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metabolomics coupled with
transcriptomics
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Background: Fuzheng Nizeng Decoction (FZNZ) has a history of decades in
gastric precancerous lesions (GPL) treatment, which has shown clear clinical
efficacy. Blocking GPL is a key measure to reduce the incidence of gastric
cancer (GC). Therefore, we aim to investigate the mechanism of FZNZ-induced
ferroptosis and endoplasmic reticulum (ER) in MNNG-induced gastric
precancerous lesion (MC) cells, which has been rarely studied in Traditional
Chinese Medicine (TCM).

Methods: First, CCK8 and lactate dehydrogenase assays were conducted to
study the potential effect of FZNZ on MC cells. Second, combined
transcriptomic and metabolomic analysis were used to explore the effect
and mechanism of FZNZ. Functionally, the occurrence of ferroptosis was
assessed by transmission electron microscopy morphological observation
and measurement of ferrous iron levels, lipid peroxidation, and glutathione
levels. Finally, the expression levels of mMRNAs or proteins related to ferroptosis
and ER stress were determined by qPCR or western blot assays, respectively.

Results: FZNZ inhibited MC cells viability and induced cell death. By
metabolomics coupled with transcriptomics analysis, we found that the
mechanism of FZNZ treatment induced ferroptosis and was related to
glutathione metabolism and ER stress. We then, for the first time, found that
FZNZ induced ferroptosis, which contributed to an increase in intracellular
ferrous iron, reactive oxygen species, and malondialdehyde and a decrease in
glutathione. Meanwhile, the protein level of glutathione peroxidase 4 (GPX4)
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was decreased. The mRNA levels of ATF3/CHOP/CHACI1, which are related to
ferroptosis and ER stress, were also upregulated.

Conclusion: Our results elaborate that FZNZ could induce ferroptosis and ER
stress in MC cells, and reduce GPX4/GSH. ATF3/CHOP/CHAC1 may play a
crosstalk role, which provides a new molecular mechanism for the treatment

of GPL.

KEYWORDS

ferroptosis regulation, natural medicine, gastric precancerous lesions, endoplasmic
reticulum stress, metabolism, transcriptomics

GRAPHICAL ABSTRACT

Introduction

According to the Correa model, the malignant development
of normal gastric mucosa into gastric cancer is a long-term stage,
especially in the three stages of “chronic atrophic gastritis -
intestinal metaplasia - intraepithelial neoplasia” (Correa,
1988). Therefore, three stages are termed gastric precancerous
lesions (GPL), which are well-known risk factors for the
development of intestinal-type gastric adenocarcinomas (Fu
et al., 2022). However, at present, there is no effective
medicine for GPL treatment in modern medicine. The main
treatment measures are eliminating pathogenic factors and so on,
such as eradication of Helicobacter pylori, anti-bile reflux therapy,
and endoscopic therapy (Guo et al., 2022). Therefore, it is urgent
to find more effective drugs for GPL treatment. Regulated cell
death (RCD) is controlled by specific signal transduction
pathways (Peng et al, 2022), which can be modulated by
pharmacological or genetic interventions (Galluzzi et al,
2018). Ferroptosis is an iron-dependent form of RCD driven

by excessive lipid peroxidation and subsequent plasma
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membrane rupture (Dixon et al., 2012; Stockwell et al., 2017).
A previous study identified ferroptosis in gastric cancer
progression (Hao et al, 2017), suggesting that ferroptosis
could be a suitable target for treatment of GPL.

Ferroptosis has been linked to many human diseases, such
as neurodegenerative diseases (Dionisio et al., 2021), renal
degeneration (Stockwell et al., 2017) and metabolic disease
(Ajoolabady et al, 2021). The GSH/GPX4 axis has been
recognized as the mainstay in ferroptosis control (Friedmann
Angeli et al., 2014). Depletion of glutathione (GSH) results in
inactivation of glutathione peroxidase 4 (GPX4), which leads to
the accumulation of reactive oxygen species (ROS) in lipid
peroxidation and subsequent ferroptosis (Zheng and Conrad,
2020). Ferroptosis is mainly controlled by the GSH redox
system (Xiong et al, 2021), which means that whatever
affects GSH metabolism may also indirectly regulates
ferroptosis. Emerging evidence suggests that endoplasmic
reticulum (ER) stress plays an essential role in ferroptosis
through activation of the activating transcription factor 3
(ATF3)-C/EBP homologous protein (CHOP) cascade (Lee
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FIGURE 1

Flowchart of experimental design. Based on the clinical efficacy of FZNZ, the mechanism of action of FZNZ was explored by combined analysis

of transcriptome and metabolome and verified in vitro. A representative gastroscopy and pathological results are given in figure: Before treatment:
(gastric antrum) pyloric gland type gastric mucosa mild chronic inflammation, one part of the stomach severe atrophic gastritis, severe intestinal
metaplasia; After treatment: (gastric antrum, gastric Angle) mild chronic gastritis.
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TABLE 1 Composition of FZNZ.

Drug name Chinese name Area Plant part Mass (g)
Astragalus mongholicus Bunge [Fabaceae; Astragali radix] Huang Qi Inner Mongolia root 15
Atractylodes macrocephala Koidz. [Asteraceae; Atractylodis macrocephalae rhizoma] Bai Zhu Anhui rhizome 10
Glycyrrhiza uralensis Fisch. ex DC. [Fabaceae; Glycyrrhizae radix rhizoma] Gan Cao Gansu rhizome 5
Citrus x aurantium L. [Rutaceae; Citri reticulatae pericarpium] Chen Pi Sichuan fruit peel 10
Cyperus rotundus L. [Cyperaceae; Cyperi rhizoma] Xiang Fu Henan rhizome 15
Panax notoginseng (Burkill) F.H.Chen [Araliaceae; Notoginseng radix et rhizoma] San Qi Yunnan root 3
Pinellia ternata (Thunb.) Makino [Araceae; Pinelliae rhizoma] Ban Xia Sichuan tuber 5
Poria Cocos (Schw.) Wolf. [Polyporaceae; Poria] Fu Ling Anhui sclerotium 10
Curcuma aromatica Salisb. [Zingiberaceae; Curcumae radix] Yu Jin Guangxi tuber 12
Salvia miltiorrhiza Bunge [Lamiaceae; Salviae miltiorrhizae radix et rhizoma] Dan Shen Shandong root 10
Actinidia chinensis Planch. [Actinidiaceae; Radix actinidiae chinensis] Teng Ligen Zhejiang root 15
Scutellaria barbata D.Don [Lamiaceae; Scutellariae barbatae herba] Ban Zhilian Jiangsu whole plant 15
Solanum lyratum Thunb. [Solanaceae; Herba Solani Lyrati] Bai Ying Jiangsu whole plant 15

et al, 2018) and subsequent activation of cation transport
regulator 1 (CHACIL) (Hamano et al, 2020). As a
constituent of ER stress, the increase in CHACI leads to the
degradation of GSH into 5-oxoproline and cysteinyl-glycine
(Kumar et al., 2012) and serves as a pharmacodynamic marker
of ferroptosis (McCullough et al., 2001).

