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Abstract
Gastric cancer (GC) is one of the most malignant tumors with high morbidity and mortality in the world,
particularly in China. Erastin, a classical ferroptosis inducer, exerts cytotoxicity in several types of cancer
cells including gastric cancer cells. However, the mechanism of erastin in regulating metabolic pathways
in gastric cancer remains largely unclear. To investigate the gastric cellular response to erastin therapy,
we adopted a cell pseudotargeted metabolomics method based on liquid chromatography-hybrid triple
quadrupole linear ion trap mass spectrometry (LC-QTRAP MS). The developed method was used to
investigate the differential metabolites between erastin-treated MGC-803 cells and the controls at
different time points. We found that erastin induced tremendous impact on the metabolome of gastric
cells by affecting key metabolic processes, such as cysteine and methionine metabolism, glutathione
(GSH) biosynthesis, glycolysis and TCA cycle. Interestingly, S-adenosylmethionine (SAM), methionine,
serine, glycine and cysteine were obviously increasing treads after erastin treatment, but S-
adenosylhomocysteine (SAH) and GSH were always down-regulated up to 48 h. The results indicated that
DNA methylation was activated and glutathione biosynthesis was blocked in erastin-treated MGC-803
gastric cells, highlighting the importance of erastin as a promising drug candidate for in vivo treatment of
gastric tumor.

Introduction
Gastric cancer (GC) ranks fourth in incidence and third in mortality among all the cancers worldwide, and
the high incidence rate occurs mainly in East Asia, East Europe, and South America1,2. Most cancers
exhibit increased aerobic glycolysis, the Warburg effect, and oxidative stress, which can be exploited as
an important therapeutic target in the development of new anticancer strategies3,4. Moreover, Cancer cells
usually possess high level of ROS and high antioxidant activities. Due to this, cancer cells are unable to
cope with additional oxidative stress and become vulnerable to ROS-mediated cellular damage.
Therefore, anticancer strategies that selectively raise level of ROS in cancer cells will represent a useful
tool to combat the disease.

Erastin is a ferroptosis inducer that blocks cystine uptake through inhibition of cystine/glutamate
antiporter (system XC

-) eliminating glutathione (GSH) production. This causes a de�ciency in the
antioxidant defense system of the cell ultimately creating a redox homeostasis imbalance in cells due to
ROS accumulation5,6. Besides, erastin can restore mitochondrial metabolism of malignant tumor cells
and antagonize the Warburg phenomenon through blocking the inhibitory effect of free tubulin on
voltage-dependent anion channel7. Erastin can kill human tumor cells exclusively, rapidly and irreversibly,
without affecting normal cells of the same genotype8. Therefore, erastin represents a novel
pharmacological agent which may become a new anti-cancer drug through regulating metabolism.
Recent reports on erastin focused only on the molecular mechanism by which it induces ferroptosis in
cancers9-11. However, the mechanism of erastin in regulating metabolic pathways in gastric cancer
remains largely unclear. 
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Liquid chromatography tandem mass spectrometry (LC-MS/MS) is one of the most powerful techniques
to characterize the metabolome of cultured cells owing to high sensitivity, simple sample pretreatment,
and wide coverage of metabolites. Currently, mass spectrometry (MS)-based metabolomics can usually
provide nontargeted and targeted strategies, each having their own advantages and disadvantages12,13.
The nontargeted metabolomics strategy is usually operated on high resolution mass spectrometry
(HRMS) including Orbitrap and time-of-�ight (TOF), which can provide highly accurate masses and cover
as many metabolites as possible in biological samples. However, there are some de�ciencies using the
nontargeted method, such as poor reproducibility, narrow linear range and complex data preprocessing.
The targeted metabolomics strategy is often performed on triple quadrupole mass spectrometry with
multiple reaction monitoring (MRM) mode, which has high sensitivity, good linearity and good
reproducibility. However, the coverage of targeted analyses is limited as it usually focuses on known
metabolites. To compensate for the two methods, Xu et.al developed a so called pseudotargeted
metabolomics based on mass spectrometry (MS) operated in the MRM mode14-16, which combines the
advantages of both targeted and nontargeted strategies. Recently, MS-based pseudotargeted
metabolomics and its similar strategies have been widely applied to investigate endogenous metabolites
in different biological matrices17-19.

