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Spaceflight and simulated microgravity suppresses macrophage
development via altered RAS/ERK/NFκB and metabolic
pathways
Lu Shi 1,2, Hongling Tian1,2, Peng Wang1,2, Ling Li1,2, Zhaoqi Zhang1,2, Jiayu Zhang1,2 and Yong Zhao 1,2,3

Spaceflight-associated immune system weakening ultimately limits the ability of humans to expand their presence beyond
the earth's orbit. A mechanistic study of microgravity-regulated immune cell function is necessary to overcome this challenge.
Here, we demonstrate that both spaceflight (real) and simulated microgravity significantly reduce macrophage differentiation,
decrease macrophage quantity and functional polarization, and lead to metabolic reprogramming, as demonstrated by changes in
gene expression profiles. Moreover, we identified RAS/ERK/NFκB as a major microgravity-regulated pathway. Exogenous ERK and
NFκB activators significantly counteracted the effect of microgravity on macrophage differentiation. In addition, microgravity also
affects the p53 pathway, which we verified by RT-qPCR and Western blot. Collectively, our data reveal a new mechanism for the
effects of microgravity on macrophage development and provide potential molecular targets for the prevention or treatment of
macrophage differentiation deficiency in spaceflight.
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INTRODUCTION
Since the beginning of space travel, there have been reports of the
deleterious effects of spaceflight on human health. Spaceflight
involves multiple biological stressors, including microgravity, radia-
tion, loss of the light–dark cycle, and confinement. Among these,
microgravity (between 10−3–10−5 g) exposure has been reported to
have the strongest effects on human physiology and psychology.1,2

Space research over the past 50 years has demonstrated that during
and after spaceflight, a series of changes occur in human blood,
including anemia, thrombocytopenia, reduced lymphocyte num-
bers, suppressed lymphocyte function, and red blood cell structural
abnormalities.3,4 Moreover, published reports have documented that
cosmonauts develop more opportunistic and reoccurring infections
than healthy ground control individuals, likely resulting from
immune suppression and immune tolerance associated with
immune cell dysfunction under microgravity.
Recently, the effects of microgravity on immune function have

received increased attention and have been investigated using
astronaut leukocytes,5 space-flown mice and rats,6,7 and in vitro cell
culture.8 Together, data from the International Space Station, Skylab,
and space shuttle suggest that dysregulated immune cell-mediated
cytokine secretion is a major mechanism leading to spaceflight-
associated immune dysfunction.5,9–12 For example, after space travel,
shifts occur in circulating cytokines, including increased levels of
T lymphocytes producing IL-4, IL-8, IL-17, and IFN-γ8,13,14 and

decreased production of IL-1, IL-6, IL-12, and TNF-α in monocytes/
macrophages.15–18 However, the causes of these immune cell
dysfunctions and the associated changes in innate (macrophages
and NK cells) and adaptive (T-cell) functions have not been
extensively and systematically examined. The monocyte/macro-
phage system is responsible for the first line of innate immune
defense against invading pathogens. It is essential for attacking and
killing pathogens as well as for the clearance of apoptotic cells. Thus,
maintaining a robust innate immune system while in a low-gravity
environment is crucial for human health and performance during
long-term space missions. Although studies have reported diverse
alterations in monocyte/macrophage functions in space or simulated
microgravity, including changes in cell morphology, proliferation,
growth, differentiation, signal transduction, and gene expression,18–21

key altered gene expression networks related to impaired macro-
phage differentiation and function in microgravity remain unknown.
In the current study, we elucidated the major molecular

mechanisms underlying the effects of microgravity on macro-
phage differentiation from hematopoietic progenitor cells (HPCs).
We found that microgravity significantly inhibits the maturation of
macrophages and impedes M1/2 polarization after in vitro differ-
entiation compared to macrophages differentiated under normal
gravity. Further, we demonstrate that macrophage differentiation
deficiency caused by microgravity involves the RAS/ERK/NFκB
pathway, the p53 pathway, and alterations in cellular metabolism.
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Fig. 1 Microgravity decreases the total number of cells and inhibits the differentiation of macrophages from HPCs. a A schematic of all
experimental processes and analyses. b The cell observation unit used in the Tianzhou-1 cargo ship is made of polystyrene (PS). c The cell
culture unit used in the SJ-10 satellite is made of polycarbonate (PC). d The cell growth state was imaged by the Tianzhou-1 cargo ship
program, and the presented result is one representative of three independent samples showing identical results at 20× magnification.
e Immunofluorescence staining (4× magnification in the upper figures, 60× magnification in the lower figures). f, g The cell count is of the cells
collected from the SJ-10 space program. Spaceflights, including the Tianzhou-1 cargo ship and SJ-10 satellite, are labeled as “Flight”, and the
ground controls are labeled as “Ground”. h Simulated microgravity (labeled “mμ-g”) inhibits cell proliferation and i macrophage differentiation
compared with that achieved under normal gravity (labeled “1-g”). For the simulated microgravity experiments, data are presented as the
mean ± SD of three independent experiments. **P < 0.01 compared with the control.
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RESULTS
Spaceflight and simulated microgravity significantly inhibit the
differentiation of macrophages from HPCs
To study the effects of microgravity on macrophage differentia-
tion, mouse HPCs (Lin- cells) isolated from bone marrow were
stimulated to undergo differentiation using macrophage colony
stimulating factor (M-CSF) plus IL-3 and IL-6 under spaceflight
(real) and simulated microgravity conditions (Fig. 1a). Two
specially designed cell culture devices (Fig. 1b, c), which allow
automatic replacement of the culture medium aboard the
Tianzhou-1 cargo ship or the SJ-10 recoverable satellite, were
used to culture cells. Over 12 days in culture, the HPCs gradually
differentiated into macrophages, which was observable during
imaging based on their morphological change from being round
to flat and polygonal in shape (Fig. 1d). Immunofluorescence
staining with an anti-F4/80 antibody further confirmed the
presence of macrophages (Fig. 1e). However, after flying on board
the SJ-10 satellite in outer space for approximately 12 days, the
total cell number was greatly reduced compared with that in
ground control samples (Fig. 1f). The images collected from the
Tianzhou-1 cargo spacecraft showed that the cells multiplied more
slowly during spaceflight than control cells (Fig. 1d). Additionally, a
decreased percentage and number of CD11b+F4/80+ macro-
phages were observed in the spaceflight cultures (Fig. 1g),
suggesting that microgravity inhibits the differentiation of
macrophages from HPCs. To confirm this phenomenon, we
differentiated macrophages under normal gravity and modeled
microgravity conditions for 12 days using a rotary cell culture
system (RCCS) (Supplementary Fig. 1). The results showed that the
macrophage percentage and number were also significantly lower
in the modeled microgravity cultures than in the normal gravity
cultures (P < 0.01, Fig. 1h, i), indicating that microgravity inhibits
the differentiation of HPCs into macrophages.

