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Abstract

:

Outer space is an extremely hostile environment for human life, with ionizing radiation from galactic cosmic rays and microgravity posing the most significant hazards to the health of astronauts. Spaceflight has also been shown to have an impact on established cancer hallmarks, possibly increasing carcinogenic risk. Terrestrially, women have a higher incidence of radiation-induced cancers, largely driven by lung, thyroid, breast, and ovarian cancers, and therefore, historically, they have been permitted to spend significantly less time in space than men. In the present review, we focus on the effects of microgravity and radiation on the female reproductive system, particularly gynecological cancer. The aim is to provide a summary of the research that has been carried out related to the risk of gynecological cancer, highlighting what further studies are needed to pave the way for safer exploration class missions, as well as postflight screening and management of women astronauts following long-duration spaceflight.
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1. Introduction


Human spaceflight and deep space exploration are the aspirational activities of numerous national space agencies including the European Space Agency (ESA), Japan Aerospace Exploration Agency (JAXA), National Aeronautics and Space Administration (NASA), and Canadian Space Agency (CSA), as well as many commercial and other private entities. Studies to determine the long-term physiological responses and adaptation to the space environment and further re-adaptation to the environmental conditions on Earth are of crucial importance to the safety and health of the astronauts [1].



Beyond the stressors of getting to space, such as vibration and acceleration forces, microgravity and radiation are the most significant hazards during space travel [2]. There are other sources of physiological and psychological stress during spaceflight, including circadian shifting, dietary alterations, confined spaces, and isolation [2]. The impact of spaceflight and the cosmic environment on those organ systems essential to carry out tasks in space (motor skills, cardiovascular system, and maintenance of overall bodily function) and which are essential upon return to Earth, have received the majority of focus as they relate to studies of astronaut health and wellbeing.



A long-standing concern has also been the effects of the cosmic environment on male and female reproductive health including carcinogenesis of the primary reproductive organs secondary to cosmic radiation exposure. However, this area of research lags behind. Advances in molecular biology, genetics, oncology and radiotherapy have provided more insights in recent years [2]; however, there is a paucity of research evaluating the risks of gynecological cancers, ovarian insufficiency, or infertility following spaceflight. In the present review, we focus on the effects of microgravity and radiation on the female reproductive system, particularly gynecological cancer. The aim is to provide a summary of what is known so far from studies conducted on Earth, together with the research questions and challenges requiring further study to pave the way for safer exploration class missions, as well as postflight screening and management of female astronauts following long-duration spaceflight.




2. Space-Environmental Factors: Microgravity and Space Radiation


Space travel, the final frontier, presents a challenge that few have faced before. Since the first flight to space in 1961, five key threats to long-duration space travel have been identified: distance from Earth, isolation and confinement, hostile/closed environments, gravity (or lack thereof), and radiation [3]. These are all areas of potentially significant concern during long-duration spaceflight. An exploration-class mission to Mars is expected to last three years, all in an enclosed environment with a small crew [4,5]. At least one of these three years would include transit time in deep space during which microgravity and radiation exposures would be elevated compared to the Martian surface. Previous literature highlights the harmful effects of such environments on several body systems, including cardiac, neurological, and immune functioning [6,7]. In addition to the elevated medical risks during exploration missions, triage and management of such conditions is complicated by limited resources, ability to evacuate, and ground communication abilities. The distance between the Earth base and Mars leads to a communication time delay of around 5–20 min one-way. This can be a particular challenge as the expertise available on Earth is no longer able to provide real-time assistance (as is the case for astronauts on the International Space Station).



2.1. Microgravity


Microgravity (or reduced gravity) leads to complex biological and systemic-level changes. Given that life has evolved and adapted to the presence of near-constant gravity on Earth, these changes can have consequences [3]. When exposed to altered gravity, these changes can be classified into short- or long-term effects. Over a few minutes of spaceflight, astronauts may experience space motion sickness [8]. Over a longer period, there can be remodeling of the cardiovascular and musculoskeletal systems [9]. The effects of microgravity on human physiology have been extensively investigated with the main goal of developing adequate countermeasures to minimize risks associated with long-duration spaceflight. These microgravity effects have been shown to be significant, global, and amplified with mission duration and distance from Earth. In particular, those associated with cardiovascular, musculoskeletal, neurological, and immune systems are easily diagnosed and clinically observable upon return from space.



Microgravity may synergistically combine with other factors such as radiation, additionally compromising the health and safety of the astronauts. However, though much is known about how microgravity can affect these bodily systems, research into sex/gender-related differences in the response and adaption to spaceflight as well as how microgravity can affect the female reproductive system is limited [10].




2.2. Space Radiation


Radiation (as waves or particles) is energy that can be classified as non-ionizing (e.g., radiowaves, microwaves, infrared) or ionizing (e.g., X- or gamma rays, protons, neutrons, heavy ions). However, ionizing radiation is the most biologically active. While popular culture imagines radiation stemming from nuclear meltdowns and atomic bombs like Chernobyl or Hiroshima, in medical practice, ionizing radiation plays critical roles in both imaging and cancer radiotherapies. In imaging, X-rays and computed tomography provide critical information allowing clinicians to tailor further interventions. In contrast, when used in radiotherapies, ionizing radiation can be used to target a tumor with a minimal impact on surrounding tissue [11]. The total radiation dose is often delivered as a series of fractionated doses over the span of 4–6 weeks. Even though the exact treatment protocol varies depending upon the type and stage of the tumor itself, typical total doses used for the treatment of gynecological cancers range from around 40–60 Gray (Gy) [12].



Ionizing radiation can impact the cells directly, where the particles impact a vital target molecule and directly transfer their energy, or indirectly, where particles impact other molecules, such as water, leading to longer lasting, very reactive free radicals. When impacting DNA, ionizing radiation can cause single-strand or double-strand DNA breaks. Double-strand DNA breaks, especially those caused by close single hits or high-energy hits, are much harder to repair. Non-rejoined breaks can lead to cell death, while incorrectly rejoined breaks can lead to mutation.



Space radiation has a complex impact on human tissues and is an etiological agent for cancer, cardiovascular diseases, central nervous system impairment, radiation sickness, and other harmful conditions [3,13]. The Earth’s magnetic field is a crucial protective element. Given the nature of ionizing space radiation, an increased rate of carcinogenesis is a primary concern for long-duration spaceflight [14]. While no increase in gynecologic cancer risk has yet been revealed in the female astronaut population [15,16], as exploration missions will be outside of low Earth orbit and for increasingly long durations, concern remains regarding the effects of even a low-dose rate accumulating over time [17]. The three main sources of ionizing space radiation are galactic cosmic radiation (GCR), solar particle events (SPE), and the Van Allen radiation belt [18]. These exposures are exceedingly different from terrestrial sources of radiation with respect to the type, energy transfer, dose rate, and total dose.



Ionizing GCR is composed of 98% nuclei and 2% electrons and positrons and constitutes a significant part of the total radiation dose [19]. The nuclear component itself is composed of hydrogen (87%; i.e., protons), helium (12%), and heavy metal nuclei (1%; including lithium, carbon, oxygen, silicon, iron, etc.) [20]. These energetically charged particles are accelerated to relativistic speeds by intra-galactic supernovae [21]. During this process, the protons and heavy-metal ions are stripped of their orbital electrons. Thus, the role of personal and spacecraft shielding will be particularly important. Electrons and positrons do not pose a major biological hazard as spacecraft shielding is sufficient to stop these particles. However, the high-energy particles (HZEs, protons, and heavy ions) are energetic enough to penetrate the shielding materials used in spacecrafts [22]. Just as these particles penetrate spacecraft shields, they also penetrate the body, raising concerns regarding the long-term health effects of GCR exposure [23].



Linear Energy Transfer (LET) is the amount of energy a particle delivers along this penetrating path to the material it travels through [24]. The value of LET determines how the particles interact with cells. The LET value is also directly proportional to how deep the particle will be able to travel. Thus, high LET radiation particles reach deeper tissues than low LET radiation particles. For example, HZEs and protons generally have high LET values as they have high energy [13,25,26]. Therefore, they are highly penetrating. This makes them very damaging to biological tissue [27,28]. It is this high-density penetrating nature that allows for these particles to induce complex double-strand breaks [13,25]. Given these differences, the International Commission on Radiological Protection created weighting factors to relate different types of radiation to cancer mortality risks (Table 1) [29]. While these weighting factors may be problematic for understanding radiation exposures in space, a conservative assumption is that a given dose of heavy ion irradiation, for example, may be at least 20 times as harmful as a given dose of x- or gamma irradiation terrestrially.



Importantly, not only do these particles penetrate spacecraft shielding and bodily tissues, but they also interact with them, leading to the generation of secondary neutron radiation and reactive oxygen species, which can be just as, if not more, biologically harmful than the primary GCR particles. All of these details lead to a complex radiation environment onboard mission spacecraft, adding to the challenge of protecting astronauts from the ionizing effects of space radiation [23,30].



Of additional concern within the interplanetary radiation environment beyond the constant exposure to GCR is the relationship between solar cycles, solar wind, and solar particle events to the overall exposure [31]. Solar particle events (SPEs) occur when particles emitted from the sun are accelerated, either close to the sun or in interplanetary space. These particles consist of mainly 95% protons, electrons, HZE ions, and alpha particles [32]. However, unlike GCR, SPE radiation is of high flux and low energy. Thus, spacecraft shielding is much more effective at blocking SPE radiation and most residual SPE radiation can be absorbed by superficial tissues. Skin doses of SPE are 5–10× higher than that of internal organs and are therefore more likely to cause skin lesions and hematological and immunological disturbances [19,23]. While SPEs can range in size, they rarely result in high total dose exposures.



Furthermore, the exposure is different between the low Earth orbit (LEO) and beyond-LEO environment during interplanetary travel, which will also be different from that on the Mars surface. Defined as 80–2000 km above Earth’s surface (and below the Van Allen Belts), the radiation environment in LEO is starkly different to that beyond LEO. The LEO is naturally shielded by Earth’s atmosphere and magnetic field. Although there can be increases in solar radiation during rare large solar particle events and coronal mass ejections (CMEs), we are largely protected from the majority of GCR [28]. In comparison to the ~1 mGy/year at sea level, estimates of around 0.3–1 mGy/day have been suggested to occur in deep space [30,33]. The projected dose received during a Mars mission (6 months of travel each way and 2 years of surface stay) could therefore result in a total cumulative dose equivalent close to 1000 mGy [17]. More recently, with radiation dosimeter readings during the cruise phase of the Mars Curiosity mission, we can expect trans Earth–Mars exposures up to 1.8 mGy/day [34]. Still, these can be subject to change based on local conditions and extreme events such as solar flares.



All of these unique features of space radiation make it very difficult to extrapolate conclusions from terrestrial radiation research for hypothesizing risk profiles in the space environment. The majority of data are derived from human studies in which inadvertent exposures to high total dose or high-dose rate, short-duration exposures to gamma irradiation that have occurred after nuclear events, or exposures in patients being treated for existing cancer with high-dose rate external beam radiation or internal gamma radiation (brachytherapy) or in non-human mammalian studies have been analyzed. However, the vast majority of animal studies use X-ray and gamma irradiation, which are equivalent to GCR exposures. Moreover, X-ray and gamma irradiation exposures predicted to be seen in spaceflight are not of clinical significance. Studies completed at Brookhaven National Laboratory, where researchers can simulate GCR by using a mix-beam of protons and heavy ions, provides a mechanism to study exposures in model mammalian systems. However, these studies are also limited to using a small number of high fractionated doses to achieve a desired total dose for exploration missions, because it would not be feasible to run daily low-dose rate exposures for long durations in order to replicate a 3-year Mars mission.



In summary, to try and predict the risk of gynecologic cancer during or following spaceflight, we must understand that with the exception of true long-duration human spaceflight studies, our current knowledge is severely limited by the characteristics of the study. These characteristics include radiation type, energy transfer, dose rate/duration of exposure, total dose, animal model, presence of atmosphere, presence of magnetosphere, personal shielding, craft/dwelling shielding, and use of antioxidants or other countermeasures.





3. Effect of Spaceflight on Female Reproduction


There is a paucity of evidence highlighting the effects of microgravity, space radiation, and spaceflight on the male and female reproductive systems, with significantly less for the female system based on the lack of women being exposed to GCR in the Apollo missions and past inequities. Most of our current knowledge on the female reproductive system stems from animal studies and are summarized in Figure 1. Notably, the past decade has witnessed a dramatic increase in the number of women living and working in space. NASA astronaut candidate class ratios of men to women have achieved parity since 2013, making it likely that the future of long-duration spaceflight may also feature equal numbers of men and women [16], thus warranting further study into how the cosmic environment affects reproductive health.



3.1. Microgravity


Microgravity exposure poses multiple female reproductive health concerns. These include effects of weightlessness on gonadal function and fertility as well secondary spaceflight stressors, such as sleep disruption, that may degrade female reproductive health during and after spaceflight. However, the scientific literature on reproductive changes in female astronauts during and after spaceflight or exposure to simulated microgravity (bedrest) remains sparse [10,16,35]. While female astronauts have successfully conceived and born children after spaceflight, detailed information on post-spaceflight fertility, pregnancy complications, and birth outcomes in women is not available. Further, female astronauts tend to delay pregnancy, making it difficult to separate the effects of spaceflight stressors from maternal aging on fertility and pregnancy outcomes. However, some animal studies attempting to understand reproductive outcomes in spaceflight have occurred, the first was in 1979 aboard an 18.5-day COSMOS 1129 mission, where a barrier between the two male and five female rats was removed on day two of orbit to allow for mating. Upon return to Earth, no pregnancies were observed. However, no pregnancies were observed in the control group of rats maintained on Earth either. It is not clear whether the absence of pregnancy was due to an inability to copulate in the weightless space environment, or to secondary more complex endocrine and/or embryonic developmental causes, or even attributable to housing/caging concerns [35,36].



Studies of female mice that were maintained on the International Space Station (ISS) for 37 days prior to euthanasia in space (eliminating re-entry stressors) revealed evidence that these female mice could be detected at different stages of the estrous cycle post-mortem, suggesting that some females were likely exhibiting estrous cyclicity [37]. Mouse embryos flown on China’s SJ-10 biosatellite completed a series of cell divisions leading to blastocoel morphology during spaceflight, but both the rate of blastocyst formation and blastocyst quality were impaired [38]. Severe DNA damage was observed in the embryonic cells, and the genome of the blastocysts developed in space was globally hypomethylated with a unique set of differentially methylated regions (DMRs). The authors suggest that these changes are similar to developmental defects, DNA damage, and epigenetic abnormalities that occur with exposure to ground-based low-dose radiation. However, given the dramatic differences already noted between cosmic radiation and that of gamma irradiation that they used in their experiments, as well as to the inability to separate out the effects of microgravity from the impact of space radiation in these studies, much remains to be determined.



While a large effort in understanding fertility outcomes is still needed, a few studies have been performed evaluating mammalian pregnancy and embryonic/prenatal development in space [39]. In 1982, COSMOS 1514 examined the effect of a 4.5-day flight exposure on gestational days 13–18 of a 21-day rat pregnancy. Dams were euthanized immediately upon landing and the fetuses exhibited neurobiological aberrations and impaired bone development. Four of five dams successfully delivered their litters postflight. Additional findings included poor maternal weight gain and evidence of fetal growth restriction in comparison to controls, possibly related to the potato diet used to provision both water and food, but no change in litter dynamics. Male and female offspring from these litters that developed to adulthood were fertile and reproduced successfully. In 1994 and 1996, two jointly sponsored NASA-National Institutes of Health missions (NIH.R1) (STS-66) and NIH.R2 (STS-70) launched pregnant (gestational day 9 and 11, respectively) dams that were returned to Earth on gestational day 20 prior to parturition. Space-flown pregnant rats gave birth at the expected time; however, they exhibited twice as many ‘lordosis’ contractions during labor coupled with decreased uterine myometrial connexin 43 (gap junction) protein expression relative to controls, suggesting changes to the uterine smooth musculature tone with exposure to microgravity. However, the duration of labor, maternal weight gain, miscarriage/stillbirth rate, litter size, neonatal birthweight, placentophagia, and maternal care patterns were not significantly different from ground controls [40,41]. Importantly, NIH.R1 and R2 offspring were flown for the second half of the rats’ gestational period, after organogenesis was complete, and returned to Earth for parturition. There have been no additional studies of mammalian pregnancy during spaceflight, and no mammal has yet given birth in space. Few studies have investigated rodent pregnancy utilizing terrestrial analogs for microgravity although past studies have exposed reproducing adult rodents to hypergravity produced via chronic acceleration [42,43,44]. This work provides strong evidence that, for some reproductive parameters such as pregnancy outcome and mammary gland metabolism, gravity load elicits a response continuum, and a single study compared responses to spaceflight and hypergravity. Analysis of mammary glands from G20 dams revealed a strong negative correlation between metabolic rate and gravity loads spanning 0, 1.5, 1.75, and 2 g. Approximately 98% of the variation in glucose oxidation and 94% of the variation in glucose incorporation into lipids was accounted for by differences in gravity ‘dose’. These data demonstrate a remarkable continuum of response across the microgravity and hypergravity environments for this reproductive parameter.



As reproductive factors such as age at first pregnancy, parity, and breastfeeding are all inversely linked with gynecologic and breast cancers terrestrially [45,46,47], more studies will be needed to explore any link between reproductive fitness after spaceflight and future risks of cancer occurring in these same organs.




3.2. Hormonal Modalities in Spaceflight


A unique operational consideration for premenopausal female astronauts is the use of hormonal contraception to suppress ovarian function, prevent pregnancy, and reduce menstrual flow or induce amenorrhea during pre-flight training and spaceflight. With the pathway that astronauts follow to reach candidate selection and the mission training phase, female astronaut candidates often opt to use hormonal contraception through the phases of candidate selection and training, while awaiting mission selection, during mission-specific training, and during the mission itself, potentially amounting to 11 or more years of reproductive suppression [48]. The combined oral contraceptive pill and levonorgestrel intrauterine device are the most commonly used hormonal contraceptive options.



However, it is difficult to predict how hormonal contraception use in combination with the complex deep space environmental exposure will affect female astronaut health as it relates to the intertwined nature of reproductive function on multiple organ systems. It is unknown how the environment of deep space, especially for long durations, will impact the shelf-life, pharmacokinetics, and pharmacodynamics of the contraceptive agents as well as contraceptive efficacy, menses/abnormal uterine bleeding, ovarian cysts/torsion, venous thromboembolism, cardiovascular health, musculoskeletal health during exploration-class missions, or indeed gynecological cancers.




3.3. Space Radiation


The likelihood of a significant acute exposure that would lead to acute radiation syndrome while a crew is in LEO is very low. However, the likelihood of an acute high-dose radiation exposure is higher for a crew traveling in interplanetary space in a minimally shielded spacecraft. As previously mentioned, SPEs of sufficient intensity to breach clinical thresholds during a trip to Mars have been recorded in the recent past. Tissue sensitivity depends on the cellular, extracellular, and stroma composition of the tissue. In general, tissues that have a large number of active stem cells are highly sensitive to radiation, whereas tissues with mainly terminally differentiated or with large amounts of supporting stroma and noncellular elements are relatively radioresistant.



In females, the ovary is extremely radiosensitive. Radiation-induced cessation of hormone production can lead to temporary or permanent infertility. The vagina is similar to other mucous membranes in terms of radiosensitivity, but the vulva, labia, and clitoris are more radiosensitive. The uterus is radioresistant. Transient sterility can occur after doses as low as 1250 mGy, although most report the threshold dose for temporary sterility as being 1700 mGy [49]. The dose required for permanent sterility in women ranges from 3500–20,000 mGy (Table 2), with lower doses needed for women older than 40 years [50,51]. Radiation damage to the female gonads is cumulative because gametogenesis essentially stops at the time of birth.





4. Effect of Space Travel on Cancer


Carcinogenesis is the multi-step transformation of normal cells into malignant tumors, requiring the accumulation of several genetic and epigenetic aberrations. Cancer is characterized by the continuous proliferation of tumor cells, accompanied by resistance to cell death, induction of angiogenesis, invasion, and metastasis [52].



DNA mutations altering protein-coding genes and signal transduction pathways are among the factors involved in cancer etiology. The protein-coding gene mutations involve tumor-suppressor genes, transmembrane proteins, platelet-derived growth factors, sex hormones, components of the insulin-like growth factor axis, transcription factors of the forkhead/winged helix-box transcription factor (Fox), and the SMAD families. Signal transduction pathways that are involved in carcinogenesis include sonic hedgehog (SHH), Wnt, and Notch [2]. There are also viruses like the human papillomavirus (HPV), Epstein–Barr virus, and Hepatitis B and C, which are oncogenic [53]. Recent advances in the field of tumor biology are highlighting the role of the microenvironment and the altered stress response favoring overall survival [54].



There are multiple environmental factors, such as space radiation and microgravity, which can contribute to possibly increasing any risk of tumor development and the possible underlying cellular mechanisms associated with spaceflight [55]. In addition to the studies reviewed in Moreno-Villanueva and Wu [55], more investigations involving microgravity and radiation have been carried out, as shown in Table 3 [56,57,58,59,60,61,62,63] and Table 4 [64,65,66,67,68,69,70,71,72,73], respectively. Although ionizing radiation is a known carcinogen, irradiation with particles in space differs quantitatively and qualitatively from γ-radiation or X-rays [30]. This limits our understanding of the risk of carcinogenesis, which may be possibly associated with space radiation. The biological effects of irradiation with heavy ions leading to DNA damage and repair, genomic instability, mutagenesis, chromosome aberrations, and neoplastic transformation have been documented [74]. Mouse models have generally been used for studying radiation-induced carcinogenesis, but these do not reflect the full range of complexity of cancer in humans [75]. Indeed, one main limitation for quantifying space-associated cancer risk is that there are no human data from extended exposure to space radiation, and in fact, estimation of carcinogenic risk for humans exposed to cosmic radiation is very difficult to ascertain [76,77].
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Table 3. List of studies showing effects of microgravity on cancers.






Table 3. List of studies showing effects of microgravity on cancers.





	Cancer Type
	Microgravity Model
	Model
	Effect
	Study





	Breast cancer
	6 min of r-µg *; PF ** maneuvers
	MCF-7 cell line
	Rearrangement of F-actin and tubulin, appearance of filopodia- and lamellipodia-like structures; PF-induced differential regulation of KRT8, RDX, TIMP1, CXCL8 (up), VCL, and CDH1 (down) genes
	Nassef et al., 2019 [56]



	Breast cancer
	Exposure to an RPM ##
	MCF-7 cell line
	Cells formed multicellular spheroids resembling epithelial ducts; microgravity-induced differential regulation of IL8, VEGFA, FLT1, ESR1 (up), ACTB, TUBB, FN1, CASP9, CASP3, and PGR1 (down) genes
	Kopp et al., 2016 [57]



	Breast cancer
	PF ** maneuvers; incubator RPM ##
	MDA-MB-231 cells
	Differential regulation of ICAM1, CD44, ERK1, NFKB1, FAK1 (up), ANXA2, and BAX (down) genes
	Nassef et al., 2019 [58]



	Glioma
	Exposure to an RPM ##
	U251 cells
	Induction of apoptosis; reduced FAK/RhoA/Rock and FAK/Nek2 signaling events
	Deng et al., 2019 [59]



	Lung cancer (non small cell)
	Exposure to an RPM ##
	NCI-H1703 (CRL-5889) cells
	Formation of multicellular spheroids; spherical rearrangement of actin filaments in the outer region of cytoplasm; increased apoptosis, upregulation of TP53, CDKN2A, RB1, PTEN, and SOX2 in stimulated adherent cells
	Dietz et al., 2019 [60]



	Melanoma
	Exposure to a 3-D Clinostat #
	A375 cells
	Decreased cell viability; increase in caspase 3/7 activity; reduced cell proliferation; change in cell morphology (presence of membrane blebbing lamellipodia, and stress fibers, absence of filopodia)
	Przystupski et al., 2021 [61]



	Thyroid cancer
	Exposure to an RPM ##
	FTC-133 cells
	Cells formed multicellular spheroids; differential regulation of ERK1, EGF (up), CTGF, and CAV (down) genes in multicellular spheroids
	Warnke et al., 2014 [62]



	Thyroid cancer
	10 day of r-µg *
	FTC-133 cells
	Differential expression of IL6, IL7, IL8, VEGF, TIMP1, MMP3, CCL4, and B2M (up) proteins
	Riwaldt et al., 2015 [63]







* r-µg: real microgravity; # s-µg: simulated microgravity; ** PF: parabolic flight; ## RPM: Random Positioning machine (simulated microgravity).
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Table 4. List of studies showing effects of space radiation on cancer risk.
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	Cell Type
	Radiation Model
	Cell/Animal Model
	Effect
	Study





	Lung cells
	Iron ion (Fe) beam (180 MeV/nucleon; LET 300 keV/µm) for 0.1 Gy
	SV40-immortalized human bronchial epithelial cells (NL20)
	Progeny of Fe-irradiated cells showed elevated micronucleus formation, increased markers for DNA double-strand breaks (γ-H2AX foci), reduced cell proliferation, persistent oxidative stress, and increased colony formation.
	Cao et al., 2018 [64]



	Lung cells
	56Fe (600 MeV/u at 0, 0.1, 0.3, 1.0 Gy) and 28Si (300 MeV/u at 0, 0.3, 1.0 Gy) high LET irradiation
	Immortalized human bronchial epithelial cell line (HBEC3-KT)
	Global differential CpG island methylation in response to 56Fe and 28Si ion exposure suggests a lasting impact on the epigenome relevant to lung cancer
	Kennedy et al., 2018 [65]



	Hematopoietic stem cells
	100 cGy of 1000 MeV/n protons (LET 0.23 keV/micron); 28Si 300 MeV/n ions (LET 70 keV/micron)
	Mlh1+/− mice (B6.129-Mlh1tm1Rak/NCI) representing loss of MLH1 that occurs in human hematopoietic stem cells with age
	High LET 28Si ion irradiation affected hematopoietic stem cell differentiation; high LET irradiation caused early and higher incidence of tumorigenesis in Mlh1 heterozygous mice; frequent occurrence of T-cell rich B-cell (TRB) lymphomas with altered mismatch repair pathway
	Patel et al., 2020 [66]



	Spleen cells
	0.5 Gy Proton irradiation (1-GeV; LET 0.24-keV/µm)
	Murine Lewis lung carcinoma (LLC) cells-bearing C57BL/6 mice
	Upregulation of genes involved in DNA repair and cell cycle, including CDK2, MCM7, CD74, and RUVBL2
	Wage et al., 2015 [67]



	Intestinal cells
	56Fe-irradiation (1.6 Gy; energy-1000 MeV/nucleon; LET-148 keV/µm)
	Intestinal tissue from Female C57BL/6J mice
	56Fe-irradiation upregulated metabolites belonging to prostanoid biosynthesis and eicosanoid signaling pathways linked with cellular inflammation, which has been associated with intestinal inflammatory disease and colon cancer
	Cheema et al., 2014 [68]



	Liver cells
	56Fe ion irradiation (1 GeV/nucleon)
	CBA/CaJ mice
	Higher incidence of hepatocellular carcinoma than γ-irradiated mice
	Weil et al., 2009 [69]



	Kidney cells
	56Fe ions irradiation (1 GeV/amu, 151 keV/μm)
	Aprt heterozygous (Aprt+/−) B6D2F1 mice
	Increased mutant frequencies leading to DNA damage
	Turker et al., 2017 [70]



	Cervical cancer cells
	Kept at the Russian Mir space station (40 days); American space shuttle (10 days)
	HeLa cells
	DNA damage
	Ohnishi et al., 2002 [71]



	Normal human foreskin fibroblast cells
	Kept at the International Space Station (14 days)
	AG1522 cells
	Larger size γ-H2AX foci suggest DNA damage
	Lu et al., 2017 [72]



	Normal human foreskin fibroblast cells
	Kept at the International Space Station (14 days)
	AG1522 cells
	Downregulation of miRNA Let-7a, which was found to be downregulated to γ ray and UV ray radiation in another study
	Zhang et al., 2016 [73]








The standard approach for analyzing carcinogenesis is via relative biological effectiveness (RBE) studies utilizing low LET to high LET scaling factors. In addition, radiation effects ratio (RER) is a new metric that is being proposed, which compares the effects of two radiations at the same dose [78]. However, there are still important dilemmas regarding cancer risk at low-dose rates [79,80]. Therefore, in order to improve the estimation of carcinogenesis risk of long-duration space travel, there needs to be more mechanistic analysis and biological insight of radiation quality effects and long-duration exposure to low radiation dose rates. The relationship between multiple space–environmental factors that can influence the development of cancer should be investigated separately and also in combination.



To date, there have been a limited number of studies investigating the combined effect of space radiation and microgravity on cancer development. Recent findings suggest that the antiproliferative effect of simulated microgravity may lead to novel therapeutic strategies in combating cancer. In contrast, an impaired radiation-induced DNA damage response that can promote tumor initiation has been observed under microgravity conditions in vitro [55]. In studies using devices that simulate microgravity, a microgravity-associated increased radiosensitivity has been reported. However, there are currently minimal data regarding the effect of spaceflight on the capacity of the cells to repair any artificially induced DNA damage. Moreover, experiments investigating DNA damage response in simulated microgravity are not always concordant with those conducted in real microgravity [81].



Beyond the concerns of radiation-induced DNA damage, numerous molecular studies add to the hypothesis that individualized risk could be increased in the setting of microgravity, as important signaling pathways commonly involved in carcinogenesis could also be dysregulated under microgravity conditions. One example includes the phosphoinositide-3 kinase (PI3K) signaling pathway [82,83,84], which is a key driver of metabolism, cell survival, and proliferation in response to growth factor stimulation [85].



Sex-specific cancers (involving the breast, ovary, or uterus) together contribute heavily to overall cancer incidence and mortality in women. Breast cancer is the largest contributor to cancer incidence following terrestrial radiation and the three organs combined make up over 30% of the risk of exposure-induced cancer. Breast cancer is also the second largest contributor to cancer mortality following terrestrial radiation, and the three organs combined make up over 20% of the risk of exposure-induced death. Both ovarian and uterine cancers have 5-year survival rates of 49.1% and 66.3%, respectively.



Colorectal, breast, prostate, and lung cancer cells have been studied in simulated microgravity in relation to the dysregulation of the PI3K pathway. In colorectal cancer cells exposed to simulated microgravity in a Rotational Cell Culture System-High Aspect Ratio Vessel (RCCS-HARV), Akt phosphorylation was found to decrease whilst PTEN expression and activity increased, leading to the induction of apoptosis [86]. Similarly, apoptosis rate was seen to increase in lung cancer cells exposed to simulated microgravity, as tumor-suppressor genes were upregulated when cells were cultured in a random-positioning machine (RPM), and AKT3 and PIK3CA expression remained unaltered.



Interestingly, a study carried out on normal and cancerous breast cells found that the paradox between weightlessness-induced apoptosis and Akt upregulation under microgravity conditions depends on whether the cells are adhered or detached. It has been concluded that survival strategies under this type of mechanical stress vary between cell types. They do in fact observe that apoptosis occurs in the cancerous cell line growing in floating organoid-like structures after 72 h due to major cytoskeletal rearrangements happening as a result of the simulated loss of gravity using an RPM [87]. These findings are supported by the study carried out on prostate cancer cells cultured in an RPM; Hybel et al. also reported that cells adhered to the culture flask significantly upregulated genes of the PI3K pathway, such as Akt and mTOR, and floating cells that formed multicellular spheroids downregulated these [88]. However, it remains unclear how accurately the different methods used to simulate microgravity reflect the results that would be observed in tissues under real microgravity, and how different equipment may affect experimental reproducibility, as conflicting results have often been reported in the past [89].



There is no definitive evidence of increased rates of carcinogenesis amongst astronauts exposed to space radiation in comparison to terrestrial controls (likely because of their overall excellent health pre-flight, low overall doses experienced to date, and very small sample sizes) [90]. However, it is reasonable to assume that space radiation would increase an astronaut’s individualized risk [30]. Furthermore, when reviewing astronaut and analog populations of aircrews exposed to cosmic radiation, Di Trolio et al. concluded that it was unclear whether increased exposure to cosmic radiation was directly linked to carcinogenic risk or whether the risk may be more attributable to lifestyle factors [91].




5. Gynecological Cancers and Space


5.1. Brief Overview on Gynecological Cancers


Gynecological cancers (GCs) arise in the female reproductive organs and include tubo-ovarian, uterine/endometrial, cervical, vaginal, and vulvar cancers [92]. GCs pose a serious global health burden due to their high incidence among women of all ages [93]. There is a high mortality rate among women with GCs, which can be attributed to several factors including lack of screening, limited awareness of specific symptoms, or even misdiagnosis.



In advanced GCs, delayed diagnosis, together with limited treatment options, are major contributing factors leading to high mortality. In the case of rare GCs (for example gestational trophoblastic neoplasia, malignant germ-cell tumors, sex cord-stromal tumors, vaginal/vulvar carcinoma, etc.), these issues are even more problematic [94]. These tumors are generally associated with an overall poor prognosis. The low incidence of each of these rare tumors, with an annual incidence of <6 per 100,000 women, poses a major hurdle in the management of patients due to limited therapy options [93].



Considerable studies have shown that the occurrence and development of GCs are related to the inactivation of tumor-suppressor genes, the activation of oncogenes, and the activation of abnormal cell signaling pathways. In addition, epigenetic processes regulate gene expression through histone modification, DNA methylation, and noncoding RNA, thereby playing a central role in the occurrence and development of GCs [95].



Ovarian cancer (OC) is an umbrella term for a heterogeneous group of tumors that are very diverse behaviorally, morphologically, and molecularly. Up to 90% of OCs are of epithelial origin [96]. OC is commonly associated with alterations in BRCA1/2 and TP53, both of which are linked with a poor prognosis [97,98,99]. Typically, the onset is insidious, with no specific clinical symptoms in the early stage of the disease. To date, there is a paucity of sensitive and effective clinical screening tools for OC, with approximately 70% of cases being diagnosed at an advanced stage [100]. According to the American Cancer Society, in the United States alone, approximately 21,000 new cases of OC are diagnosed annually, accounting for 5% of all female malignancies, with a mortality rate of 62% and a five-year survival rate of 20–30% [101]. Thus, there is an urgent need for highly sensitive and specific diagnostic tools that identify OC at an earlier stage together with the development of new therapeutic approaches to improve patient survival rate.



Worldwide, cervical cancer (CC) is the second leading cause of cancer-related deaths in women [102]. Clinically, CC is associated with persistent infection with ‘high-risk’ human papillomaviruses (HPVs), particularly the subtypes HPV16 and HPV18 [103,104]. In addition, a number of other risk factors have been associated with CC, including early sexual activity [105], multiple sexual partners [106], other viral infections (such as HIV, herpes simplex virus type II), chlamydia infections [107], genetic factors (active oncogenes, including PIK3CA, ATAD2, and CRNDE; tumor-suppressor genes, including TP53, RASSF1A, and NOL7) [108], and tobacco use [109]. For the detection of pre-invasive cervical disease, Papanicolaou smears and liquid-based cytology were historically utilized as the main screening tests [110]; however, there is currently a shift in practice underway towards primary human papillomavirus (HPV) screening. Despite the continuous advances in treatment, including radiotherapy and/or chemotherapy together with surgery, early lymph node metastasis can still occur in a number of patients with CC, leading to poor prognosis. The five-year survival rate is still approximately 40% [111,112,113,114]. Although the HPV-associated carcinogenic pathway of CC is now well elucidated, further in-depth studies are necessary to aid in the discovery of novel molecular therapeutic targets that would contribute to the management of patients with advanced or recurrent CC.



Endometrial cancer (EC) is another common type of gynecological tumor, comprising 4.8% of worldwide cancer incidence and 2.1% of mortality related to cancer [115,116]. Underlying risk factors are associated with high circulating levels of estrogen and include early menarche, obesity, diabetes mellitus, Lynch syndrome, nulliparity, late menopause, advanced age, breast cancer, tamoxifen therapy, and radiotherapy [117]. When considering both biological and clinical parameters, gene mutations are being used for EC classification [118]. EC can be divided into endometrioid (Type I), affecting approximately 80% of patients, and non-endometrioid (Type II) in the rest of the patients [119,120]. Non-endometrioid ECs include clear-cell carcinoma, endometrial serous carcinoma, and carcinosarcoma. Type 1 ECs have alterations in different genes, including CTNNB1, PTEN, KRAS, and DNA characterized by microsatellite instability (MSI) [121,122]. In contrast, Type 2 EC tumors are defined as having TP53 mutations, amplification of HER2, increased CDH1 expression, and a high Ki-67 (MIB1) score, which is a marker of proliferation. The standard treatment is total hysterectomy and bilateral salpingo-oophorectomy, which is usually effective for stage I disease [123]. However, in advanced stages, surgery is followed by radio- and/or chemotherapy. Despite advances in drugs and surgical treatments for EC, survival rates have not improved significantly. Thus, improving the ability to identify the prognostic risk factors of EC and formulating reasonable new treatment plans are essential for improving the prognosis and survival rate of patients with EC [124].



Vaginal and vulvar cancers are rare malignancies with similar estimated incidence and mortality rates [125]. Due to the difficulty in performing large prospective randomized trials in patients with these rare tumors, systemic chemotherapeutic regimens have generally been extrapolated from experience in the management of CC. This is because these malignancies share similar epidemiologic risk factors, are strongly associated with HPV infection and are predominantly of the squamous cell carcinoma (SCC) histologic subtype [126,127,128]. However, vaginal and vulvar cancers can be challenging to treat particularly when disease is not amenable to surgical resection or radiation [129]. There is currently no consensus on effective treatment as response rates to systemic chemotherapeutic regimens are variable in the recurrent setting for vaginal and vulvar SCC [129]. Additionally, given the tendency for vaginal and vulvar SCC to develop later in life, treatment options may be further limited by associated toxicity and co-morbidity [127,128]. Clinical and pathological prognostic factors are constantly being explored in order to minimize unnecessary treatments especially in elderly patients. Furthermore, new molecules are being investigated as targeted therapies to increase patient survival.



Building on the previous knowledge about the individual and combined effects of radiation and microgravity on cancer and tumor cell processes [130], the relatively few studies on GCs in simulated space conditions that have been published to date will be described.




5.2. Effects of Microgravity and Radiation on Gynecological Cancers: In Vitro and In Vivo Studies


Microgravity has different effects on normal and cancer cells, but the related underlying mechanisms are still being elucidated. Experiments using normal or cancer cells performed in space on the International Space Station (ISS) or under s-µg-conditions using devices approved by ESA and NASA to create µg conditions on Earth (known as ground-based facilities) [131], belong to a newly evolving area of research in oncobiology [132]. Numerous studies have demonstrated how a short- and long-term exposure to r- and s-µg influences differentiation, proliferation, migration, survival, apoptosis, adhesion, and other processes involved in carcinogenesis [53]. Space exploration missions also need to have strategies in order to mitigate the potentially harmful exposure to galactic cosmic radiation, which can cause cancer. Ongoing studies investigate these effects using cell- and animal-based studies in low Earth orbit [133]. The costs and logistic challenges involved when sending biological specimens to space have spearheaded the development of surrogate ground-based radiation experiments to study the mechanisms of biological injury and cancer risk. However, simulating galactic cosmic radiation has proven to be difficult. In fact, current studies are only partially succeeding at replicating the complexity of this radiation and its downstream injury pathways [133]. The following section discusses the few studies about various types of gynecological normal or cancer cells under conditions of weightlessness and/or real/simulated galactic cosmic radiation (Table 5 and Table 6). It is important to keep in mind that studies of cancer cells in culture do not necessarily reflect the actual tumor scenario in vivo.



5.2.1. Ovarian Normal and Cancer Cells Exposed to Microgravity and/or Radiation


Altered Gravity and Microgravity


In order to study cellular interactions involved in the growth and differentiation of OC, a cell line, designated as LN1, was established from a mixed mullerian tumor of the ovary [134]. This cell line was cultured on microcarrier beads in the high aspect rotating-wall vessel (RWV), and the tumor cells readily proliferated without the need for cocultivation with a supportive cell layer. Phase contrast light microscopy and scanning electron microscopy showed the presence of three-dimensional multicellular aggregates consisting of multiple cell-coated beads bridged together, as well as scattered aggregates proliferating as spheroids free in suspension. This illustrates the ability of this culture system to provide the biological conditions necessary for pluripotent cell growth [134]. The same group later demonstrated that the RWV culture system is suitable for in vitro production of ovarian tumor cells with the same morphologic, oncogenic, and immunocytochemical characteristics shown in vivo [135].



In another study, LN1 cells were cultured for 14 days on the ISS during Expedition 3. When compared with ground controls, LN1 cells exposed to microgravity showed reduced expression of vimentin and epithelial membrane antigen [136], as well as reduced expression of IL-6 and IL-8 [132]. Both of these cytokines are associated with the growth of several types of tumors, including OC. Przystupski et al. showed that exposure to microgravity affects the morphology of SKOV-3 cells, as well as drug efficiency. Altered cell shape, presence of membrane blebbing and lamellipodia, and lack of filopodia have been observed in cells cultured on 3D-clinostat (3D-C). After exposure on the 3D-C with cisplatin, there was an increase in apoptotic cells and G0/G1 cell cycle arrest in comparison to the static control cells. Cell proliferation and migration were also altered after exposure to microgravity. These findings suggest that the altered gravity conditions affect cellular mechanisms that are involved in resistance to cisplatin. This is a crucial step towards understanding the relationship between cellular resistance to chemotherapy and the response to microgravity [137]. An integrated set of systems biology tools and databases were collated together by Mukhopadhyay et al., who analyzed more than 8000 molecular pathways on published global gene expression datasets of human cells in microgravity. Interestingly, microgravity alone may induce several cancer related signatures, including OC [138].




Radiation


In one particular experiment, six-week-old female B6C3F1 mice were exposed to 439 mGy heavy ion irradiation, as a 290 MeV/u carbon-ion beam (LET 10 keV/micron) at 2 cm from the upper proximal point of a spread Bragg beam, and were autopsied 13.5 months after the irradiation [139]. The total tumor incidence was 32.3% (mainly OC), in the irradiated group and 0% in the controls. These results indicate that heavy ion irradiation can induce ovarian tumors in females.



The effects of heavy ion and X-ray irradiation on tumorigenesis in B6C3F1 mice were investigated by exposure to 426 mGy heavy ion irradiation of 290 MeV/u carbon-ion beam (LET 60–210 KeV/micron) at the dose rate of 400 +/− 200 mGy/min, 500 mGy of X-ray irradiation at 100 mGy/min, or 5000 mGy of X-ray irradiation at 1000 mGy/min [140]. Interestingly, in the females after 13.5 months of whole-body irradiation, tumorigenicity was significantly lower for heavy ion than for 500 mGy and 5000 mGy X-ray irradiation. The incidences of OC (which was the main tumor), were 73%, 17%, and 41%, respectively. These findings indicate that 426 mGy of heavy ion irradiation is associated with a lower risk of inducing cancer than 5000 mGy of X-ray irradiation.



In another experiment carried out to investigate the relationship between oocyte apoptosis and ovarian tumors induced by high and low LET radiations, C57BL/6N mice were exposed to 252Cf fission neutron (2.13 MeV), 1000 mGy monoenergetic neutrons (0.317, 0.525, and 1.026 MeV), or 137Cs g-rays at 7 days of age [141]. The cumulative apoptotic index of oocytes was 65.6%, 77.9%, and 41.6% for the 2.13 MeV neutron, 0.525 MeV neutron, and g-rays, respectively. Follicles with apoptotic pregranulosa cells were 18.3%, 53.0%, and 22.8% of cumulative index for the three groups, respectively. Granulosa cell tumors developed only in the g-ray groups (3.2% for 1000 mGy and 15.6% for 3000 mGy), whereas tubular adenomas developed in the groups of g-ray (35.5%) and monoenergetic neutrons (26.1%). In addition, partial-body irradiation with 3000 mGy g-rays to the ovaries induced granulosa cell tumors in 27.3% of mice. These findings show that there is a higher effectiveness of neutrons than g-rays to induce oocyte and pregranulosa cell apoptosis, which correlates with the inhibition of the development of granulosa cell tumor.



Mishra et al. hypothesized that, in mice, charged iron particle irradiation induces ovarian carcinogenesis. Three-month-old female mice were exposed to 0 mGy (sham) or 500 mGy iron ions at the Brookhaven National laboratory and euthanized at 18 months. The 500 mGy irradiated mice showed signs of ovarian failure, with increased weight gain and lack of estrous cycling. A total of 7% and 47% of mice irradiated with 500 mGy had bilateral and unilateral ovarian tumors, respectively, whereas 14% of mice in the 0 mGy group had unilateral tumors. The tumors were tubular adenomas or mixed tubular adenoma/granulosa cell tumors. Though conclusions are limited by the dose rate, this study demonstrated a that space radiation analog can induce ovarian tumors in mice, raising concerns about ovarian tumors as late sequelae of deep space travel in female astronauts [142].





5.2.2. Cervical Normal and Cancer Cells Exposed to Microgravity and/or Radiation


Microgravity


In a study investigating the multicellular interaction between CC cell lines and human umbilical vein endothelial cells (HUVEC), which were grown in a RWV, it was found that the co-culture presented tubular structures penetrating the tumor cell masses. This co-culture formed aggregates larger in size than the monocultures, with increased cell mass and number. This suggests that a RWV provides a new model that can be used to investigate the regulatory factors that govern tumor angiogenesis [143]. Kelly et al. investigated various cell types, including melanoma cells, prostate cancer cells, osteosarcoma cells, lung cancer cells, and cervical carcinoma cells (HeLa) on the NASA-developed hydrofocusing bioreactor (HFB) and the rotary cell culture system (RCCS). It has been demonstrated that HFB exposure increased CD133-positive cell growth from various cell lines, when compared with the RCCS vessel and normal gravity control [144].




Spaceflight Studies


So far, the majority of studies on spaceflight focus on normal cells and tissues. However, little is known of the effects of spaceflight on cancer cells. To investigate the potential effects of the exposure of the space environment on cancer cells, one of the experiments included sending human cervical carcinoma CaSki cells on “Shen Zhou IV” space shuttle mission. The cell morphology and proliferation were investigated after flying to ground. The growth of CaSki cells in the flight group was slow when compared with ground groups. Light microscopy revealed differences in cell morphology between ground controls and flight groups, with the latter being characterized by smaller, rounder, smoother and low adhesion cells. Furthermore, space-grown CaSki cells showed altered gene expression in genes regulating the cell cycle, cell morphology, signal transduction, and apoptosis [145,146].




Radiation


In contrast to the numerous studies that have been conducted on the ground using particles generated in accelerators, investigations on DNA damage from direct exposure to natural space radiation are very limited. In one study, where fixed human cervical carcinoma (HeLa) cells were flown in the Russian MIR space station for 40 days or on the Space Shuttle for 9 days, the resulting DNA damage levels, as measured by enzymatic incorporation of [3 H]-dATP from terminal deoxyribo-nucleotidyl transferase, correlated with the space flight duration. This suggests that the measured DNA damage was caused by space radiation and was dependent on the duration of the space flight [71]. However, further experiments need to be performed in the true space environment in order to further investigate and address this critical question.




Viral Reactivation


A potential inducer of gynecological cancers during space travel may be linked to oncogenic virus reactivation. It has been reported that HPV is responsible for 4.5% of CCs and 630,000 new cancer cases per year [147]. HPV can infect both genders and can also cause anal, penis, vagina, vulva, and oropharynx cancers. Despite immune clearance, some viral infections may persist in the latent phase and can cause reactivation or outbreaks. HPV virus latency and reactivation has been widely documented in literature [148], and this reactivation risk increases in women with co-infections, such as HIV and herpesviruses [149]. HPV and co-infection with HSV-2 have been reported in both cervical precancerous lesions and invasive CCs with a prevalence of 13–30% [149]. There is also evidence of the Epstein–Barr virus (EBV), human herpesvirus 4, as a cofactor in cervical pathologies. EBV has been detected in CIN and CC cells [149].



In 2017, Mehta et al. reported reactivation of latent EBV, varicella-zoster virus, and cytomegalovirus in a population of astronauts (male and female) as well as increased in viral copy numbers during long-duration space travel in comparison to short-duration space missions (10 to 16 days) [150]. During spaceflight, immune dysregulation, impaired NK cell function, and reduced T cell activation have all been reported [151,152]. Both short- and long-duration spaceflights can cause reactivation of the latent herpes virus infections [153]. In addition to the herpes virus, varicella zoster virus (VZV), cytomegalovirus (CMV), and EBV shedding increased in ISS missions [153].



Currently, it is unknown if spaceflight would alter the HPV clearance and/or reactivation. Based on the current evidence of immune dysfunction and reactivation of some viruses, HPV screening may need to be modified in the future, especially for longer duration spaceflights. Up to 23% of astronaut candidates had a history of treated or current cervical dysplasia. If research shows increased risk for reactivation of viruses like HPV in spaceflight, these women may be at increased risk for CC [154].





5.2.3. Endometrial Normal and Cancer Cells Exposed to Microgravity and/or Radiation


Microgravity


The possible effect of simulated microgravity (SM) on the process of proliferation and in vitro decidualization was investigated in primary human endometrial stromal cells (eSCs) (Cho et al.). Following 36 h of exposure to SM, there was a decrease in the proliferation and migration of eSCs, without inducing apoptosis and changes in cell cycle progression. A decrease in the phosphorylation of Akt and levels of matrix metalloproteinase (MMP)-2 and FOXO3a were also observed, impeding autophagic flux by reducing the levels of autophagy-related genes. Overall, these results suggest that exposure to SM decreases proliferation and migration in eSCs through Akt/MMP and FOXO3a/autophagic flux [155].



A three-dimensional (3D) cell culture model of human EC was established by Grun et al., using a RCCS and appeared histologically similar to the primary tumors. This is likely to be useful in the study of the molecular and biological mechanisms of endometrial tumor progression and especially when testing novel molecular targets for cancer therapy [156].




Radiation


The effect of space radiation on expression of apoptosis-related genes was investigated in endometrial cells (HEC1B and AN3CA cells) by Palumbo et al., whereby cell death was induced by monoenergetic protons (1000–10,000 mGy; LET 8.35 keV/μm and 4.86 MeV) and γ-rays (200–1600 mGy) after irradiation for 4 h. Following exposure to 1000 mGy protons and 400 mGy γ-rays, HEC1B cells underwent apoptosis, as assessed by presence of PARP cleavage. However, this was not observed after higher doses, as cells were likely to have progressed directly to necrosis. AN3CA cells, which are less differentiated than HEC1B, did not undergo apoptosis, but underwent rapid necrosis following 10,000 mGy proton radiation and above 200 mGy γ-radiation. Since the experiments included only three replicates per group, with no statistical analyses, it is still unclear whether there is greater potency of proton radiation compared to γ-radiation for these endpoints in uterine carcinoma cells [157].
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Table 5. Studies on effects of space flight and simulated gravity on gynecological tissues.






Table 5. Studies on effects of space flight and simulated gravity on gynecological tissues.





	
Tissue Type

	
Microgravity/Space Flight

	
Cell/Animal Models

	
Effect

	
Study






	
Ovarian

	
simulated microgravity RWV

	
LN1 human ovarian tumor cells

	
LN1 cells grew as spheroids free in suspension

	
Becker et al., 1993; Goodwin et al., 1997 [134,135]




	
spaceflight

(cells were cultured on the ISS)

	
LN1 human ovarian tumor cells

	
Cells showed reduced expression of VIM and EMA

	
Hammond et al., 2005 [136]




	
simulated microgravity

3D-C

	
SKOV-3 human ovarian cancer cells

	
Cells showed reduced proliferation, migration, and higher sensitivity of cancer cells to the cisplatin

	
Przystupski et al., 2021 [137]




	
microgravity

	
set of systems-biology tools and

databases

	
identified several cancer related signatures induced by microgravity

	
Mukhopadhyay et al., 2016 [138]




	
Cervical

	
simulated microgravity RWV

	
Co-culture of HUVEC and tumor primary cells

	
Co-culture presented tubular structures penetrating the tumor cell masses,

	
Chopra et al., 1997 [143]




	
simulated microgravity HFB and RCCS

	
HeLa human cervical cancer cells

	
HFB exposure increased CD133-positive cell growth

	
Kelly et al., 2010 [144]




	
spaceflight

(cells were flown on “Shen Zhou IV” space shuttle mission)

	
Human cervical carcinoma CaSki cells

	
Cells exhibited morphologic differences, characterized by rounder, smoother, decreased, smaller, and low adhesion cells. Furthermore, space-grown cells showed altered gene expression that generally corresponded to changes in genes regulating the cell cycle, cell morphology, apoptosis, and signal transduction

	
Zhang et al., 2011; Guo et al., 2012 [145,146]




	
Endometrial

	
simulated microgravity

3D-C

	
human endometrial stromal cells (eSCs)

	
Cells showed reduced proliferation and migration. This was accompanied by a simultaneous decrease in the phosphorylation of Akt and the level of matrix metalloproteinase (MMP)-2 and FOXO3a.

	
Cho et al., 2019 [156]




	
simulated microgravity RCCS

	
Human tumor primary cells

	
3D model endometrial cancer cell culture was established

	
Grun et al., 2009 [157]








Abbreviations: RWV: rotating-wall vessel; ISS: International Space Station; 3D-C: 3D-clinostat; VIM: vimentin; EMA; epithelial membrane antigen; HUVEC: human umbilical vein endothelial cells; HFB: hydrodynamic focusing bioreactor; RCCS: rotatory cell culture system.
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Table 6. Studies on effects of irradiation on gynecological tissues.
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Tissue Type

	
Radiation Type

	
Cell/Animal Models

	
Effect

	
Study






	
Ovarian

	
0.439 Gy as a 290 MeV/u carbon-ion beam (LET 10 keV/micron)

	
B6C3F1 mice

	
Induction of ovarian tumors

	
Watanabe et al., 1998 [139]




	
0.426 Gy heavy ion irradiation of 290 MeV/u carbon-ion beam (LET 60–210 KeV/micron) at the dose rate of 0.4 +/− 0.2 Gy/min; 0.5 Gy of X-ray irradiation at 0.1 Gy/min or 5 Gy of X-ray irradiation at 1 Gy/min.

	
B6C3F1 mice

	
Tumorigenicity was lower for heavy ion than for 0.5 Gy and 5 Gy X-ray irradiation

	
Watanabe et al., 1998 [140]




	
high and low LET radiations.

1.0 Gy monoenergetic neutrons (0.317, 0.525 and 1.026 MeV), 252Cf fission neutron (2.13 MeV) or 137Cs γ-rays

	
C57BL/6N mice

	
Higher effectiveness of neutrons than γ-rays to induce oocyte and pregranulosa cell apoptosis correlates with the inhibition of granulosa cell tumor development

	
Nitta & Hoshi, 2003 [141]




	
HZE particles.

50 cGy iron ions

	
C57BL/6J

	
Induction of ovarian tumors

	
Mishra et al., 2018 [142]




	
Cervical

	
spaceflight

(cells were flown on “Russian MIR” space station or on the Space Shuttle)

	
HeLa human cervical cancer cells

	
Increased DNA damage

	
Ohnishi, et al., 2002 [71]




	
Endometrial

	
Monoenergetic protons (1–10 Gy; LET 8.35 keV/μm and 4.86 MeV) and γ-rays (0.2–1.6 Gy)

	
Human endometrial carcinoma cell lines (HEC1B and AN3CA cells)

	
Decreased cell survival

	
Palumbo et al., 2001 [158]








Abbreviations: LET: linear energy transfer; HZE: high-charge and energy.















6. Current Challenges in Gynecological Cancer Risk Prediction for Spaceflight


Currently, there is no evidence to suggest that female astronauts have an increased incidence of gynecological cancers. However, we should note that given the low number of female astronauts, conducting studies to determine whether spaceflight increases gynecological cancer risk is difficult. Another possibility could be that the current limitations enforced on the time females spend in space are effective at reducing the incidence of gynecology-specific cancers. At present, studies focusing on subjects that experience similar occupational risk factors to astronauts is the closest form of data we can use to address cancer risk in female astronauts. For example, there are epidemiological studies that have found that there is an increased incidence of breast cancer in female commercial flight attendants. Since female astronauts are exposed to similar occupational risk factors and may also have piloting experience, they may also be at an increased risk for breast cancer [15].



6.1. Gynecologic Medical Standards for Career and Private Astronauts


The prevention of gynecologic morbidity in space begins with the selection process and continues with personalized preventive medicine programs during the astronaut’s Earth-based career [158]. The medical selection criteria for female astronauts with different space agencies undertaking short- and long-term journeys in LEO are identical to those of males except for reproductive system standards and radiation exposure limits. Until 2022, career exposure limits for women of all ages were lower than those for men [14]. The difference in radiation exposure limits reflected the increased incidence of breast, thyroid, and OC in women compared to the incidence in men and the increased risk of lung cancer among female atomic bomb survivors. Moreover, due to reduced cardiovascular and trauma risks, women live approximately 5–7 years longer than men, thus allowing for more time for post flight radiation-induced carcinogenesis. However, the new radiation standard for the radiation exposure limit is now set to be less than 600 mGy and is universal for all ages and sexes. For example, the updated value has been fully integrated into the NASA Space Flight Human-System Standard on Crew Health that sets standards for fitness for duty, space permissible exposure limits, and permissible outcome limits, as well as levels of medical care, medical diagnosis, intervention, treatment and care, and countermeasures [159].



Gynecologic selection standards for astronauts have evolved and generally have been relaxed as spaceflight experiences progress [158]. Current medical standards allow for a history of endometriosis but would disqualify candidates with endometriosis that results in severe dysmenorrhea, endometriomas, or extensive pelvic adhesive diseases. Premenstrual syndrome must interfere with performance of duties to disqualify a female candidate during selection. Any gynecologic malignancy is disqualifying for selection and for flight except for successfully treated cervical carcinoma in situ. As part of the final astronaut selection process, each female candidate finalist undergoes pelvic and abdominal sonography, colposcopy, gynecologic examination, pap smear, and screening for high-risk HPV. Up to the 2013 selection, no female finalists have been disqualified because of gynecologic conditions found at the time of the selection examination. However, several female astronaut finalists were required to undergo surgical procedures or biopsies to rule out disqualifying pathology or neoplasia in ovarian masses, breast masses, or breast microcalcifications, or to remove large leiomyomata uteri [158].



For astronauts, the annual examination includes a physical test by a flight surgeon. Extensive blood analysis, periodic exercise capacity tests, mammography or breast MRI, and bone density analysis (every 3 years unless postflight). Colposcopy is performed based on current practice guidelines and known individual risk factors. During the examination, careful consideration is given to effective contraception for training and flight, optimizing bone density, potential pregnancy timing, and desire for menstrual control during an upcoming mission. For astronauts over 35 years of age and experiencing spotting or breakthrough bleeding on cyclic or combined oral contraceptive, a saline infusion sonogram or hysteroscopy is usually completed to rule endometrial polyps, submucous myomas, or other abnormalities of the endometrial cavity.



Preflight medical evaluations are more comprehensive than annual exams and include abdominal and pelvic ultrasound studies and breast MRI. Currently, all female astronauts receive a pre-flight transvaginal ultrasound (TVUS). While TVUS is not recommended for routine terrestrial OC screening, surgical management of ovarian masses can be considered [16]. Furthermore, if an endometrial stripe abnormality is noted on TVUS, terrestrial guidelines for endometrial hyperplasia/cancer screening can be considered, especially in the setting of abnormal uterine bleeding [160]. In addition to the CC screening recommended by the American Society for Colposcopy and Cervical Pathology (ASCCP), all astronauts should be encouraged to obtain the HPV vaccine series. Routine screening for a personal and family history of precancerous lesions and cancer is recommended to trigger consideration for preflight genetic screening of hereditary cancer syndromes. Lastly, when discussing the risks and benefits of hormonal modalities during spaceflight, counseling regarding the known effect on breast, ovarian, and EC should be part of this counseling.



Astronauts in training that develop a disqualifying gynecologic condition are often granted a waiver if the medical threat or risk can be eliminated or reduced to an accepted level or the condition, so that it does not interfere with performance of duties or mission assurance. Decisions regarding waivers for flight to the ISS are made on a case-by-case basis by NASA and the International Partners following a thorough review of the condition, inputs from specialist consultants, successful therapeutic intervention (if needed), and complete recovery. Final determination of medical certification currently rests with NASA and the Multilateral Space Medicine Board of the ISS International Partners (MSMBIP). For the postflight female astronaut population, more conservative recommendations including annual mammography with adjunctive ultrasound for dense breast tissue, or alternating mammography with biennial breast magnetic resonance imaging (MRI), earlier and more frequent colon cancer screening (starting at 40 y and every 5 y thereafter), and an annual skin exam by dermatologist [154,158] have been recommended [161].



In the case of future female spaceflight participants on NASA-sponsored commercial crew orbital flights (Boeing and SpaceX), Axiom missions, and Inspiration 4 missions, they will probably come under standards and medical selection testing that evolved from a previously published ISS Medical Evaluation Document Volume C and Appendix F [162]. The published standard finds certain gynecologic conditions disqualifying, and individuals outside the standards can be assessed for a waiver based on a risk assessment/mitigation approach. Disqualifying conditions include: (1) disease, injury, or other disorders of the gynecologic tract that could require emergency treatment or interfere with mission completion; (2) any disabling disorders of the reproductive system or associated anatomical structures that could potentially require emergency medical care; and/or (3) history of tumors or pathological growth will be reviewed by the MSMBIP. However, totally private spaceflight participants traveling to LEO or on suborbital flights will have limited flight-related responsibilities and come under the jurisdiction of the US Federal Aviation Administration and each company’s medical policy. Proposed gynecology guidance for private spaceflight participants includes assessing the history of surgery, medication use, current pregnancy, recent postpartum state, or recent pregnancy loss status [158].




6.2. Countermeasures


There are numerous protective measures specific to ionizing space radiation exposure that could be considered, particularly for exploration-class missions. As discussed, space radiation remains one of the primary factors limiting human tolerance to long-term spaceflight. At present, one of the principal countermeasures to protect astronauts from the biological effects of space radiation is limiting the time spent in space. However, this is not feasible for long-term interplanetary space travel, so other remaining measures will have to be implemented.



Preventing space radiation exposure through shielding remains a major challenge for space travel. Reasons for this include restrictions on cost, spacecraft mass, and the nature of ionizing particles, which can penetrate spacecraft hulls and result in secondary intra-vehicular radiation [19]. Spacecraft shielding can be divided into two main categories: passive shielding, constructed of specific materials and always present on spacecraft, and active shielding, which utilizes magnetic or electrostatic fields. In 2019, Barthel and Sarigul-Klijn reviewed shielding optimization methods for space travel beyond the influence of the Earth’s magnetic fields [163].



Regarding passive shielding, optimization of shielding placement could help overcome the mass limitations of spacecraft. Furthermore, due to the interactions between the spacecraft and ionizing particles, materials with lighter nuclei atoms are ideal as high mass nuclei in shielding materials would increase the number of neutrons inside the spacecraft; an electron plasma would be most effective followed by liquid hydrogen. Special space suits with built-in shielding have also been proposed to eradicate the cost of shielding an entire spacecraft but to still provide reasonable protection to astronauts. Active shielding could provide protection, potentially without compromising the mass of spacecraft to the same degree. Electrostatic shielding would work by placing several charged spheres in specific orientations around the spacecraft. This would create a “safe zone” in a particular location on the spacecraft. Magnetic shielding would be created by using a superconducting solenoid around the spacecraft, generating a high magnetic field that would deflect particles below a certain energy threshold. The shielding technology described still has a long way to go in its development but holds the potential to provide effective protection to astronauts on exploration class missions.



Biological countermeasures could also be utilized to protect against the ill-effects of ISR-induced oxidative stress. In 2021, Montesinos et al. discussed the role of these countermeasures, which will also be summarized here [164]. Several studies have found that dietary measure and supplementation is likely to have a protective effect in astronauts. It has long been known that a varied diet full of plant foods provides us with the nutrition needed for optimum health. The limitations of storage space and mass on spacecraft restricts the access of crew to a wide variety of foods that would provide them with an abundance of phytochemicals, antioxidants, and other compounds known to interfere with oxidative stress pathways.



N-Acetyl-l-Cysteine (NAC) contains an acetyl group that enhances its lipophilicity and allows for the molecule to cross the cell lipid bilayer. This contributes to replenishment of glutathione and thus may reduce both cellular ROS and mitochondrial damage. Because NAC tends to be more stable, it can be stored and administered in the form of a supplement to enhance cellular antioxidant capacity to combat the adverse effects of space environment exposure during space travels. DNA protection was observed in mice who received oral NAC treatment followed by a whole-body irradiation of 1000 mGy gamma radiation at a dose rate of 5000 mGy/min [165]. Treatment with NAC increased the overall health and quality of post ovulatory oocytes in vitro. Reduced spindle defects, decreased abnormal mitochondrial distribution, reduced reactive oxygen species, increased levels of intracellular ATP, and decreased abnormal cortical granules distribution were observed in oocytes treated with NAC [166]. However, more studies are needed to try to closely replicate space radiation to more accurately determine the effects of such radiation or the protective effects of countermeasures such as this.



Selenium is amongst the group of micronutrients that is found to be depleted during long-duration spaceflight. This compound is needed for the normal function of oxidative stress protection molecules like glutathione peroxidase, thioredoxin reductase, and the selenoprotein family [167]. Selenium deficiency is also associated with dysfunction of the immune system [168]. Furthermore, taurine is a sulfur-containing amino acid also involved in mitochondrial health. Previous studies suggested that taurine conjugates with tRNALeu (UUR) or tRNALys (UUU) of mitochondria, which is important for proper codon-anticodon matching, thus increasing the accuracy and quality of mitochondrial proteins produced [169]. Supplementation of selenium, taurine, and other compounds that protect against oxidative stress might be important in lessening the ionizing effects of long-term radiation exposure on interplanetary space travel. However, many antioxidant compounds are typically needed in large doses in order to achieve the desired clinical effect as single agents. Unfortunately, the doses needed to achieve this exceed tolerability and/or safe levels. The use of a single agent may also downregulate other natural antioxidant pathways, given the complexity of these mechanisms in the human body [170]. Due to the limitations on the dietary intake of astronauts, the development of a single supplementation method that combines safe levels of the most effective chemopreventive compounds would be most desirable for long-term spaceflight missions. Better yet, developing a way for astronauts to grow their own fresh produce in space from which they can source their antioxidants and nutrients would be another desirable way of providing astronauts with compounds that are protective against oxidative stress and cancer development. Other studies have looked into several interesting biological methods like injecting tardigrade DNA [171] or neulasta, which is a bone marrow stimulant, into human tissue [172]. When injected in mini pigs, these were found to have a modest effect on the body’s response to irradiation.



With respect to women astronauts, hormonal contraception is already standard practice, which may have countermeasure impacts. There are also non-contraceptive health benefits of using hormonal contraceptives. Many considerations related to cancer risk have been examined on Earth. There are extensive data demonstrating combined oral contraceptive use protects against the development of colon, endometrial, and OC, with increasing protective effects with longer duration use [173]. Similarly, the levonorgestrel intrauterine device is associated with a reduced risk of EC and OC [173]. However, CC risk has been found to increase with increasing duration of oral contraceptive use and newer combined hormonal contraceptive options of the vaginal ring and transdermal patch have a similar increased risk of CC [174,175]. Progestin-only contraceptive users do not have an increased relative risk of developing CC [175]. Furthermore, in HPV-positive women, it has been suggested that the estrogens and progestogens in hormonal contraception could enhance expression of HPV genes through hormone response elements on the viral genome, consequently increasing the risk of CC [176].



Current combined oral contraceptive use is associated with a slightly higher risk of breast cancer (7%); however, this appears to be more associated with triphasic oral contraceptive pills and decreases after discontinuation of oral contraceptives [177,178]. Current evidence also suggests that levonorgestrel intrauterine device users also have an increased risk of developing breast cancer, and this risk is increased with increasing age [178,179]. Overall, the benefits of hormonal contraceptive use outweigh the slight increased risks of cancer development. This information is reassuring, however, as mentioned before, there is a lack of knowledge on hormonal contraception use for long-term spaceflight missions, and contraception use is still an important factor to account for in the overall reproductive health of female astronauts. The risk of breast cancer in female astronauts also merits further study, especially with relation to the exposure to space radiation.



Additionally, proposed pharmacological measures include, but are not limited to, pharmaceutical radioprotectors and immunomodulation. Pharmaceutical radioprotectors are administered before exposure to a radiation environment. Radiation mitigators are administered after exposure but before the signs and symptoms of radiation exposure occur [180]. To date, the use of these agents thus far in controlled clinical scenarios, where radiation exposure can be controlled and quantitated, does not reflect the unpredictable radiation environment in space. Timing the administration of these agents would therefore be much harder in astronauts [164]. Immunomodulation-based agents include prospective DNA- and RNA-based anti-radiation vaccines in addition to anti-radiation antidotes. These would work via a group of antibodies and natural inhibitory proteins that prevent inflammation, pathological apoptosis, and necrosis of radiation-exposed tissues [164].



As discussed before, radiation has been shown to have molecular effects. These include genetic and epigenetic changes that alter molecular functioning and can lead to carcinogenesis [181]. Genetic counseling and screening guidelines are available through the American College of Obstetricians and Gynecologists (ACOG), the American College of Medical Genetics and Genomics (ACMG), National Society of Genetic Counselors (NSGC), and the Society of Gynecologic Oncology (SGO), and it is reasonable to consider screening astronauts preflight for genetic risk factors for certain cancers. Consideration may need to given for genetic screening, especially of female astronauts for certain mutations such as BRCA1/BRCA2 and others associated with breast cancer. If a carrier condition has been identified, screening and risk-reduction protocols can be discussed depending on the type of mutation. Terrestrially, risk-reduction surgeries depending on the mutation recommended at various ages. Salpingo-oophorectomy is recommended at age 35–40 years for BRCA1 carriers and at age 40–45 years for BRCA2 carriers. For BRIP1, RAD51C, and RAD51D carriers, it is recommended at age 45–50 years [182].



While work is ongoing in categorizing the radiosensitive/radioresistant genes, we should note that this may be an interesting application of gene/epigenetic modification technologies as radiation countermeasures. Recent advances in these methods have shown improved overall outcomes, where approaches altering the epigenome are readily reversible [183,184]. Successful identification and modulation of these genes could allow for a significant reduction in negative outcomes experienced by future generations of astronauts.





7. Future Perspectives


Omics approaches are likely to help in understanding the human health risks due to spaceflight missions. Since its inception in 2014, the NASA GeneLab data repository currently boasts over 271 omics data collected from spaceflight and ground simulation experiments, but it contains no data on female human gynecological cancers [185]. Interestingly, there exists only one dataset relevant to females, and the study only investigated the mammary gland of mice [186]. Therefore, there is a significant need for studies that investigate female physiology in space.



There are a number of research opportunities that remain for considering the risks and management of breast and gynecologic cancers pre- and postflight. These include the following: histological differences of any tumors that have occurred in astronauts, characterizing molecular pathways involved in carcinogenesis in analog mammalian models, exploratory omics endpoints, the possibility HPV reactivation, the role of radiation countermeasures in prevention, optimizing in-flight or postflight screening protocols, changes in the microbiota of the reproductive tract during spaceflight and their relation to gynecological cancers, and evaluating the role that artificial intelligence and machine learning will play in cancer detection and prevention. Further study on gynecological cancers, including the incidence of the rare types, in space will build a knowledge base that will help to ensure the safety and health of female astronauts by giving them access to prevention, diagnosis, and countermeasures during their space missions.



It would be extremely beneficial to the community to come with a roadmap of studies that needs to be conducted so gynecological risks associated with exploration class missions to the Moon and Mars are minimized. Further, as commercial and private astronauts become more common, obtaining gynecologic and reproductive endpoints following spaceflight will be critical for the creation of preflight, in-flight, and postflight protocols for the screening, diagnosis, and management of gynecologic morbidity and overall astronaut safety.




8. Conclusions


The current data reveal a scarcity of knowledge about the impact of space radiation and microgravity on gynecologic cancer, as there have been insufficient numbers of female astronauts exposed to long-duration, low-dose rate, and proton and heavy ion radiation to reliably determine the impact on the female reproductive system. With the upcoming Artemis missions set to place the first females on the Moon, there will be longer duration of exposures to both microgravity and space radiation; hence, the influence of flight length on risks related to gynecological cancers will demand a larger focus in ensuring astronaut safety during flight and postflight. Indeed, among all body tissues, the male and female gonads are among the most sensitive to radiation. Therefore, these tissues may be one of the best to study to determine space radiation related exposures.
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Figure 1. A summary of the effects of microgravity, space radiation, and space flight on the female reproductive system. 






Figure 1. A summary of the effects of microgravity, space radiation, and space flight on the female reproductive system.



[image: Ijms 23 07465 g001]







[image: Table] 





Table 1. Types of radiation and the radiation weighting factor.
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	Type of Radiation
	Radiation Weighting Factor (WR)





	X-rays/Gamma rays
	1



	Electrons
	1



	Protons
	2–5



	Neutrons
	5–20



	Heavy ions
	20
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Table 2. Radiation effects on female reproductive function.
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Age

	
Dose, mGy

	
Effect






	
All ages

	
1700

	
Temporary sterility lasting 1–3 years




	
1250–1500

	
Amenorrhea in 50%




	
3200–6250

	
Permanent sterility




	
Ages 15–40

	
1250–2500

	
Temporary amenorrhea




	
2500–5000

	
Ovulary suppression in 40–100%




	
5000–8000

	
Permanent ovulary suppression in 40–100%




	
8000–20,000

	
Permanent ovulary suppression in 100%
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