Frontiers in Pharmacology

Many pharmacological studies have found that Traditional
Chinese Medicine (TCM) plays an important role in treating
GPL due to its multitarget characteristics (Xu et al., 2018; Tong
etal., 2021). The pathogenesis of GPL can be summarized as “Qi
deficiency, blood stasis and toxin” in TCM. Fuzheng Nizeng
Decoction (FZNZ) is derived from the classic formula Liujunzi

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1066244

Chu et al.

Decoction. Our previous clinical studies have proved that FZNZ
has achieved good clinical efficacy in GPL treatment (Xin et al.,
2021a). However, the mechanism of FZNZ in the treatment of
GPL remains to be further studied.

This study combined metabolomics and transcriptomics
in vitro to provide new insights for clinical intervention and
GPL treatment, as well as to elucidate the mechanism (Figure 1).

Materials and methods
Drug preparation

FuZheng NiZeng Decoction component: Astragalus
15¢,

Atractylodes macrocephala Koidz. [Asteraceae; Atractylodis

mongholicus Bunge [Fabaceae; Astragali radix]
macrocephalae rhizoma] 10 g, Glycyrrhiza uralensis Fisch. ex
DC. [Fabaceae; Glycyrrhizae radix rhizoma] 5g, Citrus x
aurantium L. [Rutaceae; Citri reticulatae pericarpium] 10 g,
15g,

[Araliaceae;

Cyperus rotundus L. [Cyperaceae; Cyperi rhizomal]
(Burkill)  F.H.Chen
Notoginseng radix et rhizoma] 3 g, Pinellia ternata (Thunb.)

Panax  notoginseng
Makino [Araceae; Pinelliae rhizoma] 5 g, Poria Cocos (Schw.)
Wolf. [Polyporaceae; Poria] 10 g, Curcuma aromatica Salisb.
[Zingiberaceae; Curcumae radix] 12g, Salvia miltiorrhiza
Bunge [Lamiaceae; Salviae miltiorrhizae radix et rhizoma]
10g, Actinidia chinensis Planch. [Actinidiaceae; Radix
actinidiae 15g, Scutellaria barbata D. Don
[Lamiaceae; Scutellariae barbatae herba] 15g and Solanum

chinensis]

lyratum Thunb. [Solanaceae; Herba Solani Lyrati] 15g. Each
140 g of botanical drugs contained are listed in Table 1. All
botanical drugs were purchased from Beijing Jinxiang Fuxing
Medicine Co. Baita Temple Pharmacy (Beijing, China) and
reviewed by pharmacists of Peking University First Hospital.
A total of 700 g of five decoctions were soaked in water for 4 h,
decocted for 2.5 h, precipitated, filtered for 8 h, concentrated for
30 min, and prepared into 100 ml ointments. Finally, the extract
was prepared into a mother solution at a concentration of 1 g/ml
using RPMI 1640 medium and stored at -20°C (Xu et al., 2018;
Fang et al., 2020; Tong et al, 2021). When used in cell
experiments, RPMI-1640 culture medium was used to adjust
the
dissolution, it was filtered through 0.22 um sterile.

corresponding  concentration, and after ultrasonic

UHPLC-orbitrap-MS analysis

The phytochemical profile of FZNZ was carried out an
UHPLC system (Vanquish, Thermo Fisher Scientific) with a
Waters UPLC ethylene bridged hybrid (BEH) C18 column
(1.7 um 2.1*100 mm). The flow rate was 0.5ml/min and
sample inject volume was 5 puL. The mobile phase consisted of
0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
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(B). The multi-step linear elution gradient program was as
follows: 0-11min, 85-25% A; 11-12min, 25-2% A;
12-14 min, 2-2% A; 14-14.1 min, 2-85% A; 14.1-16 min,
85-85% A. The data were collected in both positive and
negative ion modes. During each acquisition cycle, the mass
range was from 100 to 1,500, and the top four of every cycle were
screened and the corresponding MS/MS data were further
acquired. Sheath gas flow rate: 35 Arb, Aux gas flow rate:
15 Arb, Ion Transfer Tube Temp: 350°C, Vaporizer Temp:
350°C, Full ms resolution: 60,000, MS/MS resolution: 15,000,
Collision energy: 16/32/48 in NCE mode, Spray Voltage: 5.5 kV
(positive) or -4 kV (negative). All data acquisition and analyses
were performed using an Orbitrap Exploris 120 mass
spectrometer coupled with Xcalibur software based on the
IDA acquisition mode. Chemical constituents identified of
FZNZ were in Supplementary Table S1.

Cell culture and reagents

Human immortalized gastric epithelial GES-1 cells were
purchased from Procell Life Science & Technology Co.
(Wuhan, China). MC cells were identified and endowed by
Beijing University of Traditional Chinese Medicine, and the
related experiments have been specifically described in
previous studies (Wang et al., 2021). All cells were cultured in
RPMI 1640 medium (Gibco) containing 10% fetal bovine serum
(Gibco), 100 U/mL penicillin and 100 pg/ml streptomycin. For
culture, all cells were grown in a humidified incubator containing
5% CO2 and maintained at 37°C.

Transcriptome analysis

MC cells seeded in 100 mm culture dishes were treated with
high concentration FZNZ for 24 h and then total RNA was then
extracted with TRIzol reagent (Invitrogen, United States ).
Among them, the control group was labeled as C0308, C0102,
C0205, and the drug treatment group was labeled as D0101,
D0204, D0307. The concentration and purity of the RNA were
examined using Nanodrop 2000, RNA integrity was examined by
agarose gel electrophoresis, and RIN values were determined by
Agilent2100. Eukaryotic mRNA sequencing was performed using
the Illumina NovaSeq 6,000
corresponding sequencing data has been uploaded to the SRA
database (PRGNA895170).

sequencing platform. The

Sample preparation for metabolomic
analysis

MC cells were divided into two groups: the control group
(RPMI-1640 culture medium, Control) and the drug group
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(FZNZ 4000 pg/ml treatment for 24 h, Drug). All samples were
placed into a centrifuge tube, and a 6 mm diameter grinding bead
was added along with 400 pL of extraction solution (methanol:
water = 4:1 (v:v)) containing 0.02 mg/ml internal standard (L-2-
chlorophenylalanine). Subsequently, the frozen tissue grinder
was ground for 6 min (-10°C, 50 Hz), and low-temperature
ultrasonic extraction was performed for 30 min (5°C, 40 kHz).
Finally, the samples were left at -20°C for 30 min and centrifuged
for 15 min (13,000 g, 4°C), and the supernatant was pipetted into
the injection vial with an internal cannula for analysis on the
machine. In addition, 20 uL of supernatant was pipetted
separately for each sample, mixed and used as quality control
(QC) samples.

LC—MS metabolomics analysis

The instrumental platform was used ultrahigh-performance
liquid  chromatography  tandem  Fourier transform
spectrometry (UHPLC-QExactiveHF-X)
Fisher) this  LC-MS  analysis.
chromatographic conditions, the column
ACQUITYUPLCHSST3 (100 mm x 2.1 mmd,

Waters, Milford, United States ); The injection volume was

system (Thermo
the
was

for Among

1.8 pmy

4uL, and the column temperature was 40°C for mass
spectrometry conditions. The samples were ionized by
electrospray ionization, and the mass spectrometric signals
were collected in positive and negative ion scanning modes.

