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Abstract. The understanding into the pathogenesis and treatment of gastric cancer has improved in recent years; however,
a number of limitations have delayed the development of effective treatment. Cancer cells can undergo glycolysis and inhibit
oxidative phosphorylation in the presence of oxygen (Warburg
effect). Previous studies have demonstrated that a rotary cell
culture system (RCCS) can induce glycolytic metabolism. In
addition, the potential of regulating cancer cells by targeting
their metabolites has led to the rapid development of metabolomics. In the present study, human HGC‑27 gastric cancer cells
were cultured in a RCCS bioreactor, simulating weightlessness.
Subsequently, liquid chromatography‑mass spectrometry was
used to examine the effects of simulated microgravity (SMG)
on the metabolism of HGC‑27 cells. A total of 67 differentially
regulated metabolites were identified, including upregulated
and downregulated metabolites. Compared with the normal
gravity group, phosphatidyl ethanolamine, phosphatidyl
choline, arachidonic acid and sphinganine were significantly
upregulated in SMG conditions, whereas sphingomyelin,
phosphatidyl serine, phosphatidic acid, L‑proline, creatine,
pantothenic acid, oxidized glutathione, adenosine diphosphate
and adenosine triphosphate were significantly downregulated.
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The Human Metabolome Database compound analysis
revealed that lipids and lipid‑like metabolites were primarily
affected in an SMG environment in the present study. Overall,
the findings of the present study may aid our understanding of
gastric cancer by identifying the underlying mechanisms of
metabolism of the disease under SMG.
Introduction
Studies conducted in real and simulated microgravity
(SMG) have demonstrated that the physiological functions
of living organisms undergo substantial changes in different
gravitational conditions (1,2). These changes may have adverse
effects, including degenerative changes to bone and muscle,
cephalic fluid shifts and electrolyte disturbances, and dysfunction of the immune and cardiovascular system (3,4). Based
on these studies, the influence of real and SMG on human
macroscopic tissue is relatively clear; however, the influence
of these conditions on cells, especially cancer cells, requires
further investigation.
The effect of real and SMG on different cancer cells
has been previously studied (5‑10) and alterations primiarly
involved the morphological structure and physiological
function. For example, compared with the 2D monolayer
structure of cancer cells under normal gravity (NG), cells
are more rounded and form complex 3D spheroid structures
under SMG (5‑7). Furthermore, G2/M and G2+M phases are
key mitotic check points, which are increased under SMG (8)
and decreased proliferation and increaseed apoptosis are also
observed under decreased SMG (9,10).
The influence of metabolism on cancer cells, which functions in the synthesis of various cell substances such as cell
membrane, is of interest in the field of cancer. Under physiological conditions, oxidative phosphorylation is the primary
process that generates ATP and glycolysis is dominant only
when oxygen is low; however, the opposite is observed in tumor
cells (11,12). This ability of tumor cells to undergo glycolysis,
even under aerobic conditions, is referred to as the Warburg
effect (11), and the metabolic reprogramming of several tumor
characteristics involved has been previously investigated,
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including increased ATP synthesis and uncontrolled tumor
growth (13). Previous studies have demonstrated that the levels
of lactic acid were increased and glucose levels decreased in
gastric cancer tissues compared with the control group (14,15).
The high levels of lactate may be due to the Warburg
effect (11), whereas the low glucose levels may be due to the
elevated fructose‑6‑phosphokinase activity (16), high levels
of glucose transporters (17) and increased type II hexokinase
activity (18) in gastric cancer tissues. High activity levels of
pyruvate kinase and lactate dehydrogenase are associated with
cancer proliferation and poor prognosis (19,20), whereas their
downregulation in vitro can impair tumor invasion (21,22).
Based on these reports, several studies have investigated the
influence of normal gravity on physiology and metabolism of
cancer (23‑25); however, the effect of gravity metabolism on
cells, especially gastric cancer cells, is poorly understood.
Previous studies investigating MDA‑MB‑231 and MCF‑7
breast cancer cells have reported changes in energy metabolism and increases in intracellular lactic acid and lactate
dehydrogenase activity (26). Metabolomic analysis revealed
several metabolic pathways affected and a number of pathways
involved in glycometabolism were significantly influenced
under SMG, including glycolysis, Kreb's cycle, the pentose
phosphate pathway, and the glycerol‑phosphate and the
malate‑aspartate shuttles. The following results were observed:
The glycolysis pathway was stimulated by increased levels of
glucose‑6‑phosphate and other glycolytic precursors, such as
3‑phosphoglyceraldehyde and 1,3‑diphosphoglyceric acid; the
Kreb's cycle was activated by the accumulation of acetyl‑CoA
and the content of acyl‑carnitine was decreased under SMG,
reflected by increased acyl‑CoA levels, which suggests that the
β‑oxidation pathway was decreased (27). Thus, to demonstrate
the effects of SMG on the metabolism of HGC‑27 gastric
cancer cells in the present study, liquid chromatography‑mass
spectrometry (LC‑MS) was used.
The present study aimed to improve the understanding
of the physiology and pathology of gastric cancer cells under
SMG. The metabolomics analysis of HGC‑27 cells under
SMG may promote further understanding of the regularity of
tumor occurrence and the development and changes in physiological function, to provide a novel therapeutic strategy for
gastric cancer.
Materials and methods
Cell culture. The gastric cancer cell line HGC‑27 was
purchased from the BeNa Culture Collection. Cells were
cultured in RPMI 1640 medium and supplemented with
10% fetal bovine serum (both Thermo Fisher Scientific, Inc),
100 units/ml penicillin and 100 mg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc) and were incubated at 37˚C with
5% CO2. The medium was changed three times a week.
Microgravity simulation. The RCCS bioreactor (Synthecon,
Inc.) was developed by the National Aeronautics and Space
Administration to simulate the effects of microgravity. A
total of 12 bioreactors were used (total volume, 55 ml), each
equipped with a gas‑exchange membrane and incubated
at 37˚C with 5% CO2. The bottom of the RCCS bioreactor
was designed with a silicone membrane and prevented the

