirius red for detecting collagen (12). In
the preliminary experiments, picrosirius red staining was
semiquantitatively evaluated by 2 independent pathologists blinded
to the treatment received. Based on these results, in the third
experiment, a computerized image analysis method was developed.
Histological slides were scanned with a Pannoramic P250 scanner
(3D-Histech, Budapest, Hungary) and digital images at magnification
of ×1.5 (whole transection area) and ×20 (3 specified areas of the
left ventricle: anterior, lateral and posterior wall, septum and lateral
wall of the right ventricle) were captured. Medium-size vessels and
their perivascular connective tissue sheet, the subepicardial and
subendocardial areas were avoided. The images were analyzed with
an in-house program that uses two simple color filters for
determining the proportion of red in the heart. The first filter is used
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for detecting red portions of the picture. For each Red-Green-Blue
(RGB) pixel making up the image, the program calculates the color
of the pixel in Hue-Saturation-Luminance (HSL) color space. The
second filter excludes any white (empty) or light grey (residual dirt
on the slide) pixel from further processing using simple RGB
threshold. In this way, the program groups each pixel into one of two
sets: pixels considered red (connective tissue and fibrosis) and pixels
considered neither red, nor white, nor grey (i.e., green, corresponding
to cardiac muscle). Dividing the number of elements in the first set
by the number of elements in both sets gives the proportion of the
connective tissue compartment of the heart. 

Statistical analysis. Statistical analysis was performed using
Sigmaplot 12.0 for Windows (Systat Software Inc., Chicago, IL,
USA). All values are presented as mean±SEM, p<0.05 was accepted
as statistically significant.

Results

Preliminary experiments. In the first preliminary experiment,
heart irradiation with doses of 20-40 Gy caused no
symptoms or echocardiography changes during the 14 weeks
of observation; also, no animal loss occurred despite the
apparent growth retardation due to irradiation. The radiation
dose of 50 Gy, in the next experiment, caused tachypnea,
abdominal breathing and heart functional changes with
arrhytmias, but only after the observation time of 14 weeks;

GDF-15 elevation occurred at weeks 3, 12 and 16, TGF-beta
concentrations were continuously elevating during the
observation period until the maximum value at week 12
(Figure 2). Four animals were lost during anesthesia for
echocardiography, 1 at week 18 and 3 at week 22. Hence, a
radiation dose of 50 Gy and a follow-up time of a minimum
of 24 weeks were chosen for the final experiment. 

Clinical symptoms and survival. Although body weight
constantly increased throughout the observation period, the
irradiated animals showed significantly lower weight gain as
compared to the control animals (Figure 3). After week 12,
irradiated animals developed tachypnea and abdominal
breathing and, after week 16, 2 animals in the irradiated
group died. Due to the poor performance status of the
irradiated animals, the experiment was terminated at week 19.

Transthoracic echocardiography. In the third experiment,
transthoracic echocardiography was performed at weeks 0,
12 and 19. Left ventricular systolic and diastolic anterior
wall thickness in the irradiated rats was increased at weeks
12 and 19 as compared to both the baseline values and that
in the control animals (Figures 4A and 5). Likewise, in
irradiated rats, diastolic septal wall thickness was increased
at week 19 compared to the initial values or to the control
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Figure 1. Experimental setup. Sprague-Dawley rats after sham or selective heart irradiation were examined by means of echocardiography, blood
tests for circulating inflammatory cytokines and pathological studies focusing on the heart (A). A typical verification image of selective heart
irradiation is shown (B).



group. While left ventricular end systolic and end diastolic
diameters increased by time in control rats indicating
normal heart growth, these parameters in the irradiated rats
failed to increase or decreased, thus indicating retarded
heart growth (Figure 4C). Increased anterior and septal wall
thickness and decreased left ventricular diameters of the

irradiated hearts point to the presence of left ventricular
hypertrophy (Figures 4C and 5). Echocardiography
performed at week 19, in addition, indicated the presence
of arrhythmias.

Irradiated animals demonstrated increased fractional
shortening as compared to controls, at week 19 (Figure 6A).
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Figure 2. Plasma growth differentiation factor-15 (GDF-15) levels in 2
consecutive experiments (A and C) and plasma transforming growth
factor-beta (TGF-beta) levels (B) in unirradiated controls vs. animals
after selective heart irradiation. The data obtained were analyzed by
two way ANOVA and Sidak Post Hoc tests comparing data in the
irradiated group with the control group (mean±SEM, *p<0.05,
**p<0.01), n=5/group.

