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Human fertility in space is an urgent concern as commercial spaceflight grows. Space conditions, radiation, microgravity
and stress pose risks to reproduction. Limited studies show compromised female and male fertility, and abnormal
embryogenesis. A multidisciplinary approach is essential to guide future reproductive research and bioethics in space
exploration.
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ABSTRACT
As the era of commercial and frequent spaceflight advances, the question of human fertility in space is no longer theoretical but
urgently practical. Despite over 65 years of human spaceflight activities, little is known of the impact of the space environment
on the human reproductive systems during long-duration missions. Extended time in space poses potential hazards to the
reproductive function of female and male astronauts, including exposure to cosmic radiation, altered gravity, psychological and
physical stress, and disruption to circadian rhythm. This review encapsulates current understanding of the effects of spaceflight
on reproductive physiology, incorporating findings from animal studies, a recent experiment on sperm motility, and omics-based
insights from astronaut physiology. Female reproductive systems appear to be especially vulnerable, with implications for
oogenesis and embryonic development in microgravity. Male reproductive function reveals compromised DNA integrity, even
when motility appears to be preserved. This review examines the limited embryogenesis studies in space, which show frequent
abnormal cell division and impaired development in rodents. Alongside physiological findings, this review explores ethical issues
of space work, particularly with increasing spaceflights involving non-professional astronauts and individuals of all ages. This
convergence of space medicine, reproductive biology and bioethics represents a novel and critical intersection that warrants
attention. Drawing from multidisciplinary fields, a collaborative framework is proposed for future research, aiming to catalyse
cross-disciplinary dialogue and guide the next generation of reproductive biomedical research in space.
INTRODUCTION

‘The universe is not only stranger than we
imagine. It is also stranger than we can
imagine.’

J.B.S. Haldane

The latter half of the 20th century
witnessed two transformative
achievements that reshaped the
boundaries of science and society, both in
the same year: the first human landing on
the Moon in 1969 (Cortright, 2019), and
publication of the first evidence of human
fertilization in vitro (Edwards et al., 1969)
by the very same pioneers who would, only
a decade later, announce the birth of the
first baby conceived through IVF in 1978
(Steptoe et al., 1978). These milestones
opened new eras of human endeavour:
one pushing the limits of physical space,
the other redefining the potential of
human reproduction. IVF enabled
conception outside the body within tightly
controlled laboratory environments, while
spaceflight transported the human body
into extreme and unearthly conditions.
Both challenged what was once
considered biologically impossible, and
now, they converge in an increasingly
urgent and underexplored question: how
will human reproduction, natural or
assisted, function beyond Earth?

Over the past 50 years, embryology and
assisted reproductive technology (ART)
have evolved into highly sophisticated and
regulated clinical practices incorporating a
more diverse demographic. The
introduction of automation, artificial
intelligence (AI), and non-invasive
diagnostics may enhance precision and
outcomes, while techniques such as
fertility preservation, embryo vitrification,
and microfluidics have become routine in
IVF laboratories. In parallel, spaceflight has
shifted from an elite, male-dominated
pursuit of national and military prestige to a
rapidly expanding frontier led by
commercial ventures and international
collaborations. Despite this evolution,
fundamental biological questions about
reproduction in space remain unanswered
(Jain et al., 2023). As space missions
become longer and more diverse in crew
composition, shifting from weeks to
months, and eventually years,
understanding the risks to fertility and
reproduction has become not only
relevant but essential.

Humanity is steadily approaching the era of
routine space travel, with visions of lunar
and Martian settlements shifting from
science fiction to commercial ambition
(Denis et al., 2020). As access to space
expands beyond elite astronauts and
cosmonauts to include wealthy tourists,
civilian crews, and commercial clients,
there is an urgent need to reassess existing
physiological, medical and bioethical
frameworks. National space agencies, such
as the National Aeronautics and Space
Administration (NASA), European Space
Agency (ESA), and the Japan Aerospace
Exploration Agency (JAXA), have
historically upheld an applied research-
driven, safety-first ethos. Conversely,
commercial enterprises are motivated by
innovation, market competition, and
profitability, and private companies plan
long-duration missions and future
extraterrestrial settlements (Entrena-
Utrilla and Welch, 2017); as such, it is vital
to develop revised ethical guidelines
capable of addressing the specific
challenges posed by private sector activity
in space.
A significantly underexplored domain is the
prospect of human reproduction beyond
Earth, including conception, gestation and
childbirth aboard orbital or planetary
platforms. This review examines the ethical
dimensions of reproduction in space
within the context of commercial
spaceflight, where regulatory oversight is
inconsistent and motivations may not
always prioritize health and safety. It
explores the absence of industry-wide
standards, gender-specific fertility risks,
medical and environmental hazards to
gestation and birth, ethical challenges of
research on human subjects, and the
unique tensions that commercial sponsors
may face in a profit-driven model.

The aim is not to promote conception in
space, but to reduce the reproductive risks
that space travellers may encounter,
especially during long-duration missions,
and to identify the ethical and scientific
gaps that must be addressed. If
reproduction is ever to occur beyond
Earth, it must do so with a clear
commitment to safety, transparency and
ethical integrity. This review will use the
term ‘astronauts’, from the Greek words
meaning 'star sailor', to mean human
beings travelling beyond Earth’s
atmosphere, regardless of whether they
are referred to elsewhere as astronauts,
cosmonauts, spationauts, taikonauts, space
crew, professionals, commercial flyers, or
tourists.
HAZARDS OF SPACE TRAVEL

For human spaceflight, NASA has
identified five hazards of space travel:
space radiation; isolation and
confinement; distance from Earth; gravity
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(or lack of gravity); and hostile
environments (Afshinnekoo et al., 2020). In
space, some physiological systems adapt
and re-regulate to what has been termed
the ‘space norm’, including cardiovascular,
fluid balance, and vestibular systems, while
other systems, such as bone density,
calcium metabolism, and reproductive
function, exhibit incomplete or delayed
recovery (Barratt et al., 2020; Nicogossian
and Parker, 1982). Evidence, although
limited to date, suggests that key
reproductive axes, specifically the
hypothalamo�pituitary�gonadal (HPG)
and hypothalamo�pituitary�adrenal axes,
undergo significant alterations during
spaceflight which influence hormonal
signalling and gamete quality in ways that
may not be corrected fully upon return to
Earth (Mathyk et al., 2024a).

Radiation is among the most significant
hazards in space (Cucinotta, 2007), and
when combined with the effects of
microgravity, it poses serious risks to
reproductive health. DNA can be
damaged, spermatogenesis and oogenesis
can be impaired, and endocrine function
can be disrupted (Gimunov�a, 2024).
RADIATION

Radiation exposure, a defining threat in
space, is of particular concern for
reproductive organs due to their
heightened sensitivity to DNA damage
(Ogilvy-Stuart et al., 1993). In contrast with
Earth’s surface, where the magnetosphere
and atmosphere provide robust shielding,
space travellers are exposed to galactic
cosmic rays, solar particle events, and
geomagnetically trapped radiation around
Earth, each varying in dose, energy and
biological impact.

In dosimetry, linear energy transfer (LET)
refers to the amount of energy an ionizing
particle deposits per unit distance as it
travels through a material. The biological
effects of radiation depend on several
factors, including radiation type (high-LET
versus low-LET), total dose, exposure
duration, and age at which exposure
occurs. High-LET radiation, especially
heavy ion (HZE) particles from galactic
cosmic rays, produces dense ionization
tracks that cause direct double-strand
DNA breaks, which are significantly more
harmful than the single-strand breaks
typically induced by low-LET radiation such
as earthy X-rays and gamma rays (Jones et
al., 2020; Roobol et al., 2020).
Studies in animal models, such as those
documented by Ronca et al. (2014), have
shown disrupted ovarian cycles, reduced
corpus luteum formation, and altered
oestrous cycling following radiation
exposure. Human data, however, remain
scarce, and much of the current
operational shielding and mission planning
still relies on decades-old models (Ruben,
1989).

Most experiments in space have been
conducted within the relatively protected
environment of the Van Allen Belts. The
Van Allen Belts themselves are located
outside low Earth orbit (LEO), and are
composed of high concentrations of
energetic charged particles, mainly
electrons and protons, trapped by Earth’s
geomagnetic field (Van Allen, 1959). The
International Space Station (ISS) and
research space satellite, for example, orbit
within LEO. In 1968, NASA’s Apollo 8
mission became the first crewed
spaceflight to travel beyond the Van Allen
Belts, orbit the Moon, and return safely to
Earth. Venturing out further in the future
will only increase exposure to radiation.

