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ABSTRACT 21 

Changes of gravity induce profound cardiovascular adaptations in astronauts during 22 

spaceflights. Yet the early physiological mechanisms initiating cardiac remodeling 23 

remain unclear, as most studies have focused on long-duration spaceflight 24 

adaptations. Here, we investigated early functional and molecular responses using 25 

three-dimensional cardiac organoids derived from mouse embryonic stem cells 26 

exposed to altered gravity during the 69th CNES (Centre National d’Etudes Spatiales) 27 

parabolic flight campaign. Cardiac organoids were exposed to 31 consecutive parabola 28 

comprising repeated microgravity and hypergravity phases, followed by immediate 29 

functional and transcriptomic analyses after the flight. In this study, parabolic flight-30 

induced gravity variations were associated with maturation-dependent adaptations, 31 

increased cardiac beating rate and modified calcium dynamics. Transcriptomic 32 



 

 

analyses revealed modifications of gene expressions involved in calcium homeostasis, 33 

mitochondrial function and stress-related pathways, including upregulation of S100g, 34 

Ifi27l2a, Prelid2, Spink1 and Apom. Together, these findings support the use of cardiac 35 

organoids and parabolic flight as a complementary research platform to investigate 36 

early functional and molecular mechanisms of cardiac adaptation to gravity variation.  37 

 38 

INTRODUCTION 39 

Human spaceflights have highlighted gravity as a major environmental force of human 40 

and mammalian evolution on Earth1–3. Indeed, exposure to reduced gravitational 41 

loading, defined as microgravity, is associated with a range of physiological 42 

adaptations observed in astronauts during their space missions. One of the earliest 43 

physiological modifications under microgravity is the redistribution of body fluids from 44 

the lower extremities and abdomen toward the heart and the head. This major fluid 45 

redistribution directly affects the neurological and cardiovascular system4,5. 46 

Progressively, astronauts display brain tissue shift and cerebrospinal fluid redistribution 47 

associated with intracranial hypertension, spaceflight associated neuro-ocular 48 

syndrome (SANS) and vestibular disturbance described as space motion sickness 49 

(SMS)6–8. Fluid shift also induces a decrease in circulating blood volume of 7-15%, 50 

contributing to a decrease in global pressure, a reduction in cardiac stroke volume9 51 

and cardiovascular deconditioning10,11. In addition, microgravity alters 52 

mechanosensitive systems leading to musculoskeletal deficiencies, categorized as 53 

osteoporosis and sarcopenia12,13, and dysfunctions of the innate and adaptive immune 54 

system14–17.  55 

Cardiovascular monitoring of astronauts during spaceflight revealed a significantly 56 

increased incidence of arrhythmias, including premature atrial and ventricular 57 

contractions, atrial fibrillation and episodes of ventricular tachycardia18. Cardiac 58 

remodeling is also rapidly observed with vascular dysfunctions and cardiac atrophy 59 

reported in 80% of astronauts10,11,19. All these microgravity adaptations contribute to 60 

reduced exercise capabilities and post-flight orthostatic intolerance upon astronauts 61 

return to Earth20.  62 

In parallel, long-term experiments on cardiac cells or tissues conducted aboard the 63 

International Space Station (ISS) have provided insight into spaceflight-induced 64 



 

 

cellular and molecular responses. Human cardiomyocytes derived from induced 65 

pluripotent stem cells (iPSCs) were cultured for 40 days aboard the ISS and revealed 66 

changes in calcium handling and upregulation of genes associated with reactive 67 

oxygen species, cellular stress responses and mitochondrial metabolism21. Studies 68 

using human adult and neonatal cardiovascular progenitor cells (CPCs) cultured on 69 

the ISS for 30 days demonstrated several unique maturation-dependent effects of 70 

spaceflight, including modifications in stemness, senescence, proliferation and survival 71 

signaling pathways22. Additional experiments using cardiac progenitor spheroids 72 

exposed to spaceflight conditions for 21 days aboard the ISS further indicated an 73 

increased expression of genes related to cell proliferation, cardiac differentiation and 74 

cardiac function23. Finally, engineered heart tissues (EHTs) from hiPSCs-derived 75 

cardiomyocytes were cultured up to 30 days on the ISS and exhibited increased sign 76 

of arrhythmias and mitochondrial damage associated with upregulation of pathways 77 

linked to metabolic disorders, heart failure, oxidative stress and inflammation24. Taken 78 

together, these studies suggest that spaceflight-induced responses vary according to 79 

the complexity (cellular versus tissue-level organization) and maturation state of the 80 

experimental model, highlighting the need for more physiologically relevant models to 81 

study cardiac adaptations to spaceflight, such as cardiac organoids. In addition, these 82 

studies have primarily focused on the effects of long-term exposure to microgravity 83 

(>21 days), limiting insight into early and acute functional and molecular responses. 84 

