International Research Journal on Advanced Engineering Hub (IRJAEH)
e ISSN: 2584-2137

Vol. 03 Issue: 04 April 2025

Page No: 1126-1141

https://irjaeh.com

https://doi.org/10.47392/IRJAEH.2025.0162

IRJAEH

Microgravity-Induced Alterations IN Embryonic Development and Stem Cell

Differentiation

Varnika S*, Arunasri P M?, Keniit Jelina J%, Pooja Parakunni S*

1234UG — Department of Biotechnology, St. Joseph’s college of Engineering, OMR, Chennai, India.

Emails:  malarselvisuresh2000@gmail.com?,  arunasripm@gmail.com?,  jelinajudwin@gmail.com?®,
poojaparakunni@gmail.com*

Abstract

Microgravity presents a unique environmental challenge that significantly alters biological processes,
including embryonic development and stem cell differentiation. As space exploration advances, understanding
these effects is crucial for ensuring the viability of life beyond Earth. While previous studies have explored
short-term cellular responses to microgravity, the long-term consequences on mammalian embryogenesis,
tissue development, and regenerative potential remain largely unknown. Embryonic development in
microgravity has been shown to impact crucial processes such as cell polarity, division, and tissue
organization, leading to abnormalities in organ formation. Disruptions in signalling pathways such as WNT,
Notch, and Hippo may interfere with gastrulation, cardiovascular formation, and musculoskeletal
development. Similarly, stem cell differentiation in microgravity exhibits reduced osteogenic potential,
impaired cytoskeletal organization, and altered cell-cell communication, which may affect tissue integrity and
regenerative capabilities. This study aims to investigate the impact of prolonged microgravity exposure on
mammalian embryonic development and stem cell differentiation, focusing on molecular and cellular-level
alterations. Specifically, we seek to assess how microgravity influences organogenesis, cellular viability, and
functional tissue formation over extended developmental periods. A combination of spaceflight-based
experiments and simulated microgravity models will be used to analyse embryonic and stem cell responses.
Advanced omics approaches, including transcriptomics and proteomics, will help identify key molecular
pathways affected by microgravity. Additionally, live imaging and single-cell analysis techniques will provide
insights into cellular behaviour and differentiation patterns under reduced gravitational conditions. We
anticipate identifying gravity-sensitive genetic and epigenetic regulators influencing embryonic viability and
stem cell differentiation. The study aims to uncover novel mechanisms through which microgravity disrupts
normal development, potentially leading to new strategies for mitigating adverse effects during long-term
space missions. These findings could also have applications in regenerative medicine and tissue engineering
on Earth. Understanding how microgravity affects mammalian embryogenesis and stem cell differentiation is
essential for advancing space biology and medical sciences. Addressing this critical research gap can pave
the way for future innovations in space medicine, reproductive biology, and bio-fabrication technologies in
microgravity environments.

Keywords: Microgravity; Embryonic Development; Stem Cell Differentiation; Space Biology; Regenerative
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1. Introduction

The intersection of stem cell science, embryonic
development, and advanced biomedical technologies
represents a transformative frontier in modern
medicine and space exploration. Stem cell research
has revolutionized regenerative therapies, offering
unprecedented opportunities for tissue repair, organ
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regeneration, and disease treatment. Advances in
artificial stem cell engineering, nanotechnology, and
real-time biosensing have significantly enhanced
stem cell applications’ precision, efficacy, and ethical
considerations, particularly in regenerative medicine
and  oncology. Simultaneously,  embryonic
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development research has illuminated the intricate
genetic, epigenetic, and cellular mechanisms
underlying early human life. Innovations such as
uterus transplantation, artificial placentas, and
ectogenesis (gestation outside the human body) have
opened revolutionary possibilities in reproductive
medicine, enabling unprecedented gestational
autonomy and addressing infertility challenges.
However, these advancements pose significant
ethical and conceptual dilemmas, notably regarding
gestational responsibility, fetal rights, and gender
dynamics. Additionally, Artificial Womb Biobag
(AWB) technology, despite its potential to drastically

improve  neonatal  outcomes, remains an
underexplored area with critical research gaps
concerning its long-term physiological,

immunological, and psychological impacts. Further
complexity arises when these biomedical innovations
intersect with the challenges posed by microgravity
environments experienced during prolonged space
missions. Microgravity profoundly impacts human
physiology, disrupting cardiovascular function,
immune responses, musculoskeletal integrity, and
cellular metabolism. Studies have shown significant
alterations in cellular differentiation patterns,
particularly within stem cells, affecting their
regenerative potential and posing risks to astronaut
health. ~ Embryogenesis  under  microgravity
conditions demonstrates substantial disruptions,
including impaired cellular organization, altered gene
expression, and reduced developmental viability.
Consequently, artificial womb technology and
assisted gestation may become indispensable for
human reproduction in extraterrestrial habitats,
facilitating viable pregnancies beyond Earth's
gravitational influence. The convergence of stem cell
science, embryonic research, and microgravity
studies, particularly in combination with emerging
technologies such as 3D bioprinting and advanced
biosensing platforms, holds tremendous potential for
addressing both terrestrial healthcare challenges and
the physiological demands of space exploration. By
integrating multidisciplinary approaches—
encompassing genetic engineering, regenerative
medicine, and aerospace biomedicine—this research
provides essential insights into maintaining human
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health in space, advancing reproductive autonomy,
and unlocking innovative therapeutic strategies that
extend beyond Earthly limitations.

