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In the era of renewed space exploration, comprehending the effects of the space environment on
human health, particularly for deep space missions, is crucial. While extensive research exists on the
impacts of spaceflight, there is a gap regarding female reproductive risks. We hypothesize that space
stressors could have enduring effects on female health, potentially increasing risks for future
pregnancies upon return to Earth, particularly related to small-for-gestational-age (SGA) fetuses. To
address this, we identify a shared microRNA (miRNA) signature between SGA and the space
environment, conservedacrosshumansandmice. ThesemiRNAs target genesandpathways relevant
to diseases and development. Employing a machine learning approach, we identify potential FDA-
approved drugs to mitigate these risks, including estrogen and progesterone receptor antagonists,
vitamin D receptor antagonists, and DNA polymerase inhibitors. This study underscores potential
pregnancy-related health risks for female astronauts and proposes pharmaceutical interventions to
counteract the impact of space travel on female health.

We are amidst a new space age marked by a surge in missions from gov-
ernmental and commercial space agencies. Thesemissions encompass deep
space explorations, including Moon missions like NASA’s Artemis cam-
paign, with ambitions to reach Mars ultimately1. The rapid expansion in
space endeavors necessitates a profound understanding of how the inhos-
piSupplementary Table pace environment affects human health and
development. In addition, it is crucial to develop pharmacological coun-
termeasures to mitigate human physiological alterations.

The space environment significantly contrasts with our terrestrial
habitat and introduces primary hazards that elevate health risks, with space
ionizing radiation andmicrogravity being themost deleterious2. Previously,
we elucidated spaceflight-associated health risks in human biology,
including six key physiological aspects: oxidative stress, DNA damage,
mitochondrial dysregulation, epigenetic and gene regulation alterations,
telomere-length dynamics, and shifts in the microbiome2. Certain altered
health risks may recede to preflight levels depending on the duration spent
in space. However, evidence indicates that the health risks associated with
extended deep space missions will exert a lasting impact on human
well-being.

Most prior spaceflight health studies are biased toward male partici-
pants. Women comprised just 15% of NASA’s astronaut corps until a
decade ago. Nowadays, the representation of women in astronaut training
has increased to nearly 50%3. Emerging studies are beginning to shed light
on sex-specific health risks associated with spaceflight, supplementing the
traditional sex-independent spaceflight research4. Yet, our understanding of
how space travel can affect women’s reproductive systems remains limited.

The typical physiological responses to spaceflight can potentially
trigger early menopause, reduce fertility, and even contribute to the devel-
opment of conditions like endometriosis3. Recent research also indicates
that spaceflight-induced changes in estrogen and insulin levels, particularly
in women, can adversely impact the female reproductive system5. Notably,
theNationalAcademiesDecadal Survey onBiological andPhysical Sciences
Research in Space for 2023–2032 has highlighted the research gap con-
cerning female health risks in space and underscores the need for further
investigation. Specifically, it emphasizes the importance of comprehending
the space environment’s effects on the female reproductive system6. Lastly,
this research is timely since NASA’s Space Biology program launched the
Rodent Research-20 mission in November of 2023 to the International
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Space Station to investigate ovarian function and whether space-flown
female mice have temporary or permanent alterations to their reproductive
capabilities.

Apivotal question surrounding the impact of space travel on the female
reproductive system is whether prolonged exposure to the space environ-
ment might elevate the risk of birth defects or have any adverse impact on
future pregnancies. One concern revolves around small-for-gestational-age
(SGA) births, where infants have birth weights below the 10th percentile for
their gestational age7. On average, 16% of infants are SGA, ranging from 7%
in developed countries to over 40% in developing countries8. While nearly
90%ofSGA infants exhibit catch-upgrowthwithin twoyears, the remaining
10% do not9. SGA infants need to be monitored carefully till adulthood9.
These infants face various health risks, including hypertension, cardiovas-
cular disease, and type 2 diabetes mellitus10,11, which can be exacerbated by
rapidpostnatalweight gain12. The risk of SGAbirths is influenced by various
factors, including maternal lifestyle choices (e.g., smoking), placental
insufficiency (e.g., in pre-eclampsia), gestational weight gain, twin preg-
nancies, paternal factors (e.g., SGA birth, height), and environmental ele-
ments (e.g., pollution)13. In this work, we hypothesize that the risk of SGA
development increases after maternal exposure to space stressors, and we
further hypothesize that microRNAs (miRNAs) provide a relevant bio-
signature for diagnostics and monitoring.

The rising interest inmiRNAsas prognostic anddiagnostic biomarkers
stems from their non-invasive sample collection methods. miRNAs, small
non-coding RNAs typically spanning 19-22 nucleotides, exert post-
transcriptional and translational regulation over hundreds to thousands
of mRNAs7. These versatile molecules govern diverse biological processes
such as cell proliferation, differentiation14, inflammation15, mitochondrial
function16, and apoptosis17. Furthermore, miRNAs display high conserva-
tion across species, including humans and mice18. Aberrant miRNA
expression has been linked to complex pregnancies19,20, maternal smoking21,
and fetal growth restriction22, indicating their potential role in placental-
related diseases. Here, we seek to identify an SGA-associated miRNA sig-
nature, serving as a potential biomarker and target for future counter-
measures. Given this signature, machine learning techniques were applied
to identify FDA-approved drugs that could potentially be repurposed to
address elevated miRNA levels.

Our study utilized a two-step approach to explore the miRNA sig-
nature associatedwith SGAand its potential links to spaceflight. Initially, we
leveraged data from the ImmPort database (www.immport.org), a resource
offered by the National Institute of Allergy and Infectious Diseases
(NIAID) at the National Institutes of Health (NIH), to establish a
miRNA signature for SGA. This database, focusing primarily on
immunology data, includes diverse experimental results such as PCR,
ELISA, and flow cytometry. We examined miRNA profiles in
maternal plasma from SGA deliveries7.

Subsequently, we turned our attention to space biology data available
through NASA’s Open Science Data Repository (OSDR) and GeneLab
platforms (https://www.nasa.gov/osdr/). These resources offer a rich col-
lection of omics datasets from space biology experiments, including
miRNA-sequence data from simulated spaceflight conditions23. By com-
paring the SGA-associated miRNA signature from ImmPort with the
spaceflight data from GeneLab/OSDR, particularly focusing on female
C57BL/6 mice, we identified 13 shared miRNAs. This overlap suggests a
possible impact of space conditions on similar biological pathways
involved in SGA.

Results
miRNA response linked to both SGA and spaceflight
We started by analyzing datasets from NIAID’s ImmPort and NASA’s
OSDR/GeneLab platforms to understand whether there are datasets that
could help us elucidate amiRNA signature for SGA-associated risks during
spaceflight. Our focus was to identify datasets that shed light on how
clinically relevant miRNAs associated with SGA are affected in the circu-
lation of females during spaceflight. We used the dataset SDY1871 from

ImmPort, concentrating onmiRNA expression in humanmaternal plasma
obtained from healthy pregnancies and those with SGA births7.

We considered three distinct gestational time points: 12þ0 � 14þ6

(time-point A), 15þ0 � 17þ6 (time-point B), and 18þ0 � 12þ6 (time-point
C) weeks7. A gestation time-dependent analysis unveiled differences in
miRNA expression profiles between SGA and control patient samples
(Supplementary Fig. 1 andFig. 1a, e).However, a time-independent analysis
revealed a separation between miRNA samples from SGA samples vs.
controls, both in terms of globalmiRNA profiles and significantly regulated
miRNAs (with a p-value < 0.05; seeMethods) (Fig. 1b, f and Supplementary
Fig. 1).Hereafter,wewill focus on a time-independent analysis to investigate
the miRNAs present in circulation before and during gestation.

To investigate miRNA profile changes during spaceflight in females,
we employed twodatasets fromNASA’sOSDR/GeneLabplatform:OSD-55
and OSD-336. OSD-336 consists of miRNA sequencing from plasma
samples from female C57BL/6 mice subjected to simulated spaceflight
experiments24 (Fig. 1c, g and Supplementary Fig. 2). To simulate micro-
gravity, the mice underwent hindlimb unloading (HU), a well-established
murinemodel formicrogravity that has previously yielded similar biological
responses to actual spaceflight25. For simulating space radiation, the mice
were exposed to two types of radiation: 1) an acute, simplified seven-ion
Galactic Cosmic Radiation (GCR) beam26 at 0.5 Gy, equivalent to the esti-
mated dose an astronaut would receive during a yearlong round-trip mis-
sion toMars, and2) a simulatedSolar Particle Event (SPE) radiation at 1 Gy,
consisting of protons with energies ranging from 50MeV to 150MeV.
Another group of mice was exposed to 5 Gy of gamma radiation for com-
parisonwith terrestrial radiation. Although not visible, when all samples are
considered (Fig. 1c), for significantly regulated genes, a distinction emerges
between the GCR-irradiated samples and the sham (unirradiated control
group) (Fig. 1g). When analyzing the individual irradiation groups, it
becomes evident that, for significantly regulated circulating miRNAs (i.e.,
p < 0.05), the samples cluster separately between the GCR and sham groups
(Supplementary Fig. 2d). In contrast, both SPE and, to a greater extent,
gamma-irradiated samples do not clearly separate the sham and irradiated
groups (Supplementary Fig. 2b, c, e, f). This suggests thatmiRNAexpression
is more likely to be affected in samples exposed to GCR irradiation.

Lastly, to assess the influence ofmicrogravity on themiRNA signature,
we conducted miRNA expression analysis on OSD-55, an in vitro experi-
ment performed on human peripheral blood lymphocytes (PBLs) under
simulated microgravity conditions using a rotating wall vessel (RWV)
bioreactor27.While thesemiRNAs are not derived fromplasma like the SGA
data and OSD-336, their inclusion is merited since they also circulate in the
blood. Clear differentiation is observed between the PBLs exposed to
modeled microgravity (MMG) and the 1 g control group (Fig. 1d, h). As
demonstrated in the original publication by Girardi et al., 42 miRNAs in
MMG-incubated PBLs were dysregulated compared to 1g-incubated PBLs,
with 25 up-regulated and 17 down-regulated. These miRNAs pre-
dominantly play roles in crucial biological processes, including cell pro-
liferation, apoptosis, signal transduction, and immune/inflammatory
response27.

To understand the global miRNA response in each condition, we
analyzed the core pathways influenced by miRNAs in both the spaceflight
and SGA experimental groups. We specifically employed the curated
Molecular Signatures Database (MSigDB) Hallmark pathways28 genesets to
assess how miRNA expression impacts essential pathways and functions.
Our pathway analysis unveiled commonalities and distinctions in the
miRNA effects between SGA and spaceflight conditions (Fig. 1i and Sup-
plementary Figs. 3 and 5). Notably, miRNAs overexpressed in SGA patient
plasma displayed a down-regulation of adipogenesis, an effect unrelated to
the space environment. In contrast, microgravity and space radiation had
distinct impacts, including an up-regulation of coagulation and a down-
regulation of pancreas beta cells, neither of which were observed in SGA
patients (Supplementary Figs. 3 and 5). For the shared pathways between
SGA and spaceflight responses (Fig. 1i and Supplementary Fig. 5), several
anticipated spaceflight-related pathways overlapped with SGA patients,
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such as the up-regulation of DNA repair pathways29, downregulation of cell
cycle pathways30, and suppression of immune response-related factors31.