Yet, characterizing the onset of the cardiovascular response to altered gravity may be 85 

critical to elucidate early molecular pathways influencing the progression of 86 

cardiovascular alterations during spaceflight.   87 

Parabolic flight, a ground-based spaceflight analog25, have been previously used to 88 

study the immediate effect of altered gravity on the cardiovascular system26. During 89 

the 29th European Space Agency (ESA) parabolic flight campaign, the heart rate 90 

variability (HRV) of seven healthy volunteers was recorded using electrocardiogram 91 

(ECG), demonstrating a tendency to higher HRV during the microgravity phases27. A 92 

separate study conducted during the 31st German space agency (DLR) parabolic flight 93 

campaign analyzed the blood levels of heart failure biomarkers in fourteen healthy 94 

volunteers and observed an influence of gravity variations on cardiac stress and 95 

calcium homeostasis28. More recently, the beating rate of human iPSCs-derived 96 

cardiomyocytes were monitored after each parabola during the 66th ESA parabolic 97 



 

 

flight campaign and displayed a progressive beating rate acceleration, reaching up to 98 

40% increase after 15 parabolas26. This functional modulation was suggested to 99 

involve the L-type Calcium Channel activity26. Altogether, these findings highlighted 100 

parabolic flight as an interesting ground-based analog to examine the onset of cardiac 101 

adaptations to gravity variations and suggested rapid cardiac beating rate and calcium 102 

fluxes modifications following parabolic-flight induced gravity modifications.  103 

In this study, we generated cardiac organoids derived from mouse embryonic stem 104 

cells and exposed them to parabolic flights at different stages of maturation. 105 

Spontaneous cardiac contractility, calcium dynamics and transcriptomics were 106 

immediately assessed after the flights. By combining functional and molecular 107 

analyses, we aimed to determine whether acute exposure to parabolic flight-induced 108 

repeated microgravity and hypergravity cycles displayed measurable functional 109 

changes associated with novel transcriptomics signature in cardiac organoids.  110 

 111 

RESULTS 112 

Generation of mouse cardiac organoids (COs) for parabolic flights  113 

We started by assembling mouse embryonic stem cells (mESCs) into embryoid bodies 114 

(EBs) in ultra-low attachment 96-well plates for 72h incubation prior to cardiac induction 115 

(Figure 1.a). Mesoderm and cardiac differentiation were induced by FGF4, in an 116 

adaptation of a previously described protocol29,30. Brightfield imaging of the cardiac 117 

organoids (COs) showed a significant morphological evolution over the course of 118 

differentiation (Figure 1.b). By day 3, COs reached a mean diameter of 1157 µm and 119 

started showing sphere buds (Sb) (Figure 1.c). By day 7, proliferative growth slowed 120 

down as COs reached a maximum mean diameter of 1368 µm and differentiation 121 

progressed toward cardiac maturation, with morphology transitioning toward beating 122 

heart tube-like (HT) structures and chamber formation (CF), as described previously29.  123 

The efficiency of cardiac differentiation was evaluated using time-course flow 124 

cytometry analysis with pluripotency (OCT3/4), fibroblasts (VIMENTIN), mesoderm 125 

(EOMES), sarcomere (ACTN2), and cardiomyocyte-specific (TNNT2) markers. At day 126 

3, 19.61% of cells expressed the mesodermal marker EOMES and 50.56% the 127 

sarcomere protein ACTN2, indicating the presence of progenitors and the initiation of 128 



 

 

sarcomere organization (Figure 1.d). By day 7, ACTN2 and TNNT2 expressions 129 

increased to 34.4% and 11.9%, respectively, and reached 77.84% and 68,31% by day 130 

9, demonstrating a rapid cardiomyocyte maturation. Spontaneous contractions were 131 

observed from day 3, with 22.9% of COs exhibiting visible beating (Figure 2.a). The 132 

proportion of beating organoids continues increasing over time, reaching 45.8% on day 133 

7 (Supplementary Movie 1) and 83.8% by day 9 (Supplementary Movie 2). Their 134 

beating frequency remained stable with a mean of 54 beating per minute, staying in 135 

the quality control range of 30 – 90 bpm previously recommended31 (Figure 2.b).  136 

Consistent with these observations, live calcium fluxes imaging revealed regular Ca²⁺ 137 

transients characteristic of functional cardiac tissue at days 7 and 9 (Figure 2.c and 138 

2.d, Supplementary Movie 3 and Supplementary Movie 4). As well as comparable Ca²⁺ 139 

amplitude (Figure 2.e), transient decay tau (Figure 2.f), and frequency (Figure 2.g). 140 

