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Abstract

The direct (e.g., radiation, microgravity) and indirect (e.g., lifestyle perturbations) effects 

of spaceflight extend across multiple systems resulting in whole-organism cardiovascular 

deconditioning. For over 50 years NASA has continually enhanced a countermeasures program 

designed to characterize and offset the adverse cardiovascular consequences of spaceflight. In 

this review, we provide a historical overview of research evaluating the effects of spaceflight 

on cardiovascular health in astronauts and outline mechanisms underpinning spaceflight-related 

cardiovascular alterations. We also discuss how spaceflight could be leveraged for aging, industry, 

and model systems such as human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-

CMs), organoid, and organ-on-a-chip technologies. Finally, we outline the increasing opportunities 

for scientists and clinicians to engage in cardiovascular research in space and on Earth.
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1. INTRODUCTION

The effects of spaceflight on the cardiovascular system have been extensively characterized 

for more than 50 years.1 On Earth, approximately 70% of body fluids are below the level 

of the heart; however, during spaceflight loss of the hydrostatic pressure gradient results in 

a shift of approximately 2000 mL of fluid towards the head.2 On long duration spaceflight 

missions, this acute direct insult, coupled with chronic adaptations and indirect effects 

(e.g., lifestyle perturbations) lead to adverse cardiovascular effects (Figure 1) that may 
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compromise astronaut safety during a mission, as well as increase the risk of long-term 

cardiovascular events.3 To offset these, and other, adverse physiological consequences, the 

National Aeronautics and Space Administration (NASA) developed and frequently adapted 

an advanced exercise countermeasures program used before, during, and after spaceflight.1 

As a result of ongoing characterization of adverse effects and exercise countermeasures, 

astronauts are now able to tolerate spaceflight for over 6 months,4 and most physiological 

changes recover to baseline levels within 1 month after return to Earth.5 Given the 

demonstrated success of protecting human health during spaceflight, plans are currently 

being developed for extended stays on the lunar surface and deep space exploration missions 

that could last up to three years.

A NASA-modeled countermeasures program has potential application to improve clinical 

cardiovascular research across numerous patient populations.6 Moreover, the physiological 

changes coupled with the cellular, molecular, and genomic alterations4 experienced by 

astronauts suggest that spaceflight represents a model of accelerated cardiovascular aging 

that could be leveraged to study cardiac pathophysiology using model systems such as 

human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs), organoid, and 

organ-on-a-chip technologies. With the new science and laboratory opportunities created by 

the expansion of commercial spacecraft entities over the past 10 years, spaceflight represents 

an innovative platform that could be used to also advance cardiovascular research on Earth.

In this review, we provide a historical overview of 50 years of research evaluating 

the physiological cardiovascular effects of spaceflight in astronauts. We also outline 

findings from studies using model systems to evaluate the mechanisms underpinning the 

adverse cardiovascular effects of spaceflight. Finally, we describe how recent advances 

in commercial spaceflight platforms could be leveraged to enhance aging, industry, and 

ex-vivo research, and provide an overview of opportunities for cardiovascular scientists and 

clinicians to engage in research in space and/or on Earth.

2. Characterization of Spaceflight-Induced Cardiovascular Changes in 

Astronauts

Since Alan Shepard’s historic 15 minute spaceflight on May 5th, 1961, NASA has 

systematically characterized the effects of spaceflight on cardiovascular health on Mercury 

(1961-1963; duration range: 15 min-34 h), Gemini (1965-1966; duration range: 4h-13 days), 

Apollo (1967-1975; duration range: 5-12 days), Skylab (1973-1974; duration range: 28-84 

days), Shuttle (1981-2011; duration range: 2-17 days), and International Space Station (ISS; 

2000-present; duration range: 70-340 days) missions (Figure 2).1, 7 Here, we provide an 

overview of key spaceflight-related adverse cardiovascular effects. It is important to note 

that NASA began implementing exercise training as standard of care in the 1960s with the 

goal of augmenting reserve pre-flight, mitigating decline in-flight, and accelerating recovery 

post-flight.6 Thus, cardiovascular changes in astronauts should be considered in the context 

of adjunct aerobic and resistance exercise training.
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2.1. Arrhythmias

A sudden acute cardiovascular event could incapacitate an individual astronaut and put the 

mission at risk.8 As a result, there has been a continuing effort by NASA to record and 

categorize inflight rhythm disturbances. The first documented dysrhythmia occurred during 

the Apollo missions where one astronaut experienced a 22-beat nodal bigeminal rhythm, 

which was followed by premature atrial beats.9 Twenty-one months later, this astronaut 

had an acute myocardial infarction.9 During Skylab, all 9 astronauts exhibited some form 

of rhythm disturbance, although the majority consisted of single premature ventricular 

contractions and were clinically insignificant.10 However, one astronaut experienced a 

