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Abstract
Background  Spaceflight exposes living organisms to mechanical unloading and cosmic radiation that profoundly 
reshape metabolism and tissue function. Because mitochondria play a crucial role in dealing with stress responses, 
members of the SLC25A carrier family become crucial checkpoints for controlling cellular energy and redox 
homeostasis.

Methods  In this study, we examined the expression of 53 SLC25A genes across osteocytes, human bone marrow-
derived mesenchymal stem cells (hBMSCs), and mouse brain under microgravity, using curated transcriptomic 
datasets from NASAs Open Science Data Repository (OSDR). In addition, given that ADP/ATP carriers (AACs) are key 
mediators of apoptosis, we further investigated AACs through structural modeling and molecular docking with 
the specific pro-apoptotic (carboxyatractyloside) and anti-apoptotic (bongkrekic acid) inhibitors, with the aim of 
proposing them as potential targets for apoptosis regulation.

Results  Our analysis reveals distinct, tissue-specific expression patterns, with bone cells showing early alteration of 
the expression of mitochondrial transporters, with enhanced levels of AAC4, CFNc, GC1, CIC, and PNC2, together with 
reduced UCP2, OGC, and AGC2. These alterations indicate an impaired metabolite transport and gradual metabolic 
adaptation. hBMSCs, by contrast, repressed AGC1, CAC, UCP6, ORC1, and GlyC, while increasing AAC3, MFRN1, and 
SLC25A40 expression, consistently with weaker oxidative phosphorylation and limited renewal potential. Brain tissue 
appeared comparatively resilient, displaying only a selective rise in DIC, most likely reflecting adaptive activation of 
dicarboxylate flux. Structural modeling of AACs highlighted conserved conformational features that can be exploited 

SLC25A mitochondrial carriers as biomarkers 
and therapeutic targets of spaceflight-
induced dysfunction: the ADP/ATP carrier 
(AAC3) as a structural case study
Pietro D’Addabbo1†, Anna De Grassi1†, Danila Imperia De Luca1, Valeria Scaglione1, Anna Lucia Francavilla1, 
Sabino Todisco1, Maria Noemi Sgobba1, Lorenzo Guerra1, Mariateresa Volpicella1, Afshin Beheshti2,3* and  
Ciro Leonardo Pierri4*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12967-025-07505-z
http://orcid.org/0000-0003-1816-548X
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-07505-z&domain=pdf&date_stamp=2026-1-3


Page 2 of 30D’Addabbo et al. Journal of Translational Medicine          (2026) 24:101 

Introduction
Mitochondria are central organelles in eukaryotic cells 
that play a critical role in energy metabolism, biosynthe-
sis, and signaling. The SLC25A family of mitochondrial 
carriers is a group of membrane transporters respon-
sible for the exchange of metabolites, nucleotides, and 
cofactors across the inner mitochondrial membrane 
[1–3]. These carriers are essential for maintaining cellu-
lar homeostasis and viability, as they couple the flow of 
metabolites between mitochondria and cytosol [4] with 
oxidative phosphorylation (OXPHOS) [5, 6], the Krebs 
cycle, and associated respiratory-chain activities [1–3, 
7, 8]. In this way, they sustain the export of ATP gener-
ated in the mitochondrial matrix by ATP-synthase, while 
simultaneously providing precursors for biosynthetic 
reactions and redox balance in the cytosol [1–3]. Beyond 
their role as simple transporters, SLC25A carriers serve 
as dynamic regulators of mitochondrial bioenergetics and 
intercompartmental communication [1–3]. They inte-
grate multiple metabolic circuits, including the malate–
aspartate shuttle (mediated by the malte/2-oxoglutarate 
carrier, coded by SLC25A11 and Asp/Glu carriers, coded 
by SLC25A12 or SLC25A13 [9, 10]), which equilibrates 
cytosolic and mitochondrial NADH/NAD+ pools; the 
citrate/isocitrate–malate shuttle (driven by SLC25A1 and 
SLC25A11), which connects mitochondrial acetyl-CoA 
export to lipid and cholesterol synthesis [11]; and the car-
nitine/acylcarnitine shuttle (driven by SLC25A20), which 
coordinates fatty acid β-oxidation with cytosolic lipid 
turnover [12]. Other carriers, such as the ornithine car-
rier (SLC25A15), participate in the urea cycle and amino 
acid metabolism [13], while phosphate (SLC25A3) and 
dicarboxylate (SLC25A10) carriers [14] maintain the pro-
vision of substrates and cofactors to the electron trans-
port chain [15, 16]. Through these tightly coordinated 
exchanges, SLC25A members act as gatekeepers of cellu-
lar metabolic flexibility, enabling mitochondria to adjust 
energy output and biosynthetic fluxes to varying physi-
ological or environmental demands. From an evolution-
ary perspective, mitochondrial carriers represent one 
of the most ancient and conserved protein families in 

eukaryotes [4, 17]. Comparative genomic and structural 
analyses indicate that the core SLC25A scaffold emerged 
early during eukaryogenesis, co-evolving with the respi-
ratory-chain complexes and the oxidative phosphoryla-
tion (OXPHOS) machinery to optimize chemiosmotic 
coupling and metabolite exchange [5, 17–19]. This co-
evolution established the tight energetic and metabolic 
integration between substrate transport, electron flow, 
and ATP synthesis that sustain eukaryotic bioenergetics. 
The persistence of these transport systems across plants, 
fungi, and protists [4, 17, 20–22] underscores their adap-
tive importance: in these organisms, carrier-mediated 
exchange sustains metabolic continuity and redox bal-
ance even under extreme environmental pressures such 
as hypoxia, nutrient limitation, high salinity, or radiation 
exposure. In these microorganisms and life-conditions, 
the metabolite transport system ensures metabolic con-
tinuity and redox stability, highlighting how evolution-
ary optimization of SLC25A function underlies adaptive 
resilience across diverse life forms [4, 17, 20–22]. These 
conserved principles of mitochondrial exchange appear 
thus relevant under spaceflight conditions, where micro-
gravity and cosmic radiation impose energetic and oxida-
tive stress similar to those encountered in other extreme 
environments.

Remarkably, dysfunctions in the human SLC25A carri-
ers have been implicated in a variety of human diseases, 
including cancer, metabolic syndromes, and inherited 
mitochondrial disorders [23, 24].

Among these transporters, the ADP/ATP carrier is 
particularly noteworthy because, beyond its role in 
OXPHOS manintenace, it is also involved in the the 
assembly of the permeability transition pore (PTP), a 
critical regulator of apoptosis [25]. Other SLC25A car-
riers, such as the aspartate-glutamate carriers [9, 10], 
are similarly important, contributing to processes like 
myelination, neurodevelopment, and inflammation [11, 
26–28].

Spaceflight conditions, including microgravity and 
space radiation, impose unique stresses on biological 
systems [29, 30]. These conditions are known to affect 

for the structural modeling of all mitochondrial carriers, thereby providing a foundation for the design of drugs 
targeting all members of the SLC25A family and for the development of selective modulators capable of restoring 
apoptosis control and mitochondrial function during exposure to microgravity or cosmic radiation.

Conclusions  The presented results establish SLC25A carriers as biomarkers and potential therapeutic targets for 
counteracting bone/muscle loss, mitochondrial dysfunction, and neurodegeneration under space conditions. By 
integrating transcriptomic analysis with structural modeling, this work provides translational relevance for astronaut 
health and offers mechanistic insights applicable to terrestrial mitochondrial disorders as well.

Keywords  Spaceflight, Microgravity, SLC25A mitochondrial carriers, Gene Set Enrichment Analysis (GSEA), 
Mitochondrial metabolism, Osteocytes, Bone marrow stem cells (hBMSC), Brain, Oxidative phosphorylation, Cellular 
adaptation, MitoCarta, MSigDB hallmarks
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https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A44
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A44
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A45
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A45
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A46
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A46
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A47
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A47
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A48
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A48
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A49
https://www.hgmd.cf.ac.uk/ac/gene.php?gene=SLC25A49
https://www.malacards.org/search/results?q=MTCH2
https://www.malacards.org/search/results?q=MTCH2
https://www.malacards.org/search/results?q=SLC25A51
https://www.malacards.org/search/results?q=SLC25A51
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cellular physiology, leading to phenomena such as bone 
and muscle loss, central nervous system (CNS) dysfunc-
tion, and systemic inflammation [31]. Luckily, recent 
studies have expanded our understanding of biological 
adaptation and diagnostic strategies in aerospace and 
biomedical contexts [32]. For instance, it was highlighted 
the utility of salivary diagnostics for monitoring human 
performance under simulated flight stress [33]. Based on 
the new diagnostics tools, the role of mitochondria in 
mediating these effects has gained increasing attention, 
particularly given their centrality to metabolic regula-
tion and oxidative stress responses. It has previously been 
shown that mitochondria dysfunction is the central hub 
increased health risks in humans caused by the space 
environment [34, 35], but the specific impact of space-
flight on the expression and function of SLC25A mito-
chondrial carriers remains poorly understood.

To address this knowledge gap, we screened pub-
licly available datasets from NASAs Open Science Data 
Repository (OSDR) to examine how spaceflight affects 
SLC25A protein expression in various tissues [36]. Using 
osteocyte, bone marrow stem cells, and brain tissue 
data from mice and humans flown to the International 
Space Station (ISS), we performed differential expression 
analyses and pathway enrichment studies to assess the 
regulation of mitochondrial transporters and their asso-
ciated pathways. These findings provide insights into the 
molecular mechanisms underlying spaceflight-induced 
physiological changes and identify potential targets for 
mitigating damage caused by microgravity and radia-
tion. In addition, we propose that a subset of SLC25A 
carriers may act as sentinel biomarkers of mitochondrial 
stress, enabling predictive diagnostics and pharmacologi-
cal intervention in both spaceflight-related pathology and 
terrestrial mitochondrial disease.

Beyond their fundamental role in metabolite exchange, 
SLC25A carriers are emerging as translationally relevant 
nodes linking mitochondrial homeostasis with tissue 
resilience and degeneration [15, 16]. Understanding their 
regulation mitochondrial adaptations to microgravity, the 
present analysis provides a conceptual bridge between 
space biomedicine and clinical mitochondrial research. 
Identifying specific SLC25A carriers (e.g., AAC3, 
AGC1/2, DIC) as stress-responsive elements enables 
their use as biomarkers for monitoring tissue health dur-
ing long-duration missions and as pharmacological tar-
gets to prevent bone resorption, stem-cell exhaustion, 
and neurodegeneration. These findings may also inspire 
countermeasures applicable to age-related or metabolic 
diseases on Earth
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Materials and methods
Data sources
Data were obtained from NASAs GeneLab platform [36], 
a repository for spaceflight omics datasets. Three datas-
ets were selected for analysis:

 	• OSD-324 (​h​t​t​p​​s​:​/​​/​o​s​d​​r​.​​n​a​s​​a​.​g​​o​v​/​b​​i​o​​/​r​e​​p​o​/​​d​a​t​a​​/​s​​t​u​d​i​
e​s​/​O​S​D​-​3​2​4): Osteocytes from mice cultured aboard 
the ISS for 2, 4, and 6 days.

 	• OSD-546 (​h​t​t​p​​s​:​/​​/​o​s​d​​r​.​​n​a​s​​a​.​g​​o​v​/​b​​i​o​​/​r​e​​p​o​/​​d​a​t​a​​/​s​​t​
u​d​i​e​s​/​O​S​D​-​5​4​6): Human bone marrow stem cells 
(hBMSC) cultured on the ISS for 14 days.

 	• OSD-352 (​h​t​t​p​​s​:​/​​/​o​s​d​​r​.​​n​a​s​​a​.​g​​o​v​/​b​​i​o​​/​r​e​​p​o​/​​d​a​t​a​​/​s​​t​u​
d​i​e​s​/​O​S​D​-​3​5​2): Brain tissue from mice exposed to 
12 weeks (84 days) of spaceflight conditions.

All datasets were retrieved from NASAs Open Science 
Data Repository (OSDR, 2016–2024) and were selected 
based on the presence of both spaceflight and matched 
ground control conditions, and standardized omics pre-
processing pipelines. Raw read counts were normalized 
using the DESeq2 median-of-ratios method. Low-count 
genes were filtered out (baseMean < 10), and normalized 
counts were log₂-transformed prior to visualization and 
downstream enrichment analyses. The different dura-
tions reflect the availability and design of the space-
flight missions: short-term (2–14 days) or long-duration 
(84 days).

