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Radiation therapy for the treatment of thoracic cancers
may be associated with radiation-induced heart disease
(RIHD), especially in long-term cancer survivors. Mecha-
nisms by which radiation causes heart disease are largely
unknown. To identify potential long-term contributions of
mitochondria in the development of radiation-induced heart
disease, we examined the time course of effects of irradiation
on cardiac mitochondria. In this study, Sprague-Dawley male
rats received image-guided local X irradiation of the heart
with a single dose ranging from 3–21 Gy. Two weeks after
irradiation, left ventricular mitochondria were isolated to
assess the dose-dependency of the mitochondrial permeability
transition pore (mPTP) opening in a mitochondrial swelling
assay. At time points from 6 h to 9 months after a cardiac
dose of 21 Gy, the following analyses were performed: left
ventricular Bax and Bcl-2 protein levels; apoptosis; mito-
chondrial inner membrane potential and mPTP opening;
mitochondrial mass and expression of mitophagy mediators
Parkin and PTEN induced putative kinase-1 (PINK-1);
mitochondrial respiration and protein levels of succinate
dehydrogenase A (SDHA); and the 70 kDa subunit of
complex II. Local heart irradiation caused a prolonged
increase in Bax/Bcl-2 ratio and induced apoptosis between 6 h
and 2 weeks. The mitochondrial membrane potential was
reduced until 2 weeks, and the calcium-induced mPTP
opening was increased from 6 h up to 9 months. An increased
mitochondrial mass together with unaltered levels of Parkin
suggested that mitophagy did not occur. Lastly, we detected a
significant decrease in succinate-driven state 2 respiration in
isolated mitochondria from 2 weeks up to 9 months after
irradiation, coinciding with reduced mitochondrial levels of
succinate dehydrogenase A. Our results suggest that local

heart irradiation induces long-term changes in cardiac
mitochondrial membrane functions, levels of SDH and state
2 respiration. At any time after exposure to radiation, cardiac
mitochondria are more prone to mPTP opening. Future
studies will determine whether this makes the heart more
susceptible to secondary stressors such as calcium overload
or ischemia/reperfusion. � 2014 by Radiation Research Society

INTRODUCTION

Radiotherapy of the thoracic region may lead to radiation

exposure of the heart, despite recent advances in radiation

delivery and planning techniques. Radiation-induced heart

disease (RIHD) is a prominent and serious side effect of

radiation exposure to the heart. RIHD is progressive, and

clinical manifestations such as conduction abnormalities,

injury to valves, pericardial and myocardial fibrosis and

accelerated atherosclerosis take several years to decades to

present (1, 2). Currently, besides attempts to reduce cardiac

radiation exposure during therapy, no method or approach

for minimizing, preventing or reversing RIHD is available.

Therefore, preclinical studies are necessary to unravel

mechanisms that lead to the development of RIHD and

help identify possible targets for intervention.

The heart demands high amounts of adenosine triphos-

phate (ATP) for its function and therefore relies heavily on

its mitochondria (3). Hence, cardiomyocytes contain large

numbers of mitochondria, which couple respiration with

oxidative phosphorylation to generate ATP (4–6). More-

over, mitochondria are also involved in the maintenance of

intracellular ion concentrations and the production and

removal of reactive oxygen species (ROS). Furthermore,

mitochondria play an important role in the regulation of

several cellular functions, including stress responses, cell

death and metabolic processes such as gluconeogenesis, b-

oxidation and ketogenesis (7, 8). Therefore, regulation of

the various aspects of mitochondrial function is of high

importance for the normal function of the heart.

Editor’s note. The online version of this article (DOI: 10.1667/
RR13452.1) contains supplementary information that is available to
all authorized users.
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Development of cardiovascular diseases is directly linked
with impaired oxidative metabolism of mitochondria (9–
11). In addition, mitochondria are sensitive to radiation and
become a direct target of radiation damage within hours
after exposure (12). Studies have shown that local heart
irradiation can cause morphological damage in cardiac
mitochondria (13, 14), and nontransient mitochondrial
functional alterations including impairment of the respira-
tory chain and increased protein oxidation (15, 16).
Irradiation has also been shown to increase the mitochon-
drial mass of certain cells in culture (17–19).

The main goal of our study was to investigate the time
course of local heart irradiation-induced changes in cardiac
mitochondria by examining Bax and Bcl2 levels, apopto-
sis, mitochondrial membrane potential, mitochondrial
permeability transition pore (mPTP) opening and respira-
tion.