5-beat run of ventricular tachycardia during lower body negative pressure (LBNP), and 

another had periods of “wandering supraventricular pacemaker” during rest and following 

exercise.10 The Russians also reported an episode of persistent tachydysrhythmia during 

an extravehicular activity which resulted in the mission duration being shortened from 11 

months to 6 months.11 A myocardial infarction in one 49 year old cosmonaut 2 years 

following a short-duration spaceflight was also recorded.12 Since 2001, 5 out of 100 active 

astronauts underwent radiofrequency ablation for atrial arrhythmias suggesting astronauts 

may have an accelerated risk of atrial fibrillation relative to age-matched individuals.8 

Using cardiac magnetic resonance (CMR) imaging, Khine et al.8 reported that 6 months of 

spaceflight caused transient increases in left atrial volume, which when coupled with high 

heart rate during exercise training, could result in increased risk of atrial fibrillation. Long-

term follow-up will be required to determine the clinical importance of acute spaceflight-

induced atrial morphology changes.

2.2. Cardiac Atrophy

Cardiac morphology was first assessed using posterior-anterior chest X-rays in Apollo 

astronauts, where decreased cardiothoracic (C/T) ratios post-spaceflight were observed 

in 80% of astronauts.9 At the time, radiographic determination of cardiac size was 

the clinical standard for evaluation of the healthy or failing heart.13 However, NASA 

researchers noted the limitations of such radiographic techniques including potential 

variability due to body position and respiration and inability to determine whether alterations 

in systolic or diastolic function occurred.10 Accordingly, just three years after the first U.S. 

publication of echocardiographic ultrasound techniques,14 ultrasound was used to evaluate 

left ventricular (LV) dimensions and mass in Skylab astronauts. On landing day, decreased 

LV diastolic dimension (−15%), stroke volume (−16%), and mass (−8%) were observed in 

all astronauts.10 To determine whether declines in stroke volume were related to systolic or 

diastolic function, images were acquired at comparable pre-flight end-diastolic volumes by 

using increasing amounts of LBNP.10 LV function curves were created by using volumes 

at each pressure stage, and, given that no differences in slopes were observed post-flight, 

researchers concluded that no deterioration in LV systolic function occurred.10 Recognizing 

the potential for improved accuracy over echocardiography when assessing LV mass, Levine 

et al.15 used CMR to evaluate LV mass and reported a 12% decrease after 10 days of 

spaceflight. In contrast, preliminary recent findings using CMR indicate no changes in LV 

mass, function, or evidence of myocardial fibrosis after 4 to 6 months of spaceflight.16 

These findings suggest that in concert with technological advances in evaluation of cardiac 

Scott et al. Page 3

Circ Res. Author manuscript; available in PMC 2023 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphology and function, improvements in exercise countermeasures may offset the adverse 

effects of prolonged spaceflight on cardiac morphology and function.

2.3. Anemia

A decline in red blood cell (RBC) mass was a major concern for astronauts, given that 

impaired oxygen (O2) delivery to skeletal muscle limits exercise tolerance.17 Detailed 

hematologic investigations were first conducted in Gemini missions using radioisotope-

derived plasma volume measurements.18 Using a 51Cr tag, a 20% decrease in RBC mass 

was observed, accompanied by an abnormally low red cell 51Cr half-life.19 Alfrey and 

colleagues20-22 began an elegant line of hematological studies in the 1990s to determine 

the mechanisms of ‘space anemia’ on Shuttle astronauts. Within 24 hours of exposure to 

spaceflight, there was a ~20% decrease in plasma volume accompanied by a ~10% decline 

in RBC mass (likened to the removal of ~700 ml of blood).20 Ferrokinetic studies examining 

plasma iron turnover, erythrocyte iron turnover, and 59Fe disappearance time demonstrated 

no decline in new RBC production in the bone marrow.20 Next, to evaluate whether there 

was an increase in RBC destruction, autologous RBCs were labeled with 51Cr and reinjected 

intravenously before launch.23 Researchers concluded that the decline in RBC mass was due 

to the selective destruction of circulating RBC that were less than 12 days old.24 Findings 

from a recent study evaluating space anemia indicate that spaceflight directly induces a 

persistent 54% increase in hemolysis via mechanisms independent of erythropoietin levels 

and fluid shifts.25

2.4. Vascular Dysfunction

Relative to research evaluating the effects of spaceflight on previously outlined systems, 

less is known regarding structural and functional adaptations of the vasculature. Following 

5- to 18-day spaceflight missions, total arterial compliance was reduced,26, 27 and Hughson 

and colleagues28 reported that 6 months of spaceflight induced an increase in carotid artery 

stiffness similar to more than 10 years of healthy aging. In addition to effects on arterial 

vasculature, a recent study found that among 11 ISS astronauts, 6 demonstrated stagnant 

or retrograde flow in the internal jugular vein by early-flight (day 50).29 Importantly, one 

astronaut developed an occlusive internal jugular vein thrombus during spaceflight that was 

treated with pharmaceutical interventions,30 and a potential partial internal jugular vein 

thrombus was identified in another astronaut retrospectively. These findings indicate that 

additional monitoring is needed to characterize the prevalence of spaceflight-induced altered 

blood flow and venous thrombi in upper and lower vasculature, and identification of risk 

factors, underpinning mechanisms, and potential countermeasures are needed.