formation of bubbles (28). Cells in the RCCS bioreactor were
grown on cytodex‑3 microcarrier beads (Sigma‑Alrich; Merck
KGaA) to provide a solid support pretreated with phosphate
buffered saline (PBS) and 75% ethanol, and stored at 4˚C.
After washing cytodex‑3 microcarrier beads three times with
PBS, the beads were added to the rotating culture vessel.
Subsequently, 7x106 HGC‑27 cells with 250 mg cytodex‑3
microcarrier beads were seeded into a 55 ml RCCS bioreactor
containing 500 ml of RPMI‑1640 complete medium (Gibco;
Thermo Fisher Scientific, Inc.), and all air bubbles were
removed using a 5 ml syringe. The rotational speed of the high
aspect ratio vessel was 0.01 x g. Control groups (NG) of 1 g
static cultures were stored in the same incubator at 37˚C with
5% CO2. Both groups were cultured in the RCCS bioreactor
for 1 and 3 days, respectively.
Sample preparation and treatment. The cell‑microcarrier
complexes were washed with PBS three times. A total of 4 ml
Trypsin (0.25% EDTA) was added at 37˚C for 10 min and the
cells were dislodged by intermittently tapping the flask against
a hard surface. This reaction was terminated by adding 500 ml
of RPMI‑1640 complete medium followed by centrifugation at
167.7 x g for 5 min at 37˚C. The suspension was obtained by
filtering the mixture of cells and microcarriers with 70 µm cell
sieves. The control group was washed twice using PBS, with
the addition of 2‑3 ml 0.25% Trypsin‑EDTA Solution (Gibco;
Thermo Fisher Scientific, Inc.) at 37˚C for 5 min. The supernatant was discarded following centrifugation at 167.7 x g for
5 min at 37˚C. Cells collected from NG and SMG were stored
at ‑80˚C for ~1 week, prior to subsequent experimentation.
A total of 7x106 HGC‑27 NG and SMG cells were added to
400 µl cold methanol and the cell pellet was dislodged using
a high flux tissue crusher (MP Biomedicals Co., Ltd.) at 4˚C.
Subsequently, 100 µl of distilled water was added and ultrasonic extraction (Ningbo Xinzhi Biotechnology Co., Ltd.) was
performed on ice three times (10 min each time).
Analysis of metabolites using LC‑ MS. LC‑MS was performed
using a 100x2.1 mm 2 Acquity 1.7 µm C18 column and a
ACQUITY Ultra High‑Performance Liquid Chromatography
system (both Waters Corporation). The following conditions
were used; Ionization mode, positive/negative; nitrogen gas
temperature, 500˚C; nebulizer pressure, 50 psi and flow rate,
0.40 ml/min. Each sample was analyzed six times and the
scanning range of mass spectrometry was 50‑1,000 m/z and
the resolution was 30,000 dpi.
Data processing. MS data matrices were obtained using
Progenesis QI software (version 2.0; Waters Corporation). The
data matrices were imported into SIMCA‑P+ software (version
14.0; Sartorius AG) and unsupervised principal component
analysis was used to observe the overall distribution among
samples and the degree of dispersion between groups
and supervised partial least square discriminant analysis
(PLS‑DA) was used to distinguish the overall differences of
metabolic profiles among groups. For PLS‑DA scores, a variable importance (VIP) value >1 was considered to indicate a
statistically significant difference, whereas R2Y and Q2>0.5
were considered to indicate a strong prediction capability.
The Human Metabolme (HMDB; http://www.hmdb.ca) and
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Figure 1. Metabolite‑concentration distribution in HGC‑27 gastric cancer cells under NG and SMG using PLS‑DA. (A) Total NG for 1 and 3 days vs. total
SMG for 1 and 3 days. (B) NG for 1 day vs. SMG for 1 day. (C) NG for 3 days vs. SMG for 3 days. (D) SMG for 1 day vs. SMG for 3 days. PLS‑DA, partial least
squares discriminate analysis; NG, normal gravity; SMG, simulated microgravity; D1, 1 day duration; D3, 3 day duration; Comp, component.

