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Abstract

Human space exploration exposes astronauts to environmental stressors including micro-
gravity (ug) and ionizing radiation, which may adversely affect cardiovascular health.
Human induced pluripotent stem cell (hiPSC)-derived cardiac organoids, also referred to
as cardioids, provide a physiologically relevant model to investigate these effects, but
preservation of complex 3D tissues remains challenging. Current methods rely mainly on
cryopreservation, creating variability and logistical constraints, particularly for space-
flight research. Alternative preservation strategies suitable for both ground-based and
space experiments are therefore needed. In this study, human cardiac organoids were ex-
posed to simulated g (sug) using a random positioning machine (RPM) and to a mixed
neutron-photon field generated by a Californium-252 (22Cf) source. To assess preserva-
tion potential, organoids preserved at ambient temperature in CellShip® transport me-
dium were compared with unpreserved controls. Viability, proliferative activity and func-
tional performance, including spontaneous beating, were assessed. Simulated pg induced
limited detectable effects, whereas chronic irradiation (dose equivalent rate, 1.31-1.33
mSv/h over 70.5-74.7 h) impaired several organoid viability and functional readouts. Am-
bient-temperature-preserved organoids showed greater recovery of measurable beating
after irradiation than unpreserved organoids. These proof-of-concept findings support
further evaluation of CellShip®-based ambient preservation as a non-cryogenic alternative
for cardiac organoids in terrestrial and spaceflight research.

Keywords: ambient temperature preservation; cardiac organoids; simulated micrograv-
ity; ionizing radiation
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1. Introduction

Human space exploration exposes astronauts to a unique combination of environ-
mental stressors, including pg and ionizing radiation, which together can have profound
effects on physiological systems. Among these, the cardiovascular system is particularly
susceptible, with reported alterations in cardiac structure, function, and cellular homeo-
stasis during and after spaceflight [1-4]. Understanding the underlying mechanisms of
these changes is essential for assessing health risks and developing countermeasures for
long-duration missions, such as those planned for deep-space exploration.

To investigate these effects, both spaceflight experiments conducted onboard plat-
forms such as the International Space Station (ISS) and ground-based analog systems are
widely used. Although experiments aboard the ISS provide direct access to the spaceflight
environment, they remain constrained by cost, access, and logistical constraints, including
pre-launch sample preparation and preservation requirements. Ground-based simulation
platforms are essential tools for investigating the biological effects of microgravity in a
controlled and accessible manner. Among these, the random positioning machine (RPM)
is widely used to mimic aspects of microgravity by continuously randomizing the orien-
tation of the gravitational vector through independent rotation around two perpendicular
axes, thereby canceling out the perceived gravitational force over time. Successful simu-
lation of microgravity requires rotation frequencies that exceed the timescale of gravity-
sensitive cellular processes while minimizing centrifugal forces [5-7]. Neutron-emitting
sources such as 22Cf generate mixed neutron—photon fields with high relative biological
effectiveness (RBE) and can be used to investigate responses to secondary neutron com-
ponents relevant to shielded space environments, but they do not reproduce the full en-
ergy, particle, or dose-rate spectrum of galactic cosmic radiation (GCR) [8,9]. Chronic 252Cf
exposure can deliver a dose equivalent of approximately 100 mSv within an experimen-
tally practical interval. This cumulative value is comparable in magnitude to reported ex-
posures during a six-month stay on the ISS, although the radiation quality and dose rate
differ substantially [10]. Investigating organ-specific responses to space-related stressors
requires advanced experimental platforms, such as human 3D in vitro models, including
organoids derived from hiPSCs. 3D cardiac models can recapitulate key aspects of myo-
cardial structure and function, including spontaneous contractility, making them highly
relevant for investigating cardiovascular responses to (simulated) pg and radiation [11-
16].

A critical challenge in both terrestrial and space-based experiments is the preserva-
tion of complex 3D cellular models prior to and during exposure to experimental condi-
tions to maintain viability and functional properties for long-duration experiments. Cur-
rent approaches predominantly rely on cryopreservation, which requires specialized in-
frastructure that increases logistical complexity. Moreover, variability in post-thaw cell
viability as well as function can arise due to factors such as cryoprotective agent (CPA)
toxicity, osmotic stress, and sensitivity to cooling and warming rates, all of which critically
influence post-thaw cell survival [17]. Post-thaw variability in cell viability and function
has been reported for cardiac cells, including impairments in contractility, electrophysio-
logical properties, and metabolic activity, largely due to CPA toxicity, osmotic stress, and
altered cooling and warming rates [18]. These human iPSC-derived cardiac 3D models
have already been implemented in spaceflight studies; in this context, cryopreserved 3D
hiPSC-derived cardiac progenitor spheroids have been successfully transported to the ISS,
thawed in orbit, and cultured to yield viable and functionally active cardiomyocytes [14].
Furthermore, earlier work has demonstrated that spaceflight can induce changes in cardi-
omyocyte calcium handling and mitochondrial function, highlighting the sensitivity of
cardiac cells to the space environment [19]. Alternative preservation strategies, particu-
larly those based on ambient temperature conditions, could simplify workflows, reduce
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resource requirements and enhance flexibility in experimental design for terrestrial and
spaceflight applications. However, the impact of such preservation methods on the via-
bility and function of advanced 3D models, especially under combined space-related
stressors, remains poorly understood.

In this study, we investigated the effects of simulated space conditions on human
cardiac organoids, cardioids, focusing on the combined and individual impact of simu-
lated pg (spg) through application of the RPM and chronic neutron radiation by a 252Cf
source. Importantly, we compared unpreserved organoids with organoids preserved at
ambient temperature using CellShip® transport medium (Life Science Production, SCS-
004K, Bedfordshire, UK) while exposed, in order to evaluate whether this preservation
strategy influences cellular responses to space-related stressors. By integrating advanced
3D cardiac models with both environmental simulation and preservation approaches, this
work aims to contribute to the evaluation of more accessible and scalable methods for
biological space research, while also improving future experimental strategies for studies
conducted both on Earth as well as in spaceflight environments such as the ISS and be-
yond.

2. Results

Ten-day-old cardiac organoids were generated, cultured and preserved at ambient
temperature as previously described [13,20]. After four days of preservation, in the middle
of the total seven-day preservation period, exposure to simulated space stressors was
started. The RPM was used to simulate pg and a 22Cf source was applied at an average
dose equivalent rate of 1.3 mSv/hour to irradiate the samples with high-linear energy
transfer (LET) radiation as one of the components of the GCR spectrum. Both stressors
were applied individually and samples were simultaneously exposed as well. Samples
received a cumulative dose of approximately 92.5-99.5 mSv, approaching the 100 mSv
corresponding to a six-month stay on the ISS (Figure 1) [10]. Preservation of cardiac or-
ganoids was halted after exposure to simulated space stressors to verify recovery capacity
upon exposure. Unpreserved controls were maintained under standard culture conditions
in a humidified incubator and directly subjected to the subsequent experimental expo-
sures without undergoing preservation.
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Figure 1. Overview of our study design. D: day; h: hours; 22Cf: Californium-252; mSv/h: millisievert

per hour. ISS: International Space Station; IHC: immunohistochemistry; RNA seq: RNA extraction

with subsequent sequencing. Created in BioRender. Bijnens, M. (2026) https://BioRen-

der.com/fisi4qn.

2.1. Simulated Microgravity Produces Limited Effects on Cardiac Organoid Viability and
Function Under the Conditions Tested

Preserved and unpreserved cardiac organoids were exposed to simulated pg levels to
evaluate the effect of this space-related stressor. Several readouts were implemented to eval-
uate organoid health under simulated g levels, namely via beating capacity, viability, size,
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ATP measurements, proliferation capacity and degree of apoptosis. Based on brightfield im-
ages of unpreserved controls, no significant difference in organoid diameter was detected over
time post-exposure (Figure 2a,b). However, preserved organoids exposed to simulated pghad
a significant smaller diameter compared to unpreserved controls at the 48 h, 96 h and 168 h
post-exposure timepoints, with mean diameter of 555 + 19 um (p < 0.05), 558 + 22 um (p < 0.05),
and 539 + 31 um, respectively (Figure 2a,b). Despite this reduction in size, ATP-level detection
did not show a corresponding decrease in metabolic activity (Figure 2c), suggesting that the
small difference in organoid size did not affect ATP levels. Visual observation suggested that
more unpreserved cardiac organoids continued beating upon exposure to simulated pg, alt-
hough the opposite was observed in preserved organoids (Supplementary Materials—Figure
Sla). Analysis of this beating capacity in preserved organoids demonstrated an extended con-
traction duration, relaxation time, 10-to-10 transient time and peak-to-peak time at 96 h and
168 h post-exposure, as well as for unexposed preserved organoids compared to an earlier 48
h timepoint (Figure 2d—g). While this effect was present in preserved organoids, it was not
detectable for unpreserved organoids over time or when comparing to control the 1g-level at
each individual timepoint. In addition, at 48 h post-exposure preserved organoids at the 1g
level were beating with a higher frequency compared to unpreserved controls as evidenced
by a reduced peak-to-peak time (Figure 2g).
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Figure 2. Simulated microgravity (sug) does not affect size, ATP levels and beating capacity of car-
diac organoids. (a) Brightfield images of unpreserved and preserved cardiac cardioids post-expo-
sure to spg-level and 1g-level. Scale bar: 500 um. (b) Average cardioid diameter upon exposure to
simulated ug. (c) Averaged cardioid ATP levels post-exposure. ATP: adenosine triphosphate. Beat-
ing parameters of cardiac organoids: contraction duration (d), relaxation time (e), 10-to-10 transient
time (f) and peak-to-peak time (g) in milliseconds (ms). Shades represent biological replicates (N =
3). The data are presented as the means + SD. The Kruskal-Wallis test with Dunn’s multiple com-
parisons test was used. * p < 0.05; ** p < 0.01; *** p <0.001; **** p <0.0001.

Furthermore, immunofluorescence images of cardioid cross sections revealed an av-
erage of 7% Ki67-positive cells at 48 h post-exposure for preserved organoids at the 1g-
level and simulated pg-level, which increased slightly over time, with 20% (1g) and 17%
(sug) at 96 h and 25% (1g) and 20% (spg) at 168 h post-exposure, and after preservation
(Figure 3a,b). Additionally, less Ki67-positive cells were detected in preserved organoids
(7% Ki67-positive cells) compared to unpreserved controls (19% Ki67-positive cells), both
atnormal 1g-levels (p <0.0001) and spg-levels (p <0.01) after 48 h. Moreover, no significant
differences were observed in CC3-positive cells.
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Figure 3. Proliferation capacity and apoptosis in cardiac organoids is not affected by simulated mi-
crogravity (spg) exposure. (a) Fluorescence images of cardiac organoid cross sections. Scale bar: 300
pum. DAPI: nuclear marker; Ki67: proliferation marker; CC3: apoptosis marker. (b) The percentage
of Ki67-positive cells, which is indicative of the number of proliferative cells (N = 3). (c) The percent-
age of CC3-positive cells, which is indicative of the number of apoptotic cells (N = 3). The data are
presented as mean + SD, and the Kruskal-Wallis test with Dunn’s multiple comparisons test was
used. * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

Overall, no statistically significant changes attributable to 75 h of RPM exposure were
detected in the selected viability and functional readouts for unpreserved cardioids. This
absence of detected differences should not be interpreted as evidence that simulated pg
has no biological effect, particularly given the exposure duration and mechanical con-
straints of the RPM configuration. However, comparison of preserved and unpreserved
organoids at both gravity levels revealed transient changes in beating and proliferation
capacity at 48 h, including fewer Ki67-positive cells, with values approaching control lev-
els at later timepoints. A modest reduction in diameter persisted in preserved organoid
exposed to simulated ug.

2.2.222Cf Radiation Alters Viability and Beating Function of Cardiac Organoids

Irradiation with a 2%2Cf neutron source was used to evaluate the effect of chronic neu-
tron exposure on the viability and function of preserved and unpreserved cardiac organ-
oids. Size measurements based on brightfield images (Figure 4a) showed a slightly re-
duced organoid diameter of irradiated samples after 48 h and 96 h post-exposure while
preserved, i.e., an average diameter of 552 + 23 pm after 48 h; 531 + 14 um (p < 0.05) after
96 h, unpreserved irradiated samples had an average diameter of 593 + 22 um after 48 h
and 570 + 23 um after 96 h (Figure 4b). However, this effect was not detected at the final
timepoint, after 168 h. When evaluating the effect of radiation individually by measuring
the size of unpreserved organoids over time post-irradiation, a significantly reduced di-
ameter was observed at 168 h (534 + 27 um) compared to 48 h (593 + 22 pm) (p < 0.001)
(Figure 4b). Evaluation of ATP levels of irradiated, unpreserved organoids revealed a sig-
nificantly reduced ATP level of 35% at 96 h post-exposure compared to sham controls (p
<0.05) (Figure 4c). Irradiation of preserved cardioids induced a significant ATP reduction
of 41% at 168 h compared to sham (p < 0.05) and a reduction of 43% over time when com-
paring ATP levels at 168 h to levels at 48 h post-exposure (p < 0.01) (Figure 4c). These
results are indicative of an adverse radiation effect on cardiac organoid ATP levels, occur-
ring earlier in time post-irradiation when unpreserved compared to preserved samples.
Moreover, this positive effect of preservation while being irradiated was highlighted
when observing beating capacity post-exposure. Here, a decreasing trend in number of
beating organoids over time was detected when organoids were unpreserved, while the
trend was reversed in organoids that were preserved, resulting in more beating organoids
when they were preserved at ambient temperature (Supplementary Materials—Figure
S1b). Moreover, beating capacity of unpreserved irradiation samples was not measurable
by the MUSCLEMOTION tool, represented by the absence of data points for this condi-
tion in the bar plots (Figure 4d-g). Interestingly, organoids that were preserved while
chronically exposed to 22Cf irradiation retained beating capacity post-irradiation, which
highlights a beneficial effect of the preservation methods when exposed to this type of
radiation. Analysis of beating capacity of preserved sham organoids showed a significant
increasing trend at 96 h and 168 h compared to 48 h post-exposure for several parameters
including contraction duration, relaxation time, 10-to-10 transient time and peak-to-peak
time (Figure 4d-g). This is indicative of longer and less frequent contractions that are held
longer in the contracted state. At 48 h post-exposure, sham preserved organoids differed
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from unpreserved organoids in relaxation time and peak-to-peak time, with lower levels
detected due to preservation (Figure 4e,g). The effect of radiation on preserved cardiac
organoids was highlighted by a decreased 10-to-10 transient time at 96 h and 168 h for
preserved irradiated organoids, as well as a decreased peak-to-peak time at 168 h post-
exposure for the latter condition (Figure 4f,g). This is indicative of radiation increasing the
beating frequency and reducing the time held in the contracted state for preserved cardiac
organoids.
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Figure 4. 22Cf radiation reduces size, ATP levels and beating capacity of cardiac organoids. (a)
Brightfield images of unpreserved and preserved cardiac cardioids post-exposure to 22Cf radiation.
Scale bar: 500 um. (b) Average cardioid diameter of sham and irradiation cardiac organoids. (c)
Averaged cardioid ATP levels of sham and irradiated cardiac organoids. ATP: adenosine triphos-
phate. Beating parameters of cardiac organoids: contraction duration (d), relaxation time (e), 10-to-
10 transient time (f) and peak-to-peak time (g) in milliseconds (ms). Shades represent biological
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replicates (N = 3). The data are presented as the means + SD. The Kruskal-Wallis test with Dunn’s
multiple comparisons test was used. * p <0.05; ** p < 0.01; *** p <0.001; **** p <0.0001.

