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Abstract 

Objective Hypomagnetic field is an environmental factor in deep space that affect multiple systems in 
human body, but how they impact the immunometabolism of metabolic tissues such as brown adipose 
tissue (BAT) and liver is still unclear. This study used geomagnetic shielding (GS) environment to simulate 
hypomagnetic field and preliminarily explored its effects on BAT and liver immunometabolism. 
Results GS environment caused different immunometabolic changes in BAT and liver. In BAT, the GS 
environment was associated with immune inflammatory pathways and also affected glucose and lipid 
metabolism as well as autophagy related to lipid droplets (LDs). Transferrin receptors were enriched on 
LDs in both GS and non-GS conditions. In liver, GS environment was linked to lipid metabolic pathways 
such as cholesterol, fatty acid, and glycerophospholipid metabolism, and innate immune responses related 
to antiviral defense were also activated. Fatty acid synthase was upregulated at both transcriptomic and 
LD proteomic levels. Furthermore, TAG accumulated significantly in hepatic LDs under GS conditions. 
These results suggest that GS environment leads to tissue-specific immunometabolic changes in BAT and 
liver, providing a theoretical basis for developing health protection strategies for astronauts. 
Keywords  geomagnetic shielding, brown adipose tissue, liver, lipid droplet, immunometabolism 
 

Introduction 

The geomagnetic field (GMF) is essential for life(1, 2). The hypomagnetic field (HMF, <5 μT), prevalent in 
deep space(3, 4), disrupts neurogenesis and early embryonic development(5, 6), and is linked to altered 
cell proliferation, nervous system function, oxidative stress, DNA integrity, microbiome, and infection risk(7). 
HMF affects intracellular reactive oxygen species (ROS), with mitochondria regulating metabolism and 
ROS production(8). However, its impact on brown adipose tissue (BAT) and liver remains unclear. 
HMF regulates glycogen synthase kinase-3 beta (GSK-3β) and mammalian target of rapamycin (mTOR) 
phosphorylation, impacting neural stem cell proliferation(9); exacerbates bone loss and iron metabolism 
disorders(10-12); elevates ROS and impairs mitochondrial function(8, 13); promotes anaerobic 
glycolysis(14); inhibits respiratory chain complex I(15); and reduces skeletal muscle mitochondrial activity 
and exercise capacity(16). Early studies showed 100-fold weakened GMF increases lipid peroxidation, 
reduces antioxidant enzymes, and alters plasma lipids in guinea pigs and rats(17). Repeated strong static 
magnetic fields inhibit rat liver synthesis(18). HMF affects immunity in rats in a gender-dependent manner, 
with delayed thymus degeneration, increased peritoneal macrophages, and reduced nitric oxide (NO) and 
superoxide anion production(19); in Caenorhabditis elegans (C. elegans), increased stress response and 
lifespan but reduced reproduction and size(20); decreased neutrophil ROS via nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase, disrupted by mitochondrial uncouplers(21). However, tissue-
specific immunometabolism in BAT and liver is unstudied. 
Immunity is integral to metabolic regulation. BAT thermogenesis relies on local immune homeostasis 
maintained by heterogeneous regulatory T cells (Tregs), whose depletion releases interferon-gamma (IFN-
γ)-producing lymphocytes, causing mitochondrial dysfunction and blocking non-shivering thermogenesis, 
while cold expands interleukin-18 receptor 1 (IL-18R1)+ Tregs(22). Immune microenvironment determines 
fatty liver pathogenesis(23, 24). Thus, HMF effects on BAT and liver immunometabolism are essential for 
space metabolic risk assessment. No studies have linked HMF to BAT and liver immune metabolism. 
In this study, geomagnetic shielding (GS) environment refers to housing mice in a magnetically shielded 
cage to attenuate ambient GMF. We integrated transcriptomics with LD proteomics to investigate tissue-
specific effects. We examined whether the GS environment is associated with immune and metabolic 
changes in both BAT and the liver. Our findings provide a foundation for astronaut protection and for 
treating obesity, diabetes, and fatty liver. 

