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Ferroptosis, a form of programmed cell death akin to necrosis, is managed by iron and is distinguished by lipid peroxidation.
Gastric cancer is a highly aggressive form of cancer, responsible for the third highest number of cancer-related deaths globally.
Despite this, the potential of ferroptosis to predict the occurrence of this cancer is yet to be determined. In this research, a
comprehensive examination was conducted to explore the link between long noncoding RNAs (lncRNAs) and ferroptosis, in
order to uncover an lncRNA signature that can predict drug susceptibility and tumor mutational burden (TMB) in gastric
adenocarcinoma. We conducted an in-depth analysis of the GC immune microenvironment and immunotherapy, with a
particular focus on ferroptosis-related lncRNA prognostic biomarkers, and further explored the correlation between these
factors and prognosis, immune infiltration, single nucleotide variation (SNV), and drug sensitivity for gastric adenocarcinoma
patients. Through our investigations, we have discovered five lncRNA signatures related to ferroptosis that can accurately
forecast the prognosis of gastric adenocarcinoma patients and also regulate the proliferation, migration, and occurrence of
ferroptosis in gastric adenocarcinoma cells. In conclusion, this lncRNA signature associated with ferroptosis may be employed
as a prognostic indicator for gastric adenocarcinoma, thus presenting a potential solution.

1. Introduction

Gastric cancer (GC) is one of the five most commonly diag-
nosed diseases and the third leading cause of cancer-related
fatalities across the globe, making it a major challenge for
oncology [1]. Gastric adenocarcinomas (STAD) account
for approximately 95% of all GC cases [2]. Most of the early
symptoms of cancer are not evident, owing to the fact that
the majority of patients are diagnosed at an advanced stage
when the prognosis is poor, and the treatment options are
limited [3]. Regrettably, the tumor markers most commonly
used for the initial clinical diagnosis of GC have a low level
of sensitivity and specificity [4, 5]. Consequently, more accu-
rate biomarkers are urgently needed to reflect an individual’s
cancer risk and to develop new therapeutic strategies.

Generally, GC is a multifaceted condition, which
involves a variety of genetic mutations, epigenetic modifica-
tions, chromosomal translocations, deletions, and amplifica-
tions. These can all be contributory to the genesis of the
disorder. In contrast to mutations in or abnormal expression
of protein-coding genes, epigenetic modifications, such as
the overexpression or downregulation of long noncoding
RNA (lncRNA), not only play a role in cancer initiation
and progression [6]. Simultaneously, they can also display
tumor-suppressive or oncogenic effects. Owing to the
genome-wide expression patterns of lncRNAs in diverse tis-
sues, they may be used as biomarkers and therapeutic targets
for cancer [7]. Uncovering the key lncRNAs participating in
GC progression is essential for comprehending the mecha-
nisms at work.
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Ferroptosis, a recently identified form of cell death, is
caused by a massive lipid peroxidation process that requires
iron, leading to damage of the cell membrane [8]. Ferropto-
sis, initially induced by the small molecule erastin, is primar-
ily defined by the decrease of a cell’s volume and the
intensification of mitochondrial membrane density, without
the usual signs of apoptosis and necrosis [9]. It has been
established in prior research that lncRNAs are connected
to a range of PCD phenomena, including apoptosis, autoph-
agy, necroptosis, and ferroptosis. It has been observed that
certain lncRNAs can function as competing endogenous
RNA, thereby hindering oxidation and thus, ferroptosis; in
contrast, some lncRNAs are known to induce autophagy.
Research has indicated that examining the correlation
between lncRNA and ferroptosis in various cancers, includ-
ing GC and non-small cell lung cancer, has significant impli-
cations [10]. In order to explore the connections between
ferroptosis, ferroptosis-related lncRNA, and gastric adeno-
carcinoma, a comprehensive evaluation is necessary.

The TME consists of several stromal cells that are neces-
sary for cancer cells to flourish and propagate [11]. Accumu-
lating evidence has indicated that gastric adenocarcinoma
has a particular microenvironment that facilitates tumor
progression and metastasis [12]. It is essential to conduct
further research into the connection between the TME and
gastric adenocarcinoma, as the exact mechanism of interac-
tion is still unknown. Precision medicine and targeted ther-
apies have been incorporated into medical oncology, leading
to a transformation of the way cancer is treated [13]. Preci-
sion medicine has exposed significant heterogeneity in can-
cer pathways gone awry, and the employment of novel
targeted therapies, especially immune checkpoint inhibitor
therapies whose responsiveness is evaluated using a TIDE
score, has been especially effective [14] and has shown even
broader prospects in various cancer types [15]. Recently,
immune checkpoint inhibitors (ICIs) have been put forward
as a possible treatment option for gastric adenocarcinoma.
Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
and programmed cell death protein 1 (PD-1), two immune
checkpoints that control lymphocyte activation and balance
immune responses, can shield tumor cells from the immune
system [16].

Our study makes use of prognostic biomarkers of
ferroptosis-related lncRNA to analyze the tumor-immune
microenvironment and immunotherapy in a comprehensive
manner. Five lncRNA signatures linked to ferroptosis were
established, as well as a relevant nomogram. lncRNA signa-
tures associated with ferroptosis have proved to be a reliable
predictor of the prognosis of gastric adenocarcinoma
patients. We have successfully created a prognostic model
to examine the connection between prognosis, immune infil-
tration, SNV, and drug sensitivity of STAD patients.

2. Materials and Methods

2.1. Data Acquisition and Preprocess. The Cancer Genome
Atlas (TCGA) database (https://portal.gdc.cancer.gov/
repository) provided access to the RNA sequencing
(HTSeq-Counts), simple nucleotide variation data, and clin-

ical information of 380 TCGA-STAD patients. Afterward,
we transformed the count data into FPKM (fragments per
kilobase of transcript sequence per millions of base pairs
sequenced) in order to carry out the following analysis.
The study encompassed 224 samples with comprehensive
clinical information (Table 1). The FerrDb database was
used to assemble a gene list comprising 291 ferroptosis-
related genes (http://www.zhounan.org/ferrdb) [17] and the
human gene database (Gene Cards) using the keyword “fer-
roptosis” (https://www.genecards.org/) [18]. Applying the
“edgeR” package, a differential analysis was conducted,
which yielded 18 ferroptosis-related differentially expressed
genes (DEGs) in TCGA-STAD [19, 20]. False discovery rate
ðFDRÞ < 0:05 and jlog 2 fold change ðFCÞj ≥ 1 are the statis-
tical parameters for significance. Subsequently, the STRING
database (https://string-db.org/) [21] was used to generate a
protein-protein interaction network (PPI) of 18 ferroptosis-
related genes and ran a Cytoscape plugin, CytoHubba [22],
to accurately determine which genes served as hubs in the
PPI network. Pearson’s correlation analysis (with jPearson
Rj > 0:5 and p < 0:001) was utilized to identify strong inter-
actions between TCGA-STAD lncRNAs and ferroptosis-
related genes, thus allowing the selection of ferroptosis-
related lncRNAs. Through differential analysis, we identified
142 upregulated and 121 downregulated ferroptosis-related
lncRNAs.

2.2. Establishment and Evaluation of a Ferroptosis-Related
lncRNA Signature Prognosis Model. Utilizing the criteria
stated above, we conducted an analysis of 200 patients with
complete clinical information. A total of 200 patients were
randomly divided into two groups: a training group of 100
and a test cohort of 100. The clinical characteristics of the
training cohort and the test cohort were identical. Through
the utilization of univariate and multivariate Cox regression
analysis and the “survival” R package, lncRNA signatures
pertinent to ferroptosis were determined [23] relevant to
the prognosis of gastric adenocarcinoma patients. A prog-
nostic risk model that is based on five ferroptosis-related
lncRNAs was developed through multivariate Cox regres-
sion analysis, allowing the prediction of the prognosis of
individuals suffering from gastric adenocarcinoma. The
risk score was obtained by the following equation: Risk
score = ðexprgene1 × coefficientgene1Þ +⋯+ðexprgene5 ×
coefficientgene5Þ. In order to validate the risk characteris-
tic model in the data set, we computed the risk score for
each patient with gastric adenocarcinoma in both the
training and test sets. By taking into consideration the
median value of the risk score, all samples were split into
two categories—a high-risk group and a low-risk group—-
for the purpose of examining the prognosis of individuals
suffering from gastric adenocarcinoma. To evaluate the
overall survival (OS) of the two patient cohorts, a
Kaplan-Meier analysis was performed. We selected the
“survminer” R package to calculate the optimal cutoff
expression. To evaluate the risk assessment model’s inde-
pendence from other clinical features, a multivariate Cox
regression analysis was employed. The AUC analysis eval-
uated the effectiveness of the ferroptosis-related lncRNA
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and the validity of this risk model. The Kaplan–Meier analy-
sis was employed to individually assess the five ferroptosis-
related lncRNAs, in order to investigate the correlation
between their expression and patient survival. Utilizing the
“rms” R package, a nomogram was constructed based on risk
score and independent clinical information, with calibration
curves established for 3, 5, and 7 years.

2.3. Comprehensive Immunoassay. A comparison of immune
cells between TCGA-STAD groups with high and low risk
was conducted with the help of seven algorithms [TIMER
[24], CIBERSORT [25, 26], CIBERSORT-ABS, QUANTI-
SEQ [27], MCPCOUNTER, XCELL [28], and EPIC [29]],
and the results were visualized by “limma” and “heat map”
R package. Applying the “GSVA” R package, single-sample
gene set enrichment analysis (ssGSEA) was carried out to
assess immune-related cells and pathways in each TCGA-
STAD sample [30]. The sample’s immune infiltration result
was found to be trustworthy, as the p value was below 0.05.
Samples from the TCGA-STAD were assigned a stromal
score, an immunological score, and an ESTIMATE score
using the “estimate” R tool [31]. Furthermore, CIBERSORT
was employed to illustrate the ratio of 22 different types of
immune cells in the sample.

Using the TIDE algorithm (http://tide.dfci.harvard.edu/),
to predict the response of each sample in the TCGA-STAD

cohort to anti-PD-1 and anti-CTLA4 immunotherapy, we
calculated the TIDE scores for each sample. According to the
official definition, immune checkpoint inhibitor therapy is
considered to be nonresponsive if the TIDE score is higher
than 0, while a TIDE score lower than 0 is indicative of a
responsive therapy.

Subsequently, we formulated the immunotherapy score
(IPS) by detecting the presence of immunosuppressive trans-
membrane proteins, PD-1 and CTLA4, on the surface of T
cells in GC patients. The TCGA-STAD immunotherapy
scoring file can be accessed from the TCIA website
(https://tcia.at/). By dividing the expression of PD-1 and
CTLA4 into four groups (PD-1 positive/CTLA4 negative,
PD-1 negative/CTLA4 positive, PD-1 positive/CTLA4 posi-
tive, and PD-1 negative/CTLA4 negative), we aimed to
investigate the immune prognostic signatures (IPS) in gas-
tric adenocarcinoma between high- and low-risk groups.
We further investigated the differences in PD-1, PD-L1,
and CTLA4 levels between gastric adenocarcinoma and nor-
mal patients using the “ggpubr” and “ggplot2” R packages.

2.4. Gene Enrichment and Function Analysis Gene Set
Enrichment Analysis (GSEA). An analysis of Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways was conducted on mRNAs related to fer-
roptosis, which exhibited varying expression levels, in order

Table 1: The clinical characteristics of TCGA-STAD.

Alive (n = 173) Dead with tumor (n = 47) Dead tumor free (n = 4) Total (n = 224) p value

Gender∗

Female 72 (41.6%) 9 (19.1%) 1 (25.0%) 82 (36.6%)

Male 101 (58.4%) 38 (80.9%) 3 (75.0%) 142 (63.4%) 0.016

Age∗∗∗

>65 89 (51.4%) 33 (70.2%) 4 (100.0%) 126 (56.2%)

≤65 84 (48.6%) 14 (29.8%) 98 (43.8%) 4.9e-20

AJCC stage∗∗

Stage I 33 (19.1%) 8 (17.0%) 1 (25.0%) 42 (18.8%)

Stage II 86 (49.7%) 7 (14.9%) 1 (25.0%) 94 (42.0%)

Stage III 39 (22.5%) 19 (40.4%) 2 (50.0%) 60 (26.8%)

Stage IV 15 (8.7%) 13 (27.7%) 28 (12.5%) 0.002

T (tumor)

T1 15 (8.7%) 1 (2.1%) 16 (7.1%)

T2 50 (28.9%) 11 (23.4%) 3 (75.0%) 64 (28.6%)

T3 94 (54.3%) 29 (61.7%) 1 (25.0%) 124 (55.4%)

T4 14 (8.1%) 6 (12.8%) 20 (8.9%) 0.151

M (metastasis)∗∗∗

M0 164 (94.8%) 40 (85.1%) 4 (100.0%) 208 (92.9%)

M1 9 (5.2%) 7 (14.9%) 16 (7.1%) 7.4e-45

N (lymph node)

N1 74 (42.8%) 12 (25.5%) 1 (25.0%) 87 (38.8%)

N2 56 (32.4%) 11 (23.4%) 1 (25.0%) 68 (30.4%)

N3 37 (21.4%) 14 (29.8%) 2 (50.0%) 53 (23.7%)

N4 6 (3.5%) 10 (21.3%) 16 (7.1%) 0.249
∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001.
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to gain insight into the mechanism that distinguishes
between high- and low-risk groups of gastric adenocarcino-
mas. A potential gene set pathway was identified, with an
FDR of less than 0.05. GSEA (version 4.0.3) was employed
to assess the enrichment degree and statistical significance
of a ferroptosis-related gene set between two groups [32].
This algorithm was used to explore the potential functions
and pathways of the signature genes. It was determined that
a 25% FDR and a nominal p value of less than 0.05 would be
the threshold for significance.