2.5. Exercise Intolerance

Exercise tests using bungee cords were first conducted before and after spaceflight on 

Mercury astronauts, who, after 8-34 hours of microgravity demonstrated reduced exercise 

tolerance compared to preflight.1 Remarkably, the first inflight exercise test was conducted 

in 1963 using a rudimentary bungee cord where elevated exercise heart rate and slower 

heart rate recovery were documented.1 To more accurately quantify exercise tolerance 

in Apollo astronauts, a graded submaximal exercise test with gas exchange was used to 

evaluate oxygen consumption (VO2), workload, heart rate, and blood pressure.9 Reduced 
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VO2 and workload were documented in 74% of astronauts immediately post-flight.9 

Based on these findings, researchers surmised “that man could not be committed to 

long duration spaceflight until the magnitude and time course of these changes could 

be established and the underlying physiological mechanisms understood.”9 The 3 Skylab 

missions were therefore designed to comprehensively characterize physiological changes 

during spaceflight and a mass spectrometer and cycle ergometer were specifically modified 

to allow for evaluation of exercise tolerance during spaceflight.10 In-flight, all Skylab 

astronauts exhibited increased resting heart rate, and decreased VO2 and heart rate recovery, 

while postflight, a significant decrement in VO2 was noted in all astronauts, primarily due 

to a 28% reduction in exercise cardiac output.10 Thirty-one days post-flight exercise cardiac 

output was still 15% lower than pre-flight, which was hypothesized to be due to altered 

venous return and not impaired myocardial function.10 It is noteworthy that until 1991, 

all in-flight exercise tests were submaximal due to safety concerns of maximal exercise 

precipitating a cardiovascular event. In the first study to evaluate peak oxygen consumption 

(VO2peak) in-flight, Levine et al.31 found that VO2peak was maintained during Shuttle 

missions, but was reduced by 22% immediately post-flight due to reduced peak cardiac 

output.31 Between 1993 and 2009, submaximal exercise tests were conducted in-flight due 

to a lack of metabolic gas analysis hardware. Heart rate data obtained during in-flight tests 

and submaximal VO2 data obtained during pre-flight tests were used to estimate VO2peak 

using a linear extrapolation method.32 This method was found to result in errors ranging 

from 58% over-prediction to 24% under-prediction of VO2peak compared with measured 

values.32 Accordingly, with new metabolic hardware launched in 2009, Moore et al.33 

evaluated VO2peak in ISS astronauts and found that VO2peak was significantly decreased 

by the 15th day in-flight and remained decreased throughout spaceflight. 10 days post-flight 

VO2peak was still reduced by 15%, but recovered to pre-flight levels 30 days after return to 

Earth with post-flight exercise training.

2.6. Orthostatic Intolerance

Post spaceflight orthostatic intolerance was first observed after a Mercury astronaut became 

hypotensive during an upright 70° tilt test after only 34 hours of spaceflight.1 Thereafter, 

tilt testing was performed before and after spaceflight throughout Gemini Missions, where 

post-flight tilt tests consistently yielded increased heart rate, decreased pulse pressure and 

increased fluid pooling in the lower extremities for up to 50 hours after landing.9 Orthostatic 

tolerance testing was extended during the Apollo Program; however, because of easier 

instrumentation, control of different levels of stresses and potential for future inflight 

use, LBNP was implemented as a test for orthostatic intolerance.9 From these tests, it 

was concluded that “virtually every astronaut returning from space suffers some degree 

of orthostatic intolerance”.34 A systematic line of studies was conducted on subsequent 

Skylab, Shuttle, and ISS missions to understand the etiology of orthostatic intolerance 

after spaceflight.35,36 To evaluate whether autonomic dysfunction contributed to orthostatic 

intolerance, vagally mediated carotid baroreceptor-cardiac reflex responses (provoked by 

neck pressure changes) and change in heart rate and blood pressure from supine to standing 

was evaluated before and after 4- to 5-day Shuttle missions.34 On landing day, resting 

heart rate variability, and the slope, range, and position of operational points on the carotid 

transmural pressure-sinus node response relation were all reduced relative to preflight, 
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suggesting that spaceflight-induced reductions in vagal control of the sinus node or a 

hypoadrenergic response could contribute to orthostatic intolerance.34 To discern individual 

susceptibility to orthostatic intolerance after spaceflight, Fritsch-Yelle et al.37 characterized 

hemodynamic and neuroendocrine responses to orthostatic stress before and after Shuttle 

