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Human spaceflight has evolved from short orbital missions to long-duration stays aboard the International
Space Station, with future exploration programs targeting the Moon and Mars. These advances have intensified
interest in understanding the physiological adaptations induced by prolonged exposure to microgravity and
the space environment. Among the organ systems involved, the kidney plays a central role in maintaining fluid,
electrolyte, and acid-base homeostasis and is therefore particularly susceptible to the hemodynamic and met-
abolic changes associated with spaceflight. Microgravity induces an immediate cephalad fluid shift, triggering
neuroendocrine adaptations that promote diuresis, natriuresis, and plasma volume contraction. Although these
responses are largely reversible, prolonged exposure contributes to a new homeostatic equilibrium that may im-
pair cardiovascular adaptation upon return to Earth’s gravity. Simultaneously, skeletal unloading promotes bone
resorption, hypercalciuria, and urinary supersaturation, substantially increasing the risk of nephrolithiasis, one
of the most clinically relevant renal complications during long-duration missions. In addition, growing experi-
mental evidence suggests that exposure to galactic cosmic radiation may induce oxidative stress. Endothelial
dysfunction, DNA damage, and renal fibrosis, although direct evidence in astronauts remains limited. Current
countermeasures combine resistive exercise, nutritional optimization.

Hydration protocols and selected pharmacological interventions, including bisphosphonates. Vitamin D sup-
plementation, and urinary alkalinization strategies. Nevertheless, the effectiveness of these approaches during
future deep-space missions remains to be fully established. This review summarizes the current understanding
of renal physiological adaptations to microgravity, the mechanisms underlying spaceflight-associated kidney
injury, and the preventive and therapeutic strategies currently under investigation. Furthermore, it highlights ex-
isting knowledge gaps and discusses how advances in space nephrology may improve not only astronaut health
but also our understanding of kidney physiology and disease on Earth.
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Introduction

adaptations relevant to future deep-space missions. The space envi-
ronment is primarily characterized by microgravity and increased ex-

Spaceflight exposes the human body to environmental conditions
for which it is not evolutionarily adapted, requiring complex physio-
logical responses involving multiple organ systems. Space medicine
has consequently developed as an interdisciplinary field aimed at
understanding, preventing, and managing the health risks associated
with human space exploration. Since the first orbital missions and,
more recently, long-duration stays aboard the International Space
Station (ISS), research has progressively shifted from the character-
ization of acute physiological changes to the investigation of chronic

posure to ionizing radiation. Microgravity, resulting from continuous
free fall rather than the absence of gravity, induces profound phys-
iological changes, including cephalad fluid redistribution, reduced
mechanical loading of bone and muscle, and neuroendocrine adapta-
tions. In parallel, radiation exposure beyond Earth’s magnetosphere
increases the risk of DNA damage, oxidative stress, and long-term tis-
sue injury. These physical stressors, combined with isolation, confine-
ment, circadian disruption, and limited medical resources. Generate
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complex multisystem responses that pose major challenges for pro-
longed exploration missions. Among the organs affected, the kidney
is particularly vulnerable because of its fundamental role in fluid and
electrolyte homeostasis, acid-base balance, and mineral metabolism.

Renal adaptation reflects the interaction between cardiovascular,
endocrine, skeletal, and environmental changes induced by space-
flight. This review summarizes current evidence on renal adaptation
during spaceflight, with particular emphasis on microgravity-induced
fluid redistribution, nephrolithiasis risk, radiation-associated renal
injury, and emerging strategies to preserve kidney function during
long-duration missions.