Transmission electron microscopy

Well-grown MC cells were cultured in 60 mm dishes, and
after adding RPMI-1640 and a high concentration of FZNZ for
24 h, they were digested with EDTA-free trypsin and washed
twice with PBS at room temperature. Samples were placed in
electron microscope fixative glutaraldehyde at 4°C overnight. The
cells were immobilized with osmic acid, dehydrated with ethanol,
infiltrated, embedded in epoxy resin, ultrathin sectioned, stained
with uranium and lead, observed, and photographed under a
transmission electron microscope.

Cell viability assay

FZNZ were added to the drug groups with different
concentrations, and RPMI-1640 was added in the blank and
control groups. The cell culture process was performed at 37°C
and 5% carbon dioxide. After 24 h of treatment with the
added 100 pL
CCKS8 solution (Dojindo Laboratories, Japan) and incubated

corresponding  drugs, each well was

for 1 h. The microplate reader was set at 450 nm to measure
the OD value of each sample.
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TABLE 2 Primer sequences.

Primer name Sequence (5°—3")

ATF3 fwd CCTCTGCGCTGGAATCAGTC

ATF3 rev TTCTTTCTCGTCGCCTCTTTTT
DDIT3 fwd GGAAACAGAGTGGTCATTCCC
DDIT3 rev CTGCTTGAGCCGTTCATTCTC
CHACI fwd GAACCCTGGTTACCTGGGC

CHACI rev CGCAGCAAGTATTCAAGGTTGT
GAPDH fwd ATGATGACATCAAGAAGGTGGTGA
GAPDH rev GTCATACCAGGAAATGAGCTTGACA

Detection of lactate dehydrogenase (LDH)

The release of LDH was assessed using the Lactate
Dehydrogenase Release Assay Kit (Nanjing Jiancheng, catalog
number: A020-2-2). In short, MC cells were cultured in 6-well
plates, and FZNZ was added to cells and incubated at 37°C
for 24h. Then, the supernatant was added to the LDH
reaction mixture and then transferred to a new 96-well plate
to detect the absorbance at 450nm as directed by the
manufacturer.

Flow cytometry

MC cells were treated with different concentration FZNZ or
with RPMI 1640 for 24 h, washed twice in PBS, collected with
trypsin without EDTA (Gibco, United States ). According to the
instructions of the Annexin V-FITC Apoptosis Detection Kit
(KeyGEN BioTECH, KGA108, China), 5 uL FITC and PI were
then added to 400 pL binding buffer solution. After mixing for
10-15min in the dark, the cells were subjected to a BD
FACSCalibur flow cytometer. The analyses of the apoptosis
rate were performed using FlowJo_V10.

Determination of malondialdehyde (MDA)
levels

After 24 h of drug treatment at the indicated concentrations,
cell extracts from the indicated cells were collected and prepared
according to the manufacturer. MDA levels were detected by a Cell
Malondialdehyde assay kit (Najing Jiancheng, catalog number:
A003-4-1). Its maximum absorption wavelength is 535 nm.

Measurement of glutathione (GSH)

A commercial reduced glutathione kit (Najing Jiancheng,
catalog number: A006-2-1) was used for the assay. Cells in six-
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cell plates were treated with FZNZ for 24 h, scraped into
300 uL  PBS then After
centrifugation, the supernatant was aspirated, and the

and lysed by sonication.
concentration was determined according to the reagent
instructions. The protein concentration was also measured
using the BCA method. Absorbance at 405 nm was measured,
and the GSH content was calculated with reference to the

protein standard.

Measurements of iron assay and ROS

Assay kits were used to measure iron concentrations and
ROS in cells. The cells were encased in black 96-well plates and
stimulated with the drug for 24 h. FerroOrange (Dojindo
Laboratories, Japan) dispersed in 1,640 was added to the
cells and incubated at 37°C for 30 min. A fluorescence
microplate reader was used to read at Ex: 543 nm and Em:
580 nm. For ROS, cells were incubated with DCFH-DA
(Najing Jiancheng, catalog number: E004-1-1) at 37°C for
30 min. After 0.5h of incubation, the remaining dye was
washed off with PBS. The generated fluorescence intensity
was measured with a fluorometer at Ex: 488 nm and Em:
525 nm.

Quantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA in cells was extracted using TRIzol reagent. Aftert
RNA concentrations were determined, cDNA was synthesized by
using the cDNA Synthesis Kit (Takara, Japan) according to the
manufacturer. The relative expression of mRNA was calculated
by the 2744 method. The sequences of the primers for qRT—
PCR are presented in Table 2. GAPDH served as the reference
control gene.

Western blot

Protein concentrations were detected using a BCA kit in
RIPA lysis buffer containing protease inhibitors and PMSF
(Beyotime Biotechnology, Shanghai, China). Electrophoresis
was performed using a 4-12% precast gel (LABLEAD, Beijing,
China) and transferred to PVDF membranes (Millipore,
United States ).
temperature for 1h in 5% BSA and then left overnight at 4 °C
containing the corresponding antibodies. After applying TBST to

The membranes were closed at room

wash the membrane, the secondary antibodies were left at room
temperature for 1 h. Pictures of the membranes were obtained
using a BIO-RAD instrument (Bio-Rad Laboratories, Hercules,
United States ). The following antibodies were used: ATF3 (Santa
Cruz, sc-81189, 1:500), GPX4 (Abclonal, A11243, 1:1,000), BIP
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(Santa Cruz, sc-166490, 1:500), and CHOP (Proteintech, 15204-
1-AP, 1:1,000).

Statistical analysis

Repeat at least three times for each experiment. Data are
expressed as the mean + SD or SEM. One-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test
were used to compare significant differences. Column graphs
were drawn using GraphPad Prism 8.0 software. p-value <
0.05 was considered statistically significant.

Results
Identification of compounds in FZNZ

The composition of FZNZ samples is listed in Table 1. This
study was performed compound using UPLC-QE-MS in positive
and negative ion modes for detection (Figure 2) and
Xcalibur2.1 workstation for spectral processing. Compound
identification was performed by scoring the UPLC mass
spectra for similarity comparison with the database after a
series of optimization processes. Then, we used XCMS to
search the library. Among them, 331 compounds were
detected by positive ions, and 158 compounds were detected
by negative ions, of which all 37 compounds were detected.
(Supplementary Table S1).

FZNZ compromised MC cell viability

To investigate the effect of FZNZ on GPL, normal gastric
epithelial GES-1 cells and MC cells were treated with different
concentrations of FZNZ for 24 h, and cell growth potential was
detected by the CCK-8 method. When the drug concentration
reached 250 ug/ml, the viability of MC cells showed a decrease;
when it reached 8,000 pg/ml, the viability of GES-1 cells
showed a decrease (Figure 3A). Therefore, we chose 250,
1,000, and 4,000 pg/ml as the low (L), medium (M), and
high (H) dose groups for drug treatment of MC cells. To
further understand the therapeutic basis of FZNZ, we
measured the level of LDH release, as cytoplasmic LDH is
rapidly released into cell culture media when the plasma
membrane and cell membrane are damaged. The cellular
MCecells  with
concentrations of FZNZ and was most pronounced in the

cytotoxicity  increased  in increasing
high-dose group, which suggested cell membrane rupture
death (Figure 3B).