Gene expression analysis
Processed differential expression data was obtained from 
NASAs OSDR site, which provides the processed data 
files utilizing the standard omics pipelines and work-
flows that are described on NASAs OSDR Github page: ​
h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​n​a​s​a​​/​G​​e​n​e​​L​a​b​​_​D​a​t​​a​_​​P​r​o​c​e​s​s​i​n​g. The 
expression profiles of the SLC25A mitochondrial carrier 
family were extracted from the datasets. A heatmap was 
generated to visualize changes in gene expression across 
tissues and experimental conditions.

Pathway enrichment analysis
Gene Set Enrichment Analysis (GSEA) [37] was per-
formed using the R fGSEA package [38] on the differ-
ential expression files and the genes were ranked using 
the “t-score” or “Stat” values. The following curated 
pathways:

1.	 Custom SLC25A Pathway: A gene list specific to 
SLC25A mitochondrial carriers (Table 1).

2.	 MitoCarta Pathway: A comprehensive 
mitochondrial gene inventory from the Broad 
Institute [39].

3.	 MSigDB Hallmark Pathways: Well-defined 
biological pathways from the Molecular Signatures 
Database [40].

4.	 Custom Mitochondrial Pathways: Developed and 
used in COVID-19 research [41].

The GSEA analysis was conducted using the normalized 
enrichment score (NES) to determine pathway activa-
tion or inhibition. As recommended by the GSEA tuto-
rial, a false discovery rate (FDR) threshold of < 0.25 was 
applied to identify significant results. In more detail, 
differentially expressed genes were identified using an 
adjusted p-value (Benjamini–Hochberg correction) 
of < 0.05. This cutoff ensured stringent gene-level signifi-
cance, while subsequent pathway enrichment analyses 
used the GSEA-recommended FDR < 0.25 threshold for 
exploratory biological interpretation. Each dataset ana-
lyzed included a minimum of three biological replicates 
per condition, as detailed in GeneLab mission metadata. 
Statistical validation of differential expression was per-
formed within the DESeq2 framework using Wald tests 
with Benjamini–Hochberg correction.

3D protein comparative modeling and structural analysis
The ADP/ATP carrier (AAC, coded in H. sapiens by 
SLC25A4 (AAC1), SLC25A5 (AAC2), SLC25A6 (AAC3) 
and SLC25A31 (AAC4)) is the best-studied member of 
the mitochondrial carrier (MC) family and the only one 
for which multiple high-resolution crystallized struc-
tures are available [25, 89–92]. Several AAC structures 
have been solved in the cytoplasmic-open (c-) conforma-
tion, each bound to the inhibitor carboxyatractyloside 
(CATR), a well-known and potent blocker of the trans-
porter. These include two bovine AAC1 structures (PDB 
IDs: 1OKC and 2C3E [90]) and four yeast AAC2/3 struc-
tures (PDB IDs: 4C9G, 4C9H, 4C9J, and 4C9Q [91]).In 
contrast, only one structure of AAC has been determined 
in the matrix-open (m-) conformation: the Thermothelo-
myces thermophilus AAC1, crystallized with bongkrekic 
acid (PDB ID: 6CGI [92]).

As a proof of concept, the human ADP/ATP carrier 
paralog 3 (AAC3) was modelled in both the cytosolic and 
matrix conformations. With this aim, the sequences and 
templates were aligned and processed using SwissPDB-
Viewer (SPDBV) according to our validated 3D model-
ling protocols [10, 12, 25]. The bovine AAC1 (1OKC.pdb) 
served as the template for the c-conformation because of 
its high resolution (2.2 Å) and high sequence similarity 
with the human carrier (about 90% of identical residues). 
The T. thermophilus AAC1 (6GCI.pdb) was used as the 
template for the m-conformation; this structure shares 
roughly 58% identical residues with the human sequence 
and represents the only available matrix-open state.

https://osdr.nasa.gov/bio/repo/data/studies/OSD-324
https://osdr.nasa.gov/bio/repo/data/studies/OSD-324
https://osdr.nasa.gov/bio/repo/data/studies/OSD-546
https://osdr.nasa.gov/bio/repo/data/studies/OSD-546
https://osdr.nasa.gov/bio/repo/data/studies/OSD-352
https://osdr.nasa.gov/bio/repo/data/studies/OSD-352
https://github.com/nasa/GeneLab_Data_Processing
https://github.com/nasa/GeneLab_Data_Processing
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Conserved sequence motifs typical of mitochondrial 
carriers, including the PX[D/E]XX[K/R]X[K/R] and 
[D/E]GXXXX[W/Y/F][K/R]G signatures, were used to 
anchor the sequence–structure alignment [2, 10, 12, 25]. 
During model building, the Cα backbone of the human 
target was restrained to that of the template, and distance 
constraints were applied to maintain known salt bridges 
that stabilize each conformational state [2, 10, 12, 25, 
93]. A restrained molecular dynamics optimization with 
gradual annealing was then carried out to generate a set 
of 100 trial structures for each conformation [10, 12, 25].

The models were evaluated for overall geometry and 
energy using the WHAT IF web server, and the structures 
with the best stereochemical properties were selected 
for further visual inspection with PyMOL [2, 10, 12, 25, 
93]. The root-mean-square deviation (RMSD) between 
the human models and their corresponding templates 
was calculated in PyMOL using the “super” command to 
assess how closely the modeled structures matched the 
crystallized templates.

Re-docking and docking analysis
To validate the accuracy of the modeled binding cavities 
of the human ADP/ATP carrier (AAC3) in both confor-
mational states, we performed docking analyses with its 
two canonical inhibitors: carboxyatractyloside (CATR), 
which stabilizes the cytoplasmic-open (c-) conformation, 
and bongkrekic acid (BKA), which locks the protein in 
the matrix-open (m-) conformation. These two ligands 
have been co-crystallized with the previously mentioned 
homologous AACs and are well-characterized reference 
inhibitors for AACs [25, 89].

Prior to the docking simulations, the 3D models of the 
human AAC3 in c- and m-conformations were converted 
from “.pdb” to “.pdbqt” format using the MGLTools suite 
of AutoDock 4.2. Partial charges were assigned to each 
atom using the Gasteiger method. The ligands CATR and 
BKA were extracted from their crystallographic com-
plexes (PDB IDs: 1OKC for the B. taurus AAC1–CATR 
complex and 6GCI for the T. thermophilus AAC1–
BKA complex) and converted to “.pdbqt” format using 
AutoDock scripts.

To identify the optimal gridbox parameters for each 
conformation, a series of ten re-docking simulations were 
performed by varying the size and position of the gridbox 
to best reproduce the crystallized inhibitor poses within 
the previously mentioned corresponding crystallized 
AACs. The final gridbox for the c-conformation (CATR-
bound) consisted of 34 × 34 × 60 grid points along the x, 
y, and z axes, with a spacing of 0.281 Å. The gridbox cen-
ter was positioned to include residues known to interact 
with CATR in the bovine AAC1 crystallized structure, 
aligning with the center of mass of residues R80, G183, 
R280 in the human AAC3 model in c-conformation. The 

final gridbox for the m-conformation (BKA-bound) con-
sisted of 26 × 30 × 22 grid points along the x, y, and z axes, 
with a spacing of 0.281 Å. The gridbox center was located 
within an equivalent internal cavity in a bit enlarged 
(along y axis) and shorter (along z axis) gridbox to allow 
the free bending of BKA in the space. This gridbox 
includes all the residues of the bottom half of the carrier 
in m-conformation protruding towards the carrier cavity 
and aligns with the center of mass of residues R80, G183, 
R280 in the human AAC3 model in m-conformation.

Either re-docking or docking simulations were executed 
using the Lamarckian genetic algorithm implemented in 
AutoDock 4.2. The following parameters were used for 
both ligands: rmstol = 1.5 Å, ga_pop_size = 50, ga_num_
evals = 2.5 × 105, and ga_num_generations = 2.7 × 104. The 
five top-ranked individuals from each generation were 
retained for the next iteration, and cluster analyses were 
conducted on the resulting 50 ligand poses to identify the 
most representative binding conformations.

The quality of the docking results was assessed by com-
paring the predicted binding poses with those observed 
in the native crystallized complexes. Each re-docked/
docked complex was superimposed on its experimental 
counterpart (BtAAC1–CATR or TtAAC1–BKA) using 
PyMOL, and the root mean square deviation (RMSD) 
between the heavy atoms of the docked and crystallized 
ligands was calculated.

Statistical analysis
As RNA-seq data were created from different labs and 
experiments, each dataset was normalized and pro-
cessed individually and then the log2(fold-change) val-
ues were compared across all datasets. The analyses were 
performed using R (version 4.3.3) and Python (version 
3.12.3) with packages including DESeq2 for differential 
expression, ComplexHeatmap for visualization, and the 
GSEA software suite for pathway enrichment. Tempo-
ral normalization was not applied across independent 
mission datasets. Instead, we examined directional-
ity and enrichment coherence across timepoints within 
each tissue to infer intrinsic versus duration-dependent 
responses.

Data interpretation
Changes in the SLC25A family expression were corre-
lated with functional pathways to assess their potential 
roles in bone, brain, and systemic health under space-
flight conditions. Tissue-specific trends were identified, 
and implications for space-induced damage were dis-
cussed in the context of existing literature.
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Results and discussion
Expression patterns of SLC25A genes across tissues and 
conditions
Mitochondrial carriers of the SLC25A (Table 1) family 
exhibited tissue- and duration-dependent transcriptional 
responses to spaceflight (Fig. 1). Short-term exposures 
(2–6 days) captured early adaptive responses in osteo-
cytes and hBMSCs, whereas the 84-day brain dataset 
provided a window into long-term microgravity adapta-
tion in the central nervous system. A long exposure to 
space increases both the damage caused by the micro-
gravity environment and the total accumulated dose of 
high Linear Energy Transfer (LET) space radiation the 
samples received. In osteocytes, short-term microgravity 
exposure (2–6 days) was associated with a robust upregu-
lation of genes involved in (i) glutamate exchange/uptake, 
namely SLC25A18 and SLC25A22, coding for glutamate 
carrier paralog 2 (GC2) and 1 (GC1), respectively, (ii) 
fatty acid metabolism, namely SLC25A17, coding for the 
peroxisome CoA/FAD/NAD+ carrier (CFNC), (iii) nucle-
otide transport, namely SLC25A31, coding for the ADP/

ATP carrier paralog 4 (AAC4), and SLC25A36 coding 
for pyrimidine carrier paralog 2 (PNC), and (iv) inflam-
mation and tricarboxylic acid cycle, namely SLC25A1, 
coding for citrate carrier (CIC). Concomitantly, a down-
regulation of key transporters mediating (i) either proton 
or C4 metabolite exchanges, namely SLC25A8, coding 
for uncoupling protein paralog 2 (UCP2), and (ii) malate/
aspartate shuttle, namely SLC25A13 coding for aspar-
tate/glutamate carrier paralog 2 (AGC2) and SLC25A11 
(OGC), was detected, indicating a coordinated remodel-
ing of mitochondrial metabolite flux during early adapta-
tion to microgravity.

