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Contemporary plans to establish human habitation on the Earth’s Moon have increased interest in the
ability of humans to establish extraterrestrial pregnancies. There is a lack of data to identify if humans
could safely reproduce away from the Earth, and even less guidance with regard to whether we should
attempt to do so. This work was developed to stimulate investigation into the likely biological and
ethical challenges facing the establishment and maintenance of a healthy human extraterrestrial

pregnancy.

Whether or not humans can establish and maintain a successful preg-
nancy away from the Earth’s protective environment remains largely
unknown. In engaging in this discussion, it is important to note that
there is a lack of direct data on human reproduction in space, neces-
sitating informed and careful extrapolation of potential effects from
simulated and directly relevant (i.e. terrestrial radiation and/or stress
exposures) data. Key challenges in extrapolating these data relate to
applying in vitro data (which lack the complexity of in vivo tissue
architecture and multi-system signaling inputs) and animal data
(generally rodents, which have very short gestations and a distinct
pattern of fetal development relative to the human) to human preg-
nancy. Moreover, much of the available data derive from single input
(i.e. microgravity only) simulations, whereas a real lunar or Mars
exposure (for example) would involve a fluid combination of micro-
gravity, radiation, stress and potentially regolith exposures. To this end,
innovations such as the NASA ground-based Galactic Cosmic Ray
Simulator’, and studies investigating combined effects of key exposures
(i.e. radiation, microgravity), such as that by Todd and colleagues, are of
particular importance’. Similarly, there is a lack of discussion regarding
the ethical implications of extraterrestrial pregnancy. Addressing these
ethical considerations is important given immediate space exploration
plans, as well as longer term questions regarding the ability of humans
to explore and colonize planets at great distances from Earth.

Announcements from several governmental and private space orga-
nizations have conveyed an intention to return astronauts to the Earth’s
Moon. The 2017 NASA Artemis Program, in particular, aims to establish a
long-term presence on the Earth’s Moon as a precursor to human missions
to Mars’. Although relatively short-term periods of habitation on the Earth’s
Moon are conceivable (i.e. similar in duration to those of the International
Space Station missions), the distances, transit radiation doses, and limited
opportunities for travel to Mars will likely necessitate extended stays". It is
not unreasonable to predict that an extended or even permanent human
presence on Mars will eventually result in extraterrestrial pregnancy—
planned or otherwise. From a longer-term perspective, the ability of humans
to live at great distances from the Earth will likely be determined by our
capacity to reproduce away from its protective atmosphere and familiar
environment.

Spaceflight exerts a sizable and generally negative physiological and
functional challenge to healthy adult humans, with impacts reported on a
majority of systems analysed’. Other than for a small number of historical
lunar missions wherein astronauts have been exposed to both greatly
reduced gravity (e.g. 0.16 G on the lunar surface) and greatly increased
radiation once outside the Earth’s geomagnetosphere, spaceflight exposures
assessed to date are a composite of low earth orbit microgravity (e.g. 0.89 G
at the International Space Station but effectively 0 G due to orbital free fall)
and more modest radiation exposures, interacting with physical and
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Fig. 1 | Space exposures with the potential to impact human pregnancy viability and
development.

psychological stress, circadian rhythm disruption, and the transient effects
of hypergravity during launch and re-entry procedures. Due to difficulties in
isolating individual exposures in space, along with the cost and incon-
venience of space access, investigators have used parabolic flights®, sounding
rockets” or ground-based simulators (i.e. random positioning machines”,
clinostats’ or limb suspensions)"’ to model microgravity effects. The use of
ground-based microgravity simulators such as random positioning
machines also has the advantage of allowing investigators to modify
simulated microgravity as a continuous variable. Centrifuge studies have
been employed to model transient hypergravity, demonstrating intrauterine
growth and development impacts in rats''. As might be expected, each of the
above microgravity and hypergravity simulations convey their own set of
advantages and constraints which are important to consider when assessing
data from these models.

We will begin by introducing four key potential space exposures
(microgravity, cosmic radiation, regolith exposure, social stress) that indi-
vidually and in combination have the potential to impact the viability of a
human pregnancy. We will additionally highlight potential exposure effects
on the human reproductive system, the fetal skeleton and central nervous
system. Given the data available, much of this discussion will be framed
around findings from cellular and in vitro studies, and in ground-based
simulations. An overview of biological effects dealt with is provided in Fig. 1.
Having introduced a cross-section of potential biological risks to extra-
terrestrial pregnancy we will then move to discussing the merits of off-world
pregnancy through an ethical lens.

Space exposures

Microgravity

Gravity is a fundamental attractive force that acts on matter. Weight is a
function of local gravitational force (which according to the work of Newton
is itself a function of the gravitational constant (G; 6.67 x 10" m* kg ™' s7%)
multiplied by the product of the masses of two attracting objects (m;, m,)
divided by the square of their separating distance (R); thus F = G(mn; « m,/
R?). Thus, weight, measured in Newtons = mass (in kg) x gravity (m/s”). On
the Earth’s surface, gravity has an accelerative downwards force of ~9.8 m/s”.
Thus, an object with a mass of 1 kg on the Earth’s surface has a weight of 9.8
Newtons. Microgravity is used synonymously with reference to relative or
absolute weightlessness, referring to a state in which the apparent force of
gravity on mass is less than that experienced at the Earth’s surface, which is
annotated as 1.0 G”. Accordingly, an object with a mass of 1kg on the
surface of the Earth’s moon exposed to a gravitational force of 1.62 m/s” (or
~0.16 G) has a weight of 1.62 Newtons. Objects undergoing orbital freefall in
the absence of an atmosphere experience apparent weightlessness or
microgravity, which is why microgravity aboard the International Space
Station is ~10°° G despite being exposed to downward acceleration of 0.89 G
from the Earth’s gravitational field.