 141 
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 157 

Figure 1. Generation of mouse cardiac organoids for the parabolic flight.  158 

a. Schematic overview of the differentiation workflow used for generating cardiac organoids (COs). At 159 

day 7, 8 and 9 COs were exposed to parabolic flight. Created using BioRender.com.  160 

b. Brightfield images of COs through the 9-days culture period. One representative organoid is shown 161 

for each condition. Arrows indicate sphere buds (Sb), heart tube-like (HT) and chamber formation (CF) 162 

morphology. Scale bar = 500μm.  163 

c. Quantification of COs diameter at day 0, 3, 7 and 9 (data representative of 65-106 independent 164 

organoids per conditions across three independent experiments, Median, Ordinary one-way ANOVA; 165 

**** p-value<0.0001, ns: not significant).  166 

d. Time course flow cytometry analysis of COs at day 3, 7 and 9 with pluripotency (OCT3/4), fibroblasts 167 

(VIMENTIN), mesoderm (EOMES), sarcomere (ACTN2) and cardiomyocyte-specific (TNNT2) markers 168 

(data representative of 8 independent organoids per conditions across three independent experiments, 169 

Mean ± SD, Ordinary one-way ANOVA; * p-value<0.05, ** p-value<0.01, **** p-value<0.0001). 170 
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 172 

Figure 2. Cardiac organoids functional characterization prior to parabolic flights.  173 

a. Percentage of organoids visibly beating under brightfield microscopy at day 3, 7 and 9 (data 174 

representative of 16 independent organoids per condition across three independent experiments, Mean 175 

± SD, Ordinary one-way ANOVA, **p-value<0.01, ns: not significant).  176 

b. Beating frequency in beats per minute (bpm) of organoids on day 3, 7 and 9. Grey dashed line 177 

corresponds to the quality control range of 30-90 bpm (data representative of 12-28 independent 178 

organoids per conditions across three independent experiments, Mean, Ordinary one-way ANOVA, ns: 179 

not significant).  180 

c. Representative Fluo-4 fluorescence images of organoids at day 7 and day 9 showing baseline 181 

intracellular Ca²⁺ levels (white box, left) and peak Ca²⁺ transient (white box, right) during spontaneous 182 

calcium fluxes. 1 representative organoid is shown for each condition. Scale bar = 500 μm.  183 

d. Representative traces of calcium transient of COs on day 7 and day 9.  184 

e-f-g. Quantification of Ca²⁺ transient traces with ΔF/F₀ (e), transient decay Tau (f) and frequency (g) of 185 

COs at day 8 and 9 (data representative of 4 independent organoids per conditions across three 186 

independent experiments, Mean ± SD, Welch’s t test, ns: not significant).  187 



 

 

Functional analyses of cardiac organoids exposed to parabolic flights 188 

The cardiac organoids were flown on three independent parabolic flights conducted on 189 

consecutive days at different maturation stages: day 7 on Flight 1, day 8 on Flight 2,  190 

and day 9 on Flight 3. The parabolic flight campaign was sponsored by the Centre 191 

National d’Études Spatiales (CNES) and operated by Novespace (Bordeaux, France) 192 

with an Airbus A310. Before each flight, the COs were divided into two groups: a 1 g 193 

control maintained on the ground under standard Earth gravity conditions, and a flight 194 

group, exposed to gravity variations across 31 parabolas during the parabolic flight. 195 

Each parabola consisted of three phases: first, the airplane was pulled up for about 24 196 

s with full thrust. During this hypergravity phase, the COs were subjected to an 197 

acceleration of approximately 1.8 g. Then, the airplane followed a parabolic trajectory 198 

with the engine thrust reduced to the minimum, entering a free-fall phase for 199 

approximately 22 s during which the COs were exposed to microgravity. Finally, the 200 

airplane was pulled out of the parabola through a last hypergravity phase of 201 

approximately 1.8 g for 22 s (Figure 3).  202 

Figure 3. Overview of parabolic flight experiments.  203 

Schematic overview of the parabolic flight experiment design. The morphology, contractility and 204 

calcium flux of COs on day 7 (Flight 1), 8 (Flight 2) or 9 (Flight 3) were assessed before the flight. COs 205 

were then divided into two groups: the first group stayed on the ground as 1g control, while the second 206 

group was exposed to parabolic flight comprising 31 parabolas, each consisting of a first hypergravity 207 

phase (~1.8g) for 24s, followed by microgravity (~0g) for 22s and a final hypergravity period (~1.8g) for 208 

22s. Immediately after the flight, COs morphology, contractility and calcium fluxes were measured 209 

again and others were immediately frozen for transcriptomics analysis. Created using BioRender.com.  210 



 

 

Prior to the flights and immediately after landing, COs morphology, contractility and 211 

calcium fluxes were recorded to analyse the acute effect of gravity alteration on cardiac 212 

function. 213 

COs had similar morphology before and after the flights (Figure 4.a), with a relative 214 

diameter (Δdiameter: post-flight/pre-flight) around 0.98 across all flights (Figure 4.b). 215 

Interestingly, a significant increase in contractility rate was observed following Flight 2 216 

and 3, with a relative beating per minute (Δbpm: post-flight/pre-flight) increasing by 217 