Radiation protection on Earth is regulated
by stringent frameworks designed to
protect both workers and the public. This
encompasses obligatory dosimetry,
engineered controls, training, and safety
information, all based on the ‘as low as
reasonably achievable/practicable’
principle. This advocates for restrictions on
exposure duration, augmented distance
from sources, and the implementation of
shielding (Centers for Disease Control and
Prevention, 2025). Radiation is quantified in
sieverts (Sv) or grays (Gy). Gy measure the
quantity of radiation energy received by
matter, whereas Sv measure its biological
effects, hence indicating the potential
damage to live tissue (International
Commission on Radiological Protection,
2007). In situations, temporary increased
dose limits may be authorized, such as up
to 250 mSv for life-saving interventions in
the US (Radiation Emergency Medical
Management, 2025).

As government space missions and
commercial spaceflight expand, space is
becoming an increasingly routine
workplace. However, current Earth-based
radiation frameworks are being tested by
the unique hazards of space radiation.
Crucially, full understanding of its long-
term biological effects, especially
concerning fertility and heritable health
outcomes, are still lacking. This concern is
especially pressing as women now
represent nearly half of astronaut
candidates, compared with just 15% of all
those who have flown previously (Rose,
2022). Research suggests sex-specific
vulnerabilities; radiation may affect male
and female reproductive systems
differently (Mathyk et al., 2024a), but
evidence on outcomes such as radiation-
induced menopause or impaired
spermatogenesis remains limited and
underfunded.

There are transgenerational risks beyond
individuals who have ventured into space.
Observations of increased childhood
cancer rates near nuclear facilities such as
Sellafield (Gardner et al., 1990), and
studies on germ cell radiation effects
(Fukunaga et al., 2022) point to possible
transgenerational impacts. These findings
raise both ethical and social challenges that
future policy must address. Lessons from
terrestrial occupational health warn that,
even in well-regulated fields, radiation
awareness can be poor. Xu et al. (2024)
found persistent knowledge gaps among
medical professionals. Similar
shortcomings in the space sector could
expose astronauts to poorly understood
and possibly inheritable harms. If human
space activity is to continue responsibly,
the safeguards used for nuclear workers
must be adapted and strengthened for
extraterrestrial environments.

The Outer Space Treaty, which was signed
in 1967, is an important international
agreement that sets rules for how
countries might explore and exploit space.
The importance of the Treaty rests in
setting important rules for space
exploration and protecting astronauts. It
emphasizes the astronauts' special legal
standing, and the need for international
labour standards to keep them safe and
healthy in space. It is the basis for dealing
with the dangers of cosmic radiation, and
making sure that astronauts are protected
equally in all countries (United Nations,
1966).

NASA set radiation exposure limits for
astronauts in LEO at 50 mSv/year, with
career exposure caps varying by age and
gender. Women had stricter limits due to a
higher biological risk of cancers such as
breast and ovarian cancer (US Nuclear
Regulatory Commission, 2020). While this
aimed to protect health, it raised concerns
about potential gender-based
discrimination in spaceflight careers
(Mehmeti and Stojchevska, 2020), and was
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later revised in a technical brief (NASA V1
4030) to a total career-effective radiation
dose due to spaceflight radiation to be
<600 mSv universal for all ages and sexes.
(Yasuda et al., 2022). However, it is worth
mentioning that international space
agencies, for example, ESA, JAXA and
Russian Federal Space Agency, have a
higher limit (1000 mSv), independent of
age and gender. JAXA still has radiation
exposure career limits based on sex/age
dependency using 3% of risk of exposure-
induced death at the mean (National
Academies of Sciences, 2021).

For comparison, the International
Commission on Radiological Protection
recommends that the general public
should receive no more than 1mSv/year
from artificial sources, excluding medical
and natural background exposure; for
radiation workers, the limit is 20mSv/year
averaged over 5 years, with no single year
exceeding 50mSv (International
Commission on Radiological Protection,
2007). These limits are far below those
encountered in space. A typical person on
Earth receives approximately 2.4 mSv/year
from natural background radiation
(National Aeronautics and Space
Administration, 2023a; citing United
Nations Scientific Committee on the
Effects of Atomic Radiation), whereas
astronauts aboard the ISS may receive
approximately 0.5 mSv/day depending on
solar activity (National Aeronautics and
Space Administration, 2023b).
Comprehensive dose limits and
comparisons are summarized in FIGURE 1.
MICROGRAVITY

While the reproductive risks of ionizing
radiation are becoming increasingly well
defined, microgravity (weightlessness) adds
another layer of complexity, and presents
its own distinct physiological challenges.
Alterations in gravity remove or change a
fundamental mechanical cue, influencing
hormonal regulation, gametogenesis and
early embryonic development in ways that
are still not fully understood (Santaguida
et al., 2023).
CIRCADIAN DISRUPTION

Clinical analogues, such as those seen in
shift workers on Earth, offer clues to the
hormonal and metabolic disarray that
might occur in space, which include
disrupted circadian rhythms, insulin
resistance, and menstrual irregularities.
Shift work and transmeridian travel disrupt
the synchronization between internal
circadian rhythms and external
environmental cues, often leading to
fatigue; sleep disturbances; and
heightened risk of mood disorders,
cardiovascular disease, and reproductive
dysfunction (Caetano et al., 2021).

Circadian rhythms, regulated by the
suprachiasmatic nucleus and clock genes,
are crucial for hormonal balance and the
timing of reproductive events such as
ovulation. When these rhythms are
misaligned, as in the case of shift workers,
menstrual irregularities, reduced fertility,
spontaneous abortions, and poor
pregnancy outcomes have been observed
(Lee et al., 2025). Sleep deprivation and
circadian misalignment can alter levels of
key reproductive hormones, such as FSH
and oestradiol, potentially increasing the
risk of infertility and breast cancer
(Mahoney, 2010). On a molecular level,
‘clock genes’, including CLOCK, BMAL1
and the PER family, are active in
reproductive tissues, and their disruption
has been shown to impair oestrous cycles,
ovulation and overall fecundity (Shearman
et al., 1997; Shigeyoshi et al., 1997; Zylka et
al., 1998). Epidemiological studies indicate
a greater dependence on reproductive
medications among night shift workers,
especially women, engaged in social or
altered circadian schedules. The precise
mechanisms connecting circadian
disturbance to infertility are not fully
elucidated (Sciarra et al., 2020), although
a comprehensive study revealed that
female night shift workers experienced
heightened challenges in having their first
child and had increased requirement for
ART (Fernandez et al., 2020).
ENVIRONMENTAL CONSTRAINTS
OF THE SPACECRAFT AND
HABITAT

The structural constraints of spacecraft
and off-world habitats introduce additional
risks. Toxic lunar and Martian dust can
pose serious threats to respiratory and
overall health, while air and water recycling
systems carry the potential for
contamination (Caston, 2018).

Restricted dietary variety, insufficient
caloric intake, and vitamin deficiencies can
undermine both fetal development and
maternal well-being. Together with the
physical challenges is the burden of
psychosocial stress. Prolonged isolation,
disrupted sleep cycles, and limited social
interaction can increase the likelihood of
depression and anxiety, which threaten
both mental health and mission success
(Mishra and Luderer, 2019).

Collectively, these multifaceted factors
have the potential to have a major
influence on reproductive health (FIGURE 2).
MALE REPRODUCTIVE BIOLOGY
IN SPACE

Space exploration pushes the boundaries
of human endurance, yet male
reproductive health remains a relatively
understudied aspect. However, it is gaining
importance as long-duration missions to
the Moon, Mars and beyond become a
reality (Gimunov�a et al., 2024; National
Aeronautics and Space Administration,
2024). Understanding the effects of
microgravity and radiation on male fertility
is vital for astronaut health and the future
of space colonization (Barratt, 2020).

The testis is particularly sensitive to
radiation exposure, as spermatogenesis
depends on rapid cellular division, making
it highly susceptible to radiation-induced
damage (Georgakopoulos et al., 2024).
Once astronauts move beyond Earth’s
protective magnetosphere, they are
exposed to increased levels of galactic
cosmic rays, solar particle events, and
trapped radiation belts (Zeitlin et al., 2013).

Within their permissible exposure limits for
astronauts, NASA also has thresholds
specific to the blood-forming organs and
testicular tissue (Dobney et al., 2023).
Doses exceeding approximately 250 mGy
can disrupt spermatogenesis, although
effects at this threshold may be reversible
(Montesinos et al., 2021). However,
chronic, cumulative radiation exposure
during long-duration missions may impair
the HPG axis, affecting hormonal signalling,
testosterone production, and sperm
quality (Gimunov�a et al., 2024). While
shielding strategies exist, they are more
effective for low-LET radiation; protecting
against HZE particles remains a formidable
challenge, requiring further technological
innovation (Chowdhury et al., 2023;Wang
et al., 2025).