At the same time, in order to explore the cause of the
cytotoxicity of FZNZ on MC cells, flow cytometry was used to

detect apoptosis. With the increase of drug concentration, the
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apoptosis showed an increasing trend, but there was no
significant statistical difference (Figures 3C,D). To explore the
way of cell death, we subsequently performed transcriptome and
metabolome sequencing analysis.

Transcriptional changes in MC cells
treated by FZNZ

To explore the causes of drug-induced cell death, we
performed a transcriptome analysis of the high-dose drug
group with MC cells. Based on the expression quantification
results, differential expressed genes (DEGs) analysis was
performed using DESeq2 with a screening threshold of |
log2FC| > 0.585 and p-value < 0.05. There were 826 DEGs,
of which 381 were upregulated and 445 were downregulated
(Figure 4A). The heatmap illustrates that under the effect of
drugs, the clustering of genes was apparent (Figure 4B). The
results were analyzed by pathway enrichment. Figure 4C listed
the top 10 pathways analyzed by KEGG, with the highest
number of enriched genes was Pathways in cancer, suggesting
possible intervention in cancer progression in response to
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drug action. Interestingly, the ferroptosis phenotype was also
enriched, and we speculated that the FZNZ-induced form of
MC cell death may be ferroptosis. GO analysis was also shown
in Figure 4D.

Metabolomics analysis in MC cells treated
by FZNZ

Additionally, metabolites are the end products of gene
expression, and many intracellular life activities occur at the
level of metabolites. To better reveal the differences between
different groups of samples, we also adopted the PCA method.
PCA showed a significant difference in the distribution of cellular
metabolites between two groups (Figures 5A,B). The R2X (cum),
R2Y (cum) and Q2 (cum) of the OPLS-DA model were obtained
by seven-fold cross validation to verify the reliability of the
model. Between two groups, the three parameters were 0.426,
0.998 and 0.934 in positive ion mode, while 0.505, 0.998 and
0.958 in negative ion mode (Figures 5C,D). Furthermore, the
permutation testing method was used to verify the accuracy of
the OPLS-DA model (Figures 5E,F). This indicated that the effect
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FZNZ inhibited MC cell viability and induced cell death. (A) MC and GES-1 cells were incubated with various concentrations of FZNZ for 24 h.

Cell viability was determined by CCK8 assay. (B) MC cells were treated with different concentrations of FZNZ for 24 h, and cytotoxicity were
evaluated by LDH assay. (C). The percentage of apoptotic MC cells. (D). Representative dot-plots illustrated the apoptotic status of MC cells. Data are
shown as the mean + SD or SEM; N = 3-5/group (*p < 0.05, **p < 0.01, ***p < 0.001).

of FZNZ on MCcells was the main reason for the altered
metabolomics.

We identified 134 differential metabolites with a threshold of
VIP >1.0 and p < 0.05, which are shown in the differential
volcano map (Figure 5G). Combined with the cluster heatmap
and VIP bar chart, the expression pattern of metabolites in each
sample, the p-value of metabolites in VIP and unidimensional
statistics of multivariate statistical analysis were displayed to
visually see the importance of different metabolites and the
trend change of their expression (Figure 5H). Next, we
explored the effect of specific metabolic pathways on the
response to FZNZ therapy. HMDB compound classification
and pathway enrichment were performed to determine the
function of metabolites (Supplemental Figure S1).

FZNZ induced ferroptosis integrated
metabolite profiling and transcriptome
analysis

To further understand the mechanism of FZNZ in GPL, we

combined metabolomics and transcriptomics to compare and
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study the related biological issues at the metabolite and mRNA
levels to uncover the key molecules and reveal the related
mechanisms. KEGG pathway enrichment analysis refers to the
enrichment analysis of selected differential gene sets and
differential metabolic sets. We used the hypergeometric
distribution algorithm to obtain pathways with significant
enrichment of genes in the gene set and metabolites in the
metabolite set. Six common pathways were considered
significantly ~enriched when the p-value was <0.05

(Figure  6A).  They  were respectively  Ferroptosis,
Glycerophospholipid metabolism, Choline metabolism in
cancer, Glutathione metabolism, Alanine, aspartate and
glutamate metabolism and Mineral absorption (Figure 6B).
We speculated that the FZNZ induced form of MC cells death
may be related to ferroptosis and GSH metabolism. The associatd
metabolite profiles were also specified in the metabolome assay.
Oxidized glutathione (GSSG) showed an increasing trend, while
cysteine showed a decreasing trend (Figures 6C,D). Studies have
shown that cysteine is required for cell growth and protection
against cell death (Liu et al., 2017). Cysteine depletion is an initial
feature that triggers ferroptosis, which subsequently leads to

depletion of intracellular glutathione (Zhang et al., 2021).
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Identification of potential biomarkers and
pathways involved in ferroptosis

To elucidate the mechanism of FZNZ action on
MC cells, Set
Enrichment Analysis (GSEA) to screen for differential
FZNZ could
regulate ferroptosis and the response to endoplasmic
stress-associated genes identified by GSEA
(Figures 7A,B). To further narrow the range of important
target genes, we constructed a set of drug-associated
ferroptosis genes. The regulatory effect of the key genes in

ferroptosis  in we performed Gene

pathways and related gene expression.

reticulum

the process of ferroptosis was checked in the FerrDb database
(http://www.zhounan.org/ferrdb) (Zhou and FerrDb, 2020).
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The 28 ferroptosis genes were analyzed by heatmap
(Figure 7C) and GO enrichment (Figure 7D). The CHOP-
ATF3 complex had the highest Rich factor in GO enrichment
analysis. RNA sequencing analysis also showed that FZNZ
increased the mRNA levels of CHOP and ATF3 in MC cell
lines. The upregulation of the ER stress response gene
ATF3 serves as a useful pharmacodynamic marker of
ferroptosis. In addition, it has been reported that
CHACI is regulated by ATF3. CHAC1 degrades GSH and
plays a role between ER stress and ferroptosis, which is not
only induced in response to ER stress but also a positive
regulatory marker of ferroptosis. We hypothesized that
FZNZ may induce ER stress while inducing ferroptosis,
and this effect was related to ATF3/CHOP/CHACI.
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FZNZ promotes ferroptosis in MC cells

Ferroptosis is driven by iron-dependent lipid peroxidation,
so it is necessary to detect lipid peroxidation and the level of
iron (Hu et al., 2021). Iron may also directly produce excessive
ROS through the Fenton reaction, thus aggravating oxidative
damage. In addition, mitochondria usually exhibit a shrunken,
dense morphology during ferroptosis. To investigate whether
the effect of FZNZ on MC cells is mediated by ferroptosis,
we examined the levels of MDA, ROS, and ferrous iron
for further validation. Interestingly, ROS and MDA are
quite specific lipid peroxidation products that are usually
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defined as markers of ferroptosis. They tended to increase
in response to the drug and were significantly different at
high doses (Figures 8A,B). To further observe another
feature of ferroptosis, the concentration of ferrous iron in
the drug treatment group was significantly increased, as
shown in Figure 8C. Next, the cells showed signs of
ferroptosis, such as rupture of cell membranes, smaller cell
mitochondria, increased membrane density, and reduced
cristae in morphological observations after the addition of
drugs (Figures 8D,E). These results indicated that FZNZ
induced ferroptosis in MC cells in vitro, which confirmed the
sequencing results.
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FZNZ negatively regulates ferroptosis by
regulating glutathione metabolism

