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Abstract: Astronauts suffer from inflammatory changes induced by microgravity during space flight. Microgravity can 
significantly affect the inflammatory response of various cell types and multiple systems of the human body, such as 
cardiovascular system, skeletal muscle system, and digestive system. The aim of this research was to identify the 
key genes and pathways of gastric mucosa affected by microgravity. Human gastric mucosal epithelial GES-1 cells 
were cultured in a rotary cell culture system (RCCS) bioreactor to simulate microgravity. The gene expression profiles 
of GES-1 cells were obtained using Illumina sequencing platform and differentially expressed genes were identified 
by DESeq2 software, then Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analyses were performed. Subsequently, a protein-protein interaction (PPI) network was constructed. Compared 
with a normal gravity (NG) group, a total of 943 DEGs, including 192 downregulated genes and 751 upregulated 
genes, were identified. These DEGs were associated with findings that included response to interleukin-1, positive 
regulation of inflammatory response, and positive regulation of neuroinflammatory response. Furthermore, these 
DEGs were mainly enriched in herpes simplex virus 1 infection, cytokine-cytokine receptor interaction, and NOD-
like receptor signaling pathway. Thus, 21 hub genes were identified from PPI network, including IL6, IL1B, ITGAM, 
CXCL8, ITGAX, CCL5, SERPINA1, APOE, CSF1R, VWF, GBP1, APOB, CYBB, HLA-DRB1, CD68, FGG, FGA, OASL, NOD2, 
OAS2 and FCGR2A. These findings suggested that simulated microgravity upregulated inflammation-related genes 
and pathways of GES-1 cells, which may play important roles in the response to microgravity and provide useful 
information for preventing mucosal damage in astronauts. In conclusion, this study revealed the key genes and 
pathways associated with simulated microgravity and indicated that simulated microgravity induced an inflamma-
tory response in gastric mucosal epithelial cells.
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Introduction

Manned space flight projects not only bring 
technical challenges, but also face astronaut’s 
physical health problems caused by micrograv-
ity. The weightlessness environment affects 
human physiologic functions and causes dis-
eases, such as decreased absorption of cere-
brospinal fluid [1], electrolyte disorders [2], 
skeletal muscle atrophy [3], space motion sick-
ness [4], space anemia [5], decreased immune 
function [6] and bone loss [7]. Additionally, re- 
search achievements have been made in the 

study of microgravity on the digestive system 
[8]; however gastric dysfunction under weight-
lessness needs to be further clarified. Gastric 
mucosal epithelium is a single cell layer lining 
the inner side of the gastric wall and there are a 
large number of gastric glands at the bottom of 
gastric pit, which can secrete mucus to cover 
the surface of gastric mucosa and prevent da- 
mage from gastric acid and pepsin to gastric 
mucosa. Weightlessness caused micro-focal 
lesions in rat gastric mucosa, and dystrophic 
developments in the glands, as well as mucous 
barrier and biosynthesis dysfunction [9]. A pre-
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vious study of our group showed that physiolog-
ic structure and function of gastric mucosa 
were affected significantly by simulated micro-
gravity. With the increase of stomach excretory 
and incretory activity under weightlessness 
[10], astronauts are more likely to develop gas-
tric ulcers. Therefore, it is important to explore 
the effects of simulated weightlessness on 
function of gastric mucosa. This study focused 
on the effects of simulated microgravity on 
human gastric mucosa GES-1 cells by a rotary 
cell culture system (RCCS). Bioinformatic analy-
sis based on RNA sequencing was performed 
to identify the profile of DEGs after simulated 
microgravity induction and explore the regula-
tory mechanism of microgravity. In conclusion, 
the study provides a basis for prevention and 
treatment of astronaut gastric mucosal diseas- 
es.

Materials and methods

GES-1 cell culture

Human gastric mucosal epithelial GES-1 cell 
line was procured from iCell Bioscience Inc 
(China). Cells were cultured in DMEM (Thermo 
Fisher Scientific, USA) supplemented with 10% 
fetal bovine serum and 1% penicillin-strepto- 
mycin (100 units/ml penicillin and 100 mg/ml 
streptomycin) (both Thermo Fisher Scientific, 
USA), and were incubated at 37°C with 5% CO2. 
The medium was changed every two days.