Living organisms have evolved on Earth under the influence of a
constant gravitational force of 9.8 m/s’. Unsurprisingly, gravity unloading,
or microgravity, exerts a wide range of effects on living systems. Precisely
how different cell populations, and the tissues they in turn comprise,
respond to microgravity remains to be established, with both mechanical
and chemical inputs likely responsible for observed adaptations. Irrespec-
tive, there is a sizable amount of experimental evidence to show that
exposure to microgravity rapidly induces large transcriptional changes in
cells, with alterations in cytoskeletal structure and function proposed to play
an important role in these observed microgravity effects.

Given its importance to early embryo formation processes', it is not
unreasonable to speculate that microgravity-induced cytoskeletal disrup-
tion may play a role in determining the success of mammalian pregnancy
off-world. Accordingly, the cytoskeleton serves as a useful example of how
microgravity might impact a system critical to human reproduction. It is
important to note that the effect of microgravity exposure on the cytoske-
leton is just one example of how a fundamental cellular system important for
embryogenesis and normal tissue homeostasis can be impacted by space
travel exposures. Similar overviews could be provided for a range of key
processes including DNA replication, extracellular matrix formation,
immune regulation, and protein production, each of which are essential to
various stages of normal pregnancy.

The human cell cytoskeleton is comprised of three classes of structures:
the actin network, the microtubule network, and the intermediate filament
network. As reviewed by Fletcher and Mullins, the key differences in these
polymer networks include their stiffness, assembly dynamics, polarity, and
their associated molecular motors'*. It is also important to note that there is
sizable heterogeneity in the composition of these networks between cell
types and at different stages of differentiation.

Microgravity has been reported to exert rapid disruptive changes on
the cytoskeleton and although cytoskeletal reorganization has been shown
to occur around 20-72 h post gravity unloading, the adaptive organization
of these networks may be abnormal relative to 1.0 G conditions'’. However,
effects may be cell specific, as analyses of actin and vimentin networks in
primary human macrophages had no quantitative or structural changes
after 11 days of low Earth orbit on the International Space Station'’. Human
capillary endothelial cells cultured under space flight conditions had
reduced motility, fewer actin fibers and disrupted distribution of micro-
tubules and intermediate filaments”. Human vascular (umbilical vein)
endothelial cells cultured on a random positioning machine platform
(simulated microgravity) reported alterations in morphology (rounding),
reduced cell stiffness in association with a reduction in the amount of
cytoskeletal proteins present in cell lysates and actin and microtubule
disorganization'®. Similar findings have been shown in human umbilical
cord mesenchymal cells cultured under simulated microgravity, showing
reduced growth in association with downregulation of beta actin and alpha
tubulin®’.

From an embryogenesis perspective, the cytoskeleton is of increasing
interest in terms of its mechanosensing and signal transduction role in
directing early morula growth through to formation of the gastrula™. As
reviewed by Piszker and Simunovic, keratin abundance may play a role in
trophoectoderm programming in combination with filamentous actin.
Similarly, reorganisation of lamin A localisation (in particular, enrichment
oflamin A at the nuclear lamina) may influence cell bifurication at the two to
eight cell stage. Contraction of the actin-myosin network is also proposed to
play a role in generating hydraulic pressure involved in directing cavity
formation in the blastocyst™. It remains to be understood to what extent
these processes would be impacted by microgravity. Moreover, whether the
gravitational forces exerted on cells are a function of the differential gravity
effects on individual organelles, or on entire tissues transmitted between
cell-cell and cell-extracellular matrix junctions remains to be established.

Whether these temporal and population-specific cytoskeletal changes
directly translate into altered embryo viability warrants further investiga-
tion. A small number of low earth orbit studies with rats and mice have been
performed, providing some initial data. As summarized by Crawford-
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Young, mating experiments using rats showed that fertilization occurred,
but no successful pregnancies were generated”. Similarly, in separate
experiments, 49 two cell stage mouse embryos flown aboard the space
shuttle Columbia did not develop and died". Clinostat-based work by
Kojima and colleagues showed that although there were no differences in the
efficiency of in vitro fertilization under simulated microgravity compared to
stational control, there was a statistically significant decrease in the number
of embryos reaching blastocyst phase after 96 h of culture under simulated
microgravity’'. An important point to note is that although ground-based
and in vitro analyses provide useful data, determining whether mammals
can establish a pregnancy under microgravity conditions will require further
whole animal experiments.

Accordingly, in terms of future research directions, there are two areas
of initial interest that could be addressed: (i) whether it is in fact possible to
establish a mammalian pregnancy in space; and (ii) assuming that estab-
lishment of a pregnancy is possible, the degree to which a normal pattern of
embryonic development occurs.

A good example of work undertaken to address point (ii) is studies
performed in mid-gestation pregnant rats flown on the NASA-NIH R1
(gestational days 9—20) and R2 (gestational days 11—20) missions™, with
reports detailing changes in the developing fetal vestibular system™, along
with increased cardiac atrial natriuretic peptide (a marker of hypertension
or myocardial hypertrophy) expression™. Interestingly, the investigators
reported that ground control and shuttle-flown pups were similar in terms
of weight and gross morphology™. Interestingly, recent work by Corti and
colleagues reported a common microRNA signature between maternal
plasma taken from small for gestational age pregnancies and female C57BL/
6 mice data from NASA’s Open Science Data Repository. The investigators
concluded that the 13 shared microRNAs suggested some overlap in space
exposures with biological pathways observed in small for gestational age
pregnancies’™.