Historical context and mission data
Historical mission data provide valuable
insight into human male exposure. The US
Apollo missions (1968�1972) were the only



FIGURE 1 Radiation exposure, biological effects, and safety thresholds in spaceflight and on Earth. Sv, sieverts; mSv, millisieverts; JAXA, Japan
Aerospace Exploration Agency; REID, risk of exposure-induced death; ESA, European Space Agency; ROSCOSMOS, Russian Federal Space Agency;
NASA, National Aeronautics and Space Administration; ISS, International Space Station; LEO, low Earth orbit; NRC, Nuclear Regulatory Commission;
LET, linear energy transfer; DNA, deoxyribonucleic acid; HZE, high atomic number and high energy; Gy, grays; Remm.hhs.gov, US Department of
Health and Human Services (Radiation Emergency Medical Management); ICRP, International Commission on Radiological Protection; UNSCEAR,
United Nations Scientific Committee on the Effects of Atomic Radiation.

RBMO VOLUME 00 ISSUE 00 2025 5
human endeavours beyond LEO, exposing
astronauts briefly to deep-space radiation
(Delp et al., 2016). Apollo 8, for example,
recorded exposures of approximately
1.6 mSv over 4 days, while Apollo 14 saw
11.4 mSv over 7 days (English et al.,1973). In
comparison, average background radiation
exposure for a human at sea level is
0.046 mSv over 7 days (Shannoun et al.,
2015). Although these short missions
posed minimal reproductive risk, they
highlighted the hazards that astronauts
would face during extended lunar or
Martian exploration (National Aeronautics
and Space Administration, 2023a). Per
publicly available records, at least two
Apollo astronauts fathered children
following spaceflight, perhaps suggesting
that this relatively minimal radiation
exposure did not affect their future fertility
(US Congress Senate Committee on
Energy and Natural Resources, 1975;
United Press International, 1985), but the
epigenetic effects on offspring, if any, are
unknown.

The Space Shuttle program (1981�2011)
and the ongoing ISS missions have
provided much richer data on cumulative
radiation exposure in LEO (Cucinotta,



FIGURE 2 Hazards and environmental factors of humans and embryos in astris. HPA, hypothalamo�pituitary�adrenal; HPG,
hypothalamo�pituitary�gonadal.
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2007). Mission durations varied widely,
with ISS missions sometimes exceeding
365 days and delivering total estimated
doses between approximately 110 and
180 mSv (Restier-Verlet et al., 2021).
Despite the wealth of physical dosimetry,
the authors were unable to find any
publicly available, reliable data on
reproductive outcomes for male
astronauts post-mission. However, as
astronauts are getting older, this may also
contribute to reduced fertility (Smith et al.,
2020). Overall, the effect of cumulative
radiation exposure on male fertility
remains a critical knowledge gap, especially
when considering that a mission to Mars
would involve exposure to approximately
0.7�1 Sv over its duration, well above levels
experienced on the ISS and, if unmitigated,
could potentially compromise testicular
function, future fertility, and the health of
offspring (Hassler et al., 2014).

Scientific research in male reproduction
in space
To address many of these knowledge gaps,
JAXA has employed animal models in its
Multiple Artificial-gravity Research System,
comparing ground-based controls with
mice exposed to artificial gravity and
microgravity aboard the ISS. These studies
reported no significant differences in
genitourinary organ weight, sperm motility,
or the capacity to produce healthy
offspring, suggesting that short-duration
microgravity exposure may not impair
male fertility severely (Matsumura et al.,
2019). However, the model may not be
representative of human male
reproduction as the male mice used were
very young (5�6 weeks old), and this raises
concerns about developmental stage and
its relevance to extrapolation. In men, the
accumulation of spontaneous mutations in
the germ line is strongly age-dependent
(Aitken, 2024). Across decades of
spaceflight, the average age of male
astronauts at the time of their first mission
has been approximately 39�40 years.
Replication of these experiments using
aged male mice would therefore be more
appropriate for testing human
reproductive risk. Supporting this
concern, a complementary study reported
increased DNA damage in cryopreserved
sperm retrieved from the ISS, raising
additional questions about the long-term
genomic stability of male gametes exposed
to spaceflight conditions (Wakayama et
al., 2017).

More recently, researchers have explored
the epigenetic impacts of spaceflight.
Environmental factors such as diet, air
quality, stress and toxins can influence
gene expression by altering epigenetic
mechanisms such as DNA methylation,
histone modifications, and non-coding
RNA regulation. These changes can affect
how genes work and potentially lead to
disease or adaptive responses, such as
transgenerational epigenetic inheritance
(Heard and Martienssen, 2014). Of
particular interest, two animal studies have
suggested that spaceflight-induced
epigenetic changes may have subtle but
meaningful effects on sperm function.
Mice onboard the ISS for 24 days
demonstrated alterations in testes
expression of DNA methyltransferase and
histone deacetylase compared with
ground controls (Ogneva et al., 2019);
fertility outcomes were not explored.
Yoshida et al. (2021) found that young
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adult mice aboard the ISS for 35 days
experienced epigenetic alterations within
their male reproductive tract. Spaceflight
activated the transcription factor ATF7 in
testes tissue, a regulator of
heterochromatin formation, which
subsequently altered small RNA expression
in spermatozoa. These male mice were
then bred upon returning to Earth.
Interestingly, first-generation offspring
demonstrated increased hepatic
expression of key DNA replication genes,
thus demonstrating an intergenerational
effect incurred by short-duration
spaceflight.

Although current evidence suggests that
short-duration missions do not alter male
fertility significantly in the long term, as
reviewed above, the possibility of lasting
epigenetic changes raises concerns for
long-duration missions and
intergenerational health. Altered sperm
epigenomes could potentially impact not
only first-generation offspring but also
second-generation descendants, making
this an area of profound scientific and
ethical importance. At terrestrial level,
specific sperm epigenomes are known to
be associated with male fertility outcomes
(Jenkins et al., 2017). For example, specific
epigenetic sperm phenotypes can predict
the probability of successful intrauterine
insemination outcomes (Miller et al.,
2023). Changes in the human sperm
epigenome secondary to spaceflight
remain to be published.

Finally, the Micro-11 experiment
conducted aboard the ISS demonstrated
that sperm capacitation, an essential
maturation step involving protein
modification and motility changes, was
impaired significantly in both human and
bovine spermatozoa in space compared
with Earth (Mitra et al., 2020; Tash et al.,
2020). Key metrics such as curvilinear
velocity, progressive motility, and
hyperactivity were blunted in microgravity,
and the acrosome reaction rate was
diminished. Notably, although sperm
motility was not lost entirely during storage
or transport in space, the decrease in
acrosome activation suggests a
fundamental compromise in fertility
potential. Finally, significant sperm DNA
damage was observed in flight compared
with ground controls (Matsumura et al.,
2019), which may be attributed to the time
in frozen storage while upon the ISS.
However, during the Micro-11 investigation,
it was noted that some DNA damage was
observed in the acrosome reaction assays,
and this is believed to be due to radiation
exposure (Mitra et al., 2020).

Protective strategies
Looking ahead, a multifaceted approach
will be required to protect male
reproductive health during space
exploration. Physical countermeasures
include optimizing spacecraft shielding to
block low-LET radiation, and developing
advanced materials or configurations
capable of reducing HZE particle
exposure. Hydrogen-rich materials, for
example, offer promise as effective shields,
although the mass and engineering
challenges remain considerable (Thibeault
et al., 2012). As such, NASA decided to
add 6.2-cm-thick ultra-high-molecular-
weight polyethylene panels on the ceiling
and rear walls of the crew quarters
onboard the ISS. Overall, the panels
reduce crewmember exposures of cosmic
radiation by 9% and solar flares by 74%
(Broyan et al., 2008). New space radiation
shielding material approaches are
currently in development based on
hydrogenous composite and polymer-
based materials (Naito et al., 2020, 2021;
Toto et al., 2024).

Biological and pharmacological
countermeasures complement physical
defences (McDonald et al., 2024; Vasin et
al.,2014). Radiomodulators, such as dietary
antioxidants, work prophylactically to
bolster cellular resilience against radiation.
Radioprotectors such as amifostine, a thiol
compound approved by the US Food and
Drug Administration, can be administered
shortly before exposure to neutralize
reactive oxygen species and protect
cellular DNA (Epperly et al., 2011).
Radiomitigators, including corticosteroids,
growth factors, and stem cell therapies, act
post-exposure to promote tissue recovery
and reduce long-term damage
(Montesinos et al., 2021). Such agents can
be employed in any location where
radiation levels could exceed safe human
exposure limits, such as nuclear power
plants, nuclear powered ships and
submarines, and radiation therapy
facilities.

