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Deep-space travel presents risks of exposure to ionizing
radiation composed of a spectrum of low-fluence protons (1H)
and high-charge and energy (HZE) iron nuclei (e.g., 56Fe).
When exposed to galactic cosmic rays, each cell in the body
may be traversed by 1H every 3–4 days and HZE nuclei every
3–4 months. The effects of low-dose sequential fractionated
1H or HZE on the heart are unknown. In this animal model of
simulated ionizing radiation, middle-aged (8–9 months old)
male C57BL/6NT mice were exposed to radiation as follows:
group 1, nonirradiated controls; group 2, three fractionated
doses of 17 cGy 1H every other day (1H 3 3); group 3, three
fractionated doses of 17 cGy 1H every other day followed by a
single low dose of 15 cGy 56Fe two days after the final 1H dose
(1H 3 3 + 56Fe); and group 4, a single low dose of 15 cGy 56Fe
followed (after 2 days) by three fractionated doses of 17 cGy
1H every other day (56Fe + 1H 3 3). A subgroup of mice from
each group underwent myocardial infarction (MI) surgery at
28 days postirradiation. Cardiac structure and function were
assessed in all animals at days 7, 14 and 28 after MI surgery
was performed. Compared to the control animals, the
treatments that groups 2 and 3 received did not induce
negative effects on cardiac function or structure. However,
compared to all other groups, the animals in group 4, showed
depressed left ventricular (LV) functions at 1 month with
concomitant enhancement in cardiac fibrosis and induction of
cardiac hypertrophy signaling at 3 months. In the irradiated
and MI surgery groups compared to the control group, the
treatments received by groups 2 and 4 did not induce
negative effects at 1 month postirradiation and MI surgery.
However, in group 3 after MI surgery, there was a 24%
increase in mortality, significant decreases in LV function and
a 35% increase in post-infarction size. These changes were

associated with significant decreases in the angiogenic and
cell survival signaling pathways. These data suggest that
fractionated doses of radiation induces cellular and molecu-
lar changes that result in depressed heart functions both
under basal conditions and particularly after myocardial
infarction. � 2017 by Radiation Research Society

INTRODUCTION

Deep-space exploration-type manned missions to Mars
that have been planned for early 2030 would involve
exposure of astronauts to various stressors, including
reduced gravity and different types of space radiation, for
up to three years (1, 2). In contrast, the space radiation
environment for current low-Earth orbit (LEO) missions is
drastically different from deep space, primarily aided by the
protection provided by the Earth’s magnetic field and
shielding within the spacecraft, which significantly attenu-
ate pathological events (3, 4). The earth’s surface
encompasses low-linear energy transfer (LET) radiations
primarily comprised of neutrons from cosmic radiation and
alpha particles from terrestrial radionuclides (4). However,
beyond LEO, the effects of radiation become more onerous,
solely due to ionizing radiation arising from a broad range
of high-LET particles (2–4), comprising a toxic milieu of
galactic cosmic radiation (GCR) and particles expelled
during solar particle events (SPEs) (3, 5). A significant
amount of radiation in space is composed of GCR and
consists of predominantly high-energy protons (;85%
hydrogen ions, 1H; Z ¼ 1) along with alpha particles
(;12% helium ions, 2He; Z¼ 2), minimal-hazard electrons
and positrons (;1%) and heavy ions of up to 10,000 GeV
energies [also known as high-charge and energy (HZE)
nuclei] that comprise only ;1% of particles (2, 4, 6–9).
Along with GCR, unpredictable and intermittent SPEs can
produce large plasma clouds essentially comprised of low-
LET protons (up to 1 GeV/nucleon energy) (4, 5, 7)
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sometimes mixed with high-density fluxes of protons with
energies mounting to .30 MeV (10). Furthermore,
interaction of these HZE and SPE particles with shielding
material on the spacecraft and biological material can result
in secondary ionizing radiation hazards such as gamma,
electrons, neutrons, pions, muons, etc. (3, 4). It has been
estimated that during deep-space missions, each cell in an
astronaut’s body will be traversed by a 1H nucleus every
few days, a 2He nucleus every few weeks and HZE nuclei
[e.g., carbon (12C), oxygen (16O), silicon (28Si), iron (56Fe),
etc.] every few months (11, 12). HZE-induced radiation
damage is substantial due to extremely high LET (13, 14)
and the density of ionizing events deposited along the
trajectory of the particles that can result in cluster DNA
damage, often in the form of irreparable track damage to
individual cells and tissue (15).

With extended stays beyond the Earth’s protective
magnetosphere during deep-space missions, there is sub-
stantial concern about the potential long-term risks to the
astronauts and the acceptable risk levels associated with
exposure to HZE ionizing particles or combined SPE and
GCR. Due to practical and financial limitations associated
with strategies for increasing shielding on the spacecraft,
exposure to such fast-moving energetic particles is inevita-
ble (16). One of the major concerns associated with
accumulated exposure to ionizing space radiation beyond
LEO is the distinct type of biological damage and response
triggered by each type and dose of radiation in a cell or
tissue environment (3, 17, 18). Reports have indicated that
as much as 0.4–0.8 mGy/day tissue dose rates are delivered
from GCR (19). Measurement on the Mars Science
Laboratory’s Curiosity Rover had estimated the total
mission dose equivalent of ;1.01 Sv (equivalent to 1 Gy
of X and gamma rays) for a round trip Mars surface
mission, with 12 months in transit and 500 days on the
Martian surface using the current solar cycle data (20). In
addition, there may be a ;2 Gy proton-radiation dose to the
whole body of the astronaut arising from a large SPE (21–
24). Another space stressor, microgravity, when combined
with ionizing space radiation, may accentuate degenerative
tissue responses that can affect several organs, including
heart and vasculature, for which there is currently no
adequate risk information (3, 9).