Materials and methods 

Geomagnetic Shielding Environment 

The geomagnetic shielding environment was created using tri-axial Helmholtz coil systems, as 
previously described(25). Mice were kept in the geomagnetic shielding environment or in the same 
system operated identically with the power off. According to regional geomagnetic data, the local 
geomagnetic field ranged between (54218.75-17.8) nT and (54218.75+33.3) nT (Fig. S5). The residual 



magnetic field inside the shielding device, based on prior measurements(25), is estimated to be slightly 
below 0.17 μT.  

Animals 
Adult male C57BL/6J mice (8-10 weeks old) were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. Mice were randomly divided into a non-shielded control group and a GS group (n 
= 3 per group) and group-housed under standard conditions (22 ± 1°C, 65 ± 1% humidity, 12 h reverse 
light-dark cycle with lights on at 08:00 and off at 20:00), with standard chow and filtered water ad libitum. 
After 4 weeks of treatment (24 h/day), mice were euthanized by cervical dislocation for collection of liver 
and BAT.  

Lipid droplet purification 
Liver tissues were rinsed with ice-cold phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 10 
mM Na2HPO4·12H2O, 1.8 mM KH2PO4, pH 7.4). A portion was snap-frozen in TRIzol for transcriptomics; 
the remainder was homogenized in Buffer A (250 mM sucrose, 25 mM Tricine, pH 7.8). After centrifugation 
at 500 g to remove debris, the supernatant was carefully overlaid with Buffer B (20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 100 mM KCl, 2 mM MgCl2, pH 7.4) and subjected to gradient 
centrifugation (2,000 g, 4,000 g, and 8,000 g, 20 min each) to collect LD fractions(26). For BAT, one portion 
was used for transcriptomics, and the remainder was homogenized and subjected to differential 
centrifugation (500 g, 2,000 g, and 8,000 g, 5 min each) for LD isolation. The 8,000 g pellet was washed 
three times and resuspended in 400 μL Buffer B to yield the rough mitochondria (MT) fraction(27). LDs 
isolated from the same tissue of an individual mouse at different speeds were pooled. The pooled BAT 
LDs and the MT fractions were defatted with chloroform: acetone (3:1), and stored at −80°C for proteomics, 
or solubilized in 2×SDS sample buffer, denatured at 95°C for 5 min, and used for silver staining and 
immunoblotting. 

Transcriptomic and proteomic analysis 
Biological replicates (n = 3 per group) were processed individually. Total RNA was extracted from individual 
mouse tissues using TRIzol. For mRNA library construction, 1 μg of total RNA per sample was used for 
poly(A) enrichment via Oligo(dT) beads, followed by fragmentation and random-primed cDNA synthesis. 
After end repair, dA-tailing, adaptor ligation, and PCR amplification, the libraries were sequenced on 
Illumina NovaSeq or MGI2000 platforms using a 2×150 paired-end (PE) configuration. Reads were aligned 
to GRCm39 (Ensembl v107) with HISAT2 (v2.2.1) and quantified with HTseq (v0.6.1). For LD proteomics, 
LD proteins from each mouse were processed independently; tryptic peptides were separated by nanoflow 
LC and analyzed by data-independent acquisition (DIA) on a timsTOF Pro2. Raw data were searched 
against the UniProt mouse database (2023-09) using SpectroMine (v4.2) with 1% false discovery rate 
(FDR). 
Bioinformatic analyses were performed in R. Differential expression was analyzed with DESeq2 
(transcriptome) and t-test (LD proteome), using |log2FC| > 0.59; these models jointly analyze all replicates 
to estimate a single log2 fold change (log2FC) and P-value, accounting for variance among the three 
biological replicates. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment used clusterProfiler, 
and integrated results were visualized with Sankey diagrams. P < 0.05 was considered significant. 
For long non-coding RNA (lncRNA) identification, transcripts overlapping known protein-coding genes, 
microRNAs (miRNAs), transfer RNAs (tRNAs), small nucleolar RNAs (snoRNAs), ribosomal RNAs 
(rRNAs), or pseudogenes (UCSC, Ensembl, GENCODE) were filtered out. Remaining transcripts were 
retained if ≥200 bp, ≥2 exons, and ≥3 supporting reads. Transcripts with protein domains (HMMER-3, E-
value ≤ 1e-5, Pfam) or protein-coding potential (coding potential calculator, CPC) were removed. 