Renal Physiology and Fluid Redistribution During
Microgravity

The kidney plays a pivotal role in maintaining fluid, electrolyte,
acid-base, and blood pressure homeostasis during spaceflight. In mi-
crogravity, the loss of the normal hydrostatic gradient causes a cepha-
lad redistribution of approximately 1-2 L of body fluids (“fluid shift”),
increasing central blood volume and triggering cardiovascular and
neuroendocrine responses that mimic volume expansion despite un-
changed total body water. This adaptation is characterized by suppres-
sion of the renin-angiotensin-aldosterone system and vasopressin
secretion, together with increased atrial natriuretic peptide release,
promoting natriuresis and diuresis. Consequently, plasma volume
progressively decreases until a new steady state (“volume resetting”)
is established, an adaptation that supports cardiovascular function in
microgravity but contributes to orthostatic intolerance after return
to Earth’s gravity. Renal adaptation involves dynamic modulation of
glomerular filtration, tubular sodium transport, and water reabsorp-
tion in response to altered hemodynamic and hormonal conditions.
Evidence from spaceflight and ground-based analogues indicates that
these changes are largely functional and reversible after short- and
medium-duration missions, with no persistent structural renal injury.

However, the long-term effects of prolonged or repeated micro-
gravity exposure remain uncertain and may become increasingly
relevant during future deep-space missions. Understanding these
mechanisms is essential for interpreting subsequent alterations in
mineral metabolism, urinary composition, and nephrolithiasis risk
during spaceflight.

Renal Function During Microgravity: Adaptation
Versus Injury

Microgravity induces significant hemodynamic and neuroen-
docrine changes that influence renal physiology. The cephalad fluid
shift initially increases renal perfusion and modifies intrarenal he-
modynamics, producing transient changes in glomerular filtration
rate (GFR), while overall renal filtration capacity appears to remain
preserved. Current evidence indicates that these alterations reflect
physiological adaptation rather than progressive renal dysfunction
or structural kidney injury during short- and medium-duration mis-

sions [1-3]. Renal adaptation is mediated by coordinated hormonal
responses, including suppression of the renin-angiotensin-aldoste-
rone system (RAAS), reduced vasopressin secretion, and increased
natriuretic peptide activity, which regulate tubular sodium and water
handling to maintain fluid and electrolyte homeostasis under micro-
gravity conditions [1,2,4,5]. Ground-based analogues, particularly
head-down bed rest studies, have confirmed many of these adaptive
mechanisms, reproducing central fluid redistribution, cardiovas-
cular deconditioning, and increased urinary calcium excretion ob-
served during spaceflight [6,7]. Although astronauts participating in
long-duration ISS missions have not shown persistent reductions in
renal function or an increased incidence of chronic kidney disease at-
tributable to microgravity alone, current evidence remains limited by
the small number of studied individuals and the duration of available
missions [1,8].

Future exploration missions may pose greater challenges, as pro-
longed exposure to microgravity together with ionizing radiation,
altered nutrition, reduced physical activity, and limited medical sup-
port could impair renal adaptive capacity and promote subtle tubular,
microvascular, or oxidative damage [9-15]. Overall, the available evi-
dence supports the concept that renal responses to microgravity are
predominantly adaptive. However, because kidney function is closely
integrated with cardiovascular regulation, skeletal metabolism, and
mineral homeostasis, long-duration spaceflight may increase suscep-
tibility to renal complications through multiple interacting mecha-
nisms, highlighting the need for continuous renal monitoring and the
identification of sensitive biomarkers of early renal stress [9-14,16-
19].

Spaceflight-Associated Nephrolithiasis: The Bone-
Kidney Axis

Nephrolithiasis is one of the most clinically significant renal com-
plications of spaceflight, particularly during long-duration missions.
Although renal function remains largely adaptive, microgravity-in-
duced alterations in mineral metabolism, urinary composition, and
fluid balance create a lithogenic environment that increases the risk
of kidney stone formation [16-19]. The primary mechanism under-
lying this risk is skeletal unloading. In the absence of mechanical
loading, bone remodeling shifts toward increased osteoclastic re-
sorption, leading to progressive loss of bone mineral, particularly in
weight-bearing regions [20-23]. The resulting release of calcium and
phosphate increases urinary calcium excretion (hypercalciuria), a
major metabolic risk factor for calcium-based nephrolithiasis. Both
spaceflight and ground-based analogue studies have consistently
demonstrated increased bone turnover and urinary calcium excretion
during microgravity exposure [16,24]. Additional urinary changes
further promote lithogenesis. Reduced urine volume, resulting from
altered fluid regulation and hydration, together with decreased uri-
nary citrate—an important inhibitor of calcium crystal formation—
increases urinary supersaturation. Favoring calcium oxalate and
calcium phosphate crystal nucleation, aggregation, and stone growth
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[16-19,25-27]. These metabolic alterations may persist beyond the
mission, extending the period of increased stone risk after return to
Earth [18,19,25].