Although extensive epidemiologic evidence has high-
lighted cardiovascular (CV) diseases as secondary morbid-
ity and mortality risks due to radiation exposure in
radiotherapy patients (25–29) and after unintended nonoc-
cupational exposure (30–32), there is very limited informa-
tion on the direct effects of space radiation on the CV
system and long-term degenerative risks associated with
exposure to mixed HZE particles or protons. The majority
of space flight-associated CV risks identified to date were
determined shortly after LEO missions and include cardiac
dysrhythmias, compromised orthostatic CV response,
manifestation of previously asymptomatic CV disease and
cardiac atrophy (1, 33, 34). The lack of human epidemi-

ology data for SPE-like proton and HZE-particle radiations
along with multifactorial nature of CV diseases and their
long latency periods makes risk predictions highly uncertain
(35). Most high- and low-LET radiation based studies have
shown detrimental effects on parameters such as angiogen-
esis (36), endothelial dysfunction (37) and endothelial cell
damage (9) contributing to vascular and circulatory diseases
(38). In light of these recent studies and reviews, a threshold
dose of 0.5 Gy was proposed (39) particularly for
degenerative risks manifesting very late after exposure with
circulatory diseases to be of great importance for a mission
to Mars (2).

Contingent upon these parameters, we previously report-
ed the effects of a single, whole-body, low-dose 1H (0.50
Gy, 1 GeV) and 56Fe (0.15 Gy, 1 GeV/nucleon) ion
irradiation on the CV system during normal aging and under
ischemic conditions (40). These studies signified the long-
term (up to 10 months) postirradiation negative effects on
the myocardium, systolic and diastolic heart functions
accompanied by increased hypertrophic signaling contrib-
uting to heart failure (40). A myocardial infarction (MI)
after exposure to 0.15 Gy low-dose high-energy 56Fe
radiation demonstrated long-lasting detrimental effects
including loss of cardiac function and worsened cardiac
remodeling over the period of 10 months. On the other
hand, 0.5 Gy 1H irradiation induced positive effects during
recovery after a MI event (40), which may be attributed to a
possible ischemic preconditioning-like effect of low-proton
irradiation of the heart (41).

Because there is essentially no data available on the
effects of different sequential, fractionated low-dose
charged particle (SPE-like proton and HZE) irradiations to
the CV system, we used murine models to examine the
effects of acute, whole-body fractionated low-dose 1H
exposure by itself and in combination with a single low
dose of 56Fe radiation to emulate a possible space-like
environment. Our findings provide initial mechanistic
insight into the development of CV morbidity and mortality
induced by mixed charged particle radiation in the heart
tissue.

MATERIALS AND METHODS

Animal Models

Adult male C57Bl/6NT mice, 8–10 months of age (Taconic,
Germantown, NY) were used for the entire study. Animals were
shipped directly to Brookhaven National Laboratory (BNL, Upton,
NY) where they were fed standard laboratory chow diet (Harlan
Teklad, Madison, WI), given water access ad libitum and kept in a
temperature-controlled environment on a 12:12 h light-dark schedule.
All mice were handled in accordance with the guidelines set and
approved by the Institutional Animal Care and Use Committees
(IACUC) at both GeneSys Research Institute (Boston, MA) and BNL.
Any animal in this study found to exhibit severe or irreversible
symptoms of pain and distress (limited mobility, reduced consumption
of food and water, weight loss of 15% or more) was euthanized
immediately by pentobarbital-based euthanasia solution 200 mg/kg
intraperitoneal (i.p.) injection, which is consistent with the recom-
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mendation of the Panel on Euthanasia of the American Veterinary
Medical Association Guidelines on Euthanasia.

Particle Irradiation and Dosimetry

Whole-body exposures of mice to 1 GeV hydrogen protons (1H; LET
¼0.223 keV/lm) and 1 GeV/nucleon iron ions (56Fe; LET¼151.4 keV/
lm) were performed at the NASA Space Radiation Laboratory at BNL
according to standardized procedures. Individual rectangular polysty-
rene boxes with multiple air holes (4 mm in diameter) were used to
house animals during three fractionated sequential doses of ;17 cGy 1H
(total dose of 50 cGy) and a single dose of 15 cGy 56Fe ions in the
Bragg peak plateau region. The average dose rate for the 1H and 56Fe
irradiations was ;16 6 4 cGy/min and ;13 6 2 cGy/min,
respectively. After irradiation, all animals were delivered from BNL
to GeneSys Research Institute for long-term housing during the course
of the study and experimental analysis. Nonirradiated control mice
underwent identical procedures; they were placed in polystyrene boxes,
brought inside the cave at the NSRL facility and placed on the platform,
but no beam line was administered.

Experimental Groups

We evaluated the effect of different sequences of fractionated
sequential low-dose whole-body 17 cGy 1H (1 GeV) and a single dose
of 15 cGy 56Fe (1 GeV/nucleon) radiation-induced biological response
in the hearts of 8–10-month-old (at the time of initial irradiation)
C57BL/6NT mice at 1 and 3 months postirradiation. The study was
comprised of four groups:

� group 1, nonirradiated controls;
� group 2, three fractionated doses of 17 cGy 1H every other day (1H

3 3);
� group 3, three fractionated doses of 17 cGy 1H every other day

followed by a single low dose of 15 cGy 56Fe two days after the
final 1H dose (1H 3 3 þ 56Fe); and

� group 4, a single low dose of 15 cGy 56Fe followed (after 2 days)
by three fractionated doses of 17 cGy 1H every other day (56Fe þ
1H 3 3).