Lipid composition analysis  
Lipid composition of isolated LDs was analyzed by thin-layer chromatography (TLC) and enzymatic 
quantification. For TLC, the organic phase from LD protein extraction was dried under nitrogen, 
resuspended in 100 µL chloroform, and spotted onto silica gel plates (Merck). Triolein (Sangon Biotech) 
and soybean- and egg-derived lecithin (Sangon Biotech) served as triacylglycerol (TAG) and phospholipid 
markers, respectively. Plates were developed in chloroform: methanol: acetic acid: water (75:13:9:3, 
v/v/v/v), and lipids were visualized by iodine vapor. Phosphatidylcholine (PC) bands were quantified by 
densitometry using ImageJ (NIH). For TAG quantification, dried lipids were dissolved in isopropanol and 
assayed with an Amplex Red Triglyceride Assay Kit (Beyotime); absorbance was measured at 570 nm, 



and TAG concentrations were normalized to LD protein content measured by bicinchoninic acid assay 
(BCA). 

Real-time quantitative PCR 
Total RNA was reverse-transcribed using the HiScript 1st Strand complementary DNA (cDNA) Synthesis 
Kit. Quantitative polymerase chain reaction (qPCR) was performed with AceQ qPCR SYBR Green 
Master Mix (without ROX), with three technical replicates per sample, on a Bio-Rad CFX96 or ABI 
QuantStudio instrument. Primers were designed using Primer Premier 6 and Oligo 7.37, synthesized by 
Beyotime Biotechnology, and are listed in Table S1. Actin beta (ACTB) served as the internal reference, 
and relative expression was calculated using the 2−ΔΔCt method. 

Protein analysis by silver staining and Western blot 
Protein samples from isolated LDs and subcellular fractions (whole cell lysate (WCL), post-nuclear 
supernatant (PNS), cytosol (CYTO), and total membrane (TM)) were analyzed. For silver staining, proteins 
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Beyotime) 
and stained with a silver staining kit (Beyotime) according to the manufacturer’s instructions. For Western 
blot, proteins were transferred to polyvinylidene fluoride (PVDF) membranes, blocked with 5% non-fat milk 
in Tris-buffered saline with Tween 20 (TBST), and incubated overnight at 4°C with primary antibodies 
against adipose triglyceride lipase (ATGL), transferrin receptor (TFR1), fatty acid synthase (FASN) or 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:1000, Cell Signaling Technology). After washing, 
membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:1000, 
Beyotime) and visualized using BeyoECL Star chemiluminescent substrate (Beyotime). 

Determination of total iron in cytosol 
BAT and liver cytosol samples were mixed with 5 μL 1 M HCl per 100 μL, incubated at 60°C for 30 min, 
and centrifuged at 12,000 g at 4°C for 10 min. The supernatant was collected for total iron detection using 
an iron detection kit (Beyotime) with a 0-50 μM Iron Standard curve. In a 96-well plate, blank, standard, 
and sample wells were set up. Sample wells received 30 μL supernatant, 20 μL Reduction Buffer, and 5 
μL Decontamination Solution; the volume was brought to 190 μL with Assay Buffer and incubated at 37°C 
for 30 min. Then 10 μL Iron Probe was added, mixed, and incubated in the dark at 37°C for 30 min. 
Absorbance was measured at 593 nm, and total iron concentration was calculated from the standard curve. 

Results 

Immune-inflammatory activation and TFR1 enrichment on LDs in BAT 
Principal component analysis (PCA) revealed that tissue type was the dominant source of variation, 

with the GS environment inducing secondary shifts within BAT and liver (Fig. S1). Transcriptomic analysis 
identified 400 upregulated and 260 downregulated genes in BAT under GS conditions (Fig. 1Aa). Focusing 
on metabolism and immunity (derived from Fig. S2), KEGG enrichment showed that these differentially 
expressed genes were primarily associated with immune-inflammatory pathways and lipid metabolism (Fig. 
1Ab, Table S2). Similarly, LD proteomics identified 36 upregulated and 25 downregulated proteins (Fig. 
1Ba). KEGG enrichment of the proteome revealed pathways related to the phagosome and lipid 
metabolism (Fig. 1Bb, Table S3). 