Nephrolithiasis represents a potentially serious hazard during
deep-space missions, where diagnostic capabilities. Urological inter-
ventions, and medical evacuation are severely limited. Consequently,
even a single obstructive stone could compromise astronaut health
and mission success [19]. Evidence from prolonged bed-rest studies
has reproduced many of the mechanisms observed during space-
flight, including skeletal unloading, hypercalciuria, and changes in
urinary chemistry, providing valuable insights despite the limitations
of terrestrial analogues [6,7,24]. Overall, current evidence indicates
that spaceflight-associated nephrolithiasis is a systemic consequence
of microgravity-induced alterations in the bone-kidney axis rather
than an isolated renal disorder. Preventive strategies should therefore
integrate preservation of bone mass, adequate hydration, nutritional
optimization, and monitoring of urinary lithogenic risk factors to re-
duce stone formation during future long-duration missions [16,17].

Space Radiation and Potential Renal Consequences

In addition to microgravity, ionizing radiation represents one of
the major hazards of long-duration space exploration. While astro-
nauts aboard the International Space Station (ISS) remain partially
protected by Earth’s magnetosphere, future lunar and Mars missions
will involve substantially greater exposure to galactic cosmic rays
(GCRs) and solar particle events (SPEs), increasing concerns about
long-term health effects [9-12]. Space radiation is composed of highly
energetic charged particles capable of penetrating biological tissues
and inducing direct DNA damage as well as indirect injury through
reactive oxygen species (ROS) generation. Oxidative stress, mitochon-
drial dysfunction, persistent DNA damage, and endothelial injury
have been identified as key mechanisms that may contribute to in-
flammation, microvascular dysfunction, and progressive renal tissue
remodeling, particularly in metabolically active tubular epithelial
cells [12-14,27-31].Current evidence for radiation-induced renal inju-
ry is derived primarily from experimental models and ground-based
simulations, which have provided important mechanistic insights but
cannot fully replicate the complex conditions of human spaceflight
[11,15,32]. To date, no clear increase in chronic kidney disease has
been demonstrated in astronauts. However, most available data orig-
inate from relatively short missions in low-Earth orbit, where radia-
tion exposure is partially attenuated by Earth’s magnetic field [9-11].

Recent multi-omics studies, including the NASA Twins Study,
have revealed molecular adaptations associated with long-duration
spaceflight, involving oxidative stress, inflammation, DNA repair, and
mitochondrial pathways. Although renal-specific signatures remain
poorly defined, these approaches may facilitate the identification of
early biomarkers of radiation-induced kidney stress [32-36]. Conse-
quently, radiation-related renal injury should currently be regarded
as a potential rather than established clinical consequence of space-
flight, highlighting the need for continued biological monitoring and

the development of effective countermeasures for future deep-space
missions [9-15,28-40].

Exercise and Mechanical Countermeasures for Bone
Preservation

The prevention of skeletal deterioration represents one of the
central challenges in long-duration human spaceflight. Because mi-
crogravity removes the mechanical stimulus required for normal
bone remodeling, astronauts experience a progressive reduction
in bone mineral density, particularly in weight-bearing skeletal re-
gions. This process is clinically relevant not only because of fracture
risk but also because of its direct relationship with renal physiology
through increased calcium mobilization and urinary calcium excre-
tion, contributing to nephrolithiasis risk [16,17,20-24]. The primary
countermeasure currently used to limit spaceflight-induced bone
loss is structured physical exercise. On Earth, mechanical loading
generated by body weight and muscle contraction provides essential
signals regulating osteoblast and osteocyte activity. In microgravity,
these stimuli are markedly reduced, resulting in increased osteoclas-
tic bone resorption and an imbalance between bone formation and
degradation [22,23]. The development of advanced exercise devices
aboard the International Space Station has therefore represented a
major achievement in space medicine. The Advanced Resistive Exer-
cise Device (ARED) allows astronauts to perform high-intensity re-
sistive training. Designed to reproduce mechanical forces similar to
those experienced during terrestrial weight-bearing exercise.