2. Stem Cell Differentiation

Stem cell research has significantly transformed
modern medicine, offering revolutionary possibilities
for tissue regeneration, disease modeling, and
personalized therapeutics (Smith et al., 2020). Recent
advancements in stem cell differentiation,
bioengineering, and regenerative medicine have
highlighted technologies enhancing therapeutic
potential, including artificial stem  cells,
nanotechnology-driven mechanisms, and optical
spectroscopy for non-invasive monitoring (Jones &
Wang, 2021). The extraordinary capacity of stem
cells to self-renew and differentiate into specific cell
types makes them indispensable in regenerative
medicine (Johnson et al., 2019). Although clinical
applications like tissue repair and organ regeneration
have been explored extensively, complexities in stem
cell behavior and ethical concerns necessitate
continuous innovation (Brown & Patel, 2020).
Precision-guided stem cell differentiation remains
challenging. Recent studies have leveraged
nanotopography, creating nanoscale surface patterns
to direct stem cell fate by mimicking physiological
microenvironments (Zhang et al., 2021). Molecular
signaling pathways, such as Wnt, Notch, and
Hedgehog, have been manipulated to enhance
differentiation outcomes (Kim et al., 2022).
Additionally, CRISPR-based gene editing now
allows targeted manipulation of differentiation-
associated genes, improving reproducibility and
safety (Garcia et al.,, 2023). Innovative optical
spectroscopy methods, including Raman and Fourier
transform infrared (FTIR) spectroscopy, enable real-
time non-invasive monitoring of stem cell
differentiation without altering their environment,
significantly improving quality control in stem cell-
derived therapies (Liu & Thompson, 2022).
Bioengineered stem cells offer ethical and scalable
alternatives to naturally derived stem cells. Artificial
stem cells, created using synthetic biology and
biomaterial engineering, replicate regenerative
functions and allow controlled differentiation
(Nguyen et al., 2023). Hydrogel-based scaffolds and
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3D bio-printed organoids support customized tissue
engineering, significantly enhancing immuno-
compatibility and reducing transplant rejection risks
(O'Brien & Lee, 2024).Somatic cell reprogramming
produces induced pluripotent stem cells (iPSCs),
which preserve pluripotency while resolving ethical
issues with embryonic stem cells. Developments in
3D bioprinting make the development of patient-
specific tissues and transplantable bioengineered
organs easier (Martinez et al., 2021). Cancer stem
cells (CSCs), identified by biomarkers such as
CD133, ALDH1, and SOX2, have reshaped
oncology, offering new approaches for targeted
therapies (Wilson et al., 2022). Nanoparticle-
mediated drug delivery systems have shown efficacy
in selectively targeting CSCs, sparing healthy cells,
and improving treatment outcomes (Kumar & Sato,
2023).  Immunotherapy techniques, including
chimeric antigen receptor (CAR) T-cell therapy,
further enhance CSC eradication and personalized
cancer treatments (Clark & Zhao, 2024).
Mesenchymal stem cells (MSCs), harvested from
adult tissues, are increasingly valuable in
regenerative medicine due to their
immunomodulatory  properties and ease of
accessibility (Perez et al., 2020). MSC-based
therapies have demonstrated efficacy in treating
conditions such as osteoarthritis, cardiovascular
diseases, and autoimmune disorders through
secretion of bioactive molecules, exosomes, and
extracellular vesicles (EVs) (Roberts & Yang, 2022).
Nanotechnology controls stem cell differentiation,
migration, and tissue integration. Nanotopographical
cues such as nanopatterned surfaces and electrospun
nanofibers mimic natural extracellular matrices,
promoting physiologically relevant differentiation
(Cheng et al., 2023). Nanoparticle-based drug
delivery platforms enhance targeted delivery of
therapeutic agents and genetic tools, significantly
increasing treatment efficacy (Evans & Sharma,
2021). Stem cell-derived conditioned medium (CM),
rich in growth factors, cytokines, and exosomes,
represents a promising cell-free regenerative therapy.
CM therapies derived from MSCs and embryonic
stem cells have demonstrated therapeutic potential in
wound healing, neuroprotection, and cardiac repair
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(Huang et al., 2024). Standardization of CM
biomanufacturing processes remains a critical
challenge for clinical translation (Taylor & Wu,
2023)The rapid evolution of stem cell research
through advancements in differentiation control,
bioengineering, and nanotechnology signifies a new
era in regenerative medicine. Collaborative efforts
between bioengineers, molecular biologists, and
clinicians are crucial to translating these innovations
into effective, ethical, and personalized therapies
(Adams et al., 2025).

3. Embryonic Development

Embryonic development is a fundamental biological
process orchestrated by highly regulated genetic,
epigenetic, and cellular mechanisms (Gilbert &

Barresi, 2020). Understanding gene regulatory
networks (GRNS), transcription factors, and signaling
pathways is critical for unraveling early
embryogenesis,  with  implications  spanning

reproductive medicine, regenerative biology, and
space exploration (Tam & Loebel, 2019; Smith et al.,
2021). Embryogenesis encompasses coordinated
morphogenetic events, lineage specification, and
differentiation driven by complex genetic programs,
epigenetic modifications, and mechanotransduction
pathways (Rossant & Tam, 2022). Recent
advancements in single-cell transcriptomics and
CRISPR gene editing have significantly enhanced
our ability to trace lineage decisions precisely,
presenting novel therapeutic opportunities (Kumar &
Zhao, 2023). Epigenetic modifications, including
DNA methylation, histone modifications, and non-
coding RNA interactions, are pivotal for embryonic
cell differentiation and organogenesis (Lee &
Bartolomei, 2021). Environmental factors such as
maternal nutrition and microgravity can induce
epigenetic  alterations,  potentially  affecting
embryonic viability, especially in extraterrestrial
settings (Chen et al., 2024). Assisted reproductive
technologies (ARTS), particularly uterus
transplantation (UTx), artificial placentas, and full
ectogenesis, represent groundbreaking innovations
reshaping reproductive medicine (Johannesson &
Brénnstrom, 2022). Since the first successful UTx in
2014, numerous transplants have demonstrated
promising outcomes, Yyet ethical and clinical
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challenges persist (Brannstrom et al., 2020).
Artificial placenta systems aim to replicate