Figure 3. Body weight in unirradiated and irradiated animals. All data were analyzed by unpaired t-test comparing data in the irradiated group
with the control group (mean±SEM, p<0.05 at all time points), n=10-12/group.



Physiological heart rate decrease, due to aging apparent in
control rats, was lacking in irradiated animals (Figure 6B).
Isovolumic contraction time was significantly increased in
irradiated animals at weeks 12 and 19 as compared to the
baseline or to that in control rats at week 19 demonstrating
impaired systolic function after irradiation (Figure 6C).
Other systolic parameters, maximal flow velocity and
pressure gradient through the left ventricular outflow tract
were significantly decreased in the irradiated rats as
compared to controls at weeks 12 and 19 (Figures 6D-E).
The ratio of the early flow velocity E and the septal mitral
annulus velocity e' was significantly increased in the
irradiated rats as compared to the baseline values or to that
of controls at week 19, indicating diastolic dysfunction
(Figure 6F).

Circulating GDF-15. The early peak of GDF-15, 3 weeks
after the irradiation, was confirmed (Figure 2C). 

Autopsy. At autopsy, the most common finding was the
presence of extensive pleural fluid (11.3±1.7 ml, n=10) in
irradiated animals. Neither abnormal macroscopic heart

changes (including the large vessels, the valves, the coronary
arteries etc.) nor sign of radiation pneumonitis nor lung
fibrosis were visible, confirming the selectivity of heart
irradiation. In the irradiated group, the tibia length and the
weight of various organs, including the heart, was
significantly smaller than in the control group (1.3±0.06 vs.
1.7±0.07 g, p<0.05).

Histology and computerized image analysis of fibrosis in the
heart. Conventional morphological examinations of the
pericardium, myocardium, vessels, perivascular, subendo-
cardial, subepicardial areas and the coronary arteries, or the
lungs, failed to reveal abnormalities in irradiated rats.

In the preliminary experiments, picrosirius red staining of
the heart sections failed to detect fibrosis in animals
irradiated with a dose of <40 Gy. In the 40-Gy heart
irradiation group, slight but consistent fibrosis was visible
after a follow-up of 26 weeks. In the final experiment, 50 Gy
dose induced readily detectable collagen deposition
appropriate for quantification after a follow-up time of 19
weeks. Our computer-assisted quantitative method indicated
significant fibrosis in all parts of the heart (Figure 7). 
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Figure 4. Left ventricular morphology as assessed by echocardiography. The parameters were analyzed by two-way ANOVA and Holms-Sidak Post
Hoc tests comparing data in the irradiated group with the control group (mean±SEM, *p<0.05 compared to control group within the same time
point, #p<0.05 compared to initial values within the same group), n=10-12/group. AWTs, Systolic anterior wall thickness; AWTd, diastolic anterior
wall thickness; SWTs, systolic septal wall thickness; SWTd, diastolic septal wall thickness; LVESD, left ventricular end systolic diameter; LVEDD,
left ventricular end diastolic diameter. 



Discussion

The reported rat model provided drastic functional and
morphological changes, some of them already present at 12
weeks. The time course of radiogenic, morphological and
functional changes was similar to that in other studies (4, 22,
23). Interstitial collagen deposition is thought to be
progressive (4, 22, 24); our experiments indicate that no
abnormality occurs earlier than 5-6 months post-irradiation,
even if a large dose is applied. Lately, we observed chronic
cardiovascular and ventilatory insufficiency, partly due to
pulmonary toxicity related to heart irradiation (25). It is
thought that the pathomechanism of RIHD in humans consists
of progressive atherosclerosis of the coronary arteries due to
endothelial damage, as well as diffuse injury of the
myocardium (1, 6). The injury to the macrovasculature is
difficult to test due to the absence of risk factors for coronary
artery disease in experimental animals. We fed the animals
with lipid-rich chow but, despite the large radiation dose, no
signs of macrovasculature changes were seen. For the
detection of the loss of capillaries, no special staining was

used. Conventional morphological methods, including
hematoxylin and eosin or the Crossman trichrome stain of
connective tissue, failed to reveal differences between
unirradiated and irradiated animals’ hearts even after the use
of a dose of 40 Gy. Using the picrosirius red/fast green
staining method, after the delivery of 40 Gy and a follow-up
time of 22-26 weeks, there was slightly more apparent
interstitial fibrosis in irradiated hearts. Since interstitial
fibrosis is a major final end-point of radiogenic damage of all
risk organs, a computer-assisted quantitative method adequate
for future radiobiology investigations was developed. 