While spacecraft design aimed at
mitigating radiation damage is one line of
defence, more permanent
countermeasures should be considered
when contemplating permanent or
temporary settlement on the Moon or on
planets. Caves into solid rock, either
natural or artificial, may be a resource
(Carrer et al., 2024). More experimental
ideas involve using magnetic or
electrostatic fields to deflect radiation that
mimic Earth’s protective magnetosphere.
These systems are still far from practical
deployment (Tripathi, 2016).

Interestingly, radiation mitigation through
hibernation in mammals has shown
potential for reducing radiation damage
(Cerri et al., 2016;Musacchia et al., 1968),
aligning with both scientific interest and
sci-fi cinematic speculation. Looking
further ahead, enhancing DNA repair or
selecting individuals with natural resilience
may, one day, add a biological layer of
defence.
FEMALE REPRODUCTIVE
BIOLOGY IN SPACE

Female reproductive health is broadly
defined as the physical, mental and social
well-being related to the reproductive
system across the lifespan. This includes
puberty, hormonal regulation,
menstruation, oogenesis, fertility,
pregnancy, contraception, infections,
gynaecological malignancies, preventive
screening, and psychological well-being.
However, these domains cannot be
assumed to function identically in space.
They must be re-examined systematically
in the context of altered gravity, cosmic
radiation, and mission-related stressors.
The space environment presents a
constellation of physiological challenges,
and these extrinsic factors interact with the
highly regulated and intricate processes of
the HPG axis, steroidogenesis, oocyte
maturation, folliculogenesis, implantation,
early embryonic development, and
hormone signalling (Jain et al., 2023;
Mathyk et al., 2024b).

Pregnancy is contraindicated for current
agency-sponsored spaceflights, and
contraceptive methods are the choice of
each individual. Some astronauts also
choose methods to reduce menstrual flow
while training and/or on their spaceflight
missions. Typical methods include
continuous combined oral contraceptive
use (i.e. skipping the placebo week) or use
of a long-acting reversible contraceptive.
The latter can be in the form of a
subcutaneous hormone-releasing implant
or an intrauterine device. These can
function for multiple years and also reduce
the mass and volume of medication
supplies required for a mission (Jain and
Wotring, 2016). The authors
recommended, in the same paper, that,
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for those women not using combined oral
contraceptives, cautious use of a very low
dose (10 mg/day) of oestrogen can aid the
preservation of bone mineral density.

Data available from the 40 female
astronauts who flew during the Shuttle
era indicate that both pregnancy rates
and related complications are
comparable with those observed in age-
matched women on Earth (Jennings and
Baker, 2000). However, as longer-
duration missions become more
common for women, it is crucial to
understand the multifaceted effects of
spaceflight on reproductive
endocrinology, hormones, pregnancy
and ART beyond Earth. This endeavour
requires not only the adaptation of
existing well-woman care and protocols
(Hughes�Fulford et al., 2024), but also
the generation of new evidence to guide
diagnostic, preventive and therapeutic
strategies in extraterrestrial
environments.

It is known that cranial radiotherapy can
impair the HPG axis, the central regulator
of reproductive endocrinology. Radiation-
induced pituitary dysfunction and
hypopituitarism may be permanent and
progressive, with severity influenced by
dose, age, sex and specific cell types
affected (VanKoevering et al., 2020).
Similarly, pelvic radiotherapy has been
associated with structural and functional
changes in reproductive organs. In
colorectal cancer survivors, alterations in
cervical length, endometrial thickness, and
junctional zone visibility have been
documented following pelvic irradiation
(Milgrom et al, 2013). Nonetheless, rare
cases of preserved fertility have been
reported, including a recent case of natural
conception and full-term delivery following
brachytherapy for vaginal cancer at a
cumulative dose of 24 Gy (Gerbasi et al.,
2023).

Similar to other organs, post-radiation
ovarian damage is dose- and age-
dependent. A dose as low as 2Gy is
sufficient to destroy approximately 50% of
the human oocyte pool (Wallace et al.,
2003), and the risk of premature ovarian
insufficiency is increased markedly with
higher exposures: 97% at 20.3Gy at birth,
18.4Gy at age 10 years, and 14.3Gy at age
30 years (Wallace et al., 2005). Currently,
there are surgical procedures such as
ovarian tissue cryopreservation and
transplantation (Erden and Oktay, 2025),
and uterine transposition for preserving
uterine and gonadal function in patients
undergoing pelvic radiotherapy on Earth
(Ribeiro et al., 2023).

In terms of space radiation, in rodents,
heavy oxygen and iron ion exposure
resulted in a 71% and 57% decline in the
follicular pool, respectively (Mishra et al.,
2016, 2017), indicating the severe impact of
radiation on ovarian tissue. Another study
showed the potential risk of ovarian cancer
in mouse ovaries irradiated with charged
iron particles (Mishra et al., 2018).

Radiation exposure during pregnancy adds
further concern; the threshold dose for
radiation-induced teratogenesis varies
depending on the stage of gestation (Patel
et al., 2007). During early embryogenesis,
exposure tends to produce an ‘all-or-none’
effect, resulting in either no impact or
embryo loss. In contrast, at later stages,
the type and severity of fetal effects
become more dependent on both the
timing of exposure and the radiation dose
received (American College of
Obstetricians and Gynecologists, 2017).

Embryological studies
While fertilization itself may not be
inherently gravity-dependent, the post-
fertilization events of embryogenesis,
gastrulation and implantation appear to be
more sensitive to changes in gravitational
forces. Simulated microgravity
experiments in laboratories on Earth using
clinostats and rotating wall vessels have
suggested delayed development and
abnormal cell differentiation in early
embryos, while real microgravity
experiments aboard satellites and the ISS
have shown that mouse embryos can
develop to the blastocyst stage, although
with slower development patterns and
alterations in DNA methylation and gene
expression (Ruden et al., 2018, 2024).

Female reproductive systems may be even
more sensitive to these challenges.
Oogenesis under simulated microgravity
appears disrupted, with decreased
follicular survival and oocyte structural
abnormalities in mouse models (Zhang et
al., 2017).

Several studies have reported the
unopposed effects of microgravity on
mouse oocytes and embryos (Mathyk et
al., 2024a). Different gravitational forces
and duration may result in activation of
various signalling pathways. In a recent
study, hypergravity was shown to alter
markers of the mitochondrial unfolded
protein response in human oocytes (Basar
et al., 2024).

In rodents, microgravity disrupts meiotic
spindle formation, induces cytoplasmic
blebbing, and can impair the oocyte
maturation rate. Fertilization of oocytes is
possible under simulated microgravity;
however, both morula and subsequent
blastocyst formation rates (30% under
microgravity versus 57% at 1 g), as well as
the birth rate (5% under microgravity
versus 21% at 1g), were significantly lower
compared with control groups (Kojima et
al., 2000;Wakayama et al., 2009).

Similarly, spaceflight studies reported a
decline in blastocyst formation (34.3%
versus 60.2%) compared with ground
control groups. This reduction was linked
to compromised blastocyst quality, fewer
cells, and elevated levels of DNA damage
(Lei et al., 2020), the likely consequences
of microgravity’s known interference with
cell cycle regulation and progression (Ho
et al., 2021).

Supporting this, simulated microgravity has
been shown to induce expression of stress-
activated protein kinase, and cause cell
cycle arrest in mouse embryos (Wang et
al., 2009).

Some of the mechanisms involved in
embryonic development may be altered by
microgravity through changes in long non-
coding RNA, which influence protein
transport pathways and cortical
cytoskeletal functions, both of which are
critical for pronuclear migration (Feng et
al., 2019).

Early mouse embryogenesis in space has
been studied by different missions. Lei et
al. (2018), using an automated culturing
system and live imaging techniques aboard
a Chinese TZ-1 space vehicle, suggested a
detrimental role on three-dimensional
growth, proliferation and differentiation of
mouse embryo stem cells. The same
authors also cultured mouse embryos for
64 h in orbit within a mini-incubator in
China’s SJ-10 recoverable satellite, where
an average dose of radiation of
approximately 0.15 mGy/day was
recorded. This exposure led to a
decreased blastocyst formation rate, and
was associated with significant DNA
damage and methylation profile
abnormalities (Lei et al., 2018).

In contrast,Wakayama et al. (2023) used a
manually operated embryo thawing and
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culturing device on the ISS to thaw frozen
embryos, and cultured them in
microgravity and 1 g artificial microgravity
conditions. Despite technical hurdles, the
study showed that some embryos still
progressed to the blastocyst stage under
different gravitational forces. While the
automated approach of Lei et al. (2018)
minimized the risk of contamination, it
limited in-flight troubleshooting. There are
also additional differences between the
studies in terms of experimental setting
and embryo handling: while the SJ-10
satellite mission launched fresh two-cell
stage embryos, the ISS mission used frozen
embryos that were thawed in space.
Moreover, the total radiation exposure
varied between the two missions.