Cosmic radiation

Although both non-ionising (i.e. microwaves, ultraviolet light) and
ionising radiation are potentially harmful, ionising radiation is of the
greatest concern beyond low Earth orbit and in free space given difficulties
in effectively shielding against it"*°. Ionising radiation in space is com-
prised of particles (e.g. protons and electrons) trapped in the Earth’s
geomagnetosphere, solar particle events (e.g. protons or heavier particles
ejected during coronal eruptions) and galactic cosmic radiation (protons,
helium nuclei, or heavier ions). In low Earth orbit, astronauts are com-
parably protected from solar particle events and galactic cosmic radiation
exposure by the geomagnetosphere or by shielding or shadowing from the
Earth and the Earth’s Moon™. Transiting radiation belts in low Earth orbit
(notably the South Atlantic Anomaly) accounts for delivery of around half
of the radiation exposure to the International Space Station Crew”.
Galactic cosmic radiation is of the greatest concern to human pregnancy
given its ubiquitous nature and the potential for cumulative damage,
especially by high energy heavy ions”>*. The estimated annual exposure to
galactic cosmic radiation while on Earth is 0.33mSv”, around 11% of an
estimated normal annual exposure of 3.1 mSv”. Acute radiation syn-
drome has been well-documented with radiation of ~1 Gy affecting the
bone marrow™.

Radiation causes damage to cells via a variety of interacting mechan-
isms, including damage to cell membranes, the induction of reactive oxygen
species, direct DNA damage (including base damage as well as single and
double-stranded breaks), induction of cell cycle arrest and apoptosis™~"'. Of
particular importance to any discussion of pregnancy radiation effects is the
observation that rapidly dividing and undifferentiated cells are most sus-
ceptible to radiation induced damage®. A dose of 10 mGy is estimated to
represent an additional 0.4% lifetime cancer risk for a newborn infant”. As
will be outlined further below, the effects of space radiation on the human
reproductive system are important to understand both in terms of how it
might impact a developing fetus, but also with regard to long-term repro-
ductive health. In particular, the effects of radiation on the ovaries are of

particular interest given the importance of ovarian function to healthy
ageing in women™.

Regolith exposure

Lunar regolith is the loose layer of rock and dust covering the surface of the
Earth’s Moon created as a result of meteorite impacts on the exposed
bedrock™”. Encompassing surface debris ranging from large rocks to
ultrafine (<0.1 um) particles, regolith is not subject to the same weathering
processes (e.g. wind, tidal action, water erosion) seen on Earth, resultingin a
predominance of rough particles with large reactive surface areas. The
chemical composition of lunar regolith varies with geography, but is broadly
considered to contain around 50% SiO,, 15% Al O3, 10% CaO, 10% MgO,
5% TiOj3 with variable (5-15%) amounts of iron***°. Toxicity assessments
performed on animal models to date estimate the hazardous effects of lunar
regolith somewhere between that of crystalline silica and titanium dioxide,
however data are relatively limited”. Somewhere in the region of 10% of the
fine particulate regolith is <10 pm in diameter and considered to be in the
respirable range™. Astronauts from the later Apollo missions reported
respiratory and visual irritation following exposure to lunar regolith™. Given
the high levels of SiO, it is not unreasonable to predict that extended
exposure to regolith may induce respiratory disease similar to that of silicosis
seen in industrial workers™. It is important to note that the lunar micro-
gravity environment may increase the penetration of ultra-fine regolith
particles into the terminal alveoli, as well as inhibit clearance of inhaled
particles from the lungs, both of which are likely to induce an inflammatory
response’* . Studies in mice have concluded that although acute maternal
pulmonary inflammation is not transmitted to the fetus, changes in systemic
inflammation induced fetal metabolic adaptations consistent with those
observed during periods of starvation®.

Particulate matter <100 nm in diameter is also able to exert an effect by
entering the blood system from the terminal alveoli, and ambient air pol-
lution is now known to be associated with adverse pregnancy outcomes®.
From a pregnancy perspective, it is tempting to speculate that regolith
exposure may pose an inflammatory risk to the fetus via haematogenous
spread to the placenta. Although rare, there is a case report of fetal growth
restriction in association with pregnancy silicosis™. Rats exposed to TiO,
particles (188 nm diameter) had increased placental vascular resistance and
impairments in vascular reactivity"'. Exposure to intravenously adminis-
tered silica nanoparticles in mice resulted in uterine inflammation and
trophoblast apoptosis via a Caspase-3-dependent mechanism*.

The impacts of regolith exposure on reproductive health are not of the
same immediate interest as for other space exploration exposures such as
microgravity and radiation. Irrespective, there is now a reasonable like-
lihood of increasing regolith exposure risk because of plans to return
humans to the Earth’s Moon. How exposure to very fine regolith particles
might directly or indirectly impact reproductive and pregnancy health is an
important question. For example, oxidative stress and endothelial cell
dysfunction is associated with increased risk of preeclampsia®. Work by
Pavan and colleagues sought to use synthetic regolith to investigate the
redox activity of a simulant moon agglutinate incorporating metallic iron.
They demonstrated significant redox activity even after 1 month of oxida-
tive ageing’. Additional studies have used regolith samples taken from the
Apollo 16 mission to explore in vitro allerginicity responses in several dif-
ferent cell populations. Assessments of primary human blood immunocytes
did not show any allergy-like response to regolith, although purified allergic
cell lines did have a modest lunar dust response®. In light of established
adverse health effects of microparticle exposure on Earth, regolith effects on
reproductive system function and pregnancy merit further investigation.

Stress

The psychological and social aspects of space travel, including isolation and
confinement, may influence maternal well-being and, consequently, fetal
neurodevelopment. Maternal stress during pregnancy is known to affect
fetal brain development as well as childhood behavior and cognitive
performance’®™,
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Circadian rhythm, termed as the internal body clock, refers to the
natural oscillation which repeats every 24-h and controls body function and
homeostasis. While on board the ISS, astronauts experience 16 sunrises and
16 sunsets in 24 h. Therefore, windows or viewing panes are typically closed
during night hours in an attempt to minimise impact on circadian rhythms
which control hormone levels and influence sleep cycles, wound healing
rates and stress management™’.

In females, ovulation is the result of carefully timed hormonal surges
(GnRH stimulates FSH and LH which in turn promote oocyte maturation
and estrogen increase) which result in a mature oocyte being released and a
receptive uterus for embryo implantation should successful fertilization
occur’'. Disrupted circadian rhythms affect the hypothalamus-pituitary-
ovary axis and menstrual cycles (estrus cycles in mice) as seen in women
exposed to shift work schedules™. It was also reported that in male mice, the
lack of circadian rhythm caused decreased sperm motility and a reduction of
testis enzymes (G6PDH, SDH, LDH and ACP)>’.