These data point to a rapid and highly plastic adaptation 
of bone-associated mitochondrial carriers to spaceflight 
(Fig. 1 and Table 1). The early osteocytic upregulation of 
SLC25A1 (CIC) and SLC25A18 (GC2)/SLC25A22 (GC1), 
for example, likely reflects a compensatory response to 
affected TCA cycle input/output and glutamate metab-
olism, both of which are essential for redox balance 
and matrix production. Downregulation of SLC25A11 
(OGC), SLC25A13 (AGC2), and SLC25A8 (UCP2) 

Fig. 1  Transcriptional adaptation of the SLC25A mitochondrial carrier family to spaceflight. Heatmap illustrating normalized enrichment scores (NES) 
for 53 SLC25A family genes across osteocytes, human bone marrow stem cells (hBMSCs), and brain tissues under spaceflight versus ground control 
conditions. Each column corresponds to a specific species, tissue, and timepoint (2, 4, 6, 14, or 84 days), across datasets OSD-324, OSD-352, and OSD-546. 
Rows represent individual SLC25A genes. NES values are color-coded (red, upregulation; blue, downregulation), with statistical significance indicated by 
asterisks (*p < 0.05) or hash marks (# adjusted p < 0.05). SLC25A50 and SLC25A52 were not present in the processed data and were filtered out in the qual-
ity control stage. Below the heatmap, a gene set enrichment analysis (GSEA) was performed on a custom-defined “SLC25A family” pathway constructed 
from the listed genes. The lower lollipop plot shows the NES, reflecting pathway activation (positive NES) or inhibition (negative NES), with circle size 
inversely proportional to the false discovery rate (FDR). While GSEA typically recommends a significance threshold of FDR < 0.25, a slightly relaxed cutoff 
of FDR < 0.3 was applied to better capture subtle pathway trends under spaceflight conditions. GSEA was performed using the standard protocol (​h​t​t​p​​s​:​
/​​/​w​w​w​​.​g​​s​e​a​​-​m​s​​i​g​d​b​​.​o​​r​g​/​g​s​e​a​/​i​n​d​e​x​.​j​s​p). For clarity, only gene names are shown; the associated protein names and functional annotations are provided 
in Table 1

 

https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
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supports the hypothesis of impaired malate/aspartate 
and isocitrate malate shuttle activities [1, 3], which may 
contribute to metabolic decoupling from the cytosol, an 
early signature of stress-induced mitochondrial dysfunc-
tion. Remarkably, the upregulation of SLC25A31 (AAC4), 
normally expressed only in testis, SLC25A36 (PNC2), 
and the peroxisome SLC25A17 (CFNc), may indicate 
an attempt to counterbalance a possible energy demand 
(through the enhancement of fatty acid metabolism) 
and mtDNA loss in microgravity conditions, as a conse-
quence of the stress-induced mitochondrial dysfunction.

In human bone marrow-derived mesenchymal stem 
cells (hBMSCs), a delayed transcriptional response 
was observed, characterized by significant upregula-
tion of SLC25A6, coding for the ADP/ATP carrier para-
log 3 (AAC3), SLC25A36 (PNC2), SLC25A37 coding 
for a transporter known as mitoferrin-1 (MFRN1), and 
SLC25A40, coding for a transporter involved in gluta-
thione/iron-sulfur cluster metabolism, after 14 days of 
spaceflight, accompanied by the downregulation of mul-
tiple metabolite transporters including SLC25A12, cod-
ing for aspartate/glutamate carrier paralog 1 (AGC1), 
SLC25A15, coding for ornithine carrier (ORC1), 
SLC25A16, coding for a transporter involved in CoA 
metabolism (GDC), SLC25A20, coding for carnitine acyl-
carnitine carrier (CAC), SLC25A38, coding for glycine 
carrier (GlyC), SLC25A22, coding for glutamate carrier 
(GC1), SLC25A25, coding for ATP-Mg/Pi carrier (APC3), 
and SLC25A30, coding for UCP6 (also known as KMCP1) 
(Fig. 1 and Table 1).

These results suggest a mitochondrial functional repro-
gramming favouring energy maintenance and metabolic 
flexibility in the bone marrow compartment. In hBMSCs, 
the downregulation of carriers involved in CoA metab-
olism (SLC25A16). Thiamine pyrophosphate uptake 
(SLC25A19), and fatty acid metabolism (SLC25A20), 
together with SLC25A38 (GlyC) suggests profound 
remodeling of organic acid, lipid and one-carbon metab-
olism. Also amino acid metabolism appears impaired 
with the downregulation of urea cycle genes, with ref-
erence to ORC1 (SLC25A15). mal/asp shuttle, with ref-
erence to AGC1 (SLC25A12), and GC1 (SLC25A22). 
Upregulation of SLC25A6 (AAC3), SLC25A36 (PNC2) 
and SLC25A40 (MCFP, a transporter involved in iron-
sulfur cluster and glutathione metabolism, linked to 
redox status, structurally related to SLC25A39 (CGI69) 
[75]) points to a compensatory increase in ATP turnover 
and nucleotide exchange, potentially for nucleic acid bio-
synthesis, and iron cofactor biogenesis, for attempting to 
counteract oxidative stress or impaired respiration (Fig. 1 
and Table 1).

Conversely, brain tissue exhibited minimal tran-
scriptional changes, with only SLC25A10 coding for 

the succinate(malate)/Pi carrier (dicarboxylate carrier, 
known as DIC) significantly upregulated after prolonged 
exposure (84 days), implying a relative resilience of neu-
ronal mitochondrial transport to microgravity (Fig. 1 and 
Table 1).

Gene set enrichment analysis (GSEA) supported these 
findings, revealing significant activation of the SLC25A 
signature in osteocytes after early spaceflight exposure 
and in hBMSCs after longer exposure, but no enrichment 
in brain tissue (Figs. 1 and 2).

The lack of significant changes in most brain mitochon-
drial carriers, except SLC25A10 (DIC), which supports 
complex II-linked respiration, suggests a conserved met-
abolic profile in neural tissues. This aligns with known 
CNS resistance to metabolic rewiring, potentially linked 
to glial buffering and blood–brain barrier protection.

While not reaching statistical significance thresh-
olds (FDR < 0.25), additional trends in the specific gene 
expression of mitochondrial carriers suggested broader 
alterations in mitochondrial metabolite transport. These 
included transient upregulation of (i) SLC25A9 (UCP3), 
a close paralog of SLC25A8 (UCP2), involved in proton 
and C4 metabolite exchange, (ii) SLC25A21, coding for 
2-oxoadipate/2-oxoglutarate carrier (ODC), SLC25A24, 
coding for ATP-Mg/Pi carrier paralog 1 (APC1), 
SLC25A29, coding for basic amino acid carrier (previ-
ously known as CACL), SLC25A28 (MFRN2), the closest 
paralog of SLC25A37(MFRN1), and SLC25A42, coding 
for CoA/PAP transporter (CoAPC) (Figs. 1 and 2)) in 
osteocytes during early timepoints, warranting further 
investigation. SLC25A50 and SLC25A52 were not present 
in the processed data and were filtered out in the quality 
control stage.

From a translational standpoint, these results iden-
tify the upregulation of SLC25A6 (AAC3)/SLC25A31 
(AAC4) and SLC25A36 (PNC2) and the downregula-
tion of SLC25A12 (AGC1) and SLC25A13 (AGC2), as 
candidate biomarkers of early mitochondrial stress in 
space-exposed bone and stem cell tissues. Importantly, 
several of these carriers are pharmacologically targetable. 
For instance, small-molecule modulators of nucleotide 
transporters could restore ATP/ADP or pyrimidine bal-
ance (Figs. 1 and 2), whereas AGC modulators are under 
investigation in cancer models to regulate the impaired 
mal/asp shuttle [9, 53]. These targets may form the basis 
for countermeasures aimed at restoring mitochondrial 
homeostasis in astronauts or spaceflight models.

Among the uncharacterized carriers, the upregula-
tion of SLC25A47, predicted to be an amino acid car-
rier, and SLC25A51, recently proposed to participate in 
NAD+ uptake, were observed in osteocytes. Conversely, 
the downregulation of SLC25A35, predicted to translo-
cate oxaloacetate or isopropyl-malate structurally related 
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substrates, due to its phylogenetic relationships with the 
yeast Oac1p, and SLC25A44, predicted to translocate 
organic acids, was observed in bone marrow.

Pathway-level remodeling of mitochondrial bioenergetics 
and immune signaling under microgravity
Custom GSEA of mitochondrial and immune pathways 
(Fig. 3) revealed a second layer of spaceflight-driven 
adaptation, distinctively shaped by tissue type and dura-
tion of exposure to microgravity.

Mitochondrial bioenergetics
In hBMSCs after 14 days of spaceflight, ll OXPHOS-
related modules, including respiratory chain assembly 
factors, complexes I–V, and the mitochondrial ribosome, 
were significantly downregulated (NES < 0). This repres-
sion aligned with the downregulation of amino acid 
carriers involved in the mal/asp shuttle and reducing 
equivalents recycle (i.e., SLC25A12, AGC1) or urea cycle 
(i.e., SLC25A15, ORC1), depending on the cytosolic 
aspartate availability, as observed in Fig. 1. By contrast, 
mouse brain at 84 days exhibited selective upregulation 

