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ArﬁC{e history: The unique conditions of space harbor considerable challenges for astronauts to overcome. Namely, the
Received 8 June 2020 ionizing content of space radiation and the effects of microgravity have been implicated in the pathogen-
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esis of cardiovascular disease. Post-flight carotid arterial stiffness was demonstrated in astronaut studies
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while early arteriosclerosis has been linked with microgravity-induced oxidative stress in cellular stud-
ies. Similarly, radiation has been shown to disrupt molecular pathways, enhance reactive oxygen species
and increase risk of cardiovascular disease in exposed populations. These results may bear even more sig-

Ié;ﬁ‘;‘;iirg;: nificance in space owing to the propensity for microgravity and space radiation to yield synergistic and/or
Microgravity a.dditive interactions. Potential countermeasures such as a—tocppherol .and captop_rilhtarget these oxi@a-
Oxidative stress tive pathways and may help to protect against the effects of microgravity and radiation-induced cardiac
Atherosclerosis damage. However, more research needs to be conducted in this area to facilitate a safe passage for
Cardiac remodeling humans to the Moon, Mars and beyond.

© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Initiatives to send man to Mars has long been of interest to

national space agencies and corporate entities alike. With the
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understanding of both physiological and molecular alterations in
extra-terrestrial environments. However, as the frontiers of space
exploration are being tested further, the ever-growing risks of
space radiation and microgravity represent a huge concern for long
term manned space missions. A few examples include the cardio-
vascular deconditioning from prolonged exposure to microgravity
[1] as well as the detrimental effects of pro-oxidative conditions
generated from deep space radiation [2]. Hence, both preventative
and therapeutic modalities to safeguard against such stressors
have been viewed with mounting interest.

The advent of the first lunar landings from the Apollo space-
flight program had been heralded a great success and represented
a huge breakthrough in the scientific community. The ability to
perform complex experiments [3] and walk upon a celestial body
only consolidated the drive for further innovation and advance-
ments. However, scrutiny into the health of the 24 Apollo lunar
astronauts has highlighted increased mortality from cardiovascular
disease when compared to astronauts from both low-Earth orbit
and those who have never taken part in space flight [4]. These dif-
ferences may be accounted for by higher levels of exposure to com-
ponents of galactic cosmic rays and solar particle events outside
the Earth’s protective magnetosphere [5]. Consequently, focus
has heavily accentuated upon the acclimatization and safety of
astronauts on future enduring missions.

2. Microgravity
2.1. Effects on cardiovascular physiology

The effects of microgravity represent a unique stressor to
humans who have evolved homeostatic mechanisms in a 1 g envi-
ronment for plenty of millennia. Notable acute effects on cardio-
vascular physiology include decreased circulatory blood volumes,
reduction in arterial blood diastolic pressure, reduced left ventric-
ular size and post-flight orthostatic intolerance [1].

During spaceflight, transient shifts in fluid from intravascular
compartments to intracellular spaces cause a reduction in overall
circulatory blood volume [6]. Meanwhile, venous return and stroke
volumes increase influencing autonomic and endocrine activity [7].

While several researchers have proposed sympathetic activity to
dominate in space environments, the actual evidence is conflicting
[8]. Though norepinephrine concentrations have found to be
increased, there has also been evidence to suggest areductionin sys-
temic vascular resistance [7,9]. Hence, the actuality of autonomic
stressors on the human nervous system may be trivial when in-
flight activity has been contrasted against pre-flight control
groups.

Similarly, it had been observed that orthostatic intolerance
occurred commonly post-flight with many astronauts experiencing
syncope and tachycardia [10]. This along with ambulatory blood-
pressure variability have long been key determinants of cardiovas-
cular morbidity [11,12] likely owing to increased sympathetic
drive and impaired cardiac function [13,14]|. However, intensive
in-flight training programs as well as landing-day saline resuscita-
tion have helped to mitigate the issues of orthostatic intolerance
amongst the latest cohort of astronauts [15].