As we have previously published, mitochondrial dysregulation is a
prominent biological consequence of spaceflight32. To ascertainwhether the
mitochondrial damage observed during spaceflight is a universally shared
response between SGA and spaceflight, we focused on the global miRNA
response and its specific impact on mitochondrial pathways. Our analysis
employed the hand-curated MitoCarta pathway database33. We uncovered
distinct pathways for SGA patients and those exclusive to the space envir-
onment (Fig. 1j and Supplementary Figs. 4 and 6). Notably, samples

experiencing spaceflight conditions exhibited an up-regulation of complex
V, coenzyme Q metabolism, and mtDNA maintenance (Supplementary
Figs. 4 and 6). In contrast, SGA patients displayed relatively less mito-
chondrial pathway damage, alongside an upregulation of vitamin B1
metabolism and the TIM22 carrier pathways, which were not observed in
the simulated spaceflight data. Key shared pathways between SGA and
simulated spaceflight included increased oxidative phosphorylation
(OXPHOS) complex I, lipid metabolism, mitochondrial ribosome func-
tions, and mitochondrial translation (Fig. 1j and Supplementary Fig. 6).
Complex I plays a pivotal role in the cellular energy production process,
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serving as the initial entry point for electrons in the respiratory complex
chain34. Dysfunction in complex I has been associated with an elevated risk
of many diseases34, including cardiac35, cognitive and central nervous
system36, and developmental defects37. Dysfunction in complex I has also
been associated with the release of reactive oxygen species (ROS) and
increased lipid and fatty acid metabolism34,38,39, which we observe as com-
mon elements in the miRNA response in both SGA and spaceflight con-
ditions (Fig. 1i, j and Supplementary Figs. 5 and 6). Within these shared
mitochondrial and general pathways, the space environment exhibits a
more pronouncedmiRNAdysregulation than SGA, involving upregulation
or downregulation (Fig. 1i, j and Supplementary Figs. 5 and 6). This striking
contrast underscores significant concerns about the potential repercussions
of these dysregulations for female astronauts upon their return to Earth’s
environment and their potential role in elevating the risk of SGA associated
with spaceflight if these signals remain elevated for a prolonged period
of time.

Identifying key miRNAs responsible for spaceflight-associated
SGA risk
We aim to pinpoint miRNAs displaying consistent changes in both SGA
and spaceflight to serve as potential biomarkers and molecular targets for
pharmacological countermeasure development to mitigate the spaceflight-
induced damage. The presence of sharedmiRNAs between space and SGA
raises concerns that female astronauts may have a higher risk of potential
pregnancy-related health risks after spaceflight missions if the observed
miRNA dysregulation continues after returning to Earth.

To assess the correlation between the space environment and SGA, we
compared miRNA expression in SGA patients and mice exposed to simu-
lated space conditions. While there were 34 shared miRNAs involved in
both SGA and space (Fig. 2a), we chose to focus exclusively on miRNAs
exhibiting a consistent trend in both datasets: either up-regulated (depicted
in red) or down-regulated (depicted in blue). Our analysis revealed 13
commonmiRNAs with a consistent trend (Fig. 2b), all up-regulated, except
one miRNA, miR-146b-5p, displayed down-regulation. Furthermore, we
note a significant (p < 0.05) positive correlation inmiRNA expressionwhen
comparing SGA vs control samples and spaceflight vs terrestrial conditions
for the 13 common miRNAs out of which two shared the same seed
sequence AGCACCA (miR-29b-3p, miR-29c-3p) (Fig. 2c). The upregula-
tion of these miRNAs has been linked to various diseases, including
osteoarthritis (miR-24-3p40), atherosclerosis (miR-148a-3p41), cardiac dis-
eases (miR-24-3p42, miR-29b-3p43), neonatal encephalopathy (let-7b-5p44)
and also spontaneous abortion (miR-146b-5p45). Notably, a significant
portion of these miRNAs are implicated in cancer. It is common inmiRNA
research that many of these miRNAs were initially discovered within the
context of cancer46. Although individual miRNAs can play roles in various
diseases, including cancer, our working hypothesis, supported by previous

research, suggests that the collective impact of a groupofmiRNAs, knownas
amiRNA signature, is often associated with specific diseases47–49. In the case
of these specific 13 miRNAs, we hypothesized that this miRNA signature
could potentially contribute to birth defects and/or SGA if the mother has
previously been exposed to the space environment50.

Our research seeks to ascertain the potential risk of birth defects in
female astronauts upon their return to Earth. These 13 common miRNAs
were identified through a comparative analysis ofmiRNAs in bothmice and
humans. It is widely acknowledged in the literature that miRNAs exhibit a
high degree of conservation across species, including mice and humans51.
Our objective is to evaluate the extent to which these 13 miRNAs are
conserved between humans andmice, providing evidence that our findings
in murine models are likely to translate well to humans. To begin, we
compared precursor-miRNAs (pre-miRNAs) between the two species. Pre-
miRNAs represent thehairpinprecursors ofmiRNAs52,whichare cleaved to
generatematuremiRNAs. Although pre-miRNA sequences are not entirely
conserved, mature miRNAs often retain most of their sequence and target
conservationacrossdifferent species51. Surprisingly,wediscovered for the13
miRNAs that pre-miRNA sequences were highly conserved, with a mini-
mumof 88%homologybetweenhumans andmice (Fig. 2d).Notably, the 13
mature miRNAs exhibited 100% homology between the two species. This
level of conservation between miRNAs in humans and mice suggests that
they share conserved biological functions53. Moreover, it allows us to assess
and determine similar behavior between the two models more confidently
by comparing human miRNA data from SGA to murine miRNA space-
flight data.

Thediseases,biological functions,genes,andpathwaysaffected
by the miRNA signature associated with spaceflight-
induced SGA
The 13 common miRNAs identified in our study target various genes that
can contribute to the development of disease pathways (identified through
miRNet predictions as described in theMethods) (Fig. 3). In addition to the
well-known diseases associated with birth defects and pregnancies, such as
bladder outlet obstruction and preeclampsia, several other pathways exhibit
correlationswith SGA.These pathwaysmay lead to conditions such as bone
diseases (osteoarthritis), cardiovascular diseases (atherosclerosis, heart
failure), diabetes, liver injury, and pulmonary diseases in children bornwith
SGA (Fig. 3). A significant portion of the diseases associated with these 13
miRNAs are related to cancer. Notably, Östling et al. identified similarities
between the expression of placental miRNAs in SGA and cancer, particu-
larly in terms of invasiveness and rapid growth50. Although the exact
explanation for this correlation between cancer-related miRNAs and pla-
cental miRNAs in SGA remains elusive, it is worth noting that space
radiationhas been shown to impact thehumanbody, often leading to cancer
development2. It is important to acknowledge that the abundance of

Fig. 1 | The global response of miRNA expression comparing SGA patients to
controls and spaceflight samples to controls and the core pathways being influ-
enced. Principal Component Analysis (PCA) plots demonstrate the clustering of the
samples for each group. a Comparative miRNA expression analysis between Small
for Gestational Age (SGA) patients (triangles) and control (healthy) patients (cir-
cles) at three distinct time-points: A (12þ0 � 14þ6 weeks) (blue), B (15þ0 � 17þ6

weeks) (yellow), and C (18þ0 � 12þ6 weeks) (green). Individual timepoint PCA
plots can be found in Supplementary Fig. 1. For all SGA analysis there were a total of
N = 29 patients included in the study withN = 16 normal birth outcomes andN = 13
SGAbirths for each time point. bmiRNA expression PCAplots comparing SGA and
control patients, irrespective of time. c miRNA expression clustering of OSD-336
mouse plasma under various treatments: 0.5 Gy Galactic Cosmic Radiation (GCR,
red), 1 Gy Solar Particle Event (SPE, yellow), 5 Gy Gamma radiation (blue), and
Sham (black); in both microgravity (circles) and normal gravity (triangles). Indi-
vidual radiation-type PCA plots can be found in Supplementary Fig. 2. d miRNA
expression analysis of OSD-55 human peripheral blood leukocytes (PBLs) under
normal Earth gravity (circles) and microgravity (triangles). e miRNA expression
analysis comparing SGA patients and control patients at three different time-points:

A, B, and C, focusing exclusively on significant genes (p < 0.05). fTime-independent
analysis of significant miRNAs differences (p < 0.05) between SGA and control
patients. g Significant miRNA expression analysis (p < 0.05) of OSD-336 mouse
plasma under different simulated radiation and microgravity conditions.
h Significant miRNA expression analysis (p < 0.05) of OSD-55 human PBLs under
microgravity and normal gravity conditions. Gene set analysis of miRNAs on
common (i) Hallmark pathways and (j) MitoPathways in SGA and simulated
spaceflight pathways compared to control, using theMolecular Signatures Database
(MSigDB) Hallmark pathways to assess miRNA expressions impact on these
pathways and functions. SGA human miRNA regulation is compared to control
both time-independently and at different timepoints (left). Space radiationmiRNAs
with and without simulated microgravity are compared to Sham (right). The x-axis
represents a coefficient term indicating pathway inhibition (negative value) or
activation (positive value). The point size indicates the degree of significance,
denoted by False Discovery Rate (FDR). Only significant values (FDR < 0.25) are
displayed. The full list of significantly regulated pathways can be found in Supple-
mentary Figs. 3 and 4.
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literature on these miRNAs in cancer may bias the pathway results,
potentially leading to an overabundance of associations with cancer.

The 13 commonmiRNAs play a pivotal role in various developmental
biological functions that can have long-lasting effects on children’s devel-
opment. Jeong et al.54 demonstrated from miRNAs of SGA children com-
pared to appropriate for gestational age children that 22 miRNAs were
found differentially expressed in the two groups. It is interesting to note that
two of the 13 miRNAs from our analysis, hsa-miR-29b-3p and hsa-miR-
29c-3p, are upregulated in SGA children. In particular, the authors suggest
that hsa-miR-29c-3p is responsible for the recovery in growth in SGA
children.

