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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.
As a result of ongoing characterization of adverse effects and exercise countermeasures,
astronauts are now able to tolerate spaceflight for over 6 months,* and most physiological
changes recover to baseline levels within 1 month after return to Earth.> 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.® Moreover, the physiological
changes coupled with the cellular, molecular, and genomic alterations* 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 5™, 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.® Thus, cardiovascular changes in astronauts should be considered in the context
of adjunct aerobic and resistance exercise training.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scott et al.

Page 3

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.® Twenty-one months later, this astronaut
had an acute myocardial infarction.? 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.? 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.19 Accordingly, just three years after the first U.S.
publication of echocardiographic ultrasound techniques,* 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.1% 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
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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 (O5) delivery to skeletal muscle limits exercise tolerance.1” Detailed
hematologic investigations were first conducted in Gemini missions using radioisotope-
derived plasma volume measurements.18 Using a ®1Cr tag, a 20% decrease in RBC mass
was observed, accompanied by an abnormally low red cell 51Cr half-life.1® Alfrey and
colleagues?0-22 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 °°Fe 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 ®1Cr 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.2* 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.2

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,?%: 27 and Hughson
and colleagues?® 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).2° 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.! 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. To more accurately quantify exercise tolerance

in Apollo astronauts, a graded submaximal exercise test with gas exchange was used to
evaluate oxygen consumption (VO,), workload, heart rate, and blood pressure.® Reduced
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VO, and workload were documented in 74% of astronauts immediately post-flight.®

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.”® 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 VO, and heart rate recovery,
while postflight, a significant decrement in VO, 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.19 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
(VO,peak) in-flight, Levine et al.3! found that VO,peak was maintained during Shuttle
missions, but was reduced by 22% immediately post-flight due to reduced peak cardiac
output.3! 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 VO, data obtained during pre-flight tests were used to estimate VO,peak
using a linear extrapolation method.32 This method was found to result in errors ranging
from 58% over-prediction to 24% under-prediction of VO,peak compared with measured
values.32 Accordingly, with new metabolic hardware launched in 2009, Moore et al.33
evaluated VO,peak in ISS astronauts and found that VOopeak was significantly decreased
by the 15™ day in-flight and remained decreased throughout spaceflight. 10 days post-flight
VO, peak 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.! 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.® 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.® 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.3538 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.3* 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.3” 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.4% Hindlimb unloading (HLU) has

been used for over 30 years to simulate microgravity-induced fluid shifts in animal
models,*! 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.*2 43 Accordingly, the NASA Space Radiation Laboratory
developed a method to simulate spaceflight radiation in models systems.#4 Prior reviews
have outlined many mechanisms related to spaceflight-induced cardiovascular changes.4%: 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.*”- 48 Respress and colleagues®’ 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.4° 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.30 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,®! that in turn, may induce
abnormalities in calcium homeostasis and play a pivotal role in the pathogenesis of
arrhythmias.>2

3.2. Cardiac atrophy

Changes in cardiac morphology have largely been attributed to increased ROS,
inflammation, alterations in cardiac energy metabolism,>3 and ultrastructural changes to
myocytes.>* For instance, HLU in mice reduces cardiomyocyte size, heart weight, and
myocardial function via calpain activation and oxidative stress in heart tissues.5® Using

a rotary cell culture system, Liang et al.?® simulated microgravity in cultured neonatal
mouse cardiomyocytes and demonstrated that calpain facilitates p47 79X phosphorylation
via ERK1/2 and p38 pathways. Given that calpains initiate turnover of regulatory and
structural myofibrillar proteins,>8 these findings suggest that microgravity-induced calpain
activation may induce ultrastructural changes to cardiomyocytes. In mice exposed to
silicon ions, Tungjai et al.>” 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-
xB), interleukin-1p and interleukin-6, and tumor necrosis factor-a.. 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,?® 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 -y type 2, were upregulated following HLU in mice.5® Furthermore, using
HLU combined with continuous low-dose gamma irradiation, Paul et al. 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.b1 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.®2: 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.?4 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.%® 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).56 With over 85 commercial spaceflight companies
and organizations in the United States alone,5” 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 alterations?
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,%9 prolonged spaceflight exposure not only results in cardiovascular changes that
recapitulate ~10 years of aging,> 28 but also causes other aging-related physiological
changes such as muscle atrophy and bone loss.® Many acute (/.e., during spaceflight)
changes appear reversible with postflight rehabilitation, but may ultimately contribute to
chronic (/.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 1SS missions, assessing aging sequelae using
serial monitoring is feasible within a relatively short timeframe unlike other human aging
models.% 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,’0 nutrition’?) to
offset aging phenotypes.