(See figure on previous page.)
Fig. 2  Scheme of a mitochondrion with a set of representative characterized mitochondrial transporters of the SLC25A family, and related pathways and 
cycles. The above reported scheme indicates schematically the main small molecules, cofactors, and proteins interacting more or less directly with the 
human mitochondrial carriers of the SLC25A protein family. Respiratory chain complexes, mitochondrial transporters, and other proteins are reported in 
surf representation. Protein labels are reported in black boxes for discriminating them from substrates. ATP synthase (CV) is reported in blue (based on the 
Bos taurus crystallized structure 6zqn.Pdb). Red/blue/orange transparent circles indicate mitochondrial carriers downregulated/upregulated/rebound-
upregulated in microgravity conditions, mitochondrial carriers are reported in cyan (based on the 3D structure of the bovine ADP/ATP carrier, 1okc.Pdb). 
MPC (an in-house developed 3D comparative model, data not published) is reported in black; PDH in light green (based on the human crystallized struc-
ture 6cfo.Pdb); AIF in white (based on the human crystallized structure 4bur.Pdb). Complex I (ci, based on the Ovis aries crystallized structure 5lnk.Pdb), 
complex ii (CII, based on the Sus scrofa scrofa 3aef.Pdb), complex iii (CIII, based on the O. aries 6q9e.Pdb), and complex IV (CIV) (together with CytC in red, 
based on the bovine crystallized structure 5iy5.Pdb) are reported in green, yellow, magenta, and grey, respectively. The human isocitrate dehydrogenase 
2 (IDH2, pale yellow surface representation in the matrix, based on 6kdf.Pdb), the human isocitrate dehydrogenase 3 (IDH3, orange surface representation 
in the matrix, based on 6kdf.Pdb), the human isocitrate dehydrogenase 1 (IDH1, pink surface, in the cytosol, based on 1t09.Pdb), the human mitochondrial 
glutamate dehydrogenase (GluDH, gray surface, in the matrix based on 1l1f.Pdb), the human mitochondrial glutaminase (GLS, salmon surface, based on 
6ujm.Pdb), the human nicotinamide nucleotide transhydrogenase (NNT1, light green, inner mitochondrial membrane based on 1u31.Pdb); the human 
cytosolic lactic dehydrogenase (LDH, yellow-sand color, based on 6baz.Pdb); the human cytosolic (ME1) and matrix (ME3) malic enzyme (colored in 
brilliant pink and violet, respectively, based on 1pjl.Pdb), the human glutathione reductase (GR, dark magenta surface in the cytosol and light magenta 
surface in the matrix, based on 1gre,pdb), the human selenocysteine to glycine glutathione peroxidase 4 (GPX4, petroleum blue surface, in the matrix, 
based on 2gs3.Pdb), the human glucose-6-phosphate dehydrogenase (G6PD, grey surface, based on 5ukw.Pdb), the human superoxide dismutase (SOD1; 
yellow surface, based on 5ytu.Pdb); the human thioredoxin reductase 1 (TrxR1, dark green surface, based on 2j3n.Pdb); the human thioredoxin (TXN, 
light green, based on 2ifq.Pdb); the human peroxiredoxin (PRDX1, light brown cartoon, based on 4xcs.Pdb); glycine decarboxylase (GLDC, white cartoon, 
based on 6i33.Pdb); the human T-protein of glycine cleavage system (amt, white cartoon, based on 1wsv.Pdb); the human H-protein, a lipoamide con-
taining protein of the glycine decarboxylase complex (GCSH, light cyan cartoon, based on 1htpA.Pdb); the human 6-phophogluconate dehydrogenase 
(6PGD, light green surface, based on 5uq9.Pdb), the human hexokinase (HK, dark grey surface, based on 1hkc.Pdb), the human c/m glycerol-3-phosphate 
dehydrogenase (m/c-G3PDH, cyan/pink surface, based on 2pla.Pdb), the human cytosolic selenocysteine to glycine mutant of human glutathione per-
oxidase 1 (GPx1-Se-; Gpx1-SeOH; Gpx1-Se-SG, blue surface, in the cytosol based on 2f8a.Pdb), NADH oxidase (NOX, dark salmon surface representation 
in the cytosol, based on 8x2l.Pdb), the human serine hydroxy-methyltransferase (SHMT2, green smudge surface representation, based on 8tlc.Pdb), the 
human methylenetetrahydrofolate dehydrogenase 2 (MTHFD2, green surface representation, based on 7ehj.Pdb), the human 10-formyltetrahydrofolate 
dehydrogenase (ALDH1L1, light green surface, based on 7rlu.Pdb), the human argininosuccinate synthase (ass, yellow surface, based on 2nz2.Pdb), the 
human argininosuccinate lyase (ASL, orange surface, based on 1aos.Pdb), the human arginase (ARG1, red surface, based on 6v7d.Pdb), the human orni-
thine transcarbamylase (OTC, cyan surface, based on 1c9y.Pdb), the human carbamoyl-phosphate synthase (CPS1, smudge surface, based on 5dot.Pdb), 
the human fumarate hydratase (cFH, for cytosolic, or mtFH, for mitochondrial, both in grey surface, based on 5upp.Pdb), glutaryl-CoA dehydrogenase 
(GCDHc, green surface, based on 1siq.Pdb), 2-oxoadipate dehydrogenase (OADHc, blue surface, based on 6sy1.Pdb), cytrate synthase (CS, light pink 
surface, based on 5uzr.Pdb), succynil-CoA synthetase (SUCLG1/A2, slate surface, based on 6g4q.Pdb) are represented by using the PyMOL molecule visu-
alizer. It should be noticed that succinate dehydrogenase participates to respiratory chain (see complex ii, CII) and to the TCA cycle, where it is laabelled 
by a squared dashed box for recalling its partial localization into the mitochondrial inner membrane. Black circular arrows indicate cyclic pathways. Black 
solid/dashed lines indicate the possible direction of the reported reactions or metabolite fates. Blue dashed lines indicate reactions involving NADPH or 
OGC substrates (regarding malate or 2-oxoglutarate). The red dashed line indicates a possible asp/mal shuttle stimulation mediated by an increased up-
take of 2-oxoglutarate. Other abbreviations: MIM: mitochondrial inner membrane; UQ, ubiquinone; AAC, ADP/ATP carrier, coded in H. sapiens by SLC25A4 
(AAC1), SLC25A5 (AAC2), SLC25A6 (AAC3), SLC25A31 (AAC4); AGC, aspartate/glutamate carrier, coded by SLC25A12 (AGC1) and SLC25A13 (AGC2); DIC, 
dicarboxylate carrier, coded by SLC25A10; MFTC, assumed to be the FAD (folate/riboflavin) carrier, coded by SLC25A32; OGC, malate/2-oxoglutarate 
carrier, coded by SLC25A11; CIC, citrate carrier, coded by SLC25A1; PiC, phosphate carrier, coded by SLC25A3; UCP, proton/C4 metabolite carrier coded 
by SLC25A7_UCP1, SLC25A8_UCP2, SLC25A9_UCP3, SLC25A14_UCP5, SLC25A27 (UCP4), SLC25A30 (UCP6); ODC, 2-oxoadipate/2-oxoglutarate carrier, 
coded by SLC25A21; APC, ATP-Mg/Pi carrier, coded by SLC25A23 (APC2), SLC25A24 (APC1), SLC25A25 (APC3), SLC25A41 (APC4); ORC1, ornithine carrier, 
coded by SLC25A15 (ORC1); MFRN, mitoferrin, coded by SLC2537 (MFRN1) or SLC25A28 (MFRN2), respectively. mas, malate/aspartate shuttle reported in 
an orange transparent box; TCA, tricarboxylic acid cycle; MDH1, cytosolic malate dehydrogenase 1; ME1, malic enzyme 1; MPC, mitochondrial pyruvate 
carrier; PDH, pyruvate dehydrogenase; CytC, cytochrome C; AIF, apoptosis-inducing factor. “?” indicate uncharacterized mitochondrial carriers. Red dashed 
lines and red arrow-heads indicate downregulated transporters, whereas green dashed lines and arrow-heads indicate upregulated transporters. “o”, “BM”, 
“b” in the arrow-heads indicate osteocytes, hBmscc, or brain, respectively (according to Fig. 1 reported tissues and Table 1). The “*” indicates that SLC25A4 
(AAC1), SLC25A5 (AAC2) are downregulated in osteocytes whereas SLC25A31 (AAC4) is upregulated in osteocytes. The “#” indicates that SLC25A6 (AAC3) 
is upregulated in hBMSC
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Fig. 3  GSEA of custom mitochondrial and immune pathways in osteocytes, hBMSCs, and brain under spaceflight. (“GSEA-Cust Infl_MITO”): this is a GSEA 
custom pathway analysis according to [94]. Normalized enrichment scores (NES) for mitochondrial- and immune-related modules (rows) are plotted as 
lollipops for osteocytes (2, 4, 6 days; mouse), hBMSCs (14 days; human), and brain (84 days; mouse) comparing spaceflight to ground controls. A posi-
tive NES indicates pathway activation (red), and a negative NES indicates inhibition (blue). Circle size is inversely proportional to the false discovery rate 
(FDR); only results with FDR < 0.3 are shown. Pathways were defined in collaboration with D. Wallace [94], and include modules for antigen presentation, 
innate immunity, PANoptosis (apoptosis, necroptosis, inflammasome), oxidative phosphorylation (OXPHOS) complexes I–V and mitochondrial ribosome, 
mtDna/dsrna immune sensing and vesicle release, integrated stress response (ISR), unfolded protein response (UPR^MT/ER), hypoxia-inducible factor 
(HIF) signaling, antioxidant defenses, cytosolic protein import, mitochondrial metabolism (TCA cycle, glycolysis, fatty-acid oxidation/synthesis), fusion–fis-
sion dynamics, mitochondrial contact sites, and mTOR network
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complexes I, III, and IV (NES > 0), in line with upregu-
lation of the malate/succinate carrier SLC25A10 (DIC), 
which supports succinate/malate cycling and respiratory 
chain. Osteocytes did not display significant OXPHOS 
enrichment at any early timepoint (Figs. 2 and 3).

The observed OXPHOS repression in hBMSCs is a 
hallmark of mitochondrial dysfunction and suggests 
impaired ATP production capacity. The coordinated 
downregulation of several SLC25A members that shut-
tle amino acids and organic acids may impair metabolic 
crosstalk with the cytosol and contribute to reduced 
stem cell viability or differentiation. Conversely, the 
brain’s compensatory upregulation of SLC25A10 (DIC), 
a dicarboxylate transporter, supports enhanced sub-
strate delivery to stimulate electron transport chain, 
likely a protective adaptation against chronic oxidative 
stress. These findings highlight the downregulation of 
SLC25A12 (AGC1), SLC25A15 (ORC1) and the upregu-
lation of SLC25A10 (DIC) as potential biomarkers for 
energy disruption or resilience in specific tissues and sug-
gest them as pharmacological targets for metabolic sup-
port in microgravity (Figs. 2 and 3).

Cell death and proteostasis pathways
Divergent modulation of programmed cell death path-
ways was observed. Necroptosis (NLRP3 inflammasome) 
was upregulated in osteocytes at day 6 (NES > 0) but 
repressed in brain. Interestingly, hBMSCs showed signifi-
cant upregulation of the inflammasome as a whole path-
way (Fig. 3). Intrinsic and extrinsic apoptosis modules 
were repressed in osteocytes at days 4 and 6, whereas 
extrinsic apoptosis alone was downregulated at day 2. 
Remarkably, PANoptosis regulators were downregulated 
at day 6 in osteocytes, largely due to reduced death-factor 
transcripts.

The hypoxia-inducible factor (HIF) pathway was 
robustly induced across hBMSC modules (general mod-
ules, regulatory arms, HIF1α, and target genes), with 
only modest upregulation of the HIF regulator module in 
osteocytes at day 6 (Fig. 3).

These data reveal a cell-type-specific rewiring of stress 
responses. The upregulation of inflammasome signaling 
in hBMSCs and osteocytes (at day 6), and of necroptosis/
inflammasome in osteocytes and hBMSCs, may reflect 
mitochondrial distress due to spaceflight-driven mem-
brane or redox disruption. SLC25A12 (AGC1)/SLC25A13 
(AGC2) and SLC25A15 (ORC1), which are involved in 
amino acid metabolism and redox homeostasis (Table 
1, Figs. 2 and 3) and are tightly linked to pro-apoptotic 
cascades [9, 13], were downregulated in hBMSCs (AGC1 
and ORC1, Table 1) and osteocytes (AGC2). This down-
regulation may reflect reduced mitochondrial activity 
and justify the observed enhanced necroptosis, driven 
by increased ROS damage that is normally limited by 

reducing-equivalent exchange via the malate/aspartate 
shuttle. The associated shift in cell fate appears to involve 
both necroptosis and inflammatory signaling, although 
their causal relationship remains uncertain. This is par-
ticularly relevant in light of the mentioned mitochon-
drial carrier defects linked to neuroinflammation and cell 
death [23, 24].

The activation of the HIF pathway in osteocytes 
and hBMSCs aligns with enhanced glycolytic flux and 
may represent a compensatory response to reduced 
OXPHOS, mainly observed in hBMSCs. As HIF stabili-
zation promotes survival and angiogenesis under hypoxic 
stress, targeting upstream carriers or downstream HIF 
targets could offer avenues for boosting tissue resistance 
to spaceflight-induced damage.

Immune-signaling modules
Adaptive antigen-presentation pathways (adaptive 
immune axis) fell significantly in brain at 84 days, whereas 
innate-immune signaling was uniquely upregulated in 
hBMSCs (antigen presentation, Fig. 3), but its canoni-
cal arm was repressed in both osteocytes (2–6 days) and 
hBMSCs. MtDNA/dsRNA sensing was strongly inhibited 
in hBMSCs via mitochondrial antiviral signaling (MAVS) 
singlesome downregulation, yet despite similar MAVS 
repression, the brain’s mtDNA/dsRNA module remained 
unchanged, implying compensatory buffering (Fig. 3). 
Inflammasome activation by mtDNA surged in osteo-
cytes at day 6, whereas mitochondrial-derived vesicle 
release, a hallmark of organelle quality control, peaked 
exclusively in brain tissue after 84 days.

The repression of MAVS-linked immune responses 
in hBMSCs underscores a blunted antiviral and danger-
signaling capacity, possibly resulting from impaired mito-
chondrial dynamics or metabolite depletion most likely 
related to amino acid carrier downregulation (AGC1, 
ORC1, GC, GlyC) (Table 1, Figs. 2 and 3). Notably, also 
carriers involved in organic acid and lipid metabolism 
(i.e., SLC25A20 (CAC), SLC25A30 (UCP6 or KMCP1), 
and SLC25A19 (TPC or DNC)) appear downregulated in 
hBMSCs, suggesting a strong relationship between the 
correct function of these carriers and immune response. 
Conversely, the brain’s unaltered immune sensing despite 
MAVS downregulation suggests metabolic or transcrip-
tomic compensation, potentially through other carrier 
systems like SLC25A10 (DIC), known for being involved 
in neurodegeneration [14], or enhanced vesicle traf-
ficking. mtDNA/dsRNA inflammasome activation by 
mtDNA in osteocytes points to mitochondrial mem-
brane damage or impaired quality control, making vesi-
cle release and SLC25A-linked metabolite accumulation 
promising indicators of immune stress. Carrier modula-
tion could be used both diagnostically and therapeutically 
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to manage inflammation-related degeneration during 
spaceflight.

Metabolic remodeling and organelle dynamics
hBMSCs downregulated antioxidant defenses, cyto-
solic protein import, and fusion–fission dynamics, while 
osteocytes transiently increased outer-membrane trans-
locase activity at day 4 but suppressed inner-membrane 
import at day 2. Glycolysis was upregulated in osteocytes 
at day 6, coupled with suppressed fatty-acid oxidation 
and an unaltered net mitochondrial metabolism score, 
whereas hBMSCs shifted toward increased glycolysis 
and decreased fatty-acid synthesis, with a downregula-
tion of mitochondrial metabolism (Fig. 3). Mouse brain 
instead activated broad metabolic modules, including 
fatty-acid oxidation. Osteocytes also repressed the inte-
grated stress response (ISR) at day 6 via loss of survival 
factors, while hBMSCs showed no net ISR change due 
to opposing downregulation of autophagy targets and 
upregulation of ISR regulators (Fig. 3). The UPR^MT/ER 
pathway was transiently downregulated in osteocytes at 
day 2 (via UPR-ER targets) and compensated thereafter, 
whereas hBMSCs displayed a compensatory upregulation 
(Fig. 3). mTOR signaling was inhibited in osteocytes at 
day 2, coherently with complex I suppression, and acti-
vated in hBMSCs through AMPK and REDD1 induction 
alongside GSK3β repression (the latter also occurring in 
osteocytes at day 6).