Immunofluorescence images of cardioid cross sections revealed an average of 7%
Ki67-positive cells at 48 h post-exposure for preserved sham organoids, which increased
slightly over time, with 20% Ki67-positive cells at 96 h (p < 0.05) and 25% at 168 h post-
exposure (p < 0.0001) (Figure 5a,b). Additionally, an increasing trend was detected over
time for irradiated preserved organoids, with 7% Ki67-positive cells at 48 h and 17% Ki67-
positive cells at 168 h (p < 0.0001) (Figure 5a,b). Less Ki67-positive cells were detected in
preserved sham organoids (7% Ki67-positive cells) compared to unpreserved sham con-
trols (19% Ki67-positive cells) (p < 0.0001) (Figure 5a,b). This adverse preservation effect
was also present in irradiated organoids after 48 h and 96 h post-exposure, where 15% (48
h) and 18% (96 h) Ki67-positive cells were detected in unpreserved organoids and only
7% (48 h) and 10% (96 h) Ki67-positive cells in preserved organoids (p < 0.05) (Figure 5a,b).
Interestingly, 252Cf radiation decreased proliferation capacity in preserved organoids (10%
Ki67-positive cells) compared to sham at 96 h post-exposure (20% Ki67-positive cells) (p <
0.01) (Figure 5a,b). Moreover, a significant difference in CC3-positive cells was observed
when comparing unpreserved irradiated (2% CC3-positive cells) organoids with sham
controls (0.6% CC3-positive cells) at 48 h post-exposure (p <0.05) (Figure 5a,c). Despite the
variation between replicates, these results could indicate an initial response to radiation
exposure, resulting in more apoptosis when unpreserved and less proliferative cells when
preserved, but these deviations recover to levels similar to controls over time after expo-
sure.
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of proliferative cells (N = 3). (c) The percentage of CC3-positive cells, which is indicative of the num-
ber of apoptotic cells (N = 3). The data are presented as mean + SD, and the Kruskal-Wallis test with
Dunn’s multiple comparisons test was used. * p < 0.05; ** p < 0.01; **** p <0.0001.

Overall, 52Cf irradiation altered ATP-related and contractile readouts in this cardioid
model and was associated with an early increase in apoptosis in unpreserved organoids
and reduced proliferation at 96 h in preserved organoids. Measurable beating was absent
in unpreserved irradiated samples but remained detectable after recovery in preserved
irradiated organoids. Because preservation simultaneously changes temperature, me-
dium composition, and metabolic state during exposure, these findings support an asso-
ciation between the preservation condition and post-irradiation recovery of beating rather
than demonstrating radioprotection per se.

2.3. Effects Observed Following Combined Exposure to >Cf Radiation and
Simulated Microgravity

Combined exposure of cardiac organoids to 252Cf radiation and simulated ug allows
the investigation of possible antagonistic or amplified effects of both simulated space
stressors. Previously discussed individual exposure and/or preservation effects (repre-
sented in Figures 2-5) were not indicated here to highlight the effects of combined expo-
sure to 252Cf radiation and simulated pg. Cardiac organoids size measurements showed a
decreased average diameter for preserved organoids when exposed to simulated ug-lev-
els and radiation at all timepoints compared to unpreserved controls (p < 0.0001) (Figure
6a; Supplementary Materials—Figure S2). At 168 h post exposure, the average diameter
was reduced by 12% for unpreserved organoids (534 + 27 um) that were solely exposed to
irradiation compared to exposure to combined stressors (605 + 65 um) (p < 0.01) (Figure
6a), indicative of a beneficial simulated pg effect while irradiated. Additionally, average
cardioid diameter was reduced with 9% at 96 h post-exposure for preserved 2?Cf-irradi-
ated spg-level samples (508 + 51 pum) compared to preserved sham sug-level samples (558
+22 um) (p <0.01), indicative of an adverse radiation effect added to simulated pg expo-
sure (Figure 6a). This effect was also observed when evaluating ATP levels at 168 h post-
exposure where an average decrease of 37% in ATP levels was detected when preserved
and exposed to combined stressors compared to sham sug-levels (p < 0.05) (Figure 6b).
Interestingly, at the 168 h timepoint, combined exposure reduced the average organoid
diameter by 8% (p < 0.05) and the ATP levels by 41% in preserved samples compared to
sham controls at the 1g-level (p <0.01) (Figure 6a,b). This effect of combined exposure was
not observed in unpreserved cardiac organoids, which could imply higher sensitivity of
cardiac organoids to both space stressors when preserved. However, when comparing
preserved versus unpreserved size and ATP levels when irradiated and exposed to sug-
levels, significant differences were only found in size, not in ATP levels.

Assessment of beating capacity showed that more organoids were beating when pre-
served and exposed to combined space stressors compared to unpreserved controls (Supple-
mentary Materials —Figure Slc). Additionally, the absence of measurable beating capacity in
unpreserved organoids that were irradiated or subjected to combined exposure implies a pro-
tective effect of the preservation method on the beating capacity of our cardiac organoid model
post-exposure (Figure 6¢—n). Furthermore, no significant differences in beating capacity com-
pared to controls were observed at the earliest timepoint of 48 h post-exposure. At 96 h and
168 h post-exposure, 22Cf-radiation in combination with simulated pig-level exposure reduced
the 10-to-10 transient time, i.e., the time in contracted state, in preserved cardiac organoids
compared to the 1g-level and spg-level controls (p <0.0001) (Figure 6i,m). This effect was also
observed in preserved cardiac organoids that were irradiated, without simulated g exposure
(Figure 4e), which could imply a radiation effect rather than an amplified effect of combined

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 10 of 39

exposures. Furthermore, an increased peak-to-peak time was detected in preserved cardiac
organoids at the spig-level in combined exposure when comparing to 1g-level at 168 h post-
exposure (p < 0.01) (Figure 6n), which can be indicative of a sug effect in irradiated samples.
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Figure 6. Combined exposure decreases size and ATP levels of preserved cardiac organoids, while
retaining beating capacity. (a) Average cardioid diameter of sham and irradiation cardiac organoids
after 48 h, 96 h and 168 h post-exposure. (b) Averaged cardioid ATP levels of sham and irradiated
cardiac organoids after 48 h, 96 h and 168 h post-exposure. ATP: adenosine triphosphate. Beating
parameters of cardiac organoids after 48 h, 96 h and 168 h post-exposure: contraction duration
(c,g k), relaxation time (d,h,1), 10-to-10 transient time (e,i,m) and peak-to-peak time (f,j,n) in milli-
seconds (ms). Shades represent biological replicates (N = 3). The data are presented as the means *
SD, and the Kruskal-Wallis test with Dunn’s multiple comparisons test was used. * p < 0.05; ** p <
0.01; **** p < 0.0001.
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Furthermore, immunofluorescence images of cardioid cross sections showed no addi-
tional differences in proliferation capacity and apoptosis when exposed to both simulated
space stressors in unpreserved cardioids compared to controls (Figure 7). The combination of
22(Cf-radiation and simulated pg while preserved reduced the number of Ki67-positive cells
by 56% after 48 h post-exposure (p < 0.001) and increased apoptosis by 49% and 61% after 48
h and 96 h, respectively, compared to unpreserved controls (Figure 7a—c). This adverse preser-
vation effect was restored to control levels, with enhanced proliferation in preserved organ-
oids after 96 h and less apoptosis after 168 h (Figure 7a,b). Furthermore, 63% less Ki67-positive
cells were observed when comparing combined exposure to spg-level exposure in preserved
cardiac organoids after 96 h (p < 0.001) (Figure 7a,b), which could imply an adverse radiation
effect at this timepoint, affecting the rate of regaining proliferative capacity. It is of interest that
this effect was not observed when evaluating cell death post-exposure (Figure 7a,c). Here,
combined exposure in unpreserved organoids resulted in 71% less CC3-positive cells com-
pared to 1g-level irradiated organoids (p <0.01), an effect that was present after 48 h, probably
due to high variation between replicates in the latter condition since this effect was absent in
later timepoints (Figure 7a,c).
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Figure 7. Combined exposure of space stressors does not affect proliferation and apoptosis levels of
cardiac organoids more than individual exposures. (a) Fluorescence images of cardiac organoid

cross sections. Scale bar: 300 um. DAPI: nuclear marker; Ki67: proliferation marker; CC3: apoptosis
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marker. (b) The percentage of Ki67-positive cells, which is indicative of the number of proliferative
cells (N =3). (c) The percentage of CC3-positive cells, which is indicative of the number of apoptotic
cells (N = 3). The data are presented as mean + SD, and the Kruskal-Wallis test with Dunn’s multiple

comparisons test was used. * p < 0.05; ** p <0.01, *** p < 0.001.

Overall, combined exposure was associated with reduced size, ATP levels and 10-to-
10 transient time in preserved cardiac organoids at 168 h post-exposure. Preserved cardiac
organoids retained measurable beating after combined exposure to »>Cf radiation and
simulated g, whereas beating could not be quantified in the corresponding unpreserved
conditions. However, most observed alterations were also present after individual expo-
sure or preservation.

2.4. Ambient Preservation-Induced Alterations upon Exposure to Simulated Space Stressors
Normalize over Time Without Loss of Beating Function

In addition to the evaluation of the effects of simulated space stressors, both individ-
ually and combined, for preserved and unpreserved cardiac organoids, the effects of the
preservation itself were considered. Comparison of preserved to unpreserved cardiac or-
ganoids, irrespective of g-levels, revealed an initial adverse effect of preservation on beat-
ing and proliferation capacity at 48 h via reduced number of Ki67-positive cells, while this
effect was restored to control levels at later timepoints (Figures 2 and 3). More specifically
for preserved organoids only exposed to simulated pig-levels, reduced size measurements
were observed at all timepoints due to an adverse preservation effect occurring when ex-
posed to simulated pg-levels (Figures 2 and 3). This implies that some adverse preserva-
tion effects, regarding size, proliferation and beating capacity, are present 48 h post-expo-
sure, but more effective when exposed to simulated pg-levels. Interestingly, these altera-
tions are restored to levels similar to unpreserved controls over time after exposure, ex-
cept for the reduced cardioid size.

Furthermore, ATP levels and beating capacity of cardiac organoids were affected by
neutron irradiation. Additionally, an initial increase in apoptosis at 48 h post-exposure in
unpreserved organoids and a decreased proliferation capacity in preserved organoids af-
ter 96 h (Figures 4 and 5) were noted. However, these effects restored to control levels
over time, indicating that preserved organoids initially needed more time to regain pro-
liferative capacity. Interestingly, comparison of preserved with unpreserved irradiated
organoids revealed the absence of measurable beating capacity when unpreserved, while
preserved organoids retained their beating capacity post-exposure (Figures 4 and 5).
These findings could imply a possible beneficial effect of preservation while exposed to
neutron irradiation.

When exposed to combined simulated space stressors, ambient temperature preser-
vation reduced organoid size, proliferation and increased apoptosis initially, but this re-
turned to unpreserved control levels by 168 h post-exposure resulting in more prolifera-
tive cells and less apoptosis (Figures 6 and 7). Moreover, preservation of cardiac organoids
while exposed to 22Cf radiation and simulated pig seems to enhance beating capacity re-
tainment post exposure (Figure 6).

2.5. Enriched GO Biological Process Analysis in Preserved Cardiac Organoids Versus
Unpreserved Controls

2.5.1. Ambient Temperature Preservation Promotes a Transcriptional Shift Toward
Restoration of Cardiac-Specific Structure and Function

Enrichment analysis of the gene sets defined within “GO_Biological_Process_2026"
[21] was performed with “Enrichr” [22-24] (Figures 8-10, S7 and S8). Significant (p < 0.05)
differentially expressed genes of preserved versus unpreserved conditions, when not
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exposed to simulated space stressors, were collected in gene sets. Gene ontology (GO)
enrichment analysis of RNA sequencing data was performed separately for upregulated
and downregulated gene sets following ambient temperature preservation during recov-
ery, revealing distinct and functionally coherent transcriptional responses (Figure 8). Up-
regulated genes were strongly enriched for biological processes related to cardiomyocyte
maturation and structural integrity, including “myofibril assembly”, “sarcomere organi-
zation”, and “cardiac muscle contraction”, and driven by key structural and contractile
genes including MYL3, MYL4, MYL7, TNNC1, ANKRD1, and MYPN (Figure 8a) [25,26].
In addition, processes linked to calcium ion handling and excitation—contraction coupling
(e.g., CASQ1, TRPC3, CACNG6) were enriched, suggesting preservation or reactivation of
cardiomyocyte-specific functional pathways (Figure 8a) [27-31]. Developmental and mor-
phogenetic terms, including “cardiac muscle tissue development and morphogenesis”,
further indicate engagement of gene programs associated with tissue organization and
structural integrity, potentially indicating recovery of the organoid phenotype (Figure 8a)
[32-35]. In contrast, downregulated genes were predominantly associated with immune
and inflammatory responses, including complement activation, antimicrobial response,
and cytokine signaling, supported by C3, C4A, C5, CXCL8, and TLR2/3 (Figure 8b). This
suppression is consistent with prior observations that alteration of innate immune signal-
ing contributes to reduced tissue damage and improved cardiac function following stress
or injury [36—41]. Furthermore, strong enrichment of proteolysis and extracellular matrix
(ECM) remodeling pathways (e.g.,, MMP1, ADAMTS4, PRSS family members) suggests a
suppression of tissue degradation and remodeling processes (Figure 8b). Since excessive
ECM turnover and proteolytic activity are hallmarks of pathological cardiac remodeling
and fibrosis, their suppression suggests a stabilization of tissue architecture [42-46]. These
transcriptional changes are consistent with cardioprotective states observed in ischemia—
reperfusion models, where recovery is characterized by restoration of contractile pro-
grams alongside suppression of inflammatory and stress pathways [47]. Overall, these
findings indicate that recovery upon ambient temperature preservation promotes a tran-
scriptional shift toward restoration of cardiac-specific structure and function, while sim-
ultaneously suppressing inflammatory, proteolytic, and stress-associated pathways, con-
sistent with a protective and stabilizing cellular state.

2.5.2. Adaptive Structural Remodeling and Functional Prioritization Under Simulated
Microgravity Conditions

Under simulated pig conditions while preserved at ambient temperature, preserved ver-
sus unpreserved cardiac organoids when exposed to simulated pg, differential gene expres-
sion analysis revealed a clear functional division between upregulated and downregulated
biological processes, indicating a shift from systemic metabolic and immune activities toward
structural and mechano-adaptive responses. The upregulated gene set was strongly enriched
for processes related to muscle structure and contractile apparatus organization, including
“sarcomere organization” and “myofibril assembly”, driven by key structural genes including
ANKRD1, CASQ1, MYPN, and LMOD? (Figure 9a). Additionally, the enrichment of upregu-
lated genes in processes such as “cardiac morphogenesis” and “striated muscle develop-
ment”, is consistent with established roles of these factors in maintaining contractile integrity
and adaptive remodeling of cardiomyocytes under stress conditions (Figure 9a)
[14,16,25,26,48,49]. This response aligns with previous studies demonstrating that ug and al-
tered mechanical loading induce cytoskeletal and contractile remodeling as primary adaptive
mechanisms in cardiac and muscle cells, including enhanced actin filament turnover and re-
organization of actomyosin structures [50-60]. The observed enrichment of pathways regulat-
ing actin polymerization, depolymerization, and cytoskeletal organization further supports
this interpretation, indicating that cells actively reorganize their structural framework to
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compensate for reduced mechanical stimuli. Moreover, the upregulation of calcium signaling
pathways, particularly those involving intracellular Ca? handling via CASQ1, together with
ion transport processes mediated by channels including ATP1A3 and KCNH?7, suggests mod-
ulation of excitation—contraction coupling and electrophysiological responsiveness, observa-
tions that have been widely reported in spaceflight and simulated ug studies of cardiomyo-
cytes [14,19,27-31,61,62]. Collectively, these findings support the notion that pig promotes a
structural and mechanoresponsive phenotype aimed at maintaining cellular integrity and
functional competence despite altered physical forces [63].
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In contrast, the downregulated gene set revealed a marked suppression of metabolic,
immune, and extracellular remodeling pathways, highlighting a systemic reduction in en-
ergy-intensive and homeostatic processes. Pathways related to lipid metabolism and
transport pathways, particularly those involved in “lipoprotein remodeling”, “cholesterol
efflux”, and “triglyceride homeostasis” were strongly repressed, with contributions from
apolipoprotein genes (APOA1, APOE, APOC1-3, APOAS5) and lipid regulators including
LPL and ANGPTL4 (Supplementary Materials—Figure S7a) [64-66]. These observations
are consistent with accumulating evidence that pg disrupts lipid metabolism and alters
lipoprotein dynamics at both transcriptomic and metabolomic levels. This is supported
by studies demonstrating significant alterations in lipid regulatory networks and meta-
bolic homeostasis under spaceflight or simulated pg conditions [65-70]. Simultaneously,
there was significant suppression of immune and inflammatory responses, including
“complement activation” pathways, “acute-phase responses”, and antimicrobial humoral
immunity, indicating decreased activity in innate immune defense mechanisms (Figure
S7a) [36-41,71,72]. Moreover, downregulation of amino acid catabolism and core meta-
bolic pathways further indicates a reduction in metabolic flexibility, a key determinant of
cellular adaptability and energy balance in cardiac tissue. In parallel, the marked suppres-
sion of immune and inflammatory processes, including complement activation, cytokine
signaling, and antimicrobial responses, aligns with well-documented effects of pg and ra-
diation on immune dysregulation and attenuation of innate immune activity. The addi-
tional downregulation of proteolysis and ECM remodeling pathways suggests reduced
extracellular turnover and tissue remodeling, which may reflect a shift toward structural
conservation rather than dynamic reorganization under low mechanical load [16,50,73—
75].