Simulated microgravity impairs the functional polarization of
macrophages
Bone marrow-derived macrophages can be polarized into two
functionally distinct phenotypes depending on the cytokine
microenvironment:22 proinflammatory/classically activated macro-
phages (M1) and proresolving/alternatively activated

macrophages (M2).23,24 Both types play important roles in the
immunology, tissue homeostasis, and disease pathogenesis of
resolving and nonresolving inflammation. Thus, we examined
whether microgravity affects the functional polarization of
macrophages. After the differentiation of macrophages from HPCs
under modeled microgravity or normal gravity conditions, we
applied either IFN-γ and LPS or IL-4 to stimulate M1 and M2
polarization, respectively, as reported previously.25,26 The results
showed that both M1 and M2 polarization were significantly
impaired in macrophages that were differentiated under modeled
microgravity (Fig. 2). The expression levels of M1 phenotypic
markers,27 such as TNF-α, I-Ab, iNOS (Nos2), IL-1β, and IL-6
(Fig. 2a–c), and M2 phenotypic markers,28 such as Arg-1, CD206
(Mrc1), Fizz, and Ym1 (Fig. 2d, e), were all reduced in macrophages
developed under microgravity compared with macrophages
developed under normal gravity. Thus, macrophages developed
under microgravity are less responsive to IFN-γ and LPS or IL-4
than macrophages developed under normal gravity. Taken
together, these data show that exposure to microgravity during
macrophage differentiation can inhibit their future polarization.

Key genes related to macrophage proliferation and differentiation
are transcriptionally downregulated under spaceflight and
simulated microgravity conditions
To evaluate the effects of microgravity on differentiation-related
gene expression patterns, we collected macrophages that had
been differentiated over 12 days of spaceflight and ground
controls for transcriptome analysis by RNA sequencing (RNA-Seq).
In addition, we induced macrophages from HPCs under simulated
microgravity and normal gravity and assayed their transcriptomes.
We identified a total of 2270 significantly differentially expressed
genes (DEGs, corresponding to identified transcripts) in the
spaceflight versus ground control groups, of which 1575 genes
were upregulated and 695 genes were downregulated (Fig. 3a). A
similar comparison of DEGs in the simulated microgravity versus
normal gravity groups identified 1267 genes. Of these DEGs, 525
genes were upregulated and 742 genes were downregulated
under simulated microgravity (Fig. 3b).
We next performed gene ontology (GO) enrichment analysis

for biological processes (BPs) in the identified DEGs. We focused

Fig. 2 M1/M2 macrophage polarization is impaired after in vitro differentiation in a simulated microgravity environment. M1
macrophage polarization is impaired after in vitro differentiation in a simulated microgravity environment (labeled “mμ-g”). FACS plot and
histograms of macrophages expressing the M1 markers TNF-α (a) and I-Ab (b). M2 macrophage polarization is impaired after in vitro
differentiation under simulated microgravity. FACS plot and histograms of macrophages expressing the M2 marker CD206 (c). Relative
expression of M1 polarization genes (d) and M2 polarization genes (e) in macrophages after in vitro differentiation under simulated micro-
gravity. Data are presented as the mean ± SD from three independent experiments. ***P < 0.001. **P < 0.01. Control: macrophages after
in vitro differentiation under normal gravity (labeled “1-g”).
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Fig. 3 Microgravity-altered genes involved in key biological processes. Volcano plot of DEGs as a function of statistical significance
between microgravity-exposed and control macrophages from spaceflight (a) and ground simulation (b) experiments. c–e From 12 day
spaceflight experiments. f–h From simulated microgravity experiments. Circular plots combining the gene expression levels and GO
enrichment analyses of genes differentially expressed under microgravity (c and f). The logFCs of the assigned genes in each term are shown
in scatter plots in the outer circle. The inner circle contains bar plots of the –log10 adjusted P-values, indicating the significance of each term.
The color of each bar indicates the GO term z-score. Heatmaps of the gene expression profiles of each GO term (d and g). The labeled genes
are validated in i and j. The tables (e and h) represent the detailed information for each GO term (c and f) and cluster (d and g). i Validation of
notable genes in the ‘cell proliferation’ GO cluster by real-time PCR. j Validation of notable genes in the ‘macrophage differentiation’ GO
cluster by real-time PCR. Data are shown as the means ± SEM from three PCR assays. Gene expression levels were normalized to those of the
housekeeping gene Hprt. Unpaired Student’s t-test was used to test for statistical significance (*P < 0.05, **P < 0.01, and ***P < 0.001). Data from
12 day spaceflight and ground control samples are labeled as “Flight” and “Ground”, respectively, and data from simulated microgravity and
normal gravity are labeled as “mμ-g” and “1-g”, respectively.
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on GO terms related to the quantity and differentiation of
macrophages. The key BPs, such as cell proliferation, apoptosis,
and differentiation, are represented in Fig. 3 and in Supplemen-
tary Tables 1 and 2. Four pathways related to proliferation and
differentiation were significantly downregulated, while “apop-
totic processes” and “RNA splicing” were overrepresented in
macrophages differentiated in spaceflight (Fig. 3c-e). Similarly, in
macrophages differentiated in simulated microgravity,
five major pathways related to proliferation and differentiation
were significantly downregulated, but “translation” and “nega-
tive regulation of osteoclast differentiation” were upregulated
(Fig. 3f-h). These key BP gene sets were subjected to an
annotated hierarchical clustering procedure and presented as
heatmaps (Fig. 3d, g). Additionally, we validated the relative
abundances of some of the most interesting genes using RT-
qPCR (gene symbols labeled in Fig. 3d, g). The results confirmed
that Cxcl3, Junb, Tnfrsf1b, Tnfrsf1a, and Cd81 (P < 0.01, Fig. 3i,
associated with “regulation of cell proliferation”) and Cd74, Csf1r,
and Glul (Fig. 3i, associated with “positive regulation of cell
proliferation”) were downregulated. Ccl3, Ccr1, Mafb, and Cebpb
(associated with “positive regulation of osteoclast differentia-
tion”) and Msr1 and Cd36 (associated with “positive regulation of
macrophage differentiation”) were also significantly decreased
(P < 0.01, Fig. 3j). These results provide mechanistic insight into
how microgravity decreases the differentiation of HPCs into
macrophages.