Radiation Group

The effects of low-dose, whole-body irradiation on the heart,
administered using different sequential treatments and radiation-
induced alterations in cardiac function, tissue, cellular and molecular
changes in aging groups at 1 and 3 months postirradiation, were
assessed by echocardiography (ECHO) and hemodynamics (HEMO).
In addition, cardiac fibrosis was assessed by Masson’s trichrome and
hematoxylin and eosin (H&E) staining and activation of signaling
pathways by protein analyses.

Radiation with Myocardial Infarction Group and Acute Myocardial
Infarction Surgery

We examined the effect of low-dose whole-body irradiation on the
hearts of 8–10-month-old C57BL/6NT mice at 1 month after different
radiation sequential treatments (described above) in a MI model.
Myocardial infarction was induced by ligation of the left anterior
descending coronary artery at 1 month postirradiation, as previously
described elsewhere (42, 43) and mice were monitored for 28 days
after MI using ECHO, prior to sacrificing HEMO measurements were
performed on day 28.

Cardiac Physiology

Echocardiography. After measurement of body weight, animals
were lightly anesthetized with isoflurane vaporized in O2 (1.5–2%) at
the rate of 1 L/min using a nose cone on a warming pad. Two-

dimensional guided M-mode ECHO was performed with a 15-MHz
(15–6L) pediatric open heart surgery transducer (Agilent Technologies
Inc., Santa Clara, CA) as detailed in earlier published work (44). At
least 5 sequential beats were analyzed (n¼ 6–8/group). Heart rate, left
ventricular (LV) end-diastolic diameter (EDD), end-systolic diameter
(ESD) and LV wall thickness were measured.

Left ventricular ejection fraction percentage was calculated using a
standard formula with end-diastolic volume (EDV) and end-systolic
volume (ESV): ejection fraction percentage¼ [(EDV – ESV)/EDV] 3
100.

Fractional shortening percentage was calculated using the standard
formula: fractional shortening percentage ¼ [(EDD – ESD)/EDD] 3
100. All ECHOs were performed by a single investigator (JL), read by
a single investigator (RM) and re-read by his clinical attending (JPM);
all three were blinded to the treatment conditions. ECHO data analyses
were performed by a single investigator (XY) who was also blinded to
the treatment conditions. Only after completion of all analyses and
data plotting, were treatment conditions revealed to all investigators.

Hemodynamics. In vivo LV pressure measurements were per-
formed by direct LV catheterization using Millar Mikro-Tipt Blood
Pressure System (1.2 F; Transonic Systems Inc./Scisense, Ithaca, NY)
(n ¼ 6–8/group) as detailed previously (44). Heart rate, LV systolic
pressure (LVSP), LV end-diastolic pressure (LVEDP), dP/dtmax and
dP/dtmin were recorded.

Histology, Imaging and Analysis

Routine histology, H&E staining. Sections (10 lm) of formalin-
fixed, paraffin-embedded heart tissue were H&E stained and
visualized using a light microscope (Leica Microsystems Inc., Buffalo
Grove, IL). Images of the full circumference of the heart cross sections
along with the infarction area after MI were taken at 1003
magnification and collaged.

Radiation-induced fibrosis, Masson’s trichrome staining. To
determine whether different sequences of fractionated sequential
low-dose 1H- and single-dose 56Fe radiation could induce cardiac
fibrosis 1 and 3 months postirradiation, serial 10 lm sections of
cardiac tissue were processed for Masson’s trichrome staining
(Electron Microscopy Sciences, Hatfield, PA) and random regions
of the heart were imaged at 2003 (n ¼ 20 images/sample per group)
for analysis using the ImageJ program version 1.40 (NIH, Bethesda,
MD) for quantification of fibrosis (blue pixels). Analyses were
performed by two investigators (J. S. and H. E.) independently of each
other and both were blinded to the treatment conditions.

In addition, at 28 days after MI, analysis was performed on full-
circumference bright-field microscopic images (1003) of at least 40–
50 cross sections of the right and left ventricles along with the
infarction region of heart, using ImageJ software to quantify infarction
size as previously described elsewhere (45). As before, these analyses
were performed by two investigators (JS and HE) independently of
each other and both were blinded to the treatment conditions.

Western Blot Analysis

To evaluate signaling pathways that regulate cardiac functions after
irradiation and MI at the 1-month time point, we performed Western
blot analysis at different time points. LV tissue (n ¼ 3–5/treatment
group) at different times postirradiation (1 and 3 months) and after MI
(3, 7, 14 and 28 days) were snap-frozen in liquid nitrogen immediately
after collection. LV tissue was homogenized using tissue homogenizer
in a buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Tritone X-100, 10 mM sodium
pyrophosphate, 20 mM b-glycerophosphate, 10 mM Na3VO4, 1 mM
NaF, 1 mM PMSF and protease inhibitor cocktail tablet (Roche
Diagnostics, Indianapolis, IN). Samples containing 50 lg of total
protein from the LV tissue lysates were mixed with equal volume of
23 sample buffer and boiled for 5 min at 958C. Protein fractions were
then separated by electrophoresis on 8, 10 or 15% polyacrylamide gel
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(Bio-Radt Laboratories Inc., Waltham, MA) and blotted onto PVDF
membrane. Detection of total VEGF-A and total and phosphorylated
protein levels of Akt (serine 473; Ser473) and Erk1/2 were performed
using antibodies against phospho-specific or total-specific antibodies
(Cell Signaling Technologyt Inc., Danvers, MA). Detection of total
and phosphorylated protein levels of nuclear factor of activated T
cells, cytoplasmic, calcineurin-dependent 4 (NFATc4) was performed
using rabbit polyclonal antibodies (Santa Cruz Biotechnologyt Inc.,
Dallas, TX) and HRP-linked goat anti-rabbit GAPDH (1:40,000
dilution; EMD Millipore, Billerica, MA) and anti-Actinin antibody
(1:1,000 dilution; Abcamt, Cambridge, MA) expression was used to
adjust the protein loading. Protein levels were revealed using
enhanced chemiluminescence Western blotting (ECL; Fisher Scienti-
fice, Pittsburgh, PA). Densitometry analysis of the Western blot band
brightness was used to obtain total and phosphorylated levels of a
protein. ImageJ software was used to measure the band intensities for
each respective sequence of phosphorylated and total protein, and
corresponding loading control.

