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Missions into Deep Space are planned this decade. Yet the health con-
sequences of exposure to microgravity and galactic cosmic radiation (GCR)
over years-long missions on indispensable visceral organs such as the kidney
are largely unexplored. We performed biomolecular (epigenomic, tran-
scriptomic, proteomic, epiproteomic, metabolomic, metagenomic), clinical
chemistry (electrolytes, endocrinology, biochemistry) and morphometry (his-
tology, 3D imaging, miRNA-ISH, tissue weights) analyses using samples and
datasets available from 11 spaceflight-exposed mouse and 5 human, 1 simulated
microgravity rat and 4 simulated GCR-exposed mouse missions. We found that

spaceflight induces: 1) renal transporter dephosphorylation which may indi-
cate astronauts’ increased risk of nephrolithiasis is in part a primary renal
phenomenon rather than solely a secondary consequence of bone loss; 2)
remodelling of the nephron that results in expansion of distal convoluted
tubule size but loss of overall tubule density; 3) renal damage and dysfunction
when exposed to a Mars roundtrip dose-equivalent of simulated GCR.

The renewed zeitgeist for space travel, ushered in by the advent of
commercial spaceflight and tourism, has spurred on state-funded
agencies to embark on even more ambitious exploratory ‘Deep Space’
missions. The first of these, namely the Artemis Program, Lunar
Gateway space station and later the Deep Space Transport/Mars
Missions, will for the first-time place humans outside of Earth’s
protective magnetic field exposed to significant quantities of
unmitigated space radiation and weightlessness for many months to
years at a time.

The health effects of low Earth orbit (LEO) spaceflight (e.g. the
International Space Station) are multiple, with much of the research
communities’ intense focus centred on the musculoskeletal, neurolo-
gical, ocular and cardiovascular degeneration that can manifest as
early as a few weeks into a mission. Notably, the effects of LEO
spaceflight on many other organ systems are less clear, with indis-
pensable organs such as the kidneys receiving relatively little attention
in the absence of overt symptoms. However, in the face of extended
periods of deep space travel health issues may only present with late
onset due to cloaked subclinical pathophysiology and chronic damage
eating into the extensive functional reserves of such organs.

The kidneys are critical in regulating blood pressure, by control-
ling both the renin/angiotensin/aldosterone system (RAAS) and the
reabsorption of sodium chloride and water from the urine. In micro-
gravity, the cephalad redistribution of blood volume with the con-
comitant decrease in the pressure gradient should reduce kidney
perfusion. In turn, a lower perfusion pressure within the renal artery
should lead to a greater release of renin and activation of the RAAS.
However, studies show a marked reduction of diuresis and natriuresis
in space with the RAAS, and antidiuretic hormone (ADH) increasing
through unknown mechanisms'>. These unexplained effects, be they
mediated through known homeostatic mechanisms, or more theore-
tical ones, such as tensegrity*, are germane to kidney stone formation
(i.e. nephrolithiasis). Astronauts have an unusually high rate of kidney
stone formation, with 1-year post-flight astronauts experiencing inci-
dence rates of 2-7 times that of pre-flight estimates, and in-flight risk
estimated to be double that again’. This is of mission critical sig-
nificance, one Soviet in-flight renal stone episode nearly caused a
mission termination due to the severe symptoms, but was relieved by
spontaneous stone passage by the cosmonaut just before an urgent
deorbit was initiated®. It has been demonstrated that spaceflight
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associated changes in urinary biochemistry favour kidney stone
formation’’. Microgravity may have a direct effect on the crystal-
lisation and nucleation of nascent kidney stones'®, but this is dwarfed
by the net biochemical urinary changes historically attributed to the
microgravity-induced bone demineralisation observed in spaceflight.
A school of thought that has led to a paucity of research into other
pathophysiological phenomena that may be contributing to the unu-
sually high incidence of nephrolithiasis.

The kidney is a plastic organ, and is capable of dynamically
remodelling the architecture of the nephron in response to changes in
blood pressure or dietary potassium. An 18 day potassium-free diet
resulted in a 31% increase in rat kidney weight, which was mainly seen
in the medullary collecting duct”. Changes in the size of nephron
segments in wild type mice have been observed using advanced ima-
ging techniques in a period as short as three days™. So, it is plausible
that spaceflight-induced shifts in fluid and electrolyte handling could
precipitate maladaptive remodelling events that contribute to the
underlying pathophysiology.

In addition to the well-studied environmental stressor of micro-
gravity, deep space missions beyond the protection of the geo-
magnetosphere (the Van Allen belts) are exposed to space radiation.
Space radiation comprises both intermittent events (e.g. Solar Particle
Events or Solar Proton Events) with the most energetic being a Coronal
Mass Ejection and Solar Wind and Galactic Cosmic Radiation (GCR),
with GCR having the most significant health impacts.

There is concern regarding the carcinogenic effect of GCR expo-
sure in the planned Mars Missions. However, the kidney is an exqui-
sitely radiation sensitive organ; it is the dose limiting organ in
abdominal radiotherapy®. Chronic kidney dysfunction can occur with
acute low linear energy transfer (LET) y-radiation doses as low as <0.5
Gy", the LET dose expected on a Mars Mission. However, GCR com-
prises low-LET x- and y-rays with protons and high energy ‘HZE’ ions of
heavier elements (e.g. silicon, titanium, iron). It has been established
that exposure to HZE ions results in mitochondrial damage™'°. The
renal proximal tubule is heavily dependent on mitochondrial
respiration” and is one of the main tubular segments in which damage
is associated with kidney failure’. Indeed, proximal tubular injury is a
prominent histological feature in medical (low-LET) radiation
nephropathy”. Due to their dependence on mitochondrial aerobic
respiration, proximal tubular cells are extremely vulnerable to mito-
chondrial damage that we would expect from HZE exposure in addi-
tion to low-LET radiation damage.

We hypothesised that the biochemical urinary changes seen in
spaceflight might reflect functional and morphological changes
detectable in the kidney secondary to microgravity, possibly due to
abnormal renal perfusion.

Further, we hypothesised that GCR exposure will cause mito-
chondrial and therefore proximal tubular dysfunction, leading to tis-
sue damage and potentially irreversible loss of renal function, in
addition to the known micro and macrovascular damage
caused by GCR.

In order to explore these questions, we took a pan-omics
approach incorporating anatomical and physiological parameters
from 20 independent human and rodent spaceflight missions/simu-
lations that had extant data and/or samples from which we could
generate novel data (Fig. 1).

Results

Primary changes in kidney function increase the risk of
spaceflight-induced nephrolithiasis

We analysed urinary and plasma parameters of interest for nephro-
lithiasis in 66 astronauts that stayed on the International Space Station
(ISS) for up to 180 days. Values were analysed across time, including
before, during and after flight. Our data showed an increased urinary
excretion of metabolites and electrolytes that are considered risk

factors for nephrolithiasis (Fig. 2). In the figure, urinary excretion of
calcium is expressed as fractional excretion (FEc,). In the absence of
plasma calcium abnormalities FEc, should be <1%; in astronauts, FEc,
increases significantly during flight. This urinary abnormality nor-
malises on return to Earth (Fig. 2). A less significant increase was seen in
oxalate, phosphate, uric acid urinary excretion during spaceflight, all
rapidly decreasing at return with some parameters transiently over-
correcting. Urinary citrate did not significantly change and remained
within the normal range. There was also a decrease in urinary volume
during spaceflight and an increase in urinary osmolality (Fig. 2). Urin-
ary electrolytes (chloride, sodium and potassium) remained stable
during spaceflight compared to pre-flight with the exception of mag-
nesium that, although within the normal range, significantly increased
(Fig. 2; Supplementary Fig. 1A). Calculated values including estimated
glomerular filtration rate (eGFR), aldosterone:renin ratio, FE for urin-
ary electrolytes and water, transtubular potassium gradient (TTKG)
and the ratio of tubular maximum reabsorption of phosphate (TmP) to
GFR can be found in Fig. 2 and Supplementary Fig. 1A, B. In addition,
Supplementary Fig. 1C shows plasma values from the SpaceX Inspira-
tion4 mission. Although these astronauts only spent 3 days in space,
there was a degree of eGFR instability detected several months after
returning to Earth.

Although, most of the metabolite changes support the emergence
of pro-lithogenic profile during spaceflight, they do not entirely
explain the increased risk of nephrolithiasis in astronauts, suggesting
that there might be other previously unidentified mechanisms
underpinning this phenomenon.

To investigate this, we initially explored RR-10 spaceflight mouse
kidney tissue epiproteomic data to infer functional changes. Post-
translational modifications of channels, transporters and pumps can
alter their activity, and chief among these is phosphorylation status for
which we noted several thousand significantly altered phosphosites
(Fig. 3a; Supplementary Data 1), suggesting a general increase in
phosphatase and decrease in kinase activities (Fig. 3b). In particular,
two of the most dramatically dephosphorylated proteins were the
thiazide-sensitive Na-Cl cotransporter (NCC), encoded by SLCI2A3,
expressed in the distal convoluted tubule (and validated by phospho-
specific antibody staining in Fig. 3c) and furosemide-sensitive Na-K-Cl
cotransporter (NKCC2), encoded by SLCI2A1, expressed in the thick
ascending limb of the loop of Henle (Fig. 3a). These transporters
requires phosphorylation of key residues at their N-terminus for
activation®, and NKCC2 is regulated by the calcium-sensing receptor
(CaSR) and genetic (i.e., Bartter syndrome) or pharmacological (e.g.,
furosemide) impairment of NKCC2 leads to hypercalciuria, and is
associated with nephrolithiasis. Whereas changes in NCC activity can
lead to alterations in calcium handling and bone mineral density.

To look for corroborating evidence of primary changes in renal
function, we analysed plasma and kidney tissue multi-omic data from
human and mouse samples (Fig. 4a; Supplementary Fig. 2; Supple-
mentary Data 2) for disease ontologies related to kidney stone for-
mation. The nephrolithiasis and related ontologies were heavily
represented across different datasets, providing orthogonal con-
firmation of real changes in the gene products comprising this ontol-
ogy for spaceflight conditions vs controls. For example, o-tubulin
(TUBIAI) is known to protect against cell-crystal adhesion? but is
decreased across multiple kidney datasets in our study (Fig. 5; Sup-
plementary Data 3). In contrast, hypercalciuria and hyperoxaluria
ontologies were scantily represented, implying that standard terres-
trial causes of dysregulated urinary calcium and oxalate were not
particularly enriched and therefore not strongly implicated in kidney
stone formation.

The directional changes in nephrolithiasis-related faecal micro-
biome abundances between spaceflight and ground controls are illu-
strated in (Fig. 4b; Supplementary Data 4). Overall, these microbiota
changes paint a mixed picture with some changes expected to confer a
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Fig. 1| Study design. a Infographic representation of the study design. (Created
with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license). b Details of spaceflight mis-

sions and simulations included in the project. R return, L launch, PE post-exposure,

P plasma, U urine, K kidney; F faecal. a, b N numbers correspond to the number of
experimental individuals that were exposed to spaceflight or a simulated space-
flight condition, and to control condition individuals were omitted from the pre-
sented counts to ensure paired and unpaired experiments were comparable.
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timepoints were compared to pre-flight by pairwise multiple comparison Bonfer-
roni corrected post-hoc tests (*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001) (For
exact P-values see Supplementary Table 1). FEc, Fraction Excretion of Calcium.

TmP/GFR ratio of tubular maximum reabsorption rate of phosphate to glomerular
filtration rate. 1,25-dihydroxyvitamin D3 calcitriol. PTH parathyroid hormone. FGF-
23 fibroblast growth factor-23.
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protective profile against nephrolithiasis and others tending to con-
tribute to increased risk, implying that the increased urinary oxalate
excretion is unlikely to be primarily diet or microbiota-dependent.
Nevertheless, whole faecal microbiome KEGG analysis shows some
enrichment of glyoxalate (a precursor to oxalate) and arginine meta-
bolism (Supplementary Fig. 3).

Pathway analysis of novel plasma metabolomic data from humans
and rodents under spaceflight conditions (Fig. 4c; Supplementary
Data 5) shows a striking over-representation of Aminoacyl-tRNA bio-
synthesis and arginine biosynthesis metabolic pathways.

Aminoacyl-tRNA biosynthesis is the ubiquitous housekeeping
process of charging amino acids to their cognate tRNAs and providing
the substrates for global protein synthesis. In addition to this canonical
function, it has become clear that aminoacyl-tRNA synthetases are
involved in a variety of physiological and pathophysiological processes

Fig. 3 | Spaceflight-induced changes in the kidney phosphoproteome. a Volcano
plot of differentially phosphorylated amino acid residues detected in
phosphopeptide-enriched kidney protein extract from RR-10 spaceflight-exposed
mice (28 days). Regulatory phosphosites in transporters and channels related to the
thick ascending limb of the loop of Henle and distal convoluted tubule are high-
lighted. Green indicates a statistically significant increase in peptide phosphoryla-
tion, magenta indicates a decrease, and grey represents no significant change. An
unadjusted two-tailed -Log;o(Adjusted P-value) of 1.3 was considered statistically
significant (indicated by the dashed line intersecting the x-axis). Kir4.1 (KCN/10);
Kir5.1 (KCNJ16); NKCC2 (SLCI2A1); NCC (SLCI2A3); KCC4 (SLCI2A7); pT, phospho-
threonine; pS, phospho-serine. b Kinase-Substrate Enrichment Analysis (KSEA) was
performed using the Robust Inference of Kinase Activity (ROKAI) App v2.2.1 to
predict kinase and phosphatase activity levels using phosphoproteomics from RR-
10 spaceflight-exposed mice (28 days) kidney tissue. Bars in blue represent
downregulated activity and those in red represent upregulated activity. An adjus-
ted P-value of < 0.05 was considered significant. Data are mean SEM. An FDR of 5%
was used as a cutoff. N=10 biologically independent animals per group (flight vs
ground control). 4257 single-site phosphopeptides (Ser/Thr/Tyr) were used as
initial input, 495 of which were matched to known kinase/phosphatase targets, that
were then used to calculate respective predicted kinase/phosphatase activities.
Input and results files for this can be found at OSD 466.c Representative confocal
images of RR-10 spaceflight-exposed mice (28 days) kidney sections

[n =7 spaceflight / n=10 ground control) stained with an anti-NCC pT44, pT48 &
pT53 antibody (green; pNCC) and a total NCC antibody (magenta; tNCC) to
visualise NCC phosphorylation-dependent activation (green and magenta overlap
will appear as white); 50 um scale bar.

including angiogenesis, inflammation, translational control and post
translational modification” >,

Arginine metabolism has been implicated in toxic
nephrolithiasis® and glycerophospholipids are the main lipid compo-
nent of cell membranes and pathway enrichment is compatible with
remodelling events (reviewed by Han?). Citric Acid Cycle pathway is
common to many metabolomic analyses of oxalosis.

Structural remodelling of the nephron occurs within a month of
spaceflight exposure

To investigate whether renal remodelling was occurring in spaceflight,
we performed Gene Ontology (GO) and Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway enrichment analysis across 24 datasets
obtained from 2 human and 13 rodent spaceflight missions and 2
rodent GCR simulation experiments. The datasets were epigenomic,
transcriptomic, proteomic and phosphoproteomic. GO pathways
(Fig. 6a; Supplementary Data 6) that are repeatedly significantly enri-
ched across the datasets are compatible with remodelling events
occurring in the kidney, these include regulation of cell adhesion, actin
filament organisation, epithelial tube morphogenesis and renal system
development pathways.