28.44% in day 8 organoids and by 32.93% in day 9 organoids (Figure 4.c). However, 218 

the relative beating per minute was unchanged for early COs at day 7 after Flight 1.  219 

 220 

Figure 1. Effects of parabolic flights on cardiac organoids morphology and contractility.  

a. Brightfield images of COs before (Pre-Flight) and after (Post-Flight) the parabolic flight, and 
corresponding 1g controls. One representative organoid is shown for each condition. Scale bar = 
500μm. 
b. Quantification of organoid diameter (expressed as Δdiameter: post-flight diameter/pre-flight 
diameter) following parabolic flight, and corresponding 1g control (data representative of 5-11 
independent organoids per conditions across three independent experiments, Mean ± SD, Ordinary 
one-way ANOVA, ns: not significant).  
c. Quantification of organoid contraction at day 7 (Flight 1), day 8 (Flight 2) and day 9 (Flight 3). COs 
contractility is expressed as ΔBPM (post-flight beating per minute/pre-flight beating per minute) 
following parabolic flight, and corresponding 1g control (data representative of 5-16 independent 
organoids per conditions across three independent experiments, Mean ± SD, Ordinary one-way 
ANOVA, *p-value<0.05, **p-value<0.01, ns: not significant).  



 

 

Consistent with the contractile modification at later maturation stages, calcium 221 

transient traces revealed modified Ca²⁺ handling properties of cardiac organoids 222 

exposed to Flights 2 and 3 (Figure 5.a). Organoids at day 8 and day 9 exhibited a 223 

significant increase in Ca²⁺ transient amplitude (Figure 5.b), associated with an 224 

increase in transient decay tau (Figure 5.c) but comparable frequency (Figure 5.d). 225 

Again, no difference in calcium dynamics was observed in early COs at day 7 following 226 

Flight 1.  227 

 228 

Transcriptomics remodeling in cardiac organoids following gravity variations 229 

during parabolic flights 230 

After landing, mouse cardiac organoids exposed to parabolic flight, together with their 231 

corresponding 1 g control, were immediately frozen for transcriptomics analysis.  232 

In order to capture global acute transcriptional response to parabolic flight, in a 233 

maturation-stage independent manner, total RNA sequencing was performed on 234 

Figure 2. Effects of parabolic flights on cardiac organoids calcium fluxes.  
a. Representative traces of calcium transient of COs at day 7 (Flight 1), day 8 (Flight 2) and day 9 (Flight 
3).  
b-c-d. Quantification of Ca²⁺ transient traces with ΔF/F₀ (b), transient decay Tau (c) and frequency (d) 
of COs at day 7 (Flight 1), day 8 (Flight 2) and day 9 (Flight 3), and corresponding 1g control (data 
representative of 2-8 independent organoids per flight or 1g control, Mean ± SD, Ordinary one-way 
ANOVA, *p-value<0.05, **p-value<0.01, ns: not significant).  



 

 

pooled cardiac organoids collected at days 7, 8 and 9. Based on the previously 235 

observed modifications in contractility and calcium flux following parabolic flight 236 

exposure, we first examined the expression of genes encoding cardiac transcription 237 

factors (Figure 6.a) and genes related to cardiac contractility (Figure 6.b), calcium 238 

handling (Figure 6.c), and cardiac metabolism (Figure 6.d). No differences in 239 

expression were detected for any of those genes, indicating that parabolic flight did not 240 

induce immediate transcriptional changes in genes known to be involved with cardiac 241 

contractility and metabolism or calcium dynamics. We therefore focused on the global 242 

transcriptomic dataset, which revealed six genes upregulated in response to repeated 243 

hypergravity and microgravity exposure during parabolic flight (p-value< 0.05 and 244 

log2(fold change)> 1; Figure 6.e). Interestingly, the most upregulated gene was S100g 245 

(p-value=0.00021, log2(fold change)=2.23; Figure 6.f-g), which encodes a cytosolic 246 

calcium-binding protein involved in intracellular calcium buffering and signaling32. 247 

While several members of the S100 protein family have previously been identified as 248 

markers of microgravity exposure in astronaut serum, S100g has not, to our 249 

knowledge, been reported in this context33. The second most upregulated gene was 250 