Cardiac remodeling has been studied to a great degree amongst
those in long-term space flights. Owing to the sedentary nature of
weightlessness, reductions in metabolic demand and oxygen uptake
have led to cardiac atrophy [16] in both microgravity and simula-
tionsof it [17]. One study revealed that left ventricular mass of astro-
nauts had decreased by 9.1% on echocardiographic measurements
compared to pre-flight measurements but had recovered to normal
by third day post-flight [16]. Although this underlines the plasticity
of cardiac muscle and a working model of physiological adaptation,
potential risks of irreversible structural changes for even longer
deep space missions have yet to be explored.

Another important change noticed has been increased carotid
arterial stiffness following 6 months of spaceflight as seen in
Fig. 1 [18]. These changes were consistent with one to two decades
of ageing [19] in the context of the B-stiffness index and carotid
distensibility coefficient. Initial mechanisms proposed cephalad
fluid distribution and loss of hydrostatic pressure gradients as a
proponent of increased arterial pressures and arterial resistance
[20]. However, other mechanisms may also play a key part since
femoral artery stiffness indices which would have been expected
to be lower were in fact also increased. Although carotid artery
stiffness recovered four days upon return to Earth, there were
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Fig. 1. Cardiovascular markers compared pre- and post-flight as derived from the Hughson et al. study [18].
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notable reductions in arterial strain (measured from systolic and
diastolic diameters) [21]. This discrepancy questions full recovery
of arterial properties post-flight and hence additional studies are
required to elucidate longer-term vascular remodeling.

2.2. Pro-oxidative environments

An often overlooked aspect of microgravity is its potential abil-
ity to facilitate pro-oxidative environments. Although harder to
investigate in actual microgravity conditions, Earth-based simu-
lated microgravity experiments have been conducted to explore
this very issue. Wang et al. for example noticed that antioxidant
enzymes superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px) and catalase (CAT) were decreased in rat PC12 cells
exposed to microgravity conditions compared to their counterparts
in 1 g [22]. This was also supported by the time-dependent
increase in reactive oxygen species (ROS) generated from the cul-
tured PC12 cells in simulated microgravity [22].

Morabito et al. have further investigated the effects of simu-
lated microgravity in human TCam-2 cells and found increased
levels of ROS, superoxide anions and anaerobic metabolism follow-
ing 24 h of exposure [23]. In space-flown mice, it was also noticed
that reduced levels of antioxidant enzymes such as CAT were found
in the soleus muscle [24].

The implications of these oxidative stress markers for cardio-
vascular health are far reaching. ROS are chemically reactive spe-
cies capable of performing insult by oxidizing effects. While
natural anti-oxidizing mechanisms exist to scavenge ROS and their
products, an abundance can damage cellular components such as
lipids, proteins, and DNA [25]. This is especially important in the
pathogenesis of arteriosclerosis where early inflammatory
responses have been directly linked with increased ROS production
via phagocytes [26].

The role of ROS have also been associated with arterial hyper-
tension where superoxide anions (03) derived from NADPH oxi-
dase mop up endothelia-induced nitric oxide (NO) to form
peroxynitrite shifting vessels towards a state of vasoconstriction
as seen in Fig. 2 [27]. ROS act as secondary messengers and can
increase intracellular Ca®* concentrations further promoting vaso-
constricting effects [28].

Overall, oxidative stress has heavily been implicated in the
pathophysiology of cardiovascular disease. The pathways within

the oxidant-antioxidant continuum are complex and highlight
the need to further investigate the mechanobiological processes
of microgravity. While the above studies emphasize oxidizing
agents at a subcellular level, further studies are also warranted to
demonstrate the potential long-lasting impacts of microgravity-
induced oxidative stress.

3. Space radiation
3.1. Interplanetary space environment

Travel into deeper space presents unique challenges for astro-
nauts in the form of radiation. Beyond low-Earth orbit and Earth’s
protective magnetosphere, galactic cosmic rays contribute a signif-
icant amount towards the overall radiation dose for space travelers
as illustrated in Fig. 3. This form of radiation originates from out-
side the solar system and comprise high linear-energy transfer
(LET) particles such as high energy protons and alpha particles
[29]. A smaller subset manifest as high charge and energy (HZE)
nuclei which move at relativistic speeds [30]. Energies from cosmic
rays can reach speeds of 10%° eV with nuclear components of par-
ticles comprising of 87% hydrogen, 12% helium and 1% of other
heavy nuclei [31].