the Kyoto Encyclopedia of Genes and Genomes (KEGG;
https://www.kegg.jp) databases were used to identify potential
metabolites.
Statistical analysis. Statistical analysis was performed using
SPSS software version 21.0 (IBM Corp.). Data are expressed
as the mean ± standard deviation for continuous variables and
were analyzed using an independent sample t‑test or one‑way
ANOVA, followed by Tukey's post‑hoc test. P<0.05 was
considered to indicate a statistically significant difference. All
experiments were performed in triplicate.
Results
Metabolic alterations of HGC‑27 cells under NG and SMG.
The PLS‑DA scores in HGC‑27 cells under NG and SMG are
presented in Fig. 1. The value of the parameters R2Y and Q2
are >0.5, which suggests that the model was good and that
the prediction capability was strong. The greater the separation degree between the two groups, the more significant the
classification effect. Comp1 refers to the first principal component interpretation degree and Comp2 refers to the second
principal component interpretation degree. The metabolites of
NG and SMG cells were grouped, indicating that there was a

difference in metabolites between the two groups. A total of 67
differentially regulated metabolites were identified, including
36 upregulated and 31 downregulated metabolites (all P<0.05,
VIP>1). Compared with the NG group, phosphatidyl ethanolamine (PE), phosphatidyl choline (PC), arachidonic acid
and sphinganine were significantly upregulated in the SMG
group, whereas sphingomyelin (SM), phosphatidyl serine (PS),
phosphatidic acid (PA), L‑Proline, creatine, pantothenic acid,
oxidized glutathione (GSSG), adenosine diphosphate (ADP)
and adenosine triphosphate (ATP) were significantly downregulated.
Lipids and lipid‑like metabolite alterations of HGC‑27 cells
in NG and SMG. The HMDB method in LC‑MS was used to
assess compound classification of HGC‑27 cells. Compared
with the NG groups, HMDB compound analysis confirmed
that glyceropholipids (45.10%) and fatty acids (13.73%)
were the most affected by SMG, followed by nucleotides
(Fig. 2). Of the 67 metabolites, LC‑MS/MS profiling of
HGC‑27 cells detected 50 lipid molecules, including 31
phospholipids and 7 sphingolipids, which were upregulated
in SMG (Table I). These results suggest that these two types
of lipids exhibited special biological behaviors in HGC‑27
cells under SMG.
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Table I. Quantitated lipid classes and numbers in HGC‑27
cells under normal gravity and simulated microgravity.
		
Lipid category
Lipid class
Phospholipid

Figure 2. Human Metabolme Database compound classification analysis
of the significantly altered metabolites indicating that lipids were the mo st
influenced metabolite under simulated microgravity. 1, Glycerophospholipids
(45.1%); 2, Fatty Acids (13.73%); 3, Carboxylic acids and derivatives (7.84%);
4, Prenol lipids (5.88%); 5, Sphingolipids (5.88%); 6, Organonitrogen
Compounds (3.92%); 7, Organooxygen compounds (3.92%); 8, Alcohols and
polyols (1.96%); 9, Carbonyl compounds (1.96%); 10, Flavonoids (1.96%) and
11, Others (7.85%).

A total of 38 significantly affected lipids, particularly
phospholipids and sphingolipids, were observed, which characterized the differences between NG and SMG (VIP >1). Detailed
information concerning these lipids is presented in Table II.
Of these 38 lipids, 25 were upregulated and 13 were downregulated. The two predominant downregulated lipid classes
detected in SMG were SM and PS. It was showed that PS [DiMe
(11,3)/MonoMe (11,5)] , PS [18:3 (9Z,12Z,15Z)/22:1(13Z)],
PS [14:1 (9Z)/24:0)], PA[16:0/18:1(11Z)], SM (d18:0/16:1(9Z)
and SM (d18: +B5:G321/14:0) levels significantly decreased,
whereas Sphinganine, lactosylceramide (d18:1/12:0) and dihydroceramide levels increased under SMG.
Among the 13 downregulated lipids one class of PS
[14:1(9Z)/24:0] (consisting of one chain of myristoleic acid at
the C‑1 position and one chain of lignoceric acid at the C‑2
position; http://www.hmdb.ca/metabolites/HMDB0112319),
one class of SM (d18:1/14:0), three classes of PE,
[15:0/18:2(9Z,12Z), 15:0/20:2(11Z,14Z), 16:1(5Z)/16:1(5Z)
and PE‑NMe2 14:1(9Z)/16:1(9Z)] were downregulated after
1 and 3 days of SMG compared with the NG group, (P<0.05;
Fig. 3). Glucosylceramide (d18:1/18:0) was downregulated
after 1 and 3 days of SMG compared with the NG group,
however there was no statistical significance (P>0.05; Fig. 3).
Regarding lactosylceramide (d18:1/12:0), there was a significant increase after 3 days of SMG exposure compared with
1 day of SMG (Fig. 3).
The inf luence of fatty acid β ‑oxidation under SMG.
Carnitines, including 3‑hydroxyhexadecanoyl carnitine,
2‑methylbutyroylcarnitine, isobutyr yl carnitine and