Microgravity simulation and induction with 
RCCS

RCCS (Synthecon, USA) was used to simulate 
microgravity (SMG) condition, which could cre-
ate an optimized suspension culture environ-
ment to support 3-D cell growth on microcarrier 
bead scaffolds. First, Cytodex-3 microcarrier 
beads (Sigma, USA) were soaked in PBS buffer 
and stored at 4°C for 4 hours; then, the beads we- 
re washed 20 seconds with 75% alcohol for 3 
times and immersed in alcohol at 4°C for at 
least 24 hours. When the microcarriers were 
used, they were washed 20 seconds 3 times 
with PBS. Subsequently, 3.5×106 GES-1 cells 
with 250 mg cytodex-3 microcarrier beads we- 
re seeded into 50 ml high-aspect-ratio vessels 
(HARVs) in the RCCS. The rotating culture ves-
sels were filled with complete medium and air 
bubbles were removed using a 5 ml syringe. 
Finally, HARVs were fixed in RCCS with 12 rpm 

rotational speed and the cell-beads complex- 
es were incubated at 37°C with 5% CO2 for 7 
days. GES-1 cells were stored and cultured in 
the same incubator with normal gravity under 
the same conditions as controls (NG group) 
[11]. Three independent experiments were per-
formed to confirm the results.

Sample collection and processing

The solution in HARVs was transferred to a 50 
mL centrifuge tube with a pipette and left to 
stand 3 minutes and the supernatant was dis-
carded after precipitation of cell-microcarrier 
complexes. After that, the complexes were 
washed 20 seconds with PBS for three times, 
and the supernatant was discarded. Then 4 ml 
0.25% trypsin-EDTA was added to the centri-
fuge tube to digest at 37°C for 5 min and com-
plete medium was added to harvest cells. The 
cell-microcarrier medium was blown repeatedly 
with a pipette to detach the cells from the 
microcarrier and terminate digestion reaction. 
Thereafter, the samples were centrifuged at 
1000 rpm/min for 5 min and cells were ob- 
tained through 70 μm cell sieve filtration fol-
lowed by 5 min 1000 rpm centrifugation. The 
control group cells were obtained after discard-
ing culture medium, washing with PBS, digest-
ing with 3 ml 0.25% trypsin, and centrifugation 
at 1000 rpm for 5 min. Cells collected from NG 
and SMG groups were frozen in liquid nitrogen 
for 5 minutes and stored at -80°C.

RNA extraction and sequencing

Total RNA was extracted from the cells using 
Trizol® Reagent (Invitrogen, USA) and geno- 
mic DNA was removed using DNase I (TaKara, 
Japan). Then RNA quality was determined by 
2100 Bioanalyser (Agilent, USA) and quantified 
using the ND-2000 (Nano Drop Technologies, 
USA). Only a high-quality RNA sample (OD260/ 
280=1.8~2.2, OD260/230≥2.0, RIN≥6.5, 28S: 
18S≥1.0, >1 μg) was used to construct the 
sequencing library. RNA-seq transcriptome 
library was prepared following TruSeqTM RNA 
sample preparation Kit (Illumina, USA) by using 
1 μg of total RNA. First, messenger RNA was 
isolated according to polyA selection method  
by oligo (dT) beads and then fragmented by 
fragmentation buffer. Second, double-strand- 
ed cDNA was synthesized using a SuperScript 
double-stranded cDNA synthesis kit (Invitro- 
gen, USA) with random hexamer primers (Illu- 
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base of known and predicted gene interactions 
designed to evaluate PPI network information. 
943 DEGs were mapped to STRING database 
to construct a PPI network, and the cut-off cri-
terion for validated interactions was a com-
bined score >0.4. Subsequently, Cytoscape 
v3.8.0 (http://www.cytoscape.org/) was used 
to statistically analyze the topology property of 
the network to obtain the significant hub genes 
and modules. Nodes with degree ≥15 were 
defined as hub genes. Modules were extracted 
from the PPI network by the Molecular Complex 
Detection (MCODE) [17] plugin of Cytoscape 
with degree cutoff ≥2 and node score cutoff 
≥0.2. Then, the module with the highest score 
was selected and the genes in this module 
were used for additional GO and KEGG an- 
alysis.