Enriched KEGG pathways (Fig. 6b; Supplementary Data 7 likewise
include focal adhesion, tight junction, gap junction, sphingolipids,
actin and cell cycle pathways, again consistent with remodelling.

Proteomic analysis of urine from the Russian Roscosmos human
spaceflight mission (Fig. 6¢) shows extracellular matrix (ECM) and
lipid-turnover related proteins that were enriched 7 days after space-
flight compared to baseline. These include Fibronectin (FNI; involved
in the organisation of the ECM), Cathepsin B (CTSB; maintains turnover
of glomerular basement membrane?”), Apolipoprotein H (APOH; which
binds to cell surface phospholipids) and Proactivator Polypeptide
(PSAP; involved in the lysosomal degradation of sphingolipids). Nota-
ble among these are Nidogen-1 (NIDI; a key part of the nephron
basement membrane) and Podocalyxin (PODXL; a major constituent of
the glycocalyx of podocytes in the glomerulus) which are two of the
most frequently downregulated gene products across kidney datasets
in our study (Fig. 5; Supplementary Data 3).

To determine the extent of any potential structural remodelling,
we looked for macroscopic changes in GCR and/or microgravity
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Fig. 4 | Multi-mission pan-omic investigation of the contributors to nephro-
lithiasis risk during spaceflight. a Multi-omic over-representation analysis of
DisGeNET gene-disease associations related to nephrolithiasis. To integrate data-
sets from different omics modalities, species, missions and tissues, all biomolecules
(e.g. phosphopeptides, proteins, transcripts and methylated DNA) were converted
to the human orthologs where necessary and linked back to their HGNC gene
symbol, aggregated and collapsed to single genes (e.g. multiple phosphosites,
isoforms, CpG sites). An unadjusted, two-tailed -Log;o(P-value) of 2 was considered
significant for ontological term enrichment. b Categorical heatmap of differential

abundance directionality in nephrolithiasis-related faecal microbial taxa after
spaceflight. An unadjusted, two-tailed -Log;o(P-value) of 1.3 was considered sig-
nificant. ¢ Over-representation analysis of KEGG module metabolic pathways with
replication in at least two datasets. An unadjusted, two-tailed -Log;o(P-value) of 1.3
was considered significant for ontological term enrichment. a, ¢ Enrichment ratio;
the number of differentially regulated hits in a dataset that belong to a given
ontological term, normalised to the total number of statistically significant hits in
the respective dataset.

exposed rodent kidneys. Much like Elger and co-workers", who found
an increase in kidney weight of 30% in chronically potassium depleted
animals, we found that microgravity (simulated) and microgravity
+GCR (real and simulated) exposed animals had significantly greater
kidney weights (relative to bodyweight) than control animals (Fig. 7a).

To establish that these changes weren’t merely due to alterations
in extracellular fluid content, quantitative and qualitative histomor-
phometry was performed on mouse kidneys from the RR-10 space-
flight mission. Samples were stained for the canonical distal
convoluted tubule marker Na-Cl cotransporter (NCC; encoded by
SLCI2A3), as this segment is known to be the most plastic in the
nephron. Our data suggest that RR-10 mice have chronic depho-
sphorylation of NCC in addition to potentially altered basolateral
potassium handling via Kir4.1/5.1 and KCC4, both of which are known
to induce distal convoluted tubule remodelling'>?® (Fig. 3a, c; Supple-
mentary Data 1).

Qualitative assessment of 3D images of optically cleared tissues
revealed no obvious lesions or anatomical abnormalities (See videos in
Supplementary Movie 1 & 2). However, quantitative analysis of distal
convoluted tubules revealed that spaceflight led to a reduction in
tubule density, but that these retained tubules had a larger average
size, demonstrating tubular segment remodelling (Fig. 7b, c).

Multi-omic analyses reveal convergent disease pathways
induced by spaceflight

To understand the common processes occurring across the multiple
human and rodent, spaceflight and GCR exposed missions, omics data
were analysed against DisGeNET, KEGG and GO databases. Sig-
nificantly enriched kidney-relevant disease ontologies that were
reproduced in our diverse cohort of datasets were plotted in Fig. 8 for
DisGeNET (Supplementary Fig. 2; Supplementary Data 2).

Many of the same ontologies are represented in both the space-
flight and simulated GCR experiments. Ontologies that are particularly
enriched include amyloidosis, nephrotic syndrome, and membranous
glomerulonephritis, reflecting the presence of acute phase and
inflammatory gene products in addition to the profibrotic and cell
death gene products represented in the chronic kidney disease (CKD)
stage 5, renal fibrosis and renal insufficiency ontologies. The heavily
enriched peripheral vascular disease and endothelial damage ontolo-
gies reflect the known endothelial and microvascular damage marker

gene products enriched across the multiple GCR and spaceflight
datasets.

Mitochondrial diseases are enriched in the proteomics datasets of
kidney tissues (Fig. 8) and is further supported by the enrichment of
ontologies relating to mitochondrial suborganellular structures, oxi-
dative phosphorylation, oxidative stress, reactive oxygen species,
apoptosis, cellular senescence, HIF-1 and TNFa signalling in GO (Sup-
plementary Fig. 4; Supplementary Data 6) and KEGG (Supplementary
Fig. 5; Supplementary Data 7) over-representation analyses. Mito-
chondria may also be showing signs of stress-induced fusion (Sup-
plementary Fig. 6), although future studies would be needed to
specifically address changes in mitochondria morphology.

As a final step we used the Scalable Precision Medicine Open
Knowledge Engine (SPOKE)* knowledge graph tool which is capable of
integrating heterogeneous datasets from various biological levels,
assay modalities, tissue types, organisms and experimental conditions
to validate our findings (Supplementary Fig. 7).

A GCR exposure with a dose-equivalent to a Mars roundtrip
induces renal damage and dysfunction

LEO spaceflight mission participants are exposed to comparatively low
doses of GCR due to the protection provided by Earth’s magnetic field.
Therefore, to disentangle the impacts of GCR from microgravity and
evaluate the consequence of unmitigated GCR exposure, we examined
tissues that had only been exposed to simulated GCR. To do this we
utilised NASA’s ground-based GCR simulator at Brookhaven National
Laboratory, where animals either had an acute exposure to a ~ 1.5-year
dose-equivalent (0.5 Gy) in the simplified 6-beam/5-ion GCR simulator
followed by rapid 24 h sacrifice (BNL experiments) or were given an
acute exposure to a ~ 2.5-year dose-equivalent (0.75 Gy) in the full 33-
beam/7-ion GCR simulator with sacrifice at 6 months post-exposure
(NSRL-22A experiment).

Pathogenic serum miRNA species have been previously impli-
cated to mediate tissue damage in spaceflight*°, and GCR is a plausible
pathogenic factor. Weighted correlation network analysis (WGCNA) of
plasma miRNAs revealed three clusters that generally trended down-
ward in BNL-1 (Supplementary Fig. 8). However, investigation of
miRNA predicted mRNA targets and DisGeNET analysis of these targets
suggested that these circulating miRNAs would be minor players in the
context of renal damage in the acute setting (Supplementary Data 8).

Nature Communications | (2024)15:4923



Article

https://doi.org/10.1038/s41467-024-49212-1

Retaining biomolecular information within the gross and micro-
anatomical context is important, especially when highly heterogenous
tissues like the kidney (Fig. 9a). So, we next performed in situ hybri-
disation (RNAScope) and quantitative whole slide imaging to ascertain
the presence and density of these pathogenic miRNAs in kidney tissues
of BNL-3 mice. miR-125b was significantly increased in the inner stripe
of the outer medulla (ISOM) (Fig. 9b), particularly in the vascular
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compartment (arrows) which corresponds to the thick ascending limb
of the loop of Henle, the thin descending limb of the loop and the
medullary collecting duct. miR-16 has a similar pattern of distribution
and differential expression but fails to reach significance (Supple-
mentary Fig. 9). These miRNA species are implicated in vascular
damage and the ISOM is also the site of the vascular bundle®, a com-
plex structure which is the bottleneck of all blood flow to and from the
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Fig. 5 | Multi-mission multi-omic consensus on differentially regulated gene
products in the kidney. Categorical heatmap of a, upregulated and

b, downregulated gene products in exposure groups (e.g. spaceflight, GCRsim)
compared to control groups (e.g. ground control, sham). To integrate datasets
from different omics modalities, species, missions and tissues, all biomolecules
(e.g. phosphopeptides, proteins, transcripts and methylated DNA) were converted
to the human orthologs where necessary and linked back to their HGNC gene
symbol, aggregated and collapsed to single genes (e.g. multiple phosphosites,
isoforms, CpG sites). These differentially regulated gene products (DRGP) were
ranked and represented in descending order using the following rules: (1) only
DRGPs with a P-value < 0.05 by Wald test were counted as significant and plotted;

(2) Each DRGP was assigned a score of +1 each time it was upregulated or -1 each
time it was downregulated; (3) only DRGPs observed in proteome and tran-
scriptome kidney-specific datasets were used for the calculation of the ranking
score to avoid confounders, although additional datasets (epiproteome, epigen-
ome and those from plasma/exosomes sources) were plotted for visualisation
comparison purposes; (4) The resulting sum of scores for each DRGP was then
calculated and multiplied by the number of times the DRGP was observed in the
kidney-specific proteome and transcriptome datasets; (5) To increase confidence
only DRGPs with a product score of absolute value 9 or higher (but excluding a
score of 12) were plotted as these will have a directionality consensus of at least 3
datasets above the number of disagreeing datasets.

inner medulla. Additionally, mRNA target prediction, KEGG and Dis-
GeNET analysis of miR-125b and miR-16 suggest that these may med-
iate cell senescence, apoptosis, TGFf signalling and oncogenesis
(Supplementary Fig. 9).

To further understand the effect of simulated GCR on the
segment-specific cell types of the kidney’s nephron (Fig. 9a), we per-
formed 2D spatial transcriptomics (Slide-seq*?) on BNL-1 GCR-exposed
renal tissue. Cell types were inferred using a published renal cell atlas®,
which were mapped onto individual data points which accurately
reproduced anatomy (Fig. 9c). Individual significant transcriptional
changes in specific cell types were then examined and top hits were
analysed by KEGG and DisGeNET (Fig. 9d; Supplementary Data 10).
Interestingly, immunoglobulin components were among the hits
overexpressed by loop of Henle cells, presumably reflecting increased
B-cell activity in the interstitium as supported by enrichment of the
KEGG pathway for “leukocyte transendothelial migration” (Supple-
mentary Data 10). SGK1 transcriptional activity was decreased in
proximal convoluted and straight tubule cells (Fig. 9d). SGK1 is a
master regulator of multiple epithelial membrane transporters,
including canonical segment specific transporters. The data also sup-
port disruption of circadian rhythm in several tubule segments via
Cytochrome-1 and Nuclear Receptor Subfamily 1 Group D Member 1
(also known as Rev-Erba; encoded by NRIDI)* (Fig. 9d), and hits on
KEGG and DisGeNET (Supplementary Data 10). When it comes to
damage markers, again the proximal straight tubule and thick
ascending limb of the loop of Henle appear to be the most impacted,
with decrease in ALASI, and increases in ANGPT2 and KRTIS all prog-
nostically poor for renal outcomes®™ ™ (Fig. 9d).

From a radiobiological perspective, the kidney is considered a
late-responding tissue, and studies spanning at least 1-2 years may be
required to appreciate the full impact of chronic GCR exposure on
kidney health®. Although, some features of radiation-induced
nephropathy and sub-clinical manifestations can emerge in <6
months post-irradiation. To investigate this, serial tissue sections from
NSRL-22A mice were histochemically stained for routine examination
of potential kidney damage (haematoxylin and eosin, Masson’s tri-
chrome stain, Martius Scarlet Blue) were examined by a blinded expert
histopathologist (Fig. 10a).

No histological evidence of differences in interstitial fibrosis or
tissue calcifications were observed between Sham and GCR exposed
tissues stained with PAS, Picrosirius Red and Von Kossa (Fig. 10a). To
confirm this, we quantitated the fractional interstitial area in the PAS
stains which showed no difference between groups (mean 6.10% +2.10
vs 6.16%+2.27. p=0.9623). As previously reported, first signs of
fibrosis or calcifications may not present until after 6 months®, and
therefore NSRL-22A may be too short a period to observe these disease
features, despite significant enrichment of fibrosis-related DisGeNET
ontologies in the kidney proteomics from the same animals (Supple-
mentary Fig. 2; Supplementary Data 2). However, consistent with
radiation-induced nephropathy, overt thrombotic microangiopathy
was detected in GCR exposed tissues from 27% (3/11) female animals,
and 0% (0/12) male animals. None was seen in tissue from sham
exposed animals (Fig. 10a).

Given the biomolecular and histopathological signs of renal
injury, we then looked for functional evidence of glomerular, proximal
tubular and distal tubular dysfunction. Urinary and plasma biochem-
ical analyses (Fig. 10b; Supplementary Fig. 10) showed significantly
greater urinary protein excretion in GCR vs sham animals, consistent
with a glomerular lesion or proximal tubule dysfunction, the latter
supported by the reduction in the endocytic receptor megalin (LRP2)
which normally reabsorbs proteins that escape into the ultrafiltrate
(Fig. 5). There was a slight increase in urinary glucose, which is a highly
specific, but not very sensitive marker of proximal tubular dysfunction
in non-diabetic animals. While this did not reach significance
(p=0.1198), there was significant downregulation of sodium-glucose
linked transporter, SGLT1 (SLC5AI) (Fig. 5), that would be consistent
with proximal tubule dysfunction. Finally, there was significantly
greater magnesiuria in GCR exposed animals, consistent with down-
regulated magnesium reabsorption in the loop of Henle or the distal
convoluted tubule.

Discussion

We have presented a large volume of data encompassing both human
and rodent data, extant and novel multi-omics datasets, historical and
extant clinical chemistry and novel imaging data from 16 spaceflight
missions and 4 GCR exposures to examine the effect of spaceflight on
kidney function.

Tubular remodelling, by which we mean structural and functional
adaptation of the tubular nephron to environmental stimuli, is a well
described yet underappreciated phenomenon. Tubular remodelling
occurs not only in response to genetic modification of signal
pathways®, but also chronic diuretic exposure®, kidney injury*, and
both chronic" and acute** hypokalaemia. These changes occur rapidly,
within 3 days of diet induced hypokalaemia®.

Our data robustly and orthogonally supports tubular remodelling
occurring in microgravity with and without GCR. This is highly likely to
have functional consequences, as tubular remodelling does in other
scenarios®.

Renal remodelling in microgravity (possibly related to the
cephalad fluid shift) may therefore be a primary event that causes
subsequent dysregulation of serum and urine electrolyte homeostasis.
This is supported by the prompt return to baseline of humans on
return to terrestrial gravity.

Changes in urinary biochemistry are known to be critical in the
pathogenesis of kidney stone formation; a condition that occurs dis-
proportionally commonly in astronauts, and that is potentially mission
critical.