Metabolomics studies the variation of small molecule metabolites using advanced analytical platforms
and bioinformatics, and it can be largly associated with phenotypic changes20. The interaction of drugs
with cells affects metabolic changes, and leads to an increase or decrease in metabolite levels.
Metabolomics has the potential to dicover new end point biomarkers of drug e�cacy or drug
toxicity21. There is mourting evidence that metabolomics can provide new insights into the mechanism of
action of drug candidates, and help �nd important enzyme targets for these candidates. In this work,
we developed the pseudotargeted strategies with wide coverage of metabolites and good reproducibility
using ultra-high performance liquid chromatography-hybrid triple quadrupole linear ion trap mass
spectrometry (UHPLC-QTRAP MS). The developed method was applied to explore changes in endogenous
metabolites in gastric cancer cells following erastin treatment for the �rst time. Human gastric
adenocarcinoma MGC-803 cells were exposed to erastin for up to 48 h, and erastin-induced variations of
endogenous metabolites were monitored at different time points, especially in cysteine and methionine
metabolism, glutathione (GSH) biosynthesis, glycolysis and TCA cycle. This work may contribute to a
better understanding of erastin’s mechanisms of action and pave the way for metabolites (in vitro) to be
explored as in vivo markers of therapy response.

Results
Development of the Pseudotargeted Metabolomics Method. The pseudotargeted metabolomics method
was proposed based on LC/MS system operated in the MRM mode. Metabolomics allows the analysis of
as many metabolites as possible, it is impossible to obtain a standard for each metabolite. In this work,
the ~500 MRM ion pairs for pseudotargeted analysis were acquired by some metabolite standards or
published literatures 16–19, 22, the ~350 MRM ion pairs were selected for the quantitative MRM transition,
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along with a second transition for identity con�rmation. The mass spectometry parameters and retention
time (RT) are summarized in supplementary Table S1. The coverage of detected metabolites using the
developed pseudotargeted method is involved in amino acid metabolism, nucleotidemetabolism,
glycolysis, tricarboxylic acid (TCA) cycle, etc.

A total of ~278 ion peaks were determined by the use of the above analytical method. Representative
MRM chromatograms of cell samples in the positive and negative detection modes are shown in
Figs. 1(A, B). The pseudotargeted method was validated for repeatability, inter- and intra-day precision.
The within-day precision was evaluated on the same day by QC samples, 13.7, 35.3, 69.4 and 92.5 % of
the peaks had the relative standard deviation (RSDs) below 5, 10, 15 and 25 %, respectively (Fig. 2(A)).
The inter-day precision was evaluated for three consecutive days, where 15.1, 33.8, 62.2 and 90.3 % of the
peaks showed the RSDs below 5, 10, 15 and 25 %, respectively (Fig. 2(B)). The QC samples were also
used to evaluate the repeatability of the method, and one QC sample was inserted after every six test
cells. 13.3, 36.7, 61.9 and 91.4 % of the peaks had the RSDs below 5, 10, 15 and 25 %, respectively
(Fig. 2(C)). These results showed that the developed method were suitable for metabolomics analysis in
complex cell matrices.

Multivariate Analysis of the Metabolite Pro�le. The developed method was used to investigate the
differential metabolites between erastin-treated MGC-803 cells and the controls. In order to screen for the
metabolic difference between the controls and treated cells at different time points (6 h, 12 h, 24 h and 48
h), multivariate analysis was applied to the corresponding spectra (n = 48). Firstly, PCA and OPLS-DA
models were built to show the difference of metabolites between erastin-treated cells and the controls.
The PCA-X score plots are shown in Fig. 3. As shown in Fig. 3, in the PCA-X score plot, erastin-treated cells
were obviously separated from the controls at different time points. It can therefore be concluded that
erastin induced a great metabolic disorder in MGC-803 cells. The OPLS-DA score plots are shown in Fig.
S1.