Overall, these data suggest that under simulated pg while preserved at ambient tem-
perature cardiac organoids prioritize cytoskeletal reorganization, contractile adaptation,
and ion-mediated signaling, while simultaneously downregulating energy-intensive sys-
temic functions such as metabolism, immune defense, and extracellular remodeling. This
coordinated response likely reflects an adaptive strategy to cope with reduced mechanical
load and altered environmental conditions, shifting cellular resources from global physi-
ological processes toward localized structural and mechanosensitive adaptation.

2.5.3. 22Cf Radiation Induces Structural Remodeling and Suppresses Tissue
Repair Pathways

Functional enrichment analysis of cardioids exposed to 22Cf radiation while pre-
served at ambient temperature compared to unpreserved exposed cardiac organoids re-
vealed a complex transcriptional response characterized by activation of structural repair
mechanisms, inflammatory signaling, and metabolic adaptations pathways. The enrich-
ment of upregulated genes in biological processes related to cardiac muscle development,
contraction such as “sarcomere organization”, “striated muscle contraction” and “ventric-
ular morphogenesis” (Figure 9b), driven by contractile genes including MYH6, MYBPC3,
TNNC1, MYL3, MYL4/7, is consistent with compensatory responses aimed at restoring
contractile integrity following radiation-induced cellular damage. Such activation of car-
diomyocyte structural genes has been described in stress and injury models, where en-
hanced expression of sarcomeric and cytoskeletal elements reflects attempts to maintain
or rebuild functional architecture [25,26,76]. In particular, cytoskeletal reorganization and
increased actin-myosin filament dynamics are well-recognized responses to mechanical
and oxidative stress, supporting cell survival and structural resilience. The enrichment of
calcium handling and ion transport pathways, including genes including CASQ2 and
TPCN2, further indicates modulation of excitation—contraction coupling and intracellular
signaling, processes known to be highly sensitive to oxidative damage (Figure 9b) [77-79].
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The upregulation of genes involved in ion handling and calcium signaling (e.g., CASQ?2,
TPCN2) suggests modulation of intracellular Ca? dynamics, which are critical for both
contractility and stress signaling [1,27-31,80-83]. Radiation exposure, especially high-LET
neutron radiation, induces substantial oxidative stress and perturbs calcium homeostasis,
thereby inducing adaptive changes in calcium cycling and electrophysiological regulation
[78,83-85].
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Figure 9. Enrichment analysis of differentially expressed upregulated gene sets upon exposure to

(a) simulated microgravity (spg)and (b) 2°2Cf radiation, while preserved at ambient temperature.
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In addition to structural remodeling, the upregulated transcriptional profile included
pathways linked to increased energy demand and oxidative stress responses, including
monosaccharide transport and ROS-generating systems (NOX1, NOX5), suggesting a shift
toward glycolytic substrate utilization and enhanced redox signaling. This is consistent
with radiation biology studies showing that ionizing radiation triggers mitochondrial
dysfunction and ROS production, leading to a metabolic shift and increased reliance on
readily available energy substrates (Figure 9b) [79,86-89]. Moreover, the activation of de-
velopmental signaling pathways, including WNT and FGF networks, supports the con-
cept that irradiated cardiac cells may partially re-engage embryonic or regenerative pro-
grams, an observation widely reported in cardiac injury models as part of tissue repair
and remodeling processes [90-92].

In contrast, the biological processes identified within the downregulated gene set,
highlight a strong downregulation of ECM remodeling, proteolysis, and inflammatory
signaling, indicating that these processes are relatively suppressed in the irradiated con-
dition (Supplementary Materials—Figure S7b). The strongest enrichment is observed in
“ECM organization” and “collagen fibril formation”, involving structural genes including
COL1A1, COL3A1, COL5A3, COL12A1, and remodeling enzymes including MMP1I,
MMP9, MMP13, ADAMTS family members, and LOXL2/4. The prominent suppression of
ECM-related pathways (including collagens, MMPs, ADAMTS proteases, and integrin-
associated signaling) suggests a profound impairment in matrix turnover and remodel-
ing. This is particularly significant because the cardiac ECM provides the structural scaf-
fold required for force transmission and coordinated contraction, and its dynamic remod-
eling is essential for recovery after injury. Radiation-induced disruption of cell-ECM in-
teractions has been reported to alter mechano-sensing and tissue mechanics, further sup-
porting the interpretation that reduced ECM gene expression reflects impaired mechano-
transduction and structural recovery [43,78,93-96].

In parallel, the downregulation of IGF1, FGF2, and MAPK-related pathways high-
lights a suppression of key growth factor networks that regulate cardiomyocyte survival,
regeneration, and adaptive hypertrophy. IGF-1 signaling in particular plays a central role
in maintaining cardiac homeostasis and resistance to injury, and its dysregulation has
been directly linked to radiation sensitivity and adverse cardiovascular outcomes [36—41].
Similarly, FGF signaling is known to mediate cardioprotective effects and promote repair
after injury, including DNA damage responses and tissue regeneration [97]. Therefore,
the coordinated reduction in these pathways strongly suggests diminished regenerative
capacity and compromised recovery potential in the irradiated organoids.

The gene set further indicates suppression of anti-apoptotic signaling (e.g., BCL2-as-
sociated pathways) together with reduced inflammatory and immune responses, includ-
ing complement activation (C3, C4, C5) and cytokine signaling (CXCL8, CCL2). While re-
duced inflammation may transiently limit secondary tissue damage, the concurrent inhi-
bition of apoptotic cell clearance and immune signaling likely impairs removal of dam-
aged cells and disrupts paracrine repair mechanisms. Radiation-induced heart disease is
known to involve dynamic phases of inflammation followed by chronic remodeling and
dysfunction, and suppression of immune and repair pathways has been associated with
impaired healing and increased susceptibility to long-term damage. Thus, the observed
transcriptional state is consistent with a late or maladaptive phase of radiation response
characterized by reduced regenerative signaling [98].

Altogether, these findings indicate that 22Cf exposure while preserved at ambient
temperature induces a coordinated response characterized by upregulation of contractile
and cytoskeletal remodeling programs, alongside a strong suppression of ECM remodel-
ing, diminished survival and growth signaling, impaired immune-mediated repair, and
metabolic adaptation pathways. This transcriptional profile reflects a complex interplay
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between damage repair, immune activation, oxidative stress handling, and structural re-
organization, underscoring the multifaceted cellular response to high-LET radiation.

2.5.4. Combined Simulated Space Stressors Induce Structural Adaptation and
Metabolic Suppression

Functional enrichment analysis of cardiac organoids exposed to combined simulated
space stressors while preserved at ambient temperature revealed a coordinated and selec-
tive transcriptional reprogramming that reflects the integration of mechanical unloading
and radiation-induced stress responses (Figure 10).
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Figure 10. Enrichment analysis of differentially expressed upregulated gene sets upon combined
exposure to simulated microgravity (sug) and 22Cf radiation, while preserved at ambient tempera-

ture.

The upregulated gene set was significantly enriched for biological processes support-
ing ion transport, membrane excitability, and electrophysiological signaling, including
potassium and sodium ion transport mediated by channels encoded by genes including
HCN1, HCN4, KCNH1, KCNH7, KCNIP2, ATP1A3/4. These genes are essential for pace-
maker activity and regulation of membrane depolarization, and action potential propaga-
tion, reflected in enriched terms such as “regulation of sinoatrial node activity”, “cardiac
muscle action potentials”, and “membrane depolarization” (Figure 10). Their activation
aligns with observations from spaceflight and pg models where cardiomyocytes exhibit
altered electrophysiological properties and adaptive modulation of ion channel expres-
sion to maintain functional stability [14,16,19,62,99].

Simultaneous enrichment of processes related to cardiac muscle development acto-
myosin organization and cytoskeletal remodeling, driven by genes including MEF2C,
LMOD3, MYLK3, MYL3, MYPN, suggests that cells actively reinforce structural integrity
and contractile capacity in response to combined stressors (Figure 10) [100-102]. This is
consistent with prior studies showing that both pg and mechanical stress perturbations
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induce cytoskeletal reorganization and activation of developmental gene programs as
compensatory mechanisms to preserve tissue architecture and function [14,60,75,103]. The
presence of genes involved in vascular signaling and immune cell recruitment (e.g., EDN2,
TAFA4, and SELE) further indicates enhanced intercellular communication and crosstalk
between cardiomyocytes and immune or endothelial components, reflecting a stress-re-
sponsive signaling network (Figure 10) [63,75,102,104—-106]. Altogether, these upregulated
pathways imply an adaptive shift toward enhanced electrophysiological responsiveness,
cytoskeletal remodeling, and intercellular communication, potentially indicating compen-
satory mechanisms to maintain tissue function under altered gravitational and radiation
stress.

In contrast, the downregulated gene set revealed a suppression of lipid metabolism,
systemic metabolic activity and immune-related processes, indicating a broad suppres-
sion of energy-intensive and homeostatic functions. A strong suppression of lipid metab-
olism and transport processes was observed, including “triglyceride and cholesterol ho-
meostasis” mediated by apolipoproteins (APOA1, APOE, APOC1-3, LPL, ANGPTL3/4,
DGAT2, MLXIPL), as well as “fatty acid and sterol metabolic pathways” (Supplementary
Materials—Figure S8) [64—66,107,108]. This is in line with accumulating evidence that ra-
diation and simulated pg disrupt lipid handling and metabolic homeostasis at both tran-
scriptomic and functional levels. Microgravity exposure has been shown to alter lipid reg-
ulatory networks and reduce metabolic efficiency, contributing to impaired energy stor-
age and substrate utilization [19,65-70]. The simultaneous downregulation of amino acid
catabolism and xenobiotic metabolism pathways (e.g., CYP, ADH, ARG1, PAH) further
supports the concept of reduced metabolic flexibility, a hallmark of cellular stress and
dysfunction in cardiac systems. Such suppression suggests an impaired ability to switch
between energy substrates, consistent with established links between disrupted amino
acid metabolism and compromised cardiac energetics [107,109-111].

Additionally, the observed reduction in complement activation, cytokine signaling,
and innate immune pathways indicates altered immune responsiveness under combined
sug and radiation exposure. While radiation alone is typically associated with immune
activation and inflammation, the attenuated immune signature observed here may reflect
a complex interplay between pg-induced immune suppression and radiation-driven im-
mune signaling, resulting in a rebalanced or dysregulated immune state as reported in
space biology research. The concurrent downregulation of proteolytic pathways and ECM
turnover further suggests reduced tissue remodeling and circulatory system activity, po-
tentially indicative of suppressed systemic-like functions in the organoids under these
combined stress conditions [41,71,72,94,112-115].

Overall, the transcriptional profile under these combined stressors is characterized
by a division between upregulated electrophysiological, developmental, and signaling
processes and downregulated metabolic, hemostatic, and immune pathways, highlight-
ing a coordinated reprogramming that prioritizes cellular communication and structural
adaptation, while affecting systemic metabolic and circulatory homeostasis. However,
RT-qPCR validation of the described results was not included in the study design, which
is a limitation of the current study. While bulk RNA sequencing provides a comprehen-
sive overview of transcriptional changes, validation of selected differentially expressed
genes using an independent method would strengthen confidence in the reported find-
ings. Therefore, these interpretations should be regarded as hypothesis-generating and
validated in future targeted functional studies.

3. Discussion

Preserved and unpreserved cardiac organoids were exposed to RPM-simulated ug
and/or an accelerated mixed neutron—photon field generated by 22Cf to assess viability
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and function (Figure 11). RPM exposure alone produced no statistically significant
changes in selected readouts under the conditions tested. In contrast, 22Cf exposure al-
tered ATP levels, proliferation, apoptosis and contractile readouts, with some changes ap-
pearing earlier in unpreserved organoids. Preserved irradiated organoids retained meas-
urable beating during the recovery period, whereas beating could not be quantified in
unpreserved irradiated samples. Preservation itself nevertheless caused transient changes
in size, proliferation, and beating parameters. The findings therefore suggest that the am-
bient-preservation condition supports post-exposure recovery of contractile activity, but
they do not by themselves demonstrate a direct radioprotective mechanism. Combined
exposure was associated with changes in size, ATP levels, and contractile timing, formal
interaction testing will therefore be required to determine whether radiation and simu-
lated g act additively, synergistically, or antagonistically. The distinct temporal prolifer-
ation patterns observed between preserved and unpreserved organoids may reflect dif-
ferences in the recovery dynamics following preservation and subsequent exposure. Un-
preserved organoids exhibited higher proliferative activity during the early recovery
phase, whereas preserved organoids showed a more gradual increase in proliferation over
time. One possible explanation is that preservation induces a transient reduction in pro-
liferative activity, delaying cell-cycle re-entry while cells prioritize restoration of cellular
homeostasis and repair of preservation- and exposure-induced stress. Such a delayed pro-
liferative response may be particularly relevant following additional stressors such as sim-
ulated microgravity or radiation, which can activate cellular stress and DNA damage re-
sponse pathways. Consequently, preserved organoids may require a longer recovery pe-
riod before resuming active proliferation, resulting in lower proliferation levels at earlier
time points but progressive recovery at later stages. Although this interpretation is con-
sistent with trends observed in our previous study using the CellShip® preservation plat-
form [20,116], the underlying molecular mechanisms were not investigated in the present
work and therefore remain speculative. Further studies examining cell-cycle regulation,
stress-response pathways, and DNA repair processes are needed to elucidate the biologi-
cal basis of these temporal differences in proliferative behavior.

Previous studies investigating the effects of simulated and ug on cardiac cells have
reported variable outcomes that depend strongly on the model system and exposure con-
ditions. Experiments performed under pg-like conditions, such as those conducted
onboard the ISS, have demonstrated enhanced proliferation and structural growth in 3D
hiPSC-derived cardiac constructs, while largely preserving functional properties such as
beating activity [14,60]. In contrast, simulated pg platforms such as a 2D clinostat or the
RPM have yielded more heterogeneous results, including altered calcium handling and
contractility, oxidative stress, or reduced proliferation, but often without pronounced ef-
fects on overall viability [60,61,117,118]. Even enhanced tissue maturation features were
observed in 3D hiPSC-cardiomyocytes upon seven and fourteen days on the RPM [48].
These observations are consistent with our findings, where RPM exposure alone did not
induce significant changes across the evaluated readouts, suggesting that 75 h exposure
to simulated pg may not be sufficient to compromise viability or function in this cardiac
organoid model. However, our findings are specific to the cardiac organoid model, simu-
lated microgravity platform, and exposure duration employed, which may limit their gen-
eralizability to other experimental systems. The effects of (simulated) microgravity on car-
diac function are known to vary depending on factors such as tissue complexity, cellular
composition, exposure conditions, and the functional endpoints assessed. Consequently,
comparisons with previous studies should be interpreted with caution, as methodological
differences may contribute to divergent observations.
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Figure 11. Graphical overview representing the main findings based on our study design. The con-
clusions drawn from the present findings should be interpreted in light of the limitations of the
study design. Arrows represent up- and down-regulated processes. Green check symbol refers to a
beneficial effect. Red cross symbol refers to an adverse effect. Created in BioRender. Bijnens, M.
(2026) https://BioRender.com/vdvgft3.