The alteration in mitochondrial import/export and 
stress responses may be early markers of microgravity-
induced dysfunction. SLC25A12 and SLC25A20 (Figs. 
2 and 3), involved in the mal/asp shuttle and carnitine/
acylcarnitine transport respectively, are pivotal for 
maintaining mitochondrial membrane potential and 
were downregulated in hBMSCs, potentially impairing 
both energy production and antioxidant defenses. The 
induction of glycolysis in both hBMSCs and osteocytes 
likely reflects HIF-mediated compensation for impaired 
OXPHOS, in line with prior evidence of glycolytic repro-
gramming during mitochondrial stress [15, 16]. Modu-
lation of mTOR and UPR^MT/ER pathways further 
support the idea that SLC25A-linked carrier defects 
initiate broader signaling changes. These pathways are 
attractive therapeutic targets to restore bioenergetics and 
proteostasis under spaceflight conditions.

Global reprogramming of MitoCarta pathways under 
microgravity
Transcriptomic signatures mapped to MitoCarta 3.0 
functional modules revealed a tissue- and time-specific 
reorganization of mitochondrial physiology under micro-
gravity conditions (Fig. 4).

Global trends
At 14 days, hBMSCs exhibited widespread downregula-
tion (NES < 0, FDR < 0.3) across all MitoCarta modules 
except for a modest activation of pyruvate metabolism. 
Osteocytes showed minimal significant changes at 2 and 
4 days, but by 6 days most pathways were downregulated, 
reflecting a coordinated suppression of mitochondrial 
functions, with a few exceptions related to the Metabo-
lism module (OXPHOS, amino acid metabolism, cho-
lesterol derivative biosynthesis, glyoxylate metabolism, 
NAD+ biosynthesis, mitochondrial ribosome), most likely 
reflecting an attempt of the cell to counteract oxidative 
stress and mitochondrial dysfunction. In stark contrast, 
mouse brain at 84 days displayed widespread pathway 
activation (NES > 0) with the sole exceptions of mtDNA 
replication and sideroflexin-mediated small-molecule 
transport, which were observed downregulated.

These observations highlight the differential capac-
ity of tissue types to cope with microgravity stress. The 
broad mitochondrial suppression observed in hBMSCs 
(14 days) and osteocytes (6 days) suggests an energy-
conserving shutdown that may impair their regenera-
tive roles, consistent with the observed loss of bone and 
muscle in microgravity conditions. In contrast, path-
way activation in the brain likely reflects a neuroprotec-
tive adaptation to cosmic radiation exposure, enabled 
by enhanced carrier expression (e.g., SLC25A10 (DIC)). 
The partial recovery observed in OXPHOS (CIII, CV, 
and assembly factors) and metabolic modules (CoA 
metabolism, detoxification, mal/asp shuttle, metals 
and cofactors, mitochondrial ribosome) in osteocytes 
at later timepoints suggests a window for therapeutic 
intervention aimed at key mitochondrial nodes. In par-
ticular, carriers implicated in early suppression, such as 
those involved in the mal/asp shuttle (SLC25A11 (OGC), 
SLC25A13 (AGC2)) and the uncoupling of oxidative 
phosphorylation (SLC25A8 (UCP2)), represent potential 
targets, as they are functionally linked to mitochondrial 
diseases and energy homeostasis. (Table 1, Figs. 2 and 
4). On the other hand, the downregulation of these same 

(See figure on previous page.)
Fig. 4  GSEA of curated MitoCarta 3.0 (“MitoPathway”) modules in osteocytes, hBmscs, and brain under spaceflight [95]. Normalized enrichment scores 
(NES) for 84 mitochondrial modules (rows), grouped into OXPHOS, metabolism, central dogma, dynamics & surveillance, protein import/sorting/ho-
meostasis, signaling, and small-molecule transport (including SLC25A carriers), are shown as lollipops for mouse osteocytes (2, 4, 6 days), human hBmscs 
(14 days), and mouse brain (84 days) comparing spaceflight versus ground controls. NES > 0 (red) indicates activation; NES < 0 (blue) indicates inhibition. 
Circle size is inversely proportional to FDR (only FDR < 0.3 shown). Pathway definitions were obtained from the Broad’s MitoCarta 3.0 inventory of mam-
malian mitochondrial proteins and pathways (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​r​o​a​​d​i​n​​s​t​i​t​​u​t​​e​.​o​​r​g​/​​m​i​t​o​​c​a​​r​t​a​​/​m​i​​t​o​c​a​​r​t​​a​3​0​​-​i​n​​v​e​n​t​​o​r​​y​-​m​​a​m​m​​a​l​i​a​​n​-​​m​i​t​​o​c​h​​o​n​d​r​​i​a​​l​-​p​r​o​t​e​i​n​s​-​a​n​
d​-​p​a​t​h​w​a​y​s)

https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-mammalian-mitochondrial-proteins-and-pathways
https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-mammalian-mitochondrial-proteins-and-pathways
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carriers could serve as a biomarker for diagnosing tissue 
degeneration associated with microgravity conditions.

OXPHOS
hBMSCs at 14 days suffered significant downregulation 
of every OXPHOS submodule—assembly factors, com-
plexes I–V and mitoribosome, consistent with earlier 
downregulation of mitochondrial carriers involved in 
direct interactions with respiratory chain complexes (i.e., 
SLC25A12 (AGC1) participating to reducing equivalent 
exchange between mitochondria and cytosol through 
the mal/asp shuttle). Mouse brain robustly upregulated 
complexes I, III, and IV subunits and overall OXPHOS 
activity. Osteocytes presented a biphasic response, 
indeed complex I assembly factors were repressed at all 
timepoints; complexes I and III were significantly down-
regulated at 2 days and complex IV subunits decreased at 
6 days. However, CIII assembly factors, complex V sub-
units and the mitoribosome were modestly upregulated 
by day 6, resulting in partial restoration of bioenergetic 
activity.

These findings reinforce the critical role of mitochon-
drial carriers in regulating OXPHOS integrity. The par-
tial recovery of OXPHOS in osteocytes aligns with the 
upregulation of SLC25A31 (AAC4), SLC25A17 (CFNc 
or PMP34), SLC25A22 (GC1), SLC25A36 (PNC2) at 
later stages. The strong OXPHOS upregulation in brain 
supports the resilience of neural mitochondria, pos-
sibly facilitated by sustained expression of dicarboxyl-
ate/phosphate transporters such as SLC25A10 (DIC) 
(Table 1, Figs. 2 and 4). These carrier systems may serve 
as biomarkers of functional mitochondrial recovery or 
targets for countermeasure development in micrograv-
ity-exposed tissues.

Metabolism
Both hBMSCs (14 days) and osteocytes (6 days) repressed 
core metabolic pathways, including CoA and Fe–S 
biogenesis, metals. and cofactors, TCA cycle, type II 
fatty-acid synthesis, and vitamin metabolism, mirror-
ing decreased carrier expression. Osteocytes at 6 days 
additionally downregulated biotin utilization, carnitine 
transport, choline/betaine, electron carriers, GABA, glu-
tamate, glycine, iron homeostasis, phospholipids, other 
Q-linked reactions and the TCA cycle, while upregulat-
ing glyoxylate metabolism as well as NAD+ biosynthesis, 
amino-acid metabolism, and cholesterol/bile-acid/ste-
roid synthesis. In mouse brain, fatty-acid and amino-acid 
metabolism, CoA metabolism, malate–aspartate shuttle, 
detoxification, metals, cofactors, selenoproteins, and 
xenobiotic pathways were all significantly activated.

The downregulation of CoA and Fe–S cluster path-
ways indicates compromised electron flow, exacerbated 
by suppressed mitochondrial carriers involved in amino 

acid and organic acid transport. Altered amino-acid 
and vitamin metabolism links to suppressed SLC25A12 
(AGC1)/SLC25A13 (AGC2), SLC25A19 (TPC or DNC), 
SLC25A16 (GDC, involved in CoA metabolism), which 
are also implicated in neurodevelopmental and metabolic 
disorders (Table 1, Figs. 2 and 4). These patterns highlight 
multiple SLC25A members, especially those linked to 
acylcarnitine, and amino acid flux, as potential targets for 
preserving metabolic flexibility in space-exposed tissues.

Central dogma
hBMSCs displayed a wholesale repression of mitochon-
drial protein synthesis and gene expression modules, 
with reference to mitoribosome assembly, mt-tRNA 
processing, mtDNA maintenance/replication, tran-
scription, translation factors, RNA stability/decay, and 
polycistronic processing, consistently with the downreg-
ulation of mitochondrial carriers involved in amino acid 
metabolism (AGC1, HHH, SIDBA2, GC). Osteocytes 
at 6 days showed instead mitoribosome pathway activa-
tion alongside suppression of mtDNA repair/replication, 
transcription, and RNA metabolism; earlier (2–4 days) 
downregulation of mt-tRNA synthetases, translation, and 
transcription. Mouse brain remained largely unchanged 
in these modules except for a modest mtDNA replication 
decline.

This disconnection between transcriptional and trans-
lational modules suggests regulatory bottlenecks in 
mitochondrial gene expression. The downregulation 
of tRNA synthetases and translation factors in hBM-
SCs may reflect a programmed metabolic quiescence 
or response to carrier-linked deficits in amino acid 
exchange. In osteocytes, reactivation of ribosomal mod-
ules despite impaired DNA replication implies attempts 
to restore mitochondrial protein synthesis under stress. 
Carriers mediating nucleotide and antioxidant cofactors 
availability (e.g., SLC25A36 (PNC2), SLC25A6 (ANT3 or 
AAC3), SLC25A40 (MCFP, involved in GSH/FeS metabo-
lism) (Table 1, Figs. 2 and 4) or amino acid metabolism 
(AGC1, ORC1, CAC, GlyC, GC) could be central to these 
responses and represent therapeutic entry points for 
enhancing translation under compromised conditions.

Dynamics & surveillance
hBMSCs repressed cristae formation and MICOS com-
plex modules. Osteocytes exhibited negligible changes 
at 4 days, a singular downregulation of organelle con-
tact sites at 2 days, and by 6 days widespread inhibition 
of fusion, cristae, import contacts and surveillance—
except for a late rebound in organelle contact-site mod-
ules. Brain dynamics and surveillance pathways were 
unaltered.

Suppressed dynamics and quality control mecha-
nisms in hBMSCs and osteocytes align with a broader 
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mitochondrial dysfunction most likely responsible for 
tissue degeneration observed in microgravity conditions. 
Fusion/fission and contact site regulators are essential for 
stress adaptation, and their inhibition may result from or 
contribute to SLC25A-linked energy failure. The MICOS 
complex, critical for cristae structure and metabolite 
compartmentalization, could be indirectly affected by 
downregulation of inner membrane carriers such as 
those involved in amino acid metabolism or cofactor 
metabolism. This observation supports the therapeutic 
potential of targeting carrier-mediated flux to preserve 
cristae integrity and signaling.

Protein import, sorting & homeostasis
Both hBMSCs and osteocytes (2 and 6 days) downregu-
lated TIM/TOM translocases, chaperones, proteases, 
and general import/sorting machinery. Osteocytes alone 
showed a transient TOM complex induction at 4 days. 
Brain cells displayed no significant changes in these 
modules.

These data suggest compromised protein import and 
folding as downstream consequences of mitochondrial 
depolarization or metabolite imbalance in osteocytes 
and hBMSCs, reflecting tissue degeneration observed in 
microgravity conditions, with reference to bone/muscle 
loss. The transient TOM activation in osteocytes may 
reflect early compensatory import of matrix enzymes 
or chaperones. The downregulation of the previously 
mentioned mitochondrial carriers (SLC25A13 (AGC2), 
SLC25A11 (OGC), and SLC25A8 (UCP2) in osteocytes, 
or SLC25A12 (AGC1), SLC25A15 (ORC1), SLC25A38 
(GlyC)), SLC25A22 (GC1), and SLC25A30 (KMCP1 or 
UCP6), in hBMSCs) may also impact protein import by 
altering membrane potential, supporting their role as 
indirect regulators of proteostasis.