Microgravity-induced alterations in cellular metabolism
We tried to use the DEGs from our transcriptome analysis to
identify microgravity-induced metabolic changes during macro-
phage differentiation. However, we found that the DEGs in these
two experiments were very limited due to the small sample size
(Fig. 4a, b). Thus, for further analysis, we included spaceflight-
associated DEGs that followed a similar up-/downward trend in
the microgravity-simulated experiment even if they were not
statistically significant. Including these genes, the shared down-
regulated genes accounted for 69.6% of all the downregulated
genes (Fig. 4c), while the shared upregulated genes accounted for
48.4% (Fig. 4d). These genes were used as input for further
metabolic pathway analysis.
The first level of the Kyoto Encyclopedia of Genes and

Genomes (KEGG) has 7 main categories,29 including metabolism
(the first category), which summarizes all annotated metabolic
pathways in biological systems. According to the “KEGG Path-
way Maps”, metabolic pathways include 11 subcategories, which
can be visualized in a global map (map numbers 01100 s) with
different colors. To analyze metabolic changes under spaceflight
microgravity, we separately annotated each input gene set by
mapping it to known metabolic pathways in the KEGG database
and identifying significantly enriched pathways. After compara-
tive analysis, we identified 8 subclasses of KEGG-enriched
metabolic pathways (Fig. 4e), including carbohydrate metabo-
lism, lipid metabolism, nucleotide metabolism, and amino acid
metabolism, labeled 1.1–1.9 (subclass 1.2 was not enriched in
our data). Our results showed that carbohydrate metabolism
was downregulated by microgravity (except “butanoate meta-
bolism”), but lipid and nucleotide metabolism were upregulated
(Fig. 4e). There was no consistent trend in amino acid
metabolism, as some key genes went up, and others went
down (Fig. 4e). However, both “vitamin B6 metabolism” and
“terpenoid backbone biosynthesis” were clearly enriched in the
upregulated pathway (Fig. 4e). To gain further insight into
microgravity-induced metabolic changes, the log2 fold change
(log2FC) values of fragments per kilobase per million mapped
reads (FPKM) for key enzymes involved in specific metabolic
pathways were extracted and displayed in a heatmap (Fig. 4f).
This analysis showed that microgravity was associated with
decreased expression levels of ten key glycolysis enzymes,

including hexokinase (Hk1 and Hk2) and fructose-6-phosphate
kinase (Pfk1 and Pfkp) (Fig. 4f). These are the most important
carbohydrate metabolism regulatory enzymes, and they are
rate-limiting in multiple carbon metabolism pathways. In
addition, upregulated genes such as fatty acid synthase (Fasn),
hydroxymethylglutaryl-CoA synthase (Hmgcs1), stearoyl-CoA
desaturase (scd1/2), and acyl-CoA synthetases (Acsl3) are
involved in lipid metabolism pathways. All microgravity-
induced changes in central metabolic pathways are displayed
in Supplementary Fig. 2 and Supplementary Fig. 3, which are
based on global maps (map numbers 01100 s).
The metabolic changes associated with real microgravity

(spaceflight) were very similar to those resulting from simulated
microgravity. To verify this, the expression levels of Hk1, Pfkp, Fasn,
and Acsl3 and their corresponding protein products were detected
by RT-PCR and Western blot, respectively, after simulated
microgravity exposure. We also determined the expression of
Hk2, Hmgcs1, and Scd1 by RT-PCR. These results showed that key
metabolic genes and proteins were downregulated under
simulated microgravity (Fig. 4g, h, k, l). In addition, glycolysis
levels and fatty acid oxidation (FAO) dependency were measured
using Agilent seahorse XF. Compared with those differentiated
under normal gravity, macrophages differentiated under simu-
lated microgravity for 12 days had substantially lower basal
glycolysis levels (Fig. 4i, j), and their mitochondria were more
dependent on FAO (Fig. 4m). Together, these results indicate that
exposure to microgravity during differentiation causes cellular
metabolism reprogramming.

Major signaling pathways inhibited by microgravity during
macrophage differentiation
To determine the molecular mechanisms underlying microgravity-
related changes in macrophage development, we performed gene
set enrichment analysis (GSEA) of BioCarta and KEGG pathways.
This analysis highlighted potential roles of the RAS, ERK (originally
called MAPK), and NFκB signaling pathways, which all involve
some of the genes downregulated by microgravity. GSEA can
determine whether an a priori defined set of genes shows
statistically significant and concordant differences between two
biological states. We combined gene sets from the RAS, ERK, and
NFκB signaling pathways to generate a new gene set, the RAS/
ERK/NFκB pathway, and performed GSEA using this gene set to
compare the normal gravity (ground control) and microgravity
(spaceflight and simulated microgravity) groups. The GSEA plot
showed that the microgravity samples tended to express lower
levels of genes in the RAS/ERK/NFκB signaling pathway than the
normal gravity samples (Fig. 5a). The detailed GSEA analysis of
each sample is presented as a heatmap (Fig. 5b), which shows that
most of the key genes were simultaneously downregulated;
however, a few of the key genes were uniquely downregulated in
spaceflight or simulated microgravity conditions. Therefore, we
validated several genes from this pathway by qRT-PCR (Fig. 5c)
and confirmed that all of these genes were significantly down-
regulated under simulated microgravity. The integrated RAS/ERK/
NFκB pathway model, represented graphically in Fig. 5d, is clearly
a major signaling pathway regulating macrophage differentiation,
proliferation, and function. This result suggests that genes in the
RAS/ERK/NFκB pathway may have important roles in mediating
microgravity-related changes in the survival, proliferation, differ-
entiation, and even functional polarization of macrophages,
perhaps by a cascade downstream of colony stimulating factor
1 receptor (CSF-1R).