Pleural fluid is a well-known consequence of heart
irradiation due to -and explained by- radiation pericarditis:
the pericardium in rodents is interconnected with the pleural
space and the origin of pleural fluid is thought to be
pericardial fluid (4). Pleural fluid, related to high-dose
irradiation, was absent below the dose of 20 Gy both in our
hands and the literature (23, 26). In our experiments, no
histological abnormalities related to pericardial damage were
seen, despite the fact that the pericardium was exposed to
irradiation. 

in vivo 30: 623-632 (2016)
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Figure 5. Representative M-mode echocardiographic images in cross section. Anterior wall, left ventricular diameters and inferior wall in systole
and diastole represent 5 cardiac cycles at week 0, 12 and 19 in a control and an irradiated animal. AWTs, Systolic anterior wall thickness; AWTd,
diastolic anterior wall thickness; SWTs, systolic septal wall thickness; SWTd, diastolic septal wall thickness; LVESD, left ventricular end systolic
diameter; LVEDD, left ventricular end diastolic diameter. 



We intended to find early markers that could predict
consequent damage after heart irradiation. GDF-15 is related
a series of heart abnormalities (26-32). We think that, GDF-
15 elevation, 3 weeks after the irradiation, reflected an early
stress-response, while its increase at weeks 12 and 26 was
rather a consequence of heart failure. 

Fibrosis is a self-stimulating vicious circle resulting in the
progressive nature of the process. The blockade of the key
mediator TGF-beta may prevent or mitigate fibrosis (33). In
the present model, increased values of TGF-beta, at week
12, predicted fibrosis in yet asymptomatic animals. In future
experiments, GDF-15 and TGF-beta determination could
serve as early parameters for testing radioprotective agents.  

We believe that our animal model will turn appropriate for
testing protective agents for the prevention of RIHD.

Conflicts of Ιnterests 

The Authors declare that no competing interest exists.

Acknowledgements

The excellent technical support of Márton Pipicz MD, Péter Bencsik
MD, László Bodor and Róbert Motzwickler is greatly acknowledged. 

References

1 Andratschke N, Maurer J, Molls M and Trott KR: Late radiation-
induced heart disease after radiotherapy. Clinical importance,
radiobiological mechanisms and strategies of prevention.
Radiother Oncol 100: 160-166, 2011.

2 Darby SC, Cutter DJ, Boerma M, Constine LS, Fajardo LF,
Kodama K, Mabuchi K, Marks LB, Mettler FA, Pierce LJ, Trott
KR, Yeh ET and Shore RE: Radiation-related heart disease:
current knowledge and future prospects. Int J Radiat Oncol Biol
Phys 76: 656-665, 2010.

3 Stewart FA, Seemann I, Hoving S and Russell NS:
Understanding radiation-induced cardiovascular damage and
strategies for intervention. Clin Oncol (R Coll Radiol) 25: 617-
624, 2013.

4 Schultz-Hector S: Radiation-induced heart disease: review of
experimental data on dose response and pathogenesis. Int J
Radiat Biol 61: 149-160, 1992.

5 Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman
U, Brønnum D, Correa C, Cutter D, Gagliardi G, Gigante B,
Jensen MB, Nisbet A, Peto R, Rahimi K, Taylor C and Hall P:
Risk of ischemic heart disease in women after radiotherapy for
breast cancer. N Engl J Med 368: 987-998, 2013.

6 Adams MJ, Hardenbergh PH, Constine LS and Lipshultz SE:
Radiation-associated cardiovascular disease. Crit Rev Oncol
Hematol 45: 55-75, 2003.

Kiscsatári et al: High-dose Heart Irradiation Model

629

Figure 6. Left ventricular function as assessed by echocardiography. The parameters were analyzed by two-way ANOVA and Holms-Sidak Post Hoc
tests comparing data in the irradiated group with the control group (mean±SEM, *p<0.05 vs. control group within the same time point, #p<0.05
vs. week 0 within the same group), n=10-12/group. FS, Fractional shortening; HR, heart rate; IVCT: isovolumic contraction time; LVOT vmax, left
ventricular outflow tract maximal flow velocity; LVOT PGmax, left ventricular outflow tract maximal pressure gradient; E/e’, ratio of the early
flow velocity (E) and the septal mitral annulus velocity e'. 



in vivo 30: 623-632 (2016)