Both male and female reproductive health
and embryology in space constitute a
complex, multisystem challenge at the
intersection of endocrinology,
developmental biology, and radiation
biology, requiring coordinated
interdisciplinary international collaboration
informed by advances in ART.
CONTEMPORARY IVF AND ITS
EMERGING RELEVANCE TO
SPACE EXPLORATION

ART has undergone a remarkable
evolution, from treating tubal factor
infertility in a small UK hospital 50 years
ago, to a global, multifaceted discipline
addressing a wide array of reproductive
challenges. Today’s ART includes male
infertility, genetic conditions, fertility
preservation, donor gametes, and
surrogacy (Niederberger et al., 2018), and
supports diverse family structures. This
evolution parallels transformations in the
space industry, where diverse, non-
traditional crews, including tourists, are
going into space and are increasingly likely
to contemplate reproductive
repercussions as a core health
consideration for future space missions.

Since its origins in basic cell culture
techniques, embryology has evolved into a
highly regulated discipline characterized
by extensive training requirements,
rigorous quality control, and close
interdisciplinary collaboration (Campbell
et al., 2022; Palmer et al., 2019; Rienzi et
al., 2021). Emerging technologies have the
possibility to redefine embryological
practice, potentially offering operator-
independent solutions essential for both
Earth-based laboratories and space
environments.
AI, AUTOMATION,
MICROFLUIDICS AND NON-
INVASIVE TECHNOLOGIES

AI offers potential in assisted reproduction:
advances in AI promise to optimize clinical
workflows; alleviate staffing shortages; and
enhance decision-making in critical areas
such as embryo selection, oocyte
assessment and sperm analysis. AI is
poised to influence every step of the IVF
process (Cohen et al., 2025), supporting a
more personalized and scalable framework
that could be particularly valuable in
remote or space-based environments. By
enabling decision-assist systems, AI may
also reduce dependence on highly
specialized personnel, an important
consideration for space missions where
trained embryologists may not be present.
AI-based solutions have been used
increasingly in space biology to automate
experiment control, analyse omics data,
and monitor biological responses to
microgravity and radiation. Applications
include onboard image analysis,
environmental regulation, and post-flight
genomic profiling, offering new insights
into the physiological and reproductive
effects of spaceflight (Li et al., 2023;
Sanders et al., 2021).

In addition to AI, emerging non-invasive
technologies, such as non-invasive
preimplantation genetic testing (PGT) and
metabolomic profiling, are expected to
reshape future embryological practices.
The integration of these approaches could
further personalize IVF, reducing the need
for invasive, operator-dependent
techniques (Munn�e et al., 2025). This shift
away from artisanal procedures towards
standardized, automated methods (Rienzi
et al., 2021) aligns with the operational
demands of space-based reproductive
research and practice.

While ‘lab-on-a-chip’ systems have been
discussed in IVF settings for years
speculating improved embryo culture,
gamete handling, and cryopreservation,
enhancing physiological relevance (Palmer,
2013; Swain et al., 2013;Weng, 2019), the
media-savvy phrase was coined to describe
the merger of microfluidics and chip
fabrication, capturing the idea of fitting one
or multiple laboratory processes on to a
single microscale platform. Chip designs
are already central to biological
experiments on the ISS, in programmes
such as Genes in Space and Tissue Chips
in Space (Mu et al., 2022; Yang et al.,
2020; Yau et al., 2023), highlighting their
robustness under microgravity. Their
ability to minimize fluid use, automate
precise steps, and enable real-time
monitoring could make them ideal for
reproductive work in space.

Automation is now entering the IVF
laboratory: vitrification systems such as
Gavi1 (Dal Canto et al., 2019) and
microfluidic cryopreservation devices
(Zhan et al., 2025) standardize embryo
freezing; cartesian sperm processing
robots (Milan et al., 2024) eliminate
manual variability; and dish preparation
platforms are being validated for successful
embryo culture (Lattin et al., 2024; Zhu et
al., 2023) using cartesian or rotary robotic
platforms. These systems reduce operator
dependency, which is a major benefit for
space missions staffed by non-specialist
crew.

Intracytoplasmic sperm injection (ICSI),
the most delicate and skilled manual task,
now presents the possibility to be
automated. Early efforts by Sun’s group
(Liu et al., 2009, 2010a, 2010b; Lu et al.,
2011) laid the groundwork for robotic ICSI,
incorporating force sensing, image-guided
navigation, and automated sperm
immobilization. A partially automated ICSI
rig, operated by engineers, showed
proficiency in injecting animal and human
oocytes, resulting in the birth of the first
babies conceived through automated ICSI
(Costa-Borges et al., 2023), while
Mendizabal et al. (2025) used a remote-
operated ICSI system to achieve the first
live birth through remote
micromanipulation, marking a significant
milestone in the automation and
standardization of fertility laboratories, and
with comparable success in terms of
conventional oocyte survival, fertilization
and blastocyst formation rates. Clinical
trials being conducted by Conceivable Life
Sciences suggest that these fully
automated platforms may be viable
alternatives to traditional embryology
(NCT06074835).
CRYOSTORAGE IN SPACE

Long-term space exploration may involve
transport of Earth-derived gametes and
embryos to other worlds with altered
gravity that may offer advantages to
performing cryopreservation in space.
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Current cryopreservation techniques,
while highly effective for storing
reproductive cells and tissues on Earth,
present notable challenges in space
environments. Issues related to
cryopreservation have been discussed
elsewhere (Chaplia et al., 2024) but,
briefly, liquid nitrogen, typically used to
maintain storage at �196°C, is logistically
and technically infeasible for long-term
space missions due to safety hazards, mass
constraints, and the complexity of
maintaining cryogenic systems in
microgravity. Although space is naturally
cold (average temperature �270°C), the
absence of an atmosphere results in
extreme and rapid thermal fluctuations,
from -157°C in Earth’s shadow to +121°C in
direct sunlight during a 90-min orbit,
meaning that passive thermal regulation
(purely by the cold space environment
alone) is unreliable. Thermal transfer in
space occurs via radiation alone, not
conduction or convection, complicating
precise temperature control without
specialized shielding and systems.

While the ISS uses freezers such as the
Minus Eighty-Degree Laboratory Freezer
and General Laboratory Active Cryogenic
ISS Experiment Refrigerator (GLACIER),
passive storage in deep space remains
elusive (Ferl et al., 2011). GLACIER was
designed to support experiments that
FIGURE 3 National Aeronautics and Space Admini
operations inside the Destiny laboratory module’s M
the Minus Eighty Laboratory Freezer for ISS apparat
require temperatures between -95°C and
+4°C for launch/return and -160°C to +4°
C on the ISS.

Ambient temperature alternatives, such as
freeze-drying (lyophilization), show
promise. Freeze-dried sperm has yielded
viable embryos and live births in mice,
even after years in orbit (Alexandrova et
al., 2020;Wakayama et al., 2021). Female
gamete preservation remains less
developed but is advancing, with
encouraging data on the in-vitro
maturation of porcine oocytes freeze-dried
at the germinal vesical stage under
terrestrial laboratory conditions
(Dang�Nguyen et al., 2018).

Dehydration-based biobanking, especially
with radiation shielding, may offer the best
solution to a lightweight, energy-efficient
solution for genetic and reproductive
material.

In a review of alternative methods of
ambient storage, Comizzoli et al. (2022)
emphasized that further research is
essential to refine these technologies,
assess species-specific requirements, and
ensure both short- and long-term genetic
and developmental safety. Ongoing
terrestrial research on preservation at
ambient temperature continues to lay the
groundwork for extraterrestrial
stration (NASA) astronaut and Expedition 73 Flight E
icrogravity Life Science Glovebox aboard the Intern
us. Courtesy of NASA, 2025.
applications, including the long-term
biobanking of reproductive material for
space-based conservation efforts.

Various pieces of apparatus employed in
space and used in biological experiments
on the ISS are comparable to equipment
found in an IVF laboratory on Earth, and
are illustrated in Figures 3�6.
GENETIC TESTING AND EDITING

The very success of IVF and the culture of
embryos in the laboratory created the
possibility of screening and manipulating
embryos while they remain in culture. The
pioneer Sir Bob Edwards first conceived
the idea of PGT in the mid‑1960s while
working with rabbit embryos, and
demonstrated the feasibility of sexing
rabbit blastocysts (Edwards, 1965;
Gardner and Edwards, 1968). The authors
explicitly noted the potential clinical
applications of such work, including
identifying autosomal-inherited diseases. It
would take several more decades before
technology advanced sufficiently to bring
their visionary concept of PGT into clinical
practice (Gardner and Johnson, 2011).