Ifi27l2a (p-value=0.007, log2(fold change)=1.59), an interferon-inducible gene 251 

associated with inflammation and mitochondrial ROS production34. While inflammation 252 

and mitochondrial dysfunctions have been widely reported in response to 253 

microgravity35, Ifi27l2a has not been reported in previous microgravity studies. In 254 

parallel, Prelid2, a gene encoding a mitochondrial lipid transfer protein involved in 255 

phospholipid trafficking to the inner mitochondrial membrane, was also upregulated (p-256 

value=0.032, log2(fold change)=1.44). Similarly, modifications in Prelid2 expression 257 

have never been reported in previous microgravity or gravity variations exposure 258 

studies. Apom, encoding the apolipoprotein M, a lipid transport protein and carrier of 259 

sphingosine-1-phosphate (S1P) implicated in immune and inflammatory response36, 260 

showed increased expression following parabolic flight exposure (p-value=0.016, 261 

log2(fold change)=1.38). Although Apoa1, another apolipoprotein family member, has 262 

been reported to be elevated in astronaut serum after prolonged spaceflight33, Apom, 263 

has not been identified yet under these conditions. Elevated transcript level was 264 

detected for Spink1 (p-value=0.004, log2(fold change)=1.37), a serine protease 265 

inhibitor previously reported to be involved in chronic pancreatitis, pancreatic cancer 266 

and upregulated in ischemic heart disease37,38. Finally, 2010204K13Rik, a gene with 267 

currently uncharacterized biological function, was also found upregulated (p-268 



 

 

value=0.03, log2(fold change)=1.15). These results suggest that parabolic flight-269 

induced gravity variations is associated with an acute transcriptional response through 270 

the specific upregulation of genes involved in calcium homeostasis, stress response, 271 

lipid transport, and mitochondria.  272 

 273 

Figure 6. RNA-sequencing analysis of COs exposed to parabolic flights.  274 

a-b-c-d. Log2(fold change) of cardiac transcription factors (a), genes related to cardiac contractility (b), 275 

calcium handling (c) and cardiac metabolism (d).  276 

e. Volcano plot illustrating differential gene expression between parabolic flights-exposed COs and 1g 277 

ground controls. Genes with p-value < 0.05 and Log2(fold change) > 1 are represented with red dots. 278 

The x-axis represents Log2(fold change) and y-axis the –Log10(p-value unadjusted).  279 

f. Table summarizing the main cellular functions of the 6 genes upregulated in cardiac organoids 280 

exposed to parabolic flight compared to the 1g ground control.   281 

g. Log2(fold change) of the 6 upregulated genes following parabolic flight. 282 



 

 

DISCUSSION 283 

Cardiovascular adaptations during spaceflight are consistently reported in both low 284 

Earth orbit and deep-space missions, including the Apollo lunar missions19,39. Previous 285 

studies report the effects of long-term missions on cardiac tissue, progenitors, or 286 

cardiomyocytes, describing functional and metabolic remodeling following weeks or 287 

months of microgravity exposure aboard the ISS21,23,24,40. Yet the early mechanisms 288 

modulating cardiovascular physiology under microgravity remain unclear. Short-289 

duration studies, using parabolic flight, demonstrated rapid cardiac response to gravity 290 

variations, with higher heart rate variability during the microgravity phases27 and rapid 291 

modulation of cardiomyocytes beating rate26.   292 

In this study, we focused on acute cardiac functional and molecular responses using 293 

cardiac organoids derived from mouse embryonic stem cells exposed to parabolic 294 

flights. We used three-dimensional cardiac organoids displaying spontaneous beating 295 

and coordinated calcium dynamics to better simulate in vivo cardiac function. Unlike 296 

previous studies, we analyzed cardiac responses following exposure to the full 297 

parabolic sequences, including repeated microgravity and hypergravity cycles, to 298 

assess the global effect of altered gravity exposure26,41. We observed that parabolic 299 

flight induces cardiac functional adaptations in a maturation-dependent manner. 300 

Indeed, while organoids at day 7 of differentiation showed no significant functional 301 

modifications, organoids at day 8 and 9 exhibited immediate significant increase in 302 

beating rate, calcium transient amplitude, and decay Tau. These findings were 303 

consistent with previous studies showing maturation-dependent cardiac adaptation 304 

during spaceflight using human adult and neonatal cardiovascular progenitor cells22. 305 

The immediate increase in beating rate and transient decay Tau was also in 306 

accordance with previous observations in human cardiomyocytes exposed to parabolic 307 

flight or long-term spaceflight, respectively26,42. In contrast, cardiac organoid 308 

morphology remained unchanged following the parabolic flight, suggesting that the 309 

cardiac atrophy reported during spaceflight reflects long-term remodeling processes19.  310 

Despite the immediate functional adaptations observed in mature organoids, 311 

transcriptomics analysis did not reveal modifications in the expression of genes known 312 

to be associated with cardiac contractility, calcium handling or cardiac metabolism. 313 

However, a novel set of six genes was identified as upregulated following parabolic 314 

exposure, suggesting a potential transcriptomic signature associated with the acute 315 



 

 

response to combined microgravity and hypergravity conditions. In particular, S100g, 316 

encoding a calcium-binding protein involved in intracellular calcium buffering, showed 317 

the strongest upregulation. Previous serum proteomic analyses of astronauts following 318 

long-duration spaceflight has identified an increase in proteins from the same S100 319 

family, including S100A8 and S100A12, suggesting a compensatory mechanism aimed 320 

at maintaining calcium homeostasis33. However, S100G was never, to our knowledge, 321 

previously associated with gravity variations.  322 

Genes associated with mitochondrial function and stress responses, Ifi27l2a and 323 