4.1.2. Biological Aging—Several recurrent biological features of spaceflight are similar
to molecular and cellular hallmarks of aging’? including oxidative stress, DNA damage,
mitochondrial dysregulation, epigenetic/regulatory changes, and shifts in host-microbe
interactions.*® 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, there are well defined differences between males and females in cardiovascular
response in astronauts,28 and the average astronaut is ~48 years old.> 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,3? 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 colleagues’3
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.” These, and other analyses,’4 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.”® 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.”8: 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.”® 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,’® 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.8° In a proof-of-concept study, Wnorowski and
colleagues8! 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 1SS 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% CO,. 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 colleagues®2
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.8*
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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.8® 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.88 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.8 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.8”: 8 As part of the NSF-CASIS Collaboration on Tissue
Engineering, Xu and colleagues® 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,8! Wu
and colleagues® 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.?! 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.9? 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).

The multisystem physiological consequences of spaceflight have been characterized for over
50 years,? 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.#> 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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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.®
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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. M echanisms Potentially Under pinning the Adver se Car diovascular 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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Figure5. 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.

Page 27

~6 months of Spaceflight + Exercise

~10 years of Healthy Aging

Physiological
Cardiac Morphology

Cardiac Function

Cardiac Conduction

Vascular Morphology

Vascular Function

Orthostatic Tolerance
Hematological

Exercise Tolerance

<16 or |15 LV mass

<16 gystolic function
115 diastolic function

18 risk of atrial fibrillation

1102 arterial size above the heart
1102 jntima media thickness

128 arterial stiffness
129 jugular venous flow

«>38,39 risk of orthostatic intolerance with fluid countermeasures
125 red blood cells
15 peak oxygen consumption

Spaceflight M odel

199 LV wall thickness
199 LV mass

100 gystolic function
1100 djastolic function

1101 risk of atrial fibrillation

1103 arterial size
1104 intima media thickness

1105 arterial stiffness
1106 jugular venous flow

1107 risk
1108 red blood cells
1109 peak oxygen consumption

Aging Model

Biological
Genomic Stability
Telomere Length
Epigenetics
Proteostasis
Mitochondrial Function
Cellular Division
Stem Cell Function

Intracellular Communication

1110 genomic instability

14 telomere length

1113 epigenetic alterations

1115 proteostasis (¢ drosophila; ? other models)
153 mitochondrial dysfunction

1118 cellular senescence

158 stem cell exhaustion

193 altered intercellular communication

1111 genomic instability

V112 telomere length

1 14epigenetic alterations

1116 proteostasis

1117 mitochondrial dysfunction
168 cellular senescence

1119 stem cell exhaustion

1120 altered intercellular communication

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



Page 28

Scott et al.

1yBi113-1s0d sAemyred pue siayJewolq aseasip [aAou
AJnuapi 01 pue ‘ss| ayl uo sdiyd AD-0101W 1$8) 01 ‘WBSAS Jejnasenolpled ay)
JO |apow prouefio uewny JIPINF0JIIW OJHA Ul BNSSH-INW e 8Z14a}oeJeyd 01

eluadoales [apow 01 AJineiBoI01W
ul wiogreld ajosnw [e18]93S paaaulbus 0JA Ul UR 8Z1Ig)deieyd pue ubissp o)

uolreziuehlo JejnasencdIwW pue SuofideIsluI Jejnjjadlaiul
s uo syuaipesh o1uaboibue [euondaiip pue AjiAeiBoId1W 4O 19848 Byl
9Z113)0RJeYD 0] pUR ANSSI) JaAI| PazZILIe|naseA ‘01dodsoloew e 81eald o)

SUOIIORIIUOI ,S|[32 Leay 8y} anoldwi 03 pue SUBLIUOIIAUS
Aineib-moj pue JenBal ul sOS1 woly pajelauab anssiy esy atedwod 0

$109JJ8 95U} S9SJaNal
JUBWUOIIAUR AYIARIB-[ewLIoU € 0} Buluinlal 1IN0 puly pue anssil 1eay Jo
uorouNy pue a1njonas ay) ul sabueyd sasned AliAeB moj sAem ay) Juswindop
0] [9poW SIY} 8SN pue anssi} Jeay Bulyead Jo [apow g-€ 1ulw e dojanap oL