2.5. Consensus Clustering Analysis and GSVA (Gene Set
Variation Analysis) Analysis. Utilizing the “ConsensusClus-
terPlus” R package, we clustered the TCGA-STAD cohort
into four groups based on the consensus expression of the
lncRNAs associated with ferroptosis [33]. To achieve con-
sensus clustering, 1000 k-means iterations were conducted,
and 80% of the genes or samples were bootstrapped. Subse-
quently, the Kaplan–Meier statistics were applied to analyze
the differences in OS across clusters. GSVA analysis revealed
the activation status of genes related to ferroptosis and the
associated biological pathways [34]. We graphically repre-
sented these biological processes using heatmaps, with red
representing activation and blue representing inhibition.

2.6. The Ferroptosis Potential Index (FPI) Model. The func-
tional profile index (FPI) is a metric for assessing the level
of ferroptosis and its significance. ssGSEA was employed to
calculate the gene set enrichment scores (ES) which either
stimulate or inhibit ferroptosis. Analyses of gastric adeno-
carcinoma samples showed that a higher FPI score is usually
associated with metastasis, medical characteristics, and drug
responsiveness [35]. This model enabled us to evaluate the
FPI value in each gastric adenocarcinoma sample, thereby
uncovering the ferroptosis level of each patient.

2.7. Drug IC50 Prediction and Secondary Structure
Prediction. We established the score of related immune cells
by comparing the immune cells of high- and low-risk
groups. The Genomics of Drug Sensitivity in Cancer
(GDSC) database provides an extensive list of drugs
(https://www.cancerrxgene.org/) [36]. Utilizing the PRRo-
phetic algorithm, we established a ridge regression model.
The “PRRophetic” R package was utilized to forecast the I
C50 values of high- and low-risk groups in TCGA-STAD
[37]. Twelve antitumor drugs were evaluated, and the IC50
values between the two groups varied significantly. A drug
with a lower IC50 was found to be more effective in inhibit-
ing cancer cells. Additionally, we investigated the steadiness
of lncRNA structure on the lnCAR database (https://lncar
.renlab.org/website), acquiring the secondary structure of
LINC00460 and miR205HG [38]. The stability of the
lncRNA secondary structure is indicative of the structure
and purpose of RNA. LINC00460 and miR205HG were
acquired showing a comparatively consistent secondary
structure.

2.8. Gene Mutation and m6A RNA Methylation Regulator. A
comprehensive analysis of gene mutation was conducted
using the maftools R package, and gastric adenocarcinomas

were divided into high- and low-risk groups. Additionally,
mutations of ferroptosis-related mRNAs were also evalu-
ated. We conducted a Pearson analysis to investigate the cor-
relation between CDKN2A and the five related lncRNAs,
given that the mutation pathway of cyclin-dependent kinase
inhibitor 2A (CDKN2A) in gastric adenocarcinoma was the
most significant. We obtained the mutation maf file of each
gastric adenocarcinoma patient from the TCGA database,
which enabled us to calculate the TMB score of each patient.
By analyzing the mutations of gastric adenocarcinoma and
based on the median score, we divided the samples into
high- and low-mutation groups. We employed the
“reshape2” and “limma” R packages to analyze the expres-
sion of m6A RNA methylation regulators between the high-
and low-risk groups.

2.9. Statistical Analysis. The data processing for this study
was done using R software (version 4.0.3; https://www.R-
project.org). The decision curve analysis (DCA) and operat-
ing characteristic curve (ROC) were employed to investigate
the sensitivity, specificity, and accuracy of the prognostic
features of STAD by leveraging “timeROC” and “ggDCA”
packages, respectively. This was done in comparison to other
clinicopathological characteristics. Utilizing the Kaplan–
Meier survival analysis, the overall survival of STAD patients
was evaluated in terms of the ferroptosis-related lncRNA
signatures. All analyses yielded a p value of less than 0.05,
indicating a statistically significant difference.

3. Results

3.1. Identification of Ferroptosis-Related Differentially
Expressed mRNAs and lncRNAs and Construction of a PPI
Network. As depicted in Figure 1, we combined data from
TCGA, FerrDb, and Gene Card databases to construct gene
matrices associated with ferroptosis. We utilized the “edgR”
package to conduct a differential analysis of 18 ferroptosis-
related genes with significant differential expression in gas-
tric adenocarcinoma, resulting in 12 upregulated genes
(ALB, ALOX15, GDF15, CDKN2A, HELLS, MIOX, TRIB3,
AURKA, NOX1, CP, NOS2, and MYB) and 6 downregu-
lated genes (ANGPTL7, PLIN4, ALOX12, TP63, HBA1,
and AKR1C1) (Figures 2(a) and 2(b)). To identify lncRNAs
associated with ferroptosis, a Pearson correlation analysis
(with Pearson R > 0:5 and p < 0:001) was performed, result-
ing in 142 upregulated and 121 downregulated ferroptosis-
related lncRNAs (Figures 2(c) and 2(d)). The correlation
between ferroptosis genes and lncRNAs was depicted in
Figure 2(e), and a PPI network in the STRING database
showed the relationship between 18 nodes and 11 edges
(Figure 2(f)). In addition, 12 hub genes were further pin-
pointed by the CytoHubba application (Figure 2(g)).

3.2. Establishment of Ferroptosis-Related lncRNA Prognostic
Signature. We conducted a screening of 200 TCGA-STAD
samples with complete clinical information and randomly
allocated them into two groups, with 100 samples in each
group for training and testing purposes (as depicted in
Figures 3(a) and 3(b)). The samples were divided into two
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groups, a high-risk group and a low-risk group, based on the
median value of the risk score, in order to assess the progno-
sis of gastric adenocarcinoma patients. The risk score and
survival status distribution are illustrated in Figures 3(c)–
3(f). Survival analysis revealed that the high-risk group had
a worse survival rate in the training set (p = 0:003) and test
set (p = 0:002) (Figures 3(g) and 3(h)). To gauge whether
the ferroptosis-related lncRNA signature acted as an inde-
pendent prognostic factor in STAD patients, univariate and
multivariate Cox regression analyses were employed, taking
into account TIDE, TNM, stage, risk score, gender, age,
and FPI (Figures 3(i)–3(l)). The results of the study con-
firmed that the risk score was a significant prognostic factor
(p < 0:001). Univariate Cox regression analysis identified 12
ferroptosis-related lncRNAs (RP11-186F10.2, RP4-781K5.5,
LINC01537, LINC00601, AC103563.8, AC103563.9, RP11-
1143G9.5, LINC00460, RP11-64B16.4, LINC00454, KB-
68A7.1, and miR205HG) as having a strong association with
the prognosis of gastric adenocarcinoma patients, as deter-
mined by the “survival” R package. Multivariate Cox regres-
sion analysis was used to screen for biomarkers in relation to
the prognosis of patients, and 5 ferroptosis-related lncRNAs
(RP11-1143G9.5, AC103563.8, LINC00460, RP11-186F10.2,
and miR205HG) were selected (Figures 4(a) and 4(b),
Supplementary Table 1 and Supplementary Table 2).
Additionally, a ferroptosis-related lncRNA signature and
the clinical features associated with this signature were
evaluated and constructed, including TMB, TIDE, FPI,
TNM stage, stage, age, gender, immune score, cluster, and
risk (Figure 4(c)). A prognostic model of gastric

adenocarcinoma was established with these five ferroptosis-
related lncRNAs. We then established a prognostic risk
score for the 5 ferroptosis-related lncRNAs, and the risk
score was equal to the following: ðexpression value of RP11
− 1143G9:5 × ð−0:423917081201679ÞÞ + ðexpression value
of AC103563:8 × 1:2071928010986Þ + ðexpression value of
LINC00460 × 0:40956647259787Þ + ðexpression value of RP
11 − 186F10:2 × 1:07891999972853Þ + ðexpression value of
miR205HG × ð−0:366418490206812ÞÞ.

3.3. Validation of the Ferroptosis-Related lncRNA Signature.
A nomogram was created to assess the precision and
dependability of the prognostic model, incorporating clinical
characteristics such as age, tumor (T) status, metastasis (M)
status, risk score, stage, and risk, as well as 1-, 3-, and 5-year
calibration curves (see Figures S1A and S1B). Results from
the examination of the relationship between microsatellite
instability and risk score demonstrated that microsatellite
stability (MSS) had a more significant influence on the
high-score group (70%) than on the low-score group
(62%), as shown in Figure S1C and S1D. Figure S1E–G
displays the DCA curves of 3, 5, and 7 years. The DCA curves
demonstrated that the features associated with the ferroptosis-
related lncRNA signature had a superior predictive value. The
Kaplan–Meier curves of the five ferroptosis-related lncRNAs
(AC103563.8, LINC00460, miR205HG, RP11-186F10.2, and
RP11-1143G9.5) between the high- and low-risk groups are
shown in Figure S2A–E. Except for RP11-1143G9.5, the OS of
the other four genes (AC103563.8, LINC00460, miR205HG,
and RP11-186F10.2) in the high-risk group was significantly

Training cohort
(TCGA-STAD, 100 cases)

mRNA lncRNA

Pearson correlation
analysis

291 ferroptosis-related genes

Ferroptosis-related
lncRNA

Differential expressed
analysis (263 DELs)

Univariate (12 lncRNAs) and
multivariate (5 lncRNAs)

Cox regression

Integrated ferroptosis-related
five-gene signature 

Consensus clustering
analysis

Survival analysis
and ROC analysis

Mutation
analysis

Comprehensive
immune analysis

DCA and nomogram
analysis

OS analysis

Drug 
screening

Differential expressed
analysis (18 DEGs)

MSI and FPI
analysis

Analysis of the
secondary structure

Test cohort
(TCGA-STAD, 100 cases)

Validation

Figure 1: A flow chart of overall study design.
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Figure 2: Continued.
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lower than that in the low-risk group. Additionally, we explored
the expression of these five ferroptosis-related lncRNAs in
various tissues and organs (Figure S3A–E). Among them,
RP11-1143G9.5, RP11-186F10.2, and AC103563.8 were
expressed in gastric tissues. It is worth mentioning that
AC103563.8 and RP11-1143G9.5 were highly expressed in
gastric tissues compared with other tissues and organs. The
ROC curves of 3, 5, and 7 years reflected the advantage of the
model, which included all sets (3 years, AUC = 0:754; 5 years,
AUC = 0:707; 7 years, AUC = 0:797), training set (3 years,

AUC = 0:874; 5 years, AUC = 0:786; 7 years, AUC = 0:786)
and test set (3 years, AUC = 0:753; 5 years, AUC = 0:682;
7 years, AUC = 0:737) (Figure S4A–I).

3.4. Gene Enrichment and Function Analysis. We further
investigated the biological functions of DEGs by utilizing
the “clusterProfiler,” “org.Hs.eg.db,” and “enrichplot” R
packages for GO annotation and KEGG pathway analysis.
The p filter and p adjust filter had a value of less than 0.05,
respectively. This study conducted GO pathway and process
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Figure 2: Screening of differentially expressed ferroptosis-related lncRNAs in gastric adenocarcinoma. (a) Heatmap of ferroptosis-related
mRNA expression in gastric adenocarcinoma and normal tissues. (b) Volcano plot manifesting differentially expressed genes (DEGs) in
ferroptosis-related mRNAs. (c) Heatmap of ferroptosis-related lncRNA expression in gastric adenocarcinoma and normal tissues. (d)
Volcano plot manifesting DEGs in ferroptosis-related lncRNA. (e) The correlated network between 263 ferroptosis-related lncRNAs and
18 mRNAs. (f) Differentially expressed ferroptosis-related genes in PPI. (g) The selected 12 hub genes of ferroptosis-related genes via
Cytoscape.
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Figure 3: Continued.
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enrichment analysis, which included molecular function
(functional set), biological process (pathway), and cellular
component (structural complex). The top 21 clusters and
their representative enrichment terms are shown in
Figures 4(d) and 4(e). The consequence of GO functional
annotation demonstrated that the biological processes
related to oxygen metabolism were significantly correlated
with the differential expression of ferroptosis-related genes,
including GO:0006801 (superoxide metabolic process),
GO:0019372 (lipoxygenase pathway), GO:0072593 (reactive
oxygen species metabolic process), GO:0016701 (oxidore-
ductase activity, acting on single donors with incorporation
of molecular oxygen), GO:0016651 (oxidoreductase activity,
acting on NAD(P)H), GO:0016702 (oxidoreductase activity,

acting on single donors with incorporation of molecular oxy-
gen, incorporation of two atoms of oxygen), GO:0019825
(oxygen-binding activity), and GO:0016709 (oxidoreductase
activity, acting on paired donors, with incorporation or
reduction of molecular oxygen, NAD(P)H as one donor, and
incorporation of one atom of oxygen). In addition, the
ferroptosis-related genes were also related to cell proliferation,
such as GO:0048661 (positive regulation of smooth muscle
cell proliferation). KEGG pathway enrichment analysis
showed that the ferroptosis pathway was significantly enriched
(Figure 4(f)), which mechanism and regulation of intracellular
Fe2+ as shown in Figure S5A and S5B. GSEA for the
ferroptosis-associated lncRNA signature demonstrated that
gene silencing, negative regulation of gene expression, and
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Figure 3: Construction and evaluation of a ferroptosis-related lncRNA prognostic signature in training and test sets. (a, b) Clinical
characteristics of gastric adenocarcinoma patients in TCGA training and test sets. (c–f) Distribution of risk score, survival status,
and (g–h) OS Kaplan–Meier curves (training cohort: p = 0:003, test cohort: p = 0:002) of STAD patients in TCGA training and test
cohorts. (i–l) The independence of the ferroptosis-related lncRNA signature in OS was verified by univariate and multivariate Cox
regression analysis in TCGA training cohort.
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(d)

(e)

(f)

Figure 4: Screening of candidate genes and functional enrichment analysis. (a) Selection of ferroptosis-related lncRNAs related to prognosis
by univariate Cox regression analysis. (b) Five ferroptosis-related lncRNAs correlated to the prognosis of gastric adenocarcinoma were
obtained by multivariate Cox regression analysis. (c) Expression in different clinical characteristics (including TMB, TIDE, FPI, TNM
stage, stage, age, gender, immune score, cluster, and risk) of five ferroptosis-related lncRNAs in gastric adenocarcinoma. (d, e) Gene
Ontology (GO) analysis. (f) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.
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posttranscriptional regulation of gene expression were
significantly enriched in high-risk groups of gastric
adenocarcinoma samples (Figure S5C–G).