Integration of transcriptomic and LD proteomic data via Sankey analysis linked these changes to 
glycerolipid metabolism, specifically showing the upregulation of 1-acylglycerol-3-phosphate O-
acyltransferase 1/2 (AGPAT1/2) and aldehyde dehydrogenase 3 family member B2 (ALDH3B2) at the LD 
proteome level (Fig. 2A). Moreover, TFR1 and ALDH3B2 were significantly increased at both 
transcriptional and LD protein levels (Fig. 2B). qPCR validation confirmed the upregulation of C-C motif 
chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand 1 (CXCL1) in the GS group (Fig. 2C). 
Western blot analysis further revealed the enrichment of TFR1 and ATGL in the LD fractions (Fig. 2Da). 
Notably, TFR1 was highly enriched on LDs compared to other subcellular fractions in GS groups (Fig. 2Db). 

 
 
 
 
 
 



 
 
 
 
 
 
 
 

 
Fig. 1 Transcriptomic and LD proteomic analyses of BAT under geomagnetic field shielding. (A) BAT transcriptome analysis: (a) volcano plot of 
differentially expressed genes; (b) KEGG enrichment analysis. (B) BAT LD proteome analysis: (a) volcano plot of differentially expressed proteins; 
(b) KEGG enrichment analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 

 
Fig. 2 Transcriptomic and LD proteomic profiling and validation of BAT under geomagnetic field shielding. (A) Sankey diagram of integrated BAT 
transcriptome and LD proteome analysis. Grey, red, and blue squares indicate non-significant, significantly upregulated, and significantly 
downregulated expression, respectively. All co-enriched pathways met P < 0.05 in both analyses. (B) Expression changes of TFR1 and ALDH3B2 in 
the transcriptome and LD proteome. Selected genes showed significant changes in both datasets; corresponding P-values are provided in Table S6. 
(C) qPCR validation of selected genes in BAT from GS and control mice. (D) Western blot analysis of BAT fractions. (a) Representative blots of TFR1 
and ATGL in LD, MT, CYTO, and WCL fractions from GS and control mice. (b) ImageJ quantification of band intensities from (a). Data in (C) and (D, 
b) are presented as mean ± SEM (n = 3). *P < 0.05 (unpaired t-test). 



Hepatic lipid synthesis pathways are broadly enhanced 
 
Unlike BAT, the liver exhibited a more pronounced response to the GS environment. Transcriptomic 

analysis identified 1,064 upregulated and 718 downregulated genes (Fig. 3Aa). Focusing on metabolism 
and immunity (derived from Fig. S3), KEGG enrichment showed that these genes were primarily involved 
in immune-related pathways and extensive lipid metabolic processes (Fig. 3Ab, Table S4). LD proteomics 
identified 127 upregulated and 127 downregulated proteins (Fig. 3Ba). KEGG enrichment of the proteome 
revealed pathways mainly enriched in antiviral/immune responses and broad lipid and energy metabolic 
pathways (Fig. 3Bb, Table S5). 

Integrated Sankey analysis of the transcriptome and LD proteome revealed that cholesterol 
metabolism, fatty acid metabolism, and glycerophospholipid metabolism were the most prominently co-
enriched pathways (Fig. 4A). Fifteen genes were significantly elevated at both transcriptomic and LD 
proteomic levels (Fig. 4B), including lipid synthesis regulators and antiviral defense-related proteins. qPCR 
validation showed an upward trend for diphosphomevalonate decarboxylase (MVD), thyroid hormone 
responsive (THRSP) and peroxisome proliferator-activated receptor delta (PPARD) (Fig. 4C). Western blot 
analysis of liver subcellular fractions showed that ATGL was present in the LD, CYTO, and WCL fractions, 
but was barely detectable in the TM fraction in both groups (Fig. 4Da-b). Quantitative analysis revealed 
that compared with the control, ATGL levels in the LD and CYTO fractions did not change significantly 
under GS conditions. In contrast, FASN levels were significantly decreased in the TM fraction, while its 
levels in the WCL fraction remained unchanged (Fig. 4Dc-d). 

 

 
 
Fig. 3 Transcriptomic and LD proteomic analyses of liver under geomagnetic field shielding. (A) Liver transcriptome analysis: (a) volcano plot of 
differentially expressed genes; (b) KEGG enrichment analysis. (B) Liver LD proteome analysis: (a) volcano plot of differentially expressed proteins; 
(b) KEGG enrichment analysis. 