In contrast, the biological effects of ionizing radiation, particularly high-LET neutron
radiation, are consistently associated with cytotoxic outcomes. Studies using 2?Cf radia-
tion on cultured human cells have demonstrated clear dose-dependent reductions in cell
survival and increased mutation rates, with a higher relative biological effectiveness (RBE)
compared to photon irradiation, including y-ray radiation [119,120]. Mechanistically, neu-
tron radiation produces dense ionization tracks and complex DNA damage that are diffi-
cult to repair, ultimately leading to increased apoptosis and loss of proliferative capacity.
While studies combining neutron irradiation with cardiac 3D models remain scarce, com-
plementary evidence from space-relevant radiation types, including protons and photons,
supports similar conclusions. In this context, radiation exposure has been shown to induce
oxidative stress [76], cardiomyocyte apoptosis and alter cardiac function, with ATP-de-
pendent mechanisms playing a protective role through modulation of autophagy [121].
More recent work further demonstrates that irradiation directly triggers apoptotic signal-
ing and structural damage in cardiac cells, which can be mitigated by ECM components,
highlighting apoptosis as a central response pathway [122]. In addition, radiation-induced
cardiomyocyte damage has been linked to mitochondrial dysfunction, inflammasome ac-
tivation, and dose-dependent reductions in cell viability, reinforcing the sensitivity of
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cardiac cells to ionizing radiation [15,123-125]. Functional alterations have also been ob-
served at the beating level, where X-ray irradiation modifies conduction properties and
mitochondrial density in cardiomyocytes [126,127].

Taken together, the current literature indicates that while simulated pg alone may
exert relatively modest effects on cardiac cell viability, ionizing radiation, particularly
high-LET radiation such as neutron exposure, represents a dominant driver of cellular
damage. This is consistent with our observations, where little significant effects of simu-
lated pg exposure were detected, whereas clear radiation-induced alterations were ob-
served across the included viability- and function-related readouts. Furthermore, the lim-
ited availability of studies investigating neutron radiation, such as 252Cf, in complex 3D
cardiac systems highlights an important gap in the field. Our findings therefore contribute
as a proof-of-concept to bridging this gap by demonstrating radiation sensitivity in a
physiologically relevant cardiac organoid model and highlight the need for further stud-
ies integrating advanced 3D systems with space-relevant radiation and ug analogs to eval-
uate individual and potential synergistic effects.

In addition to the evaluation of the effects of simulated space stressors, both individ-
ually and combined, the effects of the ambient temperature preservation itself were con-
sidered. Ambient temperature preservation alone caused a temporary reduction in prolif-
eration and a minor decrease in organoid size, particularly under simulated pg, but the
cardioids recovered over time. Similarly, preservation also delayed proliferative capacity
following high-LET radiation exposure, but this was restored to control levels at later
timepoints. Despite these initial effects, preserved irradiated organoids retained beating
capacity, whereas beating could not be measured in unpreserved irradiated organoids,
suggesting a protective effect of preservation during radiation exposure. A similar benefit
was observed under combined radiation and simulated pig, where preserved organoids
maintained beating function despite transient reductions in size and proliferation and in-
creased apoptosis.

GO biological process enrichment analyses generated hypotheses consistent with the
phenotypic findings. Preservation was associated with enrichment of gene sets related to
cardiac structure and function and with reduced representation of inflammatory pro-
cesses. Simulated g may be associated with cytoskeletal, contractile, and ion signaling
gene sets, and 22Cf radiation may be associated with stress-related, ECM, survival and
immune-response gene sets. Combined exposure was associated with transcriptional
changes involving electrophysiological, structural, metabolic, and immune-related path-
ways, although these observations require further validation. Because over-representa-
tion analysis identifies associations within a selected differentially expressed gene list and
does not establish pathway activation, cellular adaptation, or causal protection, these in-
terpretations should be regarded as hypothesis-generating and validated in future tar-
geted functional studies. Although RNA sequencing provides a comprehensive overview
of gene expression changes, additional validation, including RT-qPCR, would strengthen
confidence in the identified differentially expressed genes. Furthermore, the tran-
scriptomic analyses were specifically designed to compare preserved and unpreserved
organoids within each exposure condition and were not intended to comprehensively
characterize the biological effects of simulated microgravity or radiation. Consistent with
this focused study design, no significantly enriched pathways directly related to prolifer-
ation, ATP metabolism, or apoptosis were identified that could readily explain the ob-
served phenotypic outcomes. Consequently, the relationship between the transcriptomic
and functional findings remains associative rather than mechanistic. Future studies incor-
porating RT-qPCR validation, targeted analyses of radiation- and microgravity-induced
responses, and complementary metabolic and functional assessments will be important
to further elucidate the molecular basis of the observed effects.
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Previous studies have demonstrated that 3D organoid systems and stem cell-derived
tissues can be successfully preserved and transported under static conditions, including
during flight-like or shipping scenarios [19]. In this context, human stem-cell derived or-
ganoids maintained high viability (+95%), stable apoptosis levels, and preserved electro-
physiological activity following multi-day transport in sealed, medium-filled containers
[128,129]. In cardiac models, preservation strategies have further shown that functional
readouts such as beating activity can recover after storage, even when temporarily halted
during preservation, indicating that transient functional arrest does not necessarily reflect
irreversible damage [130,131]. These findings highlight the importance of environmental
control, including container filling, temperature stability, and minimization of shear
stress, for maintaining viability and function in complex 3D systems. In the context of
space research, preservation is a critical requirement for enabling transport and delayed
experimental execution onboard the ISS. Cardiac spaceflight experiments consistently rely
on pre-preservation strategies, most commonly cryopreservation. For instance, cryo-
preserved 3D hiPSC-derived cardiac progenitor spheroids have been successfully trans-
ported to the ISS, thawed in orbit, and cultured for extended periods, resulting in viable,
proliferative, and functionally active cardiomyocytes exhibiting spontaneous beating [14].
The underlying methodology, including combining cryopreservation with COz-inde-
pendent culture systems, was specifically developed to address logistical constraints of
spaceflight, such as limited crew time, absence of standard incubators, and the need for
stable, closed systems [132]. More recent studies using hiPSC-derived cardiac spheroids
further confirm that 3D cardiac constructs can be transported to the ISS and retain beating
activity and metabolic responsiveness following exposure to pg [133].

Altogether, these studies demonstrate that preserved 3D cardiac tissues can with-
stand transport, storage, and delayed activation while maintaining viability, proliferative
capacity, and functional properties. However, current approaches almost exclusively rely
on cryogenic storage, using toxic CPAs and requiring specialized infrastructure. In con-
trast, ambient temperature preservation strategies remain largely unexplored in the con-
text of spaceflight. In this regard, our findings provide a proof-of-concept for a comple-
mentary or alternative approach by demonstrating that 3D cardiac organoids can be main-
tained under ambient conditions, while preserving viability and functional properties af-
ter recovery. This suggests potential advantages for simplifying logistics, reducing reli-
ance on cryogenic infrastructure, and expanding experimental flexibility in future space
biology applications. In particular, understanding the impact of space-related stressors on
the cardiovascular system is essential for assessing astronaut health risks during long-
duration missions [14,49,52,134,135]. However, maintaining the viability and functional-
ity of complex cell cultures during transport to the ISS or during deep-space missions re-
mains a major logistical and technical challenge, often requiring substantial resources for
preservation, storage, and handling. The development of ambient temperature preserva-
tion strategies that maintain both viability and function of 3D cellular systems could sig-
nificantly reduce current technical barriers and enable more flexible experimental designs
in space biology. In our study design, ambient temperature preservation was applied on
3D cardiac organoids for seven days while exposed to simulated space stressors by using
the RPM and high-LET 22Cf radiation. This timeframe is particularly relevant, as it aligns
with typical payload preparation and transport durations for space missions, including
those to the ISS [136,137]. Consequently, room temperature-based preservation may offer
practical advantages by simplifying handling procedures, reducing dependence on cryo-
genic infrastructure, and lowering payload weight and associated costs. Therefore, future
studies should focus on scaling these preservation approaches to larger and more inte-
grated tissue systems, as well as evaluating their long-term stability under combined
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space-relevant stressors, including prolonged exposure to pg and an extended spectrum
of radiation simulating cosmic radiation.

While room-temperature preservation using CellShip® has previously been validated
for suspended cells for up to 120 h in static conditions, we recently published a study that
extends this approach to a more complex 3D cell model over seven days [20]. Our findings
suggested potential applicability of this method over longer durations and in more ad-
vanced biological systems, although this will require further validation through adapted
experimental designs. In addition, the influence of scaling and container-related parame-
ters should be considered in the context of ambient temperature preservation and
transport. Factors such as container geometry, volume-to-tissue ratio, and gas exchange
may affect preservation outcomes. In the current study, cardiac organoids were preserved
in air-tightly sealed 96-well plates, which were placed at the side or on the RPM to simu-
late ug. This experimental set-up was selected to maintain stable conditions, prevent me-
dium evaporation, and enable a simple, low-effort workflow requiring minimal handling
and small volumes of preservation medium. The use of 96-well plates also aligns with the
standard culture format of the organoids, as they are generated, matured, and maintained
in the same system, thereby reducing potential sources of variability. However, this sim-
plified setup does not account for potential effects of medium exchange during storage
and does not systematically address variables relevant to scaling, such as container type,
volume, or oxygen availability. Modifications to these parameters, for example, periodic
medium replacement or the use of alternative container formats, may influence long-term
preservation outcomes. A systematic evaluation of these factors was beyond the scope of
our study. Furthermore, a limitation of the present study is the absence of a conventional
cryopreservation control group. Although inclusion of cryopreserved organoids would
have enabled direct comparison with the current standard preservation approach, incor-
porating this additional condition was beyond the scope of the study due to the substan-
tial increase in experimental complexity, sample requirements, and logistical demands
associated with the tightly synchronized exposure procedures. In addition, cryopreserva-
tion was intentionally not included because previous work from our group demonstrated
that this preservation approach resulted in suboptimal recovery of cardiac organoids fol-
lowing thawing, with adverse effects on both viability and functional performance [20].
As the aim of the present study was to evaluate the feasibility of an ambient-temperature
preservation strategy as an alternative to conventional cold-chain dependent approaches,
comparisons were therefore restricted to room-temperature-preserved organoids and
fresh, unpreserved controls. Consequently, the current findings cannot provide insight
into how cryopreserved organoids would respond to simulated spaceflight-associated
stressors, nor whether cryopreservation itself would modify susceptibility to radiation ex-
posure or simulated microgravity. Cryopreservation may introduce additional cellular
stress, alter metabolic activity, or affect tissue integrity, all of which could potentially in-
fluence subsequent responses to environmental challenges. Future investigations should
therefore include a cryopreserved control group and directly compare fresh, ambient-tem-
perature-preserved, and cryopreserved organoids under identical spaceflight-relevant
conditions. Such studies would enable a more comprehensive assessment of the relative
advantages and limitations of each preservation strategy, while also determining whether
preservation-induced alterations influence biological outcomes following exposure to
simulated space stressors.

Another limitation of this study is its exclusive focus on cardiac organoids derived
from a single hiPSC line, as our model of interest, which restricts the generalizability of
the findings. Therefore, these results should be considered as being preliminary. Further
investigations are needed to evaluate whether the observed effects can be replicated across
multiple hiPSC lines and extended to a wider variety of microtissue models. Furthermore,

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796

25 of 39

organoid size and morphology were not quantitatively assessed immediately prior to the
simulated space stressor exposure. Although the cardiac organoids were generated using
a standardized and validated protocol designed to produce highly uniform constructs
[13,20], and organoids were randomly assigned to experimental groups following routine
quality control assessments, the absence of direct size measurements before exposure pre-
cludes complete exclusion of size-related variability between groups. Future studies
should incorporate systematic imaging and quantitative morphometric analyses before
and after preservation and exposure to further strengthen the evaluation of treatment-
related effects on organoid structure and function.

In this study, cell viability was primarily assessed through ATP quantification using
the CellTiter-Glo® 3D Cell Viability Assay and functional beating capacity. Supporting
indicators included the presence of proliferative (Ki67-positive) cells and the proportion
of apoptotic (CC3-positive) cells, which together provided insight into viability within the
cardiac organoid model. However, incorporating additional methods, including direct
cell counting and fluorescence-based live/dead imaging, would strengthen the evaluation
of cell viability, cell loss, and cell death. While the included assays provide robust
measures of overall viability and function, they do not offer spatial information on the
distribution of viable and non-viable cells within the 3D organoid structure. Additional
approaches such as FDA/PI staining combined with advanced 3D imaging could provide
a more comprehensive assessment of cellular viability. However, these methods require
specialized live-imaging infrastructure and rapid post-exposure analysis, which were be-
yond the scope of the current study. Future investigations incorporating such techniques
would further strengthen the characterization of organoid responses to preservation and
spaceflight-relevant exposures. Furthermore, the observed changes in individual beating
parameters cannot directly be classified as beneficial or detrimental for this model. The
MUSCLEMOTION software tool offers a quantitative assessment of organoid movement
as a mechanical response, which allows the detection of beating behavior alterations with-
out assessing functional superiority based on specific parameter shifts when evaluating
the output. Our interpretation is based on the overall deviation from control behavior.
Therefore, assigning functional superiority to specific parameter values is not possible.
Furthermore, organoid beating dynamics were quantified using this tool without comple-
mentary electrophysiological, calcium-handling, or contractility measurements. Although
this approach enables objective assessment of changes in contraction behavior, alterations
in parameters such as contraction duration, relaxation time, or beating frequency cannot
be directly interpreted as indicators of improved or impaired cardiac function. Addition-
ally, temporal changes observed during the recovery period may reflect adaptive re-
sponses to exposure rather than preservation-specific effects. Consequently, the physio-
logical significance of the observed beating alterations remains uncertain. Future studies
incorporating more comprehensive functional analyses will be necessary to clarify the bi-
ological relevance of these findings and to better understand the effects of preservation
and simulated microgravity on cardiac organoid performance.

Although our findings indicate a potential for ambient temperature preservation of
3D cell constructs for space-related biological experiments, additional validation is re-
quired before drawing broader conclusions about its overall applicability. Our study de-
sign aimed to simulate key space-related stressors, including ug and radiation, that are
relevant to astronaut exposure. Microgravity-like conditions were simulated using an
RPM, which induces a continuous free-fall state. While this approach mimics certain as-
pects of pg, it does not fully replicate the complexity of true g environments. The RPM
is a 3D free-fall simulator that rotates along two axes (x-axis and y-axis), each at different
and random speeds [7]. In this way, the apparent resulting gravitational vector is reduced
to zero. Simulation of this ug condition requires that the rotation of the independent
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frames of the RPM must be faster than the biological processes occurring in the cells, while
limiting centrifugal forces [6]. Moreover, the use of the RPM introduces technical chal-
lenges in cellular experiments, including limited sample capacity and the need to mini-
mize shear stress caused by air bubbles. However, the mechanical environment generated
by the RPM is complex and consists not only of gravity-vector averaging, but also fluid
motion, shear stress, and rotational accelerations. The relative contribution of these factors
strongly depends on the culture configuration. To address these issues, no gel or matrix
coating was applied to the culture plates, as prior in-house experience indicated that these
approaches could introduce technical complications during sample collection and lead to
sample loss. Instead, 96-well plates were carefully filled and sealed to minimize the pres-
ence of air bubbles and likely limit organoid displacement, fluid circulation, and shear
stress during RPM operation [6,138]. Under these conditions, the RPM may primarily in-
duce continuous reorientation of the gravity vector while generating little biologically rel-
evant unloading. This may be particularly important for cardiac organoids, as the contrac-
tile forces produced by beating cardiomyocytes are expected to be orders of magnitude
greater than gravitational loading acting on the tissue [60]. Although RPM studies have
been conducted using adherent cells, free-floating spheroids, and organoids, these sys-
tems are generally investigated separately [139]. To date, no systematic study has directly
compared identical biological models cultured as free-floating, matrix-embedded, and
substrate-attached preparations under identical RPM conditions. Therefore, it remains un-
clear to what extent reported biological responses result from simulated ug itself or from
differences in mechanical coupling between the sample, ECM, and surrounding fluid.
Although RPM systems are widely employed to reproduce aspects of gravitational
unloading by continuously randomizing the gravity vector, they do not fully recapitulate
the fluid dynamic environment encountered during spaceflight. In true microgravity, the
absence of buoyancy-driven convection results in a diffusion-dominated environment in
which nutrient delivery, waste removal, and gas exchange occur primarily through pas-
sive transport mechanisms [140-142]. In contrast, the continuous multi-axis rotation of the
RPM induces fluid movement and mixing within the culture medium, potentially enhanc-
ing mass transport and reducing the formation of diffusion gradients around the organ-
oids. Consequently, cellular oxygenation and nutrient availability may differ substantially
between RPM-exposed samples and both static 1g controls and authentic spaceflight con-
ditions [138]. These differences are particularly relevant when interpreting the combined
RPM and irradiation experiments. Oxygen availability is a well-established determinant
of radiation sensitivity, as molecular oxygen can enhance the fixation of radiation-induced
DNA damage through the oxygen enhancement effect [143,144]. Therefore, RPM-induced
alterations in oxygen transport may have influenced the magnitude of the observed radi-
ation responses, including changes in ATP levels, proliferation, apoptosis, and gene ex-
pression. As oxygen tension was not directly measured in the current study, it is not pos-
sible to determine the extent to which the observed effects reflect responses to gravita-
tional unloading itself, altered mass transport conditions, or interactions between oxygen
availability and irradiation. The absence of significant effects on viability and beating ca-
pacity following RPM exposure alone may similarly reflect, at least in part, the unique
fluid dynamic environment generated by the RPM. These considerations highlight the
need for caution when extrapolating RPM findings to true spaceflight conditions. More
broadly, the interplay between oxygenation, altered gravity, and radiation exposure rep-
resents an important challenge for future human space exploration. Understanding how
local oxygen availability influences cellular responses to radiation under conditions of al-
tered gravity will therefore be critical for predicting tissue adaptation and radiation risk
during long-duration spaceflight. Future studies incorporating direct measurements of
oxygen tension, mass transport dynamics, and validation in real microgravity platforms
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will be essential to disentangle these interconnected factors and improve the translational
relevance of ground-based spaceflight analog models. Collectively, these considerations
suggest that the limited effects observed in our cardiac organoids may reflect both the
intrinsic biomechanics of the model and the constraints of RPM-based pg simulation in
small-volume culture systems. Future validation in low Earth orbit (LEO) would be ideal
to distinguish between intended effects and artifacts induced by the model’s limitations,
and thus to further validate the quality of RPM simulations.