3.5. Consensus Clustering Analysis of Ferroptosis-Related
lncRNAs and GSVA Analysis. The “ConsensusClusterPlus”
R package was used to cluster the ferroptosis-related
lncRNAs into four clusters, and the crossover between STAD
samples was found to be the lowest in this case (Figures 5(a)–

5(c)). Consequently, we divided the samples into four clus-
ters (A/B/C/D). Compared with other clusters, the Kaplan–
Meier algorithm found that the patients in cluster C had a
better OS than the patients in cluster A (Figure 5(d)). GSVA
enrichment analysis showed the activation status of
ferroptosis-related genes and related biological pathways.
As shown in Figures 5(e) and 5(f), ferroptosis-related genes
were enriched in allograft rejection, E2F targets, glycolysis,
p53 pathway, peroxisome, and spermatogenesis. Comparing
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Figure 5: The OS of STAD in the cluster A/B/C/D subgroups and GSVA enrichment analysis. (a) Consensus clustering matrix for k = 4.
(b, c) When k = 2 – 9, the consensus clustering cumulative distribution function (CDF) and relative change of the area under the CDF
curve. (d) Kaplan–Meier curves of the overall survival for patients with STAD in four clusters (cluster A/B/C/D). (e–h) GSVA
enrichment analysis showed the activation status of ferroptosis-related genes and related biological pathways. Heatmaps are used to
visualize these biological processes, with red indicating activation pathways and blue indicating inhibition pathways. The GC cohort
was annotated as a sample. (e, g) Cluster A vs. cluster B. (f, h) Cluster C vs. cluster D.
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the enrichment of cluster A and cluster B, the results demon-
strated allograft rejection and 8E2F significant enrichment in
cluster A, and cluster A was negatively regulated relative to
cluster B in the p53 pathway (Figure 5(g)). A comparison
between cluster C and cluster D revealed that cluster C had
a higher presence of peroxisome and E2F target, as illustrated
in Figure 5(h).

3.6. Comprehensive Immunoassay of Immune Infiltration,
Immune Checkpoints, and Immunotherapy Response. To
gain a better comprehension of the relationship between risk
scores and immune cells, we conducted an analysis of immune
cells between the high- and low-risk groups of TCGA-STAD,
utilizing seven algorithms. The heatmap plot presented the
expression of immune cells in both the high- and low-risk
groups, as well as various clinical features (Figure 6(a)).
Cancer-associated fibroblasts, hematopoietic stem cells,
stroma score, B cells, T cell CD4+memory, T cell CD4+ effec-
tor memory, CD8+ T cells, and T cell CD8+ central memory
were all significantly expressed in the high-risk group, with p
values of less than 0.01, 0.001, 0.05, 0.05, 0.05, 0.05, 0.05,
and 0.01, respectively. Tumor tissues exhibited a notable rise
in the expression of T follicular helper cells, resting NK cells,
and resting mast cells (Figure 6(b)). Correlation analysis was
used to show the interaction among immune cells, risk score,
and TMB. The results demonstrated that T cells, endothelial
cells, and myeloid dendritic cells had positive and negative
regulatory relationships with a risk score and TMB. As
depicted in Figure 6(c), red was indicative of a positive corre-
lation, whereas green was indicative of a negative correlation.
The ESTIMATE score displayed an inverse correlation with
tumor purity, as demonstrated in Figure S6A. In addition,
we analyzed the score of connected immune cells and
immune-related pathways in the high- and low-risk groups
(Figure S6B). The proportion of 22 immune cells in gastric
adenocarcinoma samples was manifested by heatmap and
box plot based on the CIBERSORT algorithm (Figure S6C
and 6E). We analyzed the expression levels of 23 regulatory
factors linked to m6A between high- and low-risk groups. It
was noteworthy that the expression of FTO (alpha-
ketoglutarate dependent dioxygenase) (p < 0:01), IGFBP3
(insulin-like growth factor-binding protein 3) (p < 0:05),
and VIRMA (p < 0:05) in the high-risk group was higher
than that in low-risk group (Figure S6D). Immunotherapy
scores were constructed by the expression of PD-1 and
CTLA4 in T cells of patients with gastric adenocarcinoma.
IPS was evaluated with four groups, including PD-1 negative
CTLA4 negative (Figure 7(a)), PD-1 positive CTLA4
negative (Figure 7(b)), PD-1 negative CTLA4 positive
(Figure 7(c)), and PD-1 positive CTLA4 positive
(Figure 7(d)). The data revealed that the high-risk group had
poorer scores than the low-risk group, signifying that their
immunotherapy was not as effective. The scoring file of
TCGA-STAD immunotherapy was downloaded from the
TCIA database. The expression of PD-1, PD-L1, and CTLA4
between tumor tissue and normal tissue was also explored
via the “limma” R package. The box plot indicated that
expression of PD-1 (Figure 7(e)), PD-L1 (Figure 7(f)), and
CTLA4 (Figure 7(g)) in tumor tissues was notably higher

than in normal tissues. PD-1 inhibited T cell activation and
induced T cell death by binding with PD-L1 (or PD-L2),
playing a paramount role in tumor immunotherapy. It
demonstrated that the tumor immune escape ability of the
high-risk group was stronger than that of the low-risk
group. The high-risk group was more likely to respond to
anti-CTLA4 immunotherapy, as indicated by a nominal p
value of 0.007, and its Bonferroni-corrected p value was
lower than that in other cases (Figure 8(a)). The data from
Figure 8(b) indicates that the ICIs connected to the research
were expressed in greater amounts in the high-risk group
than in the low-risk group.

3.7. Prediction of Antitumor Drug and Secondary Structure,
Immunotherapy Scores (IPS), Ferroptosis Potential Index
(FPI), and Mutation Analysis. As shown in Figures 8(c)
and 8(e), LINC00460 (MFE = −273:3 kcal/mol) and
miR205HG (MFE = −1109:3 kcal/mol) both showed stable
secondary structure, reflecting the function of RNA tran-
scription. We established a Ridge regression model for fore-
casting the IC50 of drugs. The p value of all 12 drugs
(ABT.263, AMG.706 (motesanib), AP.24534, CCT007093,
DMOG, imatinib, JNJ.26854165, JNK inhibitor VIII,
KIN001.135 (benzimidazole-thiophene carbonitrile), lenali-
domide, and nilotinib, AKT inhibitor VIII.) were less than
0.05 (Supplementary Table 3). Figure 8(d) demonstrated
that the IC50 value for the high-risk group was greater than
that for the low-risk group, demonstrating enhanced
antitumor effectiveness. To gain a better understanding of
the role of ferroptosis-related lncRNAs in gastric
adenocarcinoma, the secondary structure of the five lncRNA
biomarkers was determined using the lnCAR database. We
defined an FPI less than or equal to 0 as the low-score group
and an FPI greater than 0 as the high-score group. After
removing meaningless samples, we included 198 gastric
adenocarcinoma samples and divided them into four
groups, including (A) “FPI < 0 high-risk” group, (B)
“FPI < 0 low-risk” group, (C) “FPI > 0 high-risk” group, and
(D) “FPI > 0 low-risk” group (Figure S7A). The Kaplan–
Meier analysis concluded that the (D) “FPI > 0 low-risk”
group had the best OS, and “FPI < 0 low-risk” (B) had the
worst OS. The findings of the study suggested that a high
FPI score can reduce the risk of gastric cancer. A total of 198
cases of gastric adenocarcinoma were studied, out of which
122 had an FPI score greater than 0 (Figure S7B), and 76
had an FPI score less than 0 (Figure S7C). The Kaplan–
Meier analysis showed that the patients with an FPI score
greater than 0 had a worse survival rate in the high-risk
group (p = 0:0328). Moreover, the high and low FPI scores
were evaluated in the context of MSI (microsatellite
instability) analysis. Figures S7D and S7E illustrate that the
high-risk group, as determined by their FPI score, had a
greater prevalence of MSI-H (17%) than the low-risk group
(15%). Tumor tissues had a considerably greater FPI than
normal tissues (p = 8:3e − 17), as illustrated in Figure S7F. In
order to explore the mutations of ferroptosis-related genes
in STAD, a mutation panorama of STAD genes was
analyzed between the high-risk group and low-risk group
(Figures 9(a) and 9(b)). TTN, TP53, MUC16, SYNE1, and
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Figure 6: Continued.
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LRP1B were found to be highly mutated in both the high-risk
and low-risk groups. The highestmutation rate of ferroptosis-
related genes in gastric adenocarcinoma samples was
CDKN2A (Figure 9(c)). The results demonstrated that there
was a significant correlation between CDKN2A and
LINC0046 (R > 0:1, p < 0:05). The C > T occurred
frequently in single nucleotide variation (SNV) (Figures 9(d)

and 9(e)). The Pearson analysis was performed between
CDKN2A and five ferroptosis-related lncRNA biomarkers
(Figure 9(f)). RTK-RAS, Hippo, and TP53 pathways were
vulnerable to STAD gene mutations (Figure S8A). The erb-
b2 receptor tyrosine kinase 4 (ERBB4) showed a high
mutation state in the RTK-RAS pathway (Figure S8B).
Notably, CUL3 was the most highly mutated gene in the
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Figure 6: The results of immune cell infiltration were verified based on seven different algorithms. (a) A heatmap based on seven different
algorithms (TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC) of the immune infiltration of
gastric adenocarcinoma patients with different clinical characteristics in TCGA. (b) The heatmap shows the expression of 16 types of
immune cells in tumor and normal tissues. (c) Correlation of T cells, endothelial cells, and myeloid dendritic cells with TMB and risk
score. Red represents positive correlation, and green represents negative correlation.
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NRF2 pathway (Figure S8C). The mutation rate of serine/
threonine kinase (ATM) was higher in the TP53 pathway
(Figure S8D). In the NOTCH pathway, the mutation rate of
contactin 6 (CNTN6) was the highest (Figure S8E), and in
the PI13K pathway, PIK3CA was the most highly mutated
gene. (Figure S8F). In the Hippo pathway, both FAT atypical
cadherin 3 (FAT3) and FAT atypical cadherin 4 (FAT4)
showed high mutation rates (Figure S8G). Interestingly, the
highest mutated gene in the cell cycle pathway was
CDKN2A, which was consistent with our previous research
conclusions (Figure S8H). ACVR2A and APC were
observed to have high mutation rates in the TGF-beta and
WNT pathways, respectively, as depicted in Figure S8I–J.

4. Discussion

As a novel modality of iron-dependent cell death character-
ized by the accumulation of lipid peroxides and reactive oxy-
gen species, ferroptosis presents an innovative viewpoint on
the treatment of cancer and provides the possibility of devel-
oping new strategies for the treatment of gastric adenocarci-
noma [8, 9]. Increased ferroptosis has been shown to aid in
the anticancer effectiveness of immunotherapy, according to
a recent research [39], which suggests a strong association
between ferroptosis and immunotherapy. Despite the lack
of research on the role of ferroptosis-related lncRNAs in gas-
tric adenocarcinoma, particularly the mechanism connect-
ing it to the immune microenvironment, our study seeks to
address this issue. We conducted a thorough investigation
of ferroptosis-related lncRNAs in gastric adenocarcinoma,

which included evaluating immunotherapy response,
immune infiltration, IPS scores, predicting somatic muta-
tions, analyzing tumor immune microenvironment, and
assessing tumor drug sensitivity, as well as analyzing the sta-
bility of the secondary structure of lncRNAs in RNA
transcription.

In this study, we conducted a comprehensive analysis of
the TCGA database to identify ferroptosis-related lncRNAs
and assess their potential predictive value. After differential
analysis, 18 mRNAs and 263 lncRNAs were found to be dif-
ferentially expressed between gastric adenocarcinoma and
normal tissues. Subsequently, a univariate Cox regression
analysis was employed to identify lncRNA signatures asso-
ciated with prognosis. Through multivariate Cox regres-
sion analysis, we identified five lncRNAs (LINC00460,
miR205HG, AC103563.8, RP11-186F10.2, and RP11-
1143G9.5) that were associated with overall survival and
used them to construct a risk model. In the following analy-
sis, the outcome of the Kaplan–Meier analysis suggested that
the high expression of LINC00460, miR205HG, AC103563,
and RP11-186F10.2 was strongly associated with poor prog-
nosis in gastric adenocarcinoma tissues, and in turn, RP11-
1143G9.5 high expression was closely related to a good prog-
nosis. In addition, we found that the survival rate of patients
in the low-risk group was significantly improved, indicating
that the low-risk score was closely related to longer survival.
In addition, the ROC graph showed that high AUC values
amongst the TCGA training set, TCGA training test set,
and TCGA entire set for 3, 5, and 7 years were all greater than
6.5, indicating good prediction performance of our model.
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Figure 7: Immunotherapy scores (IPS) and gene expression analysis of immune checkpoints. (a) IPS of CTLA4-negative and PD-1-negative
cells in high- and low-risk groups. (b) IPS of CTLA4-negative and PD-1-positive cells in high- and low-risk groups. (c) IPS of CTLA4-
positive and PD-1-negative cells in high- and low-risk groups. (d) IPS of CTLA4-positive and PD-1-positive cells in high- and low-risk
groups. (e–g) Expression of PD-1, PD-L1, and CTLA4 in the gastric adenocarcinoma and normal groups. The expressions of PD-1,
PD-L1, and CTLA4 in tumor tissues were significantly higher than those in normal tissues. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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We also evaluated the clinical characteristics of ferroptosis-
related lncRNAs in gastric adenocarcinoma patients in
TCGA training and test sets.