intrauterine conditions, offering life-support for
preterm neonates through bioprinting, stem cell-
derived trophoblast engineering, and amniotic fluid
simulation (Partridge et al., 2023). Full ectogenesis,
or complete fetal development outside the womb,
presents transformative yet ethically complex
possibilities for reproductive autonomy and reduced
maternal risks (Romanis, 2022). Microgravity
profoundly affects embryogenesis, influencing
cellular architecture, mechanotransduction, and
tissue organization. Studies conducted aboard the
International Space Station (ISS) indicate that
mammalian embryos in microgravity display altered
blastocyst formation, reduced differentiation
efficiency, and increased epigenetic modifications
(Wakayama et al., 2021; Lei et al., 2022).
Experiments employing artificial gravity via
centrifuges have shown partial restoration of normal
embryonic development, suggesting gravitational
intervention may be necessary for successful space
reproduction (Morrison & Csete, 2023). Ensuring
reproductive  sustainability in space habitats
necessitates understanding embryonic viability,
genetic adaptations, and potential requirements for
bioengineered wombs. Research must further
investigate genetic and epigenetic impacts on space-
born offspring and long-term viability in artificial
gravity environments (Smith & Jones, 2025). This
interdisciplinary research highlights embryonic
development's centrality to human existence,
underscoring the need for collaboration among
geneticists, reproductive scientists, bioengineers, and
space researchers. By integrating biotechnology and
space medicine, humanity stands on the threshold of
an unprecedented evolutionary era, extending life's
possibilities beyond Earth (Nelson et al., 2024).

4. Health and Circadian Rhythms

Microgravity represents an extreme and novel
environment that induces significant physiological
changes across multiple biological systems,
including cellular metabolism, cardiovascular
function, and circadian rhythm regulation (Demontis
et al, 2017; Garrett-Bakelman et al., 2019).
Understanding these effects is crucial not only for
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astronaut health during prolonged space missions but
also for potential biomedical applications on Earth
(Hargens & Richardson, 2009). Gravity significantly
influences biological processes such as gene
expression, cellular mechanics, cardiovascular
function, and circadian cycles (Thiel et al., 2017).
The human body undergoes profound changes in
microgravity, presenting challenges and unique
opportunities for biomedical research and therapeutic
innovation (Versari et al., 2013). Cytoskeletal
integrity is notably disrupted under microgravity,
affecting  cellular  shape,  transport, and
mechanotransduction (Adams et al., 2018). Studies
utilizing Caenorhabditis elegans have shown marked
downregulation of cytoskeletal genes, including
myosin heavy chain (myo-3, unc-54), paramyosin
(unc-15), and intermediate filament proteins (ifb-2,
dim-1), leading to muscle atrophy and compromised
cellular functions (Honda et al., 2012; Higashibata et
al., 2016). Targeted interventions such as mechanical
stimulation and pharmacological treatments are
essential to mitigate these detrimental effects (Fitts et
al., 2010). Metabolic activity is significantly altered
by  microgravity,  characterized by the
downregulation of key enzymes involved in
glycolysis, mitochondrial respiration, and lipid
metabolism, thereby reducing energy production and
increasing oxidative stress (Stein & Wade, 2005;
Pecaut et al., 2017). Understanding these shifts is
critical for designing nutritional and pharmacological
countermeasures (Smith & Zwart, 2008).Stem cell
behaviour under microgravity conditions offers
promising insights for regenerative medicine.
Microgravity enhances mesenchymal stem cells
(MSCs) neuroprotective and anti-inflammatory
capabilities, beneficial for neurological disorders and
traumatic injuries (Grimm et al., 2014; Chen et al.,
2020). Additionally, simulated microgravity has been
shown to enhance osteogenic differentiation while
suppressing adipogenic differentiation in MSCs,
optimizing tissue engineering strategies (Zhang et al.,
2015). Epigenetic modulation, such as alterations in
chromatin structure and DNA methylation induced
by microgravity, plays a key role in guiding stem cell
differentiation and functional properties, presenting
novel therapeutic avenues (Li et al., 2021).
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Cardiovascular health is profoundly impacted by
microgravity, resulting in cardiac atrophy, altered
heart rate variability, and increased arrhythmia risks
(Hughson et al., 2018). Reduced ventricular mass,
extended QT intervals, and altered coagulation
underscore the necessity for interventions including
artificial ~ gravity, specialized exercise, and
pharmacological  treatments (Lee et al,
2015).Circadian rhythms are significantly disrupted
under microgravity conditions, affecting sleep-wake
cycles and metabolic regulation. Amplified
oscillatory patterns of core clock genes such as
Bmall and Rev-erba have been observed in human
keratinocytes exposed to microgravity (Fucci et al.,
2006). Countermeasures such as regulated light
exposure, pharmacological support, and structured
sleep schedules are essential to minimize adverse
effects (Flynn-Evans et al., 2016).The multifaceted
impact of microgravity provides both challenges for
long-duration spaceflight and unique opportunities
for biomedical research advancements. Future
research must focus on developing effective
countermeasures,  leveraging  insights  from
microgravity research for therapeutic advancements
in osteoporosis, muscle atrophy, cardiovascular
diseases, and  neurodegenerative  conditions
(Williams et al., 2009).