Phosphatidylcholine
Lysophospholipid
Glycerophosphocholine
Phosphatidylethanolamine
Phosphatidylserine
Phosphatidic acid
Sphingolipid
Sphingomyelin
Sphinganine
Oleamide
Linoleamide
Dihydroceramide
Lactosylceramide
Glycerolipide
Glycinoprenol 9
Other lipids
Umbelliprenin
Sorbitan stearate
Pantothenic Acid
Oleoylcarnitine
Isobutyryl carnitine
Glycocholic acid
Camelliagenin B
Arachidonic acid
8‑Hydroxyguanosine
3‑Hydroxyhexadecanoyl
carnitine
2‑Methylbutyroylcarnitine
Total lipids	 	

Number of
lipid species
13
1
1
12
3
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
50

oleoylcarnitine, serve a role in the oxidation of fatty acids to
ATP (29). 3‑hydroxyhexadecanoyl carnitine and isobutyryl
carnitine were downregulated after 1 and 3 days of SMG
compared with the NG group. However, 2‑methylbutyroylcarnitine and oleoylcarnitine were only downregulated after
1 day of SMG. Furthermore, ATP and ADP were downregulated after 1 and 3 days of SMG compared with the NG
group (Fig. 4).
KEGG pathway enrichment analysis. Fig. 5 shows the
KEGG enrichment pathways under SMG. These pathways
could be grouped into six categories: Cellular processes;
environmental information processing; genetic information
processing; human diseases; metabolism; and organismal
systems. The results show that SMG significantly affected
multiple pathways and KEGG pathway enrichment analysis
showed that the differentially expressed metabolites were
primarily associated with: Regulation of the lysosome;
‘FoxO signaling pathway’; ‘leishmaniasis’; ‘GnRH signaling
pathway’; ‘platelet activation’; ‘sphingolipid signaling
pathway’; ‘Fc γ R‑mediated phagocytosis’; ‘long‑term depression’; ‘sphingolipid metabolism’; and ‘arginine and proline
metabolism’.
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Table II. Identification of the significantly altered metabolites in HGC‑27 cells.
Metabolite
SM (d18:+B5:G321/14:0)
SM [d18:0/16:1(9Z)]
PS [DiMe(11,3)/MonoMe(11,5)]
PS [18:3(9Z,12Z,15Z)/22:1(13Z)]
PS [14:1(9Z)/24:0]
PE‑NMe2 [14:1(9Z)/16:1(9Z)]
PE‑NMe [14:1(9Z)/16:1(9Z)]
PE (15:0/P‑16:0)
PE [15:0/24:1(15Z)]
PE [15:0/22:5(4Z,7Z,10Z,13Z,16Z)]
PE [15:0/22:4(7Z,10Z,13Z,16Z)]
PE [15:0/22:2(13Z,16Z)]
PE [15:0/22:1(13Z)]
PE [15:0/20:2(11Z,14Z)]
PE [15:0/18:2(9Z,12Z)]
PE [14:0/24:1(15Z)]
PE [14:0/20:2(11Z,14Z)]
PC [o‑16:0/20:4(8Z,11Z,14Z,17Z)]
PC [22:5(4Z,7Z,10Z,13Z,16Z)/16:0]
PC [22:4(7Z,10Z,13Z,16Z)/14:0]
PC [18:4(6Z,9Z,12Z,15Z)/P‑18:0]
PC [18:4(6Z,9Z,12Z,15Z)/P‑16:0]
PC [18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)]
PC [18:0/20:4(5Z,8Z,11Z,14Z)]
PC [18:0/18:2(9Z,12Z)]
PC [16:1(9Z)/20:3(5Z,8Z,11Z)]
PC [16:1(9Z)/16:1(9Z)]
PC [16:0/20:5(5Z,8Z,11Z,14Z,17Z)]
PC [16:0/20:3(5Z,8Z,11Z)]
PC (16:0/18:3(6Z,9Z,12Z)]
PA (16:0/18:1(11Z)]
LysoPC [20:4(8Z,11Z,14Z,17Z)]
Sphinganine
Oleamide
Linoleamide
Lactosylceramide (d18:1/12:0)
Glycerophosphocholine
Dihydroceramide