SjUBLIUOUIAUS AJIARIB-MO] pue JejnBal ul uoleNWns
0} puodsal Aayy moy pue s|ja2 ajasnw Apnis 03 diyd anssi} e aulyal 01

80eds 40 JUBLLIUOJIAUS

anbiun ay) ur WalsAs ay) Jo sasuodsal sunwWLI pue ‘Iejndsjow ‘Jejnjjad ayl
pue (D11y) diyD-aunsaiuj paressuul uewny ayy buidojanap Aq Aljigeorjdde
ABojouyday sdiyp-suehiQ Arelaridoid s,81e w3 alesIsuowsap Jayuny o

Aineiboloiw ul

wiaisAs Alojelidsas uewiny ayl Jo sasuodsal aunwiwi pajelBaiul ay) pueisiapun
pUe 81e|NW?a 0} S|8POLU 3} 8UIGUI0J 0} PUe ‘MOJJeW 3U0g pue Aemre ay)
Jopow 1ey} ‘sdiyd anssiy 4o ‘swiaisAs [ealbojoisAydoloiw palaaulbus 1s9) 01

uonouny Asupiy 109ajje 10198} JaL10 pue ANIARIBOIDIW MOY purISIspun o)

JUBWIUOIIAUB S,yleT 03 Buluinial Jaye A19A09a1 BuLINp OS[e pue SUoIIpUOd
Ainesboloiw Burinp Buibe jo ABojoiq ayy arebisaaul 0] pue ‘sawodlno Buijeay
pue Buibe aunwiwi s, [enpiAIpul ue usamiag diysuone|al ayy ayebrsanul o

SS0] 8UOQ PUE SIIIYMEOS]SO d1jewneli-1sod Aq pajeAow
‘ABojolq aseasip |e1a]aysojnasnwi uo 1ybis aoeds 4o s10848 ayl Apnis o

aoeds Ul S|99 UBWNY UM uoeiuawLIadxa Joy wioyeld ABojouyds) sdiyd
-uQ-suefiQ Aselaridoud s,arejnw3 dojansp Jayuiny pue aziwndo ‘slepljeA o

AN/IeUlS JUno\ 1e
3UIDIPSIAl 4O |00YDS UYEI|

vO/Ausienun piojuels
\7D/03s1oueIH UeS

‘elulojifed Jo Ausianiun

an/Ausisniun supidoH
suyor “wA/uolIBuIysepn
10 Aisianiun

vO/AusIBAIUN piojuRlS

T4/epuio]4 Jo AlsIsnun

VIN/ U] ‘slejnwi3

vd/elydiapefiud
40 [e)dsoH s.ualp|iyd

WVA/UOIBUIYSEAN
10 Aisianiun

VD/03sI0URlH UeS
‘elulojifed Jo Ausianiun

VIN/ABojouyda
10 3)MISU| SasnNYIesselA|

VIN/u] ‘slejnwi3

AinesBboaoin
U1 $aseasIq pale|ay-SSauiS Jejnasenoipied
uewinH Jo [9poA d16ojoisAydoloi SS|

eluadoases Apnis 03 wiofie|d |9AON
e se A1AeIBoIOI Ul 8jasn|A passaulbug anssi| :SS|

aoeds ul BurisaulBuz anssiy JaAIT :SS|

Auneiboloin
ur uonoaunysAQ aeiple) Buiapoy 1o} walsAs
1eaibojoisAydooiN g-€ paseg-0Sd! UewnH v

sanssi] 1eaH paJssulbugy
Buisn sasuodsay Bnig uo AAeiBoIdIN JO 10813

Burisepn a19sn|Al 19e181UN0D 0 SanNnadelay |
alenjens 0} [8POIAl OJUA U] Uy :ANIAeIBOIOIN
U1 S8JA20A\ UBWINH JO UOIFRINWINS [B211198]3

aWoIqoIIN

pue suonaN Alosuss Yum esooni [eljayiid3 jo
suonoeiaiu| :ABoJoISAUd J1481UT UBWINH UO 3JedS
10 s19813 BuiApnis 1oy wiojeld e se sdiyd-uebiQ