In addition, unpredictable solar particle events (SPE) such as
solar flares and coronal mass ejections are responsible for pulses
of heavy ion and energetic proton radiation [32]. These solar parti-
cles can propagate interplanetary distances at speeds of several
GeV nucleon and interact with the magnetosphere to form
high-energy sub-atomic particles of the Van Allen belts. While rare,
this form of radiation is still of significance as five SPE events were
recorded on the Mars Science Laboratory spacecraft’s mission to
Mars [33].

Radiation levels through dosimetry have been detected through
various points in space travel history. Onboard the Curiosity rover,
for example, a cumulative dose of 466 + 84 mSv was measured
within the shielding of the spacecraft while the silicone detector
of the rover averaged 332 + 23 uGy per day (a large majority of
radiation formed from galactic cosmic rays whereas solar particles
made up 5% of the remainder) [34]. Hence, deeper space travel pre-
sents a hostile environment comprised of the existing dangers of
ionizing forms of radiation.
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Fig. 2. Physiological and aberrant pathways in endothelial-derived NO formation. Key: L-arg (L-arginine), NO (nitric oxide), ONOO- (perioxynitrite), eNOS (endothelial nitric
oxide synthase), GC (guanyl cyclase), GTP (guanosine triphosphate), cGMP (cyclic guanosine monophosphate), NADPH oxidase (Nicotinamide adenine dinucleotide phosphate

oxidase), GPx (glutathione perioxidase), SOD (superoxide dismutase).
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Fig. 3. A visual representation of the various sources of ionizing radiation within the cosmos; galactic cosmic rays, solar particle events and trapped charged particles in Van

Allen belts.

3.2. Radiation and cardiovascular disease

The deleterious effects of ionizing radiation have been exten-
sively studied in both human and animal models. Of prominence,
data analyzed from the survivors of the atomic bombs in Hir-
oshima and Nagasaki found an excess relative risk for both stroke
and heart disease (9% and 14% respectively) at radiation doses of
greater than 0.5 Gy [35]. Similarly, a sub-group analysis of Apollo
astronauts found greater proportional mortality from cardiovascu-
lar disease compared to both astronauts from low-lying orbits,
non-flight astronauts and those of the general population [4].
While the results of this data have been significant from both Earth
and space populations, several limitations do exist. For example,
confounding variables such as lipid levels and physical exercise
were not considered in the Japanese study. This also resonated in
the study of lunar astronauts where not only sample size but con-
founders such as tobacco use and fitness levels may have influ-
enced overall results [36].

Nonetheless, animal models within the literature have repeat-
edly demonstrated the negative effects of radiating sources. In an
interesting study by Soucy et al., rats were exposed to high energy
(HZE) Fe%-ion radiation simulating the space environment [37].
The rats exposed to doses of 1 Gy were found to have significantly
higher aortic stiffness over a 6-month period. In addition, aortic
rings harvested from the irradiated rats revealed greater levels of
endothelial dysfunction [37]. Oxidative stress has largely been
implicated here as an underlying mechanism of pathophysiology.
Enhanced ROS production as well as xanthine-oxidase (XO) species
were found in the aortic samples of the rats following HZE Fe*®-ion
radiation [37]. Thus, reduced bioavailability of NO from
superoxide-forming XO and its correlates remain a likely pathway
for endothelial dysfunction and vascular stiffness [38,39].

Proton and iron-ion radiation have also shown impaired cardiac
function as well as increased cardiac fibrosis in adult male

Table 1
Table demonstrating common medical exposure types and their estimated radiation
dose compared to the risks of space radiation [45].