 
 
 
 



 
Fig. 4 Integrated transcriptomic and LD proteomic analyses of liver under geomagnetic field shielding with qPCR and Western blot validation. (A) 
Sankey diagram of integrated liver transcriptome and LD proteome analysis. Grey, orange, and green squares indicate non-significant, significantly 
upregulated, and significantly downregulated expression, respectively. All co-enriched pathways met P < 0.05 in both analyses. (B) Bar chart showing 
expression changes of 15 genes under geomagnetic field shielding. Statistical support is detailed in Table S6. (C) qPCR validation of selected genes 
in liver from GS and control mice. (D) Western blot analysis of liver fractions. (a) Representative blot of ATGL in WCL, PNS, CYTO, TM, and LD 
fractions from control mice. (b) Representative blot of ATGL in WCL, PNS, CYTO, TM, and LD fractions from GS mice. (c) Representative blots of 
ATGL in LD and CYTO fractions, FASN in TM and WCL fractions, and GAPDH in CYTO fractions from GS and control mice. (d) ImageJ quantification 
of band intensities from (c) normalized to GAPDH. Data in (C) and (D, d) are presented as mean ± SEM (n = 3). *P < 0.05 (unpaired t-test). 

Lipid composition and iron levels in isolated LDs   
Silver staining of purified LDs from BAT and liver revealed faint bands, indicating low protein yield and 

confirming the necessity of using sensitive micro-proteomic approaches (Fig. S4A). Quantification of 
cytosolic total iron showed no statistically significant differences between the control and GS groups in 
either BAT or liver (Fig. S4B-C). 

To determine whether the transcriptomic and proteomic changes manifest as actual lipid alterations, 
the lipid composition of isolated LDs was analyzed. TLC of LDs from BAT (Fig. 5Aa) and liver (Fig. 5Ab), 
along with subsequent densitometric quantification (Fig. 5B), revealed no significant differences in the 
relative PC content between the control and GS groups in either tissue. However, quantitative analysis of 
TAG revealed a significant increase in hepatic LDs from the GS group compared to the control group. In 
contrast, the TAG content in BAT LDs remained unchanged (Fig. 5C). These results suggest that the GS 
environment specifically promotes hepatic TAG accumulation. 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. 5 Effects of geomagnetic field shielding on the lipid composition of LDs from BAT and liver. (A) TLC analysis of lipids from BAT (a) and liver 
(b) LDs. Lanes: 1, TAG marker (triolein); 2-4, control BAT LDs (biological replicates, n = 3); 5-7, GS BAT LDs (n = 3); 8, egg phospholipid 
(primarily phosphatidylcholine, PC) marker; 9, soy phospholipid (primarily PC) marker. Lane arrangement in (b) is identical to (a). (B) 
Densitometric quantification of PC bands normalized to total protein from TLC plates in (A), analyzed using ImageJ. (C) Quantitative analysis of 
TAG content in purified LDs from BAT and liver using an Amplex Red assay kit. TAG amount was normalized to LD protein content . Data in (B) 
and (C) are presented as mean ± SEM (n = 3). *P < 0.05 (unpaired t-test). 

Novel lncRNAs in BAT and liver under GS   
To study the regulatory mechanisms of gene expression under GS, novel lncRNAs were identified in 

BAT and liver (Tables S7-8). Based on their host genes, these lncRNAs were divided into several functional 
categories. Some antisense lncRNAs overlapped with genes related to lipid metabolism and LD function, 
such as Fasn-201, Thrsp-201, and diacylglycerol O-acyltransferase 2 (Dgat2)-201 in the liver, and perilipin 
4 (Plin4)-201 and cell death-inducing DFFA-like effector c (Cidec)-202 in BAT. Others overlapped with 
genes involved in immune and inflammatory responses, such as CCAAT/enhancer-binding protein beta 
(Cebpb)-201, Lysozyme 2 (Lyz2)-201, and macrophage scavenger receptor 1 (Msr1)-202. Additionally, 
some lncRNAs, such as succinate dehydrogenase complex subunit A (Sdha)-201 and succinate 
dehydrogenase complex subunit C (Sdhc)-202, were linked to mitochondrial energy metabolism, while 
period circadian regulator 2 (Per2)-201 was associated with the circadian gene Per2. The overlap of these 
lncRNAs with key metabolic and immune genes suggests that they might play a role in regulating host 
gene expression under GS. 