Heatmap Visualization. To further study the relative levels of differential metabolites between erastin-
treated cells and the controls, a hierarchical cluster analysis (HCA) was performed on MEV software. The
metabolites screened for the heatmap analysis were based on the principles of Student’s t-test p-value
<0.05 and the variable importance in projection (VIP) value >1 in OPLS-DA. The heatmap visualization of
these differential metabolites showed a great difference between erastin-treated cells and the controls,
which is consistent with OPLS-DA results. As shown in Fig. 4(A), 19 differential metabolites were
discovered between erastin-treated cells and the controls with two metabolites increased and 17
metabolites decreased in treated cells at 6 h. In Fig. 4(B), 34 differential metabolites were discovered
between erastin-treated cells and the controls with 18 metabolites increased and 16 metabolites
decreased in treated cells at12 h. In Fig. 4(C), 23 differential metabolites were discovered between erastin-
treated cells and the controls with one metabolite decreased and 22 metabolites increased. In Fig. 4(D),
29 differential metabolites were discovered between erastin- treated cells and the controls with two
metabolites decreased and 27 metabolites increased.
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Integrated Pathway Analysis. To better understand the differences of metabolic disorders between the
erastin- treated cells and the controls, an integrated pathway analysis was carried out. MetaMapp is an R
based script whose outputs are well compatible with the open-source platform CytoScape 23. It can be
used to visualize metabolomics datasets that can conclude all identi�ed compounds while maintaining
the modular organization of metabolites in biochemical pathways 24. The metabolic relation network was
generated through MetaMapp and drew by CytoScape (Fig. 5). The red lines represent the relationship
between the two metabolites contained in KEGG. The blue lines represent the relationship between the
two metabolites without contained in KEGG, but the related metabolites had a similar chemical structure,
judged by PubChem. The diameter was corrected with the fold change value and t-test p value. The raw
data is shown in Table S2.

Of the differential metabolites (p<0.05), 21% (18/87) and 43% (56/129) were up-regulated in erastin-
treated cells at 6 h and 12 h, respectively. With the prolongation of drug action time, the up-regulated
metabolites gradually increased. More than 90% of the differential metabolites were up-regulated in
treated cells at 24 h or 48 h. As shown in Fig. 5(A), most of differential metabolites showed a decreasing
trend in treated cells at 6 h. The metabolites with fold change values >3 were N6-methyladenosine,
inosine, 6-O-methylguanosine, 1-methyladenosine, and carbamoyl phosphate. The metabolites with fold
change values <0.3 were reduced glutathione, melatonin, dCMP, cyclic di-AMP and sorbose. As shown in
Fig. 5(B), the metabolites with fold change values >3, including 5-methylthioadenosine, N6-
methyladenosine, S-adenosyl-L-methionine, carbamoyl phosphate, glucose 1-phosphate, adenine, inosine,
6-O-methylguanosine, uridine and guanosine were mainly incorporated in nucleotide metabolism and
glycolysis. The metabolites with fold change values < 0.3 were S-adenosyl-L-homocysteine, reduced
glutathione, oxidized glutathione, dCMP, and melatonin. As shown in Figs. 5(C)~(D), most of the
differential metabolites were up-regulated including amino acid metabolism, nucleotide metabolism,
glycolysis and TCA cycle. Only a few metabolites with fold change values <0.3, including reduced
glutathione, oxidized glutathione, S-adenosyl-L-homocysteine were mainly involved in cysteine and
methionine metabolism and glutathione metabolism.

Discussion
Metabolomics allows for a global assessment of a cellular state, integrating genetic regulation, activity of
enzymes, and cellular environment 25. The present study exploited new developments in MS-based
pseudotargeted metabolomics to help unravel mechanism of the response of MGC-803 cells to erastin.
Response trajectory analysis of the metabolites was shown in Fig. 6. Glutathione (GSH) is an important
regulator of intracellular metabolism. It can activate a variety of enzymes including sulfhydrylase and
coenzyme, so as to promote carbohydrate, fat and protein metabolism. Ferroptosis pathway is being
considered as an alternative anticancer therapeutic strategy, and the chemoreagent erastin induces
ferroptosis by blocking system Xc(-), which causes a cysteine shortage that depletes intracellular GSH 26,

27. In this study, reduced glutathione (GSH) had a signi�cant downward trend in erastin-treated MGC-803
cells from 6 h to 48 h. However, cysteine, glycine and glumarate had an obvious increasing trend
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compared to the controls. The result indicated that the activity of γ-glutamyl cysteine synthetase was
dysregulated and synthesis of glutathione could be blocked 28.