Exposure type Cumulative radiation

dose (mSv)
Chest radiograph (PA and lateral) 0.05 - 0.24
Pelvis radiograph 0.6
Abdomen radiograph 0.04 - 1.1
CT head 0.9-4
Average background radiation exposure on Earth 3

(per year)

CT spine 1.5-10
CT chest 4.0-18
CT abdomen and pelvis 3.5-25
CT angiogram aorta 5.0-32

Average astronaut space radiation exposure in ISS  182.5
orbit (per year)

Average astronaut space radiation exposure to 672
Mars (per year)

Key: PA (posterior-anterior), ISS (International Space Station), mSv (millisieverts)

C57BI/6NT mice with iron-ion radiation producing longer lasting
damage [40]. Disrupted cardiac homeostasis appears the result of
radiation-induced dysregulation of various intrinsic pathways
including the handling of Ca?* by SERCA2a and cardiac hypertro-
phy signaling via MAP kinases [40] . Aggregates of persistent
inflammatory responses were measured by levels of oxidative
DNA damage. The increase in genomic injury here may act as both
an analogue for ROS and cytokine recruitment as well as a predic-
tor of future cardiovascular disease [41].

Lastly, irradiation of the aortic arches and carotid arteries of
apolipoprotein E-deficient (Apoe/~) mice with >°Fe-ion particles
demonstrated accelerated progression of atherosclerotic lesions
[42]. This in part could be explained by upregulation of transform-
ing growth-factor beta (TGF-B) and nuclear factor kappa B (NF-kxB)
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following microvascular damage as well as migration of monocytes
and macrophages to endothelial structures [43]. Since carotid
artery plaques independently predict cardiovascular events, the
potential consequences of radiation seem especially pertinent [44].

In effect, the role of space radiation in potentiating cardiovascu-
lar disease is still in its infancy where long-term studies are con-
cerned. However, results from existing studies and exposure risk,
as seen in Table 1 [45,46], should provide impetus for more
research into the crucial role of radiation in cardiovascular patho-
physiology as well as prospective countermeasures.

4. Microgravity and space radiation

Only a handful of studies have explored the combination of
microgravity and space radiation as a mechanism for disease-
causing processes. While both stressors have revealed influential
changes at a subcellular level, their interplay is equally important
to fully understand the space environment. A study by Mao et al.
which analyzed the effects of low-dose radiation (LDR) and simu-
lated microgravity on mice found statistically significant increases
in brain lipid peroxidation at 7 days [47]. Although both factors
were able to induce these changes alone, the combination of the
two produced greater results highlighting a synergistic effect.
SOD1, a key antioxidant enzyme, was found to be lowest in mice
exposed to both radiation and the effects of microgravity compared
to each factor alone [47].

In a similar vein, Hada et al. outlined the additive effects of sim-
ulated microgravity and radiation in chromosome aberrations from
human fibroblasts [48]. While these studies were conducted in
cells of ectodermic origin, there have yet to be definitive experi-
ments focusing on the combination of these influences on cells of
cardiovascular origin. However, oxidative stress appears to be a
factor largely underpinning the effects of these space phenomena
on human biology as well as their synergistic interactions. A caveat
worth mentioning here is that stress, disrupted circadian rhythms
and factors we may have not yet considered could also form part of
the crucial makeup of pathobiology in space.

5. Potential countermeasures

Pharmacological therapies tackling the role of oxidative stress
in both microgravity and radiation-induced cardiovascular disease
are challenging due to the infancy of this area of research.

However, antioxidants such as pentoxifylline and a-tocopherol
have shown early promise in the treatment and prophylaxis of
radiation-induced cardiac injury. Significantly improved myocar-
dial fibrosis and left ventricular diastolic dysfunction was observed
after a six-month period in locally irradiated rats [49]. The results
were obtained following a combination of both pentoxifylline and
a-tocopherol ingested both one week before and three months
after irradiation [49]. A limitation of this study is that while cells
were susceptible to the effects of space radiation simulated on
Earth, it remains to be seen whether these can be reproduced
under the peculiar radiation of cosmic rays.

Another candidate of interest has been third-generation beta-
blockers such as nebivolol. The vasodilator properties of nebivolol
have been highlighted in various studies owing to its endothelial-
related NO generating effects [50,51]. This may serve as a vital
function against oxidative stress mediated endothelial dysfunction.
However, further studies are required to validate this.