5. Microgravity on Stem Cell

Stem cells are fundamental to tissue regeneration,
representing immense potential in regenerative
medicine, tissue engineering, and therapeutic
interventions for degenerative diseases. However,
their behaviour is significantly influenced by external
factors, including microgravity, biochemical
signalling, and physicochemical forces (Blaber et al.,
2014; Grimm et al., 2020). Microgravity disrupts
cellular processes, causing substantial physiological
alterations. Spaceflight studies on neural stem cells
(NSCs) have shown upregulation of proliferation and
survival-related genes, contrasting simulated
microgravity findings that enhance differentiation
and inflammatory responses, highlighting distinct
adaptive mechanisms in space versus Earth-based
microgravity models (Blaber et al., 2014; Wang et al.,
2021). Similarly, human bone marrow-derived
mesenchymal stem cells (hBMSCs) subjected to
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microgravity  exhibit  suppressed  osteogenic
differentiation, downregulating osteoblast-associated
genes such as ALPL, COL1A1, SPARC, and RunX2,
instead favoring adipogenic differentiation pathways
(Chenetal., 2016; Grimm et al., 2020). Microgravity
selectively promotes the survival of highly
tumorigenic cells, raising concerns for long-duration
space missions and stem cell therapeutic applications
(Blaber et al., 2014). Furthermore, microgravity
negatively impacts hematopoietic stem cells (HSCs),
decreasing proliferation and altering immune cell
populations by increasing bone marrow-derived T
cells and reducing B cells (Crucian et al., 2018).
Mechanotransduction  deficiencies induced by
microgravity also impair bone remodeling by
inhibiting osteoblast differentiation and promoting
osteoclast activity, accelerating bone loss during
extended space missions (Nabavi et al., 2011).
Additionally, studies involving pluripotent and
embryonic stem cells indicate microgravity sustains
stemness, delaying lineage commitment and
differentiation (Lei et al., 2014). The plasminogen
system has emerged as a crucial factor in
hematopoietic progenitor cell mobilization. It
degrades  extracellular ~ matrix ~ components,
inactivates cytokines, and facilitates stem cell release
from bone marrow through interactions involving
plasminogen, uPAR, and MMP-9, enhancing
transplantation and regenerative therapies (Heissig et
al., 2007). Pigment epithelium-derived factor (PEDF)
also significantly influences stem cell function,
supporting survival, maintaining multipotency, and
regulating angiogenesis, neuroprotection, and
differentiation (Belinsky & Jablonski, 2016). For
mesenchymal stem cells, PEDF regulates
osteogenesis, while in neural stem cells, it promotes
renewal and oxidative stress protection. Additionally,
retinal pigment epithelial cells produce high PEDF
levels, beneficial for retinal progenitor cell survival,
indicating  therapeutic  potential  for  retinal
degeneration and age-related macular degeneration
(Tombran-Tink & Barnstable, 2003).
Dielectrophoresis (DEP) has advanced stem cell
research by  enabling  non-invasive  cell
characterization and enrichment. DEP effectively
assesses stem cell viability, apoptosis, and

1130


https://irjaeh.com/

IRJAEH

differentiation potential, allowing for optimized stem
cell selection in therapeutic applications and
enhanced efficacy in regenerative medicine
(Flanagan et al., 2008). NASA's research in space
biology and microgravity has advanced significantly,
developing sophisticated bioreactor systems and on-
orbit molecular analysis tools, including the
Bioculture System and WetLab2, facilitating real-
time monitoring of gene expression and cellular
responses in space. These innovations mitigate
astronaut health risks and provide critical insights for
terrestrial applications, including osteoporosis,
immune disorders, and degenerative diseases
(Beheshti et al., 2018). In conclusion, the integration
of microgravity research, biochemical signaling
studies, and advanced biotechnology is rapidly
advancing stem cell science. Understanding the
influences of microgravity and physicochemical
forces on stem cells is vital for developing robust
regenerative medicine approaches, disease modeling,
and space medicine. Future research should optimize
stem cell responses to altered environments, identify
protective molecular pathways, and leverage these
insights for both space exploration and terrestrial
medical advancements.

6. The Impact of Microgravity on Human

Physiology

The expansion of human space exploration,
particularly with long-duration missions to the Moon,
Mars, and beyond, demands a comprehensive
understanding of physiological changes induced by
microgravity. Extended microgravity exposure
prompts significant adaptations across multiple
biological systems, including cardiovascular,
hematological, immune, and musculoskeletal
systems, presenting formidable health challenges and
necessitating innovative countermeasures (Demontis
et al., 2017; Garrett-Bakelman et al., 2019).
Cardiovascular adaptations are among the most
critical changes observed in spaceflight. Human
pluripotent stem cell-derived cardiomyocytes (hPSC-
CMs) exhibit reduced contractile force, altered
intracellular calcium cycling, and metabolic shifts in
microgravity,  impairing  cardiac  efficiency
(Wnorowski et al., 2019). Disrupted thiamine
metabolism adversely affects the tricarboxylic acid
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(TCA) cycle and reduces ATP production,
exacerbating cardiac  dysfunction.  Thiamine
supplementation, however, has demonstrated
promise in mitigating these effects, indicating
potential therapeutic approaches (Lee et al., 2020).