Activation of ERK and NFκB rescues the inhibitory effects of
microgravity on macrophage development by metabolic
conversion
To determine the importance of the RAS/ERK/NFκB pathway in
microgravity-impaired macrophage differentiation, we added an
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Fig. 4 Metabolic changes in response to microgravity. Venn diagram illustrating the overlap of significantly upregulated (a) and
downregulated (b) genes between the spaceflight and ground simulation samples. Venn diagram illustrating the overlap of statistically
significant upregulated (c) and downregulated (d) genes in the spaceflight experiment; the genes followed similar up-/downward trends in
the simulated experiment without consideration of statistical significance. For all Venn diagrams (a–d), the cardinality of sets and intersection
sets is represented by their corresponding circle sizes, and the percentage represents the percentage of intersection genes accounting for
genes selected in the spaceflight experiment. e–f Summary of metabolic pathways enriched for DEGs in the ‘flight’ (spaceflight samples)
versus ‘ground’ (ground control samples) groups and ‘mμ-g’ (simulated microgravity samples) versus ‘1-g’ (normal gravity samples) groups. e A
dotplot representing the degrees of enrichment for all metabolic pathways. Up- and downregulation of pathways in the spaceflight and
simulation experiments are plotted on the x-axis. The dot size represents the gene count, and the dot color represents the P-value. KEGG
subclasses 1.1–1.9 are labeled on the left of each metabolic pathway name. f Heatmaps displaying the log2FCs of specific genes in each
metabolic pathway. Empty values are white. g Real-time PCR for notable genes in the glycolysis pathway. Data are shown as the mean ± SEM
of three PCR assays. Gene expression levels were normalized using β-Actin. An unpaired Student’s t-test was used to test for statistical
significance (**P < 0.01 and ***P < 0.001). h Validation of key enzymes in the glycolysis pathway by Western blot. i Data from the functional
glycolysis assay obtained using the Seahorse XF24 Analyzer. At the indicated times, glucose, oligomycin, and 2-deoxyglucose (2-DG) were
injected at final concentrations of 10mM, 1 µM, and 50mM, respectively. j Basal glycolysis, glycolysis capacity, and glycolysis reserve values
were calculated from the glycolysis assay in I, n= 3, **P < 0.001. k–m Validation of the microgravity-induced fatty acid metabolic pathway.
k Real-time PCR for notable genes in the fatty acid metabolic pathway. Data are shown as the mean ± SEM of three PCR assays.
Gene expression levels were normalized to β-Actin. An unpaired Student’s t-test was used to test for statistical significance (**P < 0.01 and
***P < 0.001). l Validation of key enzymes in the fatty acid metabolic pathway by Western blot. m Fatty acid metabolism as a percentage of
total mitochondrial respiration measured with the Seahorse XF24 Analyzer using the Mito Fuel Flex Test Kit, n= 3 (***P ≤ 0.001).
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ERK agonist (LM22B-10) or an NFκB agonist (doxifluridine) to the
culture medium under simulated microgravity and analyzed
macrophage differentiation. We found that the ERK agonist
returned the macrophage differentiation ratio back to approxi-
mately 60% (Fig. 6a). To further demonstrate that the ERK
signaling pathway is altered during macrophage differentiation
under microgravity, we assessed the phosphorylation levels of
transcription factors downstream of ERK (c-FOS and c-JUN). The
expression levels of these transcription factors were decreased
by simulated microgravity but restored by the ERK agonist
(Fig. 6b). Additionally, the levels of both total and phosphory-
lated ERK were also markedly lower under simulated micro-
gravity than under normal gravity but not after application of
the ERK agonist (Fig. 6b). This result indicates that the
phosphorylation and activation of ERK can increase the
phosphorylation of c-FOS and c-JUN, counteracting the effect
of microgravity on macrophage differentiation. Furthermore, the
results of glycolysis and FAO analysis (Fig. 6c, d) and real-time
PCR analysis (Fig. 6e, f) showed that the ERK agonist partially
rescued the effect of microgravity on the glycolysis pathway
(Fig. 6c, e) but failed to counteract the effect of microgravity on
FAO (Fig. 6d, f).
Similarly, the NFκB agonist also rescued macrophage differ-

entiation under microgravity (Fig. 6g). The expression levels of
target transcription factors (c-FOS and c-JUN), nuclear factor NFκB
p65 subunit, and an upstream molecule, IκBA, were either not
affected or slightly increased by the NFκB agonist in normal
gravity but were markedly increased by the NFκB agonist under

simulated microgravity (Fig. 6h). These results suggest that the
macrophage induction medium (which includes M-CSF plus IL-3
and IL-6) may be optimal for the activation of NFκB and
transcription of c-FOS and c-JUN in normal gravity but not under
microgravity conditions. Additionally, activation of NFκB signaling
partially counteracted the effect of microgravity on the glycolysis
pathway (Supplementary Fig. 4A, C) but did not counteract the
effect of microgravity on FAO (Supplementary Fig. 4B, D). Thus,
the ERK and NFκB signaling pathways are involved in the
impaired development and glycolysis of macrophages under
microgravity.

Functional assessment of macrophage differentiation regulatory
networks impacted by microgravity
To investigate other pathways in macrophages potentially altered
by microgravity, we performed GSEA of KEGG pathway analysis
using DEGs in the microgravity and normal gravity groups. The top
20 most significantly different pathways are displayed in
Supplementary Fig. 6A (the DEG FPKMs are shown in Supple-
mentary Table 3). We found that the upregulated genes were
mainly enriched in the gene expression, gene regulation, repair
and degradation of genes and proteins, and protein export
pathways (Supplementary Fig. 5A), which are all pathways that
have some signaling crosstalk (Supplementary Fig. 5B). However,
the downregulated genes were not only enriched in the above-
mentioned NFκB and MAPK pathways but also in the intercellular
and extracellular matrix interactions, endocytosis, and circadian
rhythm pathways (Supplementary Fig. 5A), which also have