Results

Transcriptional profile differences of GES-1 
cells between NG and SMG

The raw sequence data was uploaded to Se- 
quence Read Archive (SRA) database (Biopro- 
ject accession PRJNA722265). The gene num-
bers with an expression level >1 TPM in GES-1 
cells under NG and SMG are presented in 
Figure 1A. The Venn diagram suggested differ-
ences between two groups. 12785 genes were 
shared by the two groups (Figure 1A). On the 
other hand, 785 and 1330 genes were specifi-
cally expressed in the NG or SMG group, res- 
pectively (Figure 1A). The principal component 
analysis (PCA) showed that the cumulative  
contribution rate reached 82.27%. In the two-
dimensional PCA score plot, PCA achieved good 
separation between samples under NG and 
SMG, as well as compact aggregation of the 
repeated samples (Figure 1B), which indicated 
that the constructed model was effective.

Identification of DEGs between NG and SMG

Gene expression profiles of GES-1 cells bet- 
ween NG and SMG were analyzed. Based on 
the cut-off criteria of adjusted P < 0.05 and  
|log2FC|>3.32, 943 differentially expressed ge- 
nes (DEGs) were identified between NG and 
SMG, among which 751 DEGs (79.6%) were up-
regulated and 192 DEGs (20.4%) were down-
regulated. The volcano plot of all DEGs is pre-
sented in Figure 2. 

mina, USA). Then the synthesized cDNA was 
subjected to end-repair, phosphorylation, and 
poly ‘A’ base addition according to Illumina’s 
library construction protocol. Libraries were 
size selected for cDNA target fragments of 300 
bp on 2% Low Range Ultra Agarose followed by 
PCR amplified using Phusion DNA polymerase 
(NEB) for 15 PCR cycles. After being quantified 
by TBS380, paired-end RNA-seq library was 
sequenced with the Illumina NovaSeq 6000 
sequencer (2×150 bp read length). The raw 
paired end reads were trimmed and quality 
controlled by Seq Prep (https://github.com/jst-
john/SeqPrep) and Sickle (https://github.com/
najoshi/sickle) with default parameters. Then 
clean reads were separately aligned to the ref-
erence genome with orientation mode using 
HISAT2 (http://ccb.jhu.edu/software/hisat2/in- 
dex.shtml) software [12]. The mapped reads  
of each sample were assembled by String Tie 
(https://ccb.jhu.edu/software/stringtie/index.
shtml?t=example) in a reference-based app- 
roach [13].

Differentially expressed genes and functional 
enrichment analyses

To identify DEGs between the different groups, 
the expression level of each transcript was cal-
culated according to the transcripts per million 
reads (TPM) method. RSEM (http://deweylab.
biostat.wisc.edu/rsem/) [14] was used to qu- 
antify gene abundances. Essentially, DEGs was 
selected using the DESeq2 [15] with a Q (P- 
adjust) value of less than 0.05 (FDR adjusted 
for multiple testing) and the absolute value of 
log2 (fold change) greater than or equal to  
3.32. In addition, functional-enrichment analy-
sis including GO and KEGG were performed to 
identify GO terms and KEGG pathways in whi- 
ch DEGs were significantly enriched with BH- 
corrected P-value < 0.05 compared to the 
whole-transcriptome background. GO function-
al enrichment and KEGG pathway analyses 
were carried out by Goatools (https://github.
com/tanghaibao/Goatools) and KOBAS (http://
kobas.cbi.pku.edu.cn/home.do) [16].

Protein-protein interaction (PPI) network analy-
sis

The Search Tool for the Retrieval of Interacting 
Genes (STRING, string-db.org) is an online data-
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Figure 1. A. Venn diagram. Co-expressed and uniquely expressed genes in GES-1 cells before and after simulated 
microgravity treatment. B. PCA plot. Principal component analysis of NG and SMG samples. NG, normal gravity; 
SMG, simulated microgravity.