The combination of sequencing and analysis suggested that
ferroptosis was also related to glutathione metabolism. GSH
depletion and the loss of GPX4 activity are the main causes of
ferroptosis associated with glutathione metabolism (Stockwell
et al, 2017). GPX4 is an antioxidant enzyme that converts
potentially toxic lipid hydroperoxides to nontoxic lipid
alcohols using GSH as a cofactor (Yang et al.,, 2014), and the
inactivation of GPX4
(Linkermann et al, 2014). We measured the expression of

can ultimately cause cell death

GPX4 in cells after drug treatment. Western blotting showed
that the protein expression was decreased in MC cells after drug
treatment compared to the normal control group (Figures 9A,B).
Cellular GSH efflux can sensitize cells to ferroptotic agents (Cao
etal, 2019). Under the action of a high dose of FZNZ, the level of
reduced GSH showed a downward trend (Figure 9C). These
results suggested that FZNZ influenced the GPX4/GSH
reduction system in MC cells.
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FZNZ induced the ER stress-related
ferroptosis in MC cells

To verify the correlation between ferroptosis and ER
predicted by bioinformatics 7B). We
constructed an ER stress gene set from datasets
M10844 and MA25383 in MSigDB (https://www.gsea-
msigdb.org/gsea/msigdb/). A heatmap was used to show
the
sequencing according

stress (Figure

upregulation and downregulation of genes in
11 ER
(Figure 10A). Among these genes, we also found the
ferroptosis related ATF3/CHOP complex predicted in GO

enrichment (Figure 7D). It has been reported that the

to stress related gene

transcription factor ATF3 could regulate mRNA induction
of CHACI1 (Crawford et al., 2015). Although the precise
molecular mechanisms of ferroptosis are being intensively
studied, the upregulation of CHACI is widely accepted as an
early ferroptosis marker that also contributes to the
progression of GSH degradation (Mungrue et al., 2009)
and ferroptosis execution (Dixon et al, 2014). Then we
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evaluated whether this was also the case with MC cells. The
results showed that the mRNA levels of ATF3/CHOP/
CHAC1 all presented an increasing trend both in
sequencing and qRT-PCR (Figures 10B-D). Subsequently,
we examined whether there was ER stress and detected
related protein. BIP, an ER molecular chaperone, can
recognize misfolded proteins in the ER and is therefore
considered a marker of ER stress (Pobre et al., 2019). We
detected its protein level to determine the occurrence of ER
stress. At the same time, the protein level of ATF3/CHOP
also showed an upward trend, which also verified the
occurrence of ER stress (Figures 10E-H).

We also combined ER stress inhibitor 4-Phenylbutyric acid
(4-PBA) (Ma et al., 2020) treatment with FZNZ in MC cells to
estimate the role of ER stress in decoction induce ferroptosis. The
effectiveness of combine treatment through measured cell
viability using CCK-8 kit. As shown in Figure 101, the cell
viability was increased in combination with 4-PBA, which
could alleviate the damage of FZNZ. In parallel, we examined
the downstream ferroptosis marker GPX4 and found that 4-PBA
could increase FZNZ-induced downregulation of GPX4 (Figures
10],K).
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Discussion

The prevalence of GPL is a serious medical problem that
plagues people worldwide (Liu et al., 2019). Without prompt
treatment, GPL can turn into gastric cancer (Han et al,, 2019).
Preliminary clinical trials by our group have shown that FZNZ
can significantly improve the clinical symptoms of GPL,
especially in patients with dysplasia (Xin et al., 2021a). FZNZ
could significantly improve the pathological score of gastric
mucosae and improve the clinical manifestations of patients
with stomach distension and pain (Xin et al., 2021b). Due to
the complexity of FZNZ and the limitation of theories, the
specific pharmacological mechanism was not completely clear,
so we further studied the mechanism of FZNZ.

Metabolomics, as an important component of systems
biology, can reveal the metabolic characteristics of the whole
system after intervention, which is in line with the general
concept of TCM (Wang et al, 2015; Shi et al, 2016).
Meanwhile, transcriptomics studies the expression of gene,
which might be an important means to study cell phenotype
and function. Our study combined the two omics to explore the
underlying mechanism and potential biomarkers of TCM, which
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FZNZ induced ferroptosis in MC cells. (A) Detection of lipid peroxidation by MDA assay kit; protein concentration was used for calibration. (B)
Detection of the ROS in MC cells by black 96 plates from each group; cell counts were used for calibration. (C) Levels of intracellular iron were
detected by black 96 plates after incubating with Fe2+ ions fluorescent probe FerroOrange in MC cells. (D,E) The morphological changes of
mitochondria were detected by transmission electron microscopy and performed local magnification display. Data are shown as the mean +

SD; N = 3-5/group (*p < 0.05, **p < 0.01, ***p < 0.001).

A

MC L M H

crxs () 0 N
GADPH S S S W

Relative protein level

FIGURE 9

FZNZ regulated GPX4/SGH axis. (A,B) Western blot analysis of the expression of proteins GPX4; GAPDH was used as loading control. (C)
Detection of the GSH content in MC cells with the treatment of FZNZ. Data are shown as the mean + SD; N = 3-5/group (*p < 0.05, **p < 0.01, ***p <

0.001).

might help to confirm the safety and efficacy of TCM and is
conducive to modern research. We used MNNG-induced GES-1
cells as a precancerous model and performed multi-omics
detection with corresponding bioinformatics method. It was
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found that FZNZ might induce the death of MCcells by
inducing ferroptosis. We then verified that FZNZ promoted
lipid peroxidation and mitochondrial damage, increased
ferrous iron and ROS levels, and diminished GSH levels.
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FZNZ induced the ER stress-related ferroptosis in MC cells (A) Heat map of 11 ER stress-related genes in RNA-seq. (B—D) mRNA level of DDIT3,
ATF3 and CHACL, respectively. (E—H) Expressions of ER stress-related proteins were measured by western blot; p-tubulin was used as loading
control. ER stress inhibitor 4-PBA (2.5 mM) and/or high dose FZNZ were added in MC cells for 24 h. Cell viability was determined by CCK8 assay (I).
The protein of ferroptosis marker GPX4 was measured by western blot; GAPDH was used as loading control (J,K). Data are shown as the mean +

SD; N = 3-5/group (*p < 0.05, **p < 0.01, ***p < 0.001).

Mechanistically, GSEA suggested that the occurrence of
ferroptosis may be related to glutathione metabolism and ER
stress.