Though astronauts experience unique opportunities of individual
accomplishment as well as advancing space exploration for humankind,
space travel brings astronauts away from their familial network, friendships
and social interactions which they would otherwise have on Earth. This
isolation has been shown to pose a mental and emotional strain on
astronauts™.

In addition, it was reported that female astronauts tend to postpone
childbearing and take oral contraceptives to suppress menstrual cycles
while on space missions. Recently, the need for research into space sex-
ology has also been discussed as astronauts experience limited access to
intimacy partners, mandated hygiene procedures and abstinence
protocols™.

While astronauts experience high psychological and emotional stress,
space travel is also associated with physical stress which is extremely
demanding on the human body, for example during ascent and re-entry,
when astronauts experience hypergravity. This causes vision disturbances,
disrupted vestibular system and even loss of consciousness. In a mammalian
model, it was shown that rats were able to mate and become pregnant while
in space, though these pregnancies were resorbed and attributed to maternal
stress during the space flight, possibly due to travel turbulence™. However,
both male and female mice which returned to Earth, after their 18.5-day
space flight, were still able to have subsequent litters on Earth, thus sug-
gesting potentially minimal effects on gametogenesis if the space travel was
short. In a study of airline stewardesses, first-trimester miscarriage risk was
increased in stewardesses who flew > 15h during their home-base sleep
time and who had increased physical job demands, further compounding
the impact of stress on the reproductive system®”.

Along with radiation, stress is perhaps the best understood space
exposure in terms of its risk profile for reproductive health and pregnancy.
What is not well understood, however, is how stress might modify or per-
haps exacerbate the effects of other space exposures, such as microgravity or
radiation. Unpacking this potential interactive effect may not only provide
useful information in terms of mitigating reproductive risk in astronauts,
but also inform strategies to improve pregnancy health more generally.

Specific examples of space exposure on reproduction and the
developing fetus

Reproductive System Development and Function. Although contemporary
astronaut training programs are approaching an equal mix of males and
females, females have historically comprised a small minority of the astro-
naut population®; accordingly the impact of space travel on the female
reproductive system and pregnancy safety is an important, under-addressed
area of research. In male mammals, microgravity has been shown to affect
total sperm count and lowers testosterone levels™, although male mice caged
in the ISS were still able to sire healthy offspring®. There were no changes to
in vitro fertilization rates, but the number of embryos reaching the morula
and blastocyst stage were decreased in simulated microgravity conditions. It
was thus reported that microgravity affects spermatogenesis, sperm motility
and early embryonic lethality®".

Female space exposure has been predicted to increase the risk of
infertility, along with increased risk of early menopause™. Rose has sug-
gested that, for example, a standard Mars mission may reduce a woman’s
ovarian reserve by some 50%, potentiating early menopause and increased
risk of associated disease™. Space effects on human female reproduction
may be assessed from several perspectives, including impacts on the indi-
vidual’s reproductive ability (including establishing and maintaining a
pregnancy) and on their long-term health (i.e. early menopause). A recent
systemic review and meta-analysis on male and female spaceflight effects
identified important reproductive risks for both sexes; in females, throm-
boembolism risk from combined oral contraceptive use and functional
insufficiency of the corpus luteum are of particular interest—and concern®.
Of the space exposures, radiation is a key concern for both pregnancy and
long-term reproductive system health. Straume and colleagues have noted
that the critical (radiosensitive) health impact associated with the coloni-
zation of Mars by humans may be female infertility resulting from in utero
radiation exposure. Guo and colleagues have estimated that the total
effective radiation dose for a round trip to Mars (180 day one-way flight,
500 day Mars surface stay) would be ~1.01 Sv*’. Straume and colleagues note
that the effective threshold for serious fetal developmental abnormalities to
occur during organogenesis is around 0.1 Sv acute gamma rays*’. Estima-
tions of ovarian and fetal risk are complicated by variations in solar activity,
shielding (from craft as well as the maternal tissues), duration of exposure
and biological susceptibility. Irrespective, the available data suggests that
space exposure conveys a sizable risk to the female reproductive system. For
an in-depth treatment of radiation hazards associated with Mars colonisa-
tion, the reader is referred to a review by Straume, Blattnig and Zeitlin*.

In a study quantifying radiation exposure due to cancer treatment, it
was reported that 50% of human oocytes can be destroyed by radiation
exposure of 2 Gy. At 15 Gy radiation, premature ovarian failure sets in and if
awoman is pregnant, risk of adverse pregnancy outcomes rises to 90%". Ina
space-simulated environment of cosmic radiation, destruction of mouse
ovarian follicles occurred in a dose-dependent manner (0, 5, 30, 50 cGy) and
caused elevated FSH and LH levels®. Lipid peroxidation, H2AX phos-
phorylation, protein nitration and elevated apoptosis markers were also
noted in female mice exposed to high radiation levels. In males, radiation
was shown to increase sperm DNA fragmentation. However, healthy off-
spring were still obtained from frozen mouse spermatozoa which had been
stored on the ISS for 9-months”.

Exposure to space radiation poses significant risks, as high-energy
particles can penetrate biological tissues, leading to DNA damage and
oxidative stress*. These factors are particularly concerning for developing
fetuses, where the rapid proliferation of NSCs, the differentiation and
maturation of neurons, and the establishment of neural circuits are highly
sensitive to environmental perturbations. However, there are few published
studies evaluating the effect of the space radiation environment on NSC
homeostasis and neurogenesis. Most research on the effects of galactic
cosmic rays (GCRs) on neurogenesis has been conducted in facilities that
simulate the space radiation environment and focus on adult NSCs®.
Various experimental protocols suggest that adult NSCs are particularly
sensitive to ionizing radiation, with GCR-like irradiation increasing oxi-
dative stress levels, inducing apoptosis, and impairing NSC homeostasis* "'
On the other hand, primary fetal mouse neuronal cultures exposed to
microgravity, and especially those subjected to both microgravity and
radiation, exhibited altered morphology (reduced neurite length) and
increased apoptosis. These synergistic effects were associated with changes
in the expression levels of genes involved in neurite extension, synaptic
communication, and cell survival’>.