Figure 2. Volcano Plot of DEGs. Red dots: upregulated genes with log2FC> 
3.32, and adjusted P < 0.05. The Green dots: downregulated genes with 
log2FC < -3.32 and adjusted P < 0.05. FC, fold change; DEGs, differentially 
expressed genes.

GO functional enrichment 
analysis

DEGs between NG and SMG 
were annotated by Gene Onto- 
logy (GO) database. Afterward, 
GO functional enrichment an- 
alysis was performed to inves-
tigate the biologic functions of 
DEGs. GO analysis is a power-
ful tool designed to reveal bio-
logic functions underlying ob- 
served patterns in genomics  
or transcriptomics. The GO fu- 
nctions of the DEGs were clas-
sified into biological process 
(BP), cellular component (CC) 
and molecular function (MF). A 
total of 89 GO terms (69 BP, 8 
CC and 12 MF) were enrich- 
ed. The 20 most significantly 
enriched GO terms (adjust P < 
0.05) are presented in Figure 
3. Response to interleukin-1, 
positive regulation of inflam-
matory response, and positive 
regulation of neuroinflamma-
tory response were the most 
important biologic process- 
es; receptor regulator activity, 
receptor ligand activity, signal-
ing receptor activator activity, 
cytokine activity and signaling 
receptor binding were the mo- 
st important molecular func-
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Figure 3. Bubble plot of GO enrichment analysis of DEGs. The top 20 enriched GO terms (adjusted P < 0.05) are 
shown. The bubble size and color represent the number of DEGs and the adjusted p value, respectively. Red, 
blue, and green terms indicate biologic processes, cellular components, and molecular function, respectively. The 
enrichment-factor indicates the ratio of enriched differentially expressed gene number to background gene number 
in a certain GO term. DEGs, differentially expressed genes; GO, gene ontology.
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Figure 4. Heatmap of genes enriched in the GO terms with the higher enrichment factor. The log10FC values were 
used to generate heatmaps. Each row represents a gene and each column represents a group in the figure. Red, 
high expression, and blue, low expression in the group, respectively. FC, fold change; DEGs, differentially expressed 
genes.

Figure 5. Bubble plot of KEGG pathway enrichment analysis of DEGs. The bubble size and color represent the num-
ber of DEGs and the adjusted p value, respectively. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia 
of Genes and Genomes.

tions. Furthermore, significantly enriched cellu-
lar components revealed that enriched DEGs 
were largely located in the extracellular region 
(121 DEGs), cell surface (38 DEGs), and extra-
cellular space (86 DEGs). Additionally, DEGs 
enriched in the GO terms with higher rich fa- 
ctor are shown in Figure 4 to reveal important 
genes that may be sensitive to microgravity and 
red marks are used to display the hub genes 
that shown in Figure 8.

KEGG pathway enrichment analysis

KEGG analysis was performed to further study 
the biologic pathways of DEGs. The 13 most 
significantly enriched pathways of DEGs are 
displayed in Figure 5. Cytokine-cytokine recep-
tor interaction was the most important path- 
way (adjust P=3.25×10-7). The pathway with the 
largest number of DEGs was the Herpes sim-
plex virus 1 infection (33 DEGs) followed by 

Cytokine-cytokine receptor interaction (26 
DEGs) and NOD-like receptor signaling path- 
way (18 DEGs). TNF signaling pathway (adjust 
P=0.0295; 9 DEGs) was also an important 
pathway. DEGs enriched in above pathways are 
presented in Figure 6 and red marks are used 
to display the hub genes, shown in Figure 8.