MATERIALS AND METHODS

Animal Model of Local Heart Irradiation

All procedures in this study were approved by the Institutional
Animal Care and Use Committee of the University of Arkansas for
Medical Sciences. Male Sprague-Dawley rats were obtained from
Harlan Laboratories and maintained in our Division of Laboratory
Animal Medicine on a 12:12 light-to-dark cycle with free access to
food and water. At a weight of 250–290 g rats received local heart
irradiation with the small animal conformal radiation therapy device
(SACRTD) developed at our institution. The SACRTD consists of a
225kVp X-ray source (GE Isovolt Titan 225, GE Sensing and
Inspection Technologies, Billerica, MA) mounted on a custom made
‘‘gantry’’, a stage mounted on a robotic arm for positioning (Vipere
s650, Adept Technology, Pleasanton, CA) and a digital X-ray detector
(XRD 0820 CM3, PerkinElmer, Waltham, MA). A brass and
aluminum collimating assembly attached to the X-ray tube produced
a field of 19 mm diameter at the isocenter (20).

Dosimetry was performed as described previously (21). In short, the
dose rate at the isocenter was measured using a PinPointt ion chamber
(PTW N301013, PTW, Brooklyn, NY; ADCL calibrated for 225 kV),
following the TG-61 protocol of the American Association of
Physicists in Medicine (22). In addition, dosimetry was performed
with Gafchromict EBT-2 films (Ashland Specialty Ingredients,
Wilmington, DE) that were calibrated with a Gamma Knife (Co-60)
system (Elekta AB, Stockholm, Sweden) and analyzed as described
previously (23). To measure relative depth dose, 11 pieces of film
were placed in between 11 slabs of solid water phantom each 5 mm
thick. The film on the top of the phantom was kept at the isocenter,
normal to the beam direction and exposed to 5 Gy (225 kV, 13 mA).

For local heart irradiation, rats were anesthetized with 3% isoflurane
and placed vertically in a cylindrical Plexiglas holder that was cut out
such that no Plexiglas material was between the radiation beam and
the chest. The heart was exposed in three 19 mm diameter fields
(anterior-posterior and two lateral fields), given immediately after each
other to a total dose of 3, 9 or 21 Gy (225 kV, 13 mA, 0.5 mm Cu-
filtration, resulting in 1.92 Gy/min at 1 cm tissue depth). Before each
exposure, the location of the heart was verified with the X-ray detector
(70 kV, 5 mA, ,1 cGy) and if necessary, the position of the rat was
adjusted with the use of the robotic arm to place the heart in the middle
of the radiation field. Rats were sacrificed at 2, 6 and 24 h, 4 days, 2
weeks, 10 weeks, 6 and 9 months after irradiation (n ¼ 3–6 at each
time point) or sham treatment (n¼ 3–6 at each time point) and hearts
were collected for analysis.

Isolation of Mitochondria from Rat Hearts

Rats were anesthetized with 3% isoflurane, the heart was isolated
and the left ventricle was immediately used for the isolation of
mitochondria. The left ventricular tissue (180–200 mg) was minced
and homogenized in 10 mL of a 10 mM Hepes pH 7.4 media
containing 225 mM mannitol, 75 mM sucrose and 0.1 mM EGTA,
using a mechanical Potter-Elvehjem homogenizer (Lab-Stirrer
LR400C, Yamato Scientific America, Santa Clara, CA) (30 strokes
at 100 rpm and 15 strokes at 125 rpm), with a Teflont pestle. The
homogenate was divided into 5 microcentrifuge tubes and centrifuged
at 700g for 10 min at 48C. The supernatant was removed and
centrifuged at 12,500g for 30 min to obtain the mitochondrial pellet.
This pellet was resuspended in a 10 mM Hepes pH 7.4 containing 395
mM sucrose and 0.1 mM EGTA, washed twice and immediately
analyzed.

Mitochondrial Swelling Assay and Mitochondrial Membrane
Potential

The mPTP opening was assessed by measuring calcium-induced
swelling of freshly isolated mitochondria, indicated by a decrease in
absorbance at 540 nm. This mitochondrial swelling assay was based
on a method described previously (24). Briefly, isolated mitochondria
were resuspended in swelling buffer pH 7.4 containing 120 mM KCl,
10 mM Tris HCl and 5 mM KH2PO4 to a final concentration of 150 lg/
mL, and immediately exposed to vehicle, 250 lM CaCl2 or 250 lM
CaCl2 in combination with 2 lM cyclosporin A (CsA) as an inhibitor
of mPTP opening. Optical density at 540 nm (OD540) was measured
with a Synergy 4 microplate reader (BioTek), immediately before the
assay and every 2 min thereafter for a total of 20 min.