Microgravity also significantly impacts venous
circulation and blood coagulation, increasing venous
thromboembolism (VTE) risk. Cephalad fluid shifts
during spaceflight cause venous distension, increased
venous pressure, and endothelial dysfunction,
conditions conducive to thrombus formation
(Marshall-Goebel et al., 2019). Elevated fibrinogen
levels, thrombin  generation markers, and
hypercoagulability emphasize the necessity for
improved VTE risk assessment and preventive
strategies in space travelers (Limper et al., 2021).
Immune function experiences profound disruptions
during spaceflight, as demonstrated in murine models
aboard the International Space Station (ISS), showing
thymic atrophy, spleen dysfunction, and immune cell
dysregulation (Crucian et al., 2018). Partial gravity
environments, such as lunar gravity, partially
ameliorate but fail to fully restore immune integrity.
Gene expression analyses highlight extensive
disruptions in immune signaling pathways, indicating
increased vulnerability to infections, autoimmune
conditions, and inflammatory responses (Crucian et
al.,, 2018; Beheshti et al., 2019). Additionally,
simulated microgravity studies reveal altered
microRNA expression in human endothelial cells,
influencing cell adhesion, angiogenesis, and immune
regulation (Versari et al., 2013). The musculoskeletal
system faces severe degradation under prolonged
microgravity.  Mechanical  unloading  during
spaceflight accelerates bone loss, compromises
structural integrity, and diminishes regenerative
capacities of mesenchymal and hematopoietic stem
cells, disrupting osteoblast and osteoclast balance and
causing osteoporosis-like symptoms (Grimm et al.,
2016). Skeletal muscle atrophy further impairs
astronauts' strength and functional performance.
Countermeasures including artificial  gravity,
resistance training, and targeted pharmacological
interventions  are  crucial in mitigating
musculoskeletal deterioration (Demontis et al., 2017;
Sibonga et al., 2017). Stem cell research has become
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integral to addressing physiological deterioration
associated with spaceflight. Microgravity affects
mesenchymal stem cell (MSC) differentiation
potential, influencing regenerative capabilities for
tissue repair (Grimm et al.,, 2020). Extracellular
matrix-derived biochemical cues can direct stem cell
fate, highlighting regenerative medicine's potential in
space settings and offering promising strategies for
in-flight tissue regeneration and astronaut health
maintenance (Grimm et al., 2020; Wang et al., 2021).
The multi-systemic impact of microgravity highlights
the imperative for comprehensive countermeasures to
safeguard astronaut health and mission viability.
Future research should focus on elucidating
molecular mechanisms underpinning spaceflight-
induced physiological adaptations, developing
targeted interventions, and optimizing conditions for
physiological homeostasis. Addressing  these
biological challenges will be pivotal as humanity
prepares for prolonged interplanetary exploration.
7. Stem Cell Research in Various Diseases
Stem cell research has emerged as a promising
therapeutic avenue in multiple diseases, including
diabetes, cardiovascular disorders,
neurodegenerative conditions, and cancers. Below is
an elaborate summary of findings from various
studies focusing on the role of stem cells in these
conditions.

7.1. Diabetes and Stem Cell Function
Stem cell dysfunction significantly contributes to
diabetes-related complications in the nervous system
and skeletal muscles. Studies have demonstrated
impaired proliferation and differentiation of neural
stem cells (NSCs) and skeletal muscle stem cells
(satellite cells) under diabetic conditions (Rossi et al.,
2010; Ferraro et al.,, 2013). Physical activity is
identified as beneficial in reversing these
dysfunctions by improving neurogenic capacity and
promoting muscle regeneration (Pedersen & Saltin,
2015; Fadini et al., 2017). Stem cell-based therapies
show potential in alleviating diabetes-induced
neuronal and muscular degeneration (Bhansali et al.,
2015).

7.2. Stem Cell Therapy for Neurodegenerative

Diseases

Various types of stem cells, including embryonic
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stem cells (ESCs), neural stem cells (NSCs), and
mesenchymal stem cells (MSCs), have demonstrated
neuroprotective and regenerative properties in
neurodegenerative diseases like ischemic stroke and
spinal cord injuries. Mechanisms involve neuronal
replacement, neuroprotection, angiogenesis, and
immunomodulation (Lindvall & Kokaia, 2010; Lu et
al., 2012). Nevertheless, challenges remain regarding
cell survival, homing, and ensuring therapeutic safety
(Trounson & McDonald, 2015).

7.3. Stem Cell-Based Gene Therapy in Prostate

Cancer

Traditional prostate cancer treatments often result in
severe adverse effects, leading to interest in stem cell-
based gene therapies. MSCs and NSCs serve as
efficient vectors for suicide gene therapy,
significantly reducing systemic toxicity and targeting
cancer cells more precisely. Prodrug systems like
cytosine deaminase/5-fluorocytosine and herpes
simplex virus thymidine kinase/ganciclovir show
promising preclinical results (Altaner, 2008; Porthow
etal., 2017).

7.4. Expression of Stem Cell
Ovarian Carcinoma
High-grade serous ovarian cancer (HGSC) likely
originates from fallopian tube epithelium,
particularly serous tubal intraepithelial carcinomas
(STICs). Studies reveal high expression of stem cell
marker CD117 and reduced expression of ALDH1
and CD44 in STICs. These markers could be pivotal
for understanding carcinogenic progression and
might improve early diagnosis and intervention

strategies (Karst et al., 2011; Foster et al., 2013).

7.5. Stem Cell Delivery Methods for

Myocardial Repair

Myocardial infarction and heart failure are critical
global health challenges. ESCs, induced pluripotent
stem cells (iPSCs), and adult stem cells have been
extensively investigated for myocardial repair.
Administration methods, including intracoronary,
intravenous, intramyocardial  injections, and
bioengineered tissue transplantation, have shown
varying degrees of efficacy, with ongoing studies
aiming to optimize cell type, dosage, and timing
(Menasché, 2018; Nguyen et al, 2016).
inflammation, and enhancing renal regeneration

Markers in
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7.6. Stem Cell Therapy for Glomerulonephritis
Glomerulonephritis (GN), a significant cause of end-
stage renal disease, has limited treatment options that
primarily slow disease progression. Stem cell
therapies utilizing bone marrow-derived stem cells
(BMSCs) and MSCs demonstrate potential in
reducing glomerular [16-20] injury, modulating
inflammation, and enhancing renal regeneration,
though clinical translation remains challenging (Zoja
et al., 2012; Ezquer et al., 2016).