Lastly, both cosmic radiation and microgravity have been linked to
alterations in oxidative stress status, with potential to impact both repro-
ductive tissue health and pregnancy viability. Studies in rats have shown that
hind limb unloading (simulating microgravity) was associated with
increased markers of oxidative stress in a wide range of tissues’”. Similarly,
exposure of rats to proton or heavy ion irradiation resulted in cardiac, and
CNS oxidative damage. Perturbations in oxidative stress are also associated
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with accelerated ovarian ageing and pregnancy complications”. Long-term
oxidative stress exposure has been associated with decreased follicle quality
and progesterone production”*. A review by Steller and colleagues pro-
vides an excellent assessment of space-related oxidative stress on female
reproductive health”.

Fetal skeletal development

The effects of space travel on the human skeleton have been well docu-
mented, with reports from the 1970s documenting bone loss in astronauts at
a rate of 1-2% per month”. A key driver of these changes is believed to be
adaptive changes derived from gravity unloading—with weight bearing
bones exhibiting greater changes than non-weight bearing bones”. Expo-
sure to cosmic radiation may also exacerbate microgravity-induced bone
loss™. Given the well characterized pattern of gravity-induced bone loss,
muscle atrophy, and delayed fracture healing in adult astronauts, the
developing fetal skeleton is also likely to be impacted by microgravity’®.
Given the peculiarities of fetal skeleton formation and its ossification, which
begins early in pregnancy but continues into adulthood, the effect of gravity
will likely differ at various stages of development. However, despite decades
of research into the impact of microgravity on systemic physiology, there
remains a paucity of evidence concerning its direct effects on embryonic
skeletal development. This evidence necessitates interpretation within the
context of microgravity’s influence on the underlying biological
mechanisms.

The formation of the human fetal skeleton, initiates around the 6th to
7th weeks of gestation through two primary processes: intramembranous
and endochondral ossification. In intramembranous ossification,
mesenchymal tissue precursors from the cranial neural crest cells directly
transform into flat bone. Conversely, in endochondral ossification, pre-
cursors from somites and the lateral plate mesoderm develop into a cartilage
intermediate, which is subsequently replaced by bone. Endochondral ossi-
fication contributes to the formation of the axial skeleton and the long
bones””. The ossification process requires a developmental cartilage tem-
plate, derived from embryonic mesoderm, and undifferentiated mesench-
yme, which specifies the sites for bone formation. By birth, a significant
portion of this cartilage has been substituted by bone, although ossification
persists until ~25 years of age as growth advances.

Microgravity can impact both precursor stem cells and the growth
processes of the skeleton during later stages of fetal development.
Embryonic stem cells (ESCs), act as pivotal regulators of embryonic
development, with their self-renewal and pluripotency regulated by a
complex network involving signal transduction pathways, transcription
factors, and chromatin remodeling complexes’. While some research has
indicated that Oct4”, a transcription factor involved in the maintenance of
ESC identity, exhibits increased expression compared to the ground-based
control group, other studies have revealed heightened apoptosis and
reduced cell adhesion of ESCs under microgravity conditions, consequently
leading to decreased cell expansion®. These alterations may be associated
with changes in the expression of genes related to the cell cycle and cell
proliferation, suggesting that microgravity has the potential to influence the
self-renewal of ESC*. Moreover, multiple studies have also shown that
microgravity can affect the differentiation of ESCs***’ promoting their dif-
ferentiation into mesoderm, endoderm, and their differentiated cells’®.
Considering that self-renewal and differentiation are crucial processes in the
early stages of embryo development, its comprehensible that the impact on
mammals like mice is more pronounced during early-stage pregnancies,
resulting in a failure to develop and produce offspring. Conversely, mice in
the second half of pregnancy have demonstrated the capability to success-
fully produce viable offspring™, but few studies examine the effects beyond
juvenile stages. Edsall et al., evaluated the impact of microgravity in cranial
neural crest migration in zebrafish embryos, and what happened with the
skeletons of adult fish®. They found underdeveloped growth, reduced
ossification, and severe distortion of skeletal elements, highlighting the
significance of studying altered gravitational forces’ long-term effects on
embryonic development. In fetal mice, microgravity did not change the

percent length increase and collagen synthesis in long bones but there was a
decrease in glucose utilization and mineralization®.

Fetal central nervous system development

Microgravity, a defining characteristic of space environments, induces
stress-related alterations in cellular structure and gene expression®, which
can significantly impact cellular processes and alter the development of the
fetal nervous system. Despite its importance, there are relatively few studies
specifically investigating the effects of microgravity (either simulated or
actual outer space conditions) on neural stem cells (NSCs). Moreover, the
impacts of cosmic radiation on the developing fetal nervous system warrant
further attention, especially given that the fetus is more susceptible to
adverse radiation effects than adults™.

Silvano et al. reported that murine cerebellar NSCs subjected to
simulated microgravity experience cell cycle arrest in the S-phase accom-
panied by increased apoptosis*’. Conversely, research by the Espinosa-
Jeffrey group demonstrated that human NSCs exposed to outer space
microgravity exhibited enhanced proliferation, a shortened cell cycle, and
increased cell diameter compared to ground control cells*’. Notably, the
effects were more pronounced under actual outer space conditions than
under simulated microgravity®. Furthermore, their study highlighted an
increase in abnormal cell divisions, including incomplete cytokinesis,
among NSCs exposed to microgravity”. They also found that the secretome
from microgravity-exposed NSCs induced similar incomplete cytokinesis,
indicating a significant role of secreted molecules in microgravity-associated
effects™.