Statistical Analysis

Results in all graphs are expressed as mean 6 SEM. Statistical
analyses were performed using one-way analysis of variance
(ANOVA) followed by Fisher’s LSD post hoc test StatView (SAS
Institute Inc., Middleton, MA). In addition, we performed Newman-
Keuls and Bonferroni-Dunn analyses to correct for multiple
comparisons. Differences were considered significant at P , 0.05.

RESULTS

Fractionated Mixed Ion Radiation Treatments (56Fe þ 1H 3

3) Affects Cardiac Structure and Function at 3 Months
Postirradiation

Short-term irradiation and aging studies at 1 and 3 months
postirradiation in four cohorts (n ¼ 60 middle-aged mice/
treatment group) were performed to evaluate radiation-
induced alterations in cardiac functions using ECHO and
HEMO measurements; cardiac hypertrophy signaling acti-
vation was assessed using Western blot analyses (Fig. 1A).

Cardiac physiology and fibrosis. ECHO and HEMO
studies showed that at 1 month postirradiation, ejection
fraction percentage from the hearts of group 3 was slightly
decreased compared to all other groups, which had normal
ejection fraction percentages (Fig. 1B). At 3 months
postirradiation, all groups exhibited comparable ejection
fraction percentages (Fig. 1B). There were no noticeable
differences between the controls and any of the irradiated
groups at 1 and 3 months in LV posterior wall thickness
(Fig. 1C) or in LV end-systolic pressure (Fig. 1D). LV end-
diastolic pressure at 1 month postirradiation was compara-
ble among all four groups (Fig. 1E). However, dP/dtmax was
decreased in the hearts of group 4 (Fig. 1F) compared to
group 3, but not compared to controls or group 2 hearts,
suggesting a reduced cardiac contractile function at 1 month
postirradiation in group 4. Compared to all the other groups,
cardiac fibrosis was increased in group 4 at 3 months
postirradiation (Fig. 1G), which was associated with
significant increase in LV end-diastolic pressure in the
same group (Fig. 1E), indicating the development of cardiac
hypertrophy, perhaps compensatory.

Candidate signaling mechanisms. To determine under-
lying molecular mechanisms that may be responsible for
changes in cardiac function at 1 and 3 months postirradi-
ation, we evaluated the expression and activity of proteins
that are involved in the regulation of calcium handling and
hypertrophy in all four groups. Expression of sodium
calcium exchanger, a protein critical for proper calcium
handling (46), was unchanged between the controls and
groups 2–4 at both 1 and 3 months postirradiation (data not
shown). To assess activation and onset of cardiac
hypertrophy we evaluated the levels of phosphorylated
NFATc4 in heart tissue. We found that there were no
considerable differences in the expression of NFATc4
phosphorylation in the hearts of groups 2–4 compared to
controls at 1 month postirradiation (Fig. 2A and B).
However, the hearts from group 4 showed significantly
decreased phosphorylation of NFATc4 at 3 months
postirradiation (Fig. 2C and D), suggesting activation of
cardiac hypertrophy signaling. Taken together, the increased
LV end-diastolic pressure, increased cardiac fibrosis and
activation of cardiac hypertrophy signaling in group 4
hearts, indicate that a single low dose of 56Fe ions followed
by multiple low doses of 1H radiation has significant
negative effects on cardiac structure and function, unlike the
other treatment regimens tested here.

Fractionated Mixed Ion Radiation Treatments (1H 3 3 þ
56Fe) Increase Post-MI Mortality and Attenuates Cardiac
Recovery at 1 Month Postirradiation

To evaluate the effect of fractionated mixed ion radiation
on cardiac tissue recovery and regeneration after MI, we
ligated the left anterior descending coronary artery at 1
month postirradiation. Figure 3A shows post-MI mortality,
cardiac function, remodeling and molecular signaling,
which were examined by ECHO, HEMO, Masson’s
trichrome staining and protein analyses. As shown in Fig.
3B, at 1 month after MI (n¼ 15–17 mice/treatment group; P
¼ ns), survival analysis showed 100% survival in group 1
(black) and group 2 (green), while there was ;78% and
92% survival in group 3 (blue) and group 4 (red),
respectively.

Cardiac physiology. No significant difference was
observed in ejection fraction percentages among all four
groups at 28 days after MI (Fig. 3C). With the exception of
group 4, the LV posterior wall thickness at day 28 after MI
for all other groups were comparable to those before MI
(Fig. 3D). Although the LV posterior wall thickness was
significantly increased in group 4 (Fig. 3D) at day 28 after
MI, other cardiac output functions were comparable to the
heart tissue from control post-MI group (Fig. 3E–G). In
group 3, HEMO analysis at day 28 after MI revealed
significantly decreased LV end-diastolic pressure (Fig. 3F)
and reduced LV end-systolic pressure, suggesting that in the
group 3 survivors, the functional recovery after MI is
significantly diminished. Although compared to all other
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treatment groups, the tissues from group 3 showed a trend
of decreased dP/dtmax and dP/dtmin, (Fig. 3G), these changes
were not statistically significant. Evaluation of cardiac
remodeling after MI using Masson’s trichrome staining
revealed that the hearts from group 3 had significantly larger
infarction size compared to controls and irradiated MI
groups (Fig. 3H and I). This data along with decreased LV
end-systolic pressure (Fig. 3E) and LV end-diastolic
pressure (Fig. 3F) further highlights the deleterious effects
of 1H 3 3 þ 56Fe exposures on cardiac functional and
structural recovery at 2 months postirradiation and at 1
month after MI.