The increased risk for nephrolithiasis in space has been histori-
cally attributed to the negative impact of microgravity on bone mineral
density that leads to increased resorption of bone, release of calcium
salts in the bloodstream, increased renal load and therefore increased
urinary excretion of calcium and phosphate®®. Our historical data
(from 66 astronauts) confirms hypercalciuria, and the phosphopro-
teomic data shows decreased phosphorylation of NKCC2 (SLCI2AI),
which will cause decreased paracellular reabsorption of divalent
cations in the loop of Henle, and thus renal calcium and magnesium
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Fig. 6 | Biomolecular evidence for spaceflight-induced nephron remodelling.
a A curated list of multi-omic over-representation analysis of GO—biological pro-
cess ontological terms related to remodelling. b A curated list of multi-omic over-
representation analysis of KEGG pathway ontological terms related to remodelling.
a, b To integrate datasets from different omics modalities, species, missions and
tissues, all biomolecules (e.g. phosphopeptides, proteins, transcripts and methy-
lated DNA) were converted to the human orthologs where necessary and linked
back to their HGNC gene symbol, aggregated and collapsed to single genes (e.g.
multiple phosphosites, isoforms, CpG sites). An unadjusted, two-tailed -Log;o(P-
value) of 2 was considered significant for ontological term enrichment. Enrichment
ratio; the number of differentially regulated hits in a dataset that belong to a given
ontological term, normalised to the total number of statistically significant hits in
the respective dataset. ¢ STRING protein-protein interaction network of
previously absent inflammation-associated and collagen I-associated ECM
proteins that appeared in cosmonauts’ urine (n =10) after 166-199 days of
spaceflight exposure.

wasting. Hypocitraturia was not observed; this is in line with previous
observations by Pietryzk et al. of an approximate rate of 14% of
hypocitraturia during spaceflight®, and Whitson et al. who found no
significant hypocitraturia®.

Hyperoxaluria also occurs during spaceflight. Oxalate is freely
filtered by the glomerulus and almost entirely excreted in the urine.
Increased urinary oxalate reflects increased plasma oxalate load that
could come from either increased endogenous liver production or
increased absorption by the gut. The latter could be caused by several
conditions such as increased dietary oxalate, malabsorptive conditions
or altered microbiome. Dietary data were not available, and we
assumed an absence of malabsorptive conditions. However, we do
know that spaceflight affects the gut microbiome*. Metagenomic
analysis of the microbiome showed that in the highest quality faecal
microbiome dataset (namely RR-23) Oxalobacter sp., the bacterium
primarily responsible for oxalate metabolism*, increases during
spaceflight. Bacteroides, a bacterium that was found to be increased in
stone formers®, and Bifidobacterium, a pro-biotic able to metabolise
oxalate in the gut'’, were enriched and depleted in spaceflight
respectively. It is difficult, based on low replicability of data to ascribe a
primary, or even secondary microbiome-related aetiology for
increased stone formation in spaceflight.

Proposed interventions to prevent potential mission critical kid-
ney stone formation in spaceflight include increasing urine output by
maximising oral fluid intake"’, oral potassium citrate*® (or potassium
magnesium citrate*’) supplementation and inflight management,
including ureteral stenting® and lithotripsy®'. While these are sensible
and may indeed be effective, none deal with the hypercalciuria that has
been consistently shown in human space travellers. Oral or parenteral
bisphosphonates have been used with some success®. Further, thia-
zide diuretics reduce urinary calcium excretion® (possibly by ECV
contraction causing increased proximal tubular calcium
reabsorption®*) and reduce age related bone mineral density loss™, and
could represent a “two birds with one stone” therapeutic option.

Could the dephosphorylation of NKCC2 guide us toward a ther-
apeutic target to reduce spaceflight induced hypercalciuria? NKCC2
activity is modulated by the calcium sensing receptor (CaSR) via
phosphorylation®, and calcilytics (CaSR antagonists), well tolerated
but disappointing agents in their utility for treating terrestrial
osteoporosis®, might be one potential avenue to manipulate NKCC2
activity to ameliorate spaceflight induced hypercalciuria.

Abnormal water homeostasis has been noted in astronauts since
the early days of spaceflight, with a marked reduction in both diuresis
and natriuresis with vasopressin dysregulation via unknown
mechanisms'™. In fact, the reduced NKCC2 activity would conversely
be anticipated to enhance diuresis, much like a loop diuretic. In this
context, downregulation of prostaglandin transporters (PGT; encoded
by SLCO2AI), a result seen in multiple of our proteomic and tran-
scriptomic datasets (Fig. 5), is intriguing and may offer a way to
reconcile this paradox. As carriers of a gain-of-function mutation of
SLCO2ATS, see a reduction in PGT activity in the proximal straight
tubule and the cortical collecting duct which colocalises with
Aquaporin-2 (AQP2). Loss of PGT-mediated reabsorption by collecting
duct principal cells, causes a subsequent build-up in the luminal con-
centration of the prostaglandin PGE,, which stimulates apical pros-
taglandin E, receptor 4 (EP,) receptors to activate Aquaporin-2 and
inappropriate water reabsorption. In our study the loss of NKCC2
activity through dephosphorylation and reduction of PGT abundance
can offset each other.

Tubular remodelling in spaceflight raises another, interesting
question; is the hypercalciuria seen in spaceflight a consequence or
cause of spaceflight related loss of bone mineral density (BMD)? We
know that primary renal phenomena associated with tubular remodel-
ling (e.g. genetic inactivation of SLCI2A1 in Bartter syndrome® or chronic
furosemide exposure®®) can cause a loss of BMD as a consequence of the
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Fig. 7 | Anatomical evidence for spaceflight-induced nephron remodelling.

a Morphometry of kidney mass was assessed by wet weights in 1G, the weight of
both left and right kidneys were averaged, and the kidney weights were normalised
against bodyweight (BW) for the same animal and expressed as a percentage. All
ground control and sham animals that received no exposure treatment were
grouped into control. Animals that only received either full or simplified galactic
cosmic radiation (GCR) simulations were grouped into GCR. Animals that only
underwent hindlimb unloading microgravity simulation were grouped into
microgravity (MG). Animals that underwent a combination of GCR and MG, or were
exposed to spaceflight, were grouped into GCR + MG. Data are presented as
mean + SD. One-way ANOVA with pairwise Dunnett’s multiple comparison post-hoc
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tests (*p < 0.05, *p < 0.01, *p < 0.001, ***p < 0.0001). N numbers are control =48,
GCR =30, MG =28, MG + GCR = 39 biologically independent animals per group.

b Representative confocal images showing the annotations of cortex regions
(magenta borders) and distal convoluted tubules (DCT, green) in RR-10 spaceflight-
exposed mice (28 days) from whole slide images of kidney sections immunola-
belled with tNCC/pNCC as DCT markers. 200 um scale bar. ¢ Morphometric analysis
of DCTs assessed the average area per tubule (top Y-axis), the density of no. of
tubules per unit area of cortex (middle Y-axis), and the total summed area of all
DCTs as percentage of cortex area. Data are mean + SD. P-value of 0.05 by students
t-test was considered significant. N =10 biologically independent animals per
group. Source data are provided as a Source Data file.

primary hypercalciuria. This implies that renally targeted therapies (e.g.
thiazides, calcilytics) will be effective. There does appear to be a syner-
gistic effect of microgravity and GCR on BMD loss; GCR does have pri-
mary bone effects, increasing osteoclastogenesis and bone loss in
rodents’, so bone targeted countermeasures will still be relevant.

The kidney is a key microvascular end-organ and microvascular
disease appears to be one of the main consequences of GCR
exposure®. We concur with this view: vascular disease and endothelial
dysfunction disease ontologies were highly enriched across omics
datasets (Fig. 8). Consistent with this, the arginine biosynthesis path-
way was highly enriched across our human and mouse datasets

(Fig. 4¢), there was a significantly increased amount of pathogenic miR-
125b in the highly vascular ISOM (Fig. 9b) and as a likely consequence
of this microvascular pathology, we observed incidences of throm-
botic microangiopathy on histopathological examination (Fig. 10a).
In addition to this, pathophysiological macrovascular changes are
a well-documented consequence of microgravity, with 6 months in
space shown to induce ~ 20 years of vascular ageing through arterial
stiffening®. The resultant loss of vascular elasticity, and thus buffering
capacity, leads to elevated transmission of blood flow and pressure
pulsatility to the microvasculature. Long-term, this can cause baro-
trauma or oxidative stress to renal microvasculature due to

Nature Communications | (2024)15:4923

10



Article

https://doi.org/10.1038/s41467-024-49212-1

Ll -LogP Omic Species Exposure Sample
-_— BN Mouse Spaceflight . Kidney
o34 e 4 = Proteome WM Metabolome Human = simGCRsim W Plasma
) ® 8 Transcriptome WEE Epigenome = Rat m GCRsim Excsome
a2 ' 12 MGsim Faeces
€
0.10 qE) ‘ 16
£ @® 2 Omic I ==
0.08 g . 24 Speces Il I ([ ) I sl i}
|.|=J Exposuee 1 N I
006 samele NN N O O O D A 5 0
0.04
Amyloidosis{ @@ ©®¢ 0000000000000 0000 0
0.02
Vascular Diseases ee0ce 0000000000000 o
Endothelial dysfunction{ ® ® @ ® @ 000200000 900 oo
Chronic kidney disease stage 5 (X N 000000000 000 oo
Renalfibrosis{ o o0 o ee 000 00000 o000
Renal Insufficiency{ ® ® @ ® 000000000 00 o000 o
Nephrotic Syndrome e O o 00200000 000 oo0o
Membranous glomerulonephritis e X X KN @ o000
Peripheral Vascular Diseases o0 @ 0000 @ 2 ®
IGA Glomerulonephritis{ ® ® XY I XXX XEEKXX X o0
Hyperlipidemia| ©® ® @ ® @ 000000000 oo [}
Inflammation 4 0002000000000 o0
Glomerulosclerosis (disorder) 4 o0 0 o000 N NN o0
Lupus Nephritis - e o 00000000 o000 o0
Immunosuppression L ([ I I NNN NN RN NN e
Peripheral Arterial Diseases o000 000000000 LN oo
Proteinuria 4 000000 oo o
Kidney Failure - @ 000000 QO0 [ X J @ ®
Glomerulonephritis [ (T I XEXXXEEKXKX )
Tubulointerstitial fibrosis{ © ® ® ® o0 ec0000 o0
Vascular inflammations{ ® ® @ L X ] ® XN N LN
Renal glomerular disease ® 0 @ ® ® @
Acute kidney injury 4 ® o000 @ X N
Hematuria - e o o000 o000 XN
Focal glomerulosclerosis{ ® ® @ ® N N o000
Reperfusion Injury @ o000 00¢ ® ¢
Acute Kidney Insufficiency ® 2] ®
Nephritis - @ 00000000 o @
Nephrosis @
Vascular lesions - e (=]
Complications of Diabetes Mellitus -{ ® LN X N @ @
Ischemia of kidney @ e [
Nephritis, Interstitial 4 =]
Mitochondrial Diseases (XY RN ® 8
2T e 928 53 9 T T 2
Eixc:eE 388 ;2 ¢ e R238¢8¢8
€ & -3 € g Ero @ I = =
3 £ &R B B
% g g0 © o O 3 g
o s &N ~ N
z 2 e 5 e S
@ «© € @

Fig. 8 | Biomolecular evidence for spaceflight-induced kidney damage. A
curated list of enriched gene-disease associations are presented for DisGeNET
ontological terms relevant to kidney health. These were ranked and represented in
descending order using the following rules: 1) No. of mission datasets it replicated
in; 2) most significant P-value; 3) greatest enrichment. To integrate datasets from
different omics modalities, species, missions and tissues, all biomolecules (e.g.
phosphopeptides, proteins, transcripts and methylated DNA) were converted to

the human orthologs where necessary and linked back to their HGNC gene symbol,
aggregated and collapsed to single genes (e.g. multiple phosphosites, isoforms,
CpGssites). An unadjusted, two-tailed Log;o(P-value) of 2 was considered significant
for ontological term enrichment. Enrichment ratio; the number of differentially
regulated hits in a dataset that belong to a given ontological term, normalised to
the total number of statistically significant hits in the respective dataset.

suboptimal perfusion, especially as the myogenic response of the
afferent arteriole is to vasoconstrict and provide resistance (and thus
reduce flow) in the face of excessive pulsatile pressure®’. Indeed
arterial stiffness and CKD are strongly associated, and it is thought that
one begets the other in a positive feedback loop®*. Taken together with

the general drop in blood pressure experienced by astronauts®,
exposure to spaceflight long-term places the kidney in an impossible
position whereby it must choose whether to defend renal perfusion or
the health of its microvasculature. If the arterioles dilate to enhance
blood flow, they leave the microvasculature open to damage from
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a Schematic representation of an axial cross section of mouse kidney hemisected at
through the hilum as shown. Annotations of gross anatomical regions of the kidney
used for spatial RNA expression analyses. b Representative images of miR-125b
staining (small red dots) in the outer medulla of haematoxylin-stained kidney
sections from BNL-3 simGCRsim-exposed mice (- 1.5-year-dose equivalent) har-
vested -~ 24 h post-exposure. White arrows indicate concentrations of miR-125b
staining around capillaries in the interstitium; 50 um scale bar. Data are mean + SD.
A P-value of < 0.05 by students t-test was considered significant. Average; the
simple arithmetic mean of the four anatomical regions, n = 6 biologically inde-
pendent animals per group ¢ Gross anatomical and microanatomy features anno-
tated on exemplar slide-seq pucks of BNL-1 simGCRsim-exposed mice (- 1.5-year-
dose equivalent) harvested ~ 24 h post-exposure. Samples for pucks were taken to
maximise the anatomical coverage from the approximate regions shown in the
green (autofluorescence) axial section of mouse kidney. Beads are assigned iden-
tities according to their highest probable cell type classification. For scale, each dot
represents a 10 um bead. d The table shows the differentially regulated mRNA
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transcripts from ¢, captured by different cell typed beads after exposure to GCR. An
adjusted P-value of < 0.05 by students ¢-test was considered significant. Abbrevia-
tions: OSOM outer stripe of outer medulla. ISOM inner stripe of outer medulla. IM
Inner medulla. DCT distal convoluted tubule. Early PT or PTS1 early proximal tubule
S1. Endo; endothelial cell. IC; intercalated cell. CTAL/MTAL or LOH; (cortical or
medullary) thick ascending limb of the loop of Henle. Macro; macrophage. Neutro
neutrophil. NP nephron progenitor cell. PC principal cell. PCT or PTS1/2 proximal
convoluted tubule S1 +S2; Podo podocyte. PST or PTS3 proximal straight tubule S3.
G glomerulus. DTL descending thin limb of the loop of Henle. ATL ascending thin
limb of the loop of Henle. MD macula densa. CNT connecting tubule. CCD cortical
collecting duct. OMCD outer medullary collecting duct. IMCD inner medullary
collecting duct. Endo endothelial cell. IC intercalated cell. Macro macrophage.
Neutro neutrophil. NP nephron progenitor cel.; Podo podocyte. The schematic
map of a whole kidney’s cross section and the visualisation by actin filament
fluorescent were published in The FEBS Journal 287 (2020) 1176-1194 [doi:10.1111/
febs.15088] © 2019 Kumaran et al. and is licensed under CC BY 4.0. Source data are
provided as a Source Data file.

unbuffered pressure waves on top of the radiation damage caused by
GCR. Whereas if they constrict to provide protection to the micro-
vasculature, they reduce blood flow and therefore oxygen supply to
the renal tubules, which further compounds and exacerbates the
chronic oxidative stress and mitochondrial dysfunction from GCR
bombardment.