These 13miRNAs target specific functions related to organs associated
with defects in SGA infants (Fig. 4). These miRNAs influence bone
regeneration and cytoskeleton remodeling processes, potentially leading to
conditions like osteoarthritis. Moreover, they affect angiogenesis55, con-
tributing to the development of cardiac diseases. There is a strong correla-
tion between these miRNAs and processes involving cell cycle and
apoptosis, which can result in SGA babies. Notably, these miRNAs also
target DNA damage and repair, a well-documented effect of space
radiation2. Furthermore, they influence genes related to immune system
regulation and female reproductive functions, aligning with our earlier
analysis (Fig. 1). As anticipated, this miRNA signature is involved with
mitochondrial dysfunction through mTOR signaling, pyrimidine and
purine metabolism, and other metabolic pathways. The impact on mito-
chondrial function can lead to impaired energy production, potentially
resulting in deficiencies during pregnancy and birth that affect the child’s

development56. To determine if these pathways and functions are impacted
in females long-term after exposure to the space environment, we included
RNA-seq analysis of blood samples from male and female C57BL/6J mice
exposed to 50 cGy GCR simulated irradiation57. The blood samples were
collected 14 days post-irradiation to assess any long-term biological impact.
Although this data is not from human subjects, it demonstrates the long-
term impact of space radiation exposure on specific miRNA-related path-
ways. Our results show that the majority of the pathways related to the 13
miRNAs (Fig. 4) are dysregulated in the female mice, with some pathways
similarly affected in both sexes and a fewunique tomaleswhen compared to
the non-irradiated control mice (Supplementary Fig. 7 and Supplementary
Data 1). Interestingly, pathways related to the immune system and mito-
chondria are suppressed long-term exclusively in female mice, raising fur-
ther concerns about the health risks associated with these 13 miRNAs.

We identified key gene targets associatedwith themiRNA signature, to
uncover central hubs in the genetic network affected by these miRNAs and
provide insights into the biological alterations linked to the increased risk of
SGA during spaceflight for females. Of note, when miRNAs target genes,
they bind to the mRNA, effectively silencing them47. Through our estab-
lished methods48, we identified 9,387 gene targets for all 13 miRNAs
(Supplementary Data 2). We focused on gene targets shared by 10 or more
of the 13 miRNAs (Fig. 5a), which we consider central hubs in the key
pathways influenced by the miRNA signature. This approach led us to 45
genes, with NSD1 being the sole gene targeted by all 13 miRNAs (Supple-
mentary Data 2).NSD1 has been associated with Sotos syndrome, a genetic
disorder that can be prenatally diagnosed and is linked to abnormal growth

Fig. 2 | Common miRNAs in SGA and space environment. a Heatmap depicting
miRNAs significantly regulated in SGA vs. controls (adj. p < 0.05) present in
simulated spaceflight datasets. b Heatmap displaying miRNAs consistently regu-
lated in the same direction between SGA vs controls and PBL samples or mouse
plasma. Analysis focuses on 13 commonmiRNAs from the plasma comparison. For
the heatmaps, log2(Fold-Change) is color-coded, with red shades indicating

upregulated genes and blue shades indicating downregulated genes. Significance is
denoted by * adj. p-value < 0.05 and # p-value < 0.05. cCorrelation plot of log2(Fold-
Change) values for the 13miRNAs, indicating positive correlation in red shades and
negative correlation in blue shades. d Radar plot illustrating homology of pre-
miRNAs (red) andmaturemiRNAs (black) in humans andmice for the 13 common
miRNAs in SGA and space.
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in children58. Some miRNAs appear to have more gene targets than others,
allowing the relative importance of the 13miRNAs to be gauged (Fig. 5b and
Supplementary Data 2). When utilizing a single miRNA-gene target data-
base, some gene-miRNA interactions might not appear (see Fig. 5b as an
example). In examining the overarching pathways affected by these 45 gene
targets, we find connections to development and estrogen-related signaling
(Fig. 5c).Unbiased analysis of these 45gene targets using IngenuityPathway
Analysis (IPA) tool identified that estrogen signaling receptor (ESR)-
mediated signaling was the third most significant canonical pathway (p
value = 6.78E-05) (Supplementary Fig. 8a). Four candidate genes identified
to be participating were AGO1, POU2F1, TNRC6B, and YY1. All of these
genes were found to be associated with reproductive system diseases
including female genital tract adenocarcinoma, endometrioid endometrial
adenocarcinoma and adenosquamous ovarian carcinoma (IPA, p value
range 1.43E-3 to 2.6 E-2) (Supplementary Fig. 8b). Some of the key Sub-
sequent analysis using upstream analysis tool of IPA predicted 10 genes in
different cellular compartment to be regulated by ESR1 (Supplementary
Fig. 8c). Additionally, the top 50 pathways linked to these gene targets
encompass several pathways related to the regulation of female-specific
functions and disorders (see red nodes in Fig. 5d). Assuming that the
miRNAs inhibit these 45 genes, we can anticipate potential downregulation
in many pathways. This includes the suppression of androgen signaling
pathways, which are crucial for maintaining the female reproductive
system59. Additionally, various immune-related pathways are targeted,
covering both adaptive and innate immunity. PI3K-AKTpathways, vital for
metabolism, proliferation, and cell survival, are also heavily influenced by
these miRNAs60. These pathways are essential in the female reproductive
system, especially in embryo development and female germ cells61. To
further determine the long-term impact of these pathways after exposure to

the space environment, we analyzed the mice blood data collected 14 days
post-exposure to 50 cGy GCR irradiation (described above). The pathway
analysis revealed that certain pathways were suppressed exclusively in
female mice over the long term, including immune-related pathways
associated with both the adaptive and innate immune systems and RNA
metabolism (Supplementary Fig. 9). Interestingly, signal transduction
pathways were upregulated only in male mice, indicating that these path-
waysmight not be as critical in females for contributing to the long-termrisk
associated with SGA.

Since there is a lack of data and experiments available for tissues from
female reproductive organs from mice exposed to the space environment,
our investigation extended to the assessment of the impact of spaceflight on
13 miRNAs and 45 genes across various tissues in mice sent to the Inter-
national Space Station (ISS) (Supplementary Fig. 10).Whilewe theorize that
the alterations in these miRNAs are likely specific to tissues and organs
related to SGA, there is a possibility of broader effects on other organs owing
to the regulatory influence of these miRNAs in circulation. Examination of
the 13miRNAs in other tissues frommice subjected to simulated spaceflight
experiments (Supplementary Fig. 10a) revealed a notable upregulation in
key miRNAs, with the liver exhibiting the highest, followed by the heart,
with the soleus muscle showing the least upregulated miRNAs (Supple-
mentary Fig. 10c). It has previously been shown that issues with the liver,
specifically nonalcoholic fatty liver disease (NAFLD), can lead to a higher
risk of SGA and other preterm issues during pregnancy62. We have also
previously shown that spaceflight will lead to lipid accumulation in the liver
and also an increased risk of NAFLD63. From this data, we hypothesize that
the identified circulatingmiRNAsmay exert an impact on the liver, serving
as an additional potential marker for the risk of spaceflight-associated SGA.
For the top 45 gene targets of the miRNAs, we have further analyzed

Fig. 3 |Diseases linked to common SGA and spacemiRNAs. Predicted diseases associated with the 13miRNAs identified throughmiRNet. Curated intomain groups, only
diseases with FDR < 0.05 are displayed on the x-axis.
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multiple tissues from mice flown for different durations to the ISS (Sup-
plementary Fig. 10d). This analysis highlighted the potential for miRNA
interaction in specific tissues, resulting in the inhibition of the top 45 genes.
The kidney, spleen, thymus, and liver emerged as the most affected organs,
exhibiting inhibition of these genes. While this does not conclusively con-
firm the upregulation of the miRNAs, it does propose a hypothesis that
warrants further quantification of these miRNAs in the respective tissues
frommice subjected to spaceflight. We also utilized the NASA Twin Study
miRNA-sequence data47,64 to determine if these miRNAs are present in
humans during spaceflight (Supplementary Fig. 10b). The study involved
male twins, with one twin spending 340 days on the ISS while the other
remained on Earth. Blood samples from both were analyzed using miRNA
sequencing across different sorted cell populations, in addition to other
assays. As this is the only available miRNA-seq data from humans in space,
we aimed to see if thesemiRNAs are expressed during spaceflight regardless
of sex. Our analysis showed that 7 out of 13 miRNAs were overexpressed
during spaceflight in one of the cell types.Upon return toEarth themiRNAs
start to decrease back to control levels, but fourf of the miRNAs still remain
elevated above control levels afterflight (Supplementary Fig. 10b).Although
this data is from a male astronaut, it indicates that these miRNAs might be
overexpressed during spaceflight in a sex-independent manner, potentially

posing long-term risks if upregulated in females. This highlights the need for
more sex-dependent studies on miRNA changes in astronauts and addi-
tional confirmation from further human studies. Overall, the gene targets of
these miRNAs may pose a risk of increased birth defects if inhibited over
time, as indicated by our findings related to spaceflight.

As theNASATwin Study suggests, there is potential for thesemiRNAs
to remain overexpressed for a period after returning to Earth. Although
there is no evidence indicating whether these miRNAs will remain dysre-
gulated in females or in a larger cohort of astronauts, potentially increasing
the risk of SGA, we observed a long-lasting impact on the dysregulation of
these 13 miRNAs due to factors such as the environment, diet, or exercise
(Supplementary Table 1). A comprehensive literature search revealed that a
high-fat diet causes long-lasting dysregulation in miRNAs similar to the
signature observed with spaceflight and SGA (Supplementary Table 1).
Additionally, certain pollutants and toxic environments, such as exposure to
polychlorinated biphenyls65 or specific hydrocarbons66,67, can cause long-
lasting miRNA upregulation. While this is not direct evidence that these
miRNAs will persist long-term after astronauts return to Earth, it indicates
that long-term dysfunction associated with these 13 miRNAs can sig-
nificantly impact human health, influencing downstream pathways
and genes.

Fig. 4 | Biological functions linked to common SGA and space miRNAs. Predicted KEGG, Reactome, and miRNA functions associated with the 13 miRNAs identified
through miRNet. Curated into main groups, only pathways with FDR < 0.05 are displayed on the x-axis.
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Confirmation of key SGA-related molecular changes in
astronauts
The changes with themiRNAs and their gene targets that we have reported
so far are focused on the publicly available murine data. To provide rele-
vance to human spaceflight, we draw upon data from the first civilian
commercial SpaceX Inspiration4 (I4) mission, which spanned a brief 3 days
of spaceflight1. This mission, featuring twomale and two female astronauts,
involved single-nuclei RNA sequencing (snRNA-seq) on the blood at four
key time points: pre-flight, 1-day post-flight (R1), 45 days post-flight (R45),
and 82 days post-flight (R82). Despite its brevity, it is crucial to note that the
I4 mission occurred at a higher altitude (590 km above Earth’s elevation)
than typical ISS experiments (420 km above elevation), resulting in reduced
protection from Earth’s Van Allen magnetic field, so that astronauts are
exposed to an accumulated radiation dose equivalent to ninemonths on the
ISS. The recorded accumulated dose for I4 astronautswas 4.72mSvor 0.472
cGy1, significantly lower than the 0.5 Gy Galactic Cosmic Radiation (GCR)
estimated for a round trip toMars.Nonetheless, changes associatedwith the
top 45 miRNA gene targets were observed even at these lower doses
(Figs. 6 and 7, and Supplementary Fig. 11).