Candidate signaling mechanisms. To understand the
divergent responses to different sequence and fractionation
of mixed ion radiation, we examined the underlying
signaling molecules, such as VEGF-A, Akt (Ser473) and

Erk1/2 (47–49), which regulate angiogenesis, survival,
proliferation of cardiac tissue damage recovery and
remodeling on days 3 and 7 after MI. On day 3 after MI,
the levels of VEGF-A and phosphorylated (phospho-) p-
Erk1/2 were essentially maintained and comparable (data
not shown). However, the phosphorylation of Akt (at
Ser473) at day 3 after MI was significantly lower in all
irradiated þMI treatment groups compared to the control þ
MI groups (data not shown). At day 7 post-MI, compared to
control animals, we observed substantial increase in the
levels of VEGFA (Fig. 4A and B) and p-Erk1/2 (Fig. 4C
and D) in MI treatment groups 2 and 4, while levels of these
proteins found in group 3 were comparable to control levels.
The expression of p-Akt (Ser473) remained significantly
reduced in all irradiated þ MI hearts compared to the
control þMI group (Fig. 4E and F). These findings reveal a

FIG. 1. ECHO and HEMO measurements of cardiac functions and evaluation of cardiac fibrosis in a radiation and aging mouse model. Panel
A: Experimental design to evaluate the effect of different sequences of whole-body fractionated low-dose 17 cGy, 1 GeV 1H and a single dose of
15 cGy, 1 GeV/nucleon 56Fe radiation in the hearts of 8–10-month-old C57BL/6NT mice over 1 and 3 months postirradiation. Radiation-induced
alterations in the radiation and aging model in cardiac function were assessed by echocardiography (ECHO), hemodynamic (HEMO),
morphometric/histologic measurements and activation of signaling pathways by protein analyses. ECHO analysis of cardiac function: ejection
fraction (EF%) (panel B) and posterior wall thickness (PWth) (mm) (panel C). HEMO measurements and analysis of cardiac function at 1 and 3
months postirradiation: LV end-systolic pressure (LVESP) (mmHg) (panel D); LV end-diastolic pressure (LVEDP) (mmHg) (panel E); LV dP/
dtmax and dP/dtmin (mmHg/s) (panel F). Panel G: Graphic representation of fibrosis percentage in the hearts of different radiation treatment
sequences of whole-body irradiated and nonirradiated control mice at 1 and 3 months postirradiation, evaluated with Masson’s trichrome staining.
Results in all graphs (panels B–G) are presented as mean 6 SEM (n¼ 6–8 animals per time point/group). Group 1: nonirradiated control (solid
black bars); group 2: 1H 3 3 irradiation (dotted bars); group 3: 1H 3 3 þ 56Fe irradiation (diagonal line bars); and group 4: 56Fe þ 1H 3 3 irradiation
(clear bars). Statistical significance was assigned when P , 0.05.
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complex mixed ion radiation-mediated spatial and temporal
regulation of VEGFA, p-Erk1/2 and p-Akt in irradiated þ
MI hearts and suggest that decreases in all three of these
protein levels and activity may be responsible, at least in
part, for the attenuated cardiac recovery and regeneration in
the MI group 3.

DISCUSSION

Earlier reports on assessments of space radiation risks and
acceptable levels of cardiovascular risk were largely
focused on LEO missions (19), which are not entirely
relevant for deep-space missions due to the uncertainties
associated with complex variations in the GCR and SPE
spectra and the lack of information on the radiobiological
responses to HZE ions in the GCR and SPE-like proton
particles (3, 16, 17). Such a dubious backdrop has resulted
in numerous published studies over the past two decades in
cell- and animal-based models using protracted, low-dose-
rate HZE ion, neutron and proton exposures with a broad
spectrum of energy ranges, which mimic the deep-space

environment and its impact on various biological systems,
to estimate both short- and long-term risks and reduce
uncertainties (15, 50). These studies have clearly demon-
strated both qualitative and quantitative differences in
biological response to HZE particle radiation when
compared to terrestrial radiation. Immune system suppres-
sion and acute hematological effects in the form of reduced
number and functionality of circulating leukocytes (white
blood cells; WBC), erythrocytes (red blood cells; RBC) and
platelets have been associated with combination treatment
of SPE-like 1H radiation exposure with or without hindlimb
unloading in mice (51–54). When this data is cautiously
translated to astronauts, such deficiencies can result in acute
radiation effects such as weakened immune system with
altered cytokine production (55), increased risks of
developing infections (56), blood cell death and thrombotic
diseases for which countermeasures are being evaluated.

Along with acute effects of radiation, other biomedical
risks of significant concern with a long-duration space
mission are radiation carcinogenesis, acute and late effects
of radiation on the central nervous system and degenerative