Formula

M/Z

P‑value

Regulation

VIP

C37H75N2O6P
C39H79N2O6P
C47H80NO12P
C46H82NO10P
C44H84NO10P
C37H70NO8P
C36H68NO8P
C36H72NO7P
C44H86NO8P
C42H74NO8P
C42H76NO8P
C42H80NO8P
C42H82NO8P
C40H76NO8P
C38H72NO8P
C43H84NO8P
C39H74NO8P
C44H82NO7P
C46H82NO8P
C44H80NO8P
C44H80NO7P
C42H76NO7P
C48H82NO8P
C46H84NO8P
C44H84NO8P
C44H80NO8P
C40H76NO8P
C44H78NO8P
C44H82NO8P
C42H78NO8P
C37H71O8P
C28H50NO7P
C18H39NO2
C18H35NO
C18H33NO
C42H79NO13
C8H20NO6P
C19H39NO3

719,5313
747,5634
918,4877
822,5620
800,5760
732,4793
718,4649
706,4990
832,6037
796,5100
798,5255
802,5564
804,5728
774,5259
746,4948
818,5870
757,5542
812,5771
852,5716
826,5566
810,5616
782,5270
876,5722
854,5879
830,5881
826,5554
752,5196
824,5400
826,5554
800,5412
719,4839
588,3274
302,3052
563,5495
280,2632
850,5563
258,1098
362,3264

8.951x10‑6
2.004x10‑2
1.500x10‑8
9.948x10‑3
1.440x10‑7
2.400x10‑8
4.190x10‑6
1.223x10‑6
4.555x10‑3
7.155x10‑4
2.232x10‑2
1.816x10‑2
7.846x10‑5
9.433x10‑6
1.153x10‑6
9.771x10‑6
4.356x10‑3
1.832x10‑2
4.918x10‑2
7.767x10‑6
3.320x10‑7
1.608x10‑5
2.134x10‑4
9.655x10‑6
6.867x10‑4
1.198x10‑4
2.971x10‑2
9.291x10‑3
6.358x10‑3
9.244x10‑4
4.759x10‑6
5.778x10‑5
6.998x10‑3
7.274x10‑4
1.702x10‑2
5.000x10‑9
1.328x10‑2
2.622x10‑2

Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Downregulated
Downregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

1,5850
1,8047
1,1943
1,2988
3,0884
3,9878
1,0028
1,8137
1,3361
1,4220
1,3835
2,8050
4,1810
8,3376
4,9712
1,1963
2,1212
1,2528
2,0817
3,9909
2,0711
1,0437
1,7139
1,5839
2,3650
1,5843
4,8632
3,4401
1,4770
2,2188
1,2779
1,7989
2,7342
31,6443
10,9674
3,5254
1,5225
1,9767

VIP, variable importance; M/Z, mass‑to‑charge ratio; SM, sphingomyelin; PS, phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PA, phosphatidic acid; LysoPC, lysophosphatidylcholine.

Discussion
Several studies have explored the effects of different durations
of NG and SMG on various types of cells, ranging from a
few seconds to dozens of days, reporting notable effects on
different types of cells, including thyroid, colorectal and breast
cancer cells (30‑33). In these studies cellular morphology was
significantly altered (3D spheroid structure formation and the
alteration of the cytoskeleton), the extracellular matrix (ECM)

was increased, the cell cycle was modified after 10 and 12 days
of SMG (the number of cells in the G1 phase increased, whilst
the number of cells in the S and G2/M phases decreased),
proliferation capacity was decreased and apoptosis was
increased (30,31). The clear alteration of physiological functions
of different human cancer cells were observed in our previous
study (34). Chen et al (26) reported that different types of tumor
can reprogram their metabolic processes to fulfill particular
demands after 5 days of SMG, including processes involved
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Figure 3. Effects of SMG on the expression of (A) SM (d18:1/14:0), (B) PE [15:0/20:2(11Z,14Z)], (C) PE [16:1(5Z)/16:1(5Z)], (D) PE‑NMe2 [14:1(9Z)/16:1(9Z)],
(E) PS [14:1(9Z)/24:0], (F) Glucosylceramide (d18:1/18:0), (G) Lactosylceramide (d18:1/12:0) and (H) PE [15:0/18:2(9Z,12Z)]. *P<0.05, **P<0.01 and ***P<0.001.
NG, normal gravity; SMG, simulated microgravity; D1, 1 day duration; D3, 3 day duration; PE, phosphatidyl ethanolamine; SM, sphingomyelin.