In examining overall up- and down-regulation of the top 45 miRNA
gene targets, a sex-dependent analysis revealed distinct cell types con-
tributing to more inhibition in females (Fig. 6). At R1, T cell populations
(CD8, CD4, or other T cells) or CD16 monocyte populations exhibited
greater inhibition in females compared to males (Fig. 6a). As time pro-
gressed post-flight (45 and 82 days), the changes in females diminished, but

certain miRNAs (e.g., miR-29b, miR-29c, and miR-22) still indicated a
larger number of inhibited genes in females thanmales (Fig. 6b). Notably, a
cell type-independent analysis of miRNA binding to the top 45 genes,
assessed through cumulative plots (Supplementary Fig. 11 and Fig. 7),
revealed that T cell populations (CD4, CD8, and other T cells) in females
exhibited the most significant inhibition of top 45 gene targets, starting
prominently at R1 and persisting up to the last measured time point (R82)
(Fig. 7a). In contrast, males displayed a much lesser degree of inhibition at
R1 and no deviation from baseline at R45 and R82 (Fig. 7b). This suggests
potential impact and suppression of regulatory T cells due to the identified
miRNAs associated with SGA during spaceflight. Intriguingly, prior studies
have indicated that maternal T cell exhaustion and senescence, leading to
SGA and other preterm complications during pregnancy68, may be
increased. Specifically, Steinborn et al. demonstrated a significant reduction
in fetal regulatory T cells (Tregs) from SGA infants68. CD4 Treg cells at the
maternal-fetal interface are important for establishing tolerance in early
pregnancy.A reduction inCD4Tregswithin the overall population suggests
suppressed tolerance and elevated inflammation, which could contribute to
numerous labor and birth issues, including potentially SGA69. Furthermore,
our previous investigations have demonstrated the suppression of CD4 and
CD8 T cells within 24 hours following exposure to 0.5 Gy GCR irradiation,
both with and without simulated microgravity25. This provides additional
evidence of the occurrence of T-cell population suppression and supports
the heightened risk of SGA after spaceflight.While indirect, the suppression
of gene targets for SGA-associated miRNAs in female astronauts

Fig. 5 | Gene targets of the SGA-associated spaceflight miRNA signature. aUpset
plot depicting the 45 gene targets shared by 10 ormore of the 13miRNAs. bNetwork
illustrating the connections between the 13 miRNAs (gray nodes) and the 45 gene
targets (red highlighted nodes). The gene target interactions with the miRNAs were
determined by CluePedia. cNetwork displaying the global pathways associated with

the 45 genes, predicted byCluePedia and visualized inCytoscape. dTop 50 pathways
regulated by the 45 genes, determined by GeneMANIA, with black nodes repre-
senting genes and gray diamonds indicating pathways. The red diamond nodes
indicate the pathways that are related to female-specific functions and disorders. The
full list of gene targets for the miRNAs can be found in Supplementary Data 2.
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necessitates further studies to conclusively assess the potentially heightened
risk of SGA in female astronauts desiring future pregnancies after returning
to Earth.

Lastly, we aimed to determine if the key pathways impacted by the 13
miRNAs and their gene targets are also dysregulated in astronauts, specifi-
cally the I4 astronauts. Utilizing the I4 snRNA-seq data, we performed

Fig. 6 | Sex difference comparison of gene expression changes in the top 45 gene
targets of the 13 specific miRNAs from the Inspiration 4 (I4) astronaut data
derived fromscRNA-sequence analysis ofwhole blood.Bar plots depict the ratio of
increased (red) or decreased (cyan) gene expression values between female andmale

I4 astronauts. a The values obtained 1 day after return to Earth (R1) versus the
average of the 4 pre-flight time points. b The average values for 45 days (R45) and
82 days (R82) after return to Earth compared to the pre-flight average across the 4
time points.
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pathway analysis and identified key pathways similarly regulated by the
miRNAs (Figs. 4 and 5). Since the I4 crew included two males and two
females,wewere able to performsex-dependent analysis and observe the key
pathways regulated immediately upon return to Earth and the long-term
post-flight effects (Supplementary Figs. 12–15 and Supplementary Data 3).
The I4 astronaut data showed similar results to the simulated space radiation
experiments performed onmice (Supplementary Figs. 7 and 9). Specifically,
female astronauts exhibited similar suppression of themajority of pathways
observed for the 13miRNAs (Supplementary Fig. 12). A similar pattern was
observed in male I4 astronauts (Supplementary Fig. 13). Although there
were overlapping pathways between males and females, distinct pathway
patterns specific to female astronauts were not present in males. Addition-
ally, we observed similar suppression of pathways as in the mouse study
(Supplementary Fig. 9) in both female and male astronauts for the 45 gene
targets (Supplementary Figs. 14 and 15). Interestingly, the RNAmetabolism
pathway was suppressed across all cell types. Through this analysis, we
provide indirect confirmation that miRNAs potentially influence key
pathways long-term, which may increase health risks associated with SGA.

Identification of prospective countermeasures to target the
miRNA signature associated with spaceflight-induced SGA
Wehave established that thesemiRNAs are associatedwith both spaceflight
and SGA, making them potentially valuable biomarkers for monitoring the
risk of SGA development in space. We set out to see whether any coun-
termeasures currently exist that could target these miRNAs. It is important
to note that future studies are needed to determine whether this miRNA
signature is causal or merely associated with both spaceflight and SGA.

Clinically, women at risk of having SGA (either because they already
had a baby with SGA, or they have risk factors such as hypertension, are
obese, are smokers, have twins, etc.)70 are started on Aspirin 75mg in the
first trimester, as soon as an ultrasound scan confirms that there is a fetal

heart70. If a baby needs to be delivered earlier than the due date for a clinical
reason (including SGA), the mother is given antenatal intramuscular cor-
ticosteroids (dexamethasoneor betamethasone), in order toboost the baby’s
lungs, and minimize the risk of neonatal respiratory distress syndrome71.
However, glucocorticoids administered prenatally may induce intrauterine
growth restriction72. When an SGA baby is born, growth hormone may be
administered later in infancy9. Folic acid, inmany cases vitaminD is started
pre-conception and continuedduringpregnancy73. VitaminDhas also been
shown to be beneficial for fetal growth74. Other medications including
progesterone and antioxidants, such as vitamins C and E, have been
implicated to help in preventing placental insufficiency, which is the
underlying factor in SGA75,76.

To identify any countermeasures that currently exist for targeting the
SGA-spaceflight miRNA signature, we leveraged our well-established
machine-learning tool, sChemNET77. Using sChemNET, we predicted
potential FDA-approved small molecule drugs that could target these
miRNAs and be further developed as countermeasures. The goal of this
analysis was to find small molecule drugs that could potentially inhibit
spaceflight-associated SGA miRNAs both during spaceflight and before
pregnancy. Any potential toxicity concerns related to these treatments
duringpregnancy andpotential placental transferof thedrugs to the fetus are
alleviated, as the drugswill not be administered during pregnancy, given that
currently, pregnant women do not participate in spaceflight.Theoretically,
the associated miRNAs should be suppressed due to implemented
countermeasures.

When developing countermeasures targeting miRNAs, it is crucial to
establish the baseline levels of these molecules in healthy tissues. For the
spaceflight-associated SGA miRNA signature, we have observed that the
expression of miRNAs in healthy tissues is generally low (Fig. 8a). In the
bladder and bowel, miRNA expression is minimal, and in the uterus, most
miRNAs exhibit low expression, except for four highly expressed miRNAs

Fig. 7 | Sex-specific cumulative plots illustrate the impact on the top 45 gene
targets of 13 specific miRNAs in Inspiration 4 (I4) astronaut data, derived from
scRNA-sequence analysis of whole blood. These cumulative plots focus on T cells
(i.e., CD4 and CD8 T cells and others) in the I4 astronaut scRNA-seq data, com-
paring 1 day after return to Earth (R1) (red line), 45 days after return to Earth (R45)
(orange line), and 82 days after return to Earth (R82) (gold line) to pre-flight levels.

The x-axis represents log2(fold-change) values for the comparisons, while the “no-
site” line serves as a baseline for genes without targets to the 13 miRNAs. Various
shades of gray in the no-site lines correspond to specific comparisons, as indicated in
the figure legend. a Cumulative plots specifically for the female astronauts.
b Cumulative plots specifically for the male astronauts.
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(miR-27b-3p, miR-23a-3p, miR-24-3p, and let-7b-5p). Additionally, we
assessed artery expression becausewe are investigating circulatingmiRNAs.
Arterial miRNA expression is generally low, with three miRNAs showing
higher expression that aligns with the uterus (miR-27b-3p, miR-23a-3p,
miR-24-3p). Consequently, in healthy tissues, these miRNAs exhibit low
expression levels (Fig. 8a), whereas in both SGA patients and spaceflight
they are upregulated (Fig. 2).

Using sChemNET, we successfully predicted small molecule drugs
that target the miRNA signature. It’s important to highlight that our

predictions donotdiscernwhether the smallmolecule drugswill inhibit or
promote themiRNAs, and instead these results serve as a startingpoint for
future clinical studies. It is essential to recognize that this tool serves
specifically to predict potential FDA-approved drugs, streamlining the
validation and repurposing process as countermeasures targeting the
miRNAs. In this study, we lean on prior research involving our predicted
drugs to offer potential indicators of a positive response to these small
molecule interventions. Further research is required to screen the effects of
our predicted drugs.

Fig. 8 | BasalmiRNAexpression inhealthy tissuesandpredictedsmallmoleculedrugs.
aHeatmap presenting miRNA expression levels as z-scores across various healthy tissues,
sourced from the miRNA Tissue Atlas. bHeatmap illustrating the mode of action and
enriched drug indicators for predicted small molecule drugs targeting the miRNAs, as
determined by sChemNET. Color intensity represents−log10(adj. p-value). cUpset plot

revealing specific predicted small molecule drugs that target the miRNA signature asso-
ciatedwithSmall-for-Gestational-Age (SGA) inspaceflight.Thedrugsare in commonwith
5 or more of the 13 miRNAs. Notably, two small molecule drugs, triamcinolone and
perfluorodecalin, are sharedamongall the identifiedmiRNAs.All predicted smallmolecule
drugs can be found in Supplementary Fig. 11 and Supplementary Data 3.
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We determined the drug indications and their modes of action,
shedding light on the potential impact of these drugs (Fig. 8b). Our analysis
revealed that these drugs include estrogen and progesterone receptor ago-
nizts, as well as vitamin D receptor agonizts, each with distinct modes of
action (Fig. 8b). Of particular importance is the DNApolymerase inhibitor,
as space radiation has been shown to causeDNAdamage, which alignswith
our findings in the global miRNA response (Fig. 1). Furthermore, we
observed an upregulation of the DNA repair system in SGA. One note-
worthy target is the glucocorticoid receptor agonist, which is pivotal in
regulating physiological processes, including glycemic levels. Dysregulation
in this area could lead to conditions such as diabetes or even more severe
cerebral diseases78. Estrogen and progesterone receptor agonizts are also
targeted and are relevant to SGA, as they play crucial roles in sustaining
pregnancies and ensuring placental health79. Vitamin D, targeted by all 13
miRNAs, is notable as it is commonly used as a supplement by both male
and female astronauts. Vitamin D is integral to mitochondrial activity,
which is known to be dysregulated in both SGA and space
conditions80 (Fig. 1).