Since the first successful application of
PGT through embryo biopsy in 1990
(Handyside et al., 1990), genetic testing in
ngineer Jonny Kim conducts research
ational Space Station (ISS). View also showing



FIGURE 4 View of Expedition 15 astronaut, Sunita Williams, inserting biological samples into the Minus Eighty Laboratory Freezer for the International
Space Station during spaceflight. Courtesy of National Aeronautics and Space Administration, 2007.
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IVF has advanced significantly in parallel
with developments in clinical embryology.
These improvements have been driven by
the introduction of high-resolution
techniques such as next-generation
FIGURE 5 National Aeronautics and Space Admini
biological samples in a dewar tray in the Minus Eight
2010.
sequencing and single nucleotide
polymorphism arrays (ESHRE PGT
Consortium Steering Committee, 2020).
Today, PGT for aneuploidy is considered
the most objective and reliable method for
stration (NASA) astronauts Tracy Caldwell Dyson (ri
y Laboratory Freezer in the Kibo Laboratory of the I
assessing embryo ploidy and detecting
chromosomal abnormalities, with almost
one-third of IVF/ICSI cycles now
incorporating PGT (Bacal et al., 2025;
Theobald et al., 2020). However, the
ght) and Shannon Walker prepare to insert
nternational Space Station. Courtesy of NASA,



FIGURE 6 Microgravity Experiment Research Locker/Incubator in its open position. This provides a thermally controlled environment for scientific
experiments, and is capable of providing temperatures between -20°C and +48.5°C. Courtesy of National Aeronautics and Space Administration, 2017.
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invasive nature, high cost, and persistent
concerns about biopsy-related risks and
mosaicism have driven growing interest in
non-invasive, AI-assisted alternatives
(Chavez-Badiola et al., 2020;Munn�e et al.,
2025). These emerging techniques are
particularly well suited to the constraints of
spaceflight, where laboratory capabilities
and personnel are limited.

Importantly, genetic screening in IVF is
part of a broader trajectory in reproductive
genetics. The same technologies are
paving the way for more advanced
interventions, including gene editing.

Clustered regularly interspaced short
palindromic repeats (CRISPR) stands out
as one of the most transformative
examples. While screening enables the
selection of embryos free of specific
mutations, CRISPR offers the ability to
modify genetic material directly, shifting
the paradigm from selection to correction.
While that opens enormous possibilities, it
also raises major ethical concerns,
especially when it comes to editing
embryos. The IVF community remembers
the global backlash that followed the claim
of the first gene-edited babies by Dr.
Jiankui He in China (Marchione, 2018;
Regalado, 2018). That moment sparked a
wave of concern and a renewed call for
clear regulatory frameworks and safety
standards (O’Neill et al., 2019).
However, in other high-risk contexts, such
as cancer treatment and space
exploration, CRISPR is pushing boundaries
in ways that are more widely accepted. It is
already revolutionizing therapies such as
chimeric antigen receptor T-cell treatment
in oncology (Tao et al., 2024). Now, some
scientists are asking: could gene editing
make astronauts more resilient to the
dangers of space? Radiation, muscle loss,
and bone degeneration are serious
challenges in long-duration spaceflight. As
certain genes may make some people
more susceptible than others, there is
growing interest in the idea of switching
specific genes on or off to enhance human
endurance beyond Earth (Mason, 2023;
Rutter et al., 2024a, 2024b).

Recent advances in CRISPR and
catalytically inactive Cas9 (dCas9)
technologies, including a personalized in-
vivo gene-editing therapy for a rare
metabolic disease (Musunuru et al., 2025),
a near-infra-red light-activatable split (d)
Cas9 system (Zhang et al., 2025), and a
comprehensive review of dCas9-based
regulatory capabilities (Cai et al., 2023),
suggest compelling opportunities for deep-
space missions.

These systems could enable compact,
‘hardware-light’ gene regulation in
spacecraft, allowing rapid, customizable
responses to molecular damage such as
radiation-induced mutations, while the
non-cutting, programmable nature of
dCas9 also suits the caution required in
space medicine. A future spacecraft
medical bay might thus contain a minimal
gene-regulation toolkit for preventive and
emergency genomic or epigenomic
interventions. However, challenges in
delivery, off-target safety, and radiation or
microgravity effects on editing fidelity
remain. Such prospects are promising but
raise ethical concerns about heritable
modification, long debated in space
medicine and bioethics (Szocik, 2020).
ETHICAL CONSIDERATIONS

As space activities expand and commercial
spaceflight increases, there is a need to
create clear standards and establish ethical
guidelines (Rahimzadeh et al., 2023). An
advantage of national space agencies is that
they are centralized and collaborative, so it
is both imperative and relatively easy to
establish a shared set of behavioural and
medical standards (Grigoriev et al., 2009).
In commercial space travel, clear policies
are still emerging; there are no widely
accepted guidelines regarding matters
such as human reproduction in space.
National space agencies have established
bioethical review boards, oversight bodies,
and international collaboration through
treaties (Soroka and Kurkova, 2019).
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Commercial entities remain largely self-
regulated, and the competitive nature of
the commercial space industry incentivizes
rapid advancement over cautious
deliberation. Without binding international
or interindustry ethical standards for either
research on reproduction or human
reproductive activity, the health of a
gestating parent and their fetus may be put
at risk (Seylani et al., 2024).

The industry must confront several general
questions with ethical implications. Should
they monitor pregnancy status in
employees? In commercial travellers and
tourists? Should they require full medical
reports, including any comorbidities?
Should informed consent forms include
estimations of altered long-term risks for
reproductive success, and for possible
damage to a fetus? Is there a role for
partner consent? Should potential space
travellers undergo genetic screening, and
how can equity of access be ensured,
especially if talking about reproductive
activity in space?

Incentives to advance space exploration
quickly may lead to companies carrying
out reproductive research or allowing
space-based conception and gestation
without sufficient medical, ethical or legal
preparation, compromising ethical
principles such as informed consent, safety
prioritization, and transparency. In the
absence of regulation, critical concerns
such as consent under constrained
conditions, the rights of future children
born in space, and protection from
coercion or exploitation remain
undeveloped.

Unlike governmental agencies,
commercial space companies are
beholden to investors, market forces, and
branding pressures � conditions that give
rise to a distinct set of ethical challenges
(Langston, 2017). The drive for profit may,
at times, conflict with safety; for example,
the need to demonstrate innovation or
stand out in the market could incentivize
premature attempts at in-space
reproduction to gain media attention or
attract funding, even when safety data
remain incomplete. Safeguards may also
be weaker: commercial companies may be
less inclined to regulate the actions of
paying customers, or to monitor their
medical conditions and personal data
consistently.

Transparency poses another challenge. As
private companies often treat reproductive
and medical data as proprietary
information, they may keep it confidential
to protect intellectual property, potentially
hindering collaborative efforts to establish
best practices and ensure safety. Legal
complexities further compound the issue,
as companies can choose to operate
under flags of convenience or in
jurisdictions with limited bioethical
oversight, making regulatory enforcement
difficult.

However, commercial entities are also
more vulnerable to lawsuits and other
legal repercussions than national space
agencies. This liability creates an
incentive to comply with established
ethical and safety standards. A single
damaging lawsuit could have a chilling
effect on the entire commercial space
sector. It is therefore essential to harness
this tension between risk and
accountability to encourage the
development and enforcement of robust
industry standards that serve both public
interest and the long-term viability of
commercial space endeavours.

Human spaceflight is undergoing a major
transition as commercial companies and
private individuals participate increasingly
in missions previously led solely by
governments. Within the USA, the Federal
Aviation Administration (FAA) is
responsible for protecting public safety on
the ground and within the National
Airspace System by licensing commercial
space launches and re-entries, verifying the
proper operation of human-carrying
vehicles, overseeing crew qualifications
and training, and conducting safety
inspections. However, Congress currently
restricts the FAA from regulating the safety
of individuals onboard spacecraft � a
‘moratorium’ in place since 2004 and
extended several times. This restriction will
expire on 1 January 2028. To prepare for
potential future safety regulations, the FAA
created the Space Flight Aerospace
Rulemaking Committee (SpARC) in April
2023 to work with industry partners.
SpARC delivered its final safety-focused
report to the FAA on 4 April 2025, and the
FAA plans to release it publicly soon (FAA,
2025; Lindbergh, 2025).
DURATION-SPECIFIC ETHICAL
CONCERNS

The nature of ethical challenges varies
substantially depending on the duration
and type of space travel. In short-duration
spaceflights (e.g. suborbital tourist and
commercial spaceflight), direct
reproductive activity is unlikely. However,
incidental conception prior to spaceflight,
or shortly thereafter, may pose
unanticipated risks if the gestational parent
is unaware of the pregnancy during the
spaceflight. Ethical concerns here involve
disclosure, screening protocols, and the
rights of participants to make informed
decisions about fertility and health risks in
these ventures.