630

Fig
ure

 7.
 R
ep
re
se
nta
tiv
e i
ma
ge
s o
f p
icr
os
iri
us
 re
d s
tai
nin
g i
nd
ica
tin
g f
ibr
os
is 
of 
un
irr
ad
iat
ed
 an
d i
rra
dia
ted
 he
ar
t s
ec
tio
ns
 of
 th
e w
ho
le 
he
ar
t (
ma
gn
ifi
ca
tio
n ×

1.5
) (
A)
, t
he
 an
ter
ior
 (B
), 
lat
er
al

(C
), 
po
ste
rio
r w
all
 (D
) o
f t
he
 le
ft 
ve
ntr
icl
e, 
lat
er
al 
wa
ll 
of 
the
 ri
gh
t v
en
tri
cle
 (E
) a
nd
 th
e s
ep
tum

 (m
ag
nif
ica
tio
n:
 ×
20
) (
F)
; t
he
 co
rre
sp
on
din
g q
ua
nti
tat
ive
 da
ta 
on
 fi
br
os
is 
ar
e i
nd
ica
ted
 be
low
.

Th
e p
ar
am
ete
rs 
we
re
 a
na
lyz
ed
 b
y o
ne
 w
ay
 A
NO
VA
 a
nd
 S
ida
k P
os
t H
oc
 te
sts
 co
mp
ar
ing
 d
ata
 in
 th
e i
rra
dia
ted
 g
ro
up
 w
ith
 th
e c
on
tro
l g
ro
up
 (m
ea
n±
SE
M
, *
p<
0.0
5)
, n
=1
0-
12
/gr
ou
p. 
 



7 Gupta D, Pun SC, Verma S and Steingart RM: Radiation-
induced coronary artery disease: a second survivorship
challenge? Future Oncol 11: 2017-2020, 2015.

8 Recht A: Which Breast Cancer Patients should really worry
about RIHD - and how much? J Clin Oncol 24: 4059-4061,
2006.

9 Sridharan V, Tripathi P, Sharma S, Corry PM, Moros EG, Singh
A, Compadre CM, Hauer-Jensen M and Boerma M: Effects of
late administration of pentoxifylline and tocotrienols in an
image-guided rat model of localized heart irradiation. PLoS One
8: e68762, 2013.

10 Lauk S, Kiszel Z, Buschmann J and Trott KR: Radiation-induced
heart disease in rats. Int J Radiat Oncol Biol Phys 11: 801-808,
1985.

11 Yeung TK and Hopewell JW: Histological and physiological
studies on rat heart following irradiation with single doses of X-
rays. Br J Cancer Suppl 7: 196-198, 1986.

12 Sharma S, Moros EG, Boerma M, Sridharan V, Han EY,
Clarkson R, Hauer-Jensen M and Corry PM: A novel technique
for image-guided local heart irradiation in the rat. Technol
Cancer Res Treat 13: 593-603, 2014.

13 Chan D and Ng LL: Biomarkers in acute myocardial infarction.
BMC Med 8: 34, 2010.

14 Ago T and Sadoshima J: GDF15, a cardioprotective TGF-beta
superfamily protein. Circ Res 98: 294-297, 2006.

15 Kempf T, Eden M, Strelau J, Naguib M, Willenbockel C,
Tongers J, Heineke J, Kotlarz D, Xu J, Molkentin JD, Niessen
HW, Drexler H and Wollert KC: The transforming growth factor-
beta superfamily member growth-differentiation factor-15
protects the heart from ischemia/reperfusion injury. Circ Res 98:
351-360, 2006.

16 Grainger DJ, Mosedale DE and Metcalfe JC: TGF-beta in blood:
A complex problem. Cytokine Growth Factor Rev 11: 133-145,
2000.

17 Kahán Z, Csenki M, Varga Z, Szil E, Cserháti A, Balogh A,
Gyulai Z, Mándi Y, Boda K and Thurzó L: The risk of early and
late lung sequelae after conformal radiotherapy in breast cancer
patients. Int J Radiat Oncol Biol Phys 68: 673-681, 2007.

18 Xu J, Kimball TR, Lorenz JN, Brown DA, Bauskin AR,
Klevitsky R, Hewett TE, Breit SN and Molkentin JD:
GDF15/MIC-1 functions as a protective and antihypertrophic
factor released from the myocardium in association with SMAD
protein activation. Circ Res 98: 342-450, 2006.

19 Leprán I, Nemecz G, Koltai M and Szekeres L: Effect of linoleic
acid-rich diet on the acute phase of coronary occlusion in
conscious rats: Influence of indomethacin and aspirin. J
Cardiovasc Pharmacol 3: 847-53, 1981.