Fig. 5 The major macrophage differentiation signaling pathways impacted by microgravity. KEGG and Biocarta pathway annotations were
obtained from mSigDB. A number of genes associated with the RAS/ERK/NFκB pathways were downregulated in the microgravity samples.
a GSEA plot showing the RAS/ERK/NFκB pathway analysis comparing control and microgravity-treated samples. The plot shows profiles of the
running enrichment score and positions of gene set members on the ranked list of genes. NES, normalized enrichment score. b Heatmap of
gene expression values from the RAS/ERK/NFκB pathways. Blue gene symbols represent shared downregulated genes. Black gene symbols
represent genes uniquely downregulated in the spaceflight or simulated microgravity experiments. Red gene symbols represent shared
upregulated genes. c Validation of notable genes in the RAS/ERK/NFκB signaling pathways. mRNA expression was determined by qRT-PCR.
Data from three PCR assays are shown as the mean ± SEM. Gene expression levels were normalized using Hprt. An unpaired Student’s t-test
was used to test for statistical significance (**P < 0.01, ***P < 0.001). d Microgravity-inhibited integrative RAS/ERK/NFκB pathway model.
Enzymes, substrates, and products are represented as modules, and the activated reactions are represented as arrows. The expression profiles
of all genes in this pathway are represented by up and down arrows. Orange arrows represent changes in the spaceflight samples, and pink
arrows indicate changes in simulated microgravity samples. Data from 12 day spaceflight and ground control samples are labeled as “Flight”
and “Ground”, respectively, and data from simulated microgravity and normal gravity samples are labeled as “mμ-g” and “1-g”, respectively.
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Fig. 6 Activation of RAS/ERK/NFκB signaling pathways rescues the effects of microgravity. Activation of the ERK signaling pathway partially
rescues the effects of microgravity. HPCs cultured in normal gravity (labeled as “1-g”) or simulated microgravity (labeled as “mμ-g”) for 12 days
without (labeled as “Con”) or with LM22B-10 (activator of ERK, labeled as “LM22B-10”) were analyzed. a Representative FACS analysis of
macrophage differentiation. b Immunoblot analysis of the phosphorylation of c-FOS (p-FOS), c-JUN (p-JUN), and ERK1/2 (p-ERK1/2) as well as total
ERK1/2 (tERK1/2). c Functional glycolysis measured with the Seahorse XF24 Analyzer. At the indicated times, glucose, oligomycin, and 2-DG were
injected at final concentrations of 10mM, 1 µM, and 50mM, respectively. Basal glycolysis, glycolysis capacity, and glycolysis reserve values were
calculated from the glycolysis assay, n= 3, *P < 0.05 and **P < 0.001. d Fatty acid metabolism as a percentage of total mitochondrial respiration
measured with the Seahorse XF24 Analyzer using the Mito Fuel Flex Test Kit, n= 3 (***P ≤ 0.001). e Real-time PCR for notable genes in the
glycolysis pathway. Data are shown as the mean ± SEM from three PCR assays. Gene expression levels were normalized to β-Actin. An unpaired
Student’s t-test was used to test for statistical significance (**P < 0.01 and ***P < 0.001). f Real-time PCR for notable genes in the fatty acid metabolic
pathway. Data from three PCR assays are shown as the mean ± SEM. Gene expression levels were normalized to β-Actin. An unpaired Student’s t-
test was used to test for statistical significance (**P < 0.01 and ***P < 0.001). g, h Activation of the NFκB signaling pathway also partially rescues the
effects of microgravity. HPCs cultured in normal gravity (labeled as “1-g”) or simulated microgravity (labeled as “mμ-g”) for 12 days without (labeled
as “Con”) or without doxifluridine (NFκB activator, labeled as “Doxifluridine”) were analyzed. g Representative FACS analysis of macrophage
differentiation. h Immunoblot analysis of the phosphorylation of p65 (p-p65) as well as the total amounts of c-FOS, c-JUN, p65 (tp65), and IκBA.
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crosstalk (Supplementary Fig. 5C). We verified the expression
levels of some genes by RT-PCR (Supplementary Fig. 6A, B).
We noticed that the p53 signaling pathway was also in the top

ten most highly expressed pathways. p53 has been described as
"the guardian of the genome" because of its role in conserving
genetic stability by preventing mutations.30 Furthermore, the
p53 signaling pathway is directly involved in the regulation and
control of protein degradation by the ubiquitin-proteasome
system as well as in primary DNA damage and repair mechanisms,
cell cycle regulation (specific changes are shown in Supplemen-
tary Fig. 7), and apoptosis (specific changes are shown in
Supplementary Fig. 8). As such, we would predict that in response
to a microgravity environment, the p53 network would be one of
the most important upregulated networks in macrophages.
Therefore, we analyzed the p53 signaling pathway in detail
(Fig. 7). The transcriptional levels of all p53-related genes are
presented as a heatmap in Fig. 7a, and a schematic diagram
referring to KEGG pathways is displayed in Fig. 7b, highlighting all
genes upregulated by microgravity. In addition, the upregulation
of some key genes in this pathway was confirmed by RT-PCR
(Fig. 7c), and the upregulation of the most important transcription
factors regulating cell cycle arrest and apoptosis, CHK1 and BAX,
was confirmed by Western blot (Fig. 7d). Thus, the p53 network is
likely one of the most important upregulated signaling pathways
by macrophages in response to microgravity environments.

DISCUSSION
In the present study, we demonstrated that microgravity
decreased cell numbers, disrupted in vitro macrophage differ-
entiation, and severely impaired macrophage functional

polarization (M1/M2). We used next-generation sequencing
(NGS) to study microgravity-associated transcriptional changes
and identified over- and underrepresented gene signatures in
macrophages differentiated under microgravity. The resulting
gene expression profiles were consistent with the abnormal
macrophage physiology observed in space and under modeled
microgravity. Differentially expressed genes were largely related
to the RAS/ERK/NFκB pathway and other signaling pathways, such
as the p53 pathway. Additionally, gene expression analysis also
revealed significant differences in cellular metabolism when
macrophages were differentiated under microgravity. Importantly,
the microgravity-related phenotypes, including poor macrophage
differentiation, could be rescued by exogenous application of ERK
and NFκB activators. These findings provide new insights into how
microgravity affects gene transcription in developing macro-
phages and suggest that exogenous ERK and NFκB activators
could potentially be used to prevent microgravity-caused mono-
cyte development deficiency.
During development and activation, macrophages undergo

metabolic reprogramming multiple times.22,31 In this study, we
found that microgravity-inhibited glycolysis but upregulated
FAO to maintain mitochondrial oxidative phosphorylation.
Upregulation of glycolysis has been reported to promote
macrophage survival, differentiation and polarization.32 This is
consistent with our findings that microgravity is associated with
decreased glycolysis, which possibly contributes to monocyte
development deficiency. In addition, numerous studies have
investigated inflammation-induced metabolic reprogramming in
activated macrophages.22,33 It was reported that glycolysis levels
decreased during the immune tolerance period34 and that
proinflammatory macrophages (M1) required more glycolysis

Fig. 7 Microgravity activates the p53 signaling pathway. a Heatmap showing the expression levels of genes from the p53 signaling
pathway. Red gene symbols represent shared upregulated genes. Black gene symbols represent genes that were uniquely downregulated by
spaceflight or simulated microgravity. Blue gene symbols represent shared downregulated genes. b Microgravity-activated p53 pathway
model. Enzymes, substrates, and products are shown as modules, and activated reactions are shown as arrows. Gene expression profiles of all
genes in this pathway are represented by up and down arrows. Blue arrows represent changes in spaceflight samples, and purple arrows
indicate changes in simulated microgravity samples. c Validation of notable genes in the p53 signaling pathway, **P < 0.01, *P < 0.05. Control:
macrophages after in vitro differentiation under normal gravity. d Western blot validation of key proteins in the cell cycle arrest and apoptosis
pathways regulated by p53 signaling.
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than resting macrophages.35,36 Additionally, the anti-
inflammatory cytokine IL-10 inhibits glycolysis and promotes
oxidative phosphorylation in macrophages.37 Further, enhanced
mitochondrial biogenesis and fatty acid oxidation lead to M2
polarization.38 Here, we found that macrophages differentiated
from HPCs under microgravity displayed fewer M2-like macro-
phages than macrophages differentiated under normal gravity.
This result is consistent with the observed metabolic repro-
graming that occurs under microgravity.
The RAS/ERK/NFκB signaling network identified in our study