Discussion 

This study shows that GS environment causes different immune-metabolic changes in different tissues. 
In BAT, GS environment was linked to immune inflammation activation and metabolism changes related 
to LDs. In liver, GS environment was associated with activated lipid metabolism and innate immune 
responses. Although the two tissues responded differently to GS environment, both responses were 
closely related to LDs - TFR1 was enriched on LDs in BAT, and TAG accumulated in liver LDs. This 
suggests that LDs might act as a hub for the crosstalk between immunity and metabolism, mediating 
tissue-specific adaptations to GS environment(28). 

In BAT, GS environment was found related to the activation of immune-inflammatory pathways. The 
enrichment of transcription factors like Cebpb and Fos, alert proteins like S100a8 and S100a9, and 
chemokines like Ccl2 and Cxcl1 suggests increased inflammation and immune cell recruitment (Table S2). 
Previous studies have shown that LDs accumulated in immune cells in response to stimuli to regulate the 
local inflammatory microenvironment(29). Therefore, in this study, BAT LDs were isolated and purified, LD 
proteins were detected and analyzed through proteomics, as well as verified via Western blot, and TFR1 
was found enriched on BAT LDs. TFR1 is a protein involved in iron uptake. In order to explore its role on 
LDs, total iron in cytosol was measured. However, there was no significant change between the GS and 
control group, which indicates that TFR1 recruited to LDs mainly mediates iron transport to LD surface, 
probably supporting iron-dependent lipid metabolism related enzymes(30-32). Besides, studies have 
reported that TFR1 and iron metabolism regulation were involved in magnetic field-induced osteocyte 
differentiation(11, 33), suggesting that iron transportation to LDs by TFR1 might be conserved across 
different tissues. However, although iron is indispensable to certain enzymes on LDs, excess local iron 
may trigger ferroptosis by catalyzing lipid peroxidation(30, 32). In addition to TFR1, ALDH3B2 was also 
found increased under GS environment in both transcriptome and LD proteome, playing part in antioxidant 
defense. The enrichment of TFR1 and ALDH3B2 on BAT LDs in GS group suggests that LDs play a key 
role in dynamically balancing peroxidation and antioxidation, which is supported by other research. For 
example, iron overload affected LD formation in liver through heme oxygenase-1-mediated ferroptosis 
pathways(32). Conversely, LD accumulation acted as a protective mechanism to resist ferroptosis(34). 
Therefore, under GS conditions, balance between antioxidation and peroxidation on LD surface may 
determine whether brown adipocytes undergo ferroptosis due to lipid peroxidation(34, 35). Additionally, 
Per2-related novel antisense lncRNA indicates that GS environment may also affect the circadian rhythm 
of BAT(36), which requires further investigation. 

In liver, GS environment was associated with broad activation of lipid metabolism, with cholesterol, 
fatty acid, and glycerophospholipid metabolic pathways enriched in the integrated analysis of the 
transcriptome and LD proteome. Furthermore, isolation and purification of liver LDs and TAG measurement 
revealed that TAG in LDs significantly increased under GS environment, indicating that GS might lead to 
lipid accumulation. This is consistent with previous findings that low magnetic field environments can alter 
liver lipid homeostasis(17). Since TAG accumulation is regulated by both lipid synthesis and lipolysis, 
expression and localization of ATGL, one of the key lipases on LDs, were examined. Although it was shown 
that expression and localization of ATGL on LDs remained unchanged, alterations of its enzymatic activity 
might be another reason for TAG increase. Given that ATGL activity is modulated by phosphorylation and 
co-activators(37-40), it requires further verification whether alteration of ATGL activity led to TAG 
accumulation in liver LDs. Regarding lipid synthesis, it was found that FASN, related to lipid synthesis, was 
significantly upregulated at both transcriptomic and LD proteomic levels. Subsequent Western blot analysis 
showed that FASN in WCL remained unchanged, but it was significantly reduced in the TM fraction. This 
suggests that TAG accumulation is not caused by increased FASN expression, but its subcellular 
redistribution (e.g., from the total membrane to the cytosol or LDs) to promote TAG synthesis(41). 
Meanwhile, the upregulation of interferon-stimulated genes in liver indicates innate immune activation, and 
enrichment of pathways such as virus-induced carcinogenesis and hepatitis C infection suggests a virus-
like stress response in liver under GS conditions(42, 43). As previous studies demonstrated, inflammatory 
signals induced lipogenesis via liver X receptor (LXR)-dependent pathways(44). Therefore, the immune 
activation observed might act as an upstream factor for TAG accumulation in LDs(45). Additionally, novel 
lncRNAs found in liver under GS conditions may be involved in the transcriptional or post-transcriptional 
regulation of these immune and metabolic genes. 