missions. Astronauts were classified into presyncopal and nonpresyncopal groups based 

on the ability to remain standing without assistance for 10 minutes on landing day. Upon 

standing post-flight, presyncopal astronauts had significantly smaller increases in plasma 

norepinephrine levels, lower peripheral vascular resistance, and greater decreases in systolic, 

and diastolic pressures compared with nonpresyncopal astronauts. Together, these studies 

methodically assessing physiological effects contributing to orthostatic intolerance and 

characterizing inter-individual differences were critical to the implementation of targeted 

and effective countermeasures involving in-flight exercise training and volume resuscitation 

that now prevent orthostatic intolerance in over 95% of astronauts.38, 39

3. Mechanisms of Spaceflight-Induced Cardiovascular Changes

Given the challenges of conducting biological research in space, numerous models have 

been used to investigate the mechanisms underpinning the cardiovascular effects of 

microgravity and radiation. The most common in-vivo ground-based analog to simulate 

microgravity in humans is head-down tilt bed rest.40 Hindlimb unloading (HLU) has 

been used for over 30 years to simulate microgravity-induced fluid shifts in animal 

models,41 while more recent ground-based microgravity simulators such as 2D clinostats 

and rotating wall vessels have been used for in-vitro models. Compared to the approximately 

2 millisievert (mSv) of radiation individuals are exposed to on Earth per year, astronauts 

are exposed to approximately 80 mSv during a 6-month ISS mission, and on exploration 

missions to the Moon or Mars astronauts may also be exposed to protons and high atomic 

number and energy particles.42, 43 Accordingly, the NASA Space Radiation Laboratory 

developed a method to simulate spaceflight radiation in models systems.44 Prior reviews 

have outlined many mechanisms related to spaceflight-induced cardiovascular changes.45, 46 

Here, we focus on evidence from animal and in-vitro models that provide insight into 

biological pathways potentially contributing to arrythmias, cardiac atrophy, anemia, and 

vascular dysfunction (Figure 3) that likely contribute to whole-organism impairments such 

as orthostatic and exercise intolerance. Table 1 summarizes exemplar studies that evaluated 

the separate and combined effects of microgravity and radiation in model systems.

3.1. Arrhythmias

In addition to the combined effect of increased atrial volume and high heart rate 

during exercise training,8 altered calcium handling may be a key pathway involved in 

arrythmias.47, 48 Respress and colleagues47 reported that mice exposed to 28 days of 

HLU were more susceptible to pacing-induced ventricular arrhythmias relative to non-HLU 

mice, while ventricular myocytes from HLU mice exhibited an increased frequency of 

spontaneous sarcoplasmic reticulum calcium release events and enhanced sarcoplasmic 

reticulum calcium leak via cardiac ryanodine receptor. In support of these findings, using 

a 2D clinostat, Liu et al.49 found that cardiomyocytes exposed to microgravity for 48 h 

had a significant increase in basal cytosolic calcium, an increase in spontaneous calcium 
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oscillations, as well as a decrease in myosin heavy chain alpha, a marker associated 

with cardiac remodeling.50 The direct effects of spaceflight radiation alone or combined 

with microgravity on cardiomyocyte calcium handling is not known. However, spaceflight 

radiation potentiates reactive oxygen species (ROS) production,51 that in turn, may induce 

abnormalities in calcium homeostasis and play a pivotal role in the pathogenesis of 

arrhythmias.52

3.2. Cardiac atrophy

Changes in cardiac morphology have largely been attributed to increased ROS, 

inflammation, alterations in cardiac energy metabolism,53 and ultrastructural changes to 

myocytes.54 For instance, HLU in mice reduces cardiomyocyte size, heart weight, and 

myocardial function via calpain activation and oxidative stress in heart tissues.55 Using 

a rotary cell culture system, Liang et al.55 simulated microgravity in cultured neonatal 

mouse cardiomyocytes and demonstrated that calpain facilitates p47 phox phosphorylation 

via ERK1/2 and p38 pathways. Given that calpains initiate turnover of regulatory and 

structural myofibrillar proteins,56 these findings suggest that microgravity-induced calpain 

activation may induce ultrastructural changes to cardiomyocytes. In mice exposed to 

silicon ions, Tungjai et al.57 demonstrated an increase in cardiac cleaved poly (adenosine 

diphosphate-ribose) polymerase, a marker of apoptosis, and markers of inflammation, such 

as increased activated nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB), interleukin-1β and interleukin-6, and tumor necrosis factor-α. Intriguingly, unlike in 

astronauts, HLU- and radiation-induced cardiac atrophy is often coupled with impairments 

in cardiac systolic and diastolic function. These findings suggest that the commonly used 

30° HLU and radiation models may be excessive stressors relative to current spaceflight 

missions, or that exercise countermeasures in astronauts are effective in offsetting declines in 

cardiac function but not changes in morphology.