In the context of long-duration spaceflights
(including months-long orbital missions or
6-month Mars transits), space radiation,
microgravity, isolation and constrained
medical support introduce significant risk.
The environment is not optimized for the
complex physiological processes of
conception or gestation. Ethical questions
multiply: should conception be regulated
pre- or during spaceflight? What
protections must be in place? Should long-
term commercial spaceflights encourage
pre-spaceflight banking of gametes or
embryos? Who bears responsibility for
adverse outcomes? If medical abortion or
emergency delivery is needed, are these
even possible on a spacecraft?

The temptation to pursue reproduction in
semi-permanent settlements (e.g. the
Moon or Mars) for colonization may be
stronger, but planetary conditions,
extreme radiation, altered gravity, toxic
dust, and limited medical facilities create
substantial health risks (Szocik, 2018).
Proper facilities to care for medically fragile
neonates is also a concern. Ethical issues
include the long-term rights of children
born off-Earth, the autonomy of settlers
under contractual obligations, whether
and when it is morally permissible to
attempt such experimental births, and the
implications of rearing offspring in an
environment that might make their bodies
ill-suited to ever return to Earth’s gravity.

Much of the discussion on space
reproduction focuses on gestation, but
male fertility also warrants ethical scrutiny.
This raises two primary ethical issues.
Firstly, should men be allowed or
encouraged to bank spermatozoa before
spaceflight? Should conception be
attempted with potentially damaged
spermatozoa in space, risking genetic
abnormalities in offspring? Secondly,
current research on male fertility in space
is reported to lag behind that of female
astronauts (Ahrari et al., 2022), raising
gender bias and equality concerns. This
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disparity not only weakens understanding
of reproduction, but introduces gender
bias into policy development. Ethical
reproductive planning requires investment
in understanding the reproductive health
of all genders equally.

Perhaps the most daunting ethical territory
involves gestation and birth in space. As
noted earlier, numerous terrestrial studies
and animal models suggest that
microgravity may disturb placentation (e.g.
Ronca and Alberts, 2000), and that space
radiation damages embryonic and fetal
DNA (e.g.Moreno-Villanueva et al., 2017).
Birth in low gravity may be physically
complicated or unmanageable without
surgical facilities, and may result in
developmental abnormalities in newborns
due to altered gravitational loading on
bones, muscles and organ systems
(Meigal, 2012). Labour and pain
management during labour and delivery
are other considerations. Another life-
treating complication pertaining to
pregnancy is antepartum and postpartum
haemorrhage that may require blood
transfusion, and medical and surgical
intervention (American College of
Obstetricians and Gynecologists, 2019).

These risks raise profound ethical
questions: should we allow gestation or
childbirth in space at all? If so, under what
safeguards? How much research, and what
levels of knowledge, are sufficient to allow
reproduction in space? Who is responsible
when there are complications or need for
unavailable special equipment or services?
What rights and protections exist for the
unborn or newborn child?

These limitations mean that, for the
foreseeable future, reproductive attempts
in space would lack the fundamental
environmental conditions required for
ethical pregnancy and parenting support.
Proceeding without mitigation would
violate core medical ethics principles
safeguarding the safety and well-being of
patients and their offspring, reminding us
‘primum non nocere’.
ETHICAL CONSIDERATIONS IN
HUMAN SUBJECTS AND EMBRYO
RESEARCH

On Earth, nearly five decades of IVF have
not been without controversy. Consent in
IVF, especially regarding embryo donation
for research, has prompted ongoing
ethical scrutiny. Key safeguards aim to
ensure that consent is informed, voluntary
and free from coercion. Crucially,
safeguards stress the ethical separation
between the decision to donate and the
research itself, reducing the risk of undue
influence (Pennings, 2007).

ART remains deeply influenced by cultural,
religious and ethical debates. These
tensions have led to considerable legal
variation worldwide, resulting in a
patchwork of fertility regulations. Many
patients pursue cross-border reproductive
care to access treatments permitted in
more permissive jurisdictions, highlighting
how national borders often fail to contain
reproductive decision-making (Van Hoof
and Pennings, 2013). So how can we
expect to regulate these issues in the vast,
unregulated expanse of space?

In the USA, renewed debates over the
personhood and legal status of
preimplantation embryos reflect the
continuing divisiveness of reproductive
ethics which varies by state (Ginod et al.,
2024). As human efforts turn towards long-
term space habitation and reproduction
beyond Earth, these unresolved issues are
likely to grow more complex in off-world
settings.

In the UK, the concept of the ‘welfare of
the child’ adds another layer of ethical and
legal responsibility. Set out in the Human
Fertilisation and Embryology Act (1990),
this principle requires clinics to assess the
prospective child’s future well-being,
including the emotional and social capacity
of parents to provide a stable environment.
It stands as a unique form of anticipatory
protection within reproductive medicine.

What legal, ethical or cultural framework
will govern conception beyond Earth?Will
planetary borders echo the fragmented
policies of Earth, or will entirely new
standards emerge? As we venture into
space, the unresolved tensions of terrestrial
reproduction are unlikely to stay behind.

Research on human reproduction in space
necessarily involves living human subjects,
many of whom will be in vulnerable
positions due to isolation, contractual
employment, or corporate oversight.
Some ethical standards differ in the
responsibilities of investigators to subjects
and clinicians to patients, and those roles
can be confused in space travel.

Ensuring true informed consent becomes
deeply problematic in environments where
psychological stress is high and individuals
may feel obligated to meet contractors’
expectations, making voluntary and fully
informed decision-making uncertain.
Within such contexts, reproduction might
not be entirely free from coercion;
companies invested in long-term
colonization goals could subtly or overtly
incentivize reproduction, placing
participants under implicit pressure to
comply.

When conception in space is treated
primarily as a research opportunity rather
than a form of medical care, it opens the
door to non-therapeutic experimentation,
raising serious ethical concerns about
exposing gestational parents and potential
offspring to unknown risks for the sake of
scientific advancement. Compounding
these issues are the rights of future
children conceived or born in space, who
cannot provide consent and may live with
lasting health effects or identity challenges
shaped by the conditions of their birth and
the intentions behind it.

Research ethics guidelines require that
studies involving human reproduction in
extreme environments be designed with
the utmost care, undergo rigorous review,
and provide the strongest possible
protections to participants. However, few
mechanisms currently exist to ensure this
in the private space sector (Rahimzadeh et
al., 2023).
LUNAR AND EXTRAPLANETARY
RESEARCH: PARTIAL GRAVITY
EXPERIMENTS AND FUTURE
DIRECTIONS

Reproduction studies on the Moon remain
a future goal rather than an active field.
Most current lunar and Martian biological
research focuses on plants and microbial
life as stepping stones to understanding
life’s limits and adaptability (De Micco et
al., 2023). However, as infrastructure
grows through programmes such as
Artemis (Creech et al., 2022) and the
Commercial Lunar Payload Services
(2025), it is expected that a more robust
research programme will take place that
also includes reproduction and
developmental biology as recommended
by the National Academies of Sciences,
Engineering and Medicine (2023).

The path to the US-led Artemis initiative
has been long and not without setbacks
(Vidal, 2025), highlighted by domestic US
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political and budgetary instability that
threatens progress, and in competition
with rival lunar development programmes
such as the China�Russia International
Lunar Research Station (Freeman, 2025).

The Moon remains the most immediate
and practical testing ground for
understanding how life functions in
reduced gravity. It could act as a natural
springboard for controlled, ethical and
carefully designed reproductive studies
that could, one day, make sustained life on
Mars possible (Garshrek, 1994).

Partial gravity environments such as those
on the Moon (0.16 g) and Mars (0.38 g)
introduce biological stresses that differ
fundamentally from microgravity aboard
spacecraft or stations. These environments
challenge how cells grow, differentiate and
reproduce factors essential for any
sustained human or biological presence
beyond Earth. Presently, very few data are
available regarding physiology in partial or
hypergravity environments. Therefore,
studies based on gravity as a continuum
(GAAC) should be leveraged by: utilizing
model organisms to focus on the
gravitational effects on physiological
systems, needed by exploration-class
missions to the Moon, Mars and beyond;
pursuing dose responses and mechanisms
of adaptation to altered gravity;
considering artificial gravity as a cross-
cutting countermeasure; and continuing
to partner with international entities to
realize GAAC studies (Alwood et al., 2021).