Mitochondrial membrane potential was assessed with tetramethylr-
hodamine methyl ester (TMRM). TMRM is a cationic dye that
accumulates in mitochondria in proportion to the mitochondrial
membrane potential. Freshly isolated mitochondria were resuspended
in a 10 mM Hepes pH 7.4 containing 395 mM sucrose and 0.1 mM
EGTA, loaded with 50 or 200 nM TMRM, and incubated at room
temperature for 15 min. Mitochondria were centrifuged at 14,000 rpm
for 3 min to remove excess TMRM. The mitochondrial pellets were
resuspended in 200 ll of 10 mM Hepes buffer pH 7.4 containing 395
mM sucrose and 0.1 mM EGTA and the fluorescence intensity was
determined at 590 nm in a Synergy 4 microplate reader (BioTek).

TMRM fluorescence was normalized to mitochondrial protein
content as measured with a bicinchoninic assay (BCA, Pierce). To
correct for possible differences in TMRM uptake between mitochon-
drial isolations, each isolation included one sham-irradiated heart and
one irradiated heart, and the normalized TMRM fluorescence of the
mitochondria from the irradiated heart was calculated relative to the
TMRM fluorescence of the mitochondria from the sham-irradiated
heart in the same isolation.

Western Blots

Left ventricular tissue was homogenized in radioimmunoprecipita-
tion assay (RIPA) buffer with freshly added inhibitor cocktails of
proteases (10 lL/mL) and phosphatases (10 lL/mL, both Sigma-
Aldrich, St. Louis, MO), centrifuged at 20,000g at 48C for 15 min, and
the supernatant was collected. Similarly, mitochondria pellets were
lysed with RIPA buffer containing protease and phosphatase inhibitors
for 30 min with intermittent vortexing. The lysates were centrifuged at
14,000 rpm for 10 min and the supernatants were collected. Amounts
of protein were determined with a BCA protein assay (Pierce). A total
of 50 lg protein was prepared in Laemmli sample buffer containing b-
mercaptoethanol (1:20 vol/vol) and boiled for 2–3 min. Protein
samples were separated either in Any kDe Mini-Proteant polyacryl-
amide gels or 4–20% gradient polyacrylamide gels (Bio-Rad,
Hercules, CA) at 100 Volts and transferred to PVDF membranes at
20 Volts overnight at 48C.
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Nonspecific antibody binding was reduced by TBS containing
0.05% Tween-20 and 5% nonfat dry milk. Membranes were then
incubated overnight with rabbit anti-Bax (1:1,000, Santa Cruz
Biotechnology Inc., Dallas, TX), rabbit anti-Bcl2 (1:1,000, Santa
Cruz Biotechnology Inc.), rabbit anti-Parkin (1:2,000 Santa Cruz
Biotechnology Inc.), rabbit anti-PTEN-induced kinase 1 (PINK-1,
1:2,000, Santa Cruz Biotechnology Inc.), mouse anti-succinate
dehydrogenase A (SDHA) the 70 kDa subunit of complex II
(1:60,000, Life Technologies, Grand Island, NY) all in TBS
containing 5% nonfat dry milk and 0.1% Tween-20, followed by
HRP conjugated mouse anti-rabbit or goat anti-mouse antibodies,
1:5,000 for 1 h (Cell Signaling Technology Inc., Danvers, MA).
Protein loading was visualized by incubating membranes in mouse
anti-GAPDH (1:20,000, Santa Cruz Biotechnology Inc.) or mouse
anti-F0-F1 ATPase (1:60,000, Life Technologies) for 1 h followed by
HRP-conjugated goat anti-mouse, 1:20,000 (Jackson ImmunoRe-
search Laboratories Inc., Westgrove, PA). Antibody binding was
visualized with ECLe Plus Western Blotting Detection reagent (GE
Healthcare Life Sciences, Pittsburgh, PA) on CL-Xposure Film
(Thermo Scientific, Pittsburgh, PA). Films were scanned using an
AlphaImagert gel documentation system (ProteinSimple, Santa Clara,
CA) and protein bands were quantified with the public domain
software ImageJ (http://rsbweb.nih.gov/ij/).