in cancer cell proliferation, metastasis, immunological escape
and survival, and shifting the aggressive phenotype of cancer
cells. This metabolic reprogramming is regarded as a novel

characteristic of tumors (35). Chen et al (26) also proposed a
novel point to understand the Warburg effect in MDA‑MB‑231
and MCF‑7 breast cancer cells. Glycolysis is often induced
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Figure 4. Effects of SMG on the expression of (A) 3‑hydroxyhexadecanoyl carnitine, (B) Isobutyayl carnitine, (C) 2‑Methylbutyroylcarnitine, (D) Oleoylcarbitine,
(E) ATP and (F) ADP. *P<0.05, **P<0.01 and ***P<0.001. NG, normal gravity; SMG, simulated microgravity; D1, 1 day duration; D3, 3 day duration; ATP,
adenosine triphosphate; ADP, adenosine diphosphate.

Figure 5. Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of the significantly dysregulated metabolites with SMG. x‑axis is the
‑log10(P‑value). **P<0.01 and ***P<0.001. FoxO, forkhead box O.
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by hypoxia; however, glycolysis can also be induced by high
levels of adrenomedullin under SMG, which may be a novel
mechanism inducing glycolysis. However, to the best of our
knowledge, the exact molecular mechanism of this reprogramming in tumor cells remains unknown under SMG.
A previous study reported that 72 h exposure to SMG
induces changes in morphology, proliferation, cell cycle
distribution and apoptosis in human SGC‑7901 gastric cancer
cells (36). Thus, the present study investigated whether 1 and
3 days exposure to SMG could influence the metabolites of
human HGC‑27 gastric cancer cells. Previous studies have
demonstrated that SMG influences several metabolic pathways,
stimulates lipid metabolism and interrupting the Krebs cycle
in human breast cancer cells, osteoblast and oligodendrocyte
after 5 d, 110 h and 3 d of SMG, respectively (26,27,37).
The present study demonstrated that SMG significantly
affected HGC‑27 human gastric cancer cells in a number
of processes, in particular lipid metabolism. HGC‑27
cells are highly malignant tumor cells (38). Reprograming
lipid metabolism is associated with cancer invasion and
metastasis (39); however, the influences of lipid metabolism
on HGC‑27 cells remains unclear. In the present study,
HGC‑27 lipid metabolites were measured using LC‑MS
and, to the best of our knowledge, this is the first study to
analyze the alteration of lipid metabolic profiles of gastric
cancer cells under SMG. As evidenced by LC‑MS metabolome analysis, it was revealed the differential expression of
67 metabolites were altered during 1 and 3 days exposure
to SMG compared with NG, according to the criteria of a
VIP>1 and P<0.05, suggesting several different categories of
membrane lipid components were affected by SMG. A total
of 50 significantly different lipid metabolites were identified
and 1 and 3 days exposure to SMG significantly increased
the levels of PE, PC, arachidonic acid and sphinganine, but
significantly decreased the levels of SM, PS, PA, pantothenic
acid, ADP and ATP (Table I, Fig. 4). These upregulated
and downregulated metabolites are associated with cellular
processes, biological regulation and metabolic processes.
These metabolites, altered in SMG, may have value as
markers for the early diagnosis of gastric cancer.
PC, PE, PS, SM and PA are the primary components of
membrane phospholipids, which play a significant role in
cell membranes (40). A previous study showed that these
phospholipids were upregulated in breast cancer tissues (41).
The high levels of PE may serve as a biomarker of apoptosis
in cancer (42) and PC has been considered as a biomarker of
membrane proliferation in ovarian cancer (43). The present
study demonstrated that PE and PC levels increased under
SMG. Previous studies have indicated that several cancer
cell lines, including ML‑1 and ONCO‑DG1 thyroid carcinoma cells, SGC‑7901 gastric carcinoma cells, U251 glioma
cells and MDA‑MB‑231 breast cancer cells, exhibit high
levels of apoptosis under SMG after 48, 24, 36, 8 and 72 h of
SMG (36,44‑47). These high levels of apoptosis may be due to
elevated PC levels, which indicates high membrane proliferation. These results are consistent with previous findings that
apoptosis in human SGC‑7901 gastric cancer cells increase
following treatment with SMG after 48 h (36). However, other
PEs, such as PE [15:0/18:2(9Z,12Z)], PE [15:0/20:2(11Z,14Z)],
PE [16:1(5Z)/16:1(5Z)] and PE‑NMe2 [14:1(9Z)/16:1(9Z)] were