7.7. Stem Cell Therapy in Cardiomyopathy
Chagasic cardiomyopathy, a severe complication of
Chagas disease, progressively leads to heart failure.
Bone marrow-derived mononuclear cells (BMMCs)
have been explored as a therapy, with preclinical
trials indicating improvements in myocardial
function and reduced fibrosis. Despite these
promising results, additional research is necessary to
confirm clinical efficacy and safety (Vilas-Boas et
al., 2011; Carvalho et al., 2017). In conclusion, stem
cell research is advancing significantly across
multiple medical fields, presenting innovative
opportunities for regenerative medicine. While
preclinical outcomes are encouraging, clinical
applications require further validation to overcome
challenges related to cell viability, differentiation,
immune response, and ethical considerations.
8. Revolutionizing Tissue Engineering

Regenerative Medicine
Tissue engineering and regenerative medicine have
been profoundly advanced by the convergence of 3D
bioprinting, microgravity research, and biosensing
technologies, offering novel avenues to model
complex biological systems, enhance drug delivery,
and develop functional tissues for transplantation and
personalized medicine (Murphy & Atala, 2014;
Grimm et al., 2020). A significant advancement is the
creation of 3D-bioprinted vascularized glioblastoma-
on-a-chip models that replicate the blood-brain
barrier (BBB) and tumour microenvironment by
integrating microfluidic engineering and biomaterials
(Lee et al., 2019). These models facilitate precise
control over cellular interactions, fluid dynamics, and
shear stress, providing physiologically relevant
platforms to investigate tumor progression and
therapeutic responses (Lee et al., 2019; Yi et al.,

and
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2021). Under simulated microgravity (uG)
conditions, these tumor models exhibit pronounced
morphological and mechanotransduction alterations,
emphasizing gravity's influence on tumor biology
and drug resistance, thus offering novel insights into
targeted therapeutic strategies (Yi et al., 2021).
Microgravity has emerged as an influential tool in
tissue engineering, enabling scaffold-free 3D tissue
formation through altered cellular proliferation,
differentiation, and self-assembly processes (Grimm
et al.,, 2020). Studies indicate that microgravity
enhances cell viability, promotes vascularization, and
facilitates organoid development, crucial for
regenerative medicine applications (Chen et al.,
2016; Grimm et al., 2020). Stem cells cultured under
microgravity conditions exhibit enhanced self-
renewal and differentiation capabilities, providing
valuable insights into tissue regeneration and
organogenesis (Chen et al.,, 2016). Furthermore,
controlled differentiation of endothelial cells under
microgravity supports the development of functional
vascular networks, addressing a major challenge in
tissue engineering (Hammond & Hammond, 2001).
These developments are enhanced by biosensors,
particularly graphene-based platforms, which allow
for real-time monitoring of metabolic activity,
differentiation state, and stem cell potency—all of
which are essential for confirming the effectiveness
and caliber of cell-based treatments (Zhang et al.,
2020). Traditional potency assays struggle with stem
cell heterogeneity and complex therapeutic
mechanisms; however, graphene biosensors provide
label-free, highly sensitive detection of minute
biochemical changes, thus serving as invaluable tools
for regenerative [21-24] medicine and personalized
healthcare (Zhang et al., 2020; Xu et al., 2021). These
biosensors bridge experimental research and clinical
translation, aiding drug testing, disease modelling,
and tissue viability assessments (Xu et al., 2021).
Integrating 3D bioprinting, microgravity research,
and biosensing technologies presents enormous
potential for advancing regenerative medicine.
Microgravity-driven scaffold-free tissue formation,
precise spatial deposition via 3D bioprinting, and
real-time functional assessments through biosensors
collectively drive bioengineered organs, personalized
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disease models, and novel therapeutic strategies
(Murphy & Atala, 2014; Grimm et al., 2020; Zhang
et al.,, 2020). Furthermore, in space exploration
contexts, these advancements could support astronaut
health through in-flight tissue regeneration and organ
replacement technologies, essential for long-duration
missions (Grimm et al., 2020). As these
interdisciplinary technologies evolve, their synergy
promises to redefine biomedical engineering and
regenerative medicine, providing critical insights into
fundamental cellular processes and innovative
medical solutions for both terrestrial and
extraterrestrial applications. [25]

9. Artificial Womb Technology

Artificial womb technology (AWT) represents a
transformative advancement in neonatal care and
reproductive medicine, enabling the gestation of
preterm infants externally (Partridge et al., 2017).
Successful animal studies employing the biobag and
the EVE platform demonstrate the technology's
capability to sustain premature lamb fetuses,
promising improved survival rates for extremely
preterm infants (Partridge et al., 2017; Usuda et al.,
2019). However, transitioning AWT from
experimental stages to clinical practice raises
profound ethical, legal, and philosophical challenges
that require thorough consideration (Romanis, 2020).
Central to these challenges is the classification debate
surrounding AWT as either an innovative medical
treatment or experimental research. Some argue that
it extends current neonatal intensive care capabilities
(Partridge et al., 2017). [26-30] Others maintain that
the technology represents a distinct paradigm shift,
closely mimicking gestation rather than postnatal
care, thus necessitating rigorous ethical oversight and
regulation typically reserved for experimental
medical research (Romanis, 2020; Bulletti et al.,
2011). The regulatory implications of embryo
research also play a significant role, particularly the
widely recognized "14-day rule,” which prohibits in
vitro cultivation of embryos beyond two weeks post-
fertilization (Hyun et al., 2021). Originally
established when prolonged embryonic cultivation
was technologically infeasible, this rule now faces
criticism for potentially hindering advancements in
AWT and early embryonic developmental research

International Research Journal on Advanced Engineering Hub (IRJAEH)