Measurement of Mitochondrial Respiration by XF96 Extracellular
Flux Analyzer

Oxygen consumption rate (OCR) of isolated mitochondria was
measured in an XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, North Bellerica, MA) based on a previously described
method (25) with modifications for the XF96 instrument. Rats were
anesthetized with 3% isoflurane, the heart was isolated and the left
ventricle was immediately used for the isolation of mitochondria. Left
ventricular tissue (180–200 mg) was minced and homogenized in 10
mL of a 10 mM Hepes buffer pH 7.4 containing 225 mM mannitol, 75
mM sucrose, 1 mM EGTA and 0.5% (w/v) fatty acid-free BSA using a
mechanical Potter-Elvehjem homogenizer (Lab-Stirrer LR400C,
Yamato), 30 strokes at 100 rpm and 15 strokes at 125 rpm with a
Teflont pestle. The homogenate was divided into 5 microcentrifuge
tubes and centrifuged at 700g for 10 min at 48C. The supernatant was
removed and centrifuged at 12,500g for 30 min to obtain the
mitochondrial pellet. This pellet was resuspended in 2 mM Hepes
buffer pH 7.4 containing 225 mM mannitol, 75 mM sucrose, 10 mM
KH2PO4, 5 mM MgCl2, 1 mM EGTA and 0.2% (w/v) fatty acid-free
BSA (mitochondrial suspension buffer, pH 7.4) washed twice, and the
pellet was weighed and resuspended in the same buffer to make a final
concentration of 50 mg mitochondria/ml.

A total of 20 ll mitochondrial suspension containing different
concentrations ranging from 10–50 lg mitochondria/ml in mitochon-
drial suspension buffer with 10 mM succinic acid and 0.2 lM
rotenone, or in mitochondrial suspension buffer with 5 mM glutamic
acid and 5 mM malic acid (all Agros Organics) was added to the
appropriate wells of an Seahorse XF96 microplate (8 wells for each
mitochondrial mass). The plate was centrifuged at 2,000g for 20 min
at 48C to attach the mitochondria to the bottom of the plate. The
mitochondria were viewed briefly under a microscope to ensure
consistent adherence to the wells, and 140 ll of the succinate or
glutamate-malate buffer was added to the corresponding wells. The
plate was then placed at 378C for 10 min to allow it to warm before
transfer to the XF96 instrument. Four baseline (state 2 respiration)
measurements were acquired before injection of mitochondrial
inhibitors or uncouplers. Readings were taken after sequential addition
of ADP (5 mM, state 3 respiration), oligomycin (10 lM, state 4
respiration) and the uncouplers: p-trifluoromethoxyphenylhydrazone
(FCCP) (4 lM) and antimycin A (10 lM). For each well of the plate,
OCR was calculated with the Seahorse XF96 software and was
normalized for the mitochondrial mass. To correct for possible

differences between mitochondrial isolations, each XF96 plate
contained mitochondria from one sham-irradiated heart and one
irradiated heart, and within each plate the OCR of the irradiated
mitochondria was calculated relative to the OCR of the sham-
irradiated mitochondria.

Histology

Hearts were fixed in formalin, embedded in paraffin and 5 lM
longitudinal sections were used for determination of apoptotic nuclei.
The CardioTACSe Kit (Trevigen Inc., Gaithersburg, MD), which is
based on DNA end-labeling with terminal deoxynucleotidyl transfer-
ase, was used according to the manufacturer’s instructions. Stained
sections were examined with an Axioskop transmitted light micro-
scope (Carl Zeiss, Munich, Germany) and the apoptotic nuclei in the
ventricles of each heart section were counted.

Statistical Analysis

Data were evaluated with the software package NCSS 8 (NCSS
LLC, Kaysville, UT). Data were analyzed with two-way ANOVA or
repeated measures ANOVA (mitochondrial swelling assay), followed
by Newman-Keuls individual comparisons. The criterion for signif-
icance was P , 0.05.

RESULTS

Local Heart Irradiation Caused a Prolonged Upregulation
of Bax and Increased Apoptosis at Early Time Points

First, we studied the protein levels of Bax and Bcl2 in
total left ventricular lysates. Radiation caused a significant
increase in the expression of Bax at time points from 6 h to
2 weeks after irradiation and an increase in the Bax/Bcl2
ratio from 6 h to 6 months after irradiation (Fig. 1A). To
verify that increased levels of Bax coincided with
mitochondrial translocation of Bax, Bax and Bcl-2 levels
were examined in mitochondria isolated at 2 weeks after
irradiation (Fig. 1B). Mitochondrial Bax was significantly
upregulated, leading to an increased Bax/Bcl2 ratio. Since
increased mitochondrial Bax can initiate apoptotic cell
death, we examined whether there was evidence of
apoptosis in the left ventricles of irradiated hearts. A
significant increase in the number of apoptotic nuclei was
found at 6 and 24 h and 2 weeks after irradiation (Table 1
and Supplementary Fig. S3; http://dx.doi.org/10.1667/
RR13452.1.S1).