downegulated after 1 and 3 days of SMG compared with the
NG group. It is hypothesized that PE is an key molecule for the
synthesis of glycosylphosphatidylinositol anchors, which are
glycolipids identified in yeast, protozoa, plants and humans,
enabling modified proteins to be tethered to the outer leaflet
of the plasma membrane necessary for the immune response,
cell‑cell communication and embryogenesis (48‑51). Failure
to attach can lead to dysfunction in the immune response,
cell‑cell communication and embryogenesis. As levels of PE
were decreased in HGC‑27 cells in the present study after
1 and 3 days of SMG, an adverse effect, such as gene mutations
associated with cell cycle and apoptosis, may occur.
Chang et al (52) and Qian et al (53) observed that the invasive ability of A549 human lung adenocarcinoma and MCF‑7
breast cells decreases following treatment with SMG after
72 h. A previous study reported that PS is associated with invasion of colorectal cancer cells (54). In the present study, it was
demonstrated that PS [DiMe (11,3)/MonoMe (11,5)], PS [18:3
(9Z,12Z,15Z)/22:1(13Z)] and PS [14:1 (9Z)/24:0)] significantly
decreased, suggesting that the the invasive ability of HGC‑27
cells was weakened under SMG. This indicates that these
phospholipids may have value as biomarkers for metastasis.
SM is located in the plasma membrane of most mammalian cells, which is the primary component of the pulp. The
metabolic products of SM, including Cer and sphingosine
(Sph), are signalling molecules with biological activity
and act as first and/or second messengers controlling the
vital activity of cells, such as cell growth, differentiation,
aging, and apoptosis (55‑57). The present study observed
that SM (d18:0/16:1(9Z) and SM (d18: +B5:G321/14:0) levels
were decreased, whereas Sphinganine, lactosylceramide
(d18:1/12:0) and dihydroceramide levels increased under SMG
(Table II). These results suggest that SMG may decrease the
formation of sphingomyelin and increase its metabolism.
Cer and Sph metabolic products function in the regulation of
tumor proliferation and apoptosis, and are negative regulators
of proliferation, which can inhibit cell growth and promote
apoptosis (58). PE and the metabolic products of SM (Cer
and Sph) can contribute to the increase in apoptosis under
SMG (59,60). Previous studies have demonstrated a decrease
in the proliferation capacity in SGC‑7901 gastric cancer cells,
U251 glioma cells and A549 lung adenocarcinoma cells, and
increased apoptosis after 12, 48 and 72 h of SMG, respectively (36,47,53).
SM metabolism can regulate the function of K‑Ras, which
was the first human oncogene identified in human cancer and
is a member of the Ras superfamily (61). Considering cellular
signalling networks in the Ras‑Raf‑mitogen‑activated protein
kinase (MAPK) pathways, the role of K‑Ras is associated with
cell physiological functions, such as proliferation, apoptosis
and survival (62). Relevant mutations in pathway components,
such as serine/threonine‑protein kinase B‑raf, epidermal
growth factor receptor and neurofibromin, are associated
with progression in colon cancer and melanomas (63‑65). The
present study demonstrated that PA[16:0/18:1(11Z)] levels were
decreased after SMG compared with the NG group (Table II).
This may be associated with the high levels of phospholipase
D2 (PLD2) after 3 days of SMG (66). PLD2 is an enzyme
which hydrolyzes PA, promoting local invasion by regulating
MT1‑matrix metalloproteinase (MMP) (66). Based on the
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role of PLD2‑generated PA in breast cancer metastasis, PLD2
may be regarded as a potential therapeutic target for metastatic breast cancer, and as a plasma membrane target (67).
MT1‑MMP, tethered to the plasma membrane, is a key protein
associated with the migration of cancer cells (67). PLD2 generates small lipid molecules, such as phosphatidic acid, which
can regulate the movement of the cytoskeleton, proliferation
and migration (68‑70). Therefore, it has been suggested that
PLD2 and its small lipid molecules can regulate MT1‑MMP
for invasion and metastasis. However, this result contradicts
the data of the present study, which demonstrates that some
lipid levels, including PS [DiMe(11,3)/MonoMe(11,5)], PS
[18:3(9Z,12Z,15Z)/22:1(13Z)] and PS [14:1(9Z)/24:0], were
significantly decreased under SMG, suggesting that the invasive abilities of HGC‑27 cells are weakened under SMG. It
was hypothesized that the environment of cell proliferation
may account for these contradicting results. Furthermore,
the different devices used to simulate microgravity, such as
random positioning machine and RCCS are speculated to
account for the alteration in cell migration; however, further
studies are required.
L‑Proline, creatine, ADP and ATP levels were decreased
after 1 and 3 days of SMG compared with the NG group
in the present study. The downregulation of L‑Proline in
HGC‑27 cells under SMG may be due to decreased activation
of MMPs and degradation of the microenvironment for the
ECM (71), rather than the degradation of collagen, which is
regulated under conditions of nutrient stress assoicated with
the mTOR signaling pathway, is blocked (72). However, the
mTOR pathway participates in the process of apoptosis and
autophagy (73).