S-adenosylmethionine (SAM) is an important metabolite and can act as a nutrition, energy and stress
sensor in vivo and in vitro, thus regulating autophagy 29. SAM dysregulation is involved in the occurrence
and development of various diseases. In this study, serine and glycine showed an increasing trend after
erastin treatment from 6 h to 48 h, which can initiate the folate cycle to facilitate the generation of SAM in
the methionine cycle 30. In this study, methionine and SAM showed a signi�cant increasing trend, and the
ratio of SAM to SAH also displayed an increasing trend, which indicates an enhancement in methylation
ability in erastin-treated cells 29.

With the prolongation of erastin action time, there were obviously signi�cant alterations in the levels of
energy metabolism in erastin-treated cells. Compared to the controls, glucose and glucose 6-phosphate
had low concentration levels in the MGC-803 cells treated from 6 h to 12 h, and high concentration levels
from 24 h to 48 h. Concentration of glucose can further affect GSH levels, which was consistent with the
literatures 31, 32. In tricarboxylic acid cycle (TCA) cycle, oxaloacetate, 2-oxoglutarate and succinate had a
decreasing trend in the MGC-803 cells treated from 6 h to 12 h, and an increasing trend from 12 h to 48 h,
which has direct or indirect relationship with iron metabolism, such as an auxiliary factor of various
proteins in TCA cycle 33.

Conclusion
In our study, a MS-based, time-series metabolomics approach was used for the �rst time to explore
metabolite changes in erastin-induced gastric cancer cells. Exposure of cells to erastin induced a
signi�cant metabolic changes at all time points. In MGC-803 cells, erastin treatment for 24h and 48h
induced a great increase in the levels of energy metabolism, particularly in amino acids, nucleosides,
glycolysis and TCA cycle. However, GSH and GSH/GSSG were down- regulated after erastin treatment at
all time points indicating the impact of erastin on cellular antioxidative stores. Taken together, our results
revealed that energy metabolism disturbance and oxidative damage were the important factors in the
response of MGC-803 gastric cells to erastin, especially, in cysteine and methionine metabolism,
glutathione (GSH) biosynthesis, glycolysis and TCA cycle, highlighting the importance of erastin as a
promising candidate for in vivo monitoring of gastric tumor responsiveness to treatment.

Methods
Chemicals and reagents. Metabolite standards and erastin were purchased from Sigma-Aldrich (USA).
HPLC- grade acetonitrile, methanol, acetic acid and ammonium acetate were purchased from J.T. Baker
(Phillipsburg, NJ, USA). Ultrapure water was obtained by Milli-Q water- puri�cation system (Millipore,
Bedford, MA, USA). Culture medium, fetal bovine serum and trypsin were purchased from Gibco-BRL
(U.K.). Phosphate buffered saline (PBS, pH 7.4) was supplied by EuroCloneS.p.a. (Italy).
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Cell culture and treatment. The human gastric adenocarcinoma cell line MGC-803 was obtained from
Shanghai Institute for Biological Sciences (Chinese Academy of Science, China). MGC-803 cells were
grown in Dulbecco’s modi�ed Eagle medium (DMEM) supplemented with 10 % fetal bovine serum, 2 mM
glutamine, penicillin (100 U/mL) and streptomycin (100 µg/mL) at 37°C in a humidi�ed atmosphere
under 5% CO2. The cells were cultured in 60-mm dishes at a cell density of ~106 per dish. After growing
for 24 h, the cells were treated with erastin at a �nal working concentration of 20 µM. The cell samples
(both control and erastin-treated) were then collected at different time points (6 h, 12 h, 24 h and 48 h).