3.3. Anemia

As recently reported in astronauts,25 increased hemolysis likely contributes to anemia; 

however, altered hematopoietic function may also be a key factor. Cao et al.58 reported 

that suppression of NK cells, B cells, and erythrocyte precursors in the bone marrow were 

observed following HLU in mice. These alterations may be due to disrupted cytoskeleton of 

bone marrow-derived mesenchymal stromal cells (BM-MSCs) and differentially expressed 

genes (DEG). For instance, the expression levels of hematopoietic-related genes, such 

as fms-like tyrosine kinase-3 ligand, granulocyte-macrophage colony stimulating factor, 

interleukin-3, and adipogenic differentiation associated genes, leptin and proliferator-

activated receptor γ type 2, were upregulated following HLU in mice.59 Furthermore, using 

HLU combined with continuous low-dose gamma irradiation, Paul et al.60 reported that 

the majority of spleen cells displayed DEG involved in signal transduction, metabolism, 

cell cycle, chromatin organization, and DNA repair, which was coupled with significant 

reductions in RBC and hemoglobin 7 days post-exposure. These findings collectively 

suggest that hemolysis coupled with altered proliferation and differentiation of myeloid 

progenitor cells contribute to spaceflight-related anemia.
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3.4. Vascular dysfunction

Endothelial cells are continuously exposed to various hemodynamic forces and are therefore 

sensitive to changes in fluid dynamics that occur in microgravity and are also impacted 

by radiation exposure. After 10 days of exposure to microgravity on the ISS, Versari et 

al.61 reported there were 1023 DEG involved in cell adhesion, oxidative phosphorylation, 

stress responses, cell cycle, and apoptosis in human umbilical vein endothelial cells. 

Simulated space radiation also impairs endothelium-dependent vasodilation of the aorta 

and increases aortic stiffness via increased xanthine oxidase activity and ROS production 

and decreased nitric oxide production.62, 63 Thus, reduced bioavailability of nitric oxide 

from increased ROS is a likely pathway for endothelial dysfunction and increased vascular 

stiffness. In evaluation of the synergistic effects of radiation and microgravity in mice, 

Ghosh et al.64 reported that simulated space radiation and HLU alone each impaired 

endothelium-dependent vasodilation, but impairments were potentiated following combined 

radiation and HLU due to alteration in endothelial nitric oxide synthase signaling pathway. 

Finally, spaceflight may also contribute to atherosclerosis. Yu et al.65 reported accelerated 

development of atherosclerotic legions with large necrotic cores in regions of the aorta 

exposed to simulated spaceflight radiation in apolipoprotein E-deficient mice.

4. Leveraging Spaceflight to Advance Cardiovascular Research on Earth

A relative explosion in the promotion and development of commercial spaceflight has 

occurred in the past decade (Figure 4A).66 With over 85 commercial spaceflight companies 

and organizations in the United States alone,67 commercial entities have improved access to 

the unique microgravity and radiation conditions of spaceflight for both clinical and basic 

research (Figure 4B). As outlined here, we posit that increased access to space coupled with 

advances in technology may provide unprecedented opportunities to expand cardiovascular 

research.

4.1. Spaceflight as a Model of Accelerated Aging

The physiological changes coupled with cellular, molecular, and genomic alterations4 

suggest that spaceflight may be an exemplar model to study physiological aging sequelae, 

although many of the underlying biological factors remain to be elucidated (Table 2).68

4.1.1. Physiological Aging—Similar to other gerontogenic stressors such as cancer 

therapy,69 prolonged spaceflight exposure not only results in cardiovascular changes that 

recapitulate ~10 years of aging,5, 28 but also causes other aging-related physiological 

changes such as muscle atrophy and bone loss.6 Many acute (i.e., during spaceflight) 

changes appear reversible with postflight rehabilitation, but may ultimately contribute to 

chronic (i.e., months post-spaceflight) age-related health conditions such as cardiovascular 

disease and an increased risk of mortality compared to non-astronaut controls.3 Given 

that these alterations occur on ~6 month ISS missions, assessing aging sequelae using 

serial monitoring is feasible within a relatively short timeframe unlike other human aging 

models.69 As previously noted, spaceflight-related aging changes occur despite robust 

exercise interventions before and during ISS missions; thus, spaceflight represents a 
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platform to evaluate adjunct intervention strategies (e.g., pharmacologic,70 nutrition71) to 

offset aging phenotypes.