Additionally, exposure to space for 3 days altered the metabolites
secreted by NSCs, reflecting increased glycolytic activity’'. Similarly, Han
et al. observed that microgravity enhanced the proliferation capacity of
neural crest stem cells and was associated with specific changes in the
expression of genes related to proliferation”. They also found that micro-
gravity altered the microRNA content of extracellular vesicles derived from
neural crest stem cells, enriching miRNAs involved in cell cycle regulation,
stem cell maintenance, and brain development™. These findings strongly
suggest that microgravity induces several alterations in NSC homeostasis,
including metabolic changes, increased proliferation, and defects in cell
cytokinesis. These alterations are not solely due to changes in mechanical
forces but also involve modifications in the NSC secretome. Moreover, the
data suggest that the effects of outer space conditions are more severe than
those of simulated microgravity, with outer space radiation and other
environmental factors likely contributing to these differences.

Biological studies —in summary

As outlined above, data from space flight exposures (on animals, cell systems
and adult astronauts) and simulated (parabolic flights, random positioning
machines) space exposures demonstrate a host of tissue specific adverse
effects that appear likely to impact the viability and development of human
pregnancy. Exposure to microgravity, radiation, regolith and stress each
have the potential to impact a human pregnancy. Determining the effects on
a fetus developing under microgravity and associated conditions is difficult
given current data—however it does seem very reasonable to conclude that,
if early-stage embryogenesis and implantation could successfully occur,
there would likely be multi-system adverse impacts on fetal development. It
is unclear what the threshold limits might be for an exposure such as
microgravity (i.e. would Martian gravity but not Lunar gravity be sufficient
for successful embryogenesis?), and to what extent these might be modified
by additional exposures such as radiation or stress. The potential role for
emerging pregnancy technologies, such as assisted reproduction™, and
artificial placenta technology (allowing ex-utero gestation) also warrant
consideration in a broader discussion regarding off-world human
reproduction” . Given limited resources, and the imminent increase in
low Earth orbit, cis-lunar and lunar activity, it seems reasonable that initial
efforts in this area should be directed at first establishing safe exposure levels,
and appropriate countermeasures, for male and female reproductive sys-
tems given their central importance to health and ageing. Looking further
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ahead, establishing the potential viability of human pregnancy in space has
important implications for planned attempts to explore Mars (and beyond),
and may also help us better understand the fundamental biology under-
pinning human reproduction and fetal programming more generally.

Ethical considerations

A multi-staged research ethics approach

The ethics of reproduction in a space environment have largely been viewed
in academic literature at a macro level, i.e., which either takes a broad-brush
approach in signaling the future emergence of ethical issues arising from any
attempt to research reproduction in space””’, or which addresses long-
range issues, either through a focus on human enhancement for space’"”
or a more general concern with species survival. The so-called “longtermist”
view, beloved of philosophers of existential risk'’"'*”, and echoed by space
entrepreneur Elon Musk'”, espouses the value of future generations of
human beings who may be brought into being in faraway places such as
Mars as a hedge against any calamitous terrestrial event that would see
humanity die out. Longtermism thus leverages the projected benefits to
humanity in the distant future against more immediate near-term con-
siderations. Despite arguments that might be mounted against the pre-
sumed inevitability of human-induced extinction events such as runaway
climate change or nuclear war, it cannot be gainsaid that on a cosmic
timescale Earth-dwelling humans are indeed doomed. Assuming they were
able to avoid self-destruction or being consumed by natural catastrophes
such as pandemics or meteor strikes, they would ultimately die as the Sun’s
evolution leads to the heating of the Earth past the point where any species
could survive'”.

However, whatever the intuitive or intellectual appeal of longtermism,
the justification of research programmes—not least those which have wel-
fare implications for mothers and their nascent children—must inevitably
deal with short-term and foreseeable consequences as a priority. Many
research articles that purport to justify what might broadly be called space
pregnancy research on the basis of a perceived need to ensure humanity’s
future among the stars neglect to acknowledge much less address the
multiple ethical considerations that would have to be entertained between
the immediate research topics under discussion and presumedly successful
future human settlement of space'™'".

Notwithstanding the fact that once a greater degree of certainty is
obtained about the larger calamity that we seek to insure our species’
longevity against there may be insufficient time to do the necessary research
to make space reproduction as safe as possible, scientific research operates
within a present-day reality of ethically guided decision-making. Despite
Szocik & Reiss’s reasonable observation that “space bioethics, compared, for
example, to conventional medical bioethics, may give more weight to uti-
litarian considerations and less to such deontological considerations as
informed consent and autonomy” (p.95)'”, the bioethics that precedes
finding ourselves in space and which guides research in the life sciences does
indeed give priority to values such as autonomy and the potential for human
development over broader utility. To the extent that human biological
research has utility in serving the public good, it is typically not at the
expense of individual welfare.

If we are serious about charting an ethical course for research that could
make the challenges of pregnancy and childbirth in extraterrestrial envir-
onments sufficiently understandable for us to decide whether and how to
plan for long-term space settlement, we must also reckon with the various
stages from conception through gestation to birth and the specific ethical
issues that arise for the various stakeholders (not least mother and nascent
child) at those stages. The ethical conduct of space research matters, whether
publicly or privately funded, and good research ethics requires that we take
account of the potential harms that occur in the conduct of research and not
just putative future benefits.

Although arguments have been made for ectogenesis (embryo devel-
opment in artificial wombs) as a means of ensuring the future survival of the
species that does not at the same time risk the health of the mother in a space
environment'®, this does not address risks to the fetus and future child.

Moreover, in this paper we are concerned with how far scientific research
may be carried out into pregnancy from conception onwards under genuine
or simulated space conditions while adhering to values hitherto upheld in
human life science research. In other words, our concern is to navigate the
ethical questions that arise in researching the linear process of pregnancy'”
using the ethical standards of the present-day terrestrial research environ-
ment rather than an ethics that may be favored in more abstract philoso-
phical discussions.