The findings of the GO analysis indicated a tight rela-
tionship with the principal molecular function of ferroptosis
regulation, such as the superoxide metabolic process and
iron ion binding. KEGG pathway analysis showed the four
important pathways—ferroptosis, arachidonic acid metabo-
lism, serotonergic synapse, and arginine biosynthesis. To
assess the correlation of genes related to ferroptosis, we
amalgamated the STRING online database and Cytoscape
software to create a PPI network comprising 18 nodes and
11 edges. The 10 most important hub genes were identified
by the Cytoscape plugin CytoHubba, including ALB,
CDKN2A, NOS2, GDF15, NOX1, HBA1, ALOX12,
ALOX15, AURKA, and CP. The CDKN2A gene showed an
important position in the network. We also summarized
genetic aberrations, including the incidence of somatic
mutations and copy number variations (CNVs) of 18 ferrop-
tosis regulators in gastric adenocarcinoma. We discover that
CDKN2A exhibited the highest mutation frequency, which
may improve our understanding of the genetic heterogeneity
in GC. Among single nucleotide variations, C > T was the
most commonly encountered. The cell cycle was affected
by gene mutations in CDKN2A. CDKN2A was shown previ-
ously to be a novel ferroptosis driver [40] and encodes the
ARF (alternative reading frame) protein [41]. It has been
previously demonstrated that cyclin-dependent kinase
inhibitor 2A (CDKN2A/ARF) causes cancer cells to be sen-
sitive to ferroptosis by inhibiting the ability of NRF2 and its
transcriptional target SLC7A11 [42] through pathways
dependent or independent of p53 tumor suppression gene
in the cancerous cells [43, 44]. Therefore, we examined the

correlation between CDKN2A, the five lncRNAs, and overall
survival (LINC00460, miR205HG, AC103563.8, RP11-
186F10.2, and RP11-1143G9.5). Data analysis revealed a
substantial correlation between LINC00460 and CDKN2A,
implying that these two elements may be related to the sur-
vival and prognosis of patients with gastric adenocarcinoma.

LINC00460 is a novel lncRNA with 935 nucleotides
located on chromosome 13q33.2. Growing research indi-
cates that the lncRNA LINC00460 has an oncogenic func-
tion in the advancement of many malignancies. It has been
confirmed that LINC00460 functioned as an oncogene regu-
lating prostate cancer progression through the promotion of
cell proliferation and a reduction in apoptosis [45]. Wang
et al. demonstrated that LINC00460 can promote the prolif-
eration and repress the apoptosis of non-small cell lung can-
cer cells by targeting miR-539 [46]. By sponging miR-4443,
LINC00460 promotes cell progression in squamous cell car-
cinoma of the head and neck [47]. By competitively binding
miR-489-5p to elevate FGF7 expression and enhancing
downstream AKT signaling, LINC00460 promotes breast
cancer progression [48]. LINC00460 can also function as a
molecular sponge to adsorb miR-1224-5p, thereby promot-
ing esophageal cancer (ESCA) metastasis and progression
[49]. Yuan et al. reported that the downregulation of
LINC00460 inhibits colorectal cancer metastasis via
WWC2 [50]. miR205HG, also known as LINC00510, is a
novel lncRNA with 4173 bp located at chromosome location
1q32.2. According to many studies, miR205HG was affirmed
as important in its oncogenic role in cancer progression. It
has been shown that lncRNA miR205HG drives the
advancement of esophageal squamous cell carcinoma
through the miR-214/SOX4 axis. [51]. Liu et al. concluded
that miR205HG expedited the cell proliferation and

(e)

Figure 8: Anti-CTLA4, anti-PD-1 immunotherapy, construction of secondary structure, and drug IC50 prediction. (a) The heatmap shows
the response of anti-CTLA4 and anti-PD-1 immunotherapy for gastric adenocarcinoma in the high-risk and low-risk groups. In terms of a
nominal p value, anti-CTLA4 immunotherapy was more likely to lead to a response in the high-risk group (p = 0:007), and the Bonferroni
corrected p value was less than that in other cases. (b) Expression of the five immune checkpoint inhibitors in the high- and low-risk groups.
(c) The secondary structure of LINC00460. (d) The IC50 values of 12 drugs expressed in the high-risk and low-risk groups were used to
screen drugs with substantial differences between the two groups. (e) The secondary structure of miR205HG. IC50, half-maximal
inhibitory concentration. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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progression of lung squamous cell carcinoma via targeting
miR-299-3p [52]. miR205HG also functions as a competing
endogenous RNA (ceRNA) to accelerate tumor growth and
progression via sponging miR-122e5p in cervical cancer
[53]. The results demonstrate that expression of lncRNA
LINC00460 is higher in tumors, and those with a decrease
in LINC00460 expression had a prolonged survival time. In

comparison to lncRNA LINC00460, the expression of
lncRNA miR205HG was lower in tumor samples than in
normal stomach tissue, and those with a decrease in
miR205HG had a poorer prognosis. Additionally, the strong
association between lncRNA LINC00460 with CDKN2A fer-
roptosis drivers suggested the potential that LINC00460
affected patient survival via CDKN2A.
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Figure 9: Landscape of TMB in STAD. (a, b) The top 20 mutant genes with the highest mutation rate in the high- and low-risk groups. (c)
Mutations of ferroptosis-related genes in STAD patients. (d) Chromosomemutation in gastric adenocarcinoma samples. (e) A comprehensive
plot of genetic alterations in STAD. C > T occurred frequently in single nucleotide variation (SNV). (f) The relevance between highly mutated
gene CDKN2A and a five ferroptosis-related lncRNA signatures (R > 0:1, p < 0:05). ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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It is widely accepted that epithelial–mesenchymal transi-
tion is a fundamental mechanism in the progression of can-
cer cells to invasion and metastasis [54]. lncRNAs can be
employed to forecast the clinical course, aggressiveness,
invasion, and metastasis potential of GC, in addition to pro-
viding a model for investigating ways to inhibit or reverse
metastatic potential. lncRNAs can be considered crucial ele-
ments of epigenetic regulation of gene expression in tumor-
igenesis and carcinogenesis, and their impact on the EMT
can be achieved by either directly regulating the vimentin
and E-cadherin function or by controlling the transcription
of these genes through various factors [55]. To further
explore the biological nature of the different ferroptosis sub-
types, we conducted a gene set variation analysis (GSVA)
enrichment. The results showed that four ferroptosis clusters
were enriched in the pathway related to immune (allograft
rejection), activation of cancer-related pathways (p53 path-
way, e2f targets, and peroxisome), cell proliferation-related
metabolic (glycolysis), and spermatogenesis, which sug-
gested an important role in tumor progression and a tight
association with the tumor microenvironment. An evalua-
tion of immune cell infiltration was conducted using seven
distinct algorithms, and it was determined that T cells and
macrophages had significantly infiltrated the gastric micro-
environment. Previous mouse models of gastritis and GC
revealed that a notable quantity of macrophages migrates
to the GC microenvironment, which influences angiogenesis
or tumor immunity [56–61]. Tumor-infiltrating lympho-
cytes (TILs) composed of T cells, natural killer (NK) cells,
B cells, and T-cell-mediated adaptive immunity are usually
considered the manifestation of the host antitumor immune
response. The upregulation of PD-L1 or CTLA-4 expression
can mediate the escape of tumor cells from the host immune
response, lead to an immunosuppressive state, and inhibit
the antitumor immune response in some tumor microenvi-
ronments [62]. Therefore, IPS and gene expression analysis
of immune checkpoints were also performed. We examined
the expression levels of PD-1 (PDCD1), PD-L1, and CTLA4
(cytotoxic T-lymphocyte associated protein 4) in tumor and
normal groups. The expression of PD-1, PD-L1, and CTLA4
in gastric adenocarcinoma was all higher than in the normal
group, with the expression levels of three common immune
checkpoints distinctly upregulated in high-risk cohorts.
Additionally, the high-risk group was more likely to respond
to anti-CTLA4 immunotherapy (p = 0:007). Interestingly, in
our immunotherapy analysis, the low-risk group achieved
higher CTLA4-negative/PD-1-negative, CTLA4-negative/
PD-1-positive, and CTLA4-positive/PD-1-positive scores,
indicating that patients with a low-risk score are better can-
didates for immunotherapy. It may be that high-risk patients
had a very serious gastric adenocarcinoma or that lncRNAs
were highly expressed, reducing immunotherapy effective-
ness. To explore immunotherapy responses, the TIDE algo-
rithm was used to identify significant differences in
immunotherapy responses between the high- and low-risk
groups (better responses in the low-risk group). The TIDE
score will help us better select patients who are more suitable
for immune checkpoint suppression therapy, and it will be
of interest to test the clinical efficacy of TIDE scores in

immune checkpoint suppression treatment decision-
making in prospective clinical trials. In addition, 12 antigas-
tric adenocarcinoma drugs were screened according to
lncRNA signals associated with iron drop: ABT.263,
AMG.706 (Motesanib), AP.24534, CCT007093, DMOG,
imatinib, JNJ.26854165, JNK inhibitor VIII, KIN001.135
(benzimidazole-thiophene carbonitrile), lenalidomide, nilo-
tinib, and AKT inhibitor VIII. All of the above drugs have
different degrees of antitumor effects and vital clinical signif-
icance [63–73].

In conclusion, our study identified five ferroptosis-
related lncRNAs (LINC00460, mirR205HG, AC103563.8,
RP11-186F10.2, and RP11−1143G9.5) involved in gastric
adenocarcinoma that are of great value in predicting OS in
gastric adenocarcinoma patients. It was discovered that five
ferroptosis-related lncRNAs could be used as significant
prognostic biomarkers to forecast long-term survival in gas-
tric adenocarcinoma patients and regulate the proliferation
and migration of gastric adenocarcinoma cells and the devel-
opment of ferroptosis. In addition, we evaluated the clinical
signs of FPI, TMB, and tide and completed a thorough
examination of immunotherapy and drug prediction. It
has been noted that immunotherapy, particularly anti-
CTLA4 immunotherapy and 12 antigastric adenocarci-
noma drugs, has resulted in a higher survival rate for
patients with gastric adenocarcinoma. Therefore, lncRNAs
(LINC00460, miR205HG, AC103563.8, RP11-186F10.2,
and RP11−1143G9.5) may serve as potential biomarkers
of prognostic value in gastric adenocarcinoma. This study
had certain limitations, such as the use of public databases
for mining and analysis. To improve the dependability of
our results and eliminate selection bias, larger population
and multicenter clinical trials are required. In order to gain
insight into the potential functions of the five ferroptosis-
related lncRNAs in gastric cancer, since all the mechanical
studies in our work were descriptive, further laboratory
experiments were necessary.
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Background. Gastric cancer (GC) is an aggressive malignancy with a high mortality rate and poor prognosis. Telomeric repeat-
binding factor 2 (TRF2) is a critical telomere protection protein. Emerging evidence indicates that TRF2 may be an essential
treatment option for GC; however, the exact mechanism remains largely unknown. Objective. We aimed to explore the role of
TRF2 in GC cells. The function and molecular mechanisms of TRF2 in the pathogenesis of GC were mainly discussed in this
study. Methods. Relevant data from GEPIA and TCGA databases regarding TRF2 gene expression and its prognostic
significance in GC samples were analyzed. Analysis of 53BP1 foci at telomeres by immunofluorescence, metaphase spreads,
and telomere-specific FISH analysis was carried out to explore telomere damage and dysfunction after TRF2 depletion. CCK8
cell proliferation, trypan blue staining, and colony formation assay were performed to evaluate cell survival. Apoptosis and cell
migration were determined with flow cytometry and scratch-wound healing assay, respectively. qRT-PCR and Western blotting
were carried out to analyze the mRNA and protein expression levels after TRF2 depletion on apoptosis, autophagic death, and
ferroptosis. Results. By searching with GEPIA and TCGA databases, the results showed that the expression levels of TRF2 were
obviously elevated in the samples of GC patients, which was associated with adverse prognosis. Knockdown of TRF2
suppressed the cell growth, proliferation, and migration in GC cells, causing significant telomere dysfunction. Apoptosis,
autophagic death, and ferroptosis were also triggered in this process. The pretreatment of chloroquine (autophagy inhibitor)
and ferrostatin-1 (ferroptosis inhibitor) improved the survival phenotypes of GC cells. Conclusion. Our data suggest that TRF2
depletion can inhibit cell growth, proliferation, and migration through the combined action of ferroptosis, autophagic death,
and apoptosis in GC cells. The results indicate that TRF2 might be used as a potential target to develop therapeutic strategies
for treating GC.
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1. Introduction

Gastric cancer remains a significant clinical problem world-
wide. With over 1 million estimated new cases in 2018,
gastric cancer is the fifth most common cancer. Gastric
cancer is estimated about 783,000 people deaths globally in
2018, making it the third leading cause of cancer-related
death [1]. It is a molecularly and phenotypically highly
heterogeneous disease [2]. Gastric cancer represents a major
burden of society, and treatment of this disease needs to be
improved [3]. For early-stage gastric cancer, there is a greater
emphasis placed on the tumour resection. A comprehensive
treatment approach including traditional radiotherapy and
chemotherapy, targeted therapy, and immunotherapy was
adopted for intermediate-stage gastric cancer. Targeted ther-
apy combined with chemotherapy has become the first-line
treatment guideline for advanced gastric cancer. The choice
of targeted drugs for gastric cancer is relatively limited. Trastu-
zumab, a recombinant humanized IgG1 monoclonal antibody
directed against the extracellular domain of HER2, is the only
first-line targeted therapy drug. However, only 20% or less of
gastric cancer patients are HER-2 positive [4, 5]. Although sig-
nificant efforts have been made to treat gastric cancer effec-
tively, the incidence and mortality of gastric cancer remain
high. Individualized treatment strategies and deepermolecular
mechanisms need to be explored [6, 7].