Local Heart Irradiation Caused Early Alterations in
Mitochondrial Membrane Potential and an Enhanced and
Prolonged mPTP Opening

The effects of local heart irradiation on mitochondrial
membrane potential were assessed by mitochondrial uptake
of TMRM. Reduced uptake of TMRM at 6 h and 2 weeks
after irradiation indicated a reduced mitochondrial mem-
brane potential (Fig. 2A). Swelling assays were performed
with mitochondria isolated from left ventricles of sham and
irradiated hearts, to examine the opening of mPTP in
response to calcium. Enhanced mitochondrial swelling in
response to calcium was observed from 2 weeks to 9
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months after irradiation (Fig. 2B and Supplementary Fig.

S1; http://dx.doi.org/10.1667/RR13452.1.S1). Mitochondri-

al swelling was inhibited by CsA, indicating that it was

caused by mPTP opening. To assess dose dependency of

radiation-induced susceptibility to mPTP opening, the

effects of 3 and 9 Gy were also examined at 2 weeks after

local heart irradiation. Calcium-induced mitochondrial

swelling was dose dependent, with a statistically significant

effect of 9 and 21 Gy (Supplementary Fig. S4; http://dx.doi.

org/10.1667/RR13452.1.S1).

Local Heart Irradiation did not Cause Indications of

Mitophagy

Cardiac diseases may be associated with increased

mitophagy, a form of autophagic degradation of damaged

mitochondria. While mitochondrial levels of the mitophagy

FIG. 1. Effects of local heart irradiation on the protein expression of Bax and Bcl2. Panel A: Radiation caused an increase in left ventricular
Bax levels between 6 h and 2 weeks and an increase in Bax/Bcl2 ratios between 6 h and 6 months after irradiation. Panel B: Mitochondrial Bax
levels and Bax/Bcl2 ratio were increased at 2 weeks after irradiation. Average 6 sem n ¼ 5–6. *P , 0.05 when compared to sham-irradiated
control.
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mediator PINK-1 were significantly increased at 2 weeks
and reduced at 10 weeks after irradiation, mitochondrial
protein levels of Parkin, which is recruited by PINK-1 to
initiate mitophagy, did not change with radiation (Fig. 3A
and Table 2). Moreover, at all time points of investigation
the mitochondrial isolation resulted in a larger mass of
mitochondria from irradiated hearts (Fig. 3B).

Local Heart Irradiation Caused Changes in Mitochondrial
Respiration

A representative graph of the OCR measurements is
shown in Supplementary Fig. S2 (http://dx.doi.org/10.1667/
RR13452.1.S1). Figure 4A shows the OCR when succinate
was provided as a substrate for mitochondrial complex II
and rotenone as an inhibitor of complex I. Basal (state 2)
OCR was significantly reduced in mitochondria isolated
from irradiated hearts at all time points of investigation,
while ADP-driven (state 3) OCR was not significantly
altered by radiation. The OCR in the presence of ATP
synthase inhibitor oligomycin (state 4 respiration), which
reflects the amount of proton leak across the inner
mitochondrial membrane, was reduced at 2 weeks after
irradiation, while the respiratory control ratio (RCR, state 3/
state 4) did not change at any of the time points (data not
shown). Lastly, no differences in uncoupled respiration
(maximal respiration capacity) were found between mito-
chondria isolated from sham-irradiated and irradiated hearts
(data not shown). Interestingly, we also observed reduced
protein levels of SDHA, the 70 kDa subunit of the
respiratory chain component complex II in both total left
ventricular lysates and mitochondrial lysates at 2 and 10
weeks and 6 months after local heart irradiation (Figs. 4B
and C).

In glutamate-malate buffer, which provides glutamate and
malate as substrates for mitochondrial complex I, no
significant effects of radiation were observed on basal
respiration, state 3 respiration, state 4 respiration, RCR or
uncoupled OCR (data not shown).

DISCUSSION

Exposure to ionizing radiation is a risk factor for the
development of cardiovascular diseases. The current study
used a rat model of local heart irradiation to investigate the
time course of radiation-induced changes in cardiac
mitochondrial membrane characteristics and respiration.
Although this is a predominantly observational study, to our
knowledge it is the first to assess an extensive time course
of cardiac mitochondrial alterations and to show increased
susceptibility to mitochondrial permeability transition
(MPT) in mitochondria from the irradiated heart.