Prelid2, were also upregulated, indicating early inflammation and acute mitochondrial 324 

response that are consistent with stress response observed after long-term spaceflight 325 

exposure24,35. In addition, the upregulation of Apom, a gene encoding a lipid transport 326 

protein involved in sphingosine-1-phosphate signaling, further highlights the immediate 327 

lipid-mediated stress and inflammatory responses to altered gravity. While 328 

inflammation, oxidative stress, and mitochondrial dysfunction have been widely 329 

reported following long-term spaceflight, the present results suggest that these 330 

pathways may be activated rapidly even after short-duration exposure and unveil novel 331 

candidate genes potentially involved in the acute adaptation associated with parabolic 332 

flight-induced gravity variations 35,43,44.  333 

However, the interpretation of these observations should consider several limitations. 334 

Due to operational constraints associated with human-derived cells handling during 335 

parabolic flight experiments, an alternative model was implemented. While human 336 

cardiac organoids derived from induced pluripotent stem cells would offer direct 337 

translational relevance, mouse embryonic stem cell-derived cardiac organoids 338 

constitute a robust and widely used model in space biology. This model enables the 339 

investigation of conserved cellular responses to altered gravity conditions and provides 340 

insights into the signaling pathways governing mechanotransduction and tissue 341 

organization under mechanical constraint41,45–47. Another important limitation of this 342 

study is that the parabolic flight campaign design does not allow dissociation of the 343 

specific contribution of gravity transitions from other flight-associated factors, including 344 

vibrations, aircraft acceleration and other operational constraints. In the absence of an 345 

in-flight non-parabolic control condition, the observed functional and transcriptional 346 

responses should therefore be interpreted as associated with exposure to parabolic 347 

flight-induced gravity variations rather than attributed exclusively to altered gravity 348 



 

 

itself. In this study, we decided to capture global acute responses to microgravity and 349 

hypergravity cycles and therefore not distinguish microgravity-specific effects. In 350 

addition, our experimental setup does not take into account other spaceflight-351 

associated stressors known to contribute to cardiovascular alterations, such as 352 

radiations48. Therefore, parabolic flight experiments can not substitute for spaceflight 353 

studies but should be viewed as a complementary platform to investigate the onset of 354 

gravity variations-induced effects49,50. Our transcriptomics analyses were performed 355 

on pooled cardiac organoids at different maturation stages to assess the general acute 356 

response to altered gravity. While this approach identified early global transcriptional 357 

changes, further studies with samples at different maturation stages will be necessary 358 

to refine those findings. Furthermore, the limited number of differentially expressed 359 

genes may reflect rapid and acute cellular responses, potentially involving remodeling 360 

at the proteomic or post-translational level. In this context, proteomic analyses may 361 

provide complementary insights. However, it is also possible that broader 362 

transcriptional changes may emerge at later time points, reflecting longer-term 363 

adaptive processes that could be addressed in future parabolic flight studies.  364 

Our study demonstrated that exposure to parabolic flight-induced gravity variations, 365 

through repeated microgravity and hypergravity phases, induces an acute and 366 

maturation-dependent functional adaptation in cardiac organoids, associated with a 367 

transcriptional remodeling involving calcium homeostasis, mitochondrial function, and 368 

stress-related pathways. In addition, this work highlights the value of organoids as a 369 

physiologically relevant model and parabolic flights as an important complementary 370 

platform to investigate early functional and molecular mechanisms of spaceflight 371 

adaptations.  372 

 373 

METHODS 374 

Mouse embryonic stem cell culture and maintenance 375 

The mouse Embryonic Stem Cell (mESC) line ES-E14TG2 was purchased from ATCC 376 

(CRL-1821). The mESCs were cultured on irradiated Mouse Embryonic Fibroblasts 377 

(MEFs) feeder layer (A34181, FisherScientific) in DMEM High Glucose (D5796, Merck) 378 

supplemented with 10% FBS (17974731, FisherScientific), 1mM Pyruvate (S8636, 379 

Merck), 100μM β-mercaptoethanol (11508916, FisherScientific), 100U/mL 380 



 

 

Penicillin/100µg/mL Streptomycin (P4333, Merck) and 1000 units/mL LIF (ESG1107, 381 

Merck) in a 5% CO2 atmosphere at 37°C.  382 

 383 

Self-assembling cardiac organoid differentiation 384 

mESCs were grown to 60% confluency on feeder layer and dissociated using Trypsin-385 

EDTA 0.25% (T4049, Merck) to obtain a single cell solution. The trypsinized mESCs 386 

were then seeded into six-well plates previously coated with 0.2% gelatin (G1393, 387 

Merck) and incubated at 37°C for 45 min to separate the mESCs from the MEFs feeder 388 

layer. Floating mESCs were collected and centrifuged at 1000 rpm for 5min. For 389 