Studies conducted during long-duration ISS missions have
demonstrated that combined resistance exercise and nutritional opti-
mization can substantially reduce, although not completely eliminate,
bone loss associated with microgravity exposure [41,42]. Resistance
exercise also has potential indirect renal benefits. By attenuating
skeletal calcium release, physical training may reduce hypercalciuria
and decrease urinary supersaturation for calcium-containing salts.
Therefore, exercise should be considered not only a musculoskeletal
countermeasure but also an important component of nephrolithiasis
prevention strategies during spaceflight [16,17,24]. Despite these ad-
vances, exercise alone is insufficient to completely prevent skeletal
demineralization during prolonged missions. The magnitude of bone
loss varies considerably among astronauts and depends on mission
duration, individual susceptibility, baseline skeletal characteristics,
nutritional status, and adherence to exercise protocols [20-23]. For
this reason, current approaches emphasize integrated countermea-
sure programs combining mechanical stimulation and nutritional
support. Pharmacological interventions, and continuous physiologi-
cal monitoring. Future exploration missions, particularly those last-
ing several years, will likely require personalized countermeasure
strategies based on individual risk profiles and real-time biological
monitoring [43,44]. In addition to traditional exercise approaches, al-
ternative strategies are being investigated, including artificial gravity,
vibration-based stimulation, and optimized mechanical loading pro-
tocols.
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Artificial gravity represents a particularly attractive theoretical
approach because it could simultaneously address multiple conse-
quences of microgravity, including bone loss, cardiovascular decon-
ditioning, and fluid redistribution. However, technological limitations
currently prevent its routine implementation during human space
missions [45]. Overall, exercise remains the cornerstone of skeletal
preservation during spaceflight. By maintaining bone integrity and
limiting excessive mineral release, physical countermeasures also
play a fundamental role in protecting renal health and reducing the
risk of spaceflight-associated nephrolithiasis.

Pharmacological Prevention of Bone Loss:

Bisphosphonates and Vitamin D

Although exercise remains the primary countermeasure against
microgravity-induced bone loss, pharmacological interventions may
provide additional protection during long-duration missions by lim-
iting osteoclastic bone resorption, preserving bone mineral density,
and reducing hypercalciuria [44,46-48]. Bisphosphonates are the
most extensively investigated agents. By inhibiting osteoclast activity,
they reduce skeletal calcium release and have shown efficacy in at-
tenuating bone loss when combined with resistance exercise [47,48].
Among these, alendronate and zoledronic acid appear particularly
promising. Zoledronic acid may offer practical advantages for space-
flight because of its high potency and prolonged duration of action,
allowing administration as a single intravenous dose. However, its use
requires careful evaluation of potential adverse effects, including ex-
cessive suppression of bone remodeling and disturbances in calcium
and phosphate homeostasis [47-50]. From a nephrological perspec-
tive, reducing bone resorption may lower hypercalciuria and nephro-
lithiasis risk, although treatment should be individualized rather than
routinely administered to all astronauts. Vitamin D supplementation
is another important component of skeletal preservation, as limited
ultraviolet exposure during spaceflight may predispose astronauts to
vitamin D insufficiency [43,51,52]. Adequate supplementation sup-
ports bone health, but excessive intake may increase intestinal calci-
um absorption and urinary calcium excretion, potentially enhancing
stone risk in susceptible individuals [16,51].

Current evidence therefore supports individualized vitamin D
replacement based on biochemical monitoring, including serum vi-
tamin D, calcium levels, urinary calcium excretion, and markers of
bone turnover [16,43]. Overall, future pharmacological strategies are
expected to integrate exercise, nutrition, targeted drug therapy, and
biomarker-guided monitoring to preserve both skeletal and renal
health during prolonged exploration missions beyond low-Earth or-
bit [16,43-52].