This study is the largest to ever look at the effect of spaceflight on
kidney function. We have demonstrated that there is renal structural
and functional remodelling likely caused by microgravity, probably
synergistically with GCR. We have shown that this remodelling is a
potential driver of kidney stone formation and many of the changes in
the urinary biochemistry of humans and animals experienced by those
exposed to LEO spaceflight. We have also shown that acute exposure
to simulated GCR causes both acute and chronic tubular epithelial and
vascular damage that appears both progressive and irreversible.

However, our study has several limitations. We have necessarily
relied on human (mostly male) and animal (mostly female) data from
missions which were exposed to microgravity for relatively short
periods of time compared to the projected length of a Mars mission,
and only in LEO, which also limited the amount of GCR and other space
radiation that they were exposed to. Additionally, our simulated GCR
experiments only looked at acute unfractionated dosing, which may
not accurately model the chronic cumulative exposure that would
happen on a Mars mission.

Therefore, in the absence of experiments that can more accu-
rately model the long-term simultaneous exposure to full GCR and
microgravity over several years, and the plausible synergistic impact of
these insults, our results should be taken a conservative glimpse into
the potential dire health consequences of long-term deep space travel.
Much more intensive study of the health impacts of spaceflight on the
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Fig. 10 | Chronic impact of galactic cosmic radiation (GCR) on kidney health.
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Kossa stained kidney sections from NSRL22A GCRsim-exposed mice (- 2.5-year
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chloride) physiological measurements from NSRL22A GCRsim-exposed mice
(~2.5-year dose-equivalent) harvested ~ 6 months post-exposure that were nor-
malised to sham controls for illustrative purposes. Boxed P-values report the two-
way ANOVA treatment group factor result. Data are mean + SD. A P-value of < 0.05
was considered significant. Cr Creatinine, FE Fraction Excretion, Corr corrected for
albumin, Ca calcium, Na sodium, Mg magnesium, Po4 phosphate, N =12 biologically
independent animals per sex per group. ‘Source data are provided as a Source
Data file.
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kidneys and other visceral organs that have received little attention is
of the utmost importance if we are to develop mitigation strategies
and send humans to other planets and beyond.

Methods

Human studies ethical approval

All crews from the Inspiration4, NASA, JAXA spaceflights provided
informed written consent prior to their participation.

Inspiration4 subjects were consented at an informed consent
briefing (ICB) at SpaceX (Hawthorne, CA), and samples were collected
and processed under the approval of the Institutional Review Board
(IRB) at Weill Cornell Medicine, under Protocol 21-05023569. All crew
members have consented for data and sample sharing. Tissue samples
were provided by SpaceX Inspiration4 crew members after consent for
research use of the biopsies, swabs, and biological materials.

The procedure followed guidelines set by the Health Insurance
Portability and Accountability Act (HIPAA) and operated under Insti-
tutional Review Board (IRB) approved protocols. Experiments were
conducted in accordance with local regulations and with the approval
of the IRB at Weill Cornell Medicine (IRB #21-05023569). NASA IRB
(CSA defers to NASA’s IRB), ESA IRB, JAXA IRB for their respective
crewmembers from Biochemical Profile (NASA IRB Pro0797) and
Nutritional Status Assessment: SMO O16E (pro0326) projects. All crews
provided informed written consent prior to participation.

The JAXA human spaceflight study was proposed to and sup-
ported by the 2014 International Life Sciences Research Announce-
ments, JAXA, and NASA. Ethics committee approvals were obtained at
the University of Tsukuba (No. 251, Nov. 27, 2015), JAXA (JX-IRBA-20-
071, Aug. 30, 2016), NASA (Pro1995, Feb. 28, 2017), ESA (2017_04_09,
Apr. 20, 2017). Informed consent was obtained by the personal infor-
mation manager of the study, and de-identified samples were made
available to researchers who performed sample processing and data
analysis.

Cosmonaut data were obtained from previously published data
[https://link.springer.com/article/10.1007/s10517-013-2310-2].

Animal Studies ethical approval

For all animal data coming from NASA Genelab Open Science Data
Repository (see detailed citations for all missions in the supplementary
methods section) the ethical oversight information and protocol
number can be found in the Protocol section (e.g. https://osdr.nasa.
gov/bio/repo/data/studies/OSD-102).

For BNL-1/2/3—Brookhaven National Laboratory IACUC Protocol
506 “miRNA Signature Detection and Countermeasures Against HZE
Radiation Exposure for Tissue Degeneration”.

For NSRL-22A—All care and procedures were approved by the
Institutional Animal Care and Use Committees (IACUC) at BNL and
CHOP and were in accordance with the AAALAC and National Institute
of Health (NIH) guidelines for the care and use of laboratory animals.

For RR-10- NASA John F. Kennedy Space Center Institutional Ani-
mal Care and Use Committee (IACUC) Research Protocol Review
IACUC Protocol #: FLT-20-133 “The Role of CDKNIla/p21Pathway in
Microgravity-Induced Bone Tissue Regenerative Arrest—A Spaceflight
Study of Transgenic CDKNIla/p21-Null Mice in Microgravity
(SpaceX-21)”

Sex differences
For the human studies: NASA historical data is pooled and anonymised
for ethical reasons.

Cosmonaut and JAXA data is all male. SpaceX data involves both
sexes, but this cannot be disaggregated for ethical reasons of
anonymity.

For the animal studies: The findings apply mostly female animals
(roughly two thirds of animal missions were female). As we were col-
lecting data from previously conducted experiments, we did not have

the ability to alter this sex disparity. Only one study had both males and
females, which enabled us to perform sex difference analyses for
parameters such as blood and urine electrolytes.

Sample sizes

Due to the nature of our study we used samples from animals that had
been in spaceflight (usually as part of the ‘Rodent Research’ missions to
the International Space Station) or had been taken from costly
experiments using the Galactic Cosmic Radiation Simulator at Broo-
khaven national laboratories. We also used samples and/or data from
humans who had undergone spaceflight (in historical NASA missions,
Roscosmos missions, and JAXA missions to the ISS or modern com-
mercial missions with SpaceX such as inspiration4). Our sample
numbers were therefore limited to the number of samples made
available to us in the original experimental designs or mission para-
meter limitations (restricted by practical considerations of weight to
launch, available space and resource consumption). In all cases, we
endeavoured to use the maximum number of biological replicates
available to us to maximise experimental power.

Statistics and reproducibility

Omics studies. This study encompassed 2 epigenomic (Whole-gen-
ome bisulfite sequencing), 9 transcriptomic (8 Bulk RNA sequencing, 1
Bulk small RNA sequencing), 7 proteomic (3 Quantitative fractionated
TMT-labelled DDA LC-MS/MS, 2 Quantitative label-free SEER DIA LC-
MS/MS, 1 Plasma Slow Off-Rate Modified Aptamers, 1 Shotgun LC-MS/
MS), 1 epiproteomic (Quantitative fractionated TMT-labelled DDA LC-
MS/MS of phospho-enriched peptides), 3 metabolomic (Quantitative
label-free UHPLC-MS/MS) and 6 metagenomic (4 Whole metagenome
shotgun sequencing, 2 16S rRNA gene amplicon sequencing) studies
on both humans and animals. Full details of the experimental, pro-
cessing and analytical methodologies and locations of publicly avail-
able raw data are given in the supplementary methods.

Physiology
Sample collection and processing. NSRL-22A

Urine collection was performed in awake mice to obtain sponta-
neous and uncontaminated samples. Mice were gently handled over a
sheet of Saran® wrap or Parafilm® to facilitate micturition. Upon col-
lection, each urine sample was carefully divided into two aliquots. One
aliquot was immediately acidified with HNO3 to achieve a final con-
centration of 1% v/v, preventing precipitation of electrolytes and
maintaining sample integrity. Both aliquots were then promptly stored
at —80°C to preserve their biochemical constituents until further
analysis. For blood collection, mice were subjected to terminal
anaesthesia to minimise distress and ensure compliance with ethical
guidelines. Blood samples were drawn from the vena cava using a fine
needle and syringe. Plasma was separated by transferring the blood
into Microvette® CB 300 LH (Sarstedt) tubes and centrifuging at
2000 g for 5min. The resulting plasma supernatant was carefully
aspirated and stored at — 80 °C for future analysis. Both plasma and
non-acidified urine samples were analysed for creatinine levels by
employing either the standard Jaffe reaction or the enzymatic method,
depending on the investigator’s preference and laboratory resources.
Electrolyte levels, biochemistries and biomarkers were assessed using
the Siemens Dimension RxL Max Integrated Chemistry System, at the
Core Biochemical Assay Laboratory at Addenbrooke’s Hospital,
Cambridge, UK.

Inspiration4

Plasma samples collected from astronauts at timepoints L-92d,
L-44d and L-3d were grouped and averaged into “pre-flight” for com-
parison against individual post-flight timepoints R+1d, R+45d,
R+82d and R+194d. These samples were analysed by Quest Diag-
nostics using the Comprehensive metabolic panel [CMP; CPT
code 80053].
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NASA

A historical collection of archived astronaut frozen plasma and
urine aliquots were collected and stored at — 80 °C over many years.
Clinical chemistries, endocrine profiles and biomarkers were obtained
at the Nutritional Biochemistry Laboratory at NASA Johnson Space
Center. Timepoints L-180d and L-45d were grouped and averaged as
“pre-flight” for comparison to individual timepoints L +15d, L +30d,
L+60d, L +120d, L +180d, R+ 0d and R +30d.

Functional calculations. Functional calculations used in the data
analysis are fully detailed in the supplementary methods.

Imaging

Sample fixation and processing. Mouse kidney samples were har-
vested and fixed through immersion in freshly prepared 4% (w/v)
formaldehyde-PBS solution (pH 6.9) for 16 h at 37 °C. Subsequently,
the samples were washed three times with PBS with 0.02% Na-Azide
and stored at 4 °C until they were embedded in paraffin.

Histopathology and Brightfield WSI. 2-3um FFPE sections from
NSRL-22A kidneys were prepared, deparaffinised using Histoclear
(National Diagnostics), and rehydrated through a series of graded
methanol steps. These were then stained for either Haematoxylin and
Eosin (#ab245880, Abcam) or Masson’s Trichrome (#abl50686,
Abcam) according to the manufacturers guidelines.

Sections underwent brightfield whole slide imaging with 20X
objective tiled and stitched focus stacks taken for each section on a
Zeiss Axio Scan.Z1 slide scanner. The resultant images were viewed in
QuPath (v0.4.3) and semi-quantitatively scored for any histopatholo-
gical findings.

Immunostaining and confocal WSI. 5um FFPE sections from RR-10
kidneys were prepared, deparaffinised using Histoclear (National
Diagnostics), and rehydrated through a series of graded methanol
steps. Antigen retrieval was performed using [1X] R-Universal buffer
(AP0530) in a 2100 antigen retriever for a single heat-pressure cycle
(Aptum Biologics). Sections were then permeabilized with 0.05% (v/v)
Triton X-100-PBS solution for 20 minutes and incubated with Section
Block ‘ready-to-use’ (AP0471; Aptum Biologics) for 30 mins at RT. Pri-
mary antibodies were incubated overnight at 4°C for 16 hours at
specified concentrations (see supplementary methods), diluted in
Antibody Diluent ‘FF/PE Sections’ (AP0472; Aptum Biologics). For
phospho-specific antibodies, 10 pg/ml of the non-phospho peptide
used to raise the antibody was added per 2 pg/ml of the antibody used.
Negative control samples omitted the primary antibody and were
processed simultaneously. Following incubation, slides were washed
by dipping slides 50x times in 0.05% (v/v) Triton X-100-PBS for 3
rounds, and incubated with secondary antibodies for 1 hour at RT. Pre-
absorbed fluorochrome conjugated secondary antibodies were uti-
lised at specified concentrations (concentrations (see supplementary
methods), diluted in Antibody Diluent ‘FF/PE Sections’ (AP0472;
Aptum Biologics). After washing, slides were mounted using Prolong
Gold antifade (#P36930, Life Technologies), permitted to cure for 48-
72hrs, sealed with CoverGrip Coverslip Sealant (#23005; Biotium) and
protected from light exposure.

Immunofluorescent images were captured using either a Zeiss
LSM700 LED laser-scanning confocal microscope or Leica SP8 white-
light laser-scanning confocal microscope using 488-nm, 555-nm and
639-nm laser lines, employing a 10X/0.3NA (Zeiss) or 10X/0.5NA
(Leica) objective. Zeiss acquisition parameters included single field of
view, 8-bit resolution, 1844 x 1844 pixels, 1x digital zoom, 3.85us pixel
dwell time, 4-line Kalman filtering, sequential (by line) channel ima-
ging, and a 4-slice z-stack with a 6 um thickness to account for chro-
matic aberration.

Leica acquisition parameters included tile scanning with a 10%
overlap, 8-bit resolution, 1024 x 1024 pixels, 0.75x digital zoom,
600 Hz scan speed, 6-line Kalman filtering, sequential (by line) channel
imaging, and a 3-slice z-stack with a 5um thickness to account for
chromatic aberration.

Images were processed using FIJI image analysis software
(v.1.53p). Fluorescent z-stacks underwent background subtraction
(200 px radius rolling ball) and maximum intensity z-projection.
Brightness and contrast adjustments were made using linear histo-
gram stretching to enhance visibility.

miRNA in situ hybridisation and brightfield WSI. FFPE blocks for BNL-
3 kidneys were trimmed to remove tissue exposed to air, and fresh
5um sections were taken. These were not baked onto the slide and
stored with desiccant instead. Samples were then processed using the
miRNAscope™ HD RED assay (#324531 and #324500, ACD-Biotechne)
with the FFPE tissue section workflow according to the manufacturers
guidelines. miRNAscope™ Probes against the following were used:
mmu-miR-125b-5p (#1082311-S1), mmu-let-7a-5p (#727761-S1) and
mmu-miR-16-5p (729031-S1).

Sections underwent brightfield whole slide imaging with 20X
objective tiled and stitched focus stacks (with extended depth of
focus) taken for each section on a Zeiss Axio Scan.Z1 slide scanner.
Using QuPath (v0.4.3) the cortex, outer stripe of the outer medulla,
inner stripe of the outer medulla and inner medulla were manually
annotated with the aid of a Wacom cintiq pro 32 to create a segmen-
tation mask of the anatomical regions for area calculation. Ilastik
(v1.4.0)% automated (supervised) pixel-level classification was then
trained to identify positive miRNAscope probe staining. A custom in-
house python script was then used to count all positive staining and
calculate the area of all anatomical regions, so that the density of each
miRNA per unit area of each region could be determined for each
kidney section.