FIG. 2. Radiation-induced changes in signaling pathways at 1 and 3 months postirradiation. Representative
Western blots of heart tissue homogenates from radiation and aging mouse models, groups 1–4 (nonirradiated
controls; 1H 3 3; 1H 3 3 þ 56Fe; and 56Fe þ 1H 3 3. Bands represent phosphorylated (p), total (T) and loading
control for the following proteins: p-NFATc4, T-NFATc4 (140–150 kDa) and actinin (103 kDa), at 1 and 3
months postirradiation (panels A and C, respectively). Quantification and graphic representation of total protein
levels and phosphorylation using densitometric analysis of phospho-band intensities after adjusting for
corresponding actinin and total band intensities of heart tissue homogenates for p-NFATc4, at 1 and 3 months
postirradiation (panels B and D, respectively). Results in all graphs represent mean 6 SEM (n¼ 6–8 animals per
time point/group). Group 1: nonirradiated control (solid black bars); group 2: 1H 3 3 irradiation (dotted bars);
group 3: 1H 3 3 þ 56Fe irradiation (diagonal line bars); and group 4: 56Fe þ 1H 3 3 irradiation (clear bars).
Statistical significance was assigned when P , 0.05.
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tissue systems (3, 7, 9, 14, 15, 18) including heart,
circulatory system, lung, bone, muscle, endocrine, digestive
and lens, to name a few (9). Acute exposure of mice to 16O
(30 cGy) and 48Ti (5 and 30 cGy) particle radiation showed
severe decrements in cognitive behavior and neural
dysfunction by 6 weeks postirradiation (6), which corrob-
orated with similar findings of significantly impaired
memory and learning, as well as neural cell death after
exposure to low-dose 56Fe particles (20 cGy) (57, 58) in a
rodent model. Published ground-based studies of rodent
models using hindlimb unloading with or without radiation
(both terrestrial and HZE particles) show well documented
musculoskeletal disuse bone loss (59–62), as well as
skeletal microarchitectural changes (63, 64) normally
associated with onset of age-related osteoporosis.

Direct or indirect outcomes of radiation-induced damage on
biomolecules as well as cellular structures in the form of
mutations, DNA damage, cell death, phenotypic changes and
increased oxidative stress levels (21) can exacerbate the risk of
degenerative diseases (e.g., cardiovascular and circulatory) that
are usually associated with aging (3). While the intracellular
effects of HZE radiation, such as DNA damage and repair (65,
66), persistent oxidative stress (67) and cell cytotoxicity (68),
have been studied, comprehensive work to elucidate how HZE
particles affect heart tissue and cardiac function is still in its
infancy. Previously published studies have highlighted the
acute effects of high-dose radiation in cardiomyocytes (69, 70)
with the primary focus on upregulation of gene transcription
(71). We recently reported on the long-lasting, cyclical, time-
dependent change observed in gene regulation in left
ventricular cardiomyocytes up to 28 days after a single
whole-body low-dose 15 cGy 56Fe exposure (72). We reported
a cyclical increase in the activity of inflammatory and free
radical scavenging genes, as well as modulation of transcrip-
tion factors STAT-3, GATA-4, TBX5, MEF2c, NFATc4 and
NF-KB that are required for the maintenance of cardiac
morphogenesis, myogenesis, vascular development and pro-
tection from pressure overload-induced heart failure, were
activated (73). In an earlier study, we also reported increased
DNA damage with slow decay of DNA double-strand breaks
in cardiomyocytes up to 28 days postirradiation, as well as
cyclical inflammatory response in the heart tissue over an
extended period of 10 months after whole-body 15cGy 56Fe
irradiation (40). Taken together, these findings further signify a
possible and potential feedback mechanism of ionizing
radiation, perpetuating inflammatory responses in the heart
that may lead to significant alterations in CV physiology and
negatively affect cardiac functions, thus increasing the overall
risk for CV disease development after a single low-dose space-
type radiation exposure (40, 73). The effects of low-dose
fractionated mixed ion space-type radiation on cardiac
structure and function are not known. In the current study,
we examined the effect of low-dose fractionated mixed ion
radiation on cardiac structure and function in a model of
radiation with aging, and cardiac structure, function, recovery
and remodeling in a model of radiation with induced MI.

Mixed Ion Fractionated Radiation Treatment Groups. In
our studies, animal groups exposed to fractionated low
doses of protons (group 2; 1H 3 3) and mixed ions (group 3;
1H 3 3 þ 56Fe) showed no negative effect on cardiac
function up to 3 months postirradiation, when compared to
nonirradiated controls. Radiation-induced deleterious ef-
fects on cardiac function were first observed in treatment
group 4 (56Fe þ 1H 3 3), in the form of significant and
depressed dP/dtmax compared to hearts from group 3,
suggesting an alteration in contractile function as early as
1 month postirradiation. This early hemodynamic alteration
of cardiac function in the group 4 mouse hearts was later
manifested by considerably increased LV end-diastolic
pressure and cardiac fibrosis compared to all other treatment
groups at 3 months postirradiation (Fig. 1E–G). Studies
have shown that increased LV end-diastolic pressure is
known to develop cardiac hypertrophy due to a continuous
need to pump more and more blood (74), and an increase in
cardiac fibrosis is known to develop as concentric
hypertrophy (75). Yet, the lack of increase in LV posterior
wall thickness to compensate for increase in LV chamber
radius leads to progressive increase of diastolic stress that
begets cardiac remodeling (76), eventually manifesting as
increased morbidity and mortality. Therefore, taken togeth-
er, our findings at 3 months postirradiation may be
predictive for the development of a clinical condition
known as diastolic heart failure (77) which is characterized
by diastolic dysfunction (78), concentric LV hypertrophy
and normal ejection fraction percentage (77).

Cardiac hypertrophy, a compensatory mechanism of the
heart when exposed to stressors, is well known to be
regulated by the transcription factor NFATc4 (79, 80).
Dephosphorylation of NFATc4 results in increased activation
associated with adult cardiac hypertrophy (80), while under
basal unstimulated conditions NFATc4 remains highly
phosphorylated and inactive (81). Not surprisingly, we
observed significant activation of NFATc4 in the mouse
hearts of group 4 (56Fe þ 1H 3 3), indicating activation of
cardiac hypertrophy signaling at 3 months postirradiation.
The increased NFATc4 activation in group 4 mouse hearts 3
months postirradiation might support a mechanism for
cardiac contractile dysfunction resulting in increased mor-
bidity (82, 83) owing to increased LV end-diastolic pressure
and increased cardiac fibrosis due to increased LV afterload.