Telomeres, regions of repetitive DNA sequences at the
ends of chromosomes, are composed of tandem DNA
repeats and shelterin complexes [8]. Shelterin specifically
binds to telomeric DNA and is composed of six proteins:
TRF1, TRF2, RAP1, POT1, TIN2, and TPP1 [9]. The shel-
terin complex protects the ends of chromosomes from the
DNA damage response (DDR) and maintains genome sta-
bility [10]. Maintaining the normal structure and function
of telomeres plays a vital role in the stability of the genome.
Telomere dysfunction can lead to genome disorders, which
in turn lead to cell apoptosis. Researchers have paid increas-
ing attention to the role of telomeres in tumours [11, 12].
The primary function of TRF2, one of the core proteins of
shelterin, is to prevent telomeres from being recognized as
double-strand breaks (DSBs) by promoting the formation
of telomere terminal T loops, thereby maintaining the stable
function of telomeres [13, 14]. It has been reported that inhi-
bition of TRF2 leads to chromosome end fusion, growth
arrest, and apoptosis [15, 16]. Apoptosis is a kind of pro-
grammed cell death that plays a key role in the physiology
and pathophysiology of multicellular organisms [17]. TRF2
not only has telomere protection-related functions but also
acts as a DNA damage repair factor to promote the survival
of cancer cells. Hence, TRF2 has been considered a potential
oncogene [18, 19]. A comprehensive and mechanistic
understanding of the cellular impact of TRF2 is necessary
for further exploration.

Ferroptosis is an iron-dependent form of regulated cell
death characterized by mitochondrial shrinkage, iron accu-
mulation, and excess lipid peroxidation [20]. Several studies
have implicated the contribution of ferroptosis in the pro-
gression of multiple diseases [21], including gastric cancer
[22]. Cystine uptake by the cystine/glutamate transporter

system xc- represents the upstream event of ferroptosis
under extracellular oxidative conditions [23]. p53 can
enhance ferroptosis by inhibiting the expression of the cys-
tine/glutamate antiporter SLC7A11 (also commonly known
as xCT) or by enhancing the expression of SAT1 and GLS2
[24]. Tanshinone IIA was also found to upregulate p53
expression and downregulate xCT expression, thereby sup-
pressing the proliferation of gastric cancer via inducing p53
upregulation-mediated ferroptosis [25]. TRF2 deletion pro-
vokes the induction of an acute DDR at telomeres, leading to
the activation of p53 signalling pathways and programmed cell
death [19]. However, whether TRF2 depletion causes ferropto-
sis in gastric cancer cells remains unclear.

Autophagy is a catabolic process in which cytoplasmic
components are delivered to vacuoles or lysosomes for deg-
radation and nutrient cycling [26]. This degradation process
is critical to maintaining cellular homeostasis, as it rids the
cell of either excess or damaged organelles, aggregated pro-
teins, or pathogens [27]. However, excessive autophagy can
inhibit the growth and proliferation of cells. The loss of
autophagy function is necessary for cancer cell proliferation
[28, 29]. Telomere dysfunction can cause cell autophagy
through the cyclic GMP-AMP synthase-stimulator of
interferon genes (cGAS-STING) signalling pathway. The
G-quadruplex ligand SYUIQ-5 triggered potent telomere
damage through TRF2 delocalization from telomeres and
eventually induced autophagic cell death in cancer cells
[30]. In our present study, we explored whether inhibiting
the expression level of TRF2 in gastric cancer could limit
the growth, proliferation, and migration of gastric cancer
cells by inducing autophagic death.

Overall, we aimed to explore whether TRF2 depletion in
gastric cancer cells could inhibit cell growth, proliferation,
and migration through the combined action of ferroptosis,
autophagic death, and apoptosis and whether inhibition of
ferroptosis or autophagy would augment the recovery of cell
growth, proliferation, and migration. These data will provide
new targets and avenues for treating of gastric cancer.

2. Materials and Methods

2.1. Bioinformatics Analysis. The mRNA expression levels of
TRF2 in normal tissues and gastric cancer tissues were
searched in the GEPIA (http://gepia.cancer-pku.cn/) and
TCGA (http://portal.gdc.cancer.gov) databases, respectively.
The relationship between the expression level of TRF2
mRNA and the survival time of patients from which gastric
cancer samples and normal samples were collected was
determined using the cBioPortal database (http://www
.cbioportal.org/), and the statistical significance was analyzed
by GraphPad Prism 5 software. The STRING database
(http://string-db.org/) was used to query the network of
proteins interacting with TRF2, p53, SLC7A11, and glutathi-
one peroxidase 4 (GPX4). The STRING database can be
used to annotate the structure, function, and evolutionary
properties of proteins. It can also explore and predict inter-
acting protein networks and provide new research directions
for future experiments.
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2.2. Cell Culture and Plasmid Amplification. The human gas-
tric cancer cell line BGC-823 was from ATCC. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
06-1055-57-1ACS Biological Industries) supplemented with
10% foetal bovine serum (FBS; 04-001-1ACS, Biological
Industries) in a humidified chamber with 5% CO2 at 37

°C.
To establish a stable TRF2 knockdown cell line, lentiviruses
carrying TRF2-targeting shRNA (GenePharma) were trans-
duced into BGC-823 cells along with 5μg/mL polybrene
(H8761, Solarbio), and cells were selected for with 1μg/mL
puromycin (A1113803, Thermo Fisher). Plasmid transfection
was carried out using PEI (919012-100MG, Sigma-Aldrich), as
recommended by the manufacturer. TRF2 shRNA sequences
were as follows: shRNATRF2-1 sense, 5′-CCGGGCGCATG
ACAATAAGCAGATTCTCGAGAATCTGCTTATTGTCAT
GCGCTTTTT-3′, antisense, 5′-AATTAAAAAGCGCATG
ACAATAAGCAGATTCTCGAG AATCTGCTTATTGTCA
TGCGC-3′; and shRNATRF2-2 sense, 5′-CCGGCATTGGA
ATGATGACTCTGAACTCGAGTTCAGAGTCATCATTCC
AATGTTTTT-3′, antisense 5′-AA TTAAAAACATTGGAAT
GATGACTCTGAACTCGAGTTCAGAGTCATCATTCCAA
TG-3′. The TRF2 gene was amplified by PCR from the cDNA
of BGC-823 cells. The PCR products were purified with a gel
extraction kit (DP209-03, TIANGEN). Then, the restriction
endonucleases EcoRI and AgeI were used to digest the purified
products and the pLKO.1-TRC cloning vector. After purifica-
tion, the products and vector were ligated using T4 DNA ligase
(e0879, Takara). Finally, the plasmids were amplified in DH5α
E. coli cells and identified by sequencing.

2.3. Quantitative Real-Time PCR (qRT-PCR). Total RNA
was isolated using a total RNA extraction kit (DP419,
TIANGEN) according to the manufacturer’s instructions.
One microgram of RNA was used as a template to synthesize
cDNA using the GoScript Reverse Transcription System
(PRA5000, Promega). All qPCRs were carried out using the
Roche LightCycler System. The primers used in this study are
from GenBank (https://pga.mgh.harvard.edu/primerbank/
index.html) and are as follows: GAPDH, 5′-GTCTCCTCT
GACTTCAACAGCG-3′ and 5′-ACCACCCTGTTGCTGT
AGCCAA-3′; TRF2, 5′-GTGGAAAAGCCACCCAGAGA
AC-3′ and 5′-TGCAAAGGCTGCCTCAGAATCC-3′; GPX4,
5′-ACAAGAACGGCTGCGTGGTGAA-3′ and 5′-GCCACA
CACTTGTGGAGCTAGA-3′; SLC7A11, 5′-TCCTGCTTT
GGCTCCATGAACG-3′ and 5′-AGAGGAGTGTGCTTGC
GGACAT-3′; p62, 5′-ACGCAGAACAGAGTTACGAAGG
C-3′ and 5′-CCAGTCATCTTGTCCGTAGGCTTC-3′; and
ATG5, 5′-GCAAGCCAAGGAGGAGAAGATTCC-3′ and
5′-GTGTCTCAGCGAAGCAGTGGTG-3′. Each sample was
assayed in triplicate.

Relative mRNA levels were determined using the 2−ΔΔCt

method.

2.4. Western Blotting. Cells were lysed in RIPA lysis buffer
(R0020, Solarbio) supplemented with phosphatase inhibitor
cocktail (4906837001, Roche) and protease inhibitor cocktail
(11836170001, Roche). Protein contents were measured with

the BCA Protein Assay (23227, Thermo Fisher Scientific).
Equal amounts of protein extracts were separated on an
SDS–PAGE gel, followed by electrotransfer onto a PVDF
membrane (EZWB05-ISEQ00010-1, Millipore). The blots
were subsequently incubated for 2 h in a blocking buffer.
The membranes were incubated at 4°C overnight with
monoclonal antibodies, followed by corresponding second-
ary anti-rabbit or anti-mouse antibodies for 2 h. The anti-
bodies used for Western blotting were as follows: SLC7A11
(A2413, ABclonal), GPX4 (A1933, ABclonal), ATG5
(10181-2-AP, Proteintech), LC3 (14600-1-AP, Proteintech),
β-actin (81115-1-RR, Proteintech), GAPDH (10494-1-AP,
Proteintech), TRF2 (22020-1-AP, Proteintech), secondary
anti-rabbit antibody (SA00001-2, Proteintech), and anti-
mouse antibodies (SA00001-1, Proteintech). The proteins
were detected with ECL Blotting Detection Reagents
(32106, Thermo Fisher Scientific).

2.5. Trypan Blue Staining. Cell activity was detected with
trypan blue staining. In brief, the medium in six-well plates
was discarded. Trypsin was added to digest the cells for
90 sec, and then, the trypsin was discarded. A total of
900μL of complete medium and 100μL of 0.4% trypan blue
dye were added to the six-well plates; they were shaken well
and then incubated for 3 minutes. Finally, 10μL of the try-
pan blue cell suspension (C0040, Solarbio) was dropped
onto a special cell counting plate, and the cells were counted
under an ordinary light microscope (MARIENFELD). Cell
viability was expressed as a percentage of the DMSO-
treated control.

2.6. Cell Proliferation Assay with Cell Counting Kit-8 (CCK-8).
A CCK-8 assay was used to evaluate cell proliferation. Cells
were counted and seeded into 96-well plates. The Cell Count-
ing Kit-8 (CCK-8; C3007, Beyotime Institute of Biotechnology)
was used to determine the cell proliferation rate according to
the manufacturer’s instructions. Briefly, after 0, 24, 48, and
72h of growth, the cells were incubated in CCK-8 reagent at
37°C for 2h. Then, absorbance at 450nm was measured using
a microplate reader. Each test was repeated in triplicate under
the same conditions.

2.7. Scratch-Wound Healing Assay. Three parallel lines were
drawn across the bottom of the wells in a six-well plate, and
the cells were spread onto the plates. The cells were
scratched in the direction perpendicular to the drawn paral-
lel lines using a 200μL pipette tip. The old medium was dis-
carded, and 1mL PBS was added for washing. A total of 2mL
of serum-free medium was added, and then, the cells were
observed and photographed with a fluorescence microscope.
The scratch width was measured 48h after the first scratch
was made, and the healing percentage and scratch width
recovery percentage between cells in each well were compared.
The wound surface area was quantified by ImageJ software.

2.8. Colony Formation Analysis. BGC-823 cells were slowly
washed twice with deionized water, then 4% tissue cell fixa-
tive (BL539A, Biosharp) was added, and the cell culture dish
was allowed to stand for 20min. The cells were washed with
deionized water three times, a 0.5% crystal violet dye

3Oxidative Medicine and Cellular Longevity

https://pga.mgh.harvard.edu/primerbank/index.html
https://pga.mgh.harvard.edu/primerbank/index.html


solution (E607309-0100, Sangon Biotech) was added to
completely infiltrate the cells, and the cells were allowed to
stand at room temperature for 30min. Deionized water
was added, and the cell culture dish was slowly washed three
times on a shaker for 2min each time. Finally, the cell cul-
ture dish was placed upside down on filter paper, the water
was drained, and the results were analyzed with ImageJ.
Each experiment was repeated in triplicate under the same
conditions.

2.9. Analysis of 53BP1 Foci at Telomeres by Immunofluorescence.
BGC-823 cells were fixed with paraformaldehyde (E672002-
0500, Sangon), washed, and permeabilized in 0.5% Triton
X-100 (T8787-100ML, Sigma). After blocking, the cells were
immunostained with 53BP1 antibody (1 : 1000; ab175933,
Abcam) and then immunostained with Alexa Fluor 555-
labeled anti-rabbit IgG fluorescent antibody (1 : 2000,
ab150078, Abcam). Prepared PBST solution was added for
washing, followed by dehydration with ethanol. Finally, 4′,6-
diamidino-2-phenylindole (DAPI; H-1200-10, Vectorlabs)
was added and sealed, and the results were observed under a
fluorescence microscope.

2.10. Metaphase Spreads and Telomere Fluorescence In Situ
Hybridization (FISH) Analysis. Telomere dysfunction-
induced foci (TIFs) were assessed by metaphase spreads
and telomere-specific FISH to detect telomere dysfunction.
Cy3-labeled telomere-specific peptide nucleic acid (PNA)
was applied to the sample, denatured by incubation for
4min at 83°C, and hybridized in the dark at room tempera-
ture for 2 hours. Slides were then rinsed in PBST, followed
by the application of fluorescent secondary antibody conju-
gated to Alexa Fluor 488 (diluted 1 : 100; A11034, Life Technol-
ogies, Grand Island, NY) and incubation at room temperature
for 30min. Slides were then counterstained with DAPI, and the
results were observed under a fluorescence microscope.