Optical clearing and 3D imaging. Tissue transformation, delipidation
and refractive index matching

Quartered formaldehyde-fixed kidneys from RR-10 mice were
tissue transformed using the SHIELD protocol®® and reagents from
Lifecanvas technologies (MA, USA) based on (10.1038/nbt.4281).
SHIELD-transformed kidneys were delipidated (Lifecanvas Technolo-
gies; Full Passive Pipeline Protocol v4.06) for approximately
10-14 days at 37 °C in 40 mL of passive delipidation buffer with gentle
agitation in EasyClear device. Following delipidation, tissues were
washed in several rounds of PBS at 37°C overnight to remove any
delipidation buffer. Before imaging tissues were immersed in Incu-
bated in Easylndex RI 1.53 refractive index matching solution as per
protocol. Tissues were then embedded in 2% w/v ultra-low melting
point agarose (Sigma A5030) blocks made up with Easylndex solution
to immobilise the samples. These were then stored in Easylndex in
airtight containers shielded from light prior to imaging.

MesoSPIM imaging

Samples were mounted in quartz cuvettes and immersion oil with
refractive indices matching that of Easylndex, and then suspended and
aligned for light-sheet fluorescence imaging with a MesoSPIM®. Ima-
ges were captured at 16-bit for 1-channel dual laser lightsheet illumi-
nation (488 nm excitations) to obtain autofluorescence emissions at
2048 x 2048 pixels in the XY, with a Z depth range of 700-1200 pixels,
giving a pixel resolution of 3.26 um (XY) and 4.0 um (Z).

Image analysis

To evaluate any qualitative changes in gross morphology images
were imported into Syglass®® (v.1.7.2-79; https://www.syglass.io/; RRID:
SCR_017961) for visual investigation by nephrologists and histopathol-
ogists in 3D virtual space using Meta Quest 2 VR headsets. Images were
also imported into Imaris®®(v10.0) for visualisation on a Wacom cintiq
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pro 32” 4 K touchscreen monitor. 3D video renders were later generated
with Syglass (v.2.0.0) and Z-slice video created with FIJI (ImageJ; v.1.54 h).

Morphometry

Normalised kidney weights. Pl and NASA GeneLab records for all
animals included in the study were examined for bodyweight and
kidney wet weight measurements. Only BNL-1, BNL-2, BNL-3 and RR-23
missions had complete kidney and body weight information available.
Where available, the weights of both left and right kidneys were
averaged, and the kidney weights were normalised against bodyweight
for the same animal and expressed as a percentage. All ground control
and sham animals that received no exposure treatment were grouped
into control for pairwise comparisons against GCR (animals that only
received either full or simplified galactic cosmic radiation simulations)
or MG (animals that only underwent hindlimb unloading microgravity
simulation) or GCR + MG (animals that underwent a combination of
GCR and MG or were exposed to spaceflight).

Histomorphometry. Whole slide images of tiled immunofluorescent
confocal images taken from RR-10 were used for analysis. Using
QuPath (v0.4.3) the cortex was manually annotated with the aid of a
Wacom cintiq pro 32 to create a segmentation mask of the anatomical
region for area calculation. Similarly distal convoluted tubules (DCT)
labelled with antibodies against total NCC / phospho-NCC (see sup-
plementary methods for details), the canonical DCT marker, were
annotated. Initially, only a handful of tubules were annotated from
each slide, and these were then used to train llastik (v1.4.0)® for
automated (supervised) pixel-level classification of DCTs. These were
then further manually refined to remove/include any false-positive/
negatives. A custom in-house python script was then used to compute
the number of discrete tubules positive for DCT markers, the corre-
sponding area of each of these as well as the total cortex area, such that
average tubule area and DCT density per area of cortex could be
determined for each kidney section.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Figure 1a, b Aggregated from NASA OSDR Fig. 2. a, b and Supple-
mentary Fig. 1 A, B. The data included in these figures are available
under restricted access and deidentified in order to preserve partici-
pants anonymity, access can be obtained by contacting Scott Smith
(scott.m.smith@nasa.gov). Figure 3a, b, ¢; Fig. 7b, ¢; Supplementary
Fig. 6; Supplementary Data 1,Supplementary Movie 1,2) underlying
data from NASA OSDR: OSD-462 (https://doi.org/10.26030/8gla-3041)
Fig. 4a; Fig. 5; Fig. 6a, b; Fig. 8; Supplementary Figs. 2,4,5,7; Supple-
mentary Data 2,3,6,7) underlying datasets from NASA OSDR: OSD-102
(https://doi.org/10.26030/yn9m-2d19), 163 (https://doi.org/10.26030/
q8vt-7p92), 253 (https://doi.org/10.26030/4mx6-5x80), 336 (https://
doi.org/10.26030/qasa-rr29), 342 (https://doi.org/10.26030/v2ak-
0y21), 462 (https://doi.org/10.26030/8gla-3041), 513 (https://doi.org/
10.26030/pprb-6227), 457 (https://doi.org/10.26030/yyce-8y73), 530
(https://doi.org/10.26030/r2xr-h714), 532 (https://doi.org/10.26030/
j15f-vj38), 571 (https://doi.org/10.26030/h3p5-tc29), 708 (https://doi.
0rg/10.26030/r4pv-hw21), 709 (https://doi.org/10.26030/fhs1-z519)
Fig. 4b; Supplementary Fig. 3,7; Supplementary data 4) underlying
datasets from NASA OSDR: OSD-72 (https://doi.org/10.26030/qyw7-
qn34), 212 (https://doi.org/10.26030/8vac-wb94), 249 (https://doi.org/
10.26030/h713-bd02), 250 (https://doi.org/10.26030/rjly-dq03), 465
(https://doi.org/10.26030/vaghs-qq63), 466 (https://doi.org/10.26030/
6axn-0058). Figure 4c; Supplementary Fig. 7; Supplementary Data 5)
Rat data at request of CNSA authors (https://doi.org/10.3389/fphys.
2020.00939), MHU-3 data at request from authors (https://ibsls.

megabank.tohoku.ac.jp/metabolite-list)’>”, NASA OSDR: OSD-571
(https://doi.org/10.26030/h3p5-tc29) Fig. 6c) data available from
Peptide Atlas (https://peptideatlas.org/). Dataset identifier:
PASS00239 Fig. 7a) kidney and bodyweight data are available on
request to abehesht@broadinstitute.org for BNL-11213 mice and to
valery.boyko@nasa.gov and NASA OSDR: OSD-513 (https://doi.org/10.
26030/pprb-6227), 462 (https://doi.org/10.26030/8gla-3041), 710
(https://doi.org/10.26030/rlhh-ev67), 712 (https://doi.org/10.26030/
f6b9-4093), 709 (https://doi.org/10.26030/fhs1-z519) Fig. 9b; Supple-
mentary Fig. 9) underlying datasets from NASA OSDR: OSD-710
(https://doi.org/10.26030/r1hh-ev67) Fig. 9d; Fig. 10A; Supplemen-
tary Data 10) underlying datasets from NASA OSDR: OSD-708 (https://
doi.org/10.26030/r4pv-hw21) Fig. 10b) underlying datasets from NASA
OSDR: OSD- 706 (https://doi.org/10.26030/rrwe-h429), 707 (https://
doi.org/10.26030/bcnk-5z50) Supplementary Fig. 1C) underlying
datasets from NASA OSDR: O5D-575 (https://doi.org/10.26030/mc5d-
p710) Supplementary Fig. 7 Comprises all of the other data sets listed
here. Supplementary Fig. 8; Supplementary Data 8,9) underlying
datasets from NASA OSDR: OSD-336 (https://doi.org/10.26030/qasa-
r129) For further information see Supplementary Information. Source
data are provided with this paper.

Code availability

Scripts used for the analysis in this manuscript can be found at the
following  GitHub  sites:  https://github.com/nestlerk/Kidney_
Spaceflight, https://github.com/luslab/spatial-space-kidney and at
https://github.com/ZWL-S/Cosmic-Kidney-Disease_LTC.

References

1. Grigoriev, A. ., Morukov, B. V. & Vorobiev, D. V. Water and elec-
trolyte studies during long-term missions onboard the space sta-
tions SALYUT and MIR. Clin. Investig. 72, 169-189 (1994).

2. Drummer, C. et al. Water and sodium balances and their relation to
body mass changes in microgravity. Eur. J. Clin. Invest. 30,
1066-1075 (2000).

3. Christensen, N. J., Drummer, C. & Norsk, P. Renal and sympathoa-
drenal responses in space. Am. J. Kidney Dis. 38, 679-683 (2001).

4. Ingber, D. E. Tensegrity: The Architectural Basis of Cellular
Mechanotransduction. Annu. Rev. Physiol. 59, 575-599 (1997).

5. Goodenow-Messman, D. A., Gokoglu, S. A., Kassemi, M. & Myers, J.
G. Numerical characterization of astronaut CaOx renal stone inci-
dence rates to quantify in-flight and post-flight relative risk. Npj
Microgravity 8, 1-17 (2022).

6. Pietrzyk, R. A., Jones, J. A., Sams, C. F. & Whitson, P. A. Renal Stone
Formation Among Astronauts. Aviat. Space Environ. Med. 78,
A9-A13 (2007).

7. Gs, A, Pa,W., On, L., LKh, P. & Ct, P. Assessment of the risk factors
for urolithiasis in cosmonauts during long flights. Avia-
kosmicheskaia Ekol. Meditsina Aerosp. Environ. Med. 30,

24-32 (1996).

8. Whitson Peggy, A., Pietrzyk Robert, A., Pak Charles, Y. C. & Cintron
Nitza, M. Alterations in Renal Stone Risk Factors after Space Flight. J.
Urol. 150, 803-807 (1993).

9.  Whitson, P. A, Pietrzyk, R. A., Morukov, B. V. & Sams, C. F. The Risk of
Renal Stone Formation during and after Long Duration Space Flight.
Nephron 89, 264-270 (2001).

10. Kassemi, M. & Thompson, D. Prediction of renal crystalline size
distributions in space using a PBE analytic model. 1. Effect of
microgravity-induced biochemical alterations. Am. J. Physiol. Ren.
Physiol. 311, F520-F530 (2016).

1. Elger, M., Bankir, L. & Kriz, W. Morphometric analysis of kidney
hypertrophy in rats after chronic potassium depletion. Am. J. Phy-
siol. Ren. Physiol. 262, F656-F667 (1992).

12. Saritas, T. et al. Optical Clearing in the Kidney Reveals Potassium-
Mediated Tubule Remodeling. Cell Rep. 25, 2668-2675.e3 (2018).

Nature Communications | (2024)15:4923

16


https://osdr.nasa.gov/bio/
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/8g1a-3041
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/yn9m-2d19
https://doi.org/10.26030/q8vt-7p92
https://doi.org/10.26030/q8vt-7p92
https://doi.org/10.26030/4mx6-5x80
https://doi.org/10.26030/qasa-rr29
https://doi.org/10.26030/qasa-rr29
https://doi.org/10.26030/v2ak-0y21
https://doi.org/10.26030/v2ak-0y21
https://doi.org/10.26030/8g1a-3041
https://doi.org/10.26030/pprb-6227
https://doi.org/10.26030/pprb-6227
https://doi.org/10.26030/yyce-8y73
https://doi.org/10.26030/r2xr-h714
https://doi.org/10.26030/j15f-vj38
https://doi.org/10.26030/j15f-vj38
https://doi.org/10.26030/h3p5-tc29
https://doi.org/10.26030/r4pv-hw21
https://doi.org/10.26030/r4pv-hw21
https://doi.org/10.26030/fhs1-z519
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/qyw7-qn34
https://doi.org/10.26030/qyw7-qn34
https://doi.org/10.26030/8vac-wb94
https://doi.org/10.26030/h713-bd02
https://doi.org/10.26030/h713-bd02
https://doi.org/10.26030/rj1y-dq03
https://doi.org/10.26030/vqhs-qq63
https://doi.org/10.26030/6axn-0058
https://doi.org/10.26030/6axn-0058
https://doi.org/10.3389/fphys.2020.00939
https://doi.org/10.3389/fphys.2020.00939
https://ibsls.megabank.tohoku.ac.jp/metabolite-list
https://ibsls.megabank.tohoku.ac.jp/metabolite-list
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/h3p5-tc29
https://peptideatlas.org/
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/pprb-6227
https://doi.org/10.26030/pprb-6227
https://doi.org/10.26030/8g1a-3041
https://doi.org/10.26030/r1hh-ev67
https://doi.org/10.26030/f6b9-4093
https://doi.org/10.26030/f6b9-4093
https://doi.org/10.26030/fhs1-z519
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/r1hh-ev67
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/r4pv-hw21
https://doi.org/10.26030/r4pv-hw21
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/rrwe-h429
https://doi.org/10.26030/bcnk-5z50
https://doi.org/10.26030/bcnk-5z50
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/mc5d-p710
https://doi.org/10.26030/mc5d-p710
https://osdr.nasa.gov/bio/
https://doi.org/10.26030/qasa-rr29
https://doi.org/10.26030/qasa-rr29
https://github.com/nestlerk/Kidney_Spaceflight
https://github.com/nestlerk/Kidney_Spaceflight
https://github.com/luslab/spatial-space-kidney
https://github.com/ZWL-S/Cosmic-Kidney-Disease_LTC

Article

https://doi.org/10.1038/s41467-024-49212-1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

Yang, G. Y. et al. Renal Atrophy Secondary to Chemoradiotherapy of
Abdominal Malignancies. Int. J. Radiat. Oncol. 78, 539-546 (2010).
Patel, Z. Evidence Report: Risk of Cardiovascular Disease and Other
Degenerative Tissue Effects from Radiation Exposure. https://ntrs.
nasa.gov/search.jsp?R=20150016006 (2015).

Shimura, T., Kobayashi, J., Komatsu, K. & Kunugita, N. Severe mito-
chondrial damage associated with low-dose radiation sensitivity in
ATM- and NBS1-deficient cells. Cell Cycle 15, 1099-1107 (2016).
Kim, H.-N. et al. Simulated Galactic Cosmic Rays Modify Mito-
chondrial Metabolism in Osteoclasts, Increase Osteoclastogenesis
and Cause Trabecular Bone Loss in Mice. Int. J. Mol. Sci. 22,

1711 (2021).

Bagnasco, S., Good, D., Balaban, R. & Burg, M. Lactate production in
isolated segments of the rat nephron. Am. J. Physiol. Ren. Physiol.
248, F522-F526 (1985).

Lake, B. B. et al. An atlas of healthy and injured cell states and niches
in the human kidney. Nature 619, 585-594 (2023).

Edeani, A. & Cohen, E. P. Radiation Nephropathy. In Onco-
Nephrology Curriculum. Ch. 10 (ed. Perazella, M. A.)

(American Society of Nephrology, Washington, DC, USA 2016).
Filippi, B. M. et al. MO25 is a master regulator of SPAK/OSR1 and
MST3/MST4/YSK1 protein kinases. EMBO J. 30, 1730-1741 (2011).
Manissorn, J., Khamchun, S., Vinaiphat, A. & Thongboonkerd, V.
Alpha-tubulin enhanced renal tubular cell proliferation and tissue
repair but reduced cell death and cell-crystal adhesion. Sci. Rep. 6,
28808 (2016).

Wang, M. et al. Wars2 is a determinant of angiogenesis. Nat. Com-
mun. 7, 12061 (2016).

Jeong, S. J. et al. A threonyl-tRNA synthetase-mediated translation
initiation machinery. Nat. Commun. 10, 1357 (2019).