The ER is a central hub that drives the lipid peroxidation that
promotes cell death through ferroptosis. We found that FZNZ
could induce ER stress (the overexpression of BIP) and ER stress
participated in the occurrence of ferroptosis in the recovery
experiment. In addition, we retrieved ferroptosis-related genes
from the FerrDb database and cross-tabulated them with
transcriptomic differential gene analysis for GO analysis and
identified ATF3-CHOP as a key ferroptosis-related complex.
ATF3 has been shown to be involved in oxidative stress (Hai
et al, 1999), GSH metabolism (Wang et al., 2020) and cancer
(Gargiulo et al., 2013). The ATF3-CHOP axis can activate
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CHACI at the transcriptional level (Hamano et al, 2020). A
previous study showed that the expression level of CHAC1 was
associated with ER stress induction (Gagliardi et al.,, 2019).
Increased CHACI expression levels are widely recognized as
an indicator of early ferroptosis and are associated with GSH
degradation and the initiation of ferroptosis. These results were
consistent with the observations of the present study. In drug-
treated MC cells, both the mRNA and protein levels of
ATF3 were elevated in response to FZNZ, and both its
downstream regulatory genes DDIT3 and CHACI were also
elevated. We observed that CHACI1 overexpression was
accompanied by an increase in intracellular lipid peroxide
levels and a decrease in GPX4 protein levels, leading to the
induction of ferroptosis. Reduced GPX4 activity leads to the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1066244

Chu et al.

accumulation of lipid peroxides and oxidative damage, resulting
in ferroptotic cell death (Stockwell, 2022). Other mechanisms
controlling the degradation of GPX4 also modulate sensitivity to
ferroptosis (Wu et al., 2019). Thus, this study demonstrated for
the first time that a TCM decoction induced ferroptosis in the
treatment of GPL.

In this study, we suggested that FZNZ could be considered as
a novel treatment strategy for GPL patients, although further
investigation is needed because of some limitations in the present
study. First, based on the results of this study, we can only show
that FZNZ regulates ER stress and ferroptosis, but the detailed
molecular mechanism of its internal regulation needs further
investigation. The direct ligand of ER stress or ferroptosis related
proteins could be explored by SPR or ITC in the future. Second,
although the effectiveness of FZNZ has been confirmed in vitro,
further animal experiments are needed. Fortunately, our previous
clinical trial can also illustrate the effectiveness of FZNZ.

Conclusion

In summary, these findings indicated that FZNZ could induce
ferroptosis and ER stress in MC cells, which may be due to crosstalk
with the ATF3/CHOP axis. This study is the first report of
ferroptosis  induction through traditional Chinese medicine
compound in GPL cells. Our study combined bioinformatics
with experiments to explore the molecular mechanism of FZNZ
in the treatment of GPL. Based on these investigations, we propose
that FZNZ deserves further exploitation as a promising compound
for the discovery of novel anti-GPL drugs.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
number(s) be found in the article/

accession can

Supplementary Material.

Author contributions

Y-MC, X-ZZ, and HY conceived the project and wrote the
manuscript. Y-MC performed the main part of the experiments,
with contributions from X-FJ, YY, G-HC, and Q-YH. T-XW was

References

Ajoolabady, A., Aslkhodapasandhokmabad, H., Libby, P., Tuomilehto, J., Lip, G.
Y. H., Penninger, J. M., et al. (2021). Ferritinophagy and ferroptosis in the
management of metabolic diseases. Trends Endocrinol. Metab. 32 (7), 444-462.
doi:10.1016/j.tem.2021.04.010

Frontiers in Pharmacology

15

10.3389/fphar.2022.1066244

responsible for some of the analytical components of
Z-MS and HY contributed to the data
collection and analysis. All authors read and approved the

bioinformatics.

final manuscript.

Funding

The study was funded by the National Natural Science
Foundation of China (Project No. 81973615; No. 81803910)
and the Qi-Huang Scholar Chief Scientist Program of
National Administration of Traditional Chinese Medicine
Leading Talents Support Program (2021).

Acknowledgments

Thanks to the generous gift of MC cells from Professor
Ding Xia’s research group at Beijing University of Chinese
Medicine.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1066244/full#supplementary-material

Cao,J. Y., Poddar, A., Magtanong, L., Lumb, J. H., Mileur, T. R,, Reid, M. A, et al.
(2019). A genome-wide haploid genetic screen identifies regulators of glutathione
abundance and ferroptosis sensitivity. Cell Rep. 26 (6), 1544-1556. e8. d0i:10.1016/j.
celrep.2019.01.043

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1066244/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1066244/full#supplementary-material
https://doi.org/10.1016/j.tem.2021.04.010
https://doi.org/10.1016/j.celrep.2019.01.043
https://doi.org/10.1016/j.celrep.2019.01.043
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1066244

Chu et al.

Correa, P. (1988). A human model of gastric carcinogenesis. Cancer Res. 48 (13),
3554-3560.

Crawford, R. R, Prescott, E. T., Sylvester, C. F., Higdon, A. N., Shan, J,,
Kilberg, M. S., et al. (2015). Human CHACI protein degrades glutathione,
and mRNA induction is regulated by the transcription factors ATF4 and
ATF3 and a bipartite ATF/CRE regulatory element. J. Biol. Chem. 290 (25),
15878-15891. doi:10.1074/jbc.M114.635144

Dionisio, P. A., Amaral, J. D., and Rodrigues, C. M. P. (2021). Oxidative stress and
regulated cell death in Parkinson’s disease. Ageing Res. Rev. 67, 101263. doi:10.1016/
j.arr.2021.101263

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R,, Skouta, R., Zaitsev, E. M., Gleason,
C.E, etal. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death.
Cell 149 (5), 1060-1072. doi:10.1016/j.cell.2012.03.042

Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R,, Lee, E. D., Hayano, M., et al.
(2014). Pharmacological inhibition of cystine-glutamate exchange induces
endoplasmic reticulum stress and ferroptosis. eLife 3, €02523. doi:10.7554/eLife.
02523

Fang, T., Zhao, Z., Yuan, F., He, M,, Sun, J., Guo, M., et al. (2020). Actinidia
Chinensis Planch Root extract attenuates proliferation and metastasis of
hepatocellular carcinoma by inhibiting the DLX2/TARBP2/JNK/AKT
pathway. J. Ethnopharmacol. 251, 112529. doi:10.1016/j.jep.2019.112529

Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin,
V. A, Hammond, V. ], et al. (2014). Inactivation of the ferroptosis regulator
Gpx4 triggers acute renal failure in mice. Nat. Cell Biol. 16 (12), 1180-1191.
d0i:10.1038/ncb3064

Fu, W., Wang, W., Zhang, J., Zhao, Y., Chen, K., Wang, Y., et al. (2022).
Dynamic change of circulating innate and adaptive lymphocytes subtypes
during a cascade of gastric lesions. J. Leukoc. Biol. 112 (4), 931-938. doi:10.
1002/JLB.5MA0422-505R

Gagliardi, M., Cotella, D., Santoro, C., Cora, D., Barlev, N. A,, Piacentini, M., et al.
(2019). Aldo-keto reductases protect metastatic melanoma from ER stress-
independent ferroptosis. Cell Death Dis. 10 (12), 902. doi:10.1038/s41419-019-
2143-7

Galluzzi, L., Vitale, I, Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P.,
et al. (2018). Molecular mechanisms of cell death: Recommendations of the
nomenclature committee on cell death 2018. Cell Death Differ. 25 (3), 486-541.
doi:10.1038/s41418-017-0012-4

Gargiulo, G., Cesaroni, M., Serresi, M., de Vries, N., Hulsman, D.,
Bruggeman, S. W., et al. (2013). In vivo RNAi screen for BMII targets
identifies TGF-B/BMP-ER stress pathways as key regulators of neural- and
malignant glioma-stem cell homeostasis. Cancer Cell 23 (5), 660-676. doi:10.
1016/j.ccr.2013.03.030

Guo, X., Spaander, M. C. W., and Fuhler, G. M. (2022). Enterochromaffin-
like cell hyperplasia as identification marker of autoimmune gastritis in
patients with Helicobacter pylori infection in the context of gastric
premalignant lesions. Arch. Pathol. Lab. Med. 146 (10), 1181-1182. doi:10.
5858/arpa.2022-0097-LE

Hai, T., Wolfgang, C. D., Marsee, D. K., Allen, A. E., and Sivaprasad, U. (1999).
ATF3 and stress responses. Gene Expr. 7 (4-6), 321-335.