PPI network analysis of DEGs

Based on the STRING database, the PPI net-
work of these DEGs was established and sub-
sequently visualized by Cytoscape v3.80 soft-
ware. The PPI network consisted of 296 nodes 
(protein-coding genes) and 779 edges (interac-
tions) (Figure 7). In the integrated PPI network, 
degrees represented the number of interac-
tions between a node and its neighbors, and 
nodes with higher degrees were defined as hub 
genes. Among the 296 nodes, 21 hub genes 
were identified by the filtering criteria: node 
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Figure 6. Heatmap of genes enriched in pathways with a larger number of DEGs. The log10FC values were used to 
generate heatmaps. Each row represents a gene and each column represents a group in the figure. Red: high ex-
pression, and blue: low expression in the sample. FC, fold change; DEGs, differentially expressed genes.

degree ≥15. These hub genes were IL6, IL1B, 
ITGAM, CXCL8, ITGAX, CCL5, SERPINA1, APOE, 
CSF1R, VWF, GBP1, APOB, CYBB, HLA-DRB1, 
CD68, FGG, FGA, OASL, NOD2, OAS2 and 
FCGR2A (Table 1). We found that these hub 
genes were mainly involved in inflammation 
response. Then, MCODE plugin of Cytoscape 
was used to identify the hub gene functions, 
and the module with the highest score was 
selected as a focus for follow-up analysis. The 
module contained 27 DEGs and 147 edges 
(Figure 8A). GO analysis of the module genes 
revealed that hub genes were mainly associat-
ed with cellular response to interleukin-1, regu-
lation of chemokine production and regulation 
of inflammatory response (Table 2). Further- 
more, KEGG analysis showed that hub genes 
were chiefly related to NOD-like receptor signal-

ing pathway (9 DEGs), Influenza A (8 DEGs), Cy- 
tokine-cytokine receptor interaction (7 DEGs), 
Toll-like receptor signaling pathway (4 DEGs) 
and TNF signaling pathway (4 DEGs) (Figure 
8B). These data suggested that simulated 
microgravity was strongly associated with the 
inflammatory response.

Discussion

Microgravity has profound effects on human 
health. With the rapid development of manned 
spaceflight projects, the effect of space envi-
ronment on human health become a focus of 
research. Recent studies showed that micro-
gravity induced stomach hypersecretion [10] 
and space motion sickness presenting as sto- 
mach discomfort, nausea, and vomiting in most 
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Figure 7. Protein-protein interaction network of DEGs. Ellipse nodes represent upregulated DEGs and diamond 
nodes represent downregulated DEGs. Node color represents the log2FC value; redder nodes indicate a higher value 
and bluer nodes indicate a lower value. Yellow nodes suggest the most significant module position in the PPI net-
work. Node size represents the connectivity degree; larger nodes determine a more important gene. Yellow, green 
and purple edges represent coexpression relationship from weak to strong. DEGs, differentially expressed genes; 
FC, fold change.

Figure 8. A. The most important module of the protein-protein interaction network. B. The enriched cellular pathways 
of module genes.

Table 1. Degrees of the top 21 hub genes in the 
PPI network
Order Node Degree Order Node Degree
1 IL6 58 12 APOB 21
2 IL1B 44 13 CYBB 19
3 ITGAM 37 14 HLA-DRB1 18
4 CXCL8 36 15 CD68 18
5 ITGAX 30 16 FGG 18
6 CCL5 26 17 FGA 18
7 SERPINA1 24 18 OASL 17
8 APOE 23 19 NOD2 17
9 CSF1R 22 20 OAS2 16
10 VWF 22 21 FCGR2A 15
11 GBP1 21

astronauts during space flight [18]. Also, micro-
gravity resulted in increased pepsinogen, lower 
pH, and decreased glycoproteins of the stom-
ach [19]. Additionally, previous research sh- 
owed that the structure and function of gastric 
mucosa is highly sensitive to microgravity varia-
tion. Collagen fibers in mice gastric mucosa 
were reduced after a 30-day space flight, and 
the fibrous reduction was restored following a 
7-day land readaptation [20]. Moreover, micro-
gravity also led to mucous lesions, dystrophic 
developments in the acid glands, dissociation 

of the mucous barrier function, and deteriora-
tion of its biosynthetic function after the 12-d 
Foton-M3 flight [9]. However, the effects and 
associated mechanisms of microgravity to gas-
tric mucosa cells remain unknown. These af- 
fect the prevention of gastric mucosal dama- 
ge under microgravity. Due to the infrequency 
of space flights and the high cost of direct 
research in space, ground-based microgravity 
simulators [21] such as RCCS designed by 
NASA are proposed for investigation, and these 
can achieve the same effects as that in space. 
Such instruments provide valuable tools for 
productive research to better understand the 
effects of microgravity on cells. This study fo- 
und that simulated microgravity induced gas-
tric mucosal epithelial inflammation which wo- 
uld be beneficial to prevention of gastric muco-
sal damage.