Embryoid Bodies (EB) formation, 2000 mESCs were seeded onto each well of a U-390 

bottomed 96-well plate (CLS7007, Merck) in 200μL of EB medium (Knockout DMEM 391 

(10389172, FisherScientific) supplemented with 20% FBS (17974731, 392 

FisherScientific), 100 μM β-mercaptoethanol (11508916, FisherScientific), 1× NEAA 393 

(12084947, FisherScientific), 1× EmbryoMax Nucleoside (ES-008-D, Merck), 1× 394 

P/S/Glutamine (G6784, Merck)) and incubated at 37°C and 5% CO2 for 3 days. To 395 

start cardiac differentiation, EBs were incubated with cardiac differentiation media 396 

(DMEM/F12 medium (11574546, FisherScientific) supplemented with 20% KSR 397 

(10829220, FisherScientific), 1 mM sodium pyruvate (S8636, Merck), 100 μM β-398 

mercaptoethanol (11508916, FisherScientific) , 2 mM L-glutamine (G7513, 399 

FisherScientific), 1× P/S, 60 ng/ml progesterone (P6149, Merck), 30 ng/ml β-estradiol 400 

(E2257, Merck), 5 μg/ml insulin (I6634, Merck), 20 μg/ml transferrin (T8158, Merck), 401 

30 nM selenite (S9133, Merck) and 45ng/ml FGF4 (235-F4, R&D systems)) for 9 days 402 

at 37 °C and 5% CO2. Cardiac differentiation medium was replaced at day 3, day 5 403 

and day 7. The cardiac organoids were collected at different timepoint for further 404 

analysis.  405 

 406 

AI-based Morphology Image Analysis  407 

The morphology algorithm was implemented in Python and developed entirely in-408 

house using Meta's Segment Anything Model (SAM) and the NumPy library. First, 409 

brightfield images acquired in .tiff were automatically converted to .png format for later 410 

processing. For each dataset, images were displayed in an interactive window, where 411 



 

 

the user specified the microscope magnification and manually selected the organoid 412 

of interest. Segmentation of each selected organoid was performed using SAM. From 413 

the contours, the area, perimeter, circularity and equivalent perimeter was calculated. 414 

At the end of the analysis, a Microsoft Excel-compatible results.csv file was generated, 415 

containing the quantitative measurements associated with each organoid for each 416 

image. 417 

 418 

Flow cytometry 419 

Cardiac organoids were collected on day 3, day 7 and day 9 to monitor the efficiency 420 

of cardiac differentiation. For each sample, twelve organoids were pooled and 421 

dissociated using TryPLE Express (10718463, FisherScientific) for 10 min at 37°C 422 

followed by vigorous pipetting. Cells were washed once with PBS (15326239, 423 

FisherScientific), resuspended at 1x10⁶ cells/mL in PBS and incubated with Viobility™ 424 

405/452 Fixable Dye (130-130-403, Miltenyi Biotec) for 10 min at room temperature 425 

(RT) following manufacturer’s instructions. Cells were then fixed in 4% 426 

paraformaldehyde (15424389, FisherScientific) for 20 min at RT, washed once with 427 

PBS and permeabilized with 0.1% Triton X-100 (93443, Merck) in PBS for 20 min at 428 

RT. Permeabilized cells were incubated for 2h at 4°C with the following antibodies 429 

diluted in 5% FBS-PBS: the pluripotency marker OCT3/4 (130-123-318, Miltenyi 430 

Biotec, dilution 1:50), the fibroblast marker Vimentin (130-118-497, Miltenyi Biotec, 431 

dilution 1:50), the mesoderm marker EOMES (130-123-819, Miltenyi Biotec, dilution 432 

1:50), the cardiomyocyte marker cardiac Troponin T (130-119-674, Miltenyi Biotec, 433 

dilution 1:50), and the sarcomere marker alpha-actinin 2 (130-119-806, Mitltenyi 434 

Biotec, dilution 1:50). The cells were finally washed twice with PBS and analyzed on a 435 

MACSQuant X flow cytometer (Miltenyi Biotec). All samples were processed and 436 

analyzed using identical instrument setting and gating strategies.  437 

 438 

Calcium Imaging 439 

Cardiac organoids were treated with Fluo-4 calcium imaging probe (15445300, 440 

FisherScientific) in calcium-free PBS for 15 min at 37 °C and 5% CO2 and 15 min at 441 

room temperature following the manufacturer’s instructions. Organoids were washed 442 



 

 

once with Tyrode’s solution and calcium fluxes were recorded using an EVOS M5000 443 