2.11. Cell Apoptosis Assay. An Annexin V-FITC and PI apo-
ptosis detection kit (556547, BD Biosciences) was used
according to the manufacturer’s directions. Briefly, cells were
resuspended at 1 × 105 cells/mL in 100μL of binding buffer.
Annexin V-FITC (5μL) and PI (5μL and 20μg/mL) were
added to the cell suspension, followed by incubation at room
temperature for 10 minutes in the dark and then mixing with
1mL of binding buffer. A total of 1 × 106 cells/sample was ana-
lyzed on a FACSCalibur.

2.12. Statistical Analysis. Each test in this study was repeated
in triplicate under the same conditions. Quantitative data are
expressed as means ± SD of three independent experiments.
Statistical significance was determined using one-way
ANOVA and two-tailed Student’s t-test. Data analysis was
carried out using GraphPad Prism 7.0 (GraphPad Software).
P values of < 0.05 were considered statistically significant.

3. Results

3.1. TRF2 Is an Oncogene in Gastric Cancer, and TRF2
Depletion Inhibits the Growth, Proliferation, and Migration
of Gastric Cancer Cells. We used a bioinformatic method to

predict whether TRF2 could be used as an oncogene in gas-
tric cancer. First, we compared the expression level of TRF2
mRNA between gastric cancer tissues and corresponding
normal gastric mucosa tissues by searching the GEPIA and
TCGA databases. As shown in Figures 1(a) and 1(b), TRF2
mRNA in gastric cancer tissues was significantly higher than
in normal tissues. This finding indicates that TRF2 is overex-
pressed in gastric cancer. To predict whether TRF2 affects
the survival and prognosis of patients with gastric cancer,
we used the clinical information obtained from the cBioPor-
tal database for survival analysis. As shown in Figure 1(c),
the survival time of gastric cancer patients with low TRF2
mRNA expression was significantly longer than that of
patients with high TRF2 expression.

Because we have demonstrated that TRF2 may be an
important oncogene of gastric cancer using bioinformatic
databases, we next explored the effects of TRF2 on the
growth, proliferation, and migration of gastric cancer cells.
We designed two plasmids containing different sequences
of TRF2-shRNA and infected BGC-823 cells with these len-
tiviral vectors. To verify the efficiency of TRF2 knockdown
by two plasmids, we conducted qRT-PCR and Western blot
experiments. As shown in Figures 1(d) and 1(e), the expres-
sion levels of TRF2 mRNA and protein in the experimental
group were significantly lower than those in the control
group, which indicated that both plasmids could be used in
subsequent molecular biology experiments. We compared
the proliferation, survival, and migration of gastric cancer
cells between the control group and the stable knockdown
TRF2 group by CCK-8, colony formation, trypan blue stain-
ing, and scratch-wound healing assays. As shown in
Figures 2(a) and 2(b), knockdown of TRF2 significantly
inhibited the migration level of gastric cancer cells. The
results in Figures 2(c)–2(e) show that knockdown of TRF2
could evidently restrict the growth and proliferation of gas-
tric cancer cells. The results of the trypan blue staining assay
(Figure 2(f)) showed that reducing the expression level of
TRF2 in gastric cancers could obviously inhibit the viability
of the cells. The above results suggest that specific knock-
down of TRF2 has a remarkable inhibitory effect on the
growth, proliferation, and migration of gastric cancer cells,
and TRF2 may play an important role in the occurrence
and development of gastric cancer.

3.2. TRF2 Knockdown in Gastric Cancer Cells Causes
Telomere Dysfunction. TRF2 is one of the key telomere pro-
tection proteins. Telomere dysfunction caused by TRF2
inhibition in various types of cancer cells will activate the
DDR, which will lead to abnormal telomere end signals
[10, 11]. To determine whether knockdown of TRF2 leads
to the same outcome in gastric cancer cells, we detected
telomere dysfunction-induced foci (TIFs) in gastric cancer
cells by immunofluorescence of 53BP1 foci at telomeres
and telomere FISH assays. The results showed that knock-
down of TRF2 significantly upregulated the colocalization of
the DNA damage marker 53BP1 with telomeres (Figures 3(a)
and 3(b)). The results of telomere-specific FISH (Figures 3(c)
and 3(d)) showed that knockdown of TRF2 in gastric cancer
cells could induce obvious abnormal signals at telomere ends,
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including telomere signal free ends (SFEs) and multiple telo-
mere signals (MTSs). Furthermore, the frequency of chromo-
some end-to-end fusions significantly increased was observed
in depletion of TRF2. These results suggest that specific inhibi-
tion of TRF2 in gastric cancer cells can cause significant telo-
mere dysfunction and chromosome end-to-end fusions.

3.3. Knockdown of TRF2 Promotes Autophagic Death and
Apoptosis. It has been reported that telomere dysfunction
can lead to autophagic death, apoptosis, and other forms of
death. To further verify whether the telomere dysfunction
caused by TRF2 knockdown in gastric cancer cells can
induce autophagic death and apoptosis, we compared the
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Figure 1: Analysis of TRF2 mRNA expression levels in gastric cancer using bioinformatic databases and TRF2 shRNA knockdown. (a, b)
Box plots of the TRF2 mRNA expression levels in gastric cancer tissues and corresponding normal tissues obtained by searching the GEPIA
database (a) and TCGA database (b). (c) Survival analysis of gastric cancer patients with high levels of TRF2 mRNA expression and with low
levels of TRF2 mRNA expression. (d, e) TRF2 mRNA expression levels and protein expression levels in TRF2 shRNA-transfected cells and
scramble shRNA control cells. Each test was repeated in triplicate under the same conditions, and representative data are shown.
Comparisons were performed using Student’s t-test and one-way ANOVA. ns: not significant. ∗P < 0:05 and ∗∗P < 0:01.
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levels of autophagy and apoptosis between control and TRF2
knockdown gastric cancer cells by qRT-PCR, Western blot-
ting, and flow cytometry. The mRNA level of autophagy-
related 5 (ATG5) was significantly increased, and p62 was

significantly decreased (Figure 4(a)) in the TRF2 knockdown
cells. ATG5 is a molecule involved in the activated autoph-
agy machinery, while decreased levels of p62, an autophagic
flux marker, can be observed when autophagy is induced.
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Figure 2: Effects of TRF2 knockdown on the growth, proliferation, and migration of gastric cancer cells. (a, b) The cell migration ability was
detected by scratch-wound healing assays. (c, d) Cell proliferation was detected by colony formation assays. (e) CCK-8 assay growth curves
of TRF2 knockdown cells and control cells. (f) Cell viability determined by the trypan blue staining assay. Each test was repeated in triplicate
under the same conditions, and representative data are shown. Comparisons were performed using Student’s t-test and one-way ANOVA.
ns: not significant. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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The protein levels of LC3-II (phosphatidylethanolamine-
conjugated form of MAP1LC3B) and ATG5 were signifi-
cantly increased (Figure 4(b)) in the TRF2 knockdown cells.
The quantitative analysis results showed that the expression
of LC3 and ATG5 protein increased by more than 50% com-
pared with the scramble group. Figures 4(c) and 4(d) show
that TRF2 knockdown can also induce apoptosis. Therefore,
these results show that telomere dysfunction caused by
TRF2 inhibition can promote autophagic death and apopto-
sis in gastric cancer cells.

3.4. Inhibition of TRF2 Simultaneously Boosts Ferroptosis.
Ferroptosis is a new type of programmed cell death that is
iron-dependent and different from apoptosis and autophagic
death. The main sign of ferroptosis is the decreased expres-
sion of SLC7A11 and GPX4. A large number of studies have
shown that p53 inhibits the expression of SLC7A11 and pro-
motes ferroptosis. It is well known that telomere DNA dam-

age can activate p53 pathway. Therefore, to understand the
relationship between TRF2, p53, and ferroptosis-related
proteins (SLC7A11 and GPX4), the STRING database was used
to analyze their protein interaction network. Some important
proteins may play roles, including AURKA, BARD1,CDK2,
CREBBP, DDX5, EP300, MDM2, RPA1, SIRT1, and UBE3A,
which were found to be a part of the TRF2, p53, and
ferroptosis-related protein network (Figure 5(a) and Table 1).
To further clarify the effect of TRF2 knockdown on ferroptosis
in gastric cancer cells, we measured the expression levels of
ferroptosis-related markers in TRF2 knockdown gastric cancer
cells at the mRNA and protein levels. As shown in Figures 5(b)
and 5(c), knockdown of TRF2 significantly decreased the
expression levels of SLC7A11 and GPX4 in gastric cancer cells.
The quantitative analysis results showed that the expression of
SLC7A11 andGPX4 protein decreased bymore than 50% com-
pared with the scramble group. These results suggest that deple-
tion of TRF2 can facilitate ferroptosis in gastric cancer cells.
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Figure 3: Effect of TRF2 knockdown on telomere dysfunction in gastric cancer cells. (a, b) Analysis of 53BP1 foci at telomeres by
immunofluorescence. The red dots represent telomere signals, and the green dots represent 53BP1 signals. The yellow arrows represent
53BP1 foci at the telomeres. Scale bars, 5 μm. (c, d) The results of metaphase spreads and telomere fluorescence in situ hybridization
(FISH) analyses. At least 10 mitotic phases were counted in each group, and the total number of chromosomes was more than 300.
SFEs: telomere signal free ends; MTSs: multiple telomere signals. Scale bars, 5μm. Comparisons were performed using Student’s t-test
and one-way ANOVA. ns: not significant. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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3.5. Autophagic Death and Ferroptosis Inhibitors Restore the
Inhibition of Cell Growth, Proliferation, and Migration
Caused by TRF2 Depletion. To further prove that the decline
in the growth, proliferation, and migration ability of gastric
cancer cells caused by knockdown of TRF2 is related to
autophagy and ferroptosis, we used chloroquine (CQ), an
autophagy inhibitor, and ferrostatin-1 (Fer-1), a ferroptosis
inhibitor, to pretreat TRF2 knockdown gastric cancer cells.
The growth, proliferation, and migration of gastric cancer
cells were detected by CCK-8, colony formation, and trypan
blue staining assays. The results are shown in Figures 6(a)–
6(f). Pretreatment with the autophagy inhibitor CQ and
the ferroptosis inhibitor Fer-1 obviously reversed the inhib-
ited growth, proliferation, and migration ability of gastric
cancer cells induced by the knockdown of TRF2. Therefore,
telomere dysfunction caused by knockdown of TRF2 can
indeed inhibit gastric cancer cell growth and survival
through the autophagic death and ferroptosis pathways.

4. Discussion

Gastric cancer is the most common malignant tumour of the
digestive system, and gastric cancer mortality ranks among
the top of all tumour types in China [31, 32]. To date, the

annual number of patients diagnosed with and dying of
gastric cancer is still increasing, especially in patients with
Helicobacter pylori infection [33]. Thus, there is an urgent
need to develop effective therapies for gastric cancer. The
role of telomeres in tumours has attracted increasing atten-
tion from researchers. The telomere protective protein shel-
terin maintains telomere stability and plays an important
role in the occurrence and development of tumours. TRF2,
one of the core components of shelterin, can protect telo-
meres and prevent telomere terminal fusion and the DDR.
Inhibition of TRF2 can lead to apoptosis mediated by p53
and ATM [34]. The small molecules, curcusone C and
quindoline derivative CK1-14, could induce telomeric
DNA-damage response in cancer cells through inhibition
of TRF2. These small molecules could inhibit tumour cell
proliferation and cause cell cycle arrest, resulting in cell apo-
ptosis [35, 36]. Lentiviral vectors and RNA interference tech-
nology determine the impact of targeted depletion of TRF2
on the proliferation and tumour-generating activity of
human glioblastoma stem cells (GSCs). Targeting TRF2 sig-
nificantly increased the survival of mouse bearing GSC
xenografts [37]. In this regard, we explored the expression
levels of TRF2 mRNA in gastric cancer by bioinformatic
methods. Our results showed that the mRNA expression
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Figure 4: Effects of TRF2 knockdown on autophagy and apoptosis in gastric cancer cells. (a, b) The mRNA and protein expression levels of
autophagy markers were measured by qRT-PCR and Western blotting, respectively. (c, d) The level of apoptosis was detected by flow
cytometry. Each test was repeated in triplicate under the same conditions, and representative data are shown. Comparisons were
performed using Student’s t-test and one-way ANOVA. ns: not significant. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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levels of TRF2 in gastric cancer samples were higher than
those in healthy controls. The survival time of patients with
high TRF2 expression was shorter than that of patients with
low TRF2 expression. We found that knockdown of TRF2
could inhibit gastric cancer cell growth, proliferation, and
migration. These data suggest that TRF2 might promote
the progression of gastric cancer.

Apoptosis is a type of programmed cell death that plays
key roles in the physiology and pathophysiology of multiple
cellular organisms [17]. Knockdown of TRF2 in healthy T
cells increased in telomeric DNA damage and T cell apopto-
sis. In contrast, overexpression of TRF2 in HCV T cells
alleviated telomeric DNA damage and T cell apoptosis
[38]. Our present research found that knockdown of TRF2
significantly exacerbated apoptosis in gastric cancer cells.

Autophagy is usually described as a double-edged sword
in different states of cancer. Cytoprotective autophagy can
provide cancer cells with the ability to resist injury. Con-
versely, cytotoxic autophagy is considered an independent
mechanism of cell death [39], and that excessive stimulation
of autophagy through overexpression of beclin1 suppresses
tumorigenesis [40]. The activation of autophagy is critical
for cell death, as its suppression promotes bypass of crisis,
continued proliferation, and accumulation of genome
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Figure 5: Effects of TRF2 knockdown on ferroptosis in gastric cancer cells. (a) The TRF2, p53, and ferroptosis-related protein interaction
network was determined using the STRING database. (b, c) The mRNA and protein expression levels of ferroptosis markers were measured
by qRT-PCR and Western blotting, respectively. Each test was repeated in triplicate under the same conditions, and representative data are
shown. Comparisons were performed using Student’s t-test and one-way ANOVA. ns: not significant. ∗P < 0:05 and ∗∗∗P < 0:001.