Taken together, our findings in a model of radiation with
3-month follow-up demonstrate that a single low dose of 15
cGy, 1 GeV/nucleon of 56Fe ion radiation followed by three
doses of 17 cGy, 1 GeV of 1H induced cardiac hypertrophy
and diastolic dysfunction accompanied by increased cardiac
fibrosis at 3 months postirradiation. However, an approx-
imately equitoxic total dose of 50 cGy, 1 GeV 1H-particle
radiation delivered in three equal sequential fractions, as in
group 2 (1H 3 3), or a different sequence of three 1H
fractions followed by a single 56Fe dose, as in group 3 (1H 3

3 þ 56Fe), had no negative effect on the heart over 3 months
postirradiation. This finding suggests the possibility that 1H
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FIG. 3. ECHO, HEMO measurements of cardiac functions and cardiac remodeling in the radiation and aging
plus MI model. Panel A: Experimental design to evaluate the effect of different sequences of whole-body
fractionated low-dose 17 cGy, 1 GeV 1H and a single dose of 15 cGy, 1 GeV/nucleon 56Fe radiation in the hearts
of 8–10-month-old C57BL/6NT mice at 1 month postirradiation. Radiation-induced alterations in cardiac
function were assessed by echocardiography (ECHO), hemodynamic (HEMO) and morphometric/histologic
measurements and activation of signaling pathways by protein analyses. Acute MI was induced by ligation of the
left anterior descending coronary artery at 1 month postirradiation, and mice were monitored for 28 days after
MI. Panel B: Post-MI survival data. ECHO analysis of cardiac function at 1 month postirradiation in mice for
ejection fraction (EF%) and posterior wall thickness (PWth) (mm) (panels C and D, respectively). Results in all
graphs (panels C and D) are presented as mean 6 SEM (n ¼ 6–8 animals per time point/group). Group 1:
nonirradiated control (solid black line); group 2: 1H 3 3 irradiation (solid green line); group 3: 1H 3 3 þ 56Fe
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radiation, delivered in three low-dose fractions, might prime
the heart to respond better to a subsequent single low dose
of the more damaging 56Fe radiation, and help maintain the
cardiac functions postirradiation. The precise mechanism(s)
for this type of priming effect are not known. However, if
we take a DNA damage- and repair-centric view, it may be
related to enhancement of DNA damage repair capacity
(i.e., inducible or adaptive response) by small doses of 1H
prior to 56Fe irradiation (84, 85). Another possible
mechanism could be a direct priming effect on heart tissue
through activation of anti-apoptotic and anti-oxidative
pathways, which might improve cardiac function and
inhibit hypertrophic remodeling, as reported in a diabetic
cardiomyopathy model (86). It is worth noting here that the
activation of cardiac hypertrophic signaling (NFATc4
activation) after irradiation with 56Fe followed by 1H 3 3
might serve as a compensatory mechanism for preserving
cardiac functions but could become detrimental over longer
periods time, resulting in augmentation of cardiac dysfunc-
tion and ultimately lead to the development of heart failure
(87–89). Longitudinal studies are required to confirm this
hypothesis.

Radiation and Myocardial Infarction Treatment Groups.
We evaluated the effect of different low-dose sequential
fractionated 1H and 56Fe ion treatments on the recovery of
the heart in a well-established ischemic model of induced
myocardial infarction (MI). We observed no detrimental
effects on post-ischemic recovery in the MI model in the
nonirradiated controls nor in animals exposed to three 1H
fractions (1H 3 3) at 1 month postirradiation. However, a
single low dose of 56Fe prior to sequential fractionated 1H
irradiation (group 4) offered a different scenario compared
to the similar radiation treatments in the aging model. Apart
from a small increase in post-MI mortality rate (9%),
compared to control (group 1) and 1H 3 3 (group 2)
irradiated mice, all the other functional and morphological
readouts were not affected in group 4 animals. In the
radiation with MI treatment model, contrary to the mixed
ion radiation model, fractionated 1H followed by a single
low dose of 56Fe radiation (group 3) induced substantial
negative effects on post-MI recovery. These included
significant decreases in systolic and diastolic functions in
the form of reduced LV end-diastolic pressure and LV end-
systolic pressure along with the trend of decreased dP/dtmax

and dP/dtmin, thinner LV posterior wall thickness and larger
infarction size. Taken together, our findings in the radiation
versus radiation with MI treatment models suggest
significant mixed ion fractionation and sequence-dependent
divergent responses in the heart during aging and after an
ischemic CV event.

To assess possible underlying molecular signaling
involved in cardiac remodeling we examined key molecules
in angiogenic, survival and proliferative signaling pathways
3 and 7 days after MI. No difference in VEGF-A and Erk1/2
expression was observed as early as 3 days after MI in all
study groups, whereas expression of Akt (Ser473), a
prosurvival signaling molecule, was downregulated in all
irradiated groups compared to control hearts.

Two well-characterized signaling protein kinases are
required for restoration of cardiac functions after MI: Erk1/
2, which regulates inflammation and apoptosis (90); and
Akt, which has an essential role in survival signaling and
reduction of inflammation (48). The combination of
upregulation of VEGF-A expression and activation of
Akt, and Erk1/2 is imperative for proper recovery and
repair after MI (91, 92), and ultimately, in the cardiac
remodeling with minimal scar tissue formation (93). The
decreases observed in Akt (Ser473) expression as early as
day 3 that continued to day 7 after MI, combined with
decreases in the expression of VEGF-A and activation of p-
Erk1/2 (47) on day 7, may be partially responsible for the
worsened cardiac function observed in MI hearts exposed to
1H 3 3 followed by 56Fe radiation (94, 95) but not in the
other irradiated groups, in which VEGF-A was upregulated
and p-Erk1/2 was activated at day 7. Conversely, the
reduced expression of Akt (Ser473) signaling in MI mouse
hearts in treatment groups 2 (1H 3 3) and 4 (56Fe þ 1H 3 3)
at day 7 after MI, even though not favorable for efficient MI
recovery, was partially improved by increased signaling
through Erk1/2 and VEGF-A, thus ensuring improved
cardiac function and smaller infarction scar tissue at day 28
after MI.