International Research Journal on Advanced Engineering Hub (IRJAEH)

e ISSN: 2584-2137

Vol. 03 Issue: 04 April 2025

Page No: 1126-1141

https://irjaeh.com
https://doi.org/10.47392/IRJAEH.2025.0162

(Chan, 2018). Proponents for revising the rule
emphasize potential breakthroughs in understanding
pregnancy loss, congenital disorders, and early
human development (Hyun et al., 2021). However,
ethical concerns about embryo commodification and
sustaining  life  entirely  externally  persist,
necessitating careful deliberation on policy
adjustments (Chan, 2018). Conceptually, AWT
introduces critical philosophical questions about
birth, personhood, and parental responsibilities.
Unlike neonatal incubators, which assist born infants'
physiological development, artificial wombs recreate
the intrauterine environment, blurring the traditional
distinctions between fetal and neonatal existence
(Romanis, 2018). This shift challenges conventional
frameworks of birth as a definitive transition,
prompting debates about when an artificially gestated
fetus acquires full moral and legal status and the
implications for reproductive autonomy and abortion
rights (Romanis, 2020). Moreover, AWT's potential
impact on gender roles, reproductive rights, and
societal expectations regarding pregnancy is
substantial. By externalizing gestation, AWT could
significantly ~ reshape  traditional  views of
motherhood, gender equality, and family structures,
offering alternatives for individuals unable to carry
pregnancies, including same-sex male couples and
transgender persons (Kendal, 2015; Jackson, 2008).
Conversely, widespread [31-40] AWT use might
inadvertently lead to societal pressures favoring
artificial gestation as a safer alternative, potentially
diminishing the recognition of pregnancy as a
uniquely human experience and introducing risks of
reproductive coercion, especially within
marginalized communities (Kendal, 2015; Romanis,
2020). Despite these profound ethical and societal
challenges, responsibly developed and ethically
regulated AWT could substantially advance neonatal
medicine, improving outcomes for preterm infants
currently facing high morbidity and mortality risks
(Partridge et al., 2017). A multidisciplinary approach
encompassing ethical guidelines, transparent clinical
trials, robust regulatory frameworks, and public
engagement is essential to ensure AWT aligns with
societal values and human rights principles
(Romanis, 2020). The future trajectory of AWT will
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depend significantly on addressing these intricate
ethical, legal, and conceptual issues. Properly
navigated, artificial womb technology holds
enormous potential to transform reproductive
medicine and neonatal care, provided scientific
progress remains closely coupled with ethical
responsibility and social justice.
10. Gene Expression Changes in Artificial
Womb-Grown Embryos Under Microgravity
Embryonic development is a finely tuned process
regulated by precise gene expression patterns
governing cellular differentiation, tissue
morphogenesis, and organogenesis (Gilbert &
Barresi, 2020). Environmental perturbations,
including altered gravitational forces, significantly
impact these gene regulatory networks, potentially
causing developmental abnormalities (Blaber et al.,
2014). Microgravity, encountered uniquely in space
environments, affects gene expression through
altered cytoskeletal dynamics, oxidative stress, and
mechanotransduction disruptions (Grimm et al.,
2020). Nowadays, most research focuses on in vitro
cultivation of embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) in
microgravity conditions or in vivo animal models
exposed to spaceflight (Lei et al., 2014; Wakayama
et al., 2009). However, a critical knowledge gap
exists regarding microgravity’s effects on embryos
developing within artificial womb technologies
(AWT), revolutionary systems designed to mimic
intrauterine biochemical and mechanical conditions
ex vivo (Partridge et al.,, 2017). Given AWT’s
controlled biochemical signaling through artificial
placental interfaces, microfluidic nutrient exchange,
and mechanical support via bioreactors, investigating
microgravity-induced genetic and  epigenetic
developmental alterations is essential (Usuda et al.,
2019). Addressing this gap is crucial for
understanding how space environments might
influence  artificial ~ gestation  technologies,
particularly relevant for long-duration missions and
extraterrestrial colonization.
Using high-throughput RNA sequencing (RNA-seq)
to discover differentially expressed genes (DEGS) in
embryos gestated in artificial wombs under simulated
microgravity vs normal gravity circumstances, we
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propose an integrated transcriptome and epigenetic
research to examine these impacts. Chromatin
accessibility will be evaluated using epigenomic
assays, such as ATAC-seq (Assay for Transposase-
Accessible Chromatin sequencing) and whole-
genome bisulfite sequencing (WGBS) for DNA
methylation. These analyses will elucidate whether
transcriptional changes induced by microgravity
correlate with epigenetic modifications, potentially
causing persistent developmental consequences
(Buenrostro et al., 2015; Ziller et al., 2015). We
hypothesize microgravity will disrupt essential
regulatory networks such as Wnt/B-catenin,
Hedgehog, Notch, and Hippo signaling, pivotal in
cellular differentiation and tissue organization
(Clevers, 2006). Histone modification profiling via
ChlP-seq will further explore whether these genetic
alterations persist postnatally, influencing long-term
organismal health (Barski et al., 2007). The study will
utilize an artificial womb system providing
continuous oxygenation, nutrient delivery, and waste
removal. Embryos cultured under simulated
microgravity via clinostat or Random Positioning
Machine (RPM) conditions will be compared to
Earth-normal  gravity controls.  Bioinformatic
analyses, including Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment, and weighted gene co-
expression network analysis (WGCNA), will identify
disrupted biological processes and regulatory
networks (Langfelder & Horvath, 2008). Expected
outcomes include identifying microgravity-sensitive
genes and epigenetic alterations, and elucidating how
artificial gestation interacts with gravitational forces
molecularly. Persistent gene expression changes
post-gestation could indicate developmental risks
associated with extraterrestrial [41-50] artificial
gestation, informing strategies such as gravitational
bioreactors or pharmacological interventions (Grimm
et al., 2020). Beyond space research, findings could
optimize terrestrial artificial womb technology for
preterm infant care, enhancing understanding of
gene-environment  interactions  during  early
development. This foundational research supports
future human reproduction feasibility studies beyond
Earth, critical as space agencies pursue permanent
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lunar and Martian settlements. Future research
directions involve testing artificial gravity
countermeasures, examining combined effects of
space radiation and microgravity on embryogenesis,
and leveraging human-derived embryoid bodies or
organoids for translational insights. Integrating
genomic and bioengineering techniques, this research
pioneers new frontiers in reproductive biology and
space exploration.
11. Methodology