Table 1: List of proteins in TRF2-p53-SLC7A11-GPX4 interaction
network.

Abbreviation of gene Full name of gene∗

AURKA Aurora kinase A

BARD1 BRCA1-associated RING domain protein 1

CDK2 Cyclin-dependent kinase 2

CREBBP CREB-binding protein

DDX5 DEAD-box helicase 5

EP300 E1A-binding protein P300

GPX4 Glutathione peroxidase 4

MDM2 MDM2 protooncogene

RPA1 Replication protein A1

SIRT1
NAD-dependent protein deacetylase

sirtuin-1

SLC7A11
Solute carrier family 7 (Xc-system),

member 11

TERF2 Telomeric repeat-binding factor 2

TP53 Tumour protein P53

UBE3A Ubiquitin-protein ligase E3A
∗The full names of genes are from the GeneCards database (http://www
.genecards.org).
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instability. Prolonged stress and progressive autophagy can
also eventually lead to cell death [41]. Telomere dysfunction
specifically triggers autophagy, indicating that the telomere-

driven autophagy pathway is not induced by intrachromoso-
mal breaks. Telomeric DNA damage generates cytosolic
DNA species with fragile nuclear envelopes. The cytosolic
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Figure 6: Effects of pretreatment with autophagy and ferroptosis inhibitors on the growth, proliferation, and migration of TRF2 knockdown
gastric cancer cells. (a, b) The cell migration ability was detected by scratch-wound healing assays. (c, d) Cell proliferation was detected by
colony formation assays. (e) CCK-8 assay growth curves of TRF2 knockdown cells and control cells. (f) Cell viability determined by the
trypan blue staining assay. Each test was repeated in triplicate under the same conditions, and representative data are shown. CQ:
chloroquine; Fer-1: ferrostatin-1. Comparisons were performed using Student’s t-test and one-way ANOVA. ns: not significant; ∗P < 0:05
and ∗∗∗P < 0:001.
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chromatin fragments activate the cGAS-STING pathway and
engage the autophagy machinery [42]. Telomere deprotection
by TRF2 depletion was sufficient to activate autophagy inde-
pendently of replicative crisis [43]. Our present research found
that inhibition of TRF2 in gastric cancer cells could signifi-
cantly increase the expression of autophagy markers (ATG5
and LC3-II) and decrease the expression of the autophagic flux
marker p62, indicating that TRF2 deficiency facilitated the
process of autophagy in gastric cancer cells. Additionally, pre-
treatment with chloroquine significantly reversed the inhibi-
tion of cell growth, proliferation, and migration caused by
the knockdown of TRF2, which helped us to confirm that
autophagy was occurring. Our study also found that knock-
down of TRF2 could induce significant telomere dysfunction.
Therefore, we speculated that TRF2 deficiency-induced telo-
mere dysfunction might trigger autophagic death, which
depends on the activation of the cGAS-STING pathway. How-
ever, a more detailed connection between autophagic death
and TRF2 still needs further investigation.

Ferroptosis is a novel form of cell death discovered in
recent years. An increasing number of studies have shown that
promoting ferroptosis is a new way to inhibit the growth of
cancer cells [44]. Activation of p53 signalling pathway can
promote ferroptosis by repressing the expression of SLC7A11
[45], and telomere dysfunction inevitably activates the p53 sig-
nalling pathway [46]. However, it is unclear whether telomere
damage in cancer cells promotes ferroptosis through the p53
signalling pathway. Therefore, we used gastric cancer cells as
a model to investigate this; we inhibited the expression of
TRF2 and then measured the mRNA and protein expression
levels of the ferroptosis biomarkers. Our results showed that
knockdown of TRF2 in gastric cancer cells resulted in the
downregulation of SLC7A11 and GPX4 expressions at the
mRNA and protein levels, while the expression of SLC7A11
and GPX4 recovered after pretreatment with the ferroptosis
inhibitor ferrostatin-1. Therefore, we believe that inhibition
of TRF2 in gastric cancer cells can induce ferroptosis. Addi-
tionally, pretreatment with the ferroptosis inhibitor Fer-1 sig-
nificantly reversed the inhibition of cell growth, proliferation,
and migration caused by the knockdown of TRF2, which
helped us confirm that ferroptosis was occurring. Next, we
wanted to determine whether p53 signalling pathway-
mediated ferroptosis was caused by the inhibition of TRF2 in
gastric cancer cells. To further study the interaction relation-
ship between TRF2, p53, and SLC7A11, the STRING database
was used to analyze their protein interaction network. We
found twelve proteins (MDM2, RPA1, UBE3A, EP300,
TERF2, BARD1, TP53, GPX4, CREBBP, CDK2, DDX5, and
SIRT1) involved in the TRF2, p53, and SLC7A11 protein
networks. Based on these results, we speculated that p53-
dependent telomere dysfunction might be the bridge mediat-
ing the regulation of ferroptosis by TRF2 depletion. The
specific mechanism between them needs further investigation
in future research.

5. Conclusions

In conclusion, we found that TRF2 depletion in gastric can-
cer cells can inhibit cell growth, proliferation, and migration

through the combined action of ferroptosis, autophagic death,
and apoptosis, and inhibition of ferroptosis or autophagic
death would augment the recovery of cell growth, prolifera-
tion, and migration. Our study provides new ideas for the role
of telomere protective protein TRF2 in gastric cancer cells,
deepens our understanding of the molecular mechanisms
underlying the occurrence and development of gastric cancer,
and provides new strategies for the treatment of gastric cancer.
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Background. Pancreatic cancer is a highly aggressive malignancy worldwide with rapid development and an exceedingly poor
prognosis. lncRNAs play crucial roles in regulating the biological behaviors of tumor cells. In this study, we discovered that
LINC00578 acted as a regulator of ferroptosis in pancreatic cancer. Methods. A series of loss- and gain-of-function experiments
in vitro and in vivo were performed to explore the oncogenic role of LINC00578 in pancreatic cancer development and
progression. Label-free proteomic analysis was performed to select LINC00578-related differentially expressed proteins. Pull-down
and RNA immunoprecipitation assays were carried out to determine and validate the binding protein of LINC00578.
Coimmunoprecipitation assays were used to investigate the association of LINC00578 with SLC7A11 in ubiquitination and to
confirm the interaction between ubiquitin-conjugating enzyme E2 K (UBE2K) and SLC7A11. An immunohistochemical assay was
used to confirm the correlation between LINC00578 and SLC7A11 in the clinic. Results. LINC00578 positively regulated cell
proliferation and invasion in vitro and tumorigenesis in vivo in pancreatic cancer. LINC00578 can obviously inhibit ferroptosis
events, including cell proliferation, reactive oxygen species (ROS) generation, and mitochondrial membrane potential (MMP)
depolarization. In addition, the LINC00578-induced inhibitory effect on ferroptosis events was rescued by SLC7A11 knockdown.
Mechanistically, LINC00578 directly binds UBE2K to decrease the ubiquitination of SLC7A11, thus accelerating SLC7A11
expression. In the clinic, LINC00578 is closely associated with clinicopathologic factors and poor prognosis and correlated with
SLC7A11 expression in pancreatic cancer. Conclusions. This study elucidated that LINC00578 acts as an oncogene to promote
pancreatic cancer cell progression and suppress ferroptosis by directly combining with UBE2K to inhibit the ubiquitination of
SLC7A11, which provides a promising option for the diagnosis and treatment of pancreatic cancer.

1. Introduction

Pancreatic cancer is a highly aggressive malignancy world-
wide with rapid development and an extremely poor prog-
nosis. It is currently regarded as the fourth leading cause of
cancer mortality and is expected to be the second leading
cause in 2030 [1]. The high mortality of pancreatic cancer
is predominantly due to a lack of screening and diagnosis
methods, low resection rates, and insensitivity to chemother-
apy and radiotherapy [2]. Therefore, further exploration and
understanding of the underlying specific molecular mecha-
nisms of pancreatic cancer progression are of great necessity.

Long noncoding RNAs (lncRNAs) are RNA molecules
with transcript lengths longer than 200 nucleotides that are
generally considered to be without the potential to encode
proteins. Many studies have proven the crucial roles of
lncRNAs in modulating biological activities in cancer cells,
including cell proliferation, invasion, ferroptosis, and apo-
ptosis [3–5]. Recently, the mechanisms by which lncRNAs
fulfill their tumor-suppressing and tumor-driving functions
in pancreatic cancer have attracted considerable attention.
LINC00578, a newly identified lncRNA, was found to be
associated with prognosis in lung cancer and breast cancer
[6, 7]. In addition, another study indicated that LINC00578
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is upregulated and could be a prognostic signature in pan-
creatic cancer [8]. Nevertheless, the concrete mechanisms
of LINC00578 in pancreatic cancer development and metas-
tasis remain to be elucidated.

Ferroptosis is a novel cell death modality that is triggered
by intracellular iron-dependent phospholipid peroxidation.
To date, ferroptosis has been found in a variety of cancer cells,
including hepatocellular cancer cells, breast cancer cells, and
pancreatic cancer cells. Solute carrier family 7 member 11
(SLC7A11), a critical regulator of ferroptosis, functions to
import cystine for glutathione biosynthesis and antioxidant
defense, thus inhibiting ferroptosis. SLC7A11 overexpression
promotes phospholipid peroxidation, which inhibits ferropto-
sis events in various tumor cells [9–11].Mounting studies have
illustrated that lncRNAs are involved in cancer progression by
regulating ferroptosis events. For example, the lncRNA OIP5-
AS1-induced inhibitory effect on ferroptosis promotes pros-
tate cancer progression through the miR-128-3p/SLC7A11
pathway [12]. lncRNAMT1DP promotes erastin-induced fer-
roptosis in lung cancer cells via MT1DP/miR-365a-3p/NRF2
signaling [13]. Intriguingly, chemotherapy-resistant cancer
cells, especially those prone to metastasis, are very susceptible
to ferroptosis [14]. Notably, although ferroptosis-related
lncRNAs have been indicated as prognostic markers in
pancreatic cancer, no studies have reported on the role of
ferroptosis in the regulation of pancreatic cancer cell progres-
sion by lncRNAs.

In our study, the effect of LINC00578 on the development
and metastasis of pancreatic cancer was determined. We also
explored the role of ferroptosis in regulating pancreatic cancer
cell development and invasion by LINC00578. Furthermore,
we mechanistically explored whether LINC00578 inhibits
ferroptosis in pancreatic cancer cells by reducing ubiquitin-
conjugating enzyme 2K- (UBE2K-) mediated SLC7A11
degradation. To conclude, our study will provide vital theoret-
ical evidence for explaining the mechanisms by which
LINC00578 inhibits ferroptosis in pancreatic cancer and will
provide a novel target for the diagnosis and treatment of pan-
creatic cancer.

2. Materials and Methods

2.1. Cell Culture and Treatment. The human pancreatic can-
cer cell lines PL45 and PATU8988 were delivered from the
Chinese Academy of Sciences (Shanghai, China). The PL45
and PATU8988 cell lines were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; HyClone) supplemented with
10% fetal bovine serum (FBS; GIBCO) under a humidified
atmosphere of 5% CO2 at 37°C. LINC00578 shRNA plas-
mids, LINC00578 Sh-NC plasmids, LINC00578 overexpres-
sion plasmids, LINC00578 vector plasmids, and Si-SLC7A11
plasmids were purchased from GenePharma (Shanghai,
China). We treated PL45 cells with lentivirus and selected
puromycin. For transient silencing, INTERFERin Reagent
was used to transfect siRNA into PATU988 cells. Regarding
stable LINC00578 silencing and transient SLC7A11 silenc-
ing, the target sequences are listed in Table S1. For the cell
death assay, LINC00578-overexpressing cells and vector
cells were treated with different stimuli, including erastin

(Beyotime, China), ferrostatin-1 (Fer-1) (Beyotime, China),
erastin+Fer-1, and DMSO.

2.2. Human Tissue Samples. Pancreatic cancer and adjacent
nontumor tissue samples in the Su cohort and IHC samples
were collected from the Department of General Surgery, the
First Affiliated Hospital of Soochow University. Before
surgery, none of the patients received preoperative chemo-
therapy or radiotherapy. The excised samples were rapidly
stored in −80°C liquid nitrogen or formalin. The research
was approved by the First Affiliated Hospital of Soochow
University. All patients signed informed consent forms.

2.3. RNA Isolation and Quantitative Real-Time PCR (qRT–
PCR). TRIzol reagent (Invitrogen, USA) was used to extract
total RNA. The RNA concentration was then detected. Sub-
sequently, 1μg of total RNA was reverse transcribed with
random primers using the RevertAid™ First Strand cDNA
Synthesis Kit and oligo (dT) (GENMED Scientific, Inc.,
USA). PCR was conducted in a 20μL PCR containing 1μL
of diluted cDNA. qRT–PCR was performed with a LightCy-
cler 480 II Real-Time PCR system using the SYBR Green
method. The PCR primers are listed in Table S2. All qRT–
PCR experiments were repeated at least three times.

2.4. CCK-8 and Colony Formation Assays. A total of 5000
cells in 100μL of complete medium were seeded into each well
of 96-well culture plates to detect PATU8988 and PL45 cell
viability. Next, 10μL of the Cell Counting Kit-8 (CCK8) was
added to each well at 0, 24, and 48h, and after that, the plates
were cultured for 2h under a humidified atmosphere of 5%
CO2 at 37

°C. The absorbance at 450nm was measured on a
96-well plate reader (Thermo Fisher Scientific).

For colony formation assays, PATU8988 and PL45 cells (a
gradient density of 50 cells/well) were seeded in plates and
then incubated for 2–3 weeks until the appearance of colonies.
Methanol was used to fix cell colonies, which were then
stained with Giemsa. Rate of colony formation = ðnumber of
clones/number of cells inoculatedÞ × 100%. The experiment
was repeated three times.