Signaling
Signaling pathways (calcium cycle, EF-hand proteins, 
immune response) were quiescent in hBMSCs and osteo-
cytes until day 6, when osteocytes significantly repressed 
calcium-handling and immune-response modules. By 
contrast, mouse brain at 84 days mounted a strong activa-
tion of EF-hand and related signaling pathways.

Mitochondrial carriers (Table 1, Figs. 2 and 4) impli-
cated in calcium homeostasis and linked to EF-hand 
signaling (with reference to SLC25A12 (AGC1) and 
SLC25A25 (APC1) in osteocytes, and SLC25A10 (DIC) 
in brain) may mediate the observed alteration in signal-
ing modules. Downregulation in osteocytes could impair 
Ca2±dependent stress responses or apoptosis regulation, 
while upregulation in brain could enhance neuroprotec-
tive signaling. These differences underscore the impor-
tance of tissue-specific carrier expression in shaping 
stress communication.

Small-molecule transport
hBMSCs and osteocytes at 6 days significantly repressed 
SLC25A carrier modules, reflecting the downregulation 
of multiple transporters; osteocytes also downregulated 
ABC transporters at 2–4 days. Mouse brain upregulated 
SLC25A carriers but suppressed sideroflexin pathways, 
underlining a divergent strategy of enhanced metabolite 
exchange in the CNS versus transport conservation in 
bone cells.

These patterns reinforce SLC25A members as central 
nodes of adaptation to spaceflight. hBMSCs and osteo-
cytes reduce metabolite transport, most likely determin-
ing the observed tissue degeneration (with reference to 
bones and muscles) in microgravity conditions, while the 
brain prioritizes metabolite influx to support resilience. 
The upregulation of specific carriers, such as nucleotide 
carriers (SLC25A31 (AAC4), SLC25A36 (PNC2)), amino 
acid carriers (SLC25A22 (GC1) and SLC25A18 (GC2)), 
citrate carrier (SLC25A1 (CIC)) or peroxisome CoA/
FAD/NAD+ carrier (SLC25A17 (CFNc or PMP34)) or 
the down regulation of SLC25A13 (AGC2), SLC25A11 
(OGC) and SLC25A8 (UCP2) in osteocytes, as well as 
amino acid carriers, cofactor carriers, and nucleotide 
carriers observed dysregulated in hBMSCs, emerge 
as markers of degeneration or adaptation, and may 
serve as reference targets for diagnosis screening or for 
intervention.

Global regulation of canonical signaling pathways by 
SLC25A modulation under microgravity
Hallmark Pathway analysis (via GSEA [40]) (Fig. 5) shows 
tissue- and time-dependent adaptation to microgravity.

Broad suppression of core regulatory pathways across tissues
GSEA done on the hallmark pathways from MSigDB 
further highlighted the systemic impact of spaceflight 
on cellular signaling, extending beyond mitochondrial 
processes and reflecting broader SLC25A-associated 
regulatory patterns across tissues (Fig. 5). Among the 
most consistent findings, the MYC Targets V1 and V2 
pathways were downregulated across all timepoints in 
osteocytes, hBMSCs, and brain tissues, with the sole 
exception of MYC Targets V2 remaining unchanged in 
osteocytes at day 2. Similarly, Oxidative Phosphorylation 
was robustly suppressed in osteocytes and hBMSCs but 
significantly activated in brain tissue, mirroring mito-
chondrial pathway trends. A strong upregulation of the 
hypoxia pathway was observed at day 6 in osteocytes and 
hBMSCs, whereas it remained unaltered in brain tissue 
and at earlier osteocyte timepoints.

The consistent suppression of MYC target pathways 
across osteocytes, hBMSCs, and brain tissues, together 
with OXPHOS suppression in osteocytes and hBM-
SCs, indicates a shared core adaptation to microgravity 
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Fig. 5  Gene set enrichment analysis (GSEA) of hallmark pathways reveals tissue- and time-specific regulatory patterns associated with SLC25A activity. 
Pathway enrichment was assessed using hallmark gene sets from the MSigDB collection, which represent well-curated and biologically coherent pro-
cesses (MSigDB hallmark collection). The normalized enrichment scores (NES) indicate the degree of upregulation (red) or downregulation (blue) for each 
pathway across osteocytes (mouse; 2, 4, and 6 days), hBmscs (human; 14 days), and brain (mouse; 84 days) under spaceflight conditions. Dot size reflects 
false discovery rate (FDR) significance, with larger dots corresponding to FDR < 0.1 and smaller dots to FDR < 0.2. The analysis highlights both conserved 
and divergent pathway regulation across tissues and timepoints, extending beyond mitochondrial signaling to include immune, metabolic, developmen-
tal, and stress-response pathways, underscoring the broad regulatory roles of SLC25A family members in microgravity adaptation
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stress. This adaptation is characterized by reduced cell 
cycle progression driven by MYC suppression, particu-
larly in muscles and bones (Fig. 5). Remarkably, whereas 
OXPHOS was suppressed in osteocytes and hBMSCs, 
it was enhanced in brain tissue, likely reflecting a com-
pensatory neuroprotective response to microgravity-
induced damage. The downregulation of MYC target 
pathways may synergize with the suppression of mito-
chondrial carriers in osteocytes, such as those involved 
in the mal/asp shuttle (SLC25A13 (AGC2) and SLC25A11 
(OGC), contributing to redox homeostasis) and in mem-
brane polarization maintenance and C4 metabolites 
exchange (SLC25A8 (UCP2)). A similar pattern is evident 
in hBMSCs, where downregulation affects SLC25A12 
(AGC1) (mal/asp shuttle), SLC25A15 (ORC1), SLC25A22 
(GC1) and SLC25A38 (GlyC) (amino acid metabolism), 
SLC25A16 (GDC, CoA metabolism), SLC25A20 (CAC, 
carnitine shuttle and fatty acid oxidation), and SLC25A30 
(KMCP1 or UCP6, membrane polarization mainte-
nance and C4 metabolite exchange). Collectively, these 
changes converge toward a systemic energy-conserving 
phenotype. This transcriptional program overlaps with 
hallmark pathways of oxidative phosphorylation, glycol-
ysis, fatty acid metabolism, and reactive oxygen species 
response, consistent with a quiescent or stress-induced 
senescent state characteristic of tissue degeneration 
and cancer dormancy. Accordingly, the downregulated 
SLC25A carriers may not only serve as functional mark-
ers of metabolic suppression but also represent thera-
peutic entry points to preserve or restore mitochondrial 
output during spaceflight.

Temporal rebound of metabolic and cell cycle pathways in 
osteocytes
Osteocytes exhibited a dynamic temporal profile, with 
several pathways showing an initial downregulation 
at days 2 and 4 followed by a rebound at day 6. Specifi-
cally, Androgen Response, Fatty Acid Metabolism, G2/M 
Checkpoint, Glycolysis, and Protein Secretion became 
significantly upregulated by day 6. Meanwhile, Adipogen-
esis, DNA Repair, mTORC1 Signaling, and PI3K/AKT/
mTOR Signaling recovered to baseline.

The rebound activation of metabolic and prolifera-
tive pathways at day 6 in osteocytes, including glycoly-
sis and G2/M checkpoint signaling, reflects a late-phase 
adaptation or an attempt to adapt to microgravity. This 
suggests the engagement of compensatory bioenergetic 
circuits likely involving non-OXPHOS energy genera-
tion. The coordinated upregulation of mitochondrial 
carriers (SLC25A1 (CIC), SLC25A31 (AAC4), SLC25A36 
(PNC2), SLC25A22 (GC1)) and the peroxisomal carrier 
SLC25A17 (PMP34 or CFNc) likely reflects an adap-
tive attempt to counteract microgravity-induced stress. 
These transporters support distinct but complementary 

functions: SLC25A1 (CIC) contributes to inflamma-
tion control, SLC25A31 (AAC4, normally testis-specific) 
and SLC25A36 (PNC2) sustain nucleotide metabolism 
and mitochondrial DNA biosynthesis, SLC25A22 (GC1) 
fuels amino acid metabolism, and SLC25A17 (PMP34 
or CFNc) facilitates cofactor and lipid metabolism. Col-
lectively, their activity modulates inflammation, cofactor 
availability, and amino acid and fatty acid homeostasis, 
key processes in cellular recovery from microgravity 
stress or pre-hypertrophic states typically observed in 
muscle and bone. Such dynamics suggest a temporal win-
dow during which osteocytes acquire metabolic plastic-
ity, and interventions that sustain or enhance the activity 
of these mitochondrial and peroxisomal carriers (Figs. 2 
and 5) may help preserve osteoblast function and bone 
integrity during long-term spaceflight.

In hBMSCs, Adipogenesis and Fatty Acid Metabo-
lism were repressed, while these same pathways were 
upregulated in brain tissue. Conversely, DNA Repair, 
Androgen Response, G2/M Checkpoint, and mTORC1 
Signaling were downregulated in hBMSCs but remained 
unchanged in brain. Glycolysis was selectively induced 
in hBMSCs, whereas PI3K/AKT/mTOR Signaling and 
Protein Secretion stayed unaltered in both hBMSCs and 
brain.

The repression of Adipogenesis and Fatty Acid Metab-
olism in hBMSCs underscores a spaceflight-induced 
inhibition of lipid biosynthesis and energy storage, pos-
sibly reflecting metabolic stress or a shift toward survival 
over self-renewal. This transcriptional pattern aligns with 
reduced expression of fatty acid–related SLC25A mem-
bers such as SLC25A20 (CAC, carnitine shuttle, fatty 
acid oxidation). The selective suppression of DNA Repair, 
Androgen Response, G2/M Checkpoint, and mTORC1 
Signaling, and MYC target pathways in hBMSCs points 
to impaired cell-cycle progression and reduced prolifera-
tive competence. This defect is likely reinforced by the 
downregulation of carriers mediating exchange of amino 
acids (SLC25A12 (AGC1), SLC25A15 (ORC1), SLC25A38 
(GlyC), SLC25A22 (GC1)), cofactors (SLC25A19 (DNC 
or TPC), SLC25A25 (ATP-Mg/Pi), SLC25A16 (GDC, 
proposed to be involved in CoA metabolism)), and fatty 
acid oxidation (SLC25A20 (CAC)). At the same time, the 
induction of Glycolysis in hBMSCs may serve as a meta-
bolic bypass to sustain ATP production under OXPHOS 
suppression. This shift is consistent with increased 
expression of nucleotide carriers SLC25A6 (ANT3 or 
AAC3) and SLC25A36 (PNC2). Remarkably, AAC3 has 
been linked to ATP uptake and uncoupling in pathologi-
cal contexts [89, 96], while PNC2 supports mitochondrial 
DNA maintenance for reducing/counteracting apoptosis 
[71]. Remarkably, SLC25A40, proposed to function in 
GSH/Fe–S cluster metabolism and redox homeostasis, 
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was also upregulated, suggesting an additional layer of 
adaptation to oxidative stress.

By contrast, the relative stability or upregulation of 
these hallmark pathways in brain tissue highlights the 
resilience of the central nervous system to micrograv-
ity. This resilience is likely supported by carriers such as 
SLC25A10 (DIC), which enhance organic dicarboxylates 
and phosphates shuttling, redox balance, contributing 
to mitochondrial DNA integrity, as previously observed 
[14]. Together, these divergent responses emphasize the 
role of SLC25A carriers as tissue-specific biomarkers and 
as pharmacologic entry points for modulating metabolic 
homeostasis under spaceflight conditions.

Immune and developmental pathway activation in hBmscs
An immune and developmental activation axis emerged 
prominently in hBMSCs. Robust upregulation was 
observed in Angiogenesis, Apoptosis, Coagulation, 
Complement, Estrogen Response Early, Hedgehog, IL2/
STAT5, IL6/JAK/STAT3, Notch, and WNT/β-catenin 
signaling, none of which were altered in osteocytes or 
brain. Additionally, Estrogen Response Late showed mild 
elevation in hBMSCs and slight suppression in brain. 
The Inflammatory Response pathway increased in both 
osteocytes (day 6) and hBMSCs, while being suppressed 
in brain. KRAS Signaling Up was also activated in hBM-
SCs and repressed in brain.