Bax is one of the important proapoptotic proteins of the
Bcl-2 family (26–29). Under normal conditions, Bax is
homogenously distributed in the cytoplasm. However,
under conditions of stress, increased expression and
activation of Bax leads to its translocation and insertion
into the outer mitochondrial membrane (30–33). Translo-
cation of Bax to the outer mitochondrial membrane is one of
the prerequisites for MPT and mitochondrial membrane
depolarization that may lead to the onset of apoptosis (34,
35). In our study, local heart irradiation caused an increase
in total left ventricular Bax levels at earlier time points, a
prolonged increase in Bax/Bcl2 ratios and increased
mitochondrial Bax level (content), prompting us to examine
apoptosis. A significant increase in the number of apoptotic
nuclei was observed at early time points only: 6 and 24 h
and 2 weeks after irradiation, coinciding with the increased
left ventricular expression of Bax. These results are in
accordance with radiation-induced apoptosis in other
organs, showing increased numbers of apoptotic cells from
6 h to several weeks after irradiation (36–38). However, a
recent study has demonstrated the presence of cleaved–
caspase 3 at 13 months after local heart irradiation in the rat
(14). Hence, we cannot exclude that apoptosis may occur
again at time points beyond 9 months in our rat model of
local heart irradiation. Interestingly, a large part of the heart
consists of highly differentiated cardiomyocytes that may
not likely undergo early (premitotic) apoptosis. Also, a
previous study has shown that cardiac endothelial cells
undergo a late mitotic death after irradiation (39). Therefore,
cardiac endothelial cells may not have contributed to the
early increases in apoptotic cells in our study. Future
experiments may elucidate the exact nature of the apoptotic
cells in the irradiated heart.

Translocation and insertion of Bax into the mitochondrial
membrane has been shown to accelerate the opening of the
mitochondrial voltage-dependent anion channel leading to
increased mitochondrial membrane permeability and loss of
mitochondrial membrane potential (40). MPT and loss of
mitochondrial membrane potential are important mecha-
nisms of mitochondrial dysfunction and are involved in the
pathogenesis of many cardiovascular diseases (26, 41, 42).
MPT is a process characterized by increased swelling of
mitochondria, depolarization of the mitochondrial mem-
brane and the uncoupling of oxidative phosphorylation (43).

TABLE 1
Numbers of Apoptotic Nuclei in the Ventricles of Rat Hearts

at Different Time Points after Irradiation
(Average 6 Sem, n ¼ 3)

Time after irradiation

Number of apoptotic nuclei

Sham 21 Gy

2 h 175 6 38 204 6 29
6 h 175 6 38 1301 6 91a

24 h 175 6 38 755 6 83a

4 days 175 6 38 211 6 61
2 weeks 60 6 19 132 6 23a

6 months 15 6 4 15 6 2

Note. Representative images of the CardioTACSTM stainings are
shown in Supplementary Fig. S3 (http://dx.doi.org/10.1667/RR13452.
1.S1).

a P , 0.05 when compared to sham-irradiated control.
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A variety of stimuli such as calcium influx into mitochon-

dria, inorganic phosphate, ROS and other oxidant chemicals

can induce the onset of MPT (42, 44–46). The increase in

the inner mitochondrial membrane permeability is mediated

by the opening of the mPTP, a nonspecific channel that

spans both inner and outer mitochondrial membranes or by

channels formed by insertion of Bax (47). mPTP opening

can be assessed with a mitochondrial swelling assay, in

which mitochondrial swelling in response to exogenous

calcium is an indicator of mPTP opening. In our study,

mitochondria isolated from irradiated hearts were more

prone to swelling in response to calcium. Interestingly, this

effect was observed at all time points of investigation (6 h to

9 months) and showed a dose dependency (3–21 Gy).

However, mitochondria were isolated from whole left

ventricular tissue and we therefore cannot be certain of

the cellular origin of the mitochondria. Nonetheless, since

cardiomyocytes occupy approximately 75% of the normal

FIG. 2. Effects of local heart irradiation on mitochondrial membrane properties. Panel A: Mitochondrial
membrane potential, as assessed by uptake of TMRM in isolated mitochondria, was significantly reduced at 6 h
and 2 weeks after irradiation. Isolated mitochondria were incubated with TMRM, washed and the mitochondrial
fluorescence was normalized to mitochondrial protein content. These normalized values for TMRM fluorescence
of mitochondria isolated from irradiated hearts were calculated relative to the TMRM fluorescence of
mitochondria isolated from sham-irradiated hearts. Panel B: Representative figure of the results of the swelling
assay with mitochondria isolated at 2 weeks after irradiation. Swelling was assessed as a reduction in the OD540
nm of mitochondrial suspensions, relative to the OD540 nm of the same mitochondrial samples immediately
before the start of the assay. Swelling was inhibited by CsA, indicating that swelling was due to mPTP opening.
Swelling assays of other time points are shown in Supplementary Fig. S1 (http://dx.doi.org/10.1667/RR13452.1.
S1). Average 6 sem, n ¼ 5–6. *P , 0.05 when compared to sham-irradiated control.
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myocardial tissue volume and are highly enriched in