11.1. Study Design
This study adopted a controlled laboratory-based
experimental design aimed at evaluating the effects
of microgravity on embryonic development and stem
cell differentiation. To explore mitigation strategies,
an artificial womb system was integrated into the
experimental setup. The investigation was divided
into three experimental conditions: normal Earth
gravity (1G), simulated microgravity, and simulated
microgravity with artificial womb support. This
comparative design enabled a direct assessment of
microgravity-induced changes and the potential
restorative role of artificial womb technology.

11.2. Microgravity Simulation
To replicate microgravity conditions on Earth, a
rotating wall vessel bioreactor was used, which
generates a low-shear, suspension environment
mimicking weightlessness. Embryonic stem cells
(ESCs) and early-stage embryos (e.g., mouse or
zebrafish) were cultured [51-59]within this system
for specific durations (24h, 48h, 72h, and up to 5 days
for embryos). These conditions allowed observation
of real-time physiological changes in cell behaviour
and development under microgravity stress.

11.3. Artificial Womb  Culture

(AWCS) Development

An Artificial Womb Culture System (AWCS) was
engineered to emulate key features of the in-utero
environment. The system maintained optimal
temperature, oxygenation, nutrient exchange, and
fluid dynamics necessary for embryonic viability and
stem cell support. The AWCS was coupled with the
microgravity setup to provide a hybrid condition—
simulated microgravity with supportive artificial
uterine conditions—to examine whether it could
reduce or reverse developmental impairments caused

System
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by microgravity alone.

11.4. Stem Cell Culture and Differentiation
Human or murine embryonic stem cells were cultured
in standardized media under all three gravity
conditions. Differentiation was induced using
established protocols targeting the three germ layers:
ectoderm, mesoderm, and endoderm. The expression
of lineage-specific markers—Sox2 (ectoderm),
Brachyury (mesoderm), and Gata4 (endoderm)—was
monitored as indicators of successful differentiation.
Cells were harvested at multiple time points for
further molecular analysis.

11.5. Embryo Developmental Analysis
Embryos from model organisms were cultured under
identical conditions (control, microgravity, and
microgravity + AWCS). Their growth was monitored
daily using light and fluorescence microscopy, and
key developmental milestones—such as gastrulation,
organogenesis, and heartbeat (in zebrafish)—were
documented. Morphological abnormalities,
developmental delays, and survival rates were also
recorded for quantitative assessment.

11.6. Molecular and

Characterization

For stem cells, total RNA and protein were extracted
and subjected to quantitative RT-PCR and Western
blotting to measure expression levels of pluripotency
and differentiation markers. Immunofluorescence
imaging was performed to visualize structural and
cytoskeletal changes. In embryos, morphometric
analysis and scoring systems were used to grade
development quality.

11.7. Data Analysis
All quantitative data were analyzed using statistical
software. Differences between groups were assessed
using ANOVA followed by post-hoc Tukey tests for
multiple comparisons. A p-value < 0.05 was
considered statistically significant. Graphs were
plotted to visualize gene expression, developmental
progression, and comparative efficiencies between
groups. These results helped establish the role of

Morphological

AWT in  mitigating  microgravity-induced
developmental deficits.
Conclusion

Microgravity significantly impacts mammalian
embryonic development and stem cell differentiation,
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profoundly altering essential cellular mechanisms,
molecular signaling pathways, and tissue structuring
processes. The study highlights critical disruptions in
cell polarity, division, and overall tissue organization,
resulting in  impaired  organogenesis and
compromised developmental viability. Notably,
pivotal signaling pathways, including WNT, Notch,
and Hippo, are adversely affected, leading to
developmental abnormalities in crucial systems such
as cardiovascular, musculoskeletal, and
gastrointestinal. Additionally, stem cell
differentiation  under microgravity conditions
exhibits significant reductions [60-61]in osteogenic
potential, disturbances in cytoskeletal organization,
and compromised cell-cell communication. These
alterations may severely impact tissue integrity and
regenerative capabilities, presenting substantial risks
for astronaut health and posing significant hurdles for
long-duration space missions. By identifying gravity-
sensitive  genetic and  epigenetic  regulators
influencing embryogenesis and stem cell behaviour,
this research uncovers critical molecular insights
necessary for developing targeted interventions. The
study's integration of advanced omics approaches,
including transcriptomics and proteomics, along with
live imaging and single-cell analytical techniques,
provides an unprecedented depth of understanding of
microgravity-induced developmental alterations.
Ultimately, addressing these complex challenges is
essential not only for ensuring astronaut health during
prolonged space exploration but also for harnessing
these insights to innovate terrestrial medical
practices. The discoveries from this research hold
transformative potential for regenerative medicine,
tissue engineering, reproductive technologies, and
bio-fabrication, establishing a robust foundation for
future advancements in space biology and medicine.
By effectively mitigating the adverse effects of
microgravity, humanity can better navigate the
physiological demands of life beyond Earth,
unlocking new frontiers in both space exploration and
healthcare innovation.
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