AinesBolo ul asuayaq 1soH bun

waIsAs
[ea1bojoisAydolol| a|ngn L [eIsiqg pue [ewixoid Jo
uoIdUNS pue 34n1onnS ayl uo ANAeIBOIDI 4O S1084T

uonelauafiey
pue S|18D Wa)S anssl] uo 1oedw| S pue 82UdSaUds
|eaiBojounwiwi| oy |apoIA Se AlineiBoloIN

aoeds ul ABojorg aseasiq [19]aXSOINISNIA :WalSAS
1ea16ojoisAydoudi|n wninouAs-auog-abe|ied

aseasiq pue yifesH ui diyp-iatieg
-ureig-poolg :ABojoisAyd uewnH uo AlAeiBodi Jo
S198443 BulApnis o} wioe|d e se sdiyd-uo-suebiQ

(6102-8702)
BurissuiBbu3 anssiL SISYO-4SN

(6T02-8102)
Bunigauibu3 anssil SISYO-4SN

(6T02-8102)
Bunigauibu3 anssil SISYO-4SN

(8702) 0°Z d0eds
ur sdiyg anssil S1IVON- HIN

(8702) 0°Z 80eds
ur sdiyd anssi1 SIVON- HIN

(8702) 0°Z 80eds
ur sdiyd anssi1 SIVON- HIN

(8102) 0 80eds
u sdiyd anssi1 SIVON- HIN

(£702) 0'T d0edS
ur sdiyg anssil S1IVON- HIN

(£702) 0'T d0edS
ur sdiyg anssil S1IVON- HIN

(£702) 0'T d0edS
ur sdiyg anssil S1IVON- HIN

(£102) 0'T 80edS
ur sdiyd anssi1 SIVON- HIN

(£102) 0'T 80edS
ur sdiyd anssi1 SIVON- HIN

SOAINR (90

UO17E00 /UOIINYIISU|

8|11 Apnis

WBWROUNOUUY
Yo Jeasoy

Author Manuscript

‘€ 9lqeL

Author Manuscript

"yoJeasal paseq-yue3 Joy) ybiyaoeds Buibeiana saipms Buiobuo

Author Manuscript

Author Manuscript

PMC 2023 March 18.

in

available

3

Circ Res. Author manuscript



Page 29

uonels
80edg [euoIjeuIBIU| ‘SS| ‘80BdS Ul 80USIOS JO JUSLLIBOUBAPY 8U) 10} J81UaD ‘SISIVD ‘S80UaIds [euoiejsuel ] BuioueApy 10§ J81UsD [RUONEN ‘S1VON ‘UljeaH JO 81minsu| [euoneN ‘HIN SuoleIne Iqqy

Scott et al.

$15812081S0
pue s1Se|(081SO S84 NJouoL Ul AIARIBOIOIW 0} 3suodsal Jejn||ao ayenjens o)

AIne1B0101W ‘Wouy A18A0D31 I3 pUe ‘0)
asuodsas ui suigjold Xuyew Jejnjjaoeiixa ul sabueyd jedodws) ayebissaul o)

e1160101W YyM pasnjul
spiouefio urelq uewny uo sadAouayd Buibe ajebisanul Ajjeonsiueyosw oy

juawdojanap
1Jeay pue urelq Ajea ayp ul saa1oy [eaisAyd Jo ajoJ anienbal ayy Aynuapl o

sisauabolpuoy? |19 abe|iied a10)sal 03 Adelay) e se \YNHO0IIIW dAIsuodsal
-ouey2aW YuM J[as) Ajddns Ajjearewione ued yoiym 1onisuod e ajeald o

Wa1sAs 21nN9 0J)IA Ul U JO ANJIQISS3208 U UIM JUSWIUOIIAUD
OAIA Ul UB SBUIGWI0D 18y} WalsAs Bojeur molrew auog patutid g e dojansp ol

ainsodxa AlAeiBboioiw
0 3JNsal B Se In220 Jey} uolssaidxa auab ul sabueyd Aue se [jam Sse sainynd
(@g) reuolsuawip-3aiy ul SAOW pue Moif $][32 [e1]H0IdIW MOY BUILIEXd O]

Aineib s,yre3 o1 pasredwos usym Aydosie oeipied Jo juswdojanap

3y} 10aye Aew sabueyd asay) Moy ssasse pue AlAelBolo1w Japun spioueblo
JeIpJed pajulidolq @g ul sabueyd anausbida ayy Apnis 03 pue Aliaelb s,yue3
pue AuAeiBoidiw Japun spiouefio oelpsed pajutidolq Qg Ul wisijogeiaw
ABJaua patayfe pue ‘Ajigeln ‘ABojoydiow ayy 1seyuod pue aredwiod o)