The robust activation of immune and developmen-
tal pathways in hBMSCs, particularly IL/JAK/STAT, 
WNT, and Notch signaling, aligns with stem cell activa-
tion or stress-priming responses. Mitochondrial carriers 
such as SLC25A20 (carnitine/acylcarnitine carrier) and 
SLC25A38 (glycine carrier) (Figs. 2 and 5), both of which 
were downregulated in hBMSCs, have established roles 
in redox balance, apoptosis regulation, and hematopoi-
etic cell maintenance. Their suppression may contribute 
to inflammatory signaling dysregulation and impaired 
erythropoiesis, echoing phenotypes seen in SLC25A38-
linked congenital sideroblastic anemia. Given this, 
SLC25A modulation could be harnessed to buffer stem 
cell inflammation or prevent premature exhaustion, a key 
risk during long-term missions. Furthermore, SLC25A17 
(peroxisomal carrier (Figs. 2 and 5)) may indirectly influ-
ence immune lipid metabolism and deserves further 
study as a targetable node in hBMSC immunometabolic 
control.

Distinct and time-resolved responses in osteocytes and brain
Osteocyte-specific effects included Allograft Rejection 
pathway upregulation at day 6, transient boosts in Api-
cal Surface and Pancreas Beta Cell pathways at day 4, 
and Spermatogenesis activation at day 2. The Cholesterol 
Homeostasis pathway was strongly repressed in hBMSCs 
and transiently downregulated in osteocytes at day 4. The 

E2F Targets module was suppressed in both osteocytes 
and hBMSCs at day 4 but slightly rebounded in osteo-
cytes at day 6 (Fig. 5).

In osteocytes, the Epithelial–Mesenchymal Transition 
pathway was downregulated at day 2, returned to base-
line at day 4, and became upregulated at day 6. In con-
trast, this pathway was strongly upregulated in hBMSCs 
and unchanged in brain.

Osteocyte-specific temporal changes, such as early 
upregulation of Spermatogenesis and later rebound of 
EMT and E2F targets, indicate a multiphasic transcrip-
tional reprogramming reminiscent of tissue remodeling 
or stress-induced dedifferentiation. Downregulation of 
Cholesterol Homeostasis and ABC/SLC25A transport-
ers (i.e., those involved in mal/asp shuttle (SLC25A13 
(AGC2) and SLC25A11 (OGC)) involved in redox 
homeostasis and membrane polarization maintenance 
(SLC25A8 (UCP2)) suggest impaired membrane and 
mitochondrial lipid trafficking, likely compromising ves-
icle dynamics and mitochondrial biogenesis. In brain tis-
sue, the relative transcriptional stability across these axes 
underscores its resilience possibly aided by sustained 
SLC25A10 upregulation and compensatory mtDNA 
repair activation. In osteocytes, the EMT rebound at day 
6 could be linked to SLC25A13 (AGC2) and SLC25A22 
(GC1) function aspartate/glutamate exchange, both criti-
cal for biosynthetic recovery under anabolic demand. 
These results raise the possibility of using SLC25A10 
(brain) and SLC25A22 (bone) as markers or intervention 
targets for cell-specific mitochondrial stress responses 
(Figs. 2 and 5).

Immune signaling suppression and stress pathway rewiring
Interferon Alpha and Gamma Response pathways were 
downregulated in hBMSCs and brain tissues. Osteocytes 
displayed transient downregulation at day 4 followed by 
mild recovery at day 6. Selective activation of KRAS Sig-
naling Down occurred in osteocytes at days 2 and 4.

Mitotic Spindle and Myogenesis were activated in all 
three tissues, while p53 and peroxisome pathways were 
downregulated in osteocytes and hBMSCs but upregu-
lated in brain. The Reactive Oxygen Species pathway 
was activated in osteocytes at day 6, and TGF-β Signal-
ing was suppressed early in osteocytes but upregulated in 
hBMSCs.

The general suppression of interferon pathways across 
tissues underlines a state of immune hypo-responsive-
ness, potentially reflecting mitochondrial damage-asso-
ciated signaling blockade. MAVS pathway inhibition 
may contribute to impaired innate immune sensing and 
cytosolic mtDNA tolerance. The activation of Myogen-
esis and Mitotic Spindle pathways in parallel suggests a 
compensatory shift toward cytoskeletal remodeling and 
regeneration. In this context, targeting oxidative stress 
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regulators or supplementing cofactors for iron–sulfur 
biogenesis may enhance tissue resilience.

Given these alterations, pharmacologic inhibition of 
upregulated carriers such as SLC25A1 (CIC), SLC25A31 
(AAC4), and SLC25A36 (PNC2) in osteocytes, or 
SLC25A6 (AAC3 or ANT3) and SLC25A36 (PNC2) in 
hBMSCs, could help rebalance the excessive activation 
of glycolytic and nucleotide-supporting pathways. Con-
versely, stimulation of downregulated carriers such as 
SLC25A13 (AGC2), SLC25A11 (OGC), and SLC25A20 
(CAC) may restore mitochondrial function by reactivat-
ing lipid and redox metabolism in osteocytes and hBM-
SCs. Collectively, such targeted modulation of SLC25A 
carriers emerges as a rational strategy to counteract 
immune hypo-responsiveness, impaired DNA repair, and 
metabolic suppression under microgravity conditions.

Divergent regulation of stress and detoxification pathways
The strong activation of TNFα/NF-κB signaling in 
hBMSCs, and its moderate induction in osteocytes at 
later timepoints, reflects mounting inflammatory pres-
sure. Because this pathway interacts with mitochondrial 
outer membrane proteins and regulates mitophagy, it 
raises interest in SLC25A-mediated control of inflam-
matory resolution (e.g., SLC25A1 (CIC), upregulated in 
osteocytes). In parallel, the persistent repression of the 
Unfolded Protein Response (UPR^MT/ER) in osteocytes 
suggests chronic proteostasis stress and heightened vul-
nerability to misfolded protein accumulation. Alterations 
in UV response and xenobiotic metabolism further point 
to mitochondrial stress sensing and redox-dependent 
transcriptional tuning, particularly in hBMSCs. Taken 
together, these adaptations support the rationale for tar-
geting mitochondrial stress modulators—either by inhib-
iting upregulated or stimulating downregulated SLC25A 
carriers—and/or enhancing chaperone and protease 
activity, as strategies to restore mitochondrial function 
and normalize mitochondria–cytosol cross-talk.

Structural modeling of mitochondrial carriers for drug 
design
Although only a few mitochondrial carrier (MC) pro-
teins have been experimentally resolved, the availability 
of high-resolution crystallized structures of the AAC 
complexed with selective inhibitors provides a power-
ful foundation for comparative modeling of the entire 
MC family. These crystallized AAC structures, captured 
in both cytoplasmic-open (c-state, bound to CATR) and 
matrix-open (m-state, bound to BKA) conformations, 
enable the construction of accurate 3D models of human 
MCs [10, 12, 25]. Such models can be used to predict 
ligand-binding regions, evaluate structure–function rela-
tionships, and screen chemical libraries for novel mole-
cules capable of modulating carrier activity, as previously 

demostrated for the human AAC2 and, more recently, for 
the human AGC2, also through in vitro binding/trans-
port assays [10, 25].

Among all MCs, AACs represent ideal prototypes for 
this structural-based approach aiming to counteract 
the effects of microgravity and space-radiation. Beyond 
their canonical role in exchanging ADP and ATP across 
the inner mitochondrial membrane, AACs participate 
in mitochondrial apoptosis regulation that can be trig-
gered or prevented by the administration of the two most 
famous AAC inhibitors (CATR and BKA [25, 89]). This 
dual regulatory potential makes AACs not only funda-
mental for cellular metabolism but also promising phar-
macological targets for modulating apoptosis in different 
biological and environmental contexts [89, 96–98].

This approach is particularly relevant for space biology, 
as mitochondrial dysfunction and dysregulated apopto-
sis are hallmarks of cellular adaptation to microgravity 
and cosmic radiation [29, 31, 34]. In this setting, selective 
AAC modulators could serve to either enhance apopto-
sis in dysfunctional or hyperproliferative cells or suppress 
apoptosis to preserve bone and muscle mass, coherently 
with the upregulation of AAC3 observed in hBMSCs 
and the downregulation of AAC1 and AAC2 observed in 
osteocytes.

AAC3 modeling in c- and m-conformations
Based on these premises, we generated 3D comparative 
models of the human AAC3 in both the c- and m-con-
formations. The resulting AAC3 models displayed the 
typical six transmembrane α-helices expected for mito-
chondrial carriers, according to the existing crystallized 
structures and hydrophobic properties highlighted by 
multiple sequence alignments [2]. The backbone align-
ment between the modeled AAC3 and the respective 
templates yielded RMSD values below 0.2 Å (Fig. 6), con-
firming the structural accuracy of the comparative mod-
eling process. These results are consistent with RMSD 
values obtained in our previous modeling of other MC 
members (typically < 0.6 Å), demonstrating the reliability 
of the method for capturing carrier topology and internal 
cavity geometry [2, 10, 12–17, 25–28, 51, 54, 72, 78, 93].

Re-docking and docking analysis of CATR and BKA within 
AAC3
To assess the reliability of the modeled AAC3 structures, 
a docking simulation was performed using the inhibitors 
CATR and BKA in the c- and m-conformations, respec-
tively (Fig. 6). The gridboxes were defined according to 
those that best reproduced the crystallized BtAAC1–
CATR and TtAAC1–BKA complexes, ensuring that all 
residues within 4 Å from the crystallized ligands were 
included in the binding regions to be explored.
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Fig. 6  Comparative structural analysis of human AAC3 with homologous ADP/ATP carriers in complex with inhibitors. (a) Superposition of the 3D com-
parative model of the human AAC3 (green cartoon) with the bovine BtAAC1 structure (yellow cartoon) crystallized in the c-conformation bound to CATR 
(magenta sticks). The docked CATR in human AAC3 is shown in blue sticks. (b) Zoomed view of residues within 4 Å from CATR in the c-conformation of 
AACs. Conserved interacting residues are labeled using the one-letter amino acid code, highlighting the strong structural conservation of the binding 
pocket residues. (c) Superposition of the 3D comparative model of the human AAC3 (pink cartoon) with the Thermothelomyces thermophila AAC1 (salmon 
cartoon) crystallized in the m-conformation bound to BKA (sand sticks). The docked BKA in human AAC3 is represented as orange sticks. (d) Zoomed 
view of residues within 4 Å from BKA in the m-conformation of AACs. Conserved interacting residues are indicated with boxed labels using the one-letter 
amino acid code, showing the high conservation of key interactions within the binding cavity
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For both docking simulations, the ligand orientations 
closely matched those observed in the crystallized ref-
erence structures. The RMSD between the crystallized 
ligand poses and the docked conformations in the mod-
eled AAC3 structures was below 0.8 Å for CATR and 
below 1.4 Å for BKA, indicating a good reproduction of 
experimentally observed binding geometries.

These findings validate the robustness of the modeling 
and docking pipeline. The accurate re-docking of CATR 
and BKA let us suppose that the generated AAC3 models 
can be reliably used for structure-based virtual screening 
of new ligands targeting either the c- or m-conforma-
tional states.

Implications for drug discovery and mitochondrial 
regulation
The good structural agreement between crystallized 
and re-docked complexes supports the broader use of 
this computational pipeline for the rational design and 
screening of small molecules capable of regulating mito-
chondrial carriers. In particular, it enables the identifica-
tion of ligands (competing with ADP/ATP at the central 
binding site).

In this context, the recently reported AAC or AGC 
inhibitors such as chebulinic acid (for AAC), taurolitho-
cholic acid 3-sulfate (for AGC) and suramin (for both 
AAC and AGC), predicted as AAC or AGC high affinity 
molecules through virtual screening of chemical librar-
ies and validated through in vitro binding and transport 
assays, demonstrate the potential of the set-up combined 
in silico/in vitro pipeline [10, 25]. Suramin, an FDA-
approved drug, exhibits six sulfonic groups arranged 
on aromatic rings, a configuration reminiscent of the 
sulfate-rich moieties of CATR. This structural similarity 
and the performed kinetics analysis suggest that sura-
min may selectively bind either the AAC or AGC in their 
c-conformations, acting as a competitive inhibitor. The 
possibility of repurposing such drugs to modulate AAC 
or AGC activity underscores the translational potential of 
this structural modeling approach. Finally, the validated 
docking workflow enables the identification of novel 
compounds that may regulate AAC (or AGC) function 
and, by extension, mitochondrial apoptosis, in physiolog-
ical conditions and under environmental stressors such 
as microgravity or space radiation exposition.