Captopril, an already established treatment in cardiovascular
medicine, has also demonstrated notable effects in radiation-
induced cardiac damage. Specifically, the angiotensin-converting
enzyme inhibitor (ACEi) ameliorated left ventricular perivascular
fibrosis and left ventricular diastolic dysfunction in proton-

irradiated rats [52]. As well as its hypotensive properties, captopril
appears to be a leader in its drug class for antioxidative effects; a
feature likely attributable to its sulfahydryl-scavenging component
[53].

No studies have so far been conducted investigating drug
actions on the postulated mechanisms of microgravity-induced
oxidative stress. This may further be complicated by microgravity
effects on pharmacokinetics and pharmacodynamics of drug prop-
erties [54]. However, existing preliminary studies conducted on
radiation-induced injury certainly pave the way for this paucity
of data.

6. Conclusion

To summarize, the cardiovascular system appears inherently
susceptible to the complex interplay of space radiation and micro-
gravity. From a molecular to whole organ level, both space phe-
nomena have demonstrated key structural and functional
changes of the heart and vasculature. This may in part be explained
by their shared propensity to cause oxidative stress and facilitate
an ‘ageing’ environment. However, data surrounding this area of
research is limited. Furthermore, only a small number of astro-
nauts have embarked on missions beyond low Earth orbit and
the protective magnetosphere. Robotic spacecrafts have served
an invaluable tool to assess quantities and depth of radiation
aboard extended missions. Thus, the role of technology in evaluat-
ing pathogenesis remains key to future space exploration.

While animal and cellular-based studies are important, it is also
necessary to understand whether these changes translate to the
human condition. The role of preventative medicine, therefore,
should also be the focus of plentiful research efforts to mitigate
the dangers of space and equip man to the Moon, Mars and beyond.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

None to declare.

Financial Disclosure or Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Author Contributions

SP was involved in the : (1) the conception and design of the
study, or acquisition of data, or analysis and interpretation of data,
(2) drafting the article or revising it critically for important intel-
lectual content, (3) synthesis of figures (4) final approval of the ver-
sion to be submitted

References

[1] G. Antonutto, P.E. di Prampero, Cardiovascular deconditioning in microgravity:
Some possible countermeasures, Eur. ]. Appl. Physiol. 90 (2003) 283-291.

[2] TJ. Goodwin, Christofidou-Solomidou M, An organ-based approach. Int ] Mol
Sci, Oxidative stress and space biology, 2018, p. 19.

[3] F. Biihler, P. Eberhardt, ]. Geiss, ]J. Meister, P. Signer, Apollo 11 solar wind
composition experiment: First results, Science 166 (1969) 1502-1503.

[4] M.D. Delp, ].M. Charvat, C.L. Limoli, RK. Globus, P. Ghosh, Apollo lunar
astronauts show higher cardiovascular disease mortality: Possible deep space
radiation effects on the vascular endothelium, Sci. Rep. 6 (2016) 1-11.


http://refhub.elsevier.com/S2352-9067(20)30293-1/h0005
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0005
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0010
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0010
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0010
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0015
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0015
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0020
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0020
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0020

[5] S.R. Elgart, M.P. Little, L.J. Chappell, et al., Radiation Exposure and Mortality
from Cardiovascular Disease and Cancer in Early NASA Astronauts, Sci. Rep. 8
(2018).

[6] S. Iwase, N. Nishimura, K. Tanaka, T. Mano, Effects of Microgravity on Human
Physiology. Beyond LEO -, Human Health Issues for Deep Space Exploration
IntechOpen (2020) 2-3.

[7] P. Norsk, A. Asmar, M. Damgaard, N.J. Christensen, Fluid shifts, vasodilatation
and ambulatory blood pressure reduction during long duration spaceflight, J.
Physiol. 593 (2015) 573-584.

[8] K.T. Mandsager, D. Robertson, A. Diedrich, The function of the autonomic
nervous system during spaceflight, Clin. Auton. Res. 25 (2015) 141-151.