Ho, D. H. et al. LRRK2 impairs autophagy by mediating phosphor-
ylation of leucyl-tRNA synthetase. Cell Biochem. Funct. 36,
431-442 (2018).

Ma, C., Kang, H., Liu, Q., Zhu, R. & Cao, Z. Insight into potential
toxicity mechanisms of melamine: An in silico study. Toxicology
283, 96-100 (2011).

Han, X. Lipidomics for studying metabolism. Nat. Rev. Endocrinol.
12, 668-679 (2016).

Saudenova, M. et al. Behind every smile there’s teeth: Cathepsin B's
function in health and disease with a kidney view. Biochim. Biophys.
Acta BBA—Mol. Cell Res. 1869, 119190 (2022).

Grimm, P. R., Coleman, R., Delpire, E. & Welling, P. A. Constitutively
Active SPAK Causes Hyperkalemia by Activating NCC and Remo-
deling Distal Tubules. J. Am. Soc. Nephrol. 28, 2597 (2017).

Morris, J. H. et al. The scalable precision medicine open knowledge
engine (SPOKE): a massive knowledge graph of biomedical infor-
mation. Bioinformatics 39, btad080 (2023).

Malkani, S. et al. Circulating miRNA Spaceflight Signature Reveals
Targets for Countermeasure Development. Cell Rep. 33,

108448 (2020).

Ren, H. et al. Spatial organization of the vascular bundle and the
interbundle region: three-dimensional reconstruction at the inner
stripe of the outer medulla in the mouse kidney. Am. J. Physiol. Ren.
Physiol. 306, F321-F326 (2014).

Rodriques, S. G. et al. Slide-seq: A scalable technology for mea-
suring genome-wide expression at high spatial resolution. Science
363, 1463-1467 (2019).

Clark, J. Z. et al. Representation and relative abundance of cell-type
selective markers in whole-kidney RNA-Seq data. Kidney Int. 95,
787-796 (2019).

Ansermet, C. et al. Dysfunction of the circadian clock in the
kidney tubule leads to enhanced kidney gluconeogenesis and
exacerbated hyperglycemia in diabetes. Kidney Int. 101,

563-573 (2022).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lazareth, H. et al. Renal Function Decline Under Therapy With Small
Interfering RNA Silencing ALAS1 for Acute Intermittent Porphyria.
Kidney Int. Rep. 6, 1904-1911 (2021).

Chang, F.-C. et al. Angiopoietin-2 is associated with alouminuria
and microinflammation in chronic kidney disease. PloS One 8,
e54668 (2013).

Djudjaj, S. et al. Keratins are novel markers of renal epithelial cell
injury. Kidney Int. 89, 792-808 (2016).

Cohen, E. P. & Robbins, M. E. C. Radiation nephropathy. Semin.
Nephrol. 23, 486-499 (2003).

Grimm, P. R. et al. SPAK Isoforms and OSR1 Regulate Sodium-
Chloride Co-transporters in a Nephron-specific Manner. J. Biol.
Chem. 287, 37673-37690 (2012).

Kaissling, B., Bachmann, S. & Kriz, W. Structural adaptation of the
distal convoluted tubule to prolonged furosemide treatment. Am. J.
Physiol. Ren. Physiol. 248, F374-F381 (1985).

Liu, J. et al. Molecular characterization of the transition from acute
to chronic kidney injury following ischemia/reperfusion. JCI Insight
2, €94716 (2017).

Terker, A. S. et al. Potassium Modulates Electrolyte Balance and
Blood Pressure through Effects on Distal Cell Voltage and Chloride.
Cell Metab. 21, 39-50 (2015).

Siddiqui, R., Qaisar, R., Goswami, N., Khan, N. A. & Elmoselhi, A.
Effect of Microgravity Environment on Gut Microbiome and
Angiogenesis. Life 11, 1008 (2021).

Stewart, C. S., Duncan, S. H. & Cave, D. R. Oxalobacter formigenes
and its role in oxalate metabolism in the human gut. FEMS Micro-
biol. Lett. 230, 1-7 (2004).

Ticinesi, A. et al. Calcium Oxalate Nephrolithiasis and Gut Micro-
biota: Not just a Gut-Kidney Axis. A Nutritional Perspective. Nutri-
ents 12, 548 (2020).

Klimesova, K., Whittamore, J. M. & Hatch, M. Bifidobacterium
animalis subsp. lactis decreases urinary oxalate excretion in a
mouse model of primary hyperoxaluria. Urolithiasis 43,

107-117 (2015).

Pa, W., Ra, P. & Cf, S. Urine volume and its effects on renal stone risk
in astronauts. Aviat. Space Environ. Med. 72, 368-372 (2001).
Whitson, P. A. et al. Effect of potassium citrate therapy on the risk of
renal stone formation during spaceflight. J. Urol. 182, 2490-2496
(2009).

Zerwekh, J. E., Odvina, C. V., Wuermser, L.-A. & Pak, C. Y. C.
Reduction of Renal Stone Risk by Potassium-Magnesium Citrate
During 5 Weeks of Bed Rest. J. Urol. 177, 2179-2184 (2007).

Jones, J. A., Johnston, S., Campbell, M., Miles, B. & Billica, R.
Endoscopic surgery and telemedicine in microgravity: developing
contingency procedures for exploratory class spaceflight. Urology
53, 892-897 (1999).

Simon, J. C., Dunmire, B., Bailey, M. R. & Sorensen, M. D. Developing
Complete Ultrasonic Management of Kidney Stones for Space-
flight. J. Space Saf. Eng. 3, 50-57 (2016).

Okada, A. et al. Bisphosphonate Use May Reduce the Risk of Uro-
lithiasis in Astronauts on Long-Term Spaceflights. JBMR 6,

e10550 (2022).

Nijenhuis, T. et al. Thiazide-induced hypocalciuria is accompanied
by a decreased expression of Ca2+ transport proteins in kidney.
Kidney Int. 64, 555-564 (2003).

Nijenhuis, T. et al. Enhanced passive Ca2+ reabsorption and reduced
Mg2+ channel abundance explains thiazide-induced hypocalciuria
and hypomagnesemia. J. Clin. Invest. 115, 1651-1658 (2005).
Bolland, M. J. et al. The effect of treatment with a thiazide diuretic
for 4 years on bone density in normal postmenopausal women.
Osteoporos. Int. 18, 479-486 (2007).

Ostroverkhova, D. S. et al. Calcium-Sensing Receptor and Regula-
tion of WNK Kinases in the Kidney. Cells 9, 1644 (2020).

Nature Communications | (2024)15:4923

17


https://ntrs.nasa.gov/search.jsp?R=20150016006
https://ntrs.nasa.gov/search.jsp?R=20150016006

Article

https://doi.org/10.1038/s41467-024-49212-1

57. Cipriani, C., Nemeth, E. F. &Bilezikian, J. P. Chapter 71—Drugs acting
on the calcium receptor: Calcimimetics and calcilytics. In Principles
of Bone Biology (Fourth Edition) (eds Bilezikian, J. P., Martin, T. J.,
Clemens, T. L. & Rosen, C. J.) 1657-1670 (Academic Press). https://
doi.org/10.1016/B978-0-12-814841-9.00071-3 (2020).

58. Ware, J. S. et al. Phenotypic and pharmacogenetic evaluation of
patients with thiazide-induced hyponatremia. J. Clin. Invest. 127,
3367-3374 (2017).

59. Rodriguez-Soriano, J., Vallo, A. & Aguirre, M. Bone mineral density
and bone turnover in patients with Bartter syndrome. Pediatr.
Nephrol. 20, 1120-1125 (2005).

60. Rejnmark, L., Vestergaard, P., Heickendorff, L., Andreasen, F. &
Mosekilde, L. Loop Diuretics Increase Bone Turnover and Decrease
BMD in Osteopenic Postmenopausal Women: Results From a Ran-
domized Controlled Study With Bumetanide. J. Bone Miner. Res. 21,
163-170 (2006).

61. Hughson, R. L. et al. Increased postflight carotid artery stiffness and
inflight insulin resistance resulting from 6-mo spaceflight in male
and female astronauts. Am. J. Physiol. -Heart Circ. Physiol. 310,
H628-H638 (2016).

62. Georgianos, P. I., Sarafidis, P. A. & Liakopoulos, V. Arterial Stiffness:
A Novel Risk Factor for Kidney Injury Progression? Am. J. Hypertens.
28, 958-965 (2015).

63. Inserra, F., Forcada, P., Castellaro, A. & Castellaro, C. Chronic Kid-
ney Disease and Arterial Stiffness: A Two-Way Path. Front. Med. 8,
765924 (2021).

64. Norsk, P., Asmar, A., Damgaard, M. & Christensen, N. J. Fluid shifts,
vasodilatation and ambulatory blood pressure reduction during
long duration spaceflight. J. Physiol. 593, 573-584 (2015).

65. Berg, S. et al. ilastik: interactive machine learning for (bio)image
analysis. Nat. Methods 16, 1226-1232 (2019).

66. Park, Y.-G. et al. Protection of tissue physicochemical properties
using polyfunctional crosslinkers. Nat. Biotechnol. 37, 73-83 (2019).

67. Voigt, F. F. et al. The mesoSPIM initiative: open-source light-sheet
microscopes for imaging cleared tissue. Nat. Methods 16, 1105-1108
(2019).

68. Pidhorskyi, S., Morehead, M., Jones, Q., Spirou, G. & Doretto, G.
syGlass: Interactive Exploration of Multidimensional Images Using
Virtual Reality Head-mounted Displays. Preprint at https://doi.org/
10.48550/arXiv.1804.08197 (2018).

69. Imaris Microscopy Image Analysis Software | Comparison—Imaris.
Oxford Instruments https://imaris.oxinst.com/packages.

70. Shimizu, R. et al. Nrf2 alleviates spaceflight-induced immunosup-
pression and thrombotic microangiopathy in mice. Commun. Biol.
6, 875 (2023).

71.  Suzuki, N. et al. Gene expression changes related to bone miner-
alization, blood pressure and lipid metabolism in mouse kidneys
after space travel. Kidney Int. 101, 92-105 (2022).

Acknowledgements

S.B.W. and K.S. acknowledges this work was partially funded by the UK
Space Agency through a grant [ST/X000036/1] administered by the
Science and Technology Facilities Council (STFC). S.B.W. is supported by
Kidney Research UK grant [RP_017_20190306] and St Peters Trust. K.S.
acknowledges this research was funded in part by the Wellcome Trust
[Grant number 110282/Z/15/Z]. For the purpose of open access, the author
has applied a CC BY public copyright licence to any Author Accepted
Manuscript version arising from this submission. A.G. is supported by
Kidney Research UK (RP_017_20190306). E.R.W. is supported by Kidney
Research UK, TF_007_20191202. J.K. thanks MOGAM Science Foundation.
J.K. was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education (RS-2023-00241586). S.Y. received 2021 NASA HERO grant
80NSSC21K0814 and Augmentation award, 2019 NARSAD Young Inves-
tigator Grant from the Brain and Behavior Research Foundation, 2020

PENN Undergraduate Research Foundation grant; MHO76690, and by NIH
DK135871 (Pl Zderic), RO1 NS088555 (Pl: AM Stowe), R15 MH117628 (PI: K.
Lambert). M.B.V. received Eli Lilly Doctoral Scholarship. L.C. received
funding support from the Francis Crick Institute (CC2168). J.B.T., P.G. and
R.A.A.C. are supported by the Sainsbury Wellcome Centre’s core pro-
vided by Wellcome (219627/2/19/Z) and the Gatsby Charitable Foundation
(GAT3755). L.M.C. received Penn Provost/CHOP Postdoctoral Fellowship
for Academic Diversity, Burroughs Wellcome Fund Postdoctoral Diversity
Enrichment Program. S.G. and S.L.P. are supported by the Genelab Pro-
ject at NASA Ames Research Center, through NASA's Biological and
Physical Sciences (BPS) Division in the Science Mission Directorate (SMD).
F.C.K. is supported by Translational Research Institute for Space Health
(TRISH) through NASA cooperative agreement NNX16A069A, Penn Pro-
vost/CHOP Postdoctoral Fellowship for Academic Diversity. A.L.M. is
funded by Science Foundation Ireland SFI/19/6628 INSPIRE DMD. C.R. is
supported by the National Institute for Health Research (NIHR) Biomedical
Research Centre based at Imperial College Healthcare NHS Trust and
Imperial College London. The views expressed are those of the authors
and not necessarily those of the NHS, the NIHR or the Department of
Health. O.S.A. is funded by an MRC Clinical Research Training Fellowship
(MR/S021329/1). Y. is supported by a project grant from the British Heart
Foundation (PG/20/10270). J.G.Z. is supported by United Kingdom Space
Agency—ST/X000036/1 (Walsh). P.S.’s work was funded by NIH—NIDDK
grants RO1 DK114485, RO1 DK129541, and RO1 ARO80668. S.R. is sup-
ported by the Francis Crick Institute which receives its core funding from
Cancer Research UK (CC2168), the UK Medical Research Council
(CC2168), and the Wellcome Trust (CC2168), and by the Harold J Newman
Brain Mapping Foundation. S.B. received NIH OT2TRO03450 (SEB, Co-Pl),
NSF 2033569 (SEB, PI), NSF 2333819 (SEB, PI). A.U. received Grant num-
ber 23K10820 from Japan Society for the Promotion of Science (JSPS).
M.Y. is supported by space rodent research study for JAXA feasibility
experiments using ISS/ Kibo 2015 and 2018 [No grant number]. Grants- in-
Aid for Scientific Research from JSPS [grant numbers JSPS 19H05649]
and JAXA biorepository multi-omics data program [No grant number].
Almeida, ECA’s NASA Rodent Research 10 Spaceflight experiment sup-
ported by a NASA Space Biology Grant NNH14ZTTOO1N14-14SF. J.C.S.
received NIH-RO1AG066710 and NIH-RO1AG061188. A.J.E. received NIH
RO1 MH129970 (Pl); NIH T32 NS007413 (co-Pl); NIH RO1 DK135871 (PI: SA
Zderic), RO1NS088555 (PIl: AM Stowe), RO1 NS126279 (PI: Ahrens-Nicklas),
R15 MH117628 (PI: K Lambert). S.M.S. and S.R.Z. belong to Biochemical
Profile and Nutritional Status Assessment projects and were funded by the
NASA Human Research Program’s human Health Countermeasures Ele-
ment. J.M.G. is supported by the NASA Space Biology Program C.E.M.
thanks the Scientific Computing Unit (SCU) at WCM, the WorldQuant and
Gl Research Foundation, NASA (NNX14AH50G, NNX17AB26G,
NNH18ZTTOO1IN-FG2, 80ONSSC22K0254, 80ONSSC23K0832, the Transla-
tional Research Institute through NASA Cooperative Agreement
NNX16A069A), the National Institutes of Health (ROIMH117406), and the
LLS (MCL7001-18, LLS 9238-16, 7029-23) The NASA Biological & Physical
Sciences (BPS) Open Science Data Repository (OSDR) team (S.V.C.,
L.MS., S.LP,RT.S, LD, S.G., AF., AS.B., V.B., J.M.G.) is primarily funded
by the BPS Space Biology Program within the NASA Science Mission
Directorate and receive some support from the NASA Human Research
Program (HRP). S.V.C. is also funded by NASA HRP grant NNJ16HP24I (P.1.
Costes). The OSDR Sample Processing Team (INITIAL) was instrumental
generating open science data for numerous tissues from spaceflight
missions RR-1, RR-3, RR-7, RR-10, and RR-23. The data supporting this
paper can be accessed publicly at osdr.nasa.gov/bio. We would also
like to acknowledge the significant role played by the OSDR Analysis
Working Groups (AWG) in establishing omics pipeline standards over
the past five years. Their collaborative efforts in refining OSDR and ana-
lysing multiple datasets have been instrumental in unravelling crucial
biological processes occurring in space. Biospecimens utilised in this
research were collected by the NASA Space Biology Biospecimen Sharing
Program at NASA Ames Research Center (Moffett Field, CA), and awarded

Nature Communications | (2024)15:4923

18


https://doi.org/10.1016/B978-0-12-814841-9.00071-3
https://doi.org/10.1016/B978-0-12-814841-9.00071-3
https://doi.org/10.48550/arXiv.1804.08197
https://doi.org/10.48550/arXiv.1804.08197
https://imaris.oxinst.com/packages

Article

https://doi.org/10.1038/s41467-024-49212-1

to K.S. through the NASA Biological Institutional Scientific Collec-
tion (NBISC).