Prevention and Management of Nephrolithiasis
During Spaceflight

Preventing nephrolithiasis is a major priority in space medicine,
as the limited diagnostic and therapeutic resources available during
long-duration missions make the management of acute stone events

particularly challenging [18,19,25]. The cornerstone of prevention
is adequate hydration, which increases urinary volume, reduces uri-
nary supersaturation, and lowers the risk of calcium-based stone
formation [15-18]. Nutritional management also plays a key role. Ap-
propriate sodium restriction may reduce urinary calcium excretion,
whereas adequate dietary calcium intake should be maintained to
avoid increased intestinal oxalate absorption and paradoxical calci-
um oxalate stone formation [16,17,26]. Individual risk assessment
should include monitoring of urinary volume, calcium, citrate, oxa-
late, phosphate, and urinary supersaturation, with emerging portable
diagnostic technologies offering potential applications for in-flight
metabolic surveillance [19]. Among pharmacological strategies, po-
tassium citrate is the most extensively studied agent because it in-
creases urinary citrate levels and inhibits calcium crystal formation.
Although widely used for calcium nephrolithiasis on Earth, its use
during spaceflight requires careful monitoring of renal function and
electrolyte balance [53-55]. Likewise, interventions aimed at limiting
bone resorption, including exercise and antiresorptive therapies, may
indirectly reduce hypercalciuria and stone risk by preserving skele-
tal mineral homeostasis [16,17,24,47]. Overall, effective prevention
of spaceflight associated, nephrolithiasis requires an integrated ap-
proach combining hydration, nutritional optimization, and preserva-
tion of bone health. Pharmacological interventions when appropriate,
and individualized metabolic monitoring. Such strategies will be es-
sential for reducing renal complications during future long-duration
exploration missions [16-19,24-26,47,53-55].

Cardiovascular and Renal Monitoring During Long-
Duration Missions

Cardiovascular stability is essential for preserving renal function
during spaceflight because systemic hemodynamics directly influence
renal perfusion, glomerular filtration, and fluid homeostasis [10-13].
Microgravity-induced fluid redistribution and the subsequent reduc-
tion in plasma volume contribute to cardiovascular adaptation during
flight but predispose astronauts to orthostatic intolerance upon re-
turn to Earth’s gravity, owing to impaired venous return, altered baro-
reflex function, autonomic dysregulation, and vascular deconditioning
[4,5,56-58].Current countermeasures are primarily non-pharmaco-
logical and include aerobic and resistance exercise, adequate fluid
and salt loading before re-entry, and structured post-flight rehabili-
tation to restore cardiovascular function [41,57,58]. Pharmacological
interventions, such as the a-adrenergic agonist midodrine, may be
considered in selected individuals with persistent orthostatic intol-
erance but are not routinely recommended because of their potential
effects on systemic and renal hemodynamics [57]. Future long-du-
ration missions will require integrated cardio-renal monitoring to
detect early physiological maladaptation. Continuous assessment of
blood pressure, hydration status, renal function, urinary biochemical
parameters, and metabolic markers, supported by wearable sensors,
miniaturized diagnostic devices. Emerging molecular biomarkers,
may enable personalized interventions before clinically significant
cardiovascular or renal complications develop [1,2,32-36].
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Discussion and Future Perspectives

Human spaceflight represents a unique physiological challenge
requiring coordinated adaptation across multiple organ systems.
The kidney plays a central role in maintaining fluid, electrolyte, and
mineral homeostasis, and most renal changes observed during space-
flight appear to represent functional adaptations aimed at preserv-
ing internal equilibrium rather than isolated pathological processes
[1,2,8]. Current evidence suggests that renal adaptation to short- and
medium-duration missions is largely reversible, involving changes in
filtration, tubular transport, and hormonal regulation without clear
evidence of permanent structural injury. However, the limits of renal
adaptability during prolonged exposure remain uncertain, particular-
ly for future exploration missions extending beyond low-Earth orbit
[1-3]. Spaceflight-associated nephrolithiasis represents one of the
major challenges in space nephrology and exemplifies the complex
interaction between organ systems. Microgravity-induced skeletal
unloading promotes bone resorption, calcium mobilization, and hy-
percalciuria, linking musculoskeletal deterioration to increased kid-
ney stone risk through the bone-kidney axis. Preventive strategies
combining exercise, hydration, nutritional optimization. Pharmaco-
logical interventions, and individualized metabolic monitoring will
be essential, although their effectiveness during multi-year missions
remains to be fully established [16-19,24,44]. Radiation exposure re-
mains another unresolved concern.