Hamano, M., Tomonaga, S., Osaki, Y., Oda, H., Kato, H., and Furuya, S.
(2020). Transcriptional activation of Chacl and other atf4-target genes
induced by extracellular I-serine depletion is negated with Glycine
consumption in hepal-6 hepatocarcinoma cells. Nutrients 12 (10), E3018.
do0i:10.3390/nu12103018

Han, T. S., Voon, D. C., Oshima, H., Nakayama, M., Echizen, K., Sakai, E., et al.
(2019). Interleukin 1 up-regulates MicroRNA 135b to promote inflammation-
associated gastric carcinogenesis in mice. Gastroenterology 156 (4), 1140-1155. e4.
doi:10.1053/j.gastro.2018.11.059

Hao, S., Yu, J., He, W., Huang, Q., Zhao, Y., Liang, B., et al. (2017). Cysteine
dioxygenase 1 mediates erastin-induced ferroptosis in human gastric cancer
cells. Neoplasia (New York, NY) 19 (12), 1022-1032. doi:10.1016/j.ne0.2017.
10.005

Hu, X, Xu, Y., Xu, H, Jin, C,, Zhang, H,, Su, H,, et al. (2021). Progress in
understanding ferroptosis and its targeting for therapeutic benefits in traumatic
brain and spinal cord injuries. Front. Cell Dev. Biol. 9, 705786. doi:10.3389/fcell.
2021.705786

Kumar, A., Tikoo, S., Maity, S., Sengupta, S., Sengupta, S., Kaur, A,, et al.
(2012). Mammalian proapoptotic factor ChaCl and its homologues
function as y-glutamyl cyclotransferases acting
specifically on glutathione. EMBO Rep. 13 (12), 1095-1101. doi:10.1038/
embor.2012.156

Lee, Y. S, Lee, D. H,, Choudry, H. A,, Bartlett, D. L., and Lee, Y. J. (2018).
Ferroptosis-induced endoplasmic reticulum stress: Cross-talk between ferroptosis

Frontiers in Pharmacology

16

10.3389/fphar.2022.1066244

and apoptosis. Mol. Cancer Res. 16 (7), 1073-1076. doi:10.1158/1541-7786.MCR-
18-0055

Linkermann, A., Skouta, R., Himmerkus, N., Mulay, S. R., Dewitz, C., De
Zen, F., et al. (2014). Synchronized renal tubular cell death involves
ferroptosis. Proc. Natl. Acad. Sci. U. S. A. 111 (47), 16836-16841. doi:10.
1073/pnas.1415518111

Liu, D. S, Duong, C. P, Haupt, S., Montgomery, K. G., House, C. M., Azar, W.],,
et al. (2017). Inhibiting the system x(C)(-)/glutathione axis selectively targets
cancers with mutant-p53 accumulation. Nat. Commun. 8, 14844. doi:10.1038/
ncomms14844

Liu, H, Li, P. W,, Yang, W. Q., Mi, H,, Pan, J. L., Huang, Y. C,, et al. (2019).
Identification of non-invasive biomarkers for chronic atrophic gastritis from
serum exosomal microRNAs. BMC cancer 19 (1), 129. doi:10.1186/s12885-
019-5328-7

Ma, R., Qi, Y., Zhao, X,, Li, X,, Sun, X., Niu, P., et al. (2020). Amorphous
silica nanoparticles accelerated atherosclerotic lesion progression in
ApoE(-/-) mice through endoplasmic reticulum stress-mediated CD36 up-
regulation in macrophage. Part. Fibre Toxicol. 17 (1), 50. doi:10.1186/
$12989-020-00380-0

McCullough, K. D., Martindale, J. L., Klotz, L. O., Tak-Yee, A. W, and Holbrook,
N. J. (2001). Gadd153 sensitizes cells to endoplasmic reticulum stress by down-
regulating Bcl2 and perturbing the cellular redox state. Mol. Cell. Biol. 21 (4),
1249-1259. doi:10.1128/MCB.21.4.1249-1259.2001

Mungrue, I. N., Pagnon, J., Kohannim, O., Gargalovic, P. S., and Lusis, A. J.
(2009). CHAC1/MGC4504 is a novel proapoptotic component of the unfolded
protein response, downstream of the ATF4-ATF3-CHOP cascade. J. Immunol. 182
(1), 466-476. doi:10.4049/jimmunol.182.1.466

Peng, F., Liao, M., Qin, R,, Zhu, S, Peng, C., Fu, L., et al. (2022). Regulated cell
death (RCD) in cancer: Key pathways and targeted therapies. Signal Transduct.
Target. Ther. 7 (1), 286. doi:10.1038/s41392-022-01110-y

Pobre, K. F. R,, Poet, G. J., and Hendershot, L. M. (2019). The endoplasmic
reticulum (ER) chaperone BiP is a master regulator of ER functions: Getting by with
a little help from ERdj friends. J. Biol. Chem. 294 (6), 2098-2108. doi:10.1074/jbc.
REV118.002804

Shi, J., Cao, B, Wang, X. W,, Aa, J. Y, Duan, J. A, Zhu, X. X,, et al. (2016).
Metabolomics and its application to the evaluation of the efficacy and toxicity of
traditional Chinese herb medicines. J. Chromatogr. B Anal. Technol. Biomed. Life
Sci. 1026, 204-216. doi:10.1016/j.jchromb.2015.10.014

Stockwell, B. R. (2022). Ferroptosis turns 10: Emerging mechanisms,
physiological functions, and therapeutic applications. Cell 185 (14), 2401-2421.
doi:10.1016/j.cell.2022.06.003

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I, Conrad, M.,
Dixon, S. J., et al. (2017). Ferroptosis: A regulated cell death nexus linking
metabolism, redox biology, and disease. Cell 171 (2), 273-285. d0i:10.1016/j.
cell.2017.09.021

Tong, Y., Wang, R,, Liu, X., Tian, M., Wang, Y., Cui, Y., et al. (2021). Zuojin
Pill ameliorates chronic atrophic gastritis induced by MNNG through TGE-
B1/PI3K/Akt axis. J. Ethnopharmacol. 271, 113893. doi:10.1016/j.jep.2021.
113893

Wang, L., Liu, Y., Du, T., Yang, H,, Lei, L., Guo, M., et al. (2020). ATF3 promotes
erastin-induced ferroptosis by suppressing system Xc. Cell Death Differ. 27 (2),
662-675. doi:10.1038/s41418-019-0380-z

Wang, P., Wang, Q., Yang, B., Zhao, S., and Kuang, H. (2015). The progress of
metabolomics study in traditional Chinese medicine research. Am. J. Chin. Med. 43
(7), 1281-1310. doi:10.1142/50192415X15500731