Author contributions

K.S., S.B.W. conceived the study and were responsible for project
management. A.J.E., A.B., JM.G., R.T.S,, K.S,, S.B.W., V.P., M.M., C.E.M.
were involved in conceptualisation of the study. M.Y.A.J., V.M.A,, F.K,,
L.C.D.O.,L.M.S.,H.F,, M., S.M.S,,C.R,,S.L., X.Y,,ET.,H.C.L, HV.K,H.Z,
JRS., P.F.,RBS., T.C.C.LKS., AB., AF., JMG.,, LD.,RTS,S.G,S.LP.,
S.V.C,V.B., ASB., RF,W.AD.S.,C.C,D.S,H.S., JN,LC. MR.L, N.B.,
S.R., K.AN., J.CS.,, V.D.A, MB.V,, AG, C.Z, ERW., JB.T, JG.Z, KS.,
M.AM., P.G., RAA.C.,, SBB.W., SW.S,, V.P, JS., C.N, S.B,, K.B., KM.O.,
N.F.,P.B., Y., AN, F.A,N.L, P.S., S.B.2,, S.M,, AS., S.RZ, MM., AS.2,
C.EM., CM,, E.O., J.F., JK,, L.LLP., N.H. developed the methodology.
L.M.S., AJE,F.CK,LM.C,D.Z, Y.L, LM, SMS., D.S.2,S.L., X.Y., AB,,
AF., JMG., LD, RTS., S.G., S.L.P.,,S\V.C, V.B, ASB. EA.CA., AK,
M.C.C., D.S.,H.S,, JN,, L.C.,, M.R.L,, SRR, J.C.S,, ALB. C.MM,, LO.,
R.S.H., S.A,, AU, MY, V.D.A,, EB., AG., C.Z, ERW., JB.T., KS., .P.G.,
R.A.A.C., V.P., ZL., ASK, KB., N.F.,P.B., Y., SY., S.RZ, MM., AS.2.,
C.EM.,, CM,, E.O,, J.F., JK,, L.LP., N.H. carried out the experiments and
investigation of the samples. M.Y.A.J., V.M.A,, FK,, L.C.D.O., LM.S,,
S.A2, H.F., .M., S.M.S, C.R,, D.S.2, S.L., X.Y., ET.,, HC.L.,, HV.K,, H.Z.,
JR.S., PF,RB.S, T.C.C.LKS., AB., AF., JMG,L.D.,RT.S., S.G., S.L.P.,
S.V.C, V.B, AS.B. M.T,,RF., WA.D.S., C.C., L.C.,, N.B., S.R.,, KA.N.,
J.CS. ALB., CMM,RSH.,AU,MY, VDA, ALM.,MB.V.,,AG,C.Z,
E.R.W., MAAM,, O.S.A,, SW.S., VP, C.N, S.B.,, KM.O., Y., SR.Z, MM.,
A.S.2., CEM., C.M.,, E.O., JF, JK., LIP, N.H. contributed to the analysis
and interpretation of the results. L.M.S., A.E.,F.C.K,, LM.C.,D.Z, Y.L, IM,
SMS, DS2, A.B., AF., JM.G., L.D.,RT.S,, S.G., S.L.P.,,S.V.C.,, V.B,, AS.B.,
E.A.C.A., AK,.M.C.C, J.CS., L.O, RS.H,S.A,AU,MY,EB.,S.Y.,
S.R.Z,MM., AS.2,CEM., CM,E.O, JF., JK, LILP., N.H. provided the
study resources. V.D.A., A.G., C.Z, ERW.,, K.S., S.BW.,, V.P., Z.L. con-
tributed to the original drafting of the manuscript. M.Y.A.J., V.M.A,, F.K,,
L.C.D.O. LM.S,, AJE F.CK, S.A2 HF.,,LMC., D.Z, Y.L, M., SM.S.,
C.R,D.S.2,S.L, X.Y,ET,H.C.L,HVK, HZ, JRS., PF., RB.S,,
T.C.C.LKS. AB.,AF.,JMG.,LD,RTS.,S.G,S.LP,SV.C,V.B,ASB.,
E.A.C.A., M.T., AK.,, M.C.C, RF., WAD.S., C.C,D.S., HS., JN, LC.,
M.R.L.,, N.B., S.R,, K.AN,, J.C.S, L.O,,RS.H,, S.A.,, AU, MY, V.D.A,EB,,
A.LM., MB.V.,, AG. C.Z,ERW, JB.T, J.G.Z,KS. MAM., O.S.A,, P.G,
R.AAC., S.BW., SW.S., V.P, ZL., J.S., C.N., S.B., ASK, K.B., KM.O.,
N.F.,P.B., Y., AN, F.A,N.L, PS., S.B.2, S.\M,, AS., S.Y,, S.RZ, MM,
A.S.2, C.E.M., C.M,, E.O., J.F., JK, L.I.P., NH provided critical feedback
and helped shape the study and edit the manuscript. M.Y.A.J., S.A.2,
C.C.,,K.AN., J.CS,V.D.A, MB.V,,AG., CZ,ERW,KS, SBW,, ZL.,
C.N., S.B. planned and designed the figures and visualisation of results.
V.M.A, F.K.,, LMS., AJ.E,D.Z,SMS, D.S.2 S.L., JRS., AB., JMG.,
R.T.S.,S.G.,S.V.C.,AS.B., W.AD.S.,C.C,JN,LC.,SR.,JCS, MY, EB,,
M.B.V.,K.S., M.AM.,R.A.AC,SBW., SW.S,V.P.,SB.,KB.,PB.,Y.,P.S,,
S.Y., S.R.Z., M.M., C.E.M,, E.O., J.K. supervised this project.

Competing interests

C.A.N. and S.E.B. are cofounders and hold shares in MATE Bioservices, a
company that commercialises uses of SPOKE knowledge graph. V.D.A.
received consultancy fees from Allena Pharmaceuticals. C.M. is com-
pensated by Thorne HealthTech. C.R. received Consultancy from
Novartis. External Committee member in the Banff Foundation for
Allograft Pathology, the Renal Pathology Society, the Royal College of
Pathologists. P.S. is an equity holder in DigPath Inc, and currently he
serves on the advisory board of the same incorporation. S.R. is an active
shareholder in Curio Bio, which commercialises Slide-seq. C.E.M. is a co-
Founder of Onegevity All other authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49212-1.

Correspondence and requests for materials should be addressed to
Keith Siew or Stephen B. Walsh.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Keith Siew®"

, Kevin A. Nestler?, Charlotte Nelson® 3, Viola D’Ambrosio™*, Chutong Zhong', Zhongwang Li",

Alessandra Grillo®", Elizabeth R. Wan', Vaksha Patel’, Eliah Overbey ® 8, JangKeun Kim ® 8, Sanghee Yun ®°'°,
Michael B. Vaughan ® '3, Chris Cheshire'?, Laura Cubitt ®'°, Jessica Broni-Tabi'®, Maneera Yousef Al-Jaber®",

Valery Boyko ® '8, Cem Meydan ® 8, Peter Barker'®, Shehbeel Arif>®?!, Fatemeh Afsari?2, Noah Allen ® %3, Mohammed Al-
Maadheed'’?4, Selin Altinok?®, Nourdine Bah', Samuel Border??, Amanda L. Brown?%, Keith Burling', Margareth Cheng-
Campbell>>?, Lorianna M. Colén?®, Lovorka Degoricija2®, Nichola Figg3®, Rebecca Finch®', Jonathan Foox3%33,

Pouya Faridi®4, Alison French'®, Samrawit Gebre'®, Peter Gordon'®, Nadia Houerbi®®, Hossein Valipour Kahrood ® 343¢,
Frederico C. Kiffer ®'°, Aleksandra S. Klosinska®’, Angela Kubik?3, Han-Chung Lee®*, Yinghui Li ® 32, Nicholas Lucarelli??,
Anthony L. Marullo®", Irina Matei ® 3°°, Colleen M. McCann?®, Sayat Mimar?2, Ahmed Naglah??, Jérome Nicod ® %',
Kevin M. O’Shaughnessy ® 37, Lorraine Christine De Oliveira?’?, Leah Oswalt ® 2%, Laura loana Patras*3, San-huei Lai

Nature Communications | (2024)15:4923 19


https://doi.org/10.1038/s41467-024-49212-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-6502-5095
http://orcid.org/0000-0002-6502-5095
http://orcid.org/0000-0002-6502-5095
http://orcid.org/0000-0002-6502-5095
http://orcid.org/0000-0002-6502-5095
http://orcid.org/0000-0002-3687-1102
http://orcid.org/0000-0002-3687-1102
http://orcid.org/0000-0002-3687-1102
http://orcid.org/0000-0002-3687-1102
http://orcid.org/0000-0002-3687-1102
http://orcid.org/0000-0001-6482-8796
http://orcid.org/0000-0001-6482-8796
http://orcid.org/0000-0001-6482-8796
http://orcid.org/0000-0001-6482-8796
http://orcid.org/0000-0001-6482-8796
http://orcid.org/0000-0002-2866-8294
http://orcid.org/0000-0002-2866-8294
http://orcid.org/0000-0002-2866-8294
http://orcid.org/0000-0002-2866-8294
http://orcid.org/0000-0002-2866-8294
http://orcid.org/0000-0002-8733-9925
http://orcid.org/0000-0002-8733-9925
http://orcid.org/0000-0002-8733-9925
http://orcid.org/0000-0002-8733-9925
http://orcid.org/0000-0002-8733-9925
http://orcid.org/0000-0001-7505-0836
http://orcid.org/0000-0001-7505-0836
http://orcid.org/0000-0001-7505-0836
http://orcid.org/0000-0001-7505-0836
http://orcid.org/0000-0001-7505-0836
http://orcid.org/0000-0002-9979-1265
http://orcid.org/0000-0002-9979-1265
http://orcid.org/0000-0002-9979-1265
http://orcid.org/0000-0002-9979-1265
http://orcid.org/0000-0002-9979-1265
http://orcid.org/0000-0003-1948-6795
http://orcid.org/0000-0003-1948-6795
http://orcid.org/0000-0003-1948-6795
http://orcid.org/0000-0003-1948-6795
http://orcid.org/0000-0003-1948-6795
http://orcid.org/0000-0002-5051-7345
http://orcid.org/0000-0002-5051-7345
http://orcid.org/0000-0002-5051-7345
http://orcid.org/0000-0002-5051-7345
http://orcid.org/0000-0002-5051-7345
http://orcid.org/0000-0002-3724-9294
http://orcid.org/0000-0002-3724-9294
http://orcid.org/0000-0002-3724-9294
http://orcid.org/0000-0002-3724-9294
http://orcid.org/0000-0002-3724-9294
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0003-0998-8337
http://orcid.org/0000-0003-0998-8337
http://orcid.org/0000-0003-0998-8337
http://orcid.org/0000-0003-0998-8337
http://orcid.org/0000-0003-0998-8337
http://orcid.org/0000-0003-4166-0382
http://orcid.org/0000-0003-4166-0382
http://orcid.org/0000-0003-4166-0382
http://orcid.org/0000-0003-4166-0382
http://orcid.org/0000-0003-4166-0382
http://orcid.org/0000-0001-5269-3951
http://orcid.org/0000-0001-5269-3951
http://orcid.org/0000-0001-5269-3951
http://orcid.org/0000-0001-5269-3951
http://orcid.org/0000-0001-5269-3951
http://orcid.org/0000-0002-9294-4652
http://orcid.org/0000-0002-9294-4652
http://orcid.org/0000-0002-9294-4652
http://orcid.org/0000-0002-9294-4652
http://orcid.org/0000-0002-9294-4652
http://orcid.org/0000-0002-1460-7167
http://orcid.org/0000-0002-1460-7167
http://orcid.org/0000-0002-1460-7167
http://orcid.org/0000-0002-1460-7167
http://orcid.org/0000-0002-1460-7167
http://orcid.org/0000-0002-5712-8430
http://orcid.org/0000-0002-5712-8430
http://orcid.org/0000-0002-5712-8430
http://orcid.org/0000-0002-5712-8430
http://orcid.org/0000-0002-5712-8430
http://orcid.org/0000-0003-2459-3480
http://orcid.org/0000-0003-2459-3480
http://orcid.org/0000-0003-2459-3480
http://orcid.org/0000-0003-2459-3480
http://orcid.org/0000-0003-2459-3480
http://orcid.org/0000-0002-1476-7566
http://orcid.org/0000-0002-1476-7566
http://orcid.org/0000-0002-1476-7566
http://orcid.org/0000-0002-1476-7566
http://orcid.org/0000-0002-1476-7566
http://orcid.org/0000-0001-7097-0801
http://orcid.org/0000-0001-7097-0801
http://orcid.org/0000-0001-7097-0801
http://orcid.org/0000-0001-7097-0801
http://orcid.org/0000-0001-7097-0801

Article https://doi.org/10.1038/s41467-024-49212-1

Polo ®?°, Maria Rodriguez-Lopez ® 4!, Candice Roufosse ® #4, Omid Sadeghi-Alavijeh’, Rebekah Sanchez-Hodge?®,
Anindya S. Paul??, Ralf Bernd Schittenhelm ® 34, Annalise Schweickart ® 4%, Ryan T. Scott ® 2°, Terry Chin Choy Lim Kam
Sian ® 34, Willian A. da Silveira®-*®, Hubert Slawinski ® *!, Daniel Snell® %', Julio Sosa® *’, Amanda M. Saravia-Butler?®,
Marshall Tabetah ® *®, Erwin Tanuwidjaya3*, Simon Walker-Samuel ® 3, Xiaoping Yang*®, Yasmin®’, Haijian Zhang®*,
Jasminka Godovac-Zimmermann ®7, Pinaki Sarder®°-®, Lauren M. Sanders ® '®?7, Sylvain V. Costes ® ',

Robert A. A. Campbell'®, Fathi Karouia ® 25253, Vidya Mohamed-Alis'’?*, Samuel Rodriques'®, Steven Lynham?®,