Experimental evidence indicates that cosmic radiation may in-
duce oxidative stress, DNA damage, endothelial dysfunction, and in-
flammatory responses, but the long-term renal consequences in as-
tronauts are still unclear. Future deep-space missions will be critical
for defining the interaction between radiation exposure, microgravity,
aging, and renal vulnerability [9-14]. Advances in molecular and sys-
tems biology, including transcriptomic, proteomic, metabolomic, and
epigenetic approaches, may provide new opportunities to identify
early biomarkers of renal stress and guide preventive interventions
before clinically significant damage occurs [32-36]. Similarly, inte-
grated cardio-renal monitoring platforms combining hemodynamic
parameters, urinary biomarkers, bone metabolism indicators, and
molecular signatures may enable personalized countermeasures tai-
lored to individual physiological responses [1,2]. Beyond space ex-
ploration, research in space nephrology offers valuable insights into
terrestrial conditions characterized by immobilization. Osteoporosis,
and sarcopenia. Cardiovascular deconditioning and altered mineral
metabolism. Microgravity therefore represents a unique model for
investigating fundamental mechanisms of human disease and devel-
oping novel therapeutic approaches [6,7,43]. Future exploration mis-
sions will require a transition from reactive treatment strategies to-
ward proactive prevention based on personalized, multidisciplinary
approaches. In this context, nephrology will play a central role in
preserving astronaut health by maintaining fluid balance, metabolic
stability, and physiological resilience during prolonged exposure to
extraterrestrial environments [59-80].

Conclusion

Human adaptation to spaceflight represents a remarkable ex-
ample of physiological plasticity, with multiple organ systems un-
dergoing coordinated modifications to preserve homeostasis in an
environment characterized by microgravity, radiation exposure, and
isolation. Among these adaptations, renal responses are of particular
importance because the kidney plays a central role in regulating fluid
balance, electrolyte homeostasis, acid-base equilibrium, and miner-
al metabolism. Current evidence suggests that microgravity does not
cause irreversible renal injury in healthy astronauts during short- and
medium-duration missions. Instead, the kidney undergoes complex
functional adaptations involving fluid redistribution, neurohormonal
regulation, and modulation of tubular electrolyte handling. However,
the long-term consequences of prolonged exposure remain uncertain,
as future deep-space missions may challenge renal resilience through
the combined effects of altered hemodynamics, skeletal calcium mo-
bilization, increased urinary lithogenic risk, and radiation-induced
cellular stress. Nephrolithiasis remains the most established renal
complication associated with spaceflight. The interaction between
skeletal unloading, enhanced bone resorption, hypercalciuria, and
altered urinary composition creates a favorable environment for cal-
cium-based stone formation. Effective prevention will therefore re-
quire integrated strategies combining exercise, hydration, nutritional
optimization, pharmacological interventions when appropriate, and
individualized metabolic surveillance.

Future developments in space nephrology will rely on personal-
ized countermeasures supported by molecular biomarkers, continu-
ous physiological monitoring, and multidisciplinary approaches. As
human exploration extends beyond low-Earth orbit, preservation of
renal health will become an essential component of astronaut safe-
ty and mission success. Beyond space exploration, the study of renal
adaptation to microgravity provides a unique model for investigat-
ing fundamental mechanisms of fluid regulation, bone metabolism,
oxidative stress, and nephrolithiasis. Space medicine may therefore
contribute not only to future human exploration but also to advancing
our understanding of renal and systemic diseases on Earth.
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