[9] A.C. Ertl, A. Diedrich, 1. Biaggioni, et al, Human muscle sympathetic nerve
activity and plasma noradrenaline kinetics in space, J. Physiol. 538 (2002) 321-
329.

[10] Buckey JC, Lane LD, Levine BD et al. Orthostatic intolerance after spaceflight. ]
Appl Physiol.

[11] A. Fedorowski, F. Ricci, R. Sutton, Orthostatic hypotension and cardiovascular
risk, Kardiol Pol. 77 (2019) 1020-1027.

[12] Y. Chen, H. Xiong, D. Wu, et al., Relationship of short-term blood pressure
variability with carotid intima-media thickness in hypertensive patients,
Biomed. Eng. Online 14 (2015) 71.

[13] K. Narkiewicz, M. Winnicki, K. Schroeder, et al., Relationship Between Muscle
Sympathetic Nerve Activity and Diurnal Blood Pressure Profile, Hypertension
39 (2002) 168-172.

[14] A. Tatasciore, G. Renda, M. Zimarino, et al., Awake systolic blood pressure
variability correlates with target-organ damage in hypertensive subjects,
Hypertension 50 (2007) 325-332.

[15] Q. Fu, S. Shibata, J.L. Hastings, et al., Impact of Prolonged Spaceflight on
Orthostatic Tolerance during Ambulation and Blood Pressure Profiles in
Astronauts, Circulation 140 (2019) 729-738.

[16] R.L. Summers, D.S. Martin, ].V. Meck, T.G. Coleman, Mechanism of spaceflight-
induced changes in left ventricular mass, Am. J. Cardiol. 95 (2005) 1128-1130.

[17] M.A. Perhonen, F. Franco, L.D. Lane, et al., Cardiac atrophy after bed rest and
spaceflight, J. Appl. Physiol. 91 (2001) 645-653.

[18] R.L. Hughson, A.D. Robertson, P. Arbeille, et al., Increased postflight carotid
artery stiffness and inflight insulin resistance resulting from 6-mo spaceflight
in male and female astronauts, Am ] Physiol Heart Circ Physiol. 310 (2016)
H628-H638.

[19] A.D. Gepner, C.E. Korcarz, L.A. Colangelo, et al., Longitudinal effects of a decade
of aging on carotid artery stiffness : The multiethnic study of atherosclerosis,
Stroke 45 (2014) 48-53.

[20] A.E. Aubert, F. Beckers, B. Verheyden, Cardiovascular function and basics of
physiology in microgravity, Acta Cardiol. 60 (2005) 129-151.

[21] P. Arbeille, R. Provost, K. Zuj, Carotid and femoral arterial wall distensibility
during long-duration spaceflight, Aerosp. Med. Hum. Perform. 88 (2017) 924-
930.

[22] J. Wang, J. Zhang, S. Bai, et al., Simulated microgravity promotes cellular
senescence via oxidant stress in rat PC12 cells, Neurochem. Int. 55 (2009) 710-
716.

[23] C. Morabito, S. Guarnieri, A. Catizone, et al., Transient increases in intracellular
calcium and reactive oxygen species levels in TCam-2 cells exposed to
microgravity, Sci. Rep. 15648 (2017).

[24] G. Gambara, M. Salanova, S. Ciciliot, et al., Gene expression profiling in slow-
Type calf soleus muscle of 30 days space-flown mice, PLoS ONE 12 (1) (2017).

[25] K. Takahashi, H. Okumura, R. Guo, K. Naruse, Effect of oxidative stress on
cardiovascular system in response to gravity, Int. J. Mol. Sci. 18 (7) (2017)
1426.

[26] K.R. Paudel, N. Panth, DW Kim, A Key Hallmark of Atherosclerosis Progression.
Scientifica, Circulating Endothelial Microparticles, 2016, p. 2016.

[27] T. Senoner, W. Dichtl, Oxidative stress in cardiovascular diseases: Still a
therapeutic target?, Nutrients. 11 (2019).