includes two pathways, the RAS-RAF-MEK-ERK pathway and the
RAS-AKT-IKK-NFκB pathway. These pathways are chains of
proteins that transduce a signal from the M-CSF receptor on
the surface of the cell to the DNA in the cell nucleus.39 Our NGS
results showed that the expression levels of the M-CSF receptor,
RAS, and the two major RAS effectors (RAF kinases regulating
the MEK-ERK cascade and AKT kinases regulating the IKK and
NFκB cascades) were slightly downregulated under microgravity
conditions. However, the expression levels of MEK and ERK
(ERK1 and ERK2), which are farther downstream in the ERK
signaling pathway, were severely suppressed by real and
simulated microgravity. This signaling pathway suppression
eventually leads to less activation of transcription factors
involved in cell differentiation and other fundamental cellular
functions.40 Similarly, the MAP kinase NIK/MEKK1, IKK1/2/3, and
IκBA in the NFκB pathway were expressed at lower levels under
microgravity than under normal gravity. This suppression leads
to the reduced phosphorylation, ubiquitination, and proteaso-
mal degradation of IκBA and fewer free NFκB/REL complexes.
The bound NFκB transcription factor cannot promote the
expression of c-JUN, c-FOS, and some cytokines and proteins
involved in the development and function of macrophages.41 In
short, the ERK and NFκB pathways have been shown to play a
key role in the transduction of extracellular signals, and their
downregulation may underlie the macrophage phenotypes
observed under microgravity.
In a complete assessment of regulatory networks, we found that

pathways related to repair and degradation were significantly
enriched in macrophages differentiated under microgravity. We
observed that microgravity disrupted macrophage function, pro-
duced a large amount of damaged DNA and unneeded RNAs and
proteins, and activated mechanisms of damage tolerance. Notably,
p53 is a principal mediator of DNA repair, cell cycle arrest, and
apoptosis in response to a broad array of cellular damage and is
activated as a transcription factor by stress.42 Rapid induction of
high p53 protein levels by various types of stress prevents the
inappropriate propagation of cells that carry damaged, potentially
mutagenic DNA.43 p53 protein levels are the single most important
determinant of its function.44 In normal, unstressed cells, p53 is very
unstable, with a half-life ranging from 5 to 30min. Low levels of p53
are maintained by continuous degradation, largely mediated by
Mdm2, a key regulator of p53 activity and stability, and the
interaction between Mdm2 and p53 leads to p53 ubiquitination and
rapid degradation. In the present study, we demonstrated that
microgravity upregulates the expression of p53 via decreasing the
expression of Mdm2. Increased p53 expression enhances cell cycle
arrest, apoptosis, DNA repair, and DNA damage prevention.
Collectively, microgravity affects the RAS/ERK/NFκB and p53

pathways and cellular metabolism, leading to changes in the
cellular status and function. Signaling crosstalk among these
pathways is complex. p53 is reported to inhibit inflammation,
which itself is an antagonist of NFκB.45 By suppressing NFκB, p53
generally suppresses innate immunity,45 and the degradation of
p53 results in enhanced NFκB expression after LPS stimulation.
Therefore, in our study, the microgravity-induced increase in p53
may have caused a reduction in NFκB activation during
macrophage differentiation. This phenomenon should be further
investigated in future studies. Additionally, research has shown

that RAS/MAPK, AKT, and NFκB signals promote glycolysis,46–48

while p53 inhibits glycolysis and promotes oxidative phosphoryla-
tion.49 These glycometabolic alterations can further promote the
survival, differentiation, and activation of macrophages.32 Con-
versely, lactic acid produced by glycolysis in macrophages can
lead to increased release of inflammatory cytokines, such as IL-1β
and HMGB1, through the NFκB signaling pathway, which affects
cell division, differentiation, and self-renewal.50 Further, some
tumor cells display increased lipid metabolism downstream of p53
pathway upregulation.51 Therefore, microgravity inhibition of the
RAS/ERK/NFκB pathway may directly lead to the downregulation
of glycolysis, as demonstrated by our research. On the other hand,
induction of the p53 pathway by microgravity may cause
increased lipid metabolism, which needs further study. A summary
of the relationships of all signaling pathways, metabolic changes,
and macrophage state changes influenced by microgravity is
schematized in Supplementary Fig. 9.
Because experiments in orbit are rare and costly, studies about

the biological effects of spaceflight are limited. In the current
study, we not only observed macrophage differentiation under
two conditions, spaceflight and ground control, but also analyzed
the transcriptional profiles of macrophages under these two
conditions. The state of gravity (microgravity, normogravity, and
hypergravity) is complex and variable in spaceflight experiments,
including spacecraft launch (at ~0–8 g), return, reentry and
landing; however, the duration of the launch is very short (~10
min), and numerous effective methods have been adopted for
reducing the microgravity change during return, reentry and
landing.52 Moreover, the effects of short-term force vibrations on
macrophage development have been explored, and no significant
effect was observed (data not shown). Although several forms of
ground-based setups simulating “weightlessness” have been
developed and applied to explore the effects of microgravity on
macrophages, simulated microgravity still differs from the real
state of microgravity during spaceflight. Simulated microgravity is
not simply a low-gravity environment, as it also includes shear,
friction, and other complex forces.53–55 Therefore, the combined
analysis of samples under both spaceflight and simulated
microgravity conditions, as performed in this study, is particularly
important. Our findings in simulated and space microgravity
showed largely identical effects; however, these different micro-
gravity conditions did induce some subtle differences in
transcriptional profiles. Thus, the transcriptional changes caused
by real microgravity (that is, during spaceflight) were determined
first, and similar changes were then identified and verified in the
simulated microgravity samples.
Further, isolated cells are an ideal study object to investigate

direct microgravity-induced changes without any indirect or
secondary influence, such as the extracellular microenvironment
and structure of interaction between cells. However, the in vivo
lifespan of tissue-resident macrophages ranges from several
weeks to years,10,56 significantly longer than their lifespan in
culture. With future technological developments, we hope to be
able to perform in vivo studies.
The adaptation and changes of the monocyte/macrophage