The present study demonstrated that 3‑hydroxyhexadecanoyl carnitine, 2‑methylbutyroylcarnitine, isobutyryl
carnitine and oleoylcarnitine, associated with β ‑oxidation,
were significantly downregulated under SMG. Creatine is a
key component in muscle contraction and can be transported
between the mitochondria and cellular ATP utilization sites,
acting as a spatial energy buffer (74). The function of creatine
in cancer has been studied, reporting that some physiological
functions of cancer, such as metabolism, are associated with
the creatine kinase system, by regulating ATP provisions (75).
The anticancer role of creatine has been demonstrated in vitro
and in vivo experimental models (76,77). The downregulation of creatine, ADP and ATP in present study indicates
that SMG may influence energy metabolism, an important
process in physiological functions, including proliferation, cell
cycle, migration and apoptosis after 5 d of expose (26). ATP
is produced primarily in the mitochondria. SMG may have
interferred with the normal mitochondrial function of HGC‑27
gastric cancer cells, which has been illustrated in skeletal
muscle tissue and cardiomyocytes (78,79). Mitochondrial function alteration might be an adaptive response for HGC‑27 cells
to reprogram their metabolism for particular requirements
under SMG (80). A previous study reported that glycolysis and
the pentose phosphate pathways were dominant, whereas the
Krebs cycle was interrupted, which resulted in the downregulation of ATP, after 110 h of SMG (27). Similarly, complex II,
a primary protein of the mitochondrial respiratory chain, was
decreased and ATP was influenced by a reduction in proton
transport when measured by proteomics (27).
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Pantothenic acid is associated with cell migration (81). The
downregulation of pantothenic acid in the present study may
be due to the decreased migration ability, which was consistent
with our previous discussion that the invasive ability decreased
from downregulating PS [DiMe(11,3)/MonoMe(11,5)],
PS [18:3(9Z,12Z,15Z)/22:1(13Z)] and PS [14:1(9Z)/24:0].
Furthermore, the downregulation of pantothenic acid, the
key precursor for the biosynthesis of coenzyme A (CoA), can
inhibit the synthesis of CoA and, in the Krebs cycle, CoA is
a key enzyme for the transformation of α‑ketoglutarate to
succinyl‑CoA (82).
Meanwhile, the KEGG pathway enrichment analysis of
the present study revealed that the metabolites associated with
the regulation of physiological functions were differentially
expressed in SMG compared with NG. When the sphingolipid
signaling pathway, sphingolipid metabolism, and arginine and
proline metabolism were altered under SMG, their associated
physiological functions, such as proliferation, cell cycle, apoptosis and migration, may also have been affected. Therefore,
the mechanism of the effect of SMG on these functions in
human HGC‑27 cells requires further investigation. In addition, KEGG pathway enrichment analysis indicated that the
differentially expressed metabolites were primarily associated
with the Forkhead box O (FOXO) signaling pathway. FOXO
is an important transcription factor that determines cell fate
and is associated with a broad range of cellular physiological
functions, such as differentiation, apoptosis, cell proliferation,
DNA damage and repair and mediating oxidative stress among
a wide range of cancers (83,84). The intracellularly initiation
pathway of apoptosis induced by the FOXO protein is associated with oxidative stress, which occurs when ROS is released
into the cytoplasm (85). The FOXO1 and FOXO3a transcription factors typically actived during oxidative stress causing
apoptotic cell injury (86,87). Under other oxidative stresses,
FOXO3a translocates from the cytoplasm to the nucleus
where it triggers cell death, thus activating the cell apoptosis pathway mediated by the Fas protein (88). In addition,
FOXO4 and FOXO3a can mediate cell cycle arrest in mice
and cyclin‑dependent kinases (CDK) expression through DNA
damage (89). The transcription factor, E2F1 forms a complex
with FOXO1 and FOXO3a, promoting the transition from G1 to
S phase, eventually resulting in cell cycle arrest (90). Notably,
knockdown of FOXO3a, in combination with the oncogene
c‑myc, nuclear factor and p27, results in the initiation of the
cell cycle, alteration of malignant mouse cells and activation
of carcinogenesis (91).
In summary, the investigation of cancer cells under SMG
may provide novel insight into the development of cancer and
subsequent changes in physiological function. The present
study revealed that human HGC‑27 gastric cancer cells have
a major effect on lipid metabolism and that SMG may be
valuble for cell and cancer research. Ground‑based weightlessness simulators like the RCCS, used in the present study,
have improved the understanding of how SMG may affect
humans. Although the present study is the first to show the
changes in metabolic expression of human HGC‑27 gastric
cancer cells induced by SMG, to the best of our knowledge,
the understanding is far from complete. However, the results
of the present study may inform future development of novel
targets for gastric cancer therapy.
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