In this paper, we eschew the adoption of classical normative ethical
frameworks such as utilitarianism (in any of its forms), Kantian deontology
or virtue ethics since research ethics as practiced by ethics review boards
internationally is typically driven by principles such as harm minimization,
informed consent, justice, and the weighing of benefit to the public good
against potential risks to research participants; in other words, the kinds of
obligations articulated within the principlist approach of Beauchamp and
Childress'. It is review boards that would first be confronted with the
ethical challenges related to researching human reproduction for the outer
space context and their deliberations are not typically led by the traditional
philosophical approaches to ethics.

Stages of human pregnancy research at which different ethical
issues arise

Fertilization. Fertilization of human oocytes under space conditions (real
or simulated) is of essential interest in any attempt to understand
reproduction in space for the sake of any intended future long-term
settlement of space'™'"". However, the fertilization of an oocyte under
space conditions for research purposes would be subject to just as strict a
review and oversight process as fertilization for terrestrial research pur-
poses among nations that have reproductive research guidelines or reg-
ulations in place.

Although sexual intercourse in space has been considered taboo to date
(albeit no space agency currently has an explicit prohibition of it), any initial
attempt at studying fertilization in a simulated or actual space environment
would no doubt take place in vitro. Some research has been conducted into
fertilization of other mammalian species’ oocytes in both a simulated and a
genuine microgravity environment'*'"” and a study of human follicle
development in simulated microgravity has been conducted'”, but to date
no fertilized human oocytes have been studied in simulated or genuine
microgravity.

The conduct of any such study of human fertilization in a microgravity
environment, whether simulated or genuine, would require careful justifi-
cation to an Institutional Review Board (IRB) in terms of its necessity (i.e. as
opposed to alternative means of generating the necessary data) and the
balance of anticipated benefits against any foreseeable harms. Oversight of
how fertilized oocytes are stored, researched on, and ultimately disposed of
would, of course, provide further practical challenges if the process of fer-
tilization were conducted in space, a challenge which has even more pro-
found implications when it comes to embryo research.

In vitro embryo research. Although there is no firm international
consensus on whether embryo research should be allowed or to what
stage of development, there is broad agreement among many advanced
scientific nations that research should be allowed up to 14 days of
development, i.e., prior to gastrulation and the individuation of the
embryo marked by the appearance of the primitive streak''*. There are
also currently arguments being made to extend this to 28 days given the
possibility of culturing embryos in vitro and the lack of neuronal devel-
opment that takes place within this additional period which means that
the embryo will not feel pain regardless of the interventions performed'".
The lack of capacity for pain, of course, blunts just one kind of moral
objection that might be made to experimentation on an embryo which
has already individuated itself''*'"".

It has been argued that allowing for research during this additional
2-week period may facilitate better understanding of poorly understood
processes involved in implantation as well as the possible merging of embryo
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and organoid research'”. The International Society for Stem Cell Research
(ISSCR) while recommending the dropping of the 14-day rule has deferred
final adjudication on this to national regulators and recommended assess-
ment on a case-by-case basis'"*"'*’. In considering whether to grant such an
extension, the benefits to scientific knowledge and the public good (via
maternal health and positive pregnancy outcomes) need to be weighed
against moral concerns held by at least certain sections of a given com-
munity regarding the sanctity of the individual life whose onward devel-
opment is curtailed. As Hyun, Wilkerson and Johnston point out: “The 14-
day rule was never intended to be a bright line denoting the onset of moral
status in human embryos. Rather, it is a public policy tool designed to carve
out a space for scientific inquiry and simultaneously show respect for the
diverse views on human-embryo research” (p. 170)"".

Post-implantation research in a space environment. Obtaining
knowledge of how pregnancies might fare in space from the point of
implantation onwards presents profound ethical challenges once we
move past animal models and wish to study actual human pregnancies in
a space environment. If the intention is to terminate a pregnancy before it
can be brought to term to avoid the likely harms caused by radiation,
microgravity or other hazards to an actual child, then there would still be
potentially insurmountable problems to overcome from a regulatory
point of view. No nation that currently regulates embryo research would
tolerate deliberately terminating an implanted embryo or subsequent
fetus as part of a research protocol. Furthermore, many jurisdictions such
as the United Kingdom prohibit the implantation of any embryo that has
been used in research in the first place'”".

A utilitarian argument for opening a pathway to humans becoming a
sustainably multiplanetary species as a hedge against future extinction would
cut no ice with regulators given current guidelines and regulations. Never-
theless, it is conceivable that sometime in the future an expert body guided by
views gathered via public consultation might decide otherwise, though how
the public good were served by such an affordance would lie in a very
speculative realm about: (i) the practical need for humans to form permanent,
self-sustaining settlements in space, (ii) there being no alternative means of
obtaining the necessary knowledge about human space pregnancies to make
them sufficiently safe and viable, and (iii) the potential harms of the research
being outweighed by the foreseeable benefits. These considerations of need,
alternatives, and harms versus benefits are quite standard ones in justifying
research projects in human life science and there is no clear reason why they
should be circumvented for space pregnancy research. The valid consent of a
woman to participate in any pregnancy research study would, of course, be
essential. Valid consent requires that consent be given voluntarily by a person
who possesses mental capacity to understand information sufficient for them
to form a properly informed decision to participate. The nature of the risks
mother and fetus would be exposed to would need to be clearly explained as
far as they are understood, and the reasonableness of the risks considered
against the presumed benefits.

The occurrence of “unintended” pregnancies in space would not
provide a workaround to ethical prohibitions on space pregnancy research
by presenting a kind of fait accompli since a de facto prohibition on sex
during missions and/or the mandated adoption of any preventive measures
such as contraception or sterilization'”” would have had to have been vio-
lated and any after-the-fact birth prevention via termination (e.g. using
abortion pills mifepristone or misoprostol) eschewed. (We assume that the
early detection of pregnancy in an astronaut who is subject to regular
medical screenings and the generally prohibitive environment would allow
for early-stage (i.e. non-surgical) abortion.) Thus, ethical violations would
have been committed that effectively “poison the well.” Consequently, any
opportunity taken to conduct ad hoc research would not meet the standards
of ethical review and whatever observational results were obtained would
not be embraced by the scientific community as a legitimate contribution to
knowledge.