Remarkably, the transcriptional and structural findings 
presented in this study provide a comprehensive view of 
how mitochondrial carrier modulation might contribute 
to cellular adaptation under spaceflight conditions and 
how structural knowledge can guide the identification 
of novel carrier modulators. At the transcriptional level, 
SLC25A family members, (i.e., with reference to SLC25A6 
(AAC3 also known as ANT3)), emerge as central media-
tors of metabolic flexibility, redox balance, and apoptotic 

control, particularly in osteocytes and hBMSCs. Struc-
tural modeling of AAC3 further highlights the poten-
tial to functionally modulate this carrier to mitigate the 
consequences of transcriptional dysregulation. The char-
acterization of the existing AAC conformational states 
offers a framework for developing conformation-selec-
tive small molecules (pro-apoptotic or anti-apoptotic) 
capable of counteracting the energetic and oxidative 
imbalances induced by microgravity. The combination 
of the transcriptional/structural analysis underscores the 
translational relevance of SLC25A carriers as biomark-
ers of tissue vulnerability and as therapeutic entry points 
for the pharmacological restoration of mitochondrial 
function in spaceflights. Future work combining tran-
scriptomic profiling with biochemical and structural vali-
dation of newly proposed ADP/ATP carrier high affinity 
small molecules, together with a multi-omics integration 
addressing the current lack of proteomic/metabolomic 
data, will be essential to confirm these adaptive mecha-
nisms and to guide the rational design of mitochondrial-
targeted therapeutics for long-term space missions.

Conclusion
This study provides a comprehensive, tissue-resolved 
analysis of the transcriptional regulation of SLC25A 
mitochondrial carriers under spaceflight conditions, 
revealing fundamental insights into the metabolic and 
signaling reprogramming that occurs in osteocytes, 
hBMSCs, and brain tissue during microgravity exposure. 
Our findings highlight that mitochondrial carriers, long 
regarded as passive facilitators of metabolite exchange, 
play a central and active role in coordinating bioener-
getic, apoptotic, and immune responses across diverse 
cell types in response to mechanical unloading and 
space-induced stress.

Specifically, we observed the upregulation of SLC25A6 
(AAC3, also known as ANT3) in hBMSCs and SLC25A31 
(AAC4) in osteocytes, as well as the downregulation of 
SLC25A8 (UCP2) in osteocytes and SLC25A30 (KMCP1, 
also known as UCP6) in hBMSCs, most likely due to an 
attempt by the cell to stimulate OXPHOS and maintain 
mitochondrial membrane polarization. Notably, the 
upregulation of ADP/ATP carriers may be related to the 
proposed abilities of AACs to participate in mitochon-
drial respiration uncoupling or function as ATP import-
ers [96, 97] when glycolytic pathways are upregulated, as 
it was observed in cases of partial mitochondrial impair-
ment or membrane depolarization [15, 16]. This down-
regulation aligns with suppressed OXPHOS and may 
contribute to impaired stem cell renewal and osteogenic 
differentiation.

The concurrent repression in osteocytes and hBMSCs 
of SLC25A12 (AGC1) and SLC25A13 (AGC2, aspartate/
glutamate antiporters), SLC25A11 (OGC) involved in 
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the mal/asp shuttle ([9] with specific different features 
in AGC1 or AGC2 expression shown by osteocytes and 
hBMSCs), and SLC25A20 (CAC, carnitine/acylcarnitine 
shuttle [12]) further points to a broad collapse of mito-
chondrial substrate flux, impairing redox balance and 
fatty acid metabolism. These molecular changes could 
underlie the propensity of the investigated tissues toward 
senescence, dedifferentiation, or aberrant lineage conver-
sion, such as fibrotic trans-differentiation of myocytes or 
osteocytes under prolonged microgravity, causing bone 
and muscle loss [99]. This is supported by parallel sup-
pression of MYC targets, DNA repair, and cell cycle reg-
ulators (e.g., G2/M checkpoint), as well as activation of 
hypoxia and inflammatory signaling, important for tissue 
regeneration and cell-cycle progression.

Conversely, in brain tissue, we observed a relative resil-
ience characterized by the upregulation of SLC25A10 
(DIC, dicarboxylate carrier) and selective activation of 
OXPHOS subunits and mitochondrial quality-control 
modules. This suggests that CNS cells may sustain or 
even enhance mitochondrial capacity in long-duration 
space missions, possibly as a compensatory mechanism 
to resist oxidative damage and maintain neurotransmis-
sion. Indeed, SLC25A10 (DIC) has already been linked to 
mitochondrial DNA maintenance [14]. Still, the down-
regulation of interferon responses and selective inflam-
matory rewiring raises concerns over immunometabolic 
fragility, particularly relevant to neurodegeneration in 
aged astronauts or during long-term missions.

The regulation of mitochondrial carrier expression 
was assessed at three different time points in osteocytes, 
showing a unique biphasic response with an early repres-
sion of key carriers and metabolic pathways, followed 
by a partial rebound as observed in glycolysis, UPRmt, 
and selected SLC25A genes (e.g., SLC25A11 (OGC), 
SLC25A13 (AGC2), and SLC25A8 (UCP2)), implying a 

time-sensitive adaptation that may be leveraged for ther-
apeutic priming or targeted interventions.

Taken together, our data strongly suggest that a subset 
of SLC25A mitochondrial carriers may serve dual roles 
as:

1.	 Diagnostic markers of tissue vulnerability to 
space-induced degeneration, with reference to the 
downregulation of SLC25A4 (AAC1, also known as 
ANT1), SLC25A5 (AAC2, also known as ANT2), 
SLC25A24 (APC1) and the upregulation of SLC25A1 
(CIC), SLC25A17 (PMP34 or CFNc), SLC25A22 
(GC1), SLC25A31 (AAC4), SLC25A36 (PNC2) 
in osteocytes at day 6, or the downregulation of 
SLC25A20 (CAC), SLC25A30 (KMCP1, also known 
as UCP6), SLC25A12 (AGC1), SLC25A15 (ORC1), 
SLC25A16 (Grave’s Disease carrier, also known as 
GDC, proposed to be involved in CoA metabolism), 
SLC25A38 (Glyc), and the upregulation of SLC25A6 
(AAC3, also known as ANT3), SLC25A40 (MCFP, 
involved in FeS cluster/GSH metabolism), 
and SLC25A37 (MFRN1) in hBMSCs, or the 
upregulation of SLC25A10 (DIC) in brain (Table 2).

2.	 Therapeutic targets for counteracting mitochondrial 
impairment, via small-molecule activation or 
stabilization of the mentioned carriers, particularly 
in bone and muscle tissues (Table 2).

Given their established roles in mitochondrial diseases 
and cancer metabolism on Earth [15, 16, 24], SLC25A 
family members provide a promising translational link 
between mitochondrial dysfunction and the pathophysi-
ologic outcomes of spaceflight, such as skeletal unload-
ing, myocyte–fibroblast transition, neuroinflammation, 
and stem cell depletion.

Table 2  Summary of selected SLC25A mitochondrial carriers differentially regulated under spaceflight conditions
Gene (SLC25A) Protein/Alias Main Function Spaceflight 

Response
Potential Use/Druggability

SLC25A6 (AAC3) ADP/ATP Carrier 3 Nucleotide exchange, ATP 
turnover

Up in hBMSCs Biomarker of compensatory energy metabolism; 
exploitable for inhibitor design

SLC25A31 (AAC4) ADP/ATP Carrier 4 Nucleotide exchange (nor-
mally testis-specific)

Up in osteocytes Stress-induced reprogramming marker, exploit-
able for inhibitor design 

SLC25A36 (PNC2) Pyrimidine Carrier 2 Pyrimidine/nucleotide 
metabolism

Up in osteocytes & 
hBMSCs

Biomarker for nucleotide stress; potential thera-
peutic target, exploitable for inhibitor design

SLC25A10 (DIC) Dicarboxylate Carrier Succinate/malate exchange Up in brain Neuroprotective adaptation marker, exploitable 
for inhibitor design

SLC25A12 (AGC1) Aspartate/Glutamate 
Carrier 1

Mal/asp shuttle, redox 
balance

Down in hBMSCs Marker of impaired respiration; targetable in can-
cer & metabolism, exploitable for agonist design

SLC25A13 (AGC2) Aspartate/Glutamate 
Carrier 2

Mal/asp shuttle Down in 
osteocytes

Biomarker of bone stress under microgravity, 
exploitable for agonist design

SLC25A15 (ORC1) Ornithine Carrier 1 Urea cycle, amino acid 
metabolism

Down in hBMSCs Marker of impaired nitrogen metabolism, 
exploitable for agonist design

SLC25A8 (UCP2) Uncoupling Protein 2 Proton/C4 metabolite trans-
port, ROS regulation

Down in 
osteocytes

Targetable for ROS modulation, biomarker of 
redox imbalance, exploitable for agonist design
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Future efforts should focus on pharmacological strate-
gies to rescue the function or expression of these mito-
chondrial carriers and on evaluating their utility within 
biomarker-guided countermeasure programs. In this 
context, a gene expression panel of selected SLC25A 
carriers (like those mentioned above) could serve as a 
personalized diagnostic tool to predict individual vulner-
ability to microgravity-induced stress. Such panels could 
be integrated into astronaut health monitoring to enable 
earlier detection of preclinical mitochondrial dysfunc-
tion, reflecting a possible trigger of tissue degeneration.

In addition, the ability to accurately model mitochon-
drial carriers, such as AAC3, in both c- and m-conforma-
tions, and to reproduce their interactions with selective 
inhibitors (CATR and BKA, both active in vitro in the 
low-micromolar or nanomolar concentration range) at 
low/sub-angstrom (Å) precision, supports the use of 
structure-based computational approaches for drug dis-
covery aimed at restoring mitochondrial homeostasis in 
spaceflight conditions or at least to reduce tissue degen-
eration by regulating mitochondrial apoptosis. In this 
regard, validated structural models and docking grid-
boxes derived from the present study provide a robust 
computational framework for virtual screening and drug 
repurposing initiatives targeting mitochondrial carriers, 
particularly AACs, to modulate apoptosis and oxidative 
stress responses under microgravity.

These countermeasure programs may further ben-
efit from combination approaches, including exercise, 
hypoxia mimetics, and, under extreme conditions, gene 
therapy or enzyme replacement strategies in cases of 
mitochondrial carrier loss. Incorporating carrier-dys-
regulation–based diagnostics and interventions into 
space health surveillance would represent a tangible 
step toward preserving astronaut musculoskeletal and 
cognitive integrity during long-term missions beyond 
Earth orbit. Although our approach is a bioinformatic/
structural approach, the identification of druggable 
mitochondrial carriers opens new avenues for precision 
therapeutics. In particular, small-molecule or peptide 
modulators of AACs or AGCs could represent solid alter-
natives or adjuncts to current metabolic regulators [15, 
16, 100]. Remarkably, recent studies exploring the cyto-
toxic and antimicrobial properties of plant- and marine-
derived bioactive compounds [101, 102], together with 
the development of eco-sustainable nanocarrier systems 
for drug delivery [103, 104], highlight the translational 
importance of biologically compatible and sustainable 
materials for future space-flight health countermeasures. 
Beyond the mentioned biomedical implications, the 
expanding accessibility and accuracy of whole-genome 
sequencing, together with the growing availability of bio-
informatic tools for comparative analysis and functional 
interpretation [105, 106] now make it feasible to identify 

and comparatively analyze mitochondrial carrier families 
across diverse biological taxa, including plants, fungi, and 
protists [17, 20–22]. Such comparative studies could illu-
minate evolutionarily conserved carrier adaptations that 
sustain life under extreme environmental pressures. For 
instance, radiotrophic fungi capable of metabolizing ion-
izing radiation [107, 108] may serve as natural models 
to explore how specific SLC25A-like transporters con-
tribute to radiation tolerance and could be stimulated or 
engineered to enhance radiation adsorption in controlled 
orbital systems. Likewise, sequencing and expression 
profiling of deep-sea plant species thriving under high-
pressure, hypoxic, and cold conditions, such as Zostera 
marina or extremophile algae, may guide the regula-
tion of mitochondrial carrier expression in edible crops 
grown aboard space stations (e.g., Solanum tuberosum 
or Lactuca sativa). These cross-kingdom insights could 
inform the design of biologically resilient systems for 
food production and radiation protection in long-dura-
tion missions, thereby linking mitochondrial carrier biol-
ogy to future life-support strategies beyond Earth orbit.
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