Wang, Y., Chu, F., Lin, J., Li, Y., Johnson, N., Zhang, J., et al. (2021). Erianin,
the main active ingredient of Dendrobium chrysotoxum Lindl, inhibits
precancerous lesions of gastric cancer (PLGC) through suppression of the
HRAS-PI3K-AKT signaling pathway as revealed by network pharmacology
and in vitro experimental verification. J. Ethnopharmacol. 279, 114399. doi:10.
1016/j.jep.2021.114399

Wu, Z., Geng, Y., Lu, X,, Shi, Y., Wu, G., Zhang, M., et al. (2019).
Chaperone-mediated autophagy is involved in the execution of
ferroptosis. Proc. Natl. Acad. Sci. U. S. A. 116 (8), 2996-3005. doi:10.
1073/pnas.1819728116

Xin, D., Hui, Y., Hong, C., Zhuo-hui, W, Shan-shan, Y., Hui-xia, X, et al. (2021).
Observation on the curative effect of Liujunzi Modified Decoction on chronic
atrophic gastritis with spleen and stomach weakness with dysplasia. Chin. J. Integr.
Traditional West. Med. Dig. 29 (10), 691-695.

Xin, D., Hui, Y., Hong, C., Zhuo-hui, W., Shan-shan, Y., Hui-xia, X,, et al. (2021).
Treatment of chronic atrophic gastritis with intestinal metaplasia by modified
Livjunzi decoction:a randomized controlled clinical study. Chin. J. Integr.
Traditional West. Med. 41 (08), 901-906.

frontiersin.org


https://doi.org/10.1074/jbc.M114.635144
https://doi.org/10.1016/j.arr.2021.101263
https://doi.org/10.1016/j.arr.2021.101263
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.7554/eLife.02523
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1016/j.jep.2019.112529
https://doi.org/10.1038/ncb3064
https://doi.org/10.1002/JLB.5MA0422-505R
https://doi.org/10.1002/JLB.5MA0422-505R
https://doi.org/10.1038/s41419-019-2143-7
https://doi.org/10.1038/s41419-019-2143-7
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1016/j.ccr.2013.03.030
https://doi.org/10.1016/j.ccr.2013.03.030
https://doi.org/10.5858/arpa.2022-0097-LE
https://doi.org/10.5858/arpa.2022-0097-LE
https://doi.org/10.3390/nu12103018
https://doi.org/10.1053/j.gastro.2018.11.059
https://doi.org/10.1016/j.neo.2017.10.005
https://doi.org/10.1016/j.neo.2017.10.005
https://doi.org/10.3389/fcell.2021.705786
https://doi.org/10.3389/fcell.2021.705786
https://doi.org/10.1038/embor.2012.156
https://doi.org/10.1038/embor.2012.156
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1073/pnas.1415518111
https://doi.org/10.1073/pnas.1415518111
https://doi.org/10.1038/ncomms14844
https://doi.org/10.1038/ncomms14844
https://doi.org/10.1186/s12885-019-5328-7
https://doi.org/10.1186/s12885-019-5328-7
https://doi.org/10.1186/s12989-020-00380-0
https://doi.org/10.1186/s12989-020-00380-0
https://doi.org/10.1128/MCB.21.4.1249-1259.2001
https://doi.org/10.4049/jimmunol.182.1.466
https://doi.org/10.1038/s41392-022-01110-y
https://doi.org/10.1074/jbc.REV118.002804
https://doi.org/10.1074/jbc.REV118.002804
https://doi.org/10.1016/j.jchromb.2015.10.014
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.jep.2021.113893
https://doi.org/10.1016/j.jep.2021.113893
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1142/S0192415X15500731
https://doi.org/10.1016/j.jep.2021.114399
https://doi.org/10.1016/j.jep.2021.114399
https://doi.org/10.1073/pnas.1819728116
https://doi.org/10.1073/pnas.1819728116
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1066244

Chu et al.

Xiong, Y., Xiao, C., Li, Z., and Yang, X. (2021). Engineering nanomedicine for
glutathione depletion-augmented cancer therapy. Chem. Soc. Rev. 50 (10),
6013-6041. doi:10.1039/d0cs00718h

Xu, J., Shen, W, Pei, B,, Wang, X, Sun, D,, Li, Y., et al. (2018). Xiao Tan He Wei
Decoction reverses MNNG-induced precancerous lesions of gastric carcinoma in vivo

and vitro: Regulation of apoptosis through NF-kB pathway. Biomed. Pharmacother. =
Biomedecine Pharmacother. 108, 95-102. doi:10.1016/j.biopha.2018.09.012

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R,
Viswanathan, V. S,, et al. (2014). Regulation of ferroptotic cancer cell death by
GPX4. Cell 156 (1-2), 317-331. d0i:10.1016/j.cell.2013.12.010

Frontiers in Pharmacology

17

10.3389/fphar.2022.1066244

Zhang, Y., Swanda, R. V., Nie, L., Liu, X., Wang, C., Lee, H,, et al. (2021).
mTORCI couples cyst(e)ine availability with GPX4 protein synthesis and
ferroptosis regulation. Nat. Commun. 12 (1), 1589. doi:10.1038/s41467-021-
21841-w

Zheng, IR and Conrad, M. (2020). The metabolic
underpinnings of ferroptosis. Cell Metab. 32 (6), 920-937. doi:10.1016/j.
cmet.2020.10.011

Zhou, N., and FerrDb, Bao J. (2020). A manually curated resource for regulators
and markers of ferroptosis and ferroptosis-disease associations. Database J. Biol.
databases curation, 2020, doi:10.1093/database/baaa021

frontiersin.org


https://doi.org/10.1039/d0cs00718h
https://doi.org/10.1016/j.biopha.2018.09.012
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1038/s41467-021-21841-w
https://doi.org/10.1038/s41467-021-21841-w
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1093/database/baaa021
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1066244

	Fuzheng Nizeng Decoction regulated ferroptosis and endoplasmic reticulum stress in the treatment of gastric precancerous le ...
	Introduction
	Materials and methods
	Drug preparation
	UHPLC-orbitrap-MS analysis
	Cell culture and reagents
	Transcriptome analysis
	Sample preparation for metabolomic analysis
	LC‒MS metabolomics analysis
	Transmission electron microscopy
	Cell viability assay
	Detection of lactate dehydrogenase (LDH)
	Flow cytometry
	Determination of malondialdehyde (MDA) levels
	Measurement of glutathione (GSH)
	Measurements of iron assay and ROS
	Quantitative real-time polymerase chain reaction (qRT‒PCR)
	Western blot
	Statistical analysis

	Results
	Identification of compounds in FZNZ
	FZNZ compromised MC cell viability
	Transcriptional changes in MC cells treated by FZNZ
	Metabolomics analysis in MC cells treated by FZNZ
	FZNZ induced ferroptosis integrated metabolite profiling and transcriptome analysis
	Identification of potential biomarkers and pathways involved in ferroptosis
	FZNZ promotes ferroptosis in MC cells
	FZNZ negatively regulates ferroptosis by regulating glutathione metabolism
	FZNZ induced the ER stress-related ferroptosis in MC cells

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