As humanity prepares again to gobeyond
LEO, theNASASpaceBiology programme
is advancing its researchpriorities towards
work thatwill enable organisms to thrive in
deep space. TheSpaceBiologyprogramme
has selected 11 spacebiologyprojects under
its ROSES-2022 ‘SpaceBiologyResearch
Studies’, aimedexplicitly at understanding
biological responses relevant for future
lunar exploration and, in particular, how
exposure to lunar dust/regolith impact both
plant and animal systems (Cockell et al.,
2024;NASAScienceEditorial Team, 2023).
JAXAhas already designed small-animal
habitat systems that could support these
types of biological investigations in orbit and
on lunarbases (NASASpaceBiology
SciencePlan, 2025).

ESA’s Strategy for Science at the Moon
similarly outlines opportunities for life
science payloads and biological
experiments that would support human
presence and sustainability on the lunar
surface (European Space Agency, 2019,
2025).

Although no embryo or gamete data exist
to date under lunar or Martian gravity,
methods to simulate these conditions are
advancing. Centrifuges, random
positioning machines, and combined
environment simulators are being used to
model how partial gravity affects early
cellular and developmental processes
(Manzano et al., 2018;Okamura et al.,
2024).

As research in this area is still at such an
early stage, it is essential first to establish the
fundamentals understanding basic cell
behaviour, fertilization dynamics, and
developmental viability under partial gravity
before considering more speculative or
technologically extreme possibilities.

Ectogenesis, such as artificial wombs,
shows promise in addressing the medical
challenges of preterm birth (Bird, 2017;
Ikeda et al., 2024), and ex-utero culture
systems (Aguilera-Castrejon, 2021)
advance understanding of implantation and
early embryogenesis in human and stem-
cell-based systems; however, this topic lies
outside the scope of the present review.

Likewise, the concept of seed ships or
generation ships (vessels carrying frozen
gametes and embryos) � first proposed by
rocket engineer Robert H. Goddard, one
of the forefathers of modern rocketry and
the namesake of NASA’s Goddard Space
Flight Center � remains pure speculation.
In his 1918 essay ‘The Ultimate Migration,’
(Goddard et al., 1966), Goddard
envisioned an interstellar ark departing the
solar system in the distant future, long after
the Sun had reached the end of its life
cycle. While such concepts highlight the
far-reaching possibilities of human
expansion beyond Earth, they extend
beyond the scope of this review, which
focuses on current understanding and
near-term research initiatives.

The present focus should remain on
achievable, ethically sound, and
scientifically grounded steps mentioned in
this review that deepen understanding of
how life begins and develops beyond Earth.
CONCLUSION AND
RECOMMENDATIONS

Space is toxic to terrestrial life. It is an
inherently hostile environment for
terrestrial biology to thrive. The
microgravity, cosmic radiation, circadian
disruption, pressure differentials, and
extreme temperatures found in orbit or
beyond present unique and
multifactorial stressors to the human
body. Often overshadowed by
sensationalized or speculative portrayals,
the topic of reproduction in space
nonetheless demands serious attention.
Beneath the intrigue lie pressing
concerns related to sexual activity in
space, including its implications for
behavioural health, crew dynamics, and
the risks associated with pregnancy and
embryogenesis � areas marked by
significant unknowns and potential
complications (Bacal, 2009). However,
there is potential for protection, and
countermeasures should be studied
implicitly.

ART is evolving rapidly into a highly
technological field, integrating AI,
automation and microengineering. These
innovations not only address terrestrial
challenges, but also align IVF with the
environmental constraints of spaceflight.
As we move towards long-duration
missions and off-Earth colonization,
reproductive autonomy and continuity
become vital. IVF, once a purely manual
task, is now poised to play a critical role
in the future of human space
exploration.

ART has evolved into a highly sophisticated
technology, now encompassing a broad
and expanding range of applications in
family-building, reaching more people than
ever before. Similarly, space exploration
has transformed from a field once
dominated by elite military test pilots to
one characterized by growing diversity,
private enterprise, and extended mission
durations. These parallel advancements
now converge at a critical frontier:
understanding human fertility and
reproduction in space.

Both IVF and early spaceflight were
marked by considerable technical
uncertainty. The parallels between the
tightly controlled environments required
for successful IVF and the extreme
constraints imposed by space
environments are particularly striking. As
missions extend in duration and humanity
moves towards establishing permanent off-
world habitats, such as lunar bases or Mars
expeditions, concerns about fertility and
reproductive health are no longer
hypothetical but pressing.
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The ethical implications of using space-
conceived or space-exposed gametes
warrant scrutiny. Research aimed at
protecting astronaut fertility also holds
promise for Earth-based applications;
advances in radioprotective agents could
benefit radiation workers, military
personnel, cancer patients, and
populations exposed to environmental
hazards.

Although short-term missions appear to
have minimal impact on fertility, the
long-term effects of radiation,
microgravity, hormonal disruption, and
FIGURE 7 Recommendations for the future of repr
epigenetic change remain unclear. To
protect reproductive health, space
agencies should implement advanced
shielding, pharmacological
countermeasures, and pre-flight fertility
options, and discuss gamete
cryopreservation.

Pre-mission, male astronauts should be
screened for oligozoospermia,
asthenozoospermia, teratozoospermia,
varicoceles and hormonal imbalances
(World Health Organization, 2021) to
provide both a fertility baseline and early
intervention opportunities.
oductive biomedicine in space.
Technological advances in IVF, particularly
AI, offer promising tools for assessing
sperm quality at the single-cell level (Goss
et al., 2024;Mendizabal-Ruiz et al., 2022).
AI-driven analysis, already in use in ART
laboratories (Mendizabal-Ruiz et al., 2024),
may detect subtle indicators of DNA
damage, oxidative stress, or epigenetic
changes, enabling precise monitoring of
reproductive health before and after
spaceflight.

The increasing participation of
commercial actors in human spaceflight
introduces new challenges. Unlike
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traditional astronaut programmes, which
impose stringent selection and medical
oversight, the inclusion of non-
professional astronauts currently lacks
standardized reproductive health
guidelines. There is no unified
framework addressing fertility
preservation, hormonal regulation, or
the management of unintended or
incidental pregnancy in space.

This review has focused specifically on the
hazards that spaceflight poses to fertility,
rather than the broader and still largely
speculative question of human
reproduction in extraterrestrial
environments.

As we enter a new era of space exploration,
defined by longer missions, broader
participation, and eventual human
settlement beyond Earth, the question is
not simply whether reproduction can
occur in space, but whether human fertility
can be preserved, protected and
comprehensively understood in an
environment fundamentally different from
that in which our species evolved.

In conclusion, IVF and human spaceflight
have charted distinct but increasingly
intersecting paths. IVF is now a standard
component of clinical practice, and has
become increasingly commercial with
large networks of clinics taking control.
Likewise, spaceflight has moved from
national programmes to a new era of
commercial exploration. However, both
remain reliant on tightly controlled
environments: IVF within the laboratory,
and human biology within the life-support
systems required for space. Where these
domains converge, particularly around
fertility and reproduction in space, a
critical gap in knowledge becomes evident.

Terrestrial reproductive technologies
continue to advance into a data-intensive,
semi-automated field, with tools such as
microfluidics, non-invasive diagnostics, and
AI-guided decision-making practices.
These innovations may eventually be
adaptable to space-based reproduction,
although major technical, physiological and
ethical challenges remain. The traditional
role of the embryologist may ultimately
shift towards automated, closed-loop
systems capable of functioning in
extraterrestrial environments.

Despite mounting evidence, reproductive
health considerations remain largely
absent from formal spaceflight policy.
While NASA’s REACH framework (Maks et
al., 2002) has acknowledged the general
risks, detailed reproductive planning,
especially for long-duration and
commercial missions, is lacking. As non-
professional and untrained individuals are
accessing space increasingly, opportunities
to collect essential biological data risk
being overlooked.

To confront these ethical challenges
responsibly and prepare for the reality of
human reproduction in space, there is a
need to establish guidelines to form an
International Framework and Collective
Industry Ethics Review Board (FIGURE 7). To
accelerate progress, responsible
dedication into evaluating all reproduction-
related research is needed to ensure
comprehensive oversight.

At the same time, valuable lessons can be
drawn from Earth-based contexts, such as
radiation exposure following the
Chernobyl disaster or in cancer patients
undergoing radiotherapy, which may
inform protective strategies for astronauts.
Advancing this work requires close cross-
disciplinary collaboration among experts in
space medicine, oncology, reproductive
biology, and radiobiology to develop and
implement effective countermeasures.
The question of whether humanity should
reproduce beyond Earth is no longer
hypothetical � it is a pressing ethical
frontier. In the context of commercial
spaceflight, where ambition often outpaces
caution, the stakes are higher than ever.
Without robust frameworks, rigorous
research, and a deeply human
commitment to ethical principles, there is
a risk of exporting not just life but injustice,
exploitation and harm into the cosmos. To
be worthy of the stars, we must earn our
place, not only through technological
prowess, but through ethical wisdom.
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