The test cells were gently washed with PBS, and quickly frozen with liquid nitrogen (N2) for metabolic

quenching. Pretreatment procedure of the cells was applied according to our previous studies22. Brie�y,
methanol/acetonitrile/water (40/40/20, v/v/v) was added to cell dishes, the cell/solvent mixture were
collected and transferred to clean tubes. After freeze-thaw cycle treatment, the extracts were centrifuged
and transferred to clean tubes to be evaporated to dryness. The dry extracts were dissolved in
acetonitrile/H2O (70/30, v/v) prior to the LC-MS analysis. The quality control (QC) sample was prepared
by mixing an equal aliquot of exacts from the controls and erastin-treated cells. The QC samples were
used to survey stability and reproducibility of the instrument during analysis process.

LC-MS/MS analysis. The experiments were performed on ultra high performance liquid chromatography
(UHPLC, Shimadzu, Japan) system. Chromatographic analysis was carried out on a BEH amide (1.7 µm,
2.1 ×100 mm) column. Autosampler temperature and column temperature were set at 4℃and 40℃,
respectively. The mobile phases were B (acetonitrile) and A (15 mM ammonium acetate, pH~3.0). The
elution program was as follows: 85%-50% B (0-14 min), 50%-85% B (14-15 min), 85% B (15-21 min). The
�ow rate was 0.2 mL/min, and the volume of injection was 1 µL.

The QTRAP 4500 mass spectrometer (AB SCIEX, Singapore) was used to perform pseudotargeted
analysis. The main MS parameters were as follows. The electrospray voltages were set at 5500 V for
ESI+ mode and -4500 V for ESI- mode. The ion spray temperature was 500℃. The ion source GAS1, ion
source GAS2 and curtain GAS were set at 50, 50 and 20 psi, respectively. The collision energy was set at
“medium”. The reconstituted supernatants were analyzed both in positive and negative ion modes. The
QC sample ran 5 times before the analysis of test cells, then inserted every six cell samples to assess
repeatability of the method.

Data processing and statistical Analysis. The areas of the ion peaks detected by LC-MS/MS were
analyzed and integrated using MultiQuant 2.1 software. The adjusted peak table was imported into
SIMCA 14.0 software (Umetrics, Sweden) to carry out principal component analysis (PCA) and orthogonal
partial least squares-discriminant analysis (OPLS-DA) analysis. Student’s t-test was achieved on SPSS
statistical software (version 21.0), and p-value <0.05 was considered statistically signi�cant. Heatmap
analysis was performed with MultiExperiment- Viewer software (MEV, version 4.7.4), which compared the
relative levels of differential metabolites. Pathway enrichment analysis was carried out on
MetaboAnalyst Web site (http://www.metaboanalyst.ca). The pathway mapping was analyzed with
MetaMapp and CytoScape.
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Figure 1

Representative MRM chromatograms of cell samples in the positive (A) and negative (B) detection
modes.
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Figure 2

Intra-day precision (A), inter-day precision (B) and repeatability (C) of the 278 peaks detected by UHPLC-
MS/MS.
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Figure 3

PCA-X score plot of erastin-treated MGC-803 cells and the controls.
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Figure 4

Heat map of differential metabolites generated by hierarchical Pearson clustering between erastin-treated
MGC-803 cells and the controls: (A) 6h, (B) 12h, (C) 24h, (D) 48h. The dataset was screened using p-value
< 0.05 and VIP > 1. Red color indicates an increased level of metabolites and green color indicates a
decreased level of metabolites after erastin treatment, while black color means an equal level in four
groups.
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Figure 5

MetaMapp visualization of metabolomic data highlighting the differential metabolic regulation between
the erastin-treated group and the controls: (A) 6 h, (B) 12 h, (C) 24 h, (D) 48 h. Red edges denote KEGG
reactant pair links; grey edges symbolize Tanimoto chemical similarity at T > 700; unknowns are left out
of these graphs for visual clarity. Metabolites found signi�cantly up-regulated under exposure to erastin
(p< 0.05) are given as red ball nodes; blue square nodes give down-regulated metabolites. Grey ball nodes
re�ect no signi�cance.
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Figure 6

Response trajectory analysis of the metabolites in erastin-treated cells and the controls
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