In addition, GS could affect lipid metabolism and redox processes in different species. For example, 
it was reported that the expression of genes related to lipids and reactive oxygen in plants(46), and 
mitochondrial respiration in fruit flies (15) were both affected by HMF. The conserved responses across 



different species suggest that magnetic fields can regulate cellular energy metabolism and stress 
adaptability. 

Overall, these results demonstrated that under GS environment, BAT was mainly associated with 
immune inflammation and TFR1 enrichment on LD, while liver was related to enhanced lipid metabolism 
and innate immune responses. Distinct responses may be the result of different physiological functions: 
BAT is a thermogenic and endocrine organ, whereas liver is mainly responsible for lipid metabolism. 
Moreover, Novel lncRNAs provides clues for understanding transcriptional and post-transcriptional 
regulation in BAT and liver under GS conditions. These findings highlight the tissue-specific effects of GS 
environment and provide a reference for health protection strategies in deep-space missions. 

Limitations 

There are several limitations in this study. First, residual magnetic field in GS environment was estimated 
by previous experience, which was reliable but not accurate. Second, small sample size (n = 3) resulted 
in large standard error of values, making it difficult to determine whether the difference is significant. Third, 
Inflammatory protein levels and immune cell infiltration in BAT, tissue lipid deposition, serum TAG and liver 
function in liver were not detected due to limitations of experimental conditions. Fourth, since body weight, 
food and water intake, stress behaviors, and blood parameters were not assessed, pathological impact of 
GS environment is still unclear. Finally, the function of TFR1 on LDs and novel lncRNAs haven’t been 
verified.  

Abbreviations 

ACTB Actin beta 
AGPAT1/2 1-acylglycerol-3-phosphate O-acyltransferase 1/2 
ALDH3B2 Aldehyde dehydrogenase 3 family member B2 
ATGL Adipose triglyceride lipase 
BAT     Brown adipose tissue 
BCA Bicinchoninic acid assay 
C. elegans Caenorhabditis elegans 

CCL2 C-C motif chemokine ligand 2 
cDNA Complementary DNA 
Cebpb CCAAT/enhancer-binding protein beta 
Cidec Cell death-inducing DFFA-like effector c 
CPC Coding potential calculator 
CXCL1 C-X-C motif chemokine ligand 1 
CYTO Cytosol 
DGAT2 Diacylglycerol O-acyltransferase 2 
DIA     Data-independent acquisition 
FASN Fatty acid synthase 
FDR False discovery rate 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GMF Geomagnetic field 
GS     Geomagnetic shielding 
GSK-3β Glycogen synthase kinase-3 beta 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HMF Hypomagnetic field 
HRP Horseradish peroxidase 
IFN-γ Interferon-gamma 
IL-18R1 Interleukin-18 receptor 1 
KEGG Kyoto Encyclopedia of Genes and Genomes 
LD     Lipid droplet 
lncRNA Long non-coding RNA 
log2FC Log2 fold change 
LXR     Liver X receptor 
Lyz2 Lysozyme 2 



Msr1 Macrophage scavenger receptor 1 
miRNA MicroRNA 
MT     Mitochondria 
mTOR Mammalian target of rapamycin 
MVD Diphosphomevalonate decarboxylase 
NADPH Nicotinamide adenine dinucleotide phosphate 
NO     Nitric oxide 
PBS Phosphate-buffered saline 
PC     Phosphatidylcholine 
PCA Principal component analysis 
Per2 Period circadian regulator 2 
Plin4 Perilipin 4 
PNS Post-nuclear supernatant 
PPARD Peroxisome proliferator-activated receptor delta 
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