4.1.2. Biological Aging—Several recurrent biological features of spaceflight are similar 

to molecular and cellular hallmarks of aging72 including oxidative stress, DNA damage, 

mitochondrial dysregulation, epigenetic/regulatory changes, and shifts in host-microbe 

interactions.45 Although there is an abundance of studies evaluating the biological effects 

of spaceflight on the cardiovascular system, several critical questions pertaining to fidelity 

of model systems and mechanisms underpinning response remain. First, HLU and space 

radiation studies have primarily been performed in sedentary male mice ranging between 

10 weeks and 10 months of age. However, exercise is a mandatory intervention during 

spaceflight,6 there are well defined differences between males and females in cardiovascular 

response in astronauts,28 and the average astronaut is ~48 years old.5 Recapitulation of 

effects in female animal models, older models (e.g., mice aged 10 to 14 months), and 

including factors like exercise will be needed to improve understanding of a complex 

biological process and translation to astronauts. Second, evidence to date is largely 

correlational. There is a need for causal evidence using gain- or loss-of-function in 

spaceflight and/or spaceflight analogs to elucidate mechanistic links among pathways. 

Finally, the mechanisms underpinning several cardiovascular effects are not known. For 

example, given the likely involvement of venous and lymphatic vessels in the development 

of spaceflight-associated venous thrombosis,30 more research is needed to understand the 

effects of microgravity and/and space radiation on venous and lymphatic vessels. Addressing 

these, and other challenges will be critical to facilitate investigation of spaceflight as model 

of accelerated biological aging.

4.1.3. Integrating Physiological and Biological Models—Recent findings suggest 

that an integrated approach that combines multiple “omic” data from humans and model 

systems could be used to define molecular etiologies of adverse cardiovascular effects. For 

instance, in analyses including various human cell models, tissues, mouse strains (C57BL/6 

and BALB/C), and astronaut blood and urine samples, da Silveira and colleagues73 

identified that the effects of spaceflight on mitochondrial function at the genetic, protein, 

and metabolite levels was the key factor impacting innate immunity, lipid metabolism, 

and gene regulation. The effects of spaceflight were, however, more evident in isolated 

cells than in whole organs.73 These, and other analyses,74 were feasible because of 

NASA’s organized platform for deposition, curation, analysis and visualization of complex 

multi-parametric spaceflight and spaceflight analog data from a host of biological model 

systems.75 Evaluation of integrated multi-parametric data from several model organisms 

supports the notion that metadata from various model systems can help catalyze hypothesis-

driven investigations.76, 77

4.2. Cardiovascular Drug Research and Development in Space

On the ISS, sedimentation and convection currents are minimized which may help 

optimize manufacturing and storage of biologics. For instance, in evaluation of Merck’s 

monoclonal antibody Keytruda® (pembrolizumab) on the ISS, crystalline suspensions 

produced in microgravity had lower viscosity and were more uniform than ground 
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controls.78 Identification of conditions for producing crystalline suspensions of homogenous 

particle size and distribution could enable drug delivery via subcutaneous injection versus 

intravenous dosing. This opportunity has implications for drug purification and storage 

while improving drug delivery options that align with patient preferences and optimize 

time in hospital/drug scheduling. While there are past examples of new crystal forms being 

generated on the ISS that were used for drug targeting and discovery,79 the application 

of uniform crystals as a therapeutic was not previously recognized as an area of focus or 

benefit. The continued development of state-of-the-art capabilities for iterative experiments 

with real time on-orbit analysis, and the increasing access to the microgravity environment 

in low Earth orbit through the growing number of launches and launch providers creates new 

research opportunities for the development of novel therapeutics and for manufacturing the 

growing number of biologics and cell-based therapies.

4.3. Cardiovascular hiPSC-CMs in Space

hiPSC-CMs have emerged as a robust model for studying the molecular and cellular 

mechanisms of cardiac pathophysiology.80 In a proof-of-concept study, Wnorowski and 

colleagues81 demonstrated the feasibility of long-term cell culture of hiPSC-CMs on the 

ISS. Specifically, monolayers of beating hiPSC-CMs from 3 individuals were plated in 

BioCell, a fully contained cell culture vessel, and launched to the ISS on a SpaceX Dragon 

spacecraft. BioCells were cultured in a high-nutrient CM maintenance medium that was 

changed weekly and maintained aboard the ISS in an on-station incubator (Space Automated 

Bioproduct Laboratory [SABL]) at 37°C and 5% CO2. After sample return from the ISS, 

cellular phenotypes were evaluated using gene expression, immunofluorescence, calcium 

imaging, and contractility analyses. One challenge for such approaches, however, is that 

most iPSC-derived cells are functionally immature and exhibit fetal-like features. Whether 

spaceflight could accelerate large-scale, high-quality, patient-specific iPSC-CMs for drug 

development and disease modeling is not known; however, the microgravity environment 

could provide reduced heterogeneity and protocols for maturation strategies in a single 

unit to reduce variability. This work represents the first long-duration (30-day) culture of 

human iPSC’s on the ISS and has generated expanded interest in human iPSC research in 

microgravity for a variety of cell and tissue types. For instance, Baio and colleagues82 

demonstrated that human neonatal cardiovascular progenitor cells (CPCs) exposed to 

microgravity for 30 days exhibited characteristics of a slightly earlier stage of development 

compared to adult CPCs exposed to microgravity, as well ground controls. This slight 

de-differentiation is thought to be associated with enhanced “stemness” (i.e., making the 