Furthermore, a 2?Cf source was used to simulate the neutron component of GCR.
Although astronauts are primarily exposed to high-energy protons, heavy ions, and sec-
ondary neutrons, the latter are of particular concern for deep-space missions due to their
high penetrative capacity and contribution to secondary radiation. Radiation from a 2>Cf
source is widely accepted as a space radiation analog, as it produces highly damaging
radiation per unit energy and is more difficult to shield against. The neutron irradiation
conditions used in this study resulted in a cumulative dose equivalent of approximately
92.5-99.5 mSv delivered at a dose rate of approximately 1.3 mSv/h. Although this dose
rate is considerably higher than that encountered during human spaceflight, the total ac-
cumulated dose is within a range relevant to long-duration exploration missions. Astro-
nauts aboard the ISS typically receive approximately 80-160 mSv during a six-month mis-
sion, corresponding to average dose rates of about 0.3-1 mSv/day [145]. In contrast, mis-
sions beyond LEO are expected to result in substantially higher cumulative exposures due
to the absence of geomagnetic shielding [86,146]. Measurements performed by the Radia-
tion Assessment Detector aboard the Mars Science Laboratory during transit to Mars re-
ported an average radiation dose equivalent of approximately 1.8 mSv/day in deep-space
[147], which would result in cumulative exposures approaching 1 Sv during a round-trip
Mars mission [146,148]. Compared with these values, the cumulative neutron dose ad-
ministered in our study is comparable to that received during a typical six-month ISS mis-
sion, but delivered over a much shorter period. Consequently, our experimental design
does not accurately replicate the chronic low-dose-rate radiation environment experi-
enced during spaceflight, but instead represents an accelerated exposure model that ena-
bles the investigation of radiation-induced biological responses and the potential radio-
protective effects of ambient preservation in cardiac organoids within experimentally
practical timescales. Such accelerated irradiation strategies are commonly applied in
ground-based space radiobiology studies to model cumulative radiation effects while
maintaining feasible experimental durations [86,146]. Future studies will be crucial to de-
termine whether this approach can reliably complement existing preservation strategies
used to send cellular experiments to the ISS or beyond and provide practical benefits in
specific experimental study designs for future space experiments.

To compare the responses to different radiation qualities, acute ©Co y-ray irradiation
was evaluated in addition to accelerated 2%2Cf exposure (Supplementary Materials). °Co
v-rays are low-LET radiation, whereas the 22Cf source produces a mixed field in which
neutrons generate densely ionizing recoil particles and generally show higher RBE than
photons [149,150]. The ®Co and 22Cf experiments differed not only in radiation quality
but also substantially in absorbed dose, dose rate, and exposure duration; direct attribu-
tion of between-experiment differences to LET or chronicity alone is therefore not possi-
ble. Irradiation with a ®Co source resulted in comparatively limited effects on cardiac or-
ganoid viability and functional properties, whereas exposure to 222Cf induced more pro-
nounced alterations across multiple readouts. This difference is consistent with the fun-
damental radiobiological properties of these radiation types. ®Co emits low-LET vy-rays,
which primarily induce sparsely distributed DNA damage that is often repairable;
whereas, 22Cf emits high-LET neutrons that generate dense ionization tracks, leading to
complex DNA lesions that are more difficult to repair and thus exhibit higher RBE
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[149,150]. In addition, »?Cf generates a mixed radiation field with both neutron and
gamma components, more closely resembling the heterogeneous radiation environment
encountered in space [86,151]. As mentioned before, neutron radiation is a relevant com-
ponent of the space radiation environment, particularly as secondary radiation generated
by interactions of GCRs with shielding materials, further supporting the use of 222Cf as a
ground-based analog [152]. In addition to differences in radiation quality, the exposure
profile likely contributed to the observed effects. In this study, ®°Co irradiation was deliv-
ered as an acute dose, whereas 22Cf exposure occurred chronically at low dose rates.
Chronic irradiation has been shown to result in cumulative biological damage through
sustained oxidative stress, persistent DNA damage signaling, and impaired cellular re-
covery mechanisms, even at relatively low dose rates [8,153]. Moreover, prolonged low-
dose neutron exposure may better reflect the continuous radiation environment encoun-
tered during long-duration space missions, in contrast to acute y-irradiation exposure that
do not capture this temporal aspect. Together, these findings are compatible with estab-
lished differences in radiation quality, but the 22Cf field represents only one accelerated
ground-based model of a secondary-neutron component and does not reproduce the full
mixed particle spectrum or low dose rates encountered in space. Future studies using
matched absorbed doses, dose rates, and exposure schedules, together with reporting of
neutron and photon dose components, will be needed for a rigorous comparison of radi-
ation quality.

Overall, this proof-of-concept study provides preliminary evidence that ambient-
temperature preservation in a microplate format can maintain recovery of cardiac organ-
oid viability and contractile activity following exposure to selected simulated space stress-
ors. However, given the exploratory nature of the study and its limitations, additional
validation is required before broader conclusions can be drawn. Future studies should
assess robustness across storage durations and temperature excursions, distinguish the
contributions of medium composition, temperature, and metabolic suppression, and eval-
uate the reproducibility and generalizability of these findings across a wider range of
preservation conditions and spaceflight-relevant environments.

4. Materials and Methods
4.1. Organoid Culture

Cardiac organoids were generated from human-induced pluripotent stem cells (hiP-
SCs) (UCSD163i-95-1, WiCell Research Institute, Madison, WI, USA) and maintained at
37 °C in a humidified atmosphere containing 95% air and 5% CO:. Cardiomyocyte differ-
entiation was performed on the basis of the differentiation protocol previously published
by Hofbauer et al. with adaptations [12,13]. Cardioids are first formed through an eight-
day differentiation protocol including mesoderm induction, cardiac mesoderm induction
and cardiomyocyte specification. Cardioids are then dissociated and reassociated into a
Corning® 96-well black/clear round bottom ultralow attachment surface spheroid micro-
plate (Corning, 4520, Berlin, Germany) to form the final organoids. Cardiac organoids
were maintained in maintenance medium, chemically defined medium (CDM) prepared
by mixing 50% IMDM (GIBCO™, 12440053, Thermo-Fischer Scientific, Waltham, MA,
USA) and 50% F-12 Nutrient Mix (GIBCO™, 11765054, Thermo-Fischer Scientific, Wal-
tham, MA, USA) and adding 5 mg/mL BSA (Sigma-Aldrich, A7030, Merck KGaA, Darm-
stadt, Germany), 1% chemically defined concentrated lipids (GIBCO™, 11905031,
Thermo-Fischer Scientific, Waltham, MA, USA), 0.004% 1-thiolglycerol (Sigma-Aldrich,
M6145, Merck KGaA, Darmstadt, Germany) and 15 pg/mL Transferrin (Sigma-Aldrich,
178481, Merck KGaA, Darmstadt, Germany) with subsequent 0.2 um filter filtration. This
CDM was supplemented with 10 pg/mL insulin (Roche, 11376497001, Merck KGaA,
Darmstadt, Germany) and 100 ng/mL VEGF-165 (STEMCELL, 78159.1, Saint Egr‘eve,
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France). Size measurements based on the cardioid diameter were performed via bright-
field images taken with the Leica Application Suite microscope software platform V4.13
(Leica Microsystems, Wetzlar, Germany).

4.2. Preservation

Ten-day-old cardiac organoids were transferred to a Corning® 96-well Black/Clear
Round Bottom Ultra-Low Attachment Surface Spheroid Microplate (Corning, 4520, Berlin,
Germany), containing 300 uL of CellShip® Cell Transport medium without insulin (Life
Science Production, SCS-004K, Bedfordshire, UK) and a single cardiac organoid per well.
These plates were sealed using sterile Nunc™ Seals (Thermo-Fisher Scientific, 236366, Wal-
tham, MA, USA) to prevent medium evaporation and stored in a transport box to prevent
vibrations for preservation at room-temperature (2025 °C). After exposure to simulated
space stressors, medium was changed with 200 pL prewarmed maintenance medium per
well, with subsequent medium changed every 48 h. Two days (48 h), four days (96 h) and
one week (168 h) post-exposure, viability and functionality measurements were per-
formed. Unpreserved controls were transferred to the same type of 96-well plates, with
300 pL maintenance medium, maintained under standard culture conditions in a humid-
ified incubator and directly subjected to the subsequent experimental exposures. Prior to
exposure they were sterile sealed and kept at 37 °C while exposed to simulated space
stressors.

4.3. Space Stressor Simulation
4.3.1. Simulated Microgravity

Simulated ug (spg) conditions were created using an RPM 2.0 (Yuri Gravity GmbH,
Meckenbeuren, Germany). The well plates were filled with maintenance or preservation
medium and sealed with a sterile sealer, allowing airtight and bubble-free sealing of the
96-well plates, as air bubbles are a cause of concern regarding g experiments due to the
impact of shear stress on the cells. The cardioids were exposed to simulated g for 75 h to
evaluate cellular responses to chronic spg exposure. Although RPM systems are widely
employed to reproduce aspects of gravitational unloading by continuously randomizing
the gravity vector, they do not fully recapitulate the fluid dynamic environment encoun-
tered during spaceflight.
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4.3.2. Ionizing Radiation Exposure

A Californium-252 (?2Cf) bare mixed neutron—photon source (Hopewell Designs, Al-
pharetta, GA, USA) was used to chronically irradiate preserved and unpreserved cardiac
organoids for 70.5-74.7 h, depending on experimental run, in free air with a panoramic
beam at a distance of 75 cm. Dosimetry was performed in accordance with ISO 8529-1:2021
(Neutron reference radiations fields. Part 1: Characteristics and methods of production),
ISO 8529-2:2000 (Reference neutron radiations. Part 2: Calibration fundamentals of radia-
tion protection devices related to the basic quantities characterizing the radiation field)
and ISO 8529-3:2023 (Neutron reference radiation fields. Part 3: Calibration of area and
personal dosemeters and determination of their response as a function of neutron energy
and angle of incidence). The samples were located in the center of a 10 m x 10 m x 5 m low
scattering room (Laboratory of Nuclear Calibration (LNK) at Belgian Nuclear Research
Centre (SCK CEN), Mol, Belgium). The RPM system was placed in a standard dry incu-
bator at 37 °C or at ambient temperature, depending on the condition. These incubators
were situated at the height of the radiation outlet using a scaffold. An average dose equiv-
alent rate of 1.31-1.33 mSv/h was applied, resulting in a final cumulative dose of 92.5-99.5
mSv over 70.5-74.7 h, respectively.

In addition, unpreserved and preserved cardiac organoids were irradiated vertically
in free air by gamma-rays (y-rays) using a Cobalt-60 (°Co) y-ray source (1.1732, 1.3325
MeV) with a 35 cm x 35 cm collimated beam at a distance of 100 cm. Dosimetry was per-
formed in accordance with ISO 4037:2019 (Radiological protection—X and gamma refer-
ence radiation for calibrating dosemeters and doserate meters and for determining their
response as a function of photon energy. Part 1: Radiation characteristics and production
methods). Cardiac organoids were irradiated with a total dose of 1 Gy using a dose rate
of approximately 0.62 Gy/min. Results of radiation experiments using ®Co are described
in the Supplementary materials (Figures S3-56) and referred to in the Discussion section.

4.4. Immunofluorescence Imaging
4.4.1. Cryosections

Cardiac models were fixed with 10% neutral-buffered formalin solution (CellStor,
CellPath, Newtown Powys, UK) at room-temperature (RT) before being immersed in 30%
sucrose solution until use, followed by embedding in cryogel for cryosectioning at 10 pm
using a cryostat (MICROM International GmbH, part of Thermo Scientific CryoStar NX50,
Walldorf, Germany). The sections were mounted onto SuperFrost Plus Adhesion micro-
scope slides (Epredia™, 22-042-941, Thermo Fischer Scientific, Waltham, MA, USA).

4.4.2. Immunohistochemistry

The cryosections were air-dried for 30 min, washed (3 x 5 min) with phosphate-buff-
ered saline (PBS, Gibco, Waltham, MA, USA), boiled in pH 6 citrate buffer for antigen
retrieval (Agilent, 51699, Santa Clara, CA, USA), and washed in Tris-buffered saline with
0.1% Tween-20 (TBS-T, Sigma-Aldrich) for permeabilization. Afterwards, the cells were
blocked with 20% preimmune goat serum (PIG, Thermo Fisher Scientific, 31872, Waltham,
MA, USA) in Tris-NaCl-blocking buffer (TNB) for one hour at RT. Afterwards, the sam-
ples were incubated overnight at 4 °C with rabbit anti-cleaved caspase-3 (CC3) (1:200, Cell
Signaling, 9661, Leiden, The Netherlands), and rat anti-KI-67 (Antigen Kiel 67) (1:1000,
eBioscience™, 14-5698-82, Thermo Fischer Scientific, Waltham, MA, USA) diluted in 5%
PIG in TNB. After being washed with TBS-T (3 x 5 min), the cells were incubated with
secondary goat anti-rat Alexa Fluor 568 (Invitrogen™, A-11077, diluted 1:200 in TNB,
Thermo Fischer Scientific, Waltham, MA, USA), and goat anti-rabbit Alexa Fluor 647 Plus
(Invitrogen™, A32733, diluted 1:1000 in TNB, Thermo Fischer Scientific, Waltham, MA,
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USA). The cells were then washed with TBS-T followed by incubation (15 min) with 4',6-
diamidino-2-phenylindole (DAPI, 5 pg/mL in PBS; Sigma-Aldrich, D9542, Merck KGaA,
Darmstadt, Germany). Subsequently, the cryosections were mounted with Molecular
Probes™ ProLong™ Diamond Antifade Mountant with DAPI (Thermo Fischer Scientific,
15810083, Waltham, MA, USA) and stored at —20 °C. A Nikon Eclipse Ti-E inverted wide-
field microscope (Nikon Instruments, Amstelveen, The Netherlands) with a 20x objective
connected to a Prime BSI sCMOS camera was used to visualize cells in the cardiac models
that were positive for the distinct markers. Image] version 1.54 was used to analyze the
number of cells positive for cleaved caspase-3 or Ki67 on the basis of intensity measure-
ments with rolling ball correction via a nuclear mask on the basis of the DAPI signal.