Many of the drugs predicted to target themiRNA signature are already
in clinical use for treating specific conditions (Fig. 8b). These conditions
include hyperparathyroidism and menopause (Fig. 8b). Hyperparathyr-
oidism is a common disease in women. It can even develop during
pregnancy81. Notably, it has been associated with potential risks during
space travel82. Upon returning to Earth, women astronauts may face pre-
mature menopause, which can significantly hinder their ability to
conceive83. Therefore, if these miRNAs can impact women’s fertility, they
could also contribute to birth defects and placental disorders such as SGA.
The drugs we identified have the potential to reduce these risks and serve as
effective countermeasures.

We identified a total of 128 small molecule drugs at various stages of
clinical development or approval that target the 13 miRNAs (Supplemen-
tary Data 4 and Supplementary Fig. 16). Although each predicted drug can
target multiple miRNAs (Supplementary Fig. 16), our focus was on small
molecule drugs that can target five or more miRNAs (Fig. 8c). This strategy
aimed to address the majority of the miRNAs within the signature
responsible for the potential increased risk of SGAduring spaceflight. Upon
further refinement, we found that only two small molecule drugs, triamci-
nolone, and perfluorodecalin, were both commercially available and FDA-
approved for targeting all 13miRNAs (Fig. 8c). Triamcinolone is a synthetic
corticosteroid with applications in treating respiratory inflammation,
asthma in both adults84 and children85, rheumatoid arthritis86, retinal

deposits87, andother inflammatory conditions. In contrast, perfluorodecalin
is a biologically and chemically inert biomaterial with versatility in various
medical applications. It is radiopaque, hydrophobic, and possesses high gas
solute capacity, particularly for oxygen88. It finds utility in bone
regeneration88, lung distention in infants89, and, most notably, in delivering
additional oxygen to specific organs through aerosol delivery90. Although
perfluorodecalin is considered as part of per- and poly-fluoroalkyl sub-
stances, which are classified as pollutants91 and might be toxic92, per-
fluorodecalin has been declared safe for human health93. Overall, our
machine learning prediction identified drugs that may prove useful for
targeting miRNA that are associated with both SGA and spaceflight, but
extensive preclinical and clinical testing would be needed to assess whether
they are effective and safe in women and provide the functional impact on
the miRNAs as predicted.

Discussion
Spaceflight, influenced by factors like space radiation, microgravity, and
isolation, presents unique health risks, especially in the realm of repro-
ductive health for both women and men. These risks, often related to oxi-
dative stress, sleep disruption, and microgravity94, can manifest in several
sex-specific disorders. Our focus here was to investigate the likelihood of
birthdefects, specifically SGA fetuses, in female astronauts upon their return
to Earth.Normal placenta formation early in thefirst trimester sets the stage
for the rest of the pregnancy. It involves a delicate balance between
maternal-fetal crosstalk via an interplay of finely orchestrated cellular and
molecular pathways95. The resulting intrauterine environment from peri-
and pre-conception onwards plays a vital role in fetal programming and the
future health of the offspring, which is further modulated by genetic and
epigenetic factors. Abnormalities in the controlled spiral artery invasion can
lead to placental ischemic disorders and consequent adverse obstetrical
outcomes96. These include SGA due to intrauterine growth restriction, with
or without preeclampsia, placental abruption, and/or preterm labor. Uti-
lizing human data from the ImmPort database and comparing it with
miRNA data from mice exposed to simulated space environments from
NASA’s GeneLab, we identified 13 shared miRNAs (Fig. 9).

During pregnancy, miRNAs have been shown to play dual roles,
contributing to both healthy stages of pregnancy and potential complica-
tions for the fetus. For instance, Kamity et al. discuss in a comprehensive
review of miRNAs related to inflammation and immunity how certain
miRNAs expressed in circulation prior to pregnancy can persist during
pregnancy, potentially increasing the risk of complications for both the

Fig. 9 | Overall summary of the findings from
this study. In panel (I) we define the experimental
data utilized for this study with: (1) the mice under
simulated space environment experiments, (2) the
simulated microgravity experiments done in vitro,
and (3) the plasma data obtained from females
during pregnancy with and without SGA outcome.
For panel II) we define the databases (i.e. ImmPort
and GeneLab) that the data was obtained from and
the 13 miRNAs identified to be key for potential
SGA risk during spaceflight. In panel III) we defined
the key endpoints of the study which are (A) disease
association, (B) development, (C) mitochondrial
dysfunction, (D) immune dysfunction, (E) female
reproductive function, and (F) predicted FDA-
approved drugs as potential countermeasures. This
figure was created with BioRender.com released
under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International
license.
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pregnancy and the fetus97. In contrast, a study by Cécilia Légaré et al.
identified 191 miRNAs commonly expressed between pregnant and non-
pregnant women98. Among these, only two of our 13 miRNAs show dif-
ferential expression: hsa-miR-22-3p and hsa-miR-378a-3p, which are less
abundant in pregnantwomen compared to nonpregnantwomen.Although
this study does not specifically investigate the potential risk of SGA, it is
noteworthy that these miRNAs we have identified as associated with SGA
are less abundant during normal pregnancy. The 13 miRNAs we identified
as elevated during spaceflight in nonpregnant female mice may potentially
contribute to the risk of SGAuponwomen’s return to Earth, as therewas no
overlap or increase of these miRNAs observed in healthy pregnant women.
When conducting a comprehensive literature review of the remaining 11
miRNAs, we discovered that these miRNAs are heavily involved in various
pregnancy complications, including preeclampsia, gestational diabetes
mellitus (GDM), preterm birth, and miscarriages. These complications are
associated with specific pathways such as the TGF-β pathway, metabolic
pathways, and immune-related pathways (see Supplementary Table 2 for a
complete list and related references).

These miRNAs are implicated in a range of health conditions, from
pregnancy issues to bone and liver diseases (Figs. 3–5). Notably, themiRNA
signature that we obtained shows a significant overlap with pathways
involved in DNA repair, mitochondrial function, and cardiovascular health
(Figs. 3, 4). In addition, utilizing data from the I4 mission we start to show
the impact these keymiRNAs (via themiRNAgene targets) have on female
human astronauts (Figs. 6, 7, and Supplementary Fig. 11). Our research
highlights the significance of integrating diverse federal databases, parti-
cularly those from NASA and the NIH, in understanding health risks
associated with spaceflight, especially for females. Our study exemplifies
how space biology, with its unique environmental challenges, serves as a
crucial model for Earth applications. By examining conditions in space, we
gain valuable insights into physiological and molecular responses under
extreme conditions, which can be instrumental in developing effective
pharmacological solutions for similar health issues on Earth. This inter-
disciplinary approach advances our knowledge of spaceflight’s impact on
human health and paves the way for innovative medical treatments and
preventive strategies applicable in terrestrial settings.

Oxygen and miRNAs regulate the normal expression of the renin-
angiotensin system (RAS) in the placenta, leading to its normal develop-
ment, and also play a role in disease states involving dysregulation of
angiogenesis in which the RAS is overexpressed55. The placental RAS has
been shown to be downregulated bymiRNAs that are suppressedduring the
physiologically normal ‘hypoxic’ phase of early placentation, thus allowing
the placental RAS to stimulate placental growth and angiogenesis.

Oxidative stress ismanifested at thematernal-fetal interface from early
pregnancy, where it modulates placental development99. The potent anti-
oxidant properties of estrogen94 play a significant role in reducing oxidative
damage throughROS.Other antioxidants include vitaminC and vitamin E,
which have been shown to be beneficial in improving placental health in
maternal-fetal dyads100,101 (Supplementary Data 4). This aspect is particu-
larly relevant given that spaceflight conditions tend to elevate ROS levels,
leading to DNA damage and cellular aging (Fig. 1i and Supplementary
Fig. 5). Oxidative stress in space can disrupt the balance of pro-oxidants and
antioxidants, crucial for women’s fertility regulation94, potentially con-
tributing to complications like miscarriages, preeclampsia, and fetal growth
restriction102.

Both SGA and space conditions exhibit mitochondrial dysregulation
(Fig. 1j and Supplementary Fig. 6), leading to a loss of biological properties
andprogrammedcell death.This sharedcharacteristic raisesconcerns about
downstreamdisruptions in biological functions, including lipidmetabolism
—a key process regulated by mitochondria. Our identified SGA-spaceflight
miRNA signature targets functions related to lipid metabolism and adipo-
genesis (Fig. 4), suggesting potential concerns for female astronauts if these
miRNAs persist in circulation upon return to Earth.

Prior studies indicate that steroid hormones can enhance mitochon-
drial respiration by interacting with the inner mitochondrial membrane103.

Our analysis suggests a potential class of drugs targeting the 13 miRNAs as
hormone receptor antagonists (Fig. 8b), including estrogen, glucocorticoid,
andprogesterone.Moreover, the top gene targets for thesemiRNAs regulate
estrogen signaling receptor (ESR)-mediated pathways (Fig. 5c). Estrogen,
known for its protective role on mitochondria, influences various mito-
chondrial functions such as ATP production, mitochondrial membrane
potential, and calcium handling104. Estrogen receptors (ERs) binding to
mitochondrial DNA (mtDNA) regulatemitochondrial gene expression and
contribute to mitochondrial biogenesis105. Estrogen’s role extends to anti-
oxidation, reducing ROS production and regulating antioxidant genes94. Its
interaction with mitochondria also provides cardio-protective functions106.
Consequently, cardiovascular disease risk is lower in pre-menopausal
women than in men, but it rises in postmenopausal women compared to
age-matched men107. Finally, our published findings underscore the sub-
stantial impact of spaceflight on estrogen and insulin-resistance pathways5,
offering additional confirmation of estrogen-signaling dysfunction occur-
ring during spaceflight. The association of the SGA-spaceflight miRNA
signature with estrogen signaling raises concerns about bothmitochondrial
dysfunction and fundamental female sex hormone signaling in future
pregnancies.

The pragmatic challenges of menstruating in space often lead female
astronauts to opt for medically induced amenorrhea, which will impact
estrogen levels108. While this addresses logistical concerns, it inadvertently
eliminates theprotective effects of estrogen, potentially affecting bonehealth
and elevating the risk of osteopenia in the already demanding conditions of
space. Importantly, these disorders may be partially linked to estrogen’s
antioxidant role94, known to influence conditions such as hypertension109,
diabetes78, and cardiovascular diseases110. Women, leveraging their naturally
higher estrogen levels, potentially enjoy added protection against specific
health risks associatedwith spaceflight compared tomen.However, inducing
amenorrhea can exacerbate health risks by further diminishing estrogen
levels, emphasizing the delicate balance between mitigating challenges, and
maintaining hormonal safeguards in the unique environment of space. There
is a critical need for comprehensive education and informeddecision-making
among female astronauts regarding menstrual suppression in space. Fur-
thermore, a study on reproductive endocrine markers in female mice has
provided insights into the estrous cycle and spaceflight, underscoring the
necessity for further research in this area111. In the context of this research, the
long-term impact of such disruption on SGA remains to be fully understood.