(ThermoFisher) using a 10x objective. For the parabolic flight experiments, calcium 444 

fluxes were recorded before the flight using an EVOS M3000 with a 10x objective and 445 

immediately transported inside the plane for the flight experiment. After the flight, 446 

calcium fluxes were recorded again under identical conditions to assess the immediate 447 

impact of altered gravity. A control plate (1 g control) was prepared in the exact same 448 

conditions, subjected to normal terrestrial gravity for the same duration and recorded 449 

in the same way.  450 

 451 

Calcium Fluxes Analysis  452 

Calcium fluorescence fluxes were analysed using an in-house algorithm implemented 453 

in Python, based on the NumPy library, the find_peaks and curve_fit functions from the 454 

scipy.signal library. The analysis consisted of two sequential steps: first, the automated 455 

identification of the region of interest (ROI) corresponding to the area exhibiting the 456 

highest calcium flux signal, followed by the quantitative analysis of the fluorescence 457 

within this ROI.  458 

For ROI identification, each video frame was partitioned into a regular grid of 30 × 30 459 

spatial tiles. For each tile and each frame, the green channel of the RGB image was 460 

extracted, and the mean fluorescence intensity was computed, yielding a fluorescence 461 

time series associated with each tile. Temporal variability was quantified for each tile 462 

using a variability score defined as 100 × (variance/mean) of the fluorescence signal 463 

(this mean-normalization removes bias due to absolute brightness differences between 464 

cells). Variability scores were normalized across tiles, and the tile exhibiting the 465 

maximum score was identified. Starting from this tile, a depth-first region-growing 466 

procedure was applied, iteratively aggregating spatially connected neighboring tiles 467 

whose variability score remained within 20% of the maximum value. The final ROI was 468 

defined as the bounding box enclosing all selected tiles. In addition to this automatic 469 

procedure, a manual mode was also implemented, allowing the user to directly select 470 

the ROI. 471 

Following ROI identification, the corresponding region was extracted from the video, 472 

and the next analyses were restricted to this area. For each frame, the mean green-473 

channel fluorescence intensity within the ROI was computed, resulting in a one-474 

dimensional fluorescence trace. Peaks were identified on this trace using the 475 



 

 

find_peaks function from the scipy.signal library. Based on this, the average event 476 

frequency (f₀), the variability of inter-event intervals (Δf), and the transient decay tau 477 

(τ) were computed. 478 

 479 

Cardiac contractility assessment 480 

Cardiac organoids contractility was measured by video recording of spontaneous 481 

beating activity. Organoids were recorded using an EVOS M5000 (ThermoFisher) or 482 

EVOS M3000 microscope (ThermoFisher) with 4x or 10x objective. Beating frequency 483 

was quantified as beats per minute by manual counting from recorded videos. 484 

 485 

RNA-sequencing and data analysis 486 

Immediately after landing, mouse cardiac organoids exposed to parabolic flight 487 

conditions and corresponding 1 g ground controls were cryopreserved. For each 488 

condition, 36 independent organoids were pooled to generate a single sample. The 489 

flight condition comprised organoids collected across three independent parabolic 490 

flights (flights 1–3), while the 1g control condition comprised organoids from the 491 

corresponding ground control experiments. Total RNA was extracted using NucleoSpin 492 

TriPrep kit (Macherey-Nagel) following the manufacturer’s instructions. All RNA 493 

samples had an RNA integrity number ≥ 7 and concentration ≥ 100 ng/µL (Qubit). cDNA 494 

libraries were prepared using cDNA-PCR Sequencing V14-Barcoding kit (SQK-495 

PCB117.24) following the manufacturer’s instructions. Briefly, cDNA synthesis was 496 

performed using 500ng of total RNA per sample. Following RT, PCR amplification was 497 

performed using the following cycling conditions: 1 cycle (95°C for 30 s), 14 cycles 498 

(95°C for 15 s, 62°C for 15 s, 65°C for 2 min), 1 cycle (65°C for 6 min). The cDNA 499 

libraries were sequenced using a MinION Mk1C sequencing device with R.10.4.1 flow 500 

cells for 72h. Reads were aligned to the GRCm39 mouse genome reference with 501 

Minimap2 v2.30-r128751 and indexed using Samtools 1.22.152. The gene raw counts 502 

were generated using FeatureCounts53 and differential expression analysis was 503 

performed using DESeq254.  Database for Annotation, Visualization, and Integrated 504 

Discovery (DAVID) was used to determine the functional annotations of the top 6 505 

upregulated genes.  Search Tool for the Retrieval of Interacting Genes/Protein 506 



 

 

(STRING) was used to visualize the interaction network of the top 6 upregulated 507 

proteins.  508 

 509 

Statistical analysis 510 

All data are presented as mean ± standard deviation. Statistical significance between 511 

data were performed with Ordinary one-way ANOVA or Welch’s t test using GraphPad 512 

Prism 10.6.1 software, with *p-value<0.05, **p-value<0.01, ***p-value<0.001, **** p-513 

value<0.0001. Specific number of independent organoids, experiments and statistical 514 

tests are indicated in figure legends.  515 
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