4.5. Adenosine Triphosphate (ATP)-Level Quantification

The cardiac organoids were transferred to white opaque 96-well F-bottom plates
(Greiner, 655083, Vilvoorde, Belgium) with standard culture medium added to the wells.
One single organoid was transferred to a single well in the 96-well plate to maintain equal
organoid concentration per condition. An equal volume of the CellTiter-Glo® 3D reagent
from the CellTiter-Glo® 3D Cell Viability Assay (Promega, G9682, Leiden, The Nether-
lands) was added. The contents were vigorously mixed for 5 min on a plate shaker to
induce cell lysis and incubated for an additional 25 min to stabilize the luminescent signal.
Luminescence was recorded via a CLARIOstar Plus Microplate Reader (BMG LABTECH,
Ortenberg, Germany).

4.6. Assessment of Functional Beating

Real-time videos of beating cardiac organoids were recorded as .AVI files via a Nikon
Eclipse Ti-E inverted microscope (Nikon Instruments, The Netherlands) at 37 °C with a
5x objective (rate: 50 fps, duration: 30 s, no compression). The open-source software tool
MUSCLEMOTION V1.0 [154] was used to quantify cardioid contraction profiles on the
basis of various parameters including contraction duration, relaxation time, peak-to-peak
time, and 10-to-10 transient time in milliseconds (ms). The means with standard devia-
tions were included in the individual graphs for each individual parameter.

4.7. Bulk RNA Sequencing (RNA-Seq)

Total RNA was extracted from cardiac organoids using the Maxwell® RSC simp-
IyRNA Tissue Kit (Promega, AS1340, Leiden, The Netherlands) according to manufac-
turer’s protocol. Sample preparation for sequencing was performed by Novogene (Miin-
ich, Germany). Messenger RNA was purified from total RNA using poly-T oligo-attached
magnetic beads. After fragmentation, the first strand cDNA was synthesized using ran-
dom hexamer primers, followed by the second strand cDNA synthesis using dTTP, end
repair, A-tailing, adapter ligation, size selection, amplification, and purification. Sequenc-
ing was performed using a Illumina NovaSeq X (Illumina Inc., San Diego, CA, USA). Pre-
processing of the RNA-seq data was performed with nfcore/rnaseq version 3.25.0
[155,156] using default parameters, except fastp was used as trimmer and salmon was run
with “--gcBias”. Genome and associated annotation files were obtained from ENSEMBL
(GRCh38, release 115). Differential expression analysis was performed with nfcore/differ-
ential abundance version 1.5.0 [155,157] with the default options.
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4.8. Statistical Analysis

Statistical analyses were performed in GraphPad Prism version 10.4.0 for Windows
(GraphPad Software, San Diego, CA, USA, www.graphpad.com). The results represent
the average of two-to-three independent experiments as biological replicates + standard
deviation (SD). For each endpoint, outliers were identified via Grubb’s test, which is based
on a test statistic that is calculated from the most extreme data point, and corresponds to
a p value that represents the likelihood of detecting the outlier. The data were first tested
for normality and homoscedasticity. To test for significant group differences, the Kruskal-
Wallis test was used as a nonparametric test when data was not normally distributed with
unequal variances. p values were corrected for multiple comparisons via Dunn’s test. Sta-
tistical significance was assumed when p values were < 0.05.

5. Conclusions

In conclusion, this study shows that RPM-simulated pg and accelerated 252Cf expo-
sure have different detectable effects on human cardiac organoids under the conditions
tested. Simulated pg produced limited changes in the selected phenotypic readouts,
whereas 22Cf exposure altered several viability- and function-related measures. Ambient-
temperature-preserved organoids retained measurable beating during recovery after irra-
diation, although preservation also induced transient changes and its apparent benefit
cannot yet be assigned to a specific radioprotective mechanism. These proof-of-concept
findings justify further validation of ambient, non-cryogenic preservation as a promising
and practical option for selected cardiac organoid workflows, including studies where
simplicity, scalability, and reduced logistical burden are critical. In the context of space
biology, such approaches could facilitate more flexible experimental workflows and
broaden the use of advanced 3D human tissue models in both ground-based analog stud-
ies and future missions to the ISS and beyond.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ijms27198796/s1.

Author Contributions: Conceptualization, C.V.R., K.T., B.B.,, M.5.C. and X.C.i.S.; methodology,
C.V.R, KT, BB, MS.C. and X.C.i.S; investigation, C.V.R,, B.B., B.C,, R.V,, E.E. and E.R; writing—
original draft preparation, C.V.R,, K.T., B.B,, M.S.C. and X.C.i.S.; writing—review and editing,
CVR, KT, BB, MSC, B.C, RV, EE, SB., ER. and X.C.i.S,; visualization, C.V.R,, K.T., B.B,,
M.S.C. and X.C.i.S,; supervision, K.T., B.B.,, M.S.C. and X.C.i.S.; project administration, K.T., B.B.,
M.S.C. and X.C.i.S,; funding acquisition, C.V.R., K.T., B.B., M.S.C. and X.C.i.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Cynthia Van Rompay, grant number 1510525N (Frank De
Winne Fellowship from Research Foundation —Flanders). K.T., E.R., B.B. and S.B. received financial
support from Flanders Innovation and Entrepreneurship (VLAIO) under the ICON Intercluster pro-
gram (Astrocardia—grant agreement HBC.2022.0569).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.
The data that support the findings of this study are not openly available for reasons of sensitivity
and are available from the corresponding author upon reasonable request. Data are located in con-
trolled access data storage at the Belgian Nuclear Research Center (SCK CEN).

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 33 of 39

Acknowledgments: We thank Leonardo Surdo for his valuable suggestions regarding the preser-
vation methods. We also acknowledge the members of the Astrocardia consortium, particularly Sa-
rah Baatout, Hilde Stenuit, Jan Van Hoorick, Aysu Arslan, Martijn Reniers and Maarten Sonnaert,

for their insightful discussions.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script; or in the decision to publish the results.

References

1.  Patel, S. The effects of microgravity and space radiation on cardiovascular health: From low-Earth orbit and beyond. IJC Heart
Vasc. 2020, 30, 100595.

2. Garrett-Bakelman, F.E.; Darshi, M.; Green, S.J.; Gur, R.C.; Lin, L.; Macias, B.R.; McKenna, M.].; Meydan, C.; Mishra, T.; Nasrini,
J.; et al. The NASA Twins Study: A multidimensional analysis of a year-long human spaceflight. Science 2019, 364, eaau8650.

3. Hughson, R.L.; Helm, A.; Durante, M. Heart in space: Effect of the extraterrestrial environment on the cardiovascular system.
Nat. Rev. Cardiol. 2018, 15, 167-180.

4. Delp, M.D.; Charvat, ].M.; Limoli, C.L.; Globus, R.K.; Ghosh, P. Apollo Lunar Astronauts Show Higher Cardiovascular Disease
Mortality: Possible Deep Space Radiation Effects on the Vascular Endothelium. Sci. Rep. 2016, 6, 29901.

5. van Loon, J.J.W.A. Some history and use of the random positioning machine, RPM, in gravity related research. Adv. Space Res.
2007, 39, 1161-1165.

6.  Wauest, S.L,; Richard, S.; Kopp, S.; Grimm, D.; Egli, M. Simulated Microgravity: Critical Review on the Use of Random Position-
ing Machines for Mammalian Cell Culture. BioMed Res. Int. 2015, 2015, 971474.

7.  Borst, A.G.; van Loon, J.J.W.A. Technology and Developments for the Random Positioning Machine, RPM. Microgravity Sci.
Technol. 2009, 21, 287-292.

8.  Steller, ].G.; Blue, R.S.; Ronca, A.E.; Goodspeed, A.; Powell, T.L.; Jansson, T. Impact of near continuous low dose rate neutron
irradiation on pregnancy outcomes in mice. npj Microgravity 2024, 10, 113.

9. Pani, G,; Verslegers, M.; Quintens, R.; Samari, N.; de Saint-Georges, L.; van Oostveldt, P.; Baatout, S.; Benotmane, M.A. Com-
bined Exposure to Simulated Microgravity and Acute or Chronic Radiation Reduces Neuronal Network Integrity and Survival.
PLoS ONE 2016, 11, e0155260.

10. Takahashi, A.; Ikeda, H.; Yoshida, Y. Role of High-Linear Energy Transfer Radiobiology in Space Radiation Exposure Risks. Int.
J. Part. Ther. 2018, 5, 151-159.

11. Richards, D.J.; Coyle, R.C; Tan, Y.; Jia, ]J.; Wong, K.; Toomer, K.; Menick, D.R.; Mei, Y. Inspiration from heart development:
Biomimetic development of functional human cardiac organoids. Biomaterials 2017, 142, 112-123.

12.  Hofbauer, P.; Jahnel, S.M.; Papai, N.; Giesshammer, M.; Deyett, A.; Schmidt, C.; Penc, M.; Tavernini, K.; Grdseloff, N.; Meledeth,
C.; et al. Cardioids reveal self-organizing principles of human cardiogenesis. Cell 2021, 184, 3299-3317.e22.

13. Rehnberg, E.; Baselet, B.; Etlioglu, E.; Janssen, Z.; Cools, B.; Van Rompay, C.; Vermeesen, R.; Moroni, L.; Baatout, S.; Tabury, K.
ReCardioids: A robust human heart organoid platform to model doxorubicin- and radiotherapy-induced cardiotoxicity. bioRxiv
2026, https://doi.org/10.64898/2026.05.29.728705.

14. Rampoldi, A.; Forghani, P,; Li, D.; Hwang, H.; Armand, L.C;; Fite, J.; Boland, G.; Maxwell, J.; Maher, K.; Xu, C. Space micro-
gravity improves proliferation of human iPSC-derived cardiomyocytes. Stem Cell Rep. 2022, 17, 2272-2285.

15. Cao, X.; Thomas, D.; Whitcomb, L.A.; Wang, M.; Chatterjee, A.; Chicco, A.]J.; Weil, M.M.; Wu, J.C. Modeling ionizing radiation-
induced cardiovascular dysfunction with human iPSC-derived engineered heart tissues. |. Mol. Cell. Cardiol. 2024, 188, 105-107.

16. Hwang, H.; Rampoldi, A.; Forghani, P.; Li, D.; Fite, J.; Boland, G.; Maher, K.; Xu, C. Space microgravity increases expression of
genes associated with proliferation and differentiation in human cardiac spheres. npj Microgravity 2023, 9, 88.

17.  Whaley, D.; Damyar, K.; Witek, R.P.; Mendoza, A.; Alexander, M.; Lakey, ].R. Cryopreservation: An Overview of Principles and
Cell-Specific Considerations. Cell Transplant. 2021, 30, 963689721999617.

18. Preininger, M.K,; Singh, M.; Xu, C. Cryopreservation of Human Pluripotent Stem Cell-Derived Cardiomyocytes: Strategies,
Challenges, and Future Directions. Adv. Exp. Med. Biol. 2016, 951, 123-135.

19. Wnorowski, A.; Sharma, A.; Chen, H.; Wu, H.; Shao, N.-Y,; Sayed, N.; Liu, C.; Countryman, S.; Stodieck, L.S.; Rubins, K.H.; et

al. Effects of Spaceflight on Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Structure and Function. Stem Cell
Rep. 2019, 13, 960-969.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 34 of 39

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Van Rompay, C.; Tabury, K.; Rehnberg, E.; Janssen, Z.; Baatout, S.; Carlon, M.S.; i Solvas, X.C.; Baselet, B. Evaluation of a Room-
Temperature Preservation Method Maintaining Viability and Function in Human Cardiac Organoids. Cells 2026, 15, 1065.
Gene Ontology Consortium. The Gene Ontology knowledgebase in 2026. Nucleic Acids Res. 2026, 54, D1779-D1792. Erratum in
Nucleic Acids Res. 2026, 54, gkag678.

Chen, E.Y,; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’Ayan, A. Enrichr: Interactive and collabo-
rative HTML5 gene list enrichment analysis tool. BMC Bioinform. 2013, 14, 128.

Kuleshov, M.V; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A ; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016,
44, W90-W97.

Xie, Z.; Bailey, A.; Kuleshov, M.V.; Clarke, D.].B.; Evangelista, J.E.; Jenkins, S.L.; Lachmann, A.; Wojciechowicz, M.L.; Kro-
piwnicki, E.; Jagodnik, K.M.; et al. Gene Set Knowledge Discovery with Enrichr. Curr. Protoc. 2021, 1, €90.

Sanger, ].W.; Wang, J.; Fan, Y.; White, ].; Sanger, ].M. Assembly and dynamics of myofibrils. ]. Biomed. Biotechnol. 2010, 2010,
858606.

Rosado, M.; Barber, C.F.; Berciu, C.; Feldman, S.; Birren, S.J.; Nicastro, D.; Goode, B.L. Critical roles for multiple formins during
cardiac myofibril development and repair. Mol. Biol. Cell 2014, 25, 811-827.

Nomura, S.; Satoh, M.; Fuyjita, T.; Higo, T.; Sumida, T.; Ko, T.; Yamaguchi, T.; Tobita, T.; Naito, A.T.; Ito, M.; et al. Cardiomyocyte
gene programs encoding morphological and functional signatures in cardiac hypertrophy and failure. Nat. Commun. 2018, 9,
4435.

Benitah, ]J.-P.; Pereira, L.; Perrier, R.; Mercadier, ].-J.; Sabourin, J.; Gémez, A.M. Local calcium dynamics and signalling in cardi-
omyocytes. Nat. Rev. Cardiol. 2026. https://doi.org/10.1038/s41569-026-01286-8.

Roberts, R.J.; Lam, C.K. Application of Calcium Kinetics Characterization in Cardiac Disease Modeling and Drug Discovery.
Biomolecules 2024, 14, 865.

Dewenter, M.; von der Lieth, A.; Katus, H.A.; Backs, J. Calcium Signaling and Transcriptional Regulation in Cardiomyocytes.
Circ. Res. 2017, 121, 1000-1020.

Wei, M.; Hou, X; Zhang, S.; Hu, X.; Chen, X; Gao, Z.; Xu, S.; Shi, Z.; Zhu, M.; Lan, F.; et al. FHOD3 deficiency disrupts sarcomere
organization and activates caMKII signaling in human stem cell-derived cardiomyocytes. Stem Cell Res. Ther. 2026, 17, 82.
Zhao, H.-Y; Jiang, ].-B.; Wang, S.-N.; Miao, C.-Y. Cardiac Development, Cellular Composition and Function: From Regulatory
Mechanisms to Applications. Cells 2025, 14, 1390.

Guo, Y.X,; Pu, W.L.T. Cardiomyocyte Maturation New Phase in Development. Circ. Res. 2020, 126, 1086-1106.

Pawlak, M.; Kedzierska, K.Z.; Migdal, M.; Abu Nahia, K.; Ramilowski, ].A.; Bugajski, L.; Hashimoto, K.; Marconi, A.; Piwocka,
K.; Carninci, P.; et al. Dynamics of cardiomyocyte transcriptome and chromatin landscape demarcates key events of heart de-
velopment. Genome Res. 2019, 29, 506-519.

Escopete, S.; Arzt, M.; Mozneb, M.; Moses, ].; Sharma, A. Human cardiac organoids for disease modeling and drug discovery.
Trends Mol. Med. 2026, 32, 256-268.

Mastellos, D.C.; Hajishengallis, G.; Lambris, ].D. A guide to complement biology, pathology and therapeutic opportunity. Nat.
Rev. Immunol. 2024, 24, 118-141.

Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement System Part I —Molecular Mechanisms of Acti-
vation and Regulation. Front. Immumnol. 2015, 6, 262.

Cambier, S.; Gouwy, M.; Proost, P. The chemokines CXCL8 and CXCL12: Molecular and functional properties, role in disease
and efforts towards pharmacological intervention. Cell. Mol. Immunol. 2023, 20, 217-251.

Reis, E.S.; Mastellos, D.C.; Hajishengallis, G.; Lambris, ].D. New insights into the immune functions of complement. Nat. Rev.
Immunol. 2019, 19, 503-516.

Colleselli, K.; Stierschneider, A.; Wiesner, C. An Update on Toll-like Receptor 2, Its Function and Dimerization in Pro- and Anti-
Inflammatory Processes. Int. J. Mol. Sci. 2023, 24, 12464.

Duan, T;; Du, Y.; Xing, C.; Wang, H.Y.; Wang, R.F. Toll-Like Receptor Signaling and Its Role in Cell-Mediated Immunity. Front.
Immunol. 2022, 13, 812774.

Kollet, O.; Das, A.; Karamanos, N.; Auf Dem Keller, U.; Sagi, I. Redefining metalloproteases specificity through network prote-
olysis. Trends Mol. Med. 2024, 30, 147-163.