mitochondria, we assume that most of the isolated
mitochondria in this study originated from cardiomyocytes.

Therefore, our results suggest that cardiomyocytes in

irradiated hearts are more susceptible to MPT in response

to secondary stressors such as deregulation of calcium

homeostasis or ischemia/reperfusion (48, 49).

Mitochondrial membrane integrity is important for

cardiomyocyte survival and energy homeostasis. Loss of

mitochondrial membrane potential is an important factor in

determining the extent of damage sustained by mitochon-
dria (50). In our study, even though we observed a

prolonged and enhanced calcium-induced swelling in

mitochondria isolated from irradiated hearts, we found

decreased mitochondrial membrane potential at only 6 h and
2 weeks postirradiation. Previous studies have shown that

depolarization of the mitochondrial membrane potential and

MPT after clinical doses of ionizing radiation is reversible
(51). Thus, it is unlikely that a significant number of
mitochondria undergo MPT as a direct consequence of
irradiation. However, our results suggest that ionizing

FIG. 3. Effects of local heart irradiation on mitophagy mediators and mitochondrial mass. Panel A:
Representative immunoblot showing protein levels of mitophagy mediators in mitochondrial lysates at 6 months
after sham-irradiation (lanes 1–4) or irradiation (lanes 5–9). Data of all time points are shown in Table 2. Panel
B: The mitochondrial isolation resulted in a larger mass of mitochondria from irradiated hearts. Average 6 sem,
n ¼ 4–5. *P , 0.05 when compared to sham-irradiated control.

TABLE 2
Mitochondrial Levels of PINK-1 and Parkin at Different Time

Points after Irradiation, as Measured with Western Blots
(Average 6 Sem, n ¼ 4–5)

Time after
irradiation

PINK-1 Parkin

Sham 21 Gy Sham 21 Gy

24 h 0.98 6 0.07 1.30 6 0.32 1.60 6 0.11 2.27 6 0.23
2 weeks 1.31 6 0.40 2.36 6 0.22a 1.03 6 0.12 0.95 6 0.11
10 weeks 1.09 6 0.25 0.41 6 0.11a 2.98 60.39 2.27 6 0.31
6 months 0.88 6 0.06 1.29 6 0.20 4.05 6 0.29 5.25 6 0.48

Note. F0-F1 ATP synthase was used as a loading control.
a P , 0.05 when compared to sham-irradiated control.
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radiation might induce transient changes in mitochondria,

and that further events that may increase mitochondrial ROS

or calcium overload may enhance the susceptibility for

MPT in mitochondria in hearts that were previously

exposed to radiation.

In our study, mitochondrial isolations resulted in a larger

mass of mitochondria isolated from irradiated hearts

compared to sham-irradiated hearts at all time points of

investigation. Similarly, previous studies have reported an

increased mitochondrial mass in cells in culture after

FIG. 4. Effects of local heart irradiation on mitochondrial respiration. Panel A: Mitochondria isolated from
irradiated hearts showed reductions in succinate-dependent state 2 respiration relative to state 2 and respiration in
mitochondria isolated from sham-irradiated hearts, no significant changes in state 3 respiration and reduced state
4 respiration at 2 weeks only. Panel B: Representative immunoblot of mitochondrial protein levels of SDHA, the
70 kDa subunit of respiratory complex II at 6 months after sham-irradiation (lanes 1–4) or irradiation (lanes 5–
9); Panel C: At all time points, decreased state 2 respiration coincided with reduced mitochondrial protein levels
of SDHA. Average 6 sem, n ¼ 4–6. *P , 0.05 when compared to sham-irradiated control.
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irradiation (17, 18). Persistent injury to mitochondria may
cause cells to increase their mitochondrial mass as a
compensatory mechanism to maintain their levels of ATP
from oxidative phosphorylation (52–54). The unaltered
levels of mitophagy marker Parkin after irradiation in the
present study suggest that mitophagy did not occur until 9
months after exposure to local heart irradiation. Further
studies need to address whether mitochondrial biogenesis
may be responsible for the increased mitochondrial mass
observed after irradiation.