[28] C.M. Sena, A. Leandro, L. Azul, R. Seica, G. Perry, Vascular oxidative stress:
Impact and therapeutic approaches, Front. Physiol. 9 (1668) (2018).

[29] R.A. Mewaldt, Galactic cosmic ray composition and energy spectra, Adv. Space
Res. 14 (1994) 737-747.

S. Patel /IJC Heart & Vasculature 30 (2020) 100595

[30] G. Horneck, HZE particle effects in space, Acta Astronaut. 32 (1994) 749-755.

[31] W. Heinrich, S. Roesler, H. Schraube, Physics of cosmic radiation fields, Radiat.
Prot. Dosim. 86 (4) (1999) 253-258.

[32] J.C. Chancellor, G.B.1. Scott, ].P. Sutton, Space radiation: The number one risk to
astronaut health beyond low earth orbit, Life. 4 (2014) 491-510.

[33] C. Zeitlin, D.M. Hassler, F.A. Cucinotta, et al., Measurements of energetic
particle radiation in transit to mars on the mars science laboratory, Science
340 (2013) 1080-1084.

[34] J. Guo, C. Zeitlin, RF. Wimmer-Schweingruber, et al., MSL-RAD radiation
environment measurements, Radiat. Prot. Dosim. 166 (1-4) (2015) 290-294.

[35] Y. Shimizu, K. Kodama, N. Nishi, et al., Radiation exposure and circulatory
disease risk: Hiroshima and Nagasaki atomic bomb survivor data, 1950-2003,
BM] 340 (2010) 193.

[36] RJ. Reynolds, S.M. Day, Mortality due to cardiovascular disease among apollo
lunar astronauts, Aerosp. Med. Hum. Perform. 88 (5) (2017) 492-496.

[37] K.G. Soucy, H.K. Lim, J.H. Kim, et al, HZE 56 Fe-lon Irradiation Induces
Endothelial Dysfunction in Rat Aorta: Role of Xanthine Oxidase, Radiat. Res.
176 (4) (2011) 474-485.

[38] U. Forstermann, T. Miinzel, Endothelial nitric oxide synthase in vascular
disease: From marvel to menace, Circulation 113 (13) (2006) 1708-1714.

[39] D.G. Harrison, Cellular and molecular mechanisms of endothelial cell
dysfunction, J Clin Invest. 100 (9) (1997) 2153-2157.

[40] X. Yan, S.P. Sasi, H. Gee, et al., Cardiovascular Risks Associated with Low Dose
Ionizing Particle Radiation, PLoS ONE 9 (2014) e110269.

[41] K.D. Jacob, N. Noren Hooten, A.R. Trzeciak, M.K. Evans, Markers of oxidant
stress that are clinically relevant in aging and age-related disease, Mech of
Ageing Dev. 134 (3-4) (2013) 139-157.

[42] T. Yu, B.W. Parks, S. Yu, et al., [ron-lon Radiation Accelerates Atherosclerosis in
Apolipoprotein E-Deficient Mice, Radiat. Res. 175 (6) (2011) 766-773.

[43] S.W. Yusuf, B.P. Venkatesulu, L.S. Mahadevan, S. Krishnan, Radiation-Induced
Cardiovascular Disease: A Clinical Perspective, Front Cardiovasc Med. 4 (2017)
66.

[44] Polak JF, Szklo M, Kronmal RA et al. The value of carotid artery plaque and
intima-media thickness for incident cardiovascular disease: the multi-ethnic
study of atherosclerosis. ] Am Heart Assoc. 2013;2(2)e00087.

[45] J.G.A. Jones, C.N. Mills, M.A. Mogensen, C.I. Lee, Radiation dose from medical
imaging: A primer for emergency physicians, West J of Emerg Med. 13 (2)
(2012) 202-210.

[46] F.A. Mettler, W. Huda, T. Yoshizumi, M. Mahesh, Effective Doses in Radiology
and Diagnostic Nuclear Medicine: A Catalog, Radiol. 248 (1) (2008) 254-263.