In this study, the gene expressions of GES-1 
cells before and after simulated microgravity 
treatment were sequenced by second-genera-
tion sequencing technology to identify key ge- 
nes related to microgravity. In GO analysis, we 
found that response to interleukin-1, positive 
regulation of inflammatory response, and posi-
tive regulation of neuroinflammatory response 
were the most important biologic processes, 
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Table 2. Enriched GO terms of module genes
Description GO ID P value P adjust Nodes
clathrin-coated endocytic vesicle membrane GO:0030669 1.29E-08 6.71E-05 APOB, APOE, HLA-DRB1, HLA-DPA1

cellular response to interleukin-1 GO:0071347 1.46E-08 6.71E-05 CXCL8, GBP1, CCL5, GBP1, FGG

regulation of chemokine production GO:0032642 2.71E-08 6.71E-05 IL6, IL1B, CSF1R, TSLP, IL33

regulation of ERK1 and ERK2 cascade GO:0070372 4.28E-08 6.71E-05 IL1B, APOE, CSF1R, GBP1, FGA, HLA-DRB1, FGG, NOD2

regulation of peptide hormone secretion GO:0090276 4.46E-08 6.71E-05 IL6, IL1B, CCL5, FGA, HLA-DRB1, FGG

regulation of neuroinflammatory response GO:0150077 4.71E-08 6.71E-05 IL6, IL1B, IL33, ITGAM 

response to virus GO:0009615 4.94E-08 6.71E-05 IL6, IL33, GBP1, ITGAX, APOB, OAS2, OASL

regulation of inflammatory response GO:0050727 6.00E-08 6.71E-05 IL6, IL1B, IL33, NOD2, HLA-DRB1, ITGAM, APOE, TSLP

while receptor regulator activity, receptor ligand 
activity, and signaling receptor activator activity 
were the most important molecular functions. 
KEGG pathway analysis revealed that DEGs 
were mainly enriched in herpes simplex virus  
1 infection, cytokine-cytokine receptor interac-
tion, NOD-like receptor signaling pathway, and 
TNF signaling pathway. 21 hub genes were 
identified from the PPI network, including IL6, 
IL1B, ITGAM, CXCL8, ITGAX, CCL5, SERPINA1, 
APOE, CSF1R, VWF, GBP1, APOB, CYBB, HLA-
DRB1, CD68, FGG, FGA, OASL, NOD2, OAS2 
and FCGR2A. These findings illustrated that 
inflammation related genes and pathways we- 
re affected by simulated microgravity in GES-1 
cells. It is reported that spaceflight induced a 
proinflammatory state [22] that enhanced IL-6, 
IL-1β, TNF-α; and IL-8 levels were observed in 
astronauts [23-25]. This was validated in other 
recent studies [26, 27]. IL-1β, IL-6, and IL-8  
are primary pro-inflammatory cytokines, which 
can initiate and propagate the inflammatory 
response [28]. Inflammation is essentially an 
adaptive response that aims to restore homeo-
stasis, and it is triggered upon tissue damage 
or microbial invasion [29]. Self-limiting inflam-
mation in appropriate amounts triggers regen-
eration and repair, but excessive inflammation 
can easily become detrimental because of its 
tissue-damaging potential [29].