Yuan, Y.; Guo, P;; Song, Y.; Yu, Z.; Song, B. The ADAMTS family: From extracellular matrix proteases to orchestrators of fibrosis.
Cell Commun. Signal. 2026, 24, 187.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 35 of 39

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Cabral-Pacheco, G.A.; Garza-Veloz, I; Castruita-De la Rosa, C.; Ramirez-Acufia, ] M.; Perez-Romero, B.A.; Guerrero-Rodriguez,
J.E.; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases.
Int. J. Mol. Sci. 2020, 21, 9739.

Chen, K.; Xu, M,; Lu, F.; He, Y. Development of Matrix Metalloproteinases-Mediated Extracellular Matrix Remodeling in Re-
generative Medicine: A Mini Review. Tissue Eng. Regen. Med. 2023, 20, 661-670.

Du, W,; Xia, X,; Hu, F.; Yu, J. Extracellular matrix remodeling in the tumor immunity. Front. Immunol. 2023, 14, 1340634.
Salazar-Gonzalez, H.; Gutierrez-Mercado, Y.K.; Munguia-Galaviz, F.]J.; Echavarria, R. Signaling Pathways Involved in Myocar-
dial Ischemia-Reperfusion Injury and Cardioprotection: A Systematic Review of Transcriptomic Studies in Sus scrofa. J. Cardi-
ovasc. Dev. Dis. 2022, 9, 132.

Forghani, P.; Rashid, A.; Armand, L.C.; Wolfson, D.; Liu, R.; Cho, H.C.; Maxwell, ].T.; Jo, H.; Salaita, K.; Xu, C. Simulated mi-
crogravity improves maturation of cardiomyocytes derived from human induced pluripotent stem cells. Sci. Rep. 2024, 14, 2243.
Shahzad, Z.; Rafay, R.H.; Bala, N.; Dogan, Y.E.; Alli, A.A. The Heart in Space: Effects of Microgravity on Different Cell Types
and Their Functions in the Cardiovascular System. Biomedicines 2025, 13, 2336.

Andreeva, E.; Matveeva, D.; Zhidkova, O.; Zhivodernikov, L; Kotov, O.; Buravkova, L. Real and Simulated Microgravity: Focus
on Mammalian Extracellular Matrix. Life 2022, 12, 1343.

Pietsch, J.; Gass, S.; Nebuloni, S.; Echegoyen, D.; Riwaldt, S.; Baake, C.; Bauer, ].; Corydon, T.J.; Egli, M.; Infanger, M.; et al.
Three-dimensional growth of human endothelial cells in an automated cell culture experiment container during the SpaceX
CRS-8 ISS space mission —The SPHEROIDS project. Biomaterials 2017, 124, 126-156.

van den Nieuwenhof, D.W.A.; Moroni, L.; Chou, ].; Hinkelbein, ]. Cellular response in three-dimensional spheroids and tissues
exposed to real and simulated microgravity: A narrative review. npj Microgravity 2024, 10, 102.

Lappalainen, P.; Kotila, T.; Jégou, A.; Romet-Lemonne, G. Biochemical and mechanical regulation of actin dynamics. Nat. Rev.
Mol. Cell Biol. 2022, 23, 836-852.

Bai, Y.; Zhao, F.; Wu, T.; Chen, F.; Pang, X. Actin polymerization and depolymerization in developing vertebrates. Front. Physiol.
2023, 14, 1213668.

Agarwal, P.; Zaidel-Bar, R. Principles of Actomyosin Regulation In Vivo. Trends Cell Biol. 2019, 29, 150-163.

Wu, X.-T.; Yang, X,; Tian, R,; Li, Y.-H.; Wang, C.-Y.; Fan, Y.-B.; Sun, L. Cells respond to space microgravity through cytoskeleton
reorganization. FASEB |. 2022, 36, e22114.

Gershovich, P.M.; Gershovich, J.G.; Buravkova, L.B. Cytoskeleton structure and adhesion properties of human stromal precur-
sors under conditions of simulated microgravity. Cell Tissue Biol. 2009, 3, 423-430.

Locatelli, L.; Maier, ].A.M. Cytoskeletal Remodeling Mimics Endothelial Response to Microgravity. Front. Cell Dev. Biol. 2021, 9,
733573.

Wouest, S.L. Cytoskeleton changes of mammalian cells in microgravity: Results from three decades of low-gravity research.
Front. Space Technol. 2025, 6, 1677728.

Gonzalez-Torres, L.F.; Grimm, D.; Kriiger, M. The Effects of Microgravity on the Structure and Function of Cardiomyocytes.
Biomolecules 2025, 15, 1261.

Liu, C; Zhong, G.; Zhou, Y.; Yang, Y.; Tan, Y.; Li, Y.; Gao, X.; Sun, W.; Li, J.; Jin, X; et al. Alteration of calcium signalling in
cardiomyocyte induced by simulated microgravity and hypergravity. Cell Prolif. 2020, 53, e12783.

Sy, M.R,; Keefe, ].A.; Sutton, J.P.; Wehrens, X.H.T. Cardiac function, structural, and electrical remodeling by microgravity ex-
posure. Am. |. Physiol.-Heart Circ. Physiol. 2023, 324, H1-H13.

Weiss, R.C.; Menezes, T.N.; McCommis, K.S. Metabolic Drivers and Rescuers of Heart Failure. Mo. Med. 2023, 120, 354-358.
Zhang, R.; Zhang, K. A unified model for regulating lipoprotein lipase activity. Trends Endocrinol. Metab. 2024, 35, 490-504.
Sylvers-Davie, K.L.; Davies, B.S.]. Regulation of lipoprotein metabolism by ANGPTL3, ANGPTL4, and ANGPTLS. Am. |. Phys-
iol. Endocrinol. Metab. 2021, 321, E493-E508.

Kersten, S. Role and mechanism of the action of angiopoietin-like protein ANGPTL4 in plasma lipid metabolism. J. Lipid Res.
2021, 62, 100150.

Laufer, T.; Gandhi, V.; Mueller, A. Apolipoprotein E Mediates Radioresistance of Pancreatic Adenocarcinoma. Int. J. Radiat.
Oncol. Biol. Phys. 2024, 120, e377-378.

Laiakis, E.C.; Canadell, M.P.; Grilj, V.; Harken, A.D.; Garty, G.Y.; Astarita, G.; Brenner, D.J.; Smilenov, L.; Fornace, A.J. Serum
lipidomic analysis from mixed neutron/X-ray radiation fields reveals a hyperlipidemic and pro-inflammatory phenotype. Sci.
Rep. 2019, 9, 4539.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 36 of 39

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Casciati, A.; Pasquali, E.; De Stefano, I.; Braga-Tanaka, I.; Tanaka, S.; Mancuso, M.; Antonelli, F.; Pazzaglia, S. Role of Apolipo-
protein E in the Hippocampus and Its Impact following Ionizing Radiation Exposure. Cells 2024, 13, 899.

Ru, M.; He, J.; Bai, Y.; Zhang, K.; Shi, Q.; Gao, F.; Wang, Y.; Li, B.; Shen, L. Integration of Proteomic and Metabolomic Data
Reveals the Lipid Metabolism Disorder in the Liver of Rats Exposed to Simulated Microgravity. Biomolecules 2024, 14, 682.
Hughes-Fulford, M.; Chang, T.T.; Martinez, E.M.; Li, C.F. Spaceflight alters expression of microRNA during T-cell activation.
FASEB J. 2015, 29, 4893-4900.

Crucian, B.E.; Chouker, A.; Simpson, R.J.; Mehta, S.; Marshall, G.; Smith, S.M.; Zwart, S.R.; Heer, M.; Ponomarev, S.; Whitmire,
A_; et al. Inmune System Dysregulation During Spaceflight: Potential Countermeasures for Deep Space Exploration Missions.
Front. Immunol. 2018, 9, 1437.

Katoh, K. Mechanostimulation-Induced Cell Adhesion and Interaction with the Extracellular Matrix. Biomolecules 2026, 16, 60.
Dzobo, K.; Dandara, C. The Extracellular Matrix: Its Composition, Function, Remodeling, and Role in Tumorigenesis. Biomimet-
ics 2023, 8, 146.

Veliz, A.L.; Mamoun, L.; Hughes, L.; Vega, R.; Holmes, B.; Monteon, A.; Bray, J.; Pecaut, M.].; Kearns-Jonker, M. Transcriptomic
Effects on the Mouse Heart Following 30 Days on the International Space Station. Biomolecules 2023, 13, 371.

Coleman, M.A; Sasi, S.P.; Onufrak, J.; Natarajan, M.; Manickam, K.; Schwab, J.; Muralidharan, S.; Peterson, L.E.; Alekseyev,
Y.O.; Yan, X,; et al. Low-dose radiation affects cardiac physiology: Gene networks and molecular signaling in cardiomyocytes.
Am. ]. Physiol.-Heart Circ. Physiol. 2015, 309, H1947-H1963.

Koutroumpakis, E.; Deswal, A.; Yusuf, SSW.; Abe, J.-I.; Nead, K.T.; Potter, A.S.; Liao, Z.; Lin, S.H.; Palaskas, N.L. Radiation-
Induced Cardiovascular Disease: Mechanisms, Prevention, and Treatment. Curr. Oncol. Rep. 2022, 24, 543-553.

Boerma, M.; Hauer-Jensen, M. Preclinical research into basic mechanisms of radiation-induced heart disease. Cardiol. Res. Pract.
2010, 2011, 858262.

Azzam, E.I; Jay-Gerin, ].P.; Pain, D. Ionizing radiation-induced metabolic oxidative stress and prolonged cell injury. Cancer Lett.
2012, 327, 48-60.

Zukowski, H.M.; Clancy, C.E. Cellular mechanisms of radiation-induced myocyte dysfunction: Effects on calcium handling, ion
channel regulation and mitochondrial energetics. J. Physiol. 2026, early view. https://doi.org/10.1113/JP289495.

Sag, C.M.; Wolff, H.A.; Neumann, K.; Opiela, M.-K.; Zhang, J.; Steuer, F.; Sowa, T.; Gupta, S.; Schirmer, M.; Hiinlich, M.; et al.
Ionizing radiation regulates cardiac Ca handling via increased ROS and activated CaMKII. Basic Res. Cardiol. 2013, 108, 385.
Mircea, A.A.; Pistritu, D.V.; Fortner, A.; Tanca, A.; Liehn, E.A.; Bucur, O. Space Travel: The Radiation and Microgravity Effects
on the Cardiovascular System. Int. ]. Mol. Sci. 2024, 25, 11812.

Jordan, S.D.; Fu, S.; Fulkerson, A.; Hu, D.; Ng, S.; Zhang, D.M.; Manikandan, S.; Szymanski, J.; Hu, N.; Xie, Y.; et al. Cardiac
radiotherapy-induced epigenetic memory underlies electrophysiologic and metabolic reprogramming. J. Clin. Investig. 2026,
136, €193087.

Tapio, S. Pathology and biology of radiation-induced cardiac disease. ]. Radiat. Res. 2016, 57, 439-448.

Straub, ].M.; New, J.; Hamilton, C.D.; Lominska, C.; Shnayder, Y.; Thomas, S.M. Radiation-induced fibrosis: Mechanisms and
implications for therapy. J. Cancer Res. Clin. Oncol. 2015, 141, 1985-1994.

Durante, M.; Cucinotta, F.A. Physical basis of radiation protection in space travel. Rev. Mod. Phys. 2011, 83, 1245-1281.
Yamamori, T.; Yasui, H.; Yamazumi, M.; Wada, Y.; Nakamura, Y.; Nakamura, H.; Inanami, O. Ionizing radiation induces mito-
chondrial reactive oxygen species production accompanied by upregulation of mitochondrial electron transport chain function
and mitochondrial content under control of the cell cycle checkpoint. Free Radic. Biol. Med. 2012, 53, 260-270.

Wang, Y.; Liu, Q.; Zhao, W.; Zhou, X.; Miao, G.; Sun, C.; Zhang, H. NADPH Oxidase Activation Contributes to Heavy Ion
Irradiation-Induced Cell Death. Dose Response 2017, 15, 1559325817699697.

Pecchillo Cimmino, T.; Ammendola, R.; Cattaneo, F.; Esposito, G. NOX Dependent ROS Generation and Cell Metabolism. Int.
J. Mol. Sci. 2023, 24, 2086.

Cohen, E.D.; Wang, Z.; Lepore, ].].; Lu, M.M.; Taketo, M.M.; Epstein, D.]J.; Morrisey, E.E. Wnt/beta-catenin signaling promotes
expansion of Isl-1-positive cardiac progenitor cells through regulation of FGF signaling. J. Clin. Investig. 2007, 117, 1794-1804.
Qyang, Y.; Martin-Puig, S.; Chiravuri, M.; Chen, S.; Xu, H.; By, L.; Jiang, X.; Lin, L.; Granger, A.; Moretti, A.; et al. The Renewal
and Differentiation of Is/1* Cardiovascular Progenitors Are Controlled by a Wnt/beta-Catenin Pathway. Cell Stem Cell 2007, 1,
165-179.

Khosravi, F.; Ahmadvand, N.; Bellusci, S.; Sauer, H. The Multifunctional Contribution of FGF Signaling to Cardiac Develop-
ment, Homeostasis, Disease and Repair. Front. Cell Dev. Biol. 2021, 9, 672935.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 37 of 39

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

Stewart, F.A.; Seemann, I.; Hoving, S.; Russell, N.S. Understanding Radiation-induced Cardiovascular Damage and Strategies
for Intervention. Clin. Oncol. 2013, 25, 617-624.

Baselet, B.; Sonveaux, P.; Baatout, S.; Aerts, A. Pathological effects of ionizing radiation: Endothelial activation and dysfunction.
Cell. Mol. Life Sci. 2019, 76, 699-728.

Cardona-Timoner, M.; Gomes, R.N.; Nascimento, D.S. Dressed in Collagen: 2D and 3D Cardiac Fibrosis Models. Int. ]. Mol. Sci.
2025, 26, 3038.

Mayorca-Guiliani, A.E.; Leeming, D.].; Henriksen, K.; Mortensen, J.H.; Nielsen, S.H.; Anstee, Q.M.; Sanyal, A.].; Karsdal, M.A;
Schuppan, D. ECM formation and degradation during fibrosis, repair, and regeneration. npj Metab. Health Dis. 2025, 3, 25.
Matsiukevich, D.; House, S.L.; Weinheimer, C.; Kovacs, A.; Ornitz, D.M. Fibroblast growth factor receptor signaling in cardio-
myocytes is protective in the acute phase following ischemia-reperfusion injury. Front. Cardiovasc. Med. 2022, 9, 1011167.
Siaravas, K.C.; Katsouras, C.S.; Sioka, C. Radiation Treatment Mechanisms of Cardiotoxicity: A Systematic Review. Int. ]. Mol.
Sci. 2023, 24, 6272.

Becker, B.V.; Seeger, T.; Beiert, T.; Antwerpen, M.; Palnek, A.; Port, M.; Ullmann, R. Impact of Ionizing Radiation on Electro-
physiological Behavior of Human-induced Ipsc-derived Cardiomyocytes on Multielectrode Arrays. Health Phys. 2018, 115, 21—
28.

Hitsumoto, T.; Tsukamoto, O.; Matsuoka, K.; Li, J.; Liu, L.; Kuramoto, Y.; Higo, S.; Ogawa, S.; Fujino, N.; Yoshida, S.; et al.
Restoration of Cardiac Myosin Light Chain Kinase Ameliorates Systolic Dysfunction by Reducing Superrelaxed Myosin. Circu-
lation 2023, 147, 1902-1918.

Potthoff, M.].; Arnold, M.A.; McAnally, J.; Richardson, J.A.; Bassel-Duby, R.; Olson, E.N. Regulation of Skeletal Muscle Sarco-
mere Integrity and Postnatal Muscle Function by Mef2c. Mol. Cell. Biol. 2007, 27, 8143-8151.

Volmert, B.; Kiselev, A.; Juhong, A.; Wang, F.; Riggs, A.; Kostina, A.; O’hErn, C.; Muniyandi, P.; Wasserman, A.; Huang, A.; et
al. A patterned human primitive heart organoid model generated by pluripotent stem cell self-organization. Nat. Commun. 2023,
14, 8245.