To mitigate the effects of spaceflight on future SGA risk, we explored
potential countermeasures for nonpregnant women on future spaceflight
missions. Using our machine learning framework, sChemNET77, we aim to
provide a basis for future clinical studies.We identified two FDA-approved
drugs targeting all 13 miRNAs in the signature: triamcinolone and per-
fluorodecalin (Fig. 8c). These drugs, known for their roles in modulating
ROS levels and mitochondrial function, could be pivotal in developing
strategies to reduce SGA risk among female astronauts. Triamcinolone, a
versatile corticosteroid, is known for its application in preventing the rise of
ROS during hypoxia by altering mitochondrial function112. Despite its
effectiveness in reducing the inflammatory response, triamcinolone may
induce immunosuppression and delayed wound healing113. However, its
ability to prevent an increase in ROS by upregulating mitochondrial
respiration makes it a potential candidate for mitigating the impact of
spaceflight112, it does so by preventing a rise inTNF-β1.Althoughwe are not
recommending that this countermeasure should be given to pregnant
women, Bérard et al.114 demonstrated that the administration of triamci-
nolone intranasally to pregnant women does not increase the risk of SGA,
malformation or spontaneous abortion, but is associated with potential risk
of respiratory system defects. Perfluorodecalin, a fluorocarbon renowned
for its remarkable oxygen dissolving capacity, serves a crucial role as an
oxygen carrier115,116. Its versatile applications span both topical and aerosol
administration. Topically, it has demonstrated efficacy in enhancing skin
wound healing caused by burns117 and treating ocular damage resulting
from chemical burns116. In aerosol form, it has exhibited benefits in
improving pulmonary functions among preterm births118, fostering lung
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distention in infants89, and ameliorating respiratory distress syndrome in
preterm infants90. Additionally, its utility extends to diverse areas such as
bone regeneration88 and addressing retinal dysfunction in the eyes119. Per-
fluorodecalin also possesses the intriguing capability to target
mitochondria120, and its high solute capacity for oxygen suggests a potential
role inmitigating ROS production. As stated in the results, it is important to
note that both perfluorodecalin and triamcinolone are predictions made by
our sChemNet ML model. In the original manuscript for sChemNet77, we
experimentally validated the model’s predictions and provided functional
validations for a few miRNAs as proof of principle. For instance, we
demonstrated that a few predicted drugs for miR-451 can rescue oxidative
stress in a zebrafish animal model, and predicted vitamin D targeting miR-
181 can reduce cell proliferation in breast cancer cell lines. Although this
provides some proof that our model can produce drug predictions with
functional relevance to the miRNAs of interest, further functional experi-
mental assays are necessary to validate their impact on the 13 miRNAs and
their potential to mitigate the progression of SGA. This validation is crucial
to assess their effectiveness as countermeasures for spaceflight.

Micronutrient availability has an important role in the development of
the placenta121. Anotherpotential pharmaceutical interventionwe identified
for targeting miRNAs is a vitamin D receptor agonist (Fig. 8b). Vitamin D
plays a crucial role in lipid metabolism regulated by the mitochondria122.
Theweight loss experiencedduring spaceflight contributes to deficiencies in
vitamin D, calcium, and vitamin K123, consequently leading to a decline in
bone mineral density. Presently, vitamin D supplementation is the only
regular supplement administered to astronauts124. Lowmaternal vitamin D
levels are associatedwith incomplete human extravillous trophoblast (EVT)
invasionof thedecidua andmaternal spiral arteries125. This leads toplacental
insufficiency,which is ahallmarkof SGA, aswell as otherplacental disorders
such as preeclampsia. A recent systematic review indicates that early
pregnancy vitamin D supplementationmay have a role in reducing the risk
of suboptimal placental formation, andhence reduce the risk of SGA126.Our
approach has led us to pinpoint potential countermeasures that should be
examined in future studies. These interventions hold the potential to reduce
the risk of SGA among female astronauts.

Ourprimarymethodology involved employing an in silico approach to
identify amiRNA signature associatedwith SGA risk during spaceflight and
assessing its downstream impact on health. Additionally, we utilized a
machine learning technique to determine potential countermeasures for
mitigating this identified risk. The inclusion of astronaut data served as an
initial confirmation of the predicted biological changes in females during
spaceflight. While this marks the beginning of experimental validation, we
recognize the necessity for robust validation in space and simulated space
flight conditions to instill complete confidence in the results. The predicted
countermeasures show promise but warrant further experimental valida-
tion. Given the challenges of spaceflight-related experiments, leveraging
resources such as ImmPort and GeneLab becomes essential for expediting
the discovery of biological health risks. Timely dissemination of these
findings within the scientific community is crucial, facilitating further
experiments and validation for the development of SGA-related biomarkers
and countermeasures in the future.

Our findings pave the way for future studies that can offer clinical
therapeutics, extending the boundaries of science into space and accel-
erating our understanding of various diseases. This discussion underscores
the critical need for further investigation into the female reproductive sys-
tem in space. Female reproductive health is currently understudied but
essential for understanding andmitigatinghealth risks associatedwith space
travel. In space research, it is crucial to address potential health risks before
theymanifest during long-termmissions, as they can cause long-termhealth
issues thatwill be difficult to treat at that point.Ourwork generates a specific
hypothesis and identifies a potential gap in knowledge that needs to be
further explored in future research. Although it is currently challenging to
assess the potential SGA risk due to spaceflight, we have provided some
evidence that this research avenue, which could impact the female repro-
ductive system, should be investigated further. Prevention is key in space

biology research, and identifying potential novel health risks for future
investigation is essential. Finally, the use of integrating space biology data-
bases with NIH databases has been instrumental in this research, offering a
unique perspective on biological processes under extreme environmental
stress.

Methods
ImmPort SGA dataset and data processing
We accessed the NIAID’s ImmPort platform127 to obtain the relevant
dataset, SDY18717, focusing on miRNA expression in Small-for-
Gestational-Age (SGA) cases. The original study7 involved whole blood
collection from N = 29 women, including N = 16 with normal birth out-
comesandN = 13with SGAbirths. Sampleswere collected at three gestation
time points: 12þ0 � 14þ6 (time-point A), 15þ0 � 17þ6 (time-point B), and
18þ0 � 12þ6 (time-point C) weeks. Plasma purification was followed by
Nanostring nCounter miRNA assays covering 800 miRNAs. Normalized
miRNA count data, available on ImmPort, underwent analysis using the R
package DESeq2 (ver.1.36.0)128 to identify differentially expressed miRNAs
in SGA vs. Controls at each time point and across all samples (time-inde-
pendent). Principal ComponentAnalysis (PCA)plots, based onnormalized
miRNAcounts, andheatmaps, using log2(fold-change) values fromDESeq2
analysis, were generatedwith ggplot2 (ver. 3.4.3) and pheatmap (ver. 1.0.12)
R packages, respectively.

GeneLab simulated spaceflight miRNA datasets and data
processing
We accessed datasets OSD-55129 and OSD-33624 from NASA’s Open Sci-
ence Data Repository (OSDR) and GeneLab for our analysis. OSD-336
involved a simulated space environment experiment onmice,withmiRNA-
seq data available on GeneLab. The method and data analysis for this
experiment are briefly outlined below. OSD-55129 was a previous in vitro
experiment simulatingmodeledmicrogravity (MMG)onhumanperipheral
blood lymphocytes (PBLs) using a RotatingWall Vessel (RWV) bioreactor.
In the original publication27, PBLs from 12 healthy donors were split for
MMG and 1 g control conditions. At 24 hours, RNA was isolated from 107

PBLs from each replicate, and miRNA profiling was performed using the
Whole Human Genome Oligo Microarray (Agilent). The miRNA micro-
array data was deposited on the Gene Expression Omnibus (GEO) website
(http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE57400.
Data processing involved “Analyze with GEOR” on GEO, applying log
transformation and determining significant miRNAs by Benjamini and
Hochberg (FDR)with a cutoff < 0.05. PrincipalComponentAnalysis (PCA)
plots and heatmaps were generated using ggplot2 (ver. 3.4.3) and pheatmap
(ver. 1.0.12) R packages, respectively.

Murine simulated space environment experiments
We utilized murine data from our prior experiments reported in Malkani
et al.47 andPaul et al.25 and is available onNASA’sOSDRasdatasetOSD-336
asmentioned above. Briefly, here we have also provided a description of the
murine simulated space experiments. C57Bl/6 J wildtype female mice
(15weeks±3daysold)wereobtained fromJacksonLaboratoriesandhoused
at Brookhaven National Laboratory (BNL, Upton, NY). After quarantine
and acclimation to a 12:12 hour light:dark cycle with controlled tempera-
ture/humidity for aweek,micewere cage acclimated (n = 10miceper group;
2 mice per cage) 3 days before hindlimb unloading (HU). Food and water
were given ad libitum, and standard bedding was changed once per week.
The normally loaded (NL) mice, used in parallel experiments not reported
here, underwent the same acclimation. HUwas conducted for 14 days, with
irradiation on day 13 (0.5 GyGCR, 1 Gy SPE, 5 GyGamma, and 0 Gy Sham
control). SPE simulated irradiation consistedofprotonsordifferent energies
ranging from 50MeV to 150MeV. On day 13, mice were transported to
NASA Space Radiation Laboratory (NSRL). They were individually placed
in HU boxes and exposed to GCR or Sham control (no irradiation) in the
plateau region of the Bragg curve at room temperature. Dosimetry was
performed by NSRL physics staff. The radiation dose simulated the
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exposure an astronaut might receive during a Mars mission, modeled as a
single 25-min exposure rather than the actual chronic exposures over 1.5
years. A 60×60beamwas utilized at theNSRL for irradiation. Shamcontrols
underwent the same procedures without irradiation. Blood tissues were
collected 24 hours post-irradiation and post-euthanasia. Plasma was sepa-
rated, flash-frozen, and stored at −80 °C. A cellular fraction aliquot was
stored for RNA analyses, while the remaining fraction underwent flow
cytometric preparation. All organs (i.e., heart, liver, and soleusmuscle)were
flash frozen at dissection and stored at -80°C. Body weight tracking was
performed on days−3, 0, 7, and 14.

All experiments were approved by Brookhaven National Laboratory’s
(BNL) Institutional Animal Care and Use Committee (IACUC) (protocol
number: 506) and all experiments were performed by trained personnel in
AAALAC accredited animal facilities at BNL, while conforming to the U.S.
National Institutes of Health Guide for the Care and Use of Laboratory
Animals. All methods were carried out in accordance with the relevant
guidelines and regulations and are reported in accordance with ARRIVE
guidelines.