2.5. Wound-Healing Assay. The invasive ability of the pan-
creatic cancer cells was tested via wound-healing assay. A
10μL pipette tube was used to create an acellular area, and
the distance of cells migrating to the wounded area was
observed after 0 and 48 h via photography. The invasive
ability was detected by counting the number of cells that
migrated to the original wound. The experiment was
repeated three times.

2.6. Construction of the Tumor Xenograft Model. In this
research, all animal studies were approved by the Institutional
Animal Care and Use Committee (IACUC) of Soochow
University. Nudemice (female, 6 weeks old, and 18 ± 2 g) were
delivered from the Shanghai Experimental Animal Centre
(Shanghai, China). A total of 5 × 106 PATU8988 cells trans-
fected with LINC00578 overexpression or control vector were
slowly injected into the subcutaneous area of the bilateral
flanks of the nude mice (n = 6 per group). Body weights and
tumor volumes were measured every 3 days. The nude mice
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were euthanized on day 30 or when they were moribund.
Then, the tumors were isolated carefully. Each mouse’s tumor
was measured through length and width and weighed on the
scales. Tumor volume = length × width2 × 1/2.

2.7. Label-Free Proteomics, GO Terms, and KEGG Pathway
Analysis. Cells of the Sh-LINC00578 group and Sh-NC
group were collected and then sonicated using an ultrasonic
processor (Scientz) in a lysis buffer on ice three times. The
samples were centrifuged (12,000 g, 4°C) for 10min to
remove the remaining debris. The supernatant was collected,
and then, a BCA kit was used to determine the protein con-
centration of the Sh-LINC00578 group and Sh-NC group.
Dithiothreitol (5mM, 56°C, and 30min) was used to reduce
the protein solution, and the reduced protein was then alky-
lated by iodoacetamide (11mM, in darkness, and 15min) to
obtain the postdigested product.

Triethylammonium bicarbonate (TEAB, 100mM) was
added to the protein samples to keep the urea concentration
less than 2M. Next, the mass ratio of trypsin to protein was
maintained at 1 : 50 by adding trypsin to the protein. It was
digested overnight. Then, a second 4h digestion was per-
formed at a 1 : 100 trypsin to protein ratio. Label-free LC–
MS/MS analysis was used to analyze collected protein
samples from the Sh-LINC00578 group and the Sh-NC
group. Tandem mass spectrometry (MS/MS) was performed
in Q Exactive™ Plus (Thermo) on peptides previously
subjected to an NSI source. The MaxQuant search engine
(v.1.5.2.8) was used to further process the MS/MS data.
Then, the tandem mass spectra were searched using the
human UniProt database, which was concatenated with the
reverse decoy database.

Then, GO terms were used to classify the proteins of the
Sh-LINC00578 group and the Sh-NC group into three catego-
ries: cellular compartment, molecular function, and biological
process. For enrichment of the differentially expressed pro-
teins, the evaluation was conducted via Fisher’s exact test. A
P value < 0.05 was considered statistically significant.

The enriched pathways were identified via Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis.
For enrichment of the differentially expressed proteins, eval-
uation was conducted via Fisher’s exact test. A P value < 0.05
was considered statistically significant.

2.8. Western Blot Analysis. The RIPA lysis buffer (Beyotime
Biotechnology, Shanghai, China) was used to extract total
proteins, which were then quantified by the bicinchoninic
acid (BCA) quantitative protein assay according to the
manufacturer’s instructions. Then, 10% SDS–PAGE was
used to separate protein lysates. Proteins were transferred
to PVDF membranes. The membrane was blocked with 5%
nonfat milk. Primary antibodies were added and incubated
at 4°C overnight. Next, the membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit IgG or anti-
mouse IgG for 1 h, and then, the blots were detected using
an enhanced chemiluminescence (ECL) detection system
(FDbio, Shanghai, China). GAPDH was chosen as an inter-
nal loading control. All primary and secondary antibodies

are presented in Table S3. All western blot assays were
repeated at least three times.

2.9. Measurement of Ferrous Iron (Fe2+) and Malondialdehyde
(MDA). Cells were treated according to the corresponding
procedures. An Iron Assay Kit (AB83366, Abcam) was used
to detect the Fe2+ content in PATU8988 and PL45 cells. First,
the cells were added to an iron assay buffer, which was then
homogenized on ice. Then, the samples were centrifuged at
13,000 × g and 4°C for 10min. Next, the supernatant was
collected. Fifty microliters of supernatant were incubated with
50μL of assay buffer at room temperature for 30min.
Subsequently, 50μL of the assay buffer with 200μL of reagent
mix was incubated at room temperature in the dark for
30min. The absorbance was measured at 593nm using a
microplate reader.

PATU8988 and PL45 cells were plated in 6-well cell
culture plates (Corning). After cell homogenization, a BCA
protein assay kit (Beyotime) was used to measure protein con-
centrations, and then, intracellular MDA levels were detected
using a lipid peroxidation MDA assay kit (Beyotime). This
experiment was repeated at least three times.

2.10. Measurement of Reactive Oxygen Species (ROS) and
Mitochondrial Membrane Potential (MMP). To determine
ROS levels, vector and OE-LINC00578 group cells were seeded
in a 6-well plate. Then, the culture media was replaced with
serum-free media containing 10μmol/L of 2′,7′-dichlorodihy-
drofluorescein diacetate (Sigma). The samples were then placed
in the dark for 20min and shaken gently every 5min. The cells
were resuspended in PBS and then subjected to flow cytometry
to detect changes in ROS expression levels. The experiment was
repeated three times.

Tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
staining was used to measure MMP in PATU8988 and
PL45 cells. Cells were treated with NaAsO2 and stained with
5μM JC-1 (Beyotime, China) at 37°C in the dark for 20min.
The cells were washed twice with PBS and observed using a
fluorescence microscope. The ratio of red/green fluorescence
intensity was analyzed via Image-Pro Plus 6.0 software.

2.11. RNA Pull-Down and Mass Spectrometry. A DNA frag-
ment containing LINC00578 full-length sequence or a nega-
tive control sequence was PCR amplified using SP6 (for
antisense)/T7 (for sense) polymerase. Biotin RNA Labeling
Mix (Roche) and T7 RNA polymerase were used for the
reverse transcription of biotin-labeled RNA. Then, the prod-
ucts were treated with RNase-free DNase I (Roche) and an
RNeasy Mini Kit (Qiagen, MD, USA) for purification. Four
micrograms of RNA were denatured in a PA buffer. The
mixture was then cooled to room temperature. Subse-
quently, the folded RNA was incubated with streptavidin
Dynabeads (Invitrogen) for 1 h at 4°C with 2U/mL RNasin
(Promega). The cells were washed to clear the protein lysate
from 1 × 107 PL45 cells, which were then incubated with the
folded RNA-bead complex with 20μg/mL yeast tRNA. The
beads were boiled with 40μL of 1x SDS loading buffer after
washing. Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis can further separate lncRNA-interacting proteins.
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The gel was stained with silver. Next, the specific bands of
LINC00578 were subjected to Q Exactive mass spectrometry.

For each sample, 1/2 peptides were alienated and
explored using Q Exactive mass spectrometry (Thermo).
Then, the peptides were separated. H2O with 0.1% FA, 2%
ACN (phase A) and 80% ACN, and 0.1% FA (phase B) were
the mobile phases. A 120min gradient at a 300 nL/min flow
rate was performed to separate the samples. The gradient
was comprised of an increase of solvent B from 0% to 3%
in 8min, 3% to 8% in 3min, 8% to 20% in 77min, 20% to
40% in 10min, and 40% to 90% in 4min, then holding at
90% for 6min, and a subsequent decrease of solvent B from
90% to 3% in 4min and 3% to 0% in 8min.

Data-dependent acquisition was accomplished in profile
as well as in positive mode with an Orbitrap analyzer at a
resolution of 70,000 FWHM and a m/z range of 300-1400
for MS1. For dd-MS2, the resolution was fixed to
17,500 FWHM. The automatic gain control (AGC) target
for MS1 was 3.0 e6 with a max IT of 60ms and was 5.0 e4

for dd-MS2 with a max IT of 80ms. HCD with a normalized
collision energy (NCE) of 27% was used to disintegrate the
top 10 strongest ions.

Then, we investigated the raw MS files with Proteome
Discoverer. The protein sequence database (UniProt_
Human_2020_08.13) was acquired from UniProt. All the
additional parameters were kept as default.

2.12. RNA Immunoprecipitation (RIP) Assay. A RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore, MA)
was used to perform RIP. In brief, 2 × 107 PL45 cell lysates
were incubated with beads conjugated with anti-UBE2K or
negative control (normal mouse IgG). The immunoprecipi-
tated RNAs were extracted. Then, qRT–PCR was performed
to verify binding target enrichment. Finally, the products
were subjected to agarose gel electrophoresis. The primers
for LINC00578 are listed in Table S2. The RIP assay was
repeated three times.

2.13. Immunoprecipitation Assay. The cells were washed
with PBS and lysed with a protein extraction reagent buffer
on ice for 1 h. The samples were centrifuged at 15,000 × g
at 4°C for 10min, and then, the supernatant was collected.
The supernatant was incubated with a primary antibody
against GAPDH (1 : 2000; 60004-1-Ig, Proteintech) or mouse
immunoglobulin G control at 4°C for 4 h with gentle agita-
tion. Regarding the coimmunoprecipitations (IPs), 20μL of
prewashed protein A/G agarose beads was incubated with
400μg of samples at 4°C overnight with gentle agitation.
After incubation, the immune complexes were washed three
times with a lysis buffer. Then, the proteins were collected
after centrifugation and boiled with the SDS loading buffer.
Finally, western blotting was performed. The experiment
was repeated three times.

2.14. Immunohistochemical (IHC) Assay. Tissues were fixed
with formalin and embedded in paraffin. Four-micrometer-
thick sections were cut and mounted on glass slides accord-
ing to the specifications of the S-P (streptavidin peroxidase)
kit. They were incubated with anti-SLC7A11 (1 : 200; 26864-

1-AP, Proteintech) antibodies overnight at 4°C. Subse-
quently, the membranes were incubated with the secondary
antibody and ExtrAvidin-conjugated horseradish peroxi-
dase. Sections were evaluated via light microscopy.

2.15. Bioinformatics. Bioinformatic analysis was carried out
with pancancer and pancreatic cancer data, which were from
The Cancer Genome Atlas (TCGA). The data were analyzed
by the R package (Version 4.2.0). Kaplan–Meier analysis was
conducted to construct overall survival curves.

2.16. Statistical Analysis. SPSS 21.0 software (IBM, Armonk,
NY, USA) was used for statistical analysis. All continuous data
are presented as the mean ± standard deviation for multiple
(SD). GraphPad Prism 9 software was used for statistical anal-
ysis. For cellular assays in vitro and animal experiments
in vivo, a two-sided Student’s t test was performed to analyze
the difference between two groups. One-way ANOVA was
performed for comparisons among multiple groups. The
correlation between LINC00578 expression and clinical
characteristics was validated by Fisher’s exact test. In this
study, a P value < 0.05 was defined as significantly different.

3. Results

3.1. The Expression of LINC00578 Is Closely Correlated with
Clinicopathologic Factors and Associated with Poor Prognosis
in Pancreatic Cancer. To grasp the role of LINC00578 in can-
cer progression, pancancer analysis was first performed in a
TCGA cohort, and the results showed that the expression of
LINC00578 was dramatically decreased in 15 kinds of cancers,
including colon adenocarcinoma and esophageal carcinoma,
and increased in 16 kinds of cancers, including pancreatic ade-
nocarcinoma and liver hepatocellular carcinoma (Figure 1(a)).
Subsequently, we analyzed LINC00578 expression levels in a
PAAD cohort from the TCGA database. As expected, the
expression level of LINC00578 was increased in pancreatic
cancer compared with normal tissues (Figure 1(b)). Therefore,
we focused on investigating the role of LINC00578 in pancre-
atic cancer. Subsequently, the expression of LINC00578 in the
Su cohort of 50 paired cases was examined to validate the
increased level of LINC00578 in pancreatic cancer, and the
results showed that the expression level of LINC00578 was sig-
nificantly higher in pancreatic cancer tissues than in benign
tissues (Figure 1(c)). The expression ratio of LINC00578
between tumors and adjacent normal tissues showed that the
ratio of T/NT of 38% of cases ranged from 2 to 5, and the ratio
of 28% of cases exceeded 5 (Figure 1(d)). Then, to determine
whether LINC00578 expression is associated with pancreatic
cancer progression, the relationship between LINC00578
expression and clinicopathologic factors was analyzed, and we
discovered that a higher LINC00578 expression level was posi-
tively associated with advanced T stage (P = 0:0106), N stage
(P = 0:0001), and TNM stage (P < 0:0001) (Figures 1(e)–1(g),
Table 1). Kaplan–Meier analysis of PAAD cohorts in TCGA
showed that a high LINC00578 expression level predicted poor
overall survival of patients with pancreatic cancer (Figure 1(h),
Figure S1).
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Figure 1: LINC00578 is upregulated in pancreatic cancer and correlated with clinicopathological factors. (a) Box plot of LINC00578
expression in 34 kinds of cancers from the TCGA (PANCAN, N = 19131, T = 60499) cohort. (b) Box plot of LINC00578 expression in
both pancreatic cancer tissues (n = 177) and normal tissues (n = 171) from the TCGA-GTEx cohort. (c) Box plot of LINC00578
expression in pancreatic cancer tissues (n = 50) and adjacent normal tissues (n = 50) from the Su cohort. (d) The expression ratio of
LINC00578 between tumors and adjacent normal tissues from the Su cohort. (e) The expression of LINC00578 between T1/T2 and T3/
T4 stages from the Su cohort. (f) The expression of LINC00578 between N0 and N1/N2 stages from the Su cohort. (g) The expression of
LINC00578 between Grade I and Grade II from the Su cohort. (h) Kaplan–Meier curve showing the correlation of the LