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Is space the final frontier for mitochondrial study?
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TWEETABLE ABSTRACT

This perspective considers several avenues for future research on mitochondrial dynamics, stress, and DNA in outer space.
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The effects of space travel on mitechondrial biology, including mitochondrial ultrastructure, oxidative stress, DNA and organelle contact
sites, are becoming of greater interest as the possibility of commercial space travel becomes closer to reality. Studies of the effects
of space travel on biology, including mitochondria, are not new: in fact, in vitro studies of such effects have been performed since the
1990s [11 Some common spaceinked diseases that currently constrain prolonged space travel, beyond those caused by isolation and
neurclegical conditions, include muscle atrophy, bone demineralization, immune dysfunction, cardiovascular deconditioning, cancer, and
vestibular and sensory imbalance, all of which are reminiscent of advanced aging [2,3]. Mitochondrial dysfunctionis strongly associated
with many of these outcomes, highlighting the need for a better understanding of the effects of space on mitochondrial biology. Here,
we discuss our current understanding of mitechondria in space, the feasibility of long-term space travel, and potential experiments to
further study mitochondrial functions, structure and adaptive mechanisms In space.

Space as a unique environment & known space-related changes

As praviously reviewed in National Aeronautics and Space Administration (NASA) Briefings, the principal stressors of and barriers to long-
term spaceflight are exposure to microgravity and radiation [4]. Furthermore, research has found an increasing number of environmental
pressures and age-related diseases that are strongly associated with mitechondrial dysfunction, including ultrastructural defects, dam-
age caused by reactive cxygen species (ROS), mitochondrial DNA (mtDMA) mutations, and changes in inter-organelle contact sites [5-7).
Together, these findings demonstrate the necessity of studying space to gain a deeper understanding of these mitochondrial processes,
both as they relate to space and as they more commonly result from aging or environmental stressors.

Microgravity

On Earth, gravity places constant pressure on the body. In microgravity, that gravitational pull is reduced, and bones weaken because
they are no longer subjected to the same level of stress [3,B]. The same effects may concomitantly impact mitochondrial metabolism and
function. Studies have indicated that mitochondrial function is altered In microgravity conditions, which may significantly impact gene
regulation, innate immunity, and lipid metabelism [2]. Interestingly, microgravity is associated with lower metabolic demand and may
therefore reduce the expression of proteins associated with oxidative phosphorylation [3]. In specific tissues, such as skeletal muscle,
researchers have found that mitochondrial respiration decreases after extended periods of spaceflight, associated with muscle atrophy
and weakness [3,91 In this process, known as the unloading of skeletal muscle, a glycolytic phenotype of skeletal muscle is prioritized
as muscle massislost 10}, which parallels the changes seen in age-dependent sarcopenia on Earth [17]. One of the most comprehensive
studies on mitochondriain space to date [2] indicated that space-related mitochondrial stress occurs through several pathways, including
vascular remodeling although mitechondrial function s conserved, and causes metabolomic changes that are evolutionarily conserved
BCross NUIMEroUs organisms,

Radiation

Space is anirradiated environment with highly charged particles that can increase one's risk of developing deleterious mutations, oxida-
tive stress, and other mitochondrial changes [2,12,13]. Although mitochondrial function mainly depends on their cytosolic environment,
these external stimuli may still affect mitochondria, either directly or by altering the cytosol [4). Some circumstances, such as exposurng
to ionizing radiation from cosmic rays, can directly impact mitochondrial metabolism [14]. Similarly, research has increasingly shown
that extravehicular activity and ionizing rmdiation, among other factors associated with spaceflight, result in the generation of additional
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ROS [4]. The mitochondrial outcomes of other space-related stressors, such as microgravity, are less clear; for example, microgravity
can cause a sex-dependent increase in insulin resistance [15], which indicates a space-induced microenvironment alteration that may
ultimately cause mitochondrial changes. However, mechanistic insights into these changes are currently lacking.

Cellular stress

Though the human body is not adapted to space environments [4], the cellular stress induced by space travel remains unclear. This
cellular stress can result from factors such as psychological isolation, which can influence mitochondrial function [16), and environmenital
stressors, including extravehicular activity and pre-extravehicular activity breathing [4]. The best existing study on space travel-related
cellular stress was the NASA Twins Study, which comprehensively showed changes in microbiota, immune pathways, DMA methylation,
and telomere lengthening during spaceflight [17]. The study also noted an increased quantity of mitochendrial DNA (mitDNA), altered
oxidative capacity and an associated increase in lactic acid buildup [171, and wide genomic changes in mitochondrial pathways during
spaceflight. Past in vitro studies have indicated that both Schneider S-1 and Jurkat cells exhibit changes in mitochondrial arganization
in space, including microtubule-mediated clustering and disorganization of cristae (the folds of the inner mitochondrial membrane) [18],
suggesting that space can affect mitochondrial structure. Moreover, spaceflight-dependent ROS generation can have various negative
effects, including DNA damage and apoptosis [12,19). Together, these findings indicate that these pluralizstic cellular stresses may affect
mitochondria through many dif ferent mechanisms. Importantly, NASA's Twins Study [17] allows for important Inferences about adaptive
mitechondrial mechanisms in response o prolonged periods of stress, which can aid inthe development of future therapies and further
our understanding of mitochondrial regulation and homeostasis.

Future directions
The following sections discuss some characteristics of mitochondria that may be considered in space and the questions that remain to
be answered in future research.

ROS: An svenue for lipid metabolism

There is little conclusive information on the effects of oxidative stress during spaceflight and their potential interactions with lipid-fueled
peroxidation. Oxidative damage appears to increase In space glven the upregulation in ROS and other markers of oxidative stress seenin
humans and other model organisms [2,3,20]. NASA's Twins Study further suggests that although mitochondria have pathways 1o resist
oxidative stress during a prolonged time in space [17], prolonged space travel resufted in reduced antioxidant defenzes, increased ROS,
and modified mtDNA, which impaired mitochondrial function [2,17]. Other studies have shown that simulated microgravity conditions
produce NADPH oxidase and ROS in Hodghin's lymphoma cells, toward an end pathway of autophagy [27]. The relative contributions
of various factors to this oxidative stress require further elucidation. However, we do know that ROS may be generated by extravehic-
ular activity, pre-extravehicular activity breathing, ionizing radiation, increased air pressure and hyperoxic conditions, and aktered iran
loading (41

Lipid peroxidation may be an important pathology-driving consequence of oxidative stress. Eye problems are exceedingly comman
in astronauts returning from Space Shuttle missions [12). Eyes have high concentrations of lipids, and studies of C57BL/6 micein space
have illustrated that vision problerns may develop due to lipid peroxidation, which occurs due to overexpression of certain genes, such as
MADPH oxidase 1 [12]. The consequences of space-induced lipid peroxidation and antecedent oxidative stress in other lipid-rich regions
of the body, such as the brain [22], require further study. We curmently know that mitochondria make physical contact with lipid droplets
to fulfill a variety of biochemical roles [23] including assisting in lipid droplet formation and degradation [24]. 5till, it remaing unclear
whether lipids sequestered on these contact sites in space serve the same roles as on Earth, Including as antioxidants.

These lipid droplet contact sites may offer valuable potential avenues for future therapeutic tools, However, ROS may be more readily
targeted by activating antioxidant defenses, for example, through the delivery of therapeutics that mimic MnS0D to reduce oxidative
stress [25] or Mitod, which reduces oxidative stress specifically caused by space-originating iron lon *Fe radiation while increasing mi-
tochondrial fusion proteins [26]. In the future, invive studies should examine whether these therapeutics can prevent certain pathologies
when delivered in space to help build a mechanistic understanding of whether oxidative stress and associated lipid peraxidation can be
ameliorated in this envirenment.

Mitochondrial dynamics & blogenesis

Mitochondria undergo normal cycles of fusion and fission in addition to regular cycles of biogenesis (creation of new mitochondria),
which may be altered in spaceflight Mitochondrial membrane fusion is generally requlated by a group of dynamin-related proteins (DRP)
in the presence of guanosine triphosphatase [27]. Inner membrane mitochondrial fusion is controlled by OPAT with the help of the teth-
ering GTPase Mgm1 and outer mitochondrial membrane fusion and fission are controlled by GTPase DRPs, which principally include
DRP1, DNM1, Fzol, FSH and two types of mitofusing (MFN1 and MFN2) [27-30]. Research on the impacts of space on mitochondral
dynamics proteins is ongoing. A study comparing Drosophila exposed to spaceflight showed increased DRP1 and OPAT, indicating in-
creased dynamics without a shift toward fusion or fission [20], whereas another study showed that prolonged bed use (which simulates
microgravity) resulted in reduced OPA1 and fusion proteins with a concomitant increase in DRPY, indicating pro-fission states [31]. These
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findings indicate that microgravity alone generally increases fission, which may functionally result in more fragmented mitochondria and
impaired energy production; however, spaceflight in totality increases dynamics in general, suggesting that mitechondria can quickly ad-
just their morphology and function to meet specific cellular needs. Nevertheless, these studies remain limited and do not offer adequate
mechanisticinsight intothe medulation of dynamics. Because decreased OPAT cancause age-related muscle atrophy (32, future studies
must further consider how alterations in mitochondrial dynamics proteins impact the effects observed in longterm space travel.
Mitochondrial biogenesis is mainly regulated in a PGC-Tu-dependent manner (reviewed In [33]). Prolonged bed rest (simulating mi-
crogravity) reduces PGC-Tu levels, indicating impaired mitochondrial biogenesis [34,35]). By contrast, the NASA Twins Study reported
increased PGC-1x [2] and biogenesis in microgravity, suggesting a mechanism independent of microgravity-induced changes. These
elevated PGC-1a levels in spaceflight, despite microgravity, may be due to astronauts regularly engaging in exercise [36). However, past
studies in stimulated microgravity reported that PGC-1a levels were not affected by exercise, though other metabolic effectors were [34].
These conflicting findings indicate a need to optimize exercise regimes to support mitochondrial dynamics and biogenesis [37]. Dysreg-
ulation of mitochondrial fusion, fission, or biogenesis can lead to degenerative effects across the tissue system [32,38]; thus, a deeper
understanding of how specific proteins associated with these pathways change with prolonged spaceflight is essential.

Mitochondrial structure
Although some studies have examined the ultrastructure of mitechondria in space or simulated space environments [8,39] they have
primarily used two-dimensional imaging methods. The ultrastructural findings in Rhesus monkeys that underwent 14 days of space-
flight [39] and male rats in spaceflight for 12.5 days [1] generally showed that soleus subsarcolemmal mitochondria decreased in count
but increased in cross-sectional area. However, the findings therein may be limited in interpretation as mitochondria exist in complex
three-dimensional (3D) shapes thatdepend on their environment, tissue, and cell type [40-42). Given the rise of 3D ultrastructural imaging
techniques, some of which enable specific protein identification, it is worthwhile to revisit the previous findings with this new technology.
Some 30 structural phenotypes are more prevalent in response to disease states, such as mitochondrial donuts, which commonly
form in the brains of individuals with Alzhelmer's disease [43], and nanotunnels, which form in mitochondrial diseases [44]. It is unclear
whether unique structural phenotypes also arise in spaceflight; for example, there may be a 3D mitochondrial phenotype in certain
tissuesorcell types that appears in space more commaonly than on Earth and helps the mitochondria retain their function despite chronic
environmental stress. Studying the effects of space travel on mitochondrial ultrastrueture and morphology may provide essential Insight
for the development of novel therapies, highlighting the need for studies using 3D reconstruction [45,46). However, as there are currantly
no 30 microscopes in space, future research must first develop new mechanisms to study mitochondria in low gravity, such as methods
of collecting and fixing tissue in space, without hypoxiainduced artifacts [47], for analysis on Earth.

Mitochondria—endoplasmic reticulum contact sites

Beyond lipid droplets (as discussed in the ROS section), other mitochondrial contact sites may play a role in modulating the mito-
chondrial response to space. For instance, it may be helpful to examine mitochondria—endoplasmic reticulum contact sites (MERCs)
in samples experiencing microgravity and the effects of spacedinduced ROS generation. MERCs play & crucial role in calcium transfer,
lipid metabolism, and the coordination of various cellular processes by coordinating mitoechondrial and endoplasmic reticulum (ER)
processes 48,49 The limited studies on mitochondria in space have shown that activation of the mitochondrial unfolded protein re-
sponse, which is associated with ER stress, may confer muscle unloading in spaceflight [501. MERCs may also play an adaptive role in
ER stress [48] and undergo 3D structural rearrangement in response to ER stress [46]. Notably, MASA's Twins Study reported upregula-
tion of ER stress proteins, including CHOP and ATFS [17), which is hypothesized to implicate the integrated stress response pathway in
space-dependent mitochondrial dysfunction [2] and may also alter MERCs. Furthermore, ER stress may alter caleium dynamics, but fur-
ther studies are needed to understand whether changes in gravity affect mitochondrial calcium uptake and release and whether MERCs
mediate this interaction [49].

miDMA
Wide variability has been observed in extracellular mtDNA following space travel [ST], indicating mtDNA degradation, which is known
to accompany novel alterations in mitechondrial structure [44]. Past spaceflight studies have shown heterogeneity in the cireulating
miDNA levels of individuals who underwent long-term spaceflight, with upticks immediately after retum but varied levels in subsequent
weeks [52). Although the trend was not significant, it requires further investigation, especially because the study predominately consid-
ered mtDNA changes related to inflammatory responses [52). Similarly, the MASA Twins Study showed that mtDNA activity increases
in response to decreased mitochondrial functien, suggesting a compensatory mechanism in which mtDNA is replicated alongside ROS
generation [2]. Nevertheless, the longterm changes in mtDMA following space travel are still poorly elucidated, future studies might
consider comparing mutation rates following the return to Earth.

Furthermere, mitochondria contain DNA to repair dysfunctional pathways and mechanisms to repair this very miDMA, which form
a comprehensive system to prevent the pathologies that large-scale miDNA deletions may cause [53). However, we have little infor-
mation on the rate at which mtDNA deletions occur in space, how space may alter the pathways associated with mtDMNA repair, and
whether mtDNA repair pathway's can sufficiently combat the level of damage from radiation encountered in space. Future studies should
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strengthen our understanding of how mitochondria may adapt to extreme environments to support the future development of clinical
interventions.

Exploring cellular-specific responses & new imaging techniques
Space's impact on mitochondra must be investigated beyond basic "dysfunctional” and “functional® binary categories to consider plu-
ralistic quality control mechanisms of mitochondria [5. Beyond the principal quality control mechanisms, several other quality control
factors have yet to be explored comprehensively in the context of space, including dynamics and mtDNA which we have outlined here.
Past studies have indicated changes in overall gene expression following space travel, but there is a lack of research on tissue-
dependent responses [54]. For example, a study on human-induced pluripotent stem cell-derived cardiomyocytes in microgravity en-
vironments found that mitochondria metabolism was altered following the return to normal gravity but failed to clarify whether this
response occurred only in cardiomyocytes, which would suggest the possibility of cell-specific responses [54] Furthermaore, muring
studies examining specific reglons, including subsarcolemmal and intermyofibrillar skeletal muscle, have indicated that the distribution
of oxidative metabolism enzymes and the functional capacity of mitochondriamay respondto space travelin a region-specific manner [1].
Thig further highlights the need for in-vivo studies of whether evolutionarily conserved tissue-dependent mechanisms of mitochondria
modulation in space differ from those on Earth. One avenue would be to explore the relationship between radiation-sensitive species
and mitochondrial dysfunction. Some tissue types may be radiation-resistant or associated with specific mitochondrial adaptations [13].
Moreover, microgravity conditions may influence the activity of metabolite transport systems, affecting the import of essential
molecules and disrupting mitochondrial function. Previous studies have mainly considered gross cell metabolomics; subcellular imag-
ing mass spectrometry [37] and organelle-specific metabolomics [55] may provide additional insight into how specific mitochondrial
metabolomics may be altered, Similarly, although few studies have examined how space travel affects specific cellular signaling path-
ways and protein localization, new technologies, such as the compact fluorescence microscope, allow for live-cellimaging in space [56].
Thus, future research must utilize these new technologies to provide greater mechanistic insight Into space-induced mitechondrial al-
terations.

Conclusion

Studying mitochondria in space promises several important benefits. First, these studies can provide greater reassurance of humans'
ability to endure prolonged space travel and, therefore, 1o colonize the wider space system. Second, a greater understanding of how
spaceflight alters mitochondrial ultrastructure and specific activiies may reveal novel mechanisms applicable to mitochondrial dys-
function on Earth. Current studies show pluralistic roles of mitochondrial functions in spaceinduced pathologies and cellular stress
responses. These findings highlight the crucial and central role of mitochondria in the metabolic response to spaceflight. However,
despite the many studies described here, our understanding of mitochondria in space remains limited.

In future, studies must be expanded to improve their rigor and significance in several key areas, First, these studies must define
how changes in specific mitochondrial structures and organelle contacts depend on other factors within the cell. Though past studies
have focused on invive models, additional human or primate stedies on mitochondrial structures and function are needed. Second,
given that physiclogical conditions alter mitochondria [16], in-vive studies should examine whether phenotypical changes arise due to
physiological or physical changes and how the unique physiclogical conditions of space affect mitochondria. Third, although the MASA
Twins Study Is one of the strongest existing studies to describe the effects of long-term spaceflight on various tissue systems and
metabolic processes [17], its limited sample size and the potential lifestyle differences of the participants (e.g., In exercise regimens)
limnits its mechanistic insight. Finally, novel therapies to mitigate mitochondrial damage during spaceflight must be further explored.
For example, some therapies have targeted the gut microbiome composition [17], which is known to be affected during spaceflight.
Motably, C57BL/6J mice in space supplemented with fructo-oligosaccharide, a non-digestible carbohydrate that interacts with the gut
microbiome, have shown reduced oxidative stress, indicating a potential therapy [57]. As studies increasingly investigate space-induced
alterations, they should also consider whether known mitochondrial therapies function effectively in space.

Future research on pathway activation following space travel may offer insight into mechanisms that modulate and protect mite-
chondrial activity. Given the relatively fast recovery of mitochondria following space travel, the body may activate a form of antioxidative
protection. In addition, future studies can determine whether certain mitochondrial phenotypes are more energetically favorable for
spaceflight than others and whether the environment can modulate these phenotypes. Space's impacts on mitochondrial efficlency—
especially across types of fission and fusion—should also be further explored. By addressing these questions, future studies can con-
tribute to our leng-term survival on Earth and in space.
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