Simulated Galactic Cosmic Radiation exposure
The animals were irradiated at the NASA Space Radiation Laboratory
(NSRL) at Brookhaven National Laboratory (BNL). Positioned in the pla-
teau region of the Bragg curve, mice received irradiation at room tem-
perature. NSRL physics staff conducted dosimetry using a 60 cm x 60 cm
beam. All mice were exposed to 0.5 Gy of simplified simulated Galactic
Cosmic Radiation (GCR). The irradiation utilized ions, energy, and doses
determined by a NASA consensus formula for five ions: protons at
1000MeV, 28Si at 600MeV/n,4He at 250MeV/n, 16O at 350MeV/n, 56Fe at
600MeV/n, and protons at 250MeV in the following proportions –
1000MeV protons at 34.8%, 250MeV protons at 39.3%, 28Si at 1.1%, 4He at
18%, 16O at 5.8%, and 56Fe at 1%. This simplified mixture mirrors the ion
proportions in space, making it relevant to exploratory class missions26.
While low Linear Energy Transfer (LET) particles (Protons and Helium)
dominate, high LET ions generally have a greater relative biological
effect (RBE).

miRNA extraction frommurine tissues
MiRNA extractions from plasma was carried out using the Qiagen miR-
Neasy serum/plasma kit (Cat# 217184). Quantitation of miRNA samples
was done using a NanoDrop 2000 Spectrophotometer (ThermoFisher
Scientific).

miRNA sequencing on murine samples
For miRNA library construction and sequencing, plasma-derived miRNAs
from the aforementioned mouse experiments were isolated using the
QIAgen miRNeasy kit (#217004). Total RNA quality and quantity were
assessed with a Bioanalyzer 2100 (Agilent, CA, USA), ensuring a RIN
number > 7. A TruSeq Small RNA Sample Prep Kits (Illumina, San Diego,
USA) protocol was followed, utilizing approximately 1 μg of total RNA to
prepare a small RNA library. Single-end sequencing with 50 bp was con-
ducted on an Illumina Hiseq 2500 at LC Sciences (Hangzhou, China),
adhering to the vendor’s recommended protocol. Raw miRNA-sequence
data is available onNASAOpen ScienceData Repositorywith the following
identifiers: heart-related data: OSD-334, DOI: 10.26030/cg2g-as49, liver-
related data: OSD-335, DOI: 10.26030/72ke-1k67, plasma-related data:
OSD-336, DOI: 10.26030/qasa-rr29, and soleus muscle-related data: OSD-
337, DOI: 10.26030/m73g-2477.

Analysis of miRNA sequencing frommurine samples
Raw reads underwent preprocessing with ACGT101-miR software (LC
Sciences, Houston, Texas, USA), eliminating adapter dimers, junk, low
complexity, and common RNA families (rRNA, tRNA, snRNA, snoRNA),
as well as repeats. Unique sequences, spanning 18 ~ 26 nucleotides, were
aligned to miRBase 22.0 by BLAST search for identification of known
miRNAs and novel 3p- and 5p-derived miRNAs. Allowances for length

variations at both ends and onemismatch inside the sequencewere applied.
Sequences mapping to species-specific mature miRNAs were recognized as
known miRNAs, while those on the opposite arm of annotated miRNA-
containing arms were deemed novel 5p- or 3p-derived candidates.
Unmapped sequences were subjected to BLAST against specific genomes,
and hairpin RNA structures were predicted using RNAfold software based
on predefined criteria. Known miRNAs were identified using the same
criteria. Differential expression analysis of miRNAs, utilizing normalized
deep-sequencing counts, employed Fisher exact test, Chi-squared 2×2 test,
Chi-squared nXn test, Student t test, or ANOVA, with significance
thresholds set at 0.01 and 0.05 for each test.

It is important to also consider the issue of hemolysis with our analysis.
Although hemolysis is unavoidable for blood/plasma samples obtained
from in vivo studies similar to those described inOSD-336, there areways to
account for this in the analysis when hemolysis is notmeasured. Numerous
papers discuss the impact of hemolysis on circulating miRNAs, concluding
that while hemolysis in in vivo samples cannot be entirely avoided, proce-
dures can significantly reduce its effects130 Given the constraints of space
biology experiments, the primary step to reduce hemolysis variations for
miRNAs is by handling all samples identically. Both the controls and
experimental samples were handled under the exact same conditions
throughout the study. Thus, if miRNA levels had been altered due to
hemolysis, all miRNA levels would have been altered similarly across our
comparisons. For the miRNA-seq data, the variation across the biological
replicates was minimal, and the miRNAs that showed high variation were
either not significant or filtered out during the preprocessing step. This
suggests that while hemolysis can alter miRNA levels130, the levels of the
remaining miRNAs after data processing should have been altered identi-
cally in our controls and experimental conditions, reducing variability
between results.

miRNA pathway analysis
To determine Hallmark28 and MitoPathway33 pathways being regulated by
the miRNAs, we performed miRNA gene set analysis utilizing the
RBiomirGS131 v0.2.12 R package from the processedmiRNA analysis for all
conditions in the plasma, PBLs, and SGAdata. From the pathwayswe chose
an FDR < 0.25 cutoff for significantly regulated pathways. We plotted the
specific pathways as lollipop plots with R package ggplot2 (ver. 3.4.3).

Determining commonmiRNAs between SGA and
spaceflight data
To identify commonmiRNAsbetween the SGAand spaceflight datasets, we
overlaid significantly regulatedmiRNAs (adj. p-value < 0.05) from the SGA
dataset (SY1871) with simulated space environment data (OSD-55 and
OSD-336). We narrowed down the list to include only miRNAs that
exhibited consistent regulation in the same direction betweenOSD-336 and
SY1871. This refined process resulted in the identification of 13 common
miRNAs, forming the miRNA signature associated with both SGA and
spaceflight.

Conserved miRNA analysis between humans and mice
Selected precursor and mature miRNA sequences from human and mouse
were extracted from miRBase v.22.1132. After BLASTN alignment, con-
servation between mouse and human sequences was determined as the
percentage of aligned nucleotide identities in mature and pre-miRNA
sequences.

Analysis of pathway, disease, and gene targets for miRNAs and
network generation
To predict the functions and diseases associated with the 13 common
miRNAs,we employedmiRNet133 and visualized the results using ggplot2 in
R (v3.4.3). For identifying gene targets of each miRNA, we utilized six
different miRNA-gene target databases: miRmap134. miRwalk135, miRnet,
miRDB136, miRTarBase137, and mirDIP138. To ensure robust predictions, we
considered only the gene targets shared by three or more databases
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(Supplementary Table 2). Further refinement narrowed down the essential
gene targets for the miRNA signature associated with SGA and spaceflight
to those commonacross 10 ormore of the 13miRNAs, resulting in 45 genes.
Upset plots were made with ComplexUpset (ver.1.3.3) R package. Using
Cytoscape’s139 ClueGo/CluePedia plugin140, we created a network map
illustrating the connectivity between the genes andmiRNAs. To explore the
global pathways regulated by the 45 genes, we employed CluePedia, pre-
senting the key pathways as a connected network. Additionally, a more
detailed pathway interaction analysis was conducted using the GeneMA-
NIA plugin141 in Cytoscape. GeneMANIA settings included 0 related genes,
50 attributes with automated weighting, revealing the top 50 pathways
associated with the 45 genes.

We also performed additional pathway analysis using the Ingenuity
PathwayAnalysis (IPA) database (QIAGEN Inc., RedwoodCity, CA, www.
qiagen.com/ingenuity) which predicts biological networks enriched in the
dataset (Supplementary Fig. 8). Significantly differentially regulated miR-
NAs and their shared targets were subjected to pathways analysis using IPA
as reported by us previously142. The enriched canonical pathways and
upstream regulators was obtained using the pathway and upstream reg-
ulator analysis (subcellular layout) functions in IPA. The bar plot (Fig. 8a)
was createdwith ggplot2 (ver 3.3.5) and the network display (Fig. 8b, c)were
used to visualize the canonical pathways and upstream regulators
respectively.

Analysis on plasma RNA-seq data frommice exposed to GCR
radiation
We analyzed publicly available RNA-seq data from experiments that were
done on 24-week-old male and female C57BL/6 J mice that were irradiated
with 50 cGy simplifiedGCRsimulated beamas described above.This data is
available on NASA’s OSDR with identifier OSD-719143 and details for the
experiment are described in the original publication by Burke et al.57. Briefly
wewill provide someof the details from these experiments. Plasma from the
mice were collected 14 days post irradiation and total RNA was extracted
using Trizol (Thermo Fisher) and purified with the Quick-RNAMiniprep
Kit (ZymoResearch). Librarieswerepreparedusing Illumina’s totalRNAkit
according to themanufacturer’s instructions. Integrity of RNA (500 ng)was
assessed using Agilent’s TapeStation and eRIN values greater than 7 were
processed. Ribosomal RNA was depleted, first- and second-strand cDNA
were synthesized, and adapter index ligation and strand selection were
generated (Illumina Stranded Total RNA Prep with Ribo-Zero Plus).
Unique indices (IDT for Illumina) were used for sample multiplexing.
Libraries were amplified with a Mastercycler Pro (Eppendorf) and purified
using RNAClean XPAgencourt beads (Beckman Coulter). Sequencing was
carried out on a NextSeq1000 (Illumina) with 30 million, 75-base pair
paired-end reads per sample. Raw reads were assessed for quality and
trimmed using FastQC. Passed reads were quasi-mapped to the Ensembl
(GRCm39) using Salmon v1.9.0 and imported into R using tximport.
Normalized gene expression analysis on male and female blood samples
exposed to 50 cGy radiation were compared to controls usingDESeq2. A p-
value less than 0.05 (adjusted for multiple testing using the
Benjamini–Hochberg method) were considered significant genes.

For pathway analysis on the data (seen in Supplementary Figs. 7 and 9
with data available in Supplementary Data 1), we utilized fast Gene Set
Enrichment Analysis (fGSEA)144. Pathway analysis was done utilizing both
MSigDB gene sets (specifically, Hallmark and Reactome)28,145 and custom-
made mitochondria-specific Gene Set file from MitoPathway33. Using
fGSEA, all samples were compared to controls and the ranked list of genes
was defined by the t-score statistics. The statistical significance was deter-
mined by 1000 permutations of the genesets146. We utilized a statistical
cutoff of FDR < 0.05 and lollipop plots were made using ggplot2 (ver 3.3.5).