Research ethics considerations aside, given the multiple threats to
pregnancies and maternal wellbeing already identified, we would

recommend that space agencies and commercial space operators take all
reasonable steps to avoid pregnancies occurring in space, e.g., through
mandatory pre-mission pregnancy testing and mandatory contraception on
longer duration mixed-sex missions (e.g., by long-acting contraceptive
implants). The mandating of chemical abortions should pregnancies still
occur could, as Szocik and Reiss recognize'”’, come into tension with notions
of reproductive autonomy, though we would argue that the commitments
made voluntarily by astronauts as a condition of going to space would
render any appeal to autonomy weaker than it would be in any terrestrial
context. Without going so far as to require their forcible administering, we
certainly recommend that abortion pills be part of the standard provisioning
of spacecraft on long-duration missions beyond Earth orbit and that a
reasonable expectation is established among crew for their potential use
should a pregnancy occur.

Without prejudice to how—or indeed whether—the considerations
already raised in this paper are resolved, we might assume for the sake of
discussion that a time has come where some reasonable ethical case has been
made for allowing research to take place on an actual space pregnancy that it
is intended to carry to term. Under such circumstances, we should still
proceed to take a staged approach in dealing with ethical issues that arise,
guided primarily by concern about the welfare of mother and child.

First, consideration would need to be given to whether to fly an already
pregnant woman to space in preference to allowing conception to take place
in space. Doing so would allow for a more predictable and safer implantation
though it would subject the woman to the rigours of space launch and bodily
adaptation to the space environment which could affect not only her but her
embryo. At some subsequent point, no doubt, researchers would want to
track an entire pregnancy from conception to birth in space, but the first
consideration in researching an actual pregnancy that it is intended to take to
term in space is how to make that pregnancy as safe as possible in its totality.

Second, it would be prudent to ensure that any planned space preg-
nancy only be allowed to proceed in a near-Earth context, i.e. at the Inter-
national Space Station (or a successor space station)'”, the Tiangong Space
Station, or a future Moon base, such that evacuation of the mother to Earth
would be feasible in an emergency. The risks of transportation would
obviously have to be weighed against the risks of handling a particular
emergency in situ. Saving the life of the mother would be the paramount
consideration in such a scenario.

Third, any study of an ongoing pregnancy in deep space beyond the
possibility of return to Earth for delivery should compel not only the pro-
visioning of the spacecraft or Martian base for successful full-term delivery
but also for premature delivery in the form of incubators and other life
support equipment for pre-term neonates. In other words, justice and
beneficence would dictate that as much provisioning should be made for the
well-being of fetuses and babies that are part of any study of pregnancy in
space as possible; ideally, as would be available in a well-resourced delivery
suite in an advanced terrestrial economy. After all, the children of these
particular parents if born on Earth would surely have access to advanced
levels of care and to deny their space-born counterparts similar benefit
would be discriminatory. This is particularly the case as they would by
design be research subjects and not just children who are subject to the life
choices and birth preferences of their parents.

Ultimately, these are just some of the more foreseeable issues that
would challenge ethicists and research oversight bodies in the linear process
of managing space pregnancy research going forward. We make no pre-
sumptions about exactly when or how the issues should be resolved; only
that in line with our overall argument there would need to be a considered,
incremental approach that is sensitive to the specific contexts in which these
issues arise.

Conclusion

The regulation of research into the viability and safety of space pregnancies
will be an ongoing challenge that will involve consideration of an evolving
understanding of harms and potential countermeasures as pertain to the
space environment alongside consideration of the public benefit that might
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plausibly be obtained through such research. Only a staged approach to
determining how research should proceed will ensure that cherished ethical
principles are respected and purposefully modified, supplemented, or sus-
pended where appropriate. In other words, the arguments for adhering to
existing research ethics principles or deviating from them should be made
explicit, and in the latter case should seek the concurrence of the appropriate
authorities and preferably be informed by the outcomes of public con-
sultation exercises.

To the extent that we can make any policy-level recommendations here
based on our understanding of the practical and ethical challenges of con-
ducting research for human reproduction in space surveyed in this paper,
they would be to exhaust the potential of non-human reproductive models
for the space environment (animal and computer-based) as well as human
stem cell-derived embryoids that lack viability before considering a move
towards a truly first-in-human protocol for space reproduction. Further,
given our rejection of longtermist (or other broadly utilitarian) arguments
for ensuring species survival by facilitating human propagation in space in
favor of a staged approach to confronting ever more ethically challenging
possibilities, such as allowing research on embryos past the 14-day stage or
implanting an embryo in either an artificial or a natural womb in space, we
would want to see open public policy discussion in which national popu-
lations were given a voice in the process of establishing potentially more
permissive regulation through public consultation exercises.

The purported growth of commercial space activity and the ambition
of the likes of entrepreneurs such as Elon Musk to establish permanent
human settlements on Mars may threaten to circumvent the kinds of ethical
oversight and control of life science and human subject research that are
required of national space agencies such as NASA or supranational entities
such as the European Space Agency (ESA). Currently, privately funded,
non-institutional research projects on Earth are required to conform to
established ethical principles and regulations within the jurisdictions in
which they operate. In terms of space law, i.e., as established under the 1967
Outer Space Treaty, it is also worth noting that countries whose citizens
operate in space, even in a private capacity, have an obligation under Article
VI to authorize and oversee their activities in space'”’.

Operating in space, particularly deep space, i.e. beyond the Earth-
Moon system, may make oversight and regulation of such entities all but
impossible, though to the extent that these entities wish to maintain public
support and the goodwill of investors, contractors and other stakeholders'*,
they would do well to cleave to the careful, progressive work of research
ethics of the kind this paper recommends be undertaken in attempting to
make Homo sapiens a truly multiplanetary species.
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