[47] X.W. Mao, N.C. Nishiyama, M.J. Pecaut, et al., Simulated Microgravity and Low-
Dose/Low-Dose-Rate Radiation Induces Oxidative Damage in the Mouse Brain,
Radiat. Res. 186 (6) (2016) 647-657.

[48] M. Hada, H. Ikeda, ]. Rhone, et al., Increased Chromosome Aberrations in Cells
Exposed Simultaneously to Simulated Microgravity and Radiation, Int. J. Mol.
Sci. 20 (1) (2018) 43.

[49] M. Boerma, K.A. Roberto, M. Hauer-Jensen, Prevention and Treatment of
Functional and Structural Radiation Injury in the Rat Heart by Pentoxifylline
and Alpha-Tocopherol, Int ] Radiat Onc Biol Phys. 72 (1) (2008) 170-177.

[50] C. Dessy, J. Saliez, P. Ghisdal, et al., Endothelial f3-adrenoreceptors mediate
nitric oxide-dependent vasorelaxation of coronary microvessels in response to
the third-generation B-blocker nebivolol, Circulation 112 (8) (2005) 1198-
1205.

[51] M.A.W. Broeders, P.A. Doevendans, B.C.A.M. Bekkers, et al., Nebivolol: A third-
generation B-blocker that augments vascular nitric oxide release. Endothelial
B2-adrenergic receptor-mediated nitric oxide production, Circulation 102 (6)
(2000) 677-684.

[52] S.J. Van der Veen, G. Ghobadi, R.A. de Boer, et al., ACE inhibition attenuates
radiation-induced cardiopulmonary damage, Radiother. Oncol. 114 (1) (2015)
96-103.

[53] M. Ghazi-Khansari, A. Mohammadi-Bardbori, M.J. Hosseini, Using Janus green
B to study paraquat toxicity in rat liver mitochondria: Role of ACE inhibitors
(thiol and nonthiol ACEi), Ann. N. Y. Acad. Sci. 1098 (2006) 98-107.

[54] S. Eyal, How do the pharmacokinetics of drugs change in astronauts in space?,
Expert Opin. Drug Metab. Toxicol. 16 (5) (2020) 353-356.


http://refhub.elsevier.com/S2352-9067(20)30293-1/h0025
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0025
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0025
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0030
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0030
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0030
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0035
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0035
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0035
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0040
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0040
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0045
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0045
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0045
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0055
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0055
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0060
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0060
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0060
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0065
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0065
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0065
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0070
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0070
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0070
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0075
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0075
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0075
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0080
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0080
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0085
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0085
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0090
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0090
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0090
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0090
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0095
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0095
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0095
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0100
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0100
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0105
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0105
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0105
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0110
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0110
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0110
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0115
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0115
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0115
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0120
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0120
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0125
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0125
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0125
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0130
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0130
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0130
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0135
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0135
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0140
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0140
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0145
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0145
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0150
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0155
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0155
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0160
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0160
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0165
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0165
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0165
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0170
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0170
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0175
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0175
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0175
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0180
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0180
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0185
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0185
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0185
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0190
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0190
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0195
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0195
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0200
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0200
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0205
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0205
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0205
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0210
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0210
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0215
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0215
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0215
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0225
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0225
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0225
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0230
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0230
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0235
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0235
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0235
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0240
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0240
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0240
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0245
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0245
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0245
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0250
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0250
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0250
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0250
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0255
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0255
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0255
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0255
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0260
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0260
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0260
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0265
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0265
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0265
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0270
http://refhub.elsevier.com/S2352-9067(20)30293-1/h0270

	The effects of microgravity and space radiation on cardiovascular health: From low-Earth orbit and beyond
	1 Introduction
	2 Microgravity
	2.1 Effects on cardiovascular physiology
	2.2 Pro-oxidative environments

	3 Space radiation
	3.1 Interplanetary space environment
	3.2 Radiation and cardiovascular disease

	4 Microgravity and space radiation
	5 Potential countermeasures
	6 Conclusion
	Declaration of Competing Interest
	ack13
	Acknowledgement
	Financial Disclosure or Funding
	Author Contributions
	References