Joel Ricky Steele ® 34, Sergio Baranzini® 3, Hossein Fazelinia®*, Zhongquan Dai*8, Akira Uruno ® 55, Dai Shiba ® 5657,
Masayuki Yamamoto®°-°8, Eduardo A.C.Almeida'®, Elizabeth Blaber?35°-€%, Jonathan C. Schisler ® 26, Amelia J. Eisch ® >,
Masafumi Muratani ® 62, Sara R. Zwart ® 3, Scott M. Smith ® 64, Jonathan M. Galazka®é,

Christopher E. Mason ® 32336566 pafghin Beheshti® 2°-67-¢8 & Stephen B. Walsh®'

"London Tubular Centre, Department of Renal Medicine, University College London, London, UK. 2The Institute for Biomedical Sciences (IBS), The George
Washington University, Washington, DC, USA. 3Weill Institute for Neurosciences, Department of Neurology, University of California San Francisco, San
Francisco, CA, USA. “Department of Experimental and Translational Medicine, Universita Cattolica del Sacro Cuore di Roma, Rome, Italy. °Centre for
Advanced Biomedical Imaging, University College London, London, UK. ®Centre for Computational Medicine, University College London, London, UK.
’Department of Renal Medicine, University College London, London, UK. 8Institute for Computational Biomedicine, Weill Cornell Medical College, New York,
NY, USA. ®University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, USA. ™Department of Anesthesiology and Critical Care Medicine,
Children’s Hospital of Philadelphia, Philadelphia, PA, USA. "School of Medicine, College of Medicine and Health, University College Cork, Cork, Ireland.
2Tissue Engineering and Biomaterials Group, Ghent University, Ghent, Belgium. "*Center for Medical Genetics, Department of Biomolecular Medicine, Ghent
University, Ghent, Belgium. Bioinformatics and Computational Biology Laboratory, The Francis Crick Institute, London, UK. "®Applied Biotechnology
Laboratory, The Francis Crick Institute, London, UK. '®Sainsbury Wellcome Centre for Neural Circuits and Behaviour, University College London, London, UK.
" Anti-Doping Laboratory Qatar, Doha, Qatar. '®Space Biosciences Division, NASA Ames Research Center, Moffett Field, CA, USA. "MRC MDU Mouse
Biochemistry Laboratory, University of Cambridge, Cambridge, UK. 2°Center for Data Driven Discovery in Biomedicine, Children’s Hospital of Philadelphia,
Philadelphia, PA, USA. ?'Division of Neurosurgery, Children’s Hospital of Philadelphia, Philadelphia, PA, USA. ??Department of Medicine—Nephrology &
Intelligent Critical Care Center, University of Florida, Gainesville, FL, USA. Z°Department of Biomedical Engineering, Rensselaer Polytechnic Institute, Troy,
NY, USA. 2*Centre of Metabolism and Inflammation, University College London, London, UK. 2°School of Medicine, The University of North Carolina at Chapel
Hill, Chapel Hill, NC, USA. 26Pharmacology, The University of North Carolina at Chapel Hill, Chapel Hill, NC, USA. #Blue Marble Space Institute of Science,
Seattle, WA, USA. 28Department of Anesthesiology and Critical Care Medicine, Children’s Hospital of Philadelphia Research Institute, Philadelphia, PA, USA.
29KBR, Space Biosciences Division, NASA Ames Research Center, Moffett Field, CA, USA. 3°Department of Medicine, University of Cambridge, Cambridge, UK.
31School of Health, Science and Wellbeing, Staffordshire University, Stoke-on-Trent, UK. *2Department of Physiology and Biophysics, Weill Cornell Medical
College, New York, NY, USA. *3The HRH Prince Alwaleed Bin Talal Bin Abdulaziz Alsaud Institute for Computational Biomedicine, Weill Cornell Medical
College, New York, NY, USA. **Monash Proteomics and Metabolomics Platform, Monash Biomedicine Discovery Institute, Monash University, Clayton,

VIC, Australia. 3*Physiology, Biophysics & Systems Biology, Weill Cornell Medical College, New York, NY, USA. *®Monash Bioinformatics Platform, Monash
Biomedicine Discovery Institute, Monash University, Clayton, VIC, Australia. 3'Division of Experimental Medicine & Immunotherapeutics (EMIT), Department of
Medicine, University of Cambridge, Cambridge, UK. 38State Key Laboratory of Space Medicine Fundamentals and Application, China Astronaut Research and
Training Center, Beijing, China. **Cornell Center for Immunology, Cornell University, Ithaca, NY, USA. “°Children’s Cancer and Blood Foundation Labora-
tories, Departments of Pediatrics and Cell and Developmental Biology, Drukier Institute for Children’s Health, Meyer Cancer Center, Weill Cornell Medical
College, New York, NY, USA. “'Advanced Sequencing Facility, The Francis Crick Institute, London, UK. *?Federal University of Sao Paulo (UNIFESP), Sao
Paulo, Brazil. “*Pediatrics, Weill Cornell Medical College, New York, NY, USA. **Department of Immunology and Inflammation, Imperial College London,
London, UK. “*Englander Institute for Precision Medicine, Weill Cornell Medical College, New York, NY, USA. “6International Space University, 67400 Illkirch-
Graffenstaden, France. 4’University Health Network, Toronto, ON, Canada. “®Department of Agricultural and Biological Engineering, Purdue University, West
Lafayette, IN, USA. “®Proteomics, King’s College London, London, UK. *°Department of Medicine-Quantitative Health Section, University of Florida, Gai-
nesville, FL, USA. 'Departments of Biomedical Engineering and Electrical and Computer Engineering, University of Florida, Gainesville, FL, USA. 52Space
Research Within Reach, San Francisco, CA, USA. >3Center for Space Medicine, Baylor College of Medicine, Houston, TX, USA. %*Department of Biomedical and
Health Informatics, Children’s Hospital of Philadelphia Research Institute, Philadelphia, PA, USA. %°Department of Integrative Genomics, Tohoku Medical
Megabank Organization, Tohoku University, Sendai, Miyagi, Japan. *®Mouse Epigenetics Project, ISS/Kibo experiment, Japan Aerospace Exploration Agency
(JAXA), Tsukuba, Ibaraki, Japan. 5”JEM Utilization Center, Human Spaceflight Technology Directorate, Japan Aerospace Exploration Agency (JAXA), Tsukuba,
Ibaraki, Japan. *®Department of Medical Biochemistry, Graduate School of Medicine, Tohoku University, Sendai, Miyagi, Japan. **Center for Biotechnology &
Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, NY, USA. °Stanley Center for Psychiatric Research, Massachusetts Institute of Technology
and Harvard University, Cambridge, MA, USA. ®'Department of Neuroscience, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, USA.
52|nstitute of Medicine, University of Tsukuba, Tsukuba, Ibaraki, Japan. ®3Department of Preventative Medicine and Community Health, University of Texas
Medical Branch, Galveston, TX, USA. 8*NASA Johnson Space Center, Houston, TX, USA. ®*The WorldQuant Initiative for Quantitative Prediction, Weill Cornell
Medical College, New York, NY, USA. 66The Feil Family Brain and Mind Research Institute, Weill Cornell Medical College, New York, NY, USA. $’Broad Institute,
Cambridge, MA, USA. ®8Space Biosciences Division, Universities Space Research Association (USRA), Washington, DC, USA. e-mail: k.siew@ucl.ac.uk;
stephen.walsh@ucl.ac.uk

Nature Communications | (2024)15:4923 20


http://orcid.org/0000-0003-1460-6647
http://orcid.org/0000-0003-1460-6647
http://orcid.org/0000-0003-1460-6647
http://orcid.org/0000-0003-1460-6647
http://orcid.org/0000-0003-1460-6647
http://orcid.org/0000-0002-2066-0589
http://orcid.org/0000-0002-2066-0589
http://orcid.org/0000-0002-2066-0589
http://orcid.org/0000-0002-2066-0589
http://orcid.org/0000-0002-2066-0589
http://orcid.org/0000-0002-6490-4290
http://orcid.org/0000-0002-6490-4290
http://orcid.org/0000-0002-6490-4290
http://orcid.org/0000-0002-6490-4290
http://orcid.org/0000-0002-6490-4290
http://orcid.org/0000-0001-8738-1878
http://orcid.org/0000-0001-8738-1878
http://orcid.org/0000-0001-8738-1878
http://orcid.org/0000-0001-8738-1878
http://orcid.org/0000-0001-8738-1878
http://orcid.org/0000-0001-9691-3741
http://orcid.org/0000-0001-9691-3741
http://orcid.org/0000-0001-9691-3741
http://orcid.org/0000-0001-9691-3741
http://orcid.org/0000-0001-9691-3741
http://orcid.org/0000-0003-0654-5661
http://orcid.org/0000-0003-0654-5661
http://orcid.org/0000-0003-0654-5661
http://orcid.org/0000-0003-0654-5661
http://orcid.org/0000-0003-0654-5661
http://orcid.org/0000-0001-7038-1214
http://orcid.org/0000-0001-7038-1214
http://orcid.org/0000-0001-7038-1214
http://orcid.org/0000-0001-7038-1214
http://orcid.org/0000-0001-7038-1214
http://orcid.org/0000-0002-8996-8477
http://orcid.org/0000-0002-8996-8477
http://orcid.org/0000-0002-8996-8477
http://orcid.org/0000-0002-8996-8477
http://orcid.org/0000-0002-8996-8477
http://orcid.org/0000-0002-0105-8437
http://orcid.org/0000-0002-0105-8437
http://orcid.org/0000-0002-0105-8437
http://orcid.org/0000-0002-0105-8437
http://orcid.org/0000-0002-0105-8437
http://orcid.org/0000-0001-5516-5724
http://orcid.org/0000-0001-5516-5724
http://orcid.org/0000-0001-5516-5724
http://orcid.org/0000-0001-5516-5724
http://orcid.org/0000-0001-5516-5724
http://orcid.org/0000-0002-1651-7659
http://orcid.org/0000-0002-1651-7659
http://orcid.org/0000-0002-1651-7659
http://orcid.org/0000-0002-1651-7659
http://orcid.org/0000-0002-1651-7659
http://orcid.org/0000-0003-3530-9166
http://orcid.org/0000-0003-3530-9166
http://orcid.org/0000-0003-3530-9166
http://orcid.org/0000-0003-3530-9166
http://orcid.org/0000-0003-3530-9166
http://orcid.org/0000-0002-6820-4128
http://orcid.org/0000-0002-6820-4128
http://orcid.org/0000-0002-6820-4128
http://orcid.org/0000-0002-6820-4128
http://orcid.org/0000-0002-6820-4128
http://orcid.org/0000-0001-9393-0861
http://orcid.org/0000-0001-9393-0861
http://orcid.org/0000-0001-9393-0861
http://orcid.org/0000-0001-9393-0861
http://orcid.org/0000-0001-9393-0861
http://orcid.org/0000-0002-8542-2389
http://orcid.org/0000-0002-8542-2389
http://orcid.org/0000-0002-8542-2389
http://orcid.org/0000-0002-8542-2389
http://orcid.org/0000-0002-8542-2389
http://orcid.org/0000-0002-1142-9684
http://orcid.org/0000-0002-1142-9684
http://orcid.org/0000-0002-1142-9684
http://orcid.org/0000-0002-1142-9684
http://orcid.org/0000-0002-1142-9684
http://orcid.org/0000-0002-3070-9761
http://orcid.org/0000-0002-3070-9761
http://orcid.org/0000-0002-3070-9761
http://orcid.org/0000-0002-3070-9761
http://orcid.org/0000-0002-3070-9761
http://orcid.org/0000-0003-0067-194X
http://orcid.org/0000-0003-0067-194X
http://orcid.org/0000-0003-0067-194X
http://orcid.org/0000-0003-0067-194X
http://orcid.org/0000-0003-0067-194X
http://orcid.org/0000-0002-9224-0161
http://orcid.org/0000-0002-9224-0161
http://orcid.org/0000-0002-9224-0161
http://orcid.org/0000-0002-9224-0161
http://orcid.org/0000-0002-9224-0161
http://orcid.org/0000-0003-3808-5428
http://orcid.org/0000-0003-3808-5428
http://orcid.org/0000-0003-3808-5428
http://orcid.org/0000-0003-3808-5428
http://orcid.org/0000-0003-3808-5428
http://orcid.org/0000-0001-7382-2783
http://orcid.org/0000-0001-7382-2783
http://orcid.org/0000-0001-7382-2783
http://orcid.org/0000-0001-7382-2783
http://orcid.org/0000-0001-7382-2783
http://orcid.org/0000-0001-6476-5385
http://orcid.org/0000-0001-6476-5385
http://orcid.org/0000-0001-6476-5385
http://orcid.org/0000-0001-6476-5385
http://orcid.org/0000-0001-6476-5385
http://orcid.org/0000-0002-0276-8000
http://orcid.org/0000-0002-0276-8000
http://orcid.org/0000-0002-0276-8000
http://orcid.org/0000-0002-0276-8000
http://orcid.org/0000-0002-0276-8000
http://orcid.org/0000-0001-8694-0180
http://orcid.org/0000-0001-8694-0180
http://orcid.org/0000-0001-8694-0180
http://orcid.org/0000-0001-8694-0180
http://orcid.org/0000-0001-8694-0180
http://orcid.org/0000-0001-9313-7900
http://orcid.org/0000-0001-9313-7900
http://orcid.org/0000-0001-9313-7900
http://orcid.org/0000-0001-9313-7900
http://orcid.org/0000-0001-9313-7900
http://orcid.org/0000-0002-4153-0249
http://orcid.org/0000-0002-4153-0249
http://orcid.org/0000-0002-4153-0249
http://orcid.org/0000-0002-4153-0249
http://orcid.org/0000-0002-4153-0249
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0003-4643-531X
http://orcid.org/0000-0003-4643-531X
http://orcid.org/0000-0003-4643-531X
http://orcid.org/0000-0003-4643-531X
http://orcid.org/0000-0003-4643-531X
http://orcid.org/0000-0002-8693-1353
http://orcid.org/0000-0002-8693-1353
http://orcid.org/0000-0002-8693-1353
http://orcid.org/0000-0002-8693-1353
http://orcid.org/0000-0002-8693-1353
mailto:k.siew@ucl.ac.uk
mailto:stephen.walsh@ucl.ac.uk

	Cosmic kidney disease: an integrated pan-omic, physiological and morphological study into spaceflight-induced renal dysfunction
	Results
	Primary changes in kidney function increase the risk of spaceflight-induced nephrolithiasis
	Structural remodelling of the nephron occurs within a month of spaceflight exposure
	Multi-omic analyses reveal convergent disease pathways induced by spaceflight
	A GCR exposure with a dose-equivalent to a Mars roundtrip induces renal damage and dysfunction

	Discussion
	Methods
	Human studies ethical approval
	Animal Studies ethical approval
	Sex differences
	Sample�sizes
	Statistics and reproducibility
	Omics studies
	Physiology
	Sample collection and processing
	Functional calculations
	Imaging
	Sample fixation and processing
	Histopathology and Brightfield�WSI
	Immunostaining and confocal�WSI
	miRNA in�situ hybridisation and brightfield�WSI
	Optical clearing and 3D imaging
	Morphometry
	Normalised kidney weights
	Histomorphometry
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