Meta-analysis of GeneLab RNA-seq data from 817 samples
across 27 datasets encompassing 10 different mouse tissues
FASTQ files were programmatically downloaded from GeneLab/OSDR
(https://www.nasa.gov/osdr/) and processed using the MTD pipeline147. A

meta-analysis of the GeneLab data was performed in two steps. Firstly, we
performed batch correction using Combat-seq148 to standardize data across
different datasets. Subsequently, DESeq2128 was used to perform differential
expression analysis between the spaceflight and ground control mice while
adjusting for age, sex, tissue, sacrifice site, and mission duration. Then, we
visually confirmed that the miRNA targets (top 45 or all) across datasets.
The following GeneLab datasets were used: OSD-98, 99, 100, 101, 102, 103,
104, 105, 137, 161, 162, 163, 168, 194, 238, 239, 240, 241, 242, 243, 244, 245,
246, 247, 248, 253, and 254.

Inspiration4 (I4) astronaut sample collection
Detailedmethods for sample collection and data processing are described in
Overbey et al.149. andKim et al.150. Blood samples were collected before (Pre-
launch: L-92, L-44, and L-3) and after (Return; R+ 1, R+ 45, and R+ 82)
the spaceflight. ChromiumNext GEM Single Cell 5′ v2, 10x Genomics was
used to generate single-cell multi-omics data from isolated PBMCs. Sub-
populations were annotated based on Azimuth human PBMC reference.

In summary, blood samples were collected before (prelaunch; L-92
days, 44 days, and 3 days) and after (return; R+ 1 day, R+ 45 days, and
R+ 82 days) the spaceflight. Top45 or all miRNA target genes suggested in
the paper has been used for identifying DEGs from i4 PBMCs and sub-
populations. The Seurat R packagewas used to normalize RNA count data
and calculate average expression of each gene. We used the average
expression of the genes from four astronauts comparing post-flight (R+ 1)
vs pre-flight (L-92, L-44, and L-3) to identify DEGs with the Wilcoxon
signed-rank test (adjustedp-value < 0.05).Average expressionof themiRNA
target genes (Top45 or all) was used to generate heatmaps plotted by the
pheatmapR package. Sex-specific analysis was performedwith fGSEAusing
MSigDB gene sets (specifically, Hallmark and Reactome) and mitspecific
Gene Set file from MitoPathway (data available in Supplementary Data 3).
Using fGSEA, all samples were compared to controls and the ranked list of
genes was defined by the t-score statistics. We utilized a statistical cutoff of
FDR < 0.001 and lollipop plots were made using ggplot2 (ver 3.3.5). The I4
data can be found on NASA’s Open Science Data Repository (OSDR) with
the following identifiers: OSD-570 (https://doi.org/10.26030/41s1-j243).

The procedure followed guidelines set by Health Insurance Portability
and Accountability Act (HIPAA) and operated under Institutional Review
Board (IRB) approved protocols and informed consent was obtained.
Experiments were conducted in accordance with local regulations and with
the approval of the IRB at the Weill Cornell Medicine (IRB #21-05023569).
All ethical regulations relevant to human researchparticipantswere followed.

Cumulative plots for the miRNA targets, and statistical test
Cumulative plots for miRNA gene targets were constructed by retrieving
information on 8mer sites matching the seed region of miRNAs from the
TargetScan v8.0 database151. mRNAs were categorized based on miRNA
seed sequences (8mer, or ‘no site’), and the cumulative plot was generated
using mRNA log2 fold change values with the ecdfplot method from
seaborn152. To assess the distribution differences in mRNA fold change
values between each seed match and the ‘no site’ scenario, the
Kolmogorov–Smirnov test was calculated using the kstest function from
scipy in Python153.

NASA Twin Study miRNA-seq analysis
Specific details related to all the methods related to the NASA Twin Study
miRNA-seqdata canbe found in the following references47,64. Briefly,wewill
highlight the key methods. Small RNA libraries were prepared from 50 ng
total RNA using the NEBNext Multiplex Small RNA Library Prep Set for
Illumina (NEB #E7560) per manufacturer’s recommendations with the
following modifications: adapters and RT primer were diluted fourfold, 17
cycles of PCR were used for library amplification, and no size selection was
performed. The i7 primers in the NEBNext Multiplex Oligos for Illumina
Dual Index Primers (NEB# E7600, NEB#E7780) were used to supplement
the index primers in NEB #E7560. The libraries were sequenced in an
Illumina NextSeq instrument (1x50bp).
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Standard libraries were preprocessed and quality controlled using
miRTrace8. Subsequently, reads were mapped against MirGeneDB
sequences9 using the miRDeep210 quantifier module. Expression values
were normalized to reads per million (RPM) considering only miRNA
counts. The normalized RPM value was utilized for all analysis. If the value
for themiRNAwas zero for all samples that miRNAwas excluded from the
analysis. To determine statistically significant miRNAs, ANOVA analysis
with p-value < 0.2was independently performed for each cell type. Forflight
only comparisons, the same statistical significance was applied for all time
points excluding the ground samples and all ambient return samples. All
statistics were run independently for each cell condition/type. To determine
the overlap of the miRNA signature in this paper with the Twin Study
miRNA-seq data, the proposed miRNAs were used as well as all mature
components of the miRNAs included in the miRNA family. Specific miR-
NAs related to globin pathways were plotted as heatmaps on the expression
values using R package pheatmap version 1.0.12.

TheNASATwin Study subjects signed informed consent according to
the declaration of Helsinki and 14 CFR Part 1230 for collection and use of
sample materials and data in research protocols at NASA and the colla-
borating institutions. Study protocols were approved by the NASA Flight
Institutional ReviewBoard (protocol numberPro1245) and all participating
institutions. Also the data is hosted at the NASA Life Sciences Data Archive
(LSDA). Informed consent was provided by all participants in the NASA
Twin Study. All ethical regulations relevant to human research participants
were followed.

Machine learninganalysis for smallmoleculedrugpredictions for
targeting miRNAs
We used the sChemNET machine learning framework77 to predict small
molecules that might affect miRNAs or their gene targets. sChemNET is
a deep learning approach that takes as input the chemical structure of
the small molecule in the form of a binary fingerprint and predicts a
score that a given small molecule might affect a given miRNA.
We trained sChemNET on Homo sapiens small molecule-miRNA data
from the SM2miR database, from which we used 1,102 associations
between 131 small molecules and 126 miRNA targets. Unlabeled
small molecules were obtained from the Drug Repurposing Hub
(see details in Galeano et al.77).

Wealsoperformedan enrichment analysis of thedrug’smodeof action
and indications from the obtained drugs with sChemNET. To this end, we
trained sChemNET for each miRNA using all the available labeled small
molecules and a randomly selected set of 2400 unlabeled small molecules.
Then, sChemNET was used to rank the remaining set of unlabeled small
molecules based on the average prediction score of 20 random independent
repetitions. Small molecules amongst the 98th percentile score were then
kept as predictions for the miRNA. We then retrieved the mode of action
and indication information of small molecules from the Drug Repurposing
Hub database. The enrichment score was calculated based on p-values
calculated using Fisher’s Exact Test and adjusted with Benjamin-Hochberg
correction for multiple testing.

Statistics and reproducibility
The statistics, samples sizes, and number of replicates for the analysis has
been discussed throughout each section of the methods. The study utilized
publicly available datasets from the ImmPort and GeneLab/OSDR plat-
forms. For all omics analysis we used a minimum statistically stringency of
p-value < 0.05 and when FDR < 0.05. For the SGA dataset (N = 29), differ-
ential miRNA expression was assessed using DESeq2 with a significance
threshold of adjusted p-value < 0.05. For the GeneLab datasets (OSD-336
and OSD-55130), significant miRNAs were determined using FDR cor-
rection < 0.05, and various statistical tests (Fisher’s exact test, Chi-squared,
Student’s t-test, ANOVA) were applied for differential expression analysis.
The murine simulated space environment experiments included N = 10
mice per group,with consistent handling tominimize variability and ensure
reproducibility. For miRNA pathway analysis, an FDR < 0.25 cutoff was

used for identifying significant pathways. Comparative miRNA analysis
between SGA and spaceflight data identified 13 common miRNAs, with
stringent criteria for inclusion (adj. p-value < 0.05). The NASA Twin Study
miRNA-seq data used ANOVA with p-value < 0.2 for flight-only compar-
isons.Machine learningpredictions for smallmolecule-miRNAinteractions
used a 98th percentile score and were validated with enrichment analysis,
applying Benjamini–Hochberg correction. Overall, the study maintained
stringent statistical controls and used robust methodologies to ensure
accurate and reproducible results across all datasets.

Data availability
The datasets used are publicly available via theNASA’s OSDR andNIAID’s
ImmPort (www.immport.org) with identifiers: for miRNA data: OSD-55
(https://doi.org/10.26030/9thk-dv75, OSD-334 (https://doi.org/10.26030/
cg2g-as49), OSD-335 (https://doi.org/10.26030/72ke-1k67), OSD-336
(https://doi.org/10.26030/qasarr29), and OSD-337 (https://doi.org/10.
26030/m73g-2477) from OSDR and SDY1871 (https://doi.org/10.21430/
M3TU8P1DQ0) on ImmPort; for genes/RNA_seq data: OSD-98 (https://
doi.org/10.26030/n1jq-2364), OSD-99 (https://doi.org/10.26030/1h3m-
3q49), OSD-100 (https://doi.org/10.26030/whek-4p98), OSD-101 (https://
doi.org/10.26030/sdmt-ae51), OSD- 102 (https://doi.org/10.26030/yn9m-
2d19), OSD-103 (https://doi.org/10.26030/9vzk-b116), OSD-104 (https://
doi.org/10.26030/em9rw619), OSD-105 (https://doi.org/10.26030/xgw6-
6t64), OSD-137 (https://doi.org/10.26030/9k6w-4c28), OSD- 161 (https://
doi.org/10.26030/js8g-yq79), OSD-162 (https://doi.org/10.26030/pys4-
6t29), OSD-163 (https://doi.org/10.26030/q8vt-7p92), OSD-168 (https://
doi.org/10.26030/rwyp-9325), OSD-194 (https://doi.org/10.26030/pev7-
5695), OSD-238 (https://doi.org/10.26030/pev7-5695), OSD-239 (https://
doi.org/10.26030/s7k9-7958), OSD-240 (https://doi.org/10.26030/s7k9-
7958), OSD-241 (https://doi.org/10.26030/6eg2-wz66), OSD-242 (https://
doi.org/10.26030/fmkc-8h31), OSD-243 (https://doi.org/10.26030/jngj-
0y14), OSD-244 (https://doi.org/10.26030/34je-wd95), OSD-245 (https://
doi.org/10.26030/34jewd95), OSD-246 (https://doi.org/10.26030/m33d-
yq24), OSD-247 (https://doi.org/10.26030/g9z7-7b61), OSD-248 (https://
doi.org/10.26030/d56m-7e45), OSD-253 (https://doi.org/10.26030/4mx6-
5x80), OSD-254 (https://doi.org/10.26030/dcq8-6c70), and OSD-719
(https://doi.org/10.26030/r998-cw71) fromOSDR.The I4data canbe found
on OSDR at OSD-570 (https://doi.org/10.26030/41s1-j243).
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