IL-6 is a prototypical pro-inflammatory cyto- 
kine, which influences cell proliferation, sur- 
vival, migration, invasion, angiogenesis, and 
inflammation [30]. Excessive IL-6 production 
causes severe inflammatory diseases [31]. 
While classic IL-6 signaling by the membrane-
bound receptor is mainly regenerative and pro-
tective, IL-6 trans-signaling by the soluble IL-6R 
is rather pro-inflammatory [32]. The complex of 
IL-6 and IL-6R binds to two molecules of gp130 
and leads to IL-6-signal transduction, which 

includes activation of JAK/STAT, SHP-2-Ras-
ERK, and PI3K-AKT-mTORC1 pathways by the 
common co-receptor gp130 [33]. STAT3 is the 
major effector that links inflammation to cell 
proliferation, survival, and cancer. IL-6 directly 
affects epithelial-cell proliferation and confers 
resistance to tissue injuries through phosphor-
ylation of STAT3 [34] or the activation of YAP-
Notch signaling [30]. IL-6 (-/-) mice and block-
ade of IL-6 trans-signaling both showed severe 
tissue damage, while administration of recom-
binant IL-6 promoted cell proliferation [35, 36]. 
Balanced IL-6 cytokine signaling through SHP2/
Ras/Erk and STAT3 leads to gastric mucosal 
homeostasis [37]. Mucosal wound healing de- 
pends on activation of STAT1/3, such that a 
mutation abrogating SHP2-Ras-ERK signaling 
caused gastric adenomas, and a mutation ab- 
lating STAT1/3 signaling or IL-6 (-/-) mice sh- 
owed impaired mucosal wound healing [38, 
39]. Loss of one STAT3 allele reduced inflam-
matory infiltration and cytokine and chemokine 
expression, and it inhibited capability of ma- 
crophage and neutrophil infiltration [39]. 

IL-1β can lead to spontaneous gastritis in the 
stomach of IL-6-transgenic mice [40] and recur-
rence of gastric ulcer in rats with healed ulcers 
[41]. IL-1β level is positively associated with 
gastric mucosal inflammation, severe hyperpla-
sia, chronic inflammation, atrophy, metaplasia, 
and dysplasia [40-44], which is also evidenc- 
ed by IL-1β polymorphisms [43, 45]. However, 
IL-1β (-/-) knockout mice and IL-1 receptor 
antagonism exhibited a decreased capability to 
develop gastritis [40, 44]. IL-1β has emerged as 
a central mediator of gastric mucosal inflam-
mation, which also is a powerful inhibitor of 
gastric acid secretion by suppression of mem-
brane protein H+/K+/ATPase and the peptide 
hormone gastrin, resulting in gastric hypochlor-
hydria [46]. IL-1β has been shown to enhance 
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the release of proinflammatory cytokines such 
as IL-6, and chemotactic IL-8 from gastric mu- 
cosal epithelium [47]. The release of IL-8 from 
the epithelium elicits acute inflammation by 
neutrophil accumulation and activation [48]. 
Variation in IL-8 genetic diversity is related to 
the intensity of the inflammatory response [49] 
and gastric ulcers, gastric atrophy, and eventu-
ally GC development [50]. Treatment with anti-
CD11b to adhesion molecules inhibited both 
neutrophil infiltration into the scarred muco- 
sa and ulcer recurrence caused by IL-1β [41]. 
CD11b is encoded by the ITGAM gene, which is 
associated with autoimmunity and targets of 
interest in the treatment of autoimmune dis-
eases [51]. 

The current study also found increased secre-
tion of IL-6, IL-1β, and IL-8 in gastric mucosal 
cells under simulated microgravity, indicating 
that the gastric mucosa GES-1 cells may be in  
a pro-inflammatory or inflammatory state. In 
practical terms, microgravity can induce an 
inflammatory response for adaption while an 
excessive reaction could damage gastric mu- 
cosal epithelial cells. Therefore, it is necessary 
to intervene in microgravity-induced inflamma-
tion of gastric mucosal epithelial cells. This may 
be beneficial for the health of astronauts, and 
the genes we found may become targets for 
intervention.

In conclusion, this study provided useful infor-
mation for identifying key genes and the associ-
ated mechanism in gastric mucosal epithelial 
cells under simulated microgravity. This could 
support prevention and control of gastric injury 
in astronauts.
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