Measurement of oxygen consumption in mitochondria
isolated from irradiated hearts demonstrated reduced basal
(state 2) respiration in the presence of the complex II
substrate succinate combined with the complex I inhibitor
rotenone, from 2 weeks to 9 months after irradiation. State 2
OCR reflects the reduction in molecular oxygen in a sample
of mitochondria in the absence of ATP production. State 2
OCR may be caused by an altered substrate transport into
the mitochondria, partial uncoupling of the mitochondria, or
the use of oxygen by other enzymes that are not involved in
oxidative phosphorylation. However, these last two poten-
tial causes may not explain why we observed a change in
state 2 OCR with the substrate succinate only, and not with
the substrates glutamate and malate. State 3 OCR was not
significantly reduced in mitochondria isolated from irradi-
ated hearts, suggesting that the maximum respiratory
capacity was not affected by radiation. In line with our
observation, studies by Barjaktarovic et al. have also
reported decreased succinate-driven state 2 OCR with no
significant changes in state 3 respiration in mouse hearts at
4 and 40 weeks after local heart irradiation (15, 16). In
contrast, Franken et al. observed reduced state 3 respiration
driven by the substrates succinate and b-hydroxybutyrate at
different time points after local heart irradiation in the rat
(55). However, the OCR was calculated per gram of left
ventricular tissue, not correcting for the amount of
mitochondria in the tissue.

In the current study, the reduced succinate-dependent
respiration coincided with a significant reduction in the
protein levels of SDHA both in mitochondrial lysates and in
total lysates. Complex II plays a dual role in the Krebs cycle
and mitochondrial respiration and has unique redox
properties that differ from other mitochondrial dehydroge-
nases (56). Complex II acts as a major source of electrons
for the production of ROS (57) and, together with
ubiquinone, controls the superoxide generating activity of
the respiratory chain in mitochondria (58). Future studies
are needed to identify whether reduced mitochondrial levels
of complex II are associated with the reduced state 2 OCR
that we observed, or an altered production of intracellular
ROS in the irradiated heart.

In conclusion, the current study has shown that local heart
irradiation caused long-term changes in mitochondrial
membrane functions, levels of SDHA and state 2 OCR.
Future studies will be required to elucidate whether and how
these radiation-induced mitochondrial changes may con-

tribute to the development of RIHD, and make the heart
more susceptible to secondary stressors due to the enhanced
tendency of mPTP opening.

SUPPLEMENTARY INFORMATION

Supplementary Fig. S1. http://dx.doi.org/10.1667/
RR13452.1.S1; Swelling assays with mitochondria isolated
from the left ventricles of hearts at 6 h (panel A), 10 weeks
(panel B), 6 months (panel C) and 9 months (panel D) after
local heart irradiation. Swelling was assessed as mitochon-
drial optical density at 540 nm (OD540 nm) when in the
assay, relative to their OD540 nm immediately before the
start of the assay. Incubation of mitochondria from
irradiated hearts with CaCl2 caused swelling that was
blocked by cyclosporin A (CsA), an inhibitor of transition
pore opening. Average 6 sem, n ¼ 5–6. *P , 0.05 when
compared to sham-irradiated control.

Supplementary Fig. S2. http://dx.doi.org/10.1667/
RR13452.1.S1; Diagram of the measurements of oxygen
consumption at state 2, state 3 and state 4 respiration.

Supplementary Fig. S3. http://dx.doi.org/10.1667/
RR13452.1.S1; Panel A: Representative immunoblot show-
ing protein levels of Bax and Bcl2 in left ventricular lysates
at 6 months after sham-irradiation (lanes 1–6) or local heart
irradiation (lanes 7–12). Panel B: Representative Cardio-
TACSe staining at 2 weeks after sham-irradiation, 203
magnification. Panel C: Representative CardioTACS stain-
ing at 2 weeks after local heart irradiation with 21 Gy, 203
magnification. Apoptotic nuclei are stained blue.

Supplementary Fig. S4. http://dx.doi.org/10.1667/
RR13452.1.S1; Dose-dependent effect of radiation on the
susceptibility of mPTP opening in mitochondria isolated
from left ventricular samples at 2 weeks after local heart
irradiation with a single dose of 3, 9 or 21 Gy. Average 6

sem, n ¼ 4. *P , 0.05 when compared to sham-irradiated
control.
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