system in a microgravity environment appear to be very complex.
Many questions about microgravity-regulated genes remain
unanswered and warrant further investigation. Nevertheless, in
this study, we have provided a more complete and comprehen-
sive analysis of microgravity-driven changes in gene regulation
networks during macrophage differentiation. We have identified
several new signaling pathways with potentially important
functions for macrophage differentiation under microgravity.
These findings enable a better understanding of how microgravity
impacts the monocyte/macrophage system and thus how space-
flight affects innate immune defense. Such insights into the
biological effects of microgravity will ultimately lead to improved
health outcomes for our pilots and astronauts.
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MATERIALS AND METHODS
Flight information: programs and spaceflight
This study was conducted during two flight programs, the Tianzhou-
1 cargo ship program57 and the SJ-10 space program of
microgravity research.57–61 All spaceflights took place in circular
orbit at an altitude of ~252 km and a flight path angle of 43 degrees.
The daily average dose of radiation did not exceed 1 × 10−2 Gy (100
mrad). With the coating control, the amount of radiation in the cabin
(~0.18mGy) was approximately the same as that on an ordinary
aircraft.62 The main objective of the Tianzhou-1 mission was to
conduct an on-orbit refueling of the Tiangong-2 space station. At
19:41:35 p.m. on April 20, 2017, Tianzhou-1 was launched by the
rocket Long March 7 at the China Wenchang Spacecraft Launch Site.
Our experiment was designed to obtain information on the growth
and development of cells using image acquisition. HPCs were
cultured in two specialized cell observation units (Fig. 1b) and flown
onboard the Tianzhou-1 cargo ship in outer space for ~12 days. We
used space teleoperation technology to operate a real-time
photomicrography device (10× and 20× microscopes) and capture
images of macrophage differentiation from HPCs every 24 h after
the satellite arrived at its anticipated orbit. The images were
transmitted back to the ground when the satellite was circulating
through Chinese airspace. At the end of the mission, HPCs in the cell
culture unit were destroyed in Earth’s atmosphere along with
Tianzhou-1. The SJ-10 program was China's first recoverable satellite
used for microgravity experiments. It was organized by the Chinese
National Space Administration (CNSA) in the mid-2000s and
launched at 1:38 a.m. on April 6, 2016.62 Our experiment was
designed to investigate the effects of microgravity on the
development of macrophages derived from mouse bone marrow
HPCs. HPCs were cultured in a specialized cell culture unit (Fig. 1c)
and flown on board the SJ-10 satellite in outer space for
approximately 12 days. On April 18, 2016, the SJ-10 satellite
returned safely to Earth, and the cultured cells were collected for our
study. During landing and recovery of the SJ-10 satellite, the re-entry
parachute module and the main parachute each popped up in turn,
allowing re-entry to occur slowly without the influence of gravity
changes. The exact experimental details, including the time,
handling and sequences of the Tianzhou-1 and SJ-10 spaceflight
experiments, are described in Supplementary Tables 4 and 5. All
animal procedures for inflight studies were approved by the Ethics
Committee of Institute of Zoology, Chinese Academy of Sciences.

Cell culture and hardware specifications
During a 12-day space mission, the sorted Lin- HPCs were cultured
in special cell culture units, which can automatically replace 5ml
of medium every day (1 ml/h, 5 h per day) at 37 °C without CO2,
and flew aboard the SJ-10 satellite and Tianzhou-1 cargo ship in
outer space for ~12 days. For ground controls, HPCs were cultured
in the same cell culture units (0% CO2) and maintained in a 37 °C
incubator in parallel with the space mission.
For simulated microgravity experiments, the sorted mouse HPCs

were cultured as previously described.21,61 Specifically, the HPCs
were inoculated into 10 ml culture vessels in RCCS and cultured
for 12 days in a humidified 37 °C incubator with 5% CO2. The HPCs
were also cultured in 6-well culture plates for 12 days in a
humidified 37 °C incubator with 5% CO2 for the normal gravity
condition (control group, 0 rpm). For rescue experiments, LM22B-
10 (an ERK activator, manufactured by MedChemExpress) and
doxifluridine (an NFκB activator, manufactured by Santa Cruz
Biotechnology) were added to the medium at final concentrations
of 200 nM and 3 μM, respectively.
All cell culture devices for spaceflight were designed and

prepared by Shanghai Institute of Technical Physics, Chinese
Academy of Sciences as reported previously.60,61,63 The details are
as follows. The device contained four parts: cell culture units,
liquid storage units, an automatic liquid change system, and an
electronic control system.60 The cell observation units used on the

Tianzhou-1 cargo ship, in which 60–80 Cytodex 3 microcarriers64,65

laden with attached HPCs (over 80% of the microcarriers were
covered with cells, 5–20 cells per ball) were exposed to 1.8 ml of
medium, were separated by two pieces of polycarbonate filter
membrane at each end to prevent pollution from the liquid
storage units (Fig. 1b).66 The camera photographed cells from the
glass observation window in the unit and collected the image
information. Two units were connected in series: one imaged cells
at 10× magnification, and the other imaged at 20× magnification.
The medium flowed from the nutrition intake port to the waste
outlet and provided nutrients for the cells in the cell culture
chamber. The cell culture units used in the SJ-10 satellite, in which
2 × 106 cells were placed in 2.5 ml of medium, were also designed
to prevent pollution from the liquid storage units (Fig. 1c).63 The
cells cultured in this unit eventually returned to the ground for
further analysis. In the above two spaceflight devices, the medium
entered the culture unit from the nutrient solution storage bag
(polyvinyl chloride, PVC profiles) connected at one end, infiltrated
the filter membrane, entered the cell culture chamber, and then
passed from the other end of the culture unit to the liquid waste
bag (PVC profiles). An automatic liquid change system (thermo-
plastic elastomer, TPE for all pipelines) and an electronic control
system were used to control liquid circulation.
The RCCS was designed and prepared by Dr. Shujin Sun at the

Institute of Mechanics, Chinese Academy of Sciences. The RCCS
culture vessels are breathable but impermeable to liquid
(Supplementary Fig. 1), which rotates in a clockwise direction at
a speed of 24 rpm. The cell suspension was injected into the
vessels, after which the air bubbles were carefully removed, and
the medium was changed every 2–3 days. This rotary culture
system, also known as a clinostat, can nullify a gravity stimulus
and thus nearly perfectly mimic the effects of actual weightless-
ness when appropriate working conditions are established.54,67

Briefly, these conditions include (a) small particle size, (b) minimal
density difference between the particle and medium, (c) sufficient
rotating speed to maintain the particle within Brownian “noise”,
and (d) sufficiently slow speed and small container to avoid the
introduction of significant centrifugal force. For cell biology
experiments, some tradeoffs must be considered when the above
conditions are applied, such as the rotation speed, vessel size and
sample volume. In this rotary system, the radius of the culture
vessel is 2 cm, and the rotation speed is 24 rpm, generating a
maximum centrifugal force of approximately 10–2 g. In this
situation, the density difference between the cells and medium
is very small (4–7 × 10−2 g/ml), and54 the sedimentation velocity is
thus also very small, helping to keep cells within Brownian “noise”
according to the formula for sedimentation velocity and
maximum fluid shear of a suspension system.54 Furthermore, the
fluid shear stress is also very small, approximately 10−4–10−5 dyn/
cm2, which is below the threshold of 10−2 dyn/cm2 that is thought
to have effects on cells.68 In addition, the bubble-free condition
allows the avoidance of turbulence and unexpected shear force,
and the low sedimentation velocity and moderate rotation speed
ensures that the Coriolis force in this rotary system is very weak
and negligible.