CPCs behave more like stem cells and enhancing potential to develop into different types 

of cardiovascular cells). In the neonatal CPCs, calcium signaling and Protein kinase B (Akt) 

signaling were both activated in response to spaceflight.82 Akt is an important molecule in 

promoting pluripotency and ability of a stem cell to continue to divide, expand and retain 

its stem-like state.83 The neonatal CPCs grown in microgravity were also found to have 

enhanced proliferation, while both the adult and neonatal CPCs demonstrated enhanced 

ability to migrate after exposure to microgravity.82 This work suggests that spaceflight may 

hold promise to address some of the challenges associated with cardiovascular regenerative 

medicine therapies.84
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4.4. Organoids and Cardiovascular System-on-a-chip in Space

The development of organs-on-a-chip has advanced cell-culture experiments with multi-

layered and interconnected tissue architectures that can mimic human physiology and 

pathophysiology.85 Organoids are 3 dimensional models that incorporate organ-specific cell 

types derived from stem cells or progenitors to recapitulate organ function and interactions 

between multiple cell types.86 Using iPSCs in microphysiological systems (MPS or ‘tissue 

chips’), and organoid models, provides an opportunity to study human disease models for 

preclinical safety testing, drug development, and testing of therapeutics, and personalized 

medicine applications.85 Studying these human analog models in microgravity provides 

an opportunity to understand disease mechanisms at a cellular level in an environment 

that mimics accelerated aging. Understanding aging sequelae, could in turn, accelerate the 

development of new therapeutic interventions. Current ISS National Laboratory (CASIS) 

collaborations with NIH, National Center for Advancing Translational Sciences (NCATS), 

and the National Science Foundation (NSF) are evaluating a variety of tissue chip 

organ systems, including blood brain barrier, intestinal, lung, skeletal muscle, kidney, 

and cardiovascular systems.87, 88 As part of the NSF-CASIS Collaboration on Tissue 

Engineering, Xu and colleagues89 will be assessing stem cell derived cardiac microtissues 

in space. The goal of the project is to establish a multipronged approach combining 

microgravity, tissue engineering, and metabolic regulation to promote maturation of hiPSC-

CMs. Building on the 2D cardiomyocyte work done by Wnorowski and colleagues,81 Wu 

and colleagues90 will be sending 3D hiPSC-CM organoid tissue chip models to the ISS 

as part of the NIH Tissue Chips in Space program. The team has successfully completed 

the first phase of the project which involved sending 3D hiPSC-CMs fabricated into a well 

characterized engineered heart tissue platform to the ISS. Subsequent missions will use 3D 

hiPSCs containing the induced disease phenotype determined from alterations in cardiac 

function due to weakened heart muscles noted in samples exposed to microgravity to screen 

potential drug candidates.

5. Research and Funding Opportunities to Advance Cardiovascular 

Research in Space and on Earth

Given the nascent utilization of spaceflight in settings outside of NASA, Table 3 provides 

an overview of ongoing exemplar studies evaluating cardiovascular model systems in space. 

Calls for additional projects are released several times per year. For instance, NASA’s 

Science Mission Directorate’s Biological and Physical Sciences Division recently released 

a Research Announcement for investigations of Extended Longevity of 3D Tissues and 

Microphysiological Systems for Modeling of Acute and Chronic Exposure Stressors.91 This 

is a multi-agency solicitation sponsored by NASA’s Human Exploration and Operations 

Mission Directorate Human Research Program, NCATS, the National Institute of Allergy 

and Infectious Diseases, the National Cancer Institute, the Department of Health and Human 

Services Biomedical Advanced Research and Development Authority, and the Food and 

Drug Administration, to solicit for research in support of common cross-organizational 

goals. The research announcement focuses on ground studies aimed at adapting existing 

3D tissues and microphysiological systems (tissue chips or organs on chips) to extend 

the current longevity of these systems to at least 6 months. Advances in Earth-based 
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technologies are also of high interest for NASA. Recently NASA’s Space Health Institute 

awarded five ground-breaking research grants to mitigate the effects of space radiation on 

healthy human cell-derived organs-on-chips that include intestinal, vascular, neural, and 

cardiac models.92 These human analog systems have the opportunity to provide significant 

utility in preparing for upcoming longer-duration missions both in terms of understanding 

the long-duration radiation and microgravity human health effects of space travel as well 

as countermeasure development. Collectively, there is now an unparalleled opportunity for 

bi-directional translation of knowledge to advance cardiovascular research in space and on 

Earth (Figure 5).