WbI13-150d ANAnISussourydaW
11843 JaA023l A3U)) 41 93S 0} SISB|031S0 0] UOISSaIdwod [ealueydsw Ajdde
pue ALAISUSSOUBYIBW 1SB|G0a1SO S199)Je ANARIBOIDIW JI SUIWLIBIBP 0L

NIN/BI0SBUUIIN
10 AusIaniun

0D/0pelojo) 40 ANsIanlun
vO/obaiq ues

‘elulojifed Jo Ausianiun
HN/363]10D ynoweq
1D/AN21193UU0D

10 Aisianiun

AN/aInnsu|

21UY231A|0d Jar[assuay
‘ai/Ausieniun siels astog
ANj/uOIRpUNOS [130 WS

MIOA MBN S D/aInHIsu|
yoJseasay sddiios ayl

XL/N®V Sexsl :X1/0sed
|3 ‘sexal o Ausianun

1N/UeBIYDIN J0 Alsianlun

Buipeo
|euoIIelIARIS) PAdNPaY YN JUSLLUOJIAUSOIIIN
leaniod0pu3 Jo BulgpoN oA Ul paseg-diy) :SS|

WAISAS [€19]9%S0INIsSNIA|
ay1 ul Buijapowiay XLIeA Je|n||a9eix3 uo
Buipeojun o 1983 ay builynuend :ssi

spioueflQ urelg uewnH uo
Buiby paresaaday AlARIBOIDIA JO SWSIUBYIBIA :SS]

uoIsio] MeaH pue urelg oluoAiqu3 ur Aouehong
pue AlIAeIS Jo s8]0y [ealUBYI3 8yl BuljisAun :SS|

suolreolddy
[elIsalia] pue adeds Joj JoNAISU0D anssiL
abe|nue) uswuedwo)-ajdniny buussulbulg :SS|

uonoun4 JSIA Buiby 01 sjeubis
[e2IUBYDIBIA JO UOINQLIUOYD Y} BuIWIRRQ 03 sbojeuy
MOLIBIAl 8U0g € :YdJeasay aAIleIoqe]|0D SS|

SIS0J9]9S ajdnNN
pue aseasiq S,UosuBjied O S|9POIAl [euoisuswIq
-¢ e1160191\] U0 AJARIBOIDIN JO S1084T By L

sainn) piouebiQ deipsed g uo AneiBololn
J0 s198)3 ays BulApnis :yoseasay anIreIoqe||0D/SS|

AineiBoaolN
Ul S1Se|q081SO AQ UoRINpsUBLIOUBYISIN JBIN|[3D :SSI

(T202-0202)
Bunissuibug enssiL SISYO-4SN

(T202-0202)
Bunssuibu3g enssiL SISYO-4SN

(T202-0202)
Bunigauibu3 anssil SISYO-4SN

(T202-0202)
Bupssuibu3g enssiL SISYO-4SN

(T202-0202)
Bunigauibu3 anssil SISYO-4SN

(T202-0202)
Bunigauibu3 anssil SISYO-4SN

(0202-6702)

uonEpUNO |30 Wa)S [euoneN

(6T02-8102)
Bunissuibug enssiL SISYO-4SN

(6T02-8102)
Bunssuibug enssiL SISYOI-4SN

SOAINRI[qO

Uo|7e30 J/UonNYIBU|

a1 Apnis

WBWROUNOUUY
Yo feasoy

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2023 March 18.

in

available

3

Circ Res. Author manuscript



	Abstract
	INTRODUCTION
	Characterization of Spaceflight-Induced Cardiovascular Changes in Astronauts
	Arrhythmias
	Cardiac Atrophy
	Anemia
	Vascular Dysfunction
	Exercise Intolerance
	Orthostatic Intolerance

	Mechanisms of Spaceflight-Induced Cardiovascular Changes
	Arrhythmias
	Cardiac atrophy
	Anemia
	Vascular dysfunction

	Leveraging Spaceflight to Advance Cardiovascular Research on Earth
	Spaceflight as a Model of Accelerated Aging
	Physiological Aging
	Biological Aging
	Integrating Physiological and Biological Models

	Cardiovascular Drug Research and Development in Space
	Cardiovascular hiPSC-CMs in Space
	Organoids and Cardiovascular System-on-a-chip in Space

	Research and Funding Opportunities to Advance Cardiovascular Research in Space and on Earth
	Conclusion

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.