Preparation and differentiation of mouse HPCs
Male C57BL/6 mice were purchased from Beijing Vital River
Experimental Animal Center (Beijing, China). The mice were
maintained in pathogen-free conditions and euthanized in
accordance with the “Guide for the Care and Use of Laboratory
Animals” of China. Bone marrow cells were obtained from the
mouse femurs, humeri, and tibias (6–8 weeks old; n= 20) as
described previously69 and further purified using the Lin- sorting
kit (BD, #559971). The Lin- cells were then suspended in RPMI-1640
medium supplemented with 10% fetal bovine serum (Gibco), 100
U/ml penicillin (Sigma), 0.1 mg/ml streptomycin (Sigma), 10 ng/ml
IL-3 (PeproTech), 20 ng/ml IL-6 (PeproTech), and 100 ng/ml M-CSF
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(PeproTech) in preparation for culture under normal gravity or
microgravity.

Macrophage polarization
The macrophages developed under normal and simulated micro-
gravity were collected and then stimulated with cytokines under
normal gravity conditions to polarize them into M1 and M2
macrophages.26 For M1 macrophage polarization, the macrophages
were treated with IFN-γ (50 ng/ml) for 26 h, followed by stimulation
with lipopolysaccharide (LPS, 100 ng/ml) in the presence of Golgi-
Plug (BD Pharmingen) for the last 6 h. For M2 polarization,
macrophages were treated with IL-4 (1000 U/ml) for 48 h.26

Flow cytometry
Anti-mCD11b-FITC, anti-mF4/80-PE-Cy5, anti-mTNF-α-PE, anti-
mCD206-FITC, anti-mCD11b-PE-Cy5, anti-mF4/80-PE, anti-
mCD115-PE, and anti-I-Ab-PE were purchased from BD Biosciences
Pharmingen. Cells were directly stained with antibodies in PBS
containing 0.1% BSA and 0.1% sodium azide or fixed, permeabi-
lized and stained for the intracellular production of cytokines.31

The stained samples were subsequently assayed using a FC500
fluorescence-activated cell sorting (FACS) instrument (Beckman
Coulter, USA).

Quantitative real-time RT-PCR analysis
Total cellular RNA was extracted from the differentiated and
subsequently polarized macrophages using an EZNA MicroElute
Total RNA Kit (Omega Bio-Tek).70 The reverse transcription
reaction was performed with oligo (dT) primers and AMV reverse
transcriptase XL (Takara Bio, Shiga, Japan), and real-time PCR was
performed using TB Green Premix Ex Taq (Takara Bio, Shiga,
Japan). All primers used in the present study are listed in
Supplementary Table 6. To assess the relative induction of
cytokines and marker molecule mRNA expression in response to
various stimuli, the mRNA expression levels of each gene were
normalized to that of the housekeeping gene Hprt (hypoxanthine
phosphoribosyl transferase) or β-actin.

Western blotting
Western blot analysis was performed on total proteins extracted
from samples as previously described.71 Proteins were harvested
by lysing collected cells with 200ml of RIPA buffer containing
protease inhibitor and phosphatase inhibitor cocktail tablets
(Roche, Brussels, Belgium). Western blotting was performed using
standard procedures with the following primary antibodies: c-FOS
(9F6) rabbit mAb (catalog number 2250), c-JUN (60A8) rabbit mAb
(catalog number 9165), phosphor-c-FOS (Ser32) rabbit mAb
(D82C112), phosphor-c-JUN (Ser73) rabbit mAb (D47G9), NFκB
p65 (L8F6) mouse mAb (catalog number 6596), phosphor- NFκB
p65 (Ser468) (catalog number 3039), and β-Actin (13E5) rabbit
mAb (catalog number 4970) used as a loading control from Cell
Signaling Technology (Leiden, The Netherlands); ACSL3 (sc-
166374) from Santa Cruz; and IκBA (ab32518), Bax (ab32503),
Hexokinase 1 (ab150423), Chk1 (ab32531), PFKP (ab204131), ERK1/
2 (ab184699), and p-ERK1/2 (ab201015) from Abcam (China). For
visualization, we used Immobilon Western Chemiluminescent HRP
Substrate (WBKLS0500, Millipore).

Immunofluorescence staining
The cells that differentiated during the spaceflight were collected,
fixed and stained as previously reported.62 Photomicrographs
were taken using the LSM510META laser scanning microscope
(Zeiss, Germany). Anti-mF4/80-FITC (1:500 dilution in blocking
buffer) and Hoechst 33342 (2 μg/ml) were applied.

Whole transcriptomic analysis by RNA-Seq
Whole transcriptomic analysis was carried out on macrophages
following in vitro differentiation in real and simulated

microgravity and on the corresponding control conditions.
Then, the data were analyzed using the corresponding R
package.72–77 Detailed information is provided in the online
supplementary materials.

Metabolism assay
Metabolic differences in macrophages following in vitro differ-
entiation in simulated microgravity and the corresponding control
conditions were detected by Seahorse Bioscience XFe24 Extra-
cellular Flux Analyzers (Seahorse Bioscience, USA).78 Specifically,
the treated macrophages were seeded into XF24 cell culture
microplates (Seahorse Bioscience) with cell-tak and pre-
equilibrated for 1 h in unbuffered XF assay medium supplemented
with 2.05 mM glutamine (glycolysis assessments) or 11.11 mM
glucose and 2.05mM glutamine (fatty acid oxidation). For
glycolysis assessments, compounds were injected during the
assay according to the manufacturer’s protocol at the following
final concentrations: 10mM glucose, 1 μM oligomycin, and 50mM
2-DG. For cellular FAO quantification, the XF Mito fuel flex test kit
was used according to the manufacturer’s protocol. The extra-
cellular acidification rate (ECR) and oxygen consumption rate
(OCR) were examined with XFe24 Analyzer (Seahorse Bioscience),
and XFe Wave software (Seahorse Bioscience) was used to analyze
the results.

Statistical analysis
All experiments except RNA-Seq were conducted more than three
times, and the data are presented as the mean ± SD of three
independent experiments. Differences between groups were
calculated using Student’s unpaired t-test. P-values <0.05 were
regarded as significant, and P-values <0.01 were regarded as
highly significant.
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