Prondzynski, M.; Berkson, P.; Trembley, M.A_; Tharani, Y.; Shani, K.; Bortolin, R.H.; Sweat, M.E.; Mayourian, J.; Yucel, D.; Cor-
doves, A.M.; et al. Efficient and reproducible generation of human iPSC-derived cardiomyocytes and cardiac organoids in
stirred suspension systems. Nat. Commun. 2024, 15, 5929.

Zhang, J.; Huang, S.; Zhu, Z.; Gatt, A.; Liu, J. E-selectin in vascular pathophysiology. Front. Immunol. 2024, 15, 1401399.
Dagamajalu, S.; Rex, D.; Gopalakrishnan, L.; Karthikkeyan, G.; Gurtoo, S.; Modi, P.K.; Mohanty, V.; Mujeeburahiman, M.;
Soman, S.; Raju, R.; et al. A network map of endothelin mediated signaling pathway. J. Cell Commun. Signal. 2021, 15, 277-282.
Yeh, X.-M.; Tso, H.-S. TAFA4 regulates CNS immune cell recruitment and inflammation 3455. |. Immunol. 2025, 214, vkaf283-
1260.

Kostina, A.; Lewis-Israeli, Y.R.; Abdelhamid, M.; Gabalski, M.A.; Volmert, B.D.; Lankerd, H.; Huang, A.R.; Wasserman, A.H.;
Lydic, T.; Chan, C,; et al. ER stress and lipid imbalance drive embryonic cardiomyopathy in a human heart organoid model of
pregestational diabetes. bioRxiv 2023, https://doi.org/10.1101/2023.06.07.544081.

Da Dalt, L.; Cabodevilla, A.G.; Goldberg, L].; Norata, G.D. Cardiac lipid metabolism, mitochondrial function, and heart failure.
Cardiovasc. Res. 2023, 119, 1905-1914.

Chen, B.; Guo, J.; Wang, S.; Kang, L.; Deng, Y.; Li, Y. Simulated Microgravity Altered the Metabolism of Loureirin B and the
Expression of Major Cytochrome P450 in Liver of Rats. Front. Pharmacol. 2018, 9, 1130.

Shen, R.; Zhang, Y. Relationship between amino acid metabolism and inflammation in coronary heart disease (Review). Int. |.
Mol. Med. 2025, 56, 120.

Li, T.; Zhang, Z.; Kolwicz, S.C,, Jr.; Abell, L.; Roe, N.D.; Kim, M.; Zhou, B.; Cao, Y.; Ritterhoff, J.; Gu, H.; et al. Defective Branched-
Chain Amino Acid Catabolism Disrupts Glucose Metabolism and Sensitizes the Heart to Ischemia-Reperfusion Injury. Cell
Metab. 2017, 25, 374-385.

Mukherijee, S.; Grilj, V.; Broustas, C.G.; Ghandhi, S.A.; Harken, A.D.; Garty, G.; Amundson, S.A. Human Transcriptomic Re-
sponse to Mixed Neutron-Photon Exposures Relevant to an Improvised Nuclear Device. Radiat. Res. 2019, 192, 189-199.
Schaue, D.; McBride, W.H. Links between innate immunity and normal tissue radiobiology. Radiat. Res. 2010, 173, 406—417.
Yang, Y.; Yang, H.; Kiskin, F.N.; Zhang, ].Z. The new era of cardiovascular research: Revolutionizing cardiovascular research
with 3D models in a dish. Med. Rev. 2024, 4, 68-85.

Fiorica, F.; Tebano, U.; Napoli, G.; Franceschetto, A.; Muraro, M.; Giorgi, C.; Pinton, P. Metabolic-Modulating Effects of Radia-
tion: Undetectable Yet Deadly —A Review on Radiotherapy. Cancers 2025, 17, 54.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 38 of 39

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Buick, E.; Mead, A.; Alhubaysh, A.; Assi, P.B,; Das, P.; Dayus, J.; Turner, M.; Kowalski, L.; Murray, J.; Renshaw, D.; et al. Cell-
Ship: An Ambient Temperature Transport and Short-Term Storage Medium for Mammalian Cell Cultures. Biopreserv. Biobank.
2024, 22, 275-285.

Acharya, A.; Nemade, H.; Papadopoulos, S.; Hescheler, J.; Neumaier, F.; Schneider, T.; Prasad, K.R.; Khan, K.; Hemmersbach,
R.; Gusmao, E.G.; et al. Microgravity-induced stress mechanisms in human stem cell-derived cardiomyocytes. iScience 2022, 25,
104577.

Grimm, D.; Egli, M.; Kriiger, M.; Riwaldt, S.; Corydon, T.].; Kopp, S.; Wehland, M.; Wise, P.; Infanger, M.; Mann, V; et al. Tissue
Engineering Under Microgravity Conditions-Use of Stem Cells and Specialized Cells. Stem Cells Dev. 2018, 27, 787-804.

Todd, P.; Feola, ]. M.; Maruyama, Y. Survival of Cultured Human Cells Exposed to Californium 252Cf Radiation at Low Dose
Rates. Am. ]. Clin. Oncol. 1984, 7, 495-498.

Ban, S.; lida, S.; Awa, A.A.; Sawada, S. Lethal and Mutagenic Effects of 252Cf Radiation in Cultured Human Cells. Int. ]. Radiat.
Biol. 1987, 52, 245-251.

Wang, J.; Zhao, J.; Meng, Z.; Guo, R.; Yang, R.; Liu, C; Gao, J.; Xie, Y; Jiao, X.; Fang, H.; et al. ATP protects anti-PD-1/radiation-
induced cardiac dysfunction by inhibiting anti-PD-1 exacerbated cardiomyocyte apoptosis, and improving autophagic flux.
Heliyon 2023, 9, €20660.

Gaspar, R.; Didszegi, P.; Nogradi-Halmi, D.; Erdélyi-Furka, B.; Varga, Z.; Kahan, Z.; Csont, T. The Proteoglycans Biglycan and
Decorin Protect Cardiac Cells against Irradiation-Induced Cell Death by Inhibiting Apoptosis. Cells 2024, 13, 883.

Wu, Y.,; Wang, J.; Wang, S.; Zhou, Y.; Zhang, N. NLRP3 Inflammasome Activation by mtROS in Cardiomyocytes and Radiation
Induced Acute Myocardial Injury. Int. |. Radiat. Oncol. Biol. Phys. 2024, 120, E409.

Yi, J.; Yue, L.; Zhang, Y.; Tao, N.; Duan, H,; Lv, L.; Tan, Y.; Wang, H. PTPMT1 protects cardiomyocytes from necroptosis induced
by y-ray irradiation through alleviating mitochondria injury. Am. J. Physiol. 2023, 324, C1320-C1331.

Cao, H.; Yue, L.; Shao, J.; Kong, F.; Liu, S.; Huai, H.; He, Z.; Mao, Z,; Yang, Y.; Tan, Y.; et al. Small extracellular vesicles derived
from umbilical cord mesenchymal stem cells alleviate radiation-induced cardiac organoid injury. Stem Cell Res. Ther. 2024, 15,
493.

Mages, C.; Gampp, H.; Rahm, A.-K.; Hackbarth, J.; Pfeiffer, J.; Petersenn, F.; Kramp, X.; Kermani, F.; Zhang, J.; Pijnappels, D.A;
et al. Cardiac stereotactic body radiotherapy to treat malignant ventricular arrhythmias directly affects the cardiomyocyte elec-
trophysiology. Heart Rhythm 2025, 22, 90-99.

Smit, T.; Schickel, E.; Azimzadeh, O.; von Toerne, C.; Rauh, O,; Ritter, S.; Durante, M.; Schroeder, 1.5. A Human 3D Cardiomy-
ocyte Risk Model to Study the Cardiotoxic Influence of X-rays and Other Noxae in Adults. Cells 2021, 10, 2608.

Marotta, D.; ljaz, L.; Barbar, L.; Nijsure, M.; Stein, J.; Pirjanian, N.; Kruglikov, I.; Clements, T.; Stoudemire, J.; Grisanti, P.; et al.
Effects of microgravity on human iPSC-derived neural organoids on the International Space Station. Stem Cells Transl. Med.
2024, 13, 1186-1197.

Smith, N.; Baker, A.J.; Tartis, M.S.; Lybrand, Z.R. Human cerebral organoids maintain integrity and viability after transport
through mail. Brain Organoid Syst. Neurosci. J. 2025, 3, 195-201.

Powell-Palm, M.]J.; Charwat, V.; Charrez, B.; Siemons, B.; Healy, K.E.; Rubinsky, B. Isochoric supercooled preservation and
revival of human cardiac microtissues. Commun. Biol. 2021, 4, 1118.

Janssen, J.; Chirico, N.; Ainsworth, M.].; Cedillo-Servin, G.; Viola, M.; Dokter, I.; Vermonden, T.; Doevendans, P.A.; Serra, M.;
Voets, LK,; et al. Hypothermic and cryogenic preservation of cardiac tissue-engineered constructs. Biomater. Sci. 2024, 12, 3866—
3881.

Rampoldi, A,; Jha, R;; Fite, J.; Boland, G.; Xu, C.H. Cryopreservation and CO2-independent culture of 3D cardiac progenitors
for spaceflight experiments. Biomaterials 2021, 269, 120673.

Forghani, P.; Liu, W.; Wang, Z.; Ling, Z.; Takaesu, F.; Yang, E.; Tharp, G.K,; Nielsen, S.; Doraisingam, S.; Countryman, S.; et al.
Spaceflight alters protein levels and gene expression associated with stress response and metabolic characteristics in human
cardiac spheroids. Biomaterials 2025, 317, 123080.

Ma, C,; Duan, X.; Lei, X. 3D cell culture model: From ground experiment to microgravity study. Front. Bioeng. Biotechnol. 2023,
11, 1136583.

Bradbury, P.; Wu, H.; Choi, ].U.; Rowan, A.E.; Zhang, H.; Poole, K.; Lauko, J.; Chou, J. Modeling the Impact of Microgravity at
the Cellular Level: Implications for Human Disease. Front. Cell Dev. Biol. 2020, 8, 96.

Ferranti, F.; Del Bianco, M.; Pacelli, C. Advantages and Limitations of Current Microgravity Platforms for Space Biology Re-
search. Appl. Sci. 2021, 11, 68.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

Int. ]. Mol. Sci. 2026, 27, 8796 39 of 39

137.

138.

139.

140.
141.
142.
143.
144.
145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Vandenbrink, J.; Kiss, J. Spaceflight Procedures and Operations Utilized During the Seedling Growth Experiments. Gravitational
Space Res. 2020, 4, 38—46.

Wouest, S.L.; Stern, P.; Casartelli, E.; Egli, M. Fluid Dynamics Appearing during Simulated Microgravity Using Random Posi-
tioning Machines. PLoS ONE 2017, 12, e0170826.

Wehland, M.; Corydon, T.J.; Gonzalez-Torres, L.F.; Abdelfattah, F.; Sahana, J.; Schulz, H.; Mushunuri, A.; Burenkova, H.; Wuest,
S.L.; Kriiger, M.; et al. New Knowledge About Tissue Engineering Under Microgravity Conditions in Space and on Earth. Int.
J. Mol. Sci. 2026, 27, 341.

Klaus, D.; Simske, S.; Todd, P.; Stodieck, L. Investigation of space flight effects on Escherichia coli and a proposed model of
underlying physical mechanisms. Microbiology 1997, 143, 449-455.

Todd, P. Gravity-dependent phenomena at the scale of the single cell. ASGSB Bull. 1989, 2, 95-113.

Cogoli, A. Hematological and immunological changes during space flight. Acta Astronaut. 1981, 8, 995-1002.

Hall, E.J.; Giaccia, A.J. Radiobiology for the Radiologist. Int. J. Radiat. Oncol. Biol. Phys. 2006, 66, 10-1016.

Grimes, D.R. Estimation of the oxygen enhancement ratio for charged particle radiation. Phys. Med. Biol. 2020, 65, 15NTO01.
Dietze, G.; Bartlett, D.; Cool, D.; Cucinotta, F.; Jia, X.; McAulay, L; Pelliccioni, M.; Petrov, V.; Reitz, G.; Sato, T. ICRP, 123. As-
sessment of radiation exposure of astronauts in space. ICRP Publication 123. Ann. ICRP 2013, 42, 1-339.

Chancellor, J.C.; Blue, R.S.; Cengel, K.A.; Aundén-Chancellor, S.M.; Rubins, K.H.; Katzgraber, H.G.; Kennedy, A.R. Limitations
in predicting the space radiation health risk for exploration astronauts. npj Microgravity 2018, 4, 8.

Zeitlin, C.; Hassler, D.M.; Cucinotta, F.A.; Ehresmann, B.; Wimmer-Schweingruber, R.F.; Brinza, D.E.; Kang, S.; Weigle, G.; Bot-
tcher, S.; Bohm, E.; et al. Measurements of Energetic Particle Radiation in Transit to Mars on the Mars Science Laboratory. Science
2013, 340, 1080-1084.

Cucinotta, F.A.; Durante, M. Cancer risk from exposure to galactic cosmic rays: Implications for space exploration by human
beings. Lancet Oncol. 2006, 7, 431-435.

Paterson, L.C.; Festarini, A.; Stuart, M.; Ali, F.; Costello, C.; Boyer, C.; Rogge, R.; Ybarra, N.; Kildea, ].; Richardson, R.B. High-
Accuracy Relative Biological Effectiveness Values Following Low-Dose Thermal Neutron Exposures Support Bimodal Quality
Factor Response with Neutron Energy. Int. ]. Mol. Sci. 2022, 23, 878.

Prise, KM.; Ahnstrom, G.; Belli, M.; Carlsson, J.; Frankenberg, D.; Kiefer, J.; Lodbrich, M.; Michael, B.D.; Nygren, J.; Simone, G,;
et al. A review of dsb induction data for varying quality radiations. Int. |. Radiat. Biol. 1998, 74, 173-184.

Martin, R.C.; Knauer, ].B.; Balo, P.A. Production, distribution and applications of californium-252 neutron sources. Appl. Radiat.
Isot. 2000, 53, 785-792.

Cucinotta, F.A. Space Radiation Risks for Astronauts on Multiple International Space Station Missions. PLoS ONE 2014, 9,
€96099.

Ozasa, K.; Shimizu, Y.; Suyama, A ; Kasagi, F.; Soda, M.; Grant, E.J.; Sakata, R.; Sugiyama, H.; Kodama, K. Studies of the Mor-
tality of Atomic Bomb Survivors, Report 14, 1950-2003: An Overview of Cancer and Noncancer Diseases. Radiat. Res. 2012, 177,
229-243.

Sala, L.; van Meer, B.].; Tertoolen, L.G.; Bakkers, J.; Bellin, M.; Davis, R.P.; Denning, C.N.; Dieben, M. A.; Eschenhagen, T.; Gia-
comelli, E.; et al. MUSCLEMOTION: A Versatile Open Software Tool to Quantify Cardiomyocyte and Cardiac Muscle Contrac-
tion In Vitro and In Vivo. Circ. Res. 2018, 122, e5—e16.

Ewels, P.A,; Peltzer, A; Fillinger, S.; Patel, H.; Alneberg, J.; Wilm, A.; Garcia, M.U.; Di Tommaso, P.; Nahnsen, S. The nf-core
framework for community-curated bioinformatics pipelines. Nat. Biotechnol. 2020, 38, 276-278.

Patel, H.; Manning, J.; Ewels, P.; Garcia, M.U.; Peltzer, A.; Hammarén, R.; Botvinnik, O.; Talbot, A.; Hanssen, F.; Sturm, G.; et
al. nf-core/rnaseq: Nf-core/rnaseq v3.25.0 —Plutonium Pangolin (3.25.0): Zenodo. 2026. Available online: https://zenodo.org/rec-
ords/19738783 (accessed on 29 April 2026).

Wacker, O.; Manning, J.; Zoufir, A.; nf-core bot; Peltzer, A.; Dominguez, C.T.L; Carlson, D.; Mdller, S.; Ribeiro-Dantas, M.; Patel,
H.; et al. Fellows Yates. nf-core/differentialabundance: v1.4.0-2023-11-27 (1.4.0): Zenodo. 2023. Available online: https://ze-
nodo.org/records/10209675 (accessed on 8 May 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27198796


https://doi.org/10.3390/ijms27198796