It is immeasurably important to determine possible
factors that may increase CV degenerative risks due to
mixed ion low-dose ionizing particle radiation in space to
develop mitigating factors for reduction of excess CV risks
and to maintain cardiac homeostasis after an inevitable
radiation exposure during future space missions.

 
irradiation (solid blue line); group 4: 56Fe þ 1H 3 3 irradiation (solid red line). HEMO measurements and
analysis of cardiac function at 1 month postirradiation in a radiation and aging plus MI model for LV end-
systolic pressure (LVESP) (mmHg), LV end-diastolic pressure (LVEDP) (mmHg) and LV dP/dtmax and dP/dtmin

(mmHg/s) (panels E–G, respectively). Cardiac remodeling at 1 month postirradiation and day 28 after MI was
measured using Masson’s trichrome staining (panel H), where blue indicates fibrosis, e.g., the infarction
remodeling. Measurements represent midline length of the infarction when .50% of the LV was involved (mm)
and every third section of the adjacent 8-lm-size section was measured and infarction size was reconstructed as
described above. Insets (panel H) are representative images of nonirradiated control mice and mice that were
whole-body irradiated using different sequences. Panel I: Graphic representation of the infarction size/scar
(mm2) at 1 month postirradiation and 28 days after MI. Results in all graphs (panels C–G, I) are presented as
mean 6 SEM (n ¼ 6–8 animals per time point/group). Statistical significance was assigned when P , 0.05.
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SUMMARY

In this study, we observed that in our mixed ion radiation

model, up to 3 months after fractionated 1H irradiation alone

(1H 3 3) or followed by a single 56Fe dose (1H 3 3 þ 56Fe)

did not have a significant negative effect on post-irradiated

animal survival or cardiac function. In fact, both mixed ion

radiation treatments decreased cardiac fibrosis, at least 1

month postirradiation. When a single 56Fe fraction was

followed by fractionated 1H irradiation (56Fe þ 1H 3 3),

FIG. 4. Protein analyses at 1 month postirradiation and 7 days after MI. Representative Western blot images
of heart tissue homogenates from nonirradiated control mouse hearts and hearts of mice that were whole-body
irradiated using different sequences at 1 month postirradiation in a radiation and aging plus MI model. Images
represent scans of radiograms for phosphorylated (p), total (T) and loading control on day 7 for the following
proteins: VEGF-A (38 kDa) and GAPDH (panel A); p-Erk1/2, T-Erk1/2 (42/44 kDa) and GAPDH (panel C); p-
Akt (Ser473), T-Akt (62 kDa) and GAPDH (panel E). Quantification and graphic representation of total protein
levels and phosphorylation using densitometric analysis of phospho-band intensities after adjusting for
corresponding GAPDH (36 kDa) and total band intensities of heart tissue homogenates at 1 month
postirradiation in a radiation and aging plus MI model for the following proteins: VEGF-A, p-Erk1/2 and p-Akt
(Ser473) (panels B, D and F, respectively). Group 1: nonirradiated control (solid black bars); group 2: 1H 3 3
irradiation (dotted bars); group 3: 1H 3 3 þ 56Fe irradiation (diagonal line bars); and group 4: 56Fe þ 1H 3 3
irradiation (solid red bars). Results in all graphs are depicted as mean 6 SEM (n¼ 6–8 animals per time point/
group). Statistical significance was assigned when P , 0.05.
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there were several negative developments: 1. Cardiac
fibrosis was increased .85%; 2. LV dP/dtmax was decreased
at 1 month, LV end-diastolic pressure (EDP) was increased
at 3 months, both of which are indicative of negative
hemodynamic developments in the hearts of the surviving
fraction of mice.

We also observed that the MI models irradiated with
either 1H 3 3 or 56Fe followed by 1H 3 3 did not show a
significant negative effect in post-MI survival and cardiac
function at 1 month postirradiation. In the model irradiated
with 1H 3 3 followed by 56Fe, several negative develop-
ments occurred: 1. There was a 24% decrease in post-MI
survival at 1 month; 2. LV ESP and EDP were decreased at
1 month, indicating altered contractile function; 3. Post-MI
cardiac fibrosis was increased. All three findings are
indicative of significant negative effects for post-MI
recovery from 1H 3 3 followed by 56Fe irradiation in the
surviving fraction of mice in this group.

Taken together, our data suggest that low-dose mixed ion
exposures of charged particles present in the space radiation
environment may have a significant effect on the CV
system. Furthermore, differing sequences of radiation
exposure by which tissue is traversed, from the most
abundant particle in the space environment (protons) and
one of the most damaging HZE ions (iron), can induce
dramatically different biological responses on cardiovascu-
lar system recovery under baseline conditions and after an
ischemic event. These findings emphasize the necessity to
determine underlying molecular mechanisms responsible
for this significant mixed ion fractionation and sequence-
dependent divergent responses in the heart under baseline
conditions and in case of a possible ischemic cardiovascular
event, such as a myocardial infarction.

We believe that these findings will provide useful
information for risk analysis efforts for future NASA
exploration-type space missions and aid in the development
of mitigating countermeasures to reduce CV risks during long-
duration deep-space missions. Our studies may also provide a
foundation for the development of therapeutic measures to
prevent CV morbidity and mortality due to particle cancer
radiotherapy, which is becoming a more acceptable component
to combined treatments in cancer therapy.
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