Conclusion

The multisystem physiological consequences of spaceflight have been characterized for over 

50 years,1 while improvements in spaceflight analogs and increased access to space over the 

past decade have provoked investigation into the underlying biological effects of spaceflight 

including oxidative stress, DNA damage, mitochondrial dysregulation, epigenetic/regulatory 

changes, telomere-length dynamics, and shifts in host-microbe interactions.45 Although 

future studies are required to further elucidate the mechanisms underlying the effects 

of microgravity and spaceflight radiation on the cardiovascular system during and after 

exposure, evidence reviewed here indicates that spaceflight could be leveraged to advance 

cardiovascular research on Earth. Likewise, tissue chip and human analog models are of 

high interest to NASA for the potential development of countermeasures for astronauts. 

Compared to research on model organisms, they could be constructed from an astronaut’s 

own iPSCs to allow development of personalized countermeasures prior to spaceflight, or 

to collect cellular level data simultaneously with physiological measurements and routine 

blood, urine, and saliva samples during a mission. Integration of spaceflight and Earth-based 

cardiovascular research could help synchronize and potentiate advances to improve both 

astronaut health on exploration missions and patient health on Earth.
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Nonstandard Abbreviations and Acronyms:

Akt protein kinase B

CPC cardiovascular progenitor cell

HLU hindlimb unloading

LV left ventricular

NASA National Aeronautics and Space Administration

NF-κB nuclear factor kappa-light-chainenhancer of activated B cells RBC 

red blood cell
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Figure 1. Effects of Spaceflight on the Cardiovascular System.
Multiple hits including baseline risk factors (e.g., older age, low fitness), direct (e.g., fluid 

shifts, radiation), and indirect (e.g., stress, poor sleep) insults induce adverse cardiovascular 

effects in astronauts. Adapted from Scott et al.6
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Figure 2. Timeline of NASA Spaceflight Missions and Key Cardiovascular Assessments.
The effects of spaceflight on cardiovascular health have been studied on Mercury 

(1961-1963; duration range: 15 min-34 h), Gemini (1965-1966; duration range: 4h-13 days), 

Apollo (1967-1975; duration range: 5-12 days), Skylab (1973-1974; duration range: 28-84 

days), Shuttle (1981-2011; duration range: 2-17 days), and International Space Station (ISS; 

2000-present; duration range: 70-340 days) missions.
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Figure 3. Mechanisms Potentially Underpinning the Adverse Cardiovascular Effects of 
Spaceflight.
Fluid shifts and radiation are known to induce adverse cardiac and vascular effects 

via increased oxidative stress, increased inflammation, increased apoptosis, decreased 

metabolism, alerted calcium handling, and decreased HSC function. HSC, hematopoietic 

stem cell function. (Illustration credit: Ben Smith).
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Figure 4. Timeline of Commercial Spaceflight.
(A) Number of commercial spaceflight launches per year since inception in 1989. (B) Key 

commercial spaceflight events over the past 30 years.
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Figure 5. Bi-directional Translation of Knowledge to Advanced Cardiovascular Research in 
Space and on Earth.
Conceptual model outlining the translation of model systems, clinical technologies, and 

interventions to accelerate cardiovascular research for human spaceflight and patients on 

Earth.
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Table 2.

Spaceflight as a Model of Accelerated Aging.

~6 months of Spaceflight + Exercise ~10 years of Healthy Aging

Physiological

   Cardiac Morphology ↔16 or ↓15 LV mass ↑99 LV wall thickness
↓99 LV mass

   Cardiac Function ↔16 systolic function
↓15 diastolic function

↔100 systolic function
↓100 diastolic function

   Cardiac Conduction ↑8 risk of atrial fibrillation ↑101 risk of atrial fibrillation

   Vascular Morphology ↑102 arterial size above the heart
↑102 intima media thickness

↑103 arterial size
↑104 intima media thickness

   Vascular Function ↑28 arterial stiffness
↓29 jugular venous flow

↑105 arterial stiffness
↓106 jugular venous flow

   Orthostatic Tolerance ↔38, 39 risk of orthostatic intolerance with fluid countermeasures ↑107 risk

   Hematological ↓25 red blood cells ↓108 red blood cells

   Exercise Tolerance ↓5 peak oxygen consumption ↓109 peak oxygen consumption

Spaceflight Model Aging Model

Biological

   Genomic Stability ↑110 genomic instability ↑111 genomic instability

   Telomere Length ↑4 telomere length ↓112 telomere length

   Epigenetics ↑113 epigenetic alterations ↑ 114epigenetic alterations

   Proteostasis ↓115 proteostasis (↓ drosophila; ? other models) ↓116 proteostasis

   Mitochondrial Function ↑53 mitochondrial dysfunction ↑117 mitochondrial dysfunction

   Cellular Division ↑118 cellular senescence ↑68 cellular senescence

   Stem Cell Function ↑58 stem cell exhaustion ↑119 stem cell exhaustion

   Intracellular Communication ↑93 altered intercellular communication ↑120 altered intercellular communication
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