20 Kocsis GF, Sárközy M, Bencsik P, Pipicz M, Varga ZV, Pálóczi
J, Csonka C, Ferdinandy P and Csont T: Preconditioning protects
the heart in a prolonged uremic condition. Am J Physiol Heart
Circ Physiol 303: 1229-1236, 2012.

21 Sárközy M, Zvara A, Gyémánt N, Fekete V, Kocsis GF, Pipis J,
Szűcs G, Csonka C, Puskás LG, Ferdinandy P and Csont T:
Metabolic syndrome influences cardiac gene expression pattern
at the transcript level in male ZDF rats. Cardiovasc Diabetol 12:
16, 2013. 

22 Krüse JJ, Zurcher C, Strootman EG, Bart CI, Schlagwein N,
Leer JW and Wondergem J: Structural changes in the auricles of
the rat heart after local ionizing irradiation. Radiother Oncol 58:
303-311, 2001.

23 Yeung TK, Lauk S, Simmonds RH, Hopewell JW, Trott KR:
Morphological and functional changes in the rat heart after X
irradiation: strain differences. Radiat. Res 119: 489-499, 1989.

24 Seemann I, Gabriels K, Visser NL, Hoving S, te Poele JA, Pol
JF, Gijbels MJ, Janssen BJ, van Leeuwen FW, Daemen MJ,
Heeneman S and Stewart FA: Irradiation induced modest
changes in murine cardiac function despite progressive structural
damage to the myocardium and microvasculature. Radiother
Oncol 103: 143-150, 2012.

25 Ghobadi G, van der Veen S, Bartelds B, de Boer RA, Dickinson
MG, de Jong JR, Faber H, Niemantsverdriet M, Brandenburg S,
Berger RM, Langendijk JA, Coppes RP and van Luijk P:
Physiological interaction of heart and lung in thoracic
irradiation. Int J Radiat Oncol Biol Phys 84: 639-646, 2012.

26 Adela R and Banerjee SK: GDF-15 as a Target and Biomarker
for Diabetes and Cardiovascular Diseases: A Translational
Prospective. J Diabetes Res 2015: 490842, 2015.

27 Zhou YM, Li MJ, Zhou YL, Ma LL and Yi X: Growth
differentiation factor-15 (GDF-15), novel biomarker for assessing
atrial fibrosis in patients with atrial fibrillation and rheumatic heart
disease. Int J Clin Exp Med 8: 21201-21207, 2015.

28 Sándor N, Schilling-Tóth B, Kis E, Fodor L, Mucsányi F,
Sáfrány G and Hegyesi H: TP53inp1 Gene Is Implicated in Early
Radiation Response in Human Fibroblast Cells. Int J Mol Sci
16: 25450-25465, 2015. 

29 Sándor N, Schilling-Tóth B, Kis E, Benedek A, Lumniczky K,
Sáfrány G and Hegyesi H: Growth Differentiation Factor-15
(GDF-15) is a potential marker of radiation response and
radiation sensitivity. Mutat Res Genet Toxicol Environ Mutagen
793: 142-149, 2015. 

30 Kempf T and Wollert KC: Growth-differentiation factor-15 in
heart failure. Heart Fail Clin 5: 537-547, 2009.

31 Lok SI, Winkens B, Goldschmeding R, van Geffen AJ, Nous
FM, van Kuik J, van der Weide P, Klöpping C, Kirkels JH,
Lahpor JR, Doevendans PA, de Jonge N and de Weger RA:
Circulating growth differentiation factor-15 correlates with
myocardial fibrosis in patients with non-ischaemic dilated
cardiomyopathy and decreases rapidly after left ventricular assist
device support. Eur J Heart Fail 14: 1249-1256, 2012.

32 Andersson C, Enserro D, Sullivan L, Wang TJ, Januzzi JL Jr,
Benjamin EJ, Vita JA, Hamburg NM, Larson MG, Mitchell GF
and Vasan RS: Relations of circulating GDF-15, soluble ST2,
and troponin-I concentrations with vascular function in the
community: The Framingham Heart Study. Atherosclerosis 248:
245-251, 2016. 

33 Westbury CB and Yarnold JR: Radiation fibrosis – current
clinical and therapeutic perspectives. Clin Oncol (R Coll Radiol)
24: 657-672, 2012.

Received June 9, 2016
Revised July 4, 2016
Accepted July 5, 2016

Kiscsatári et al: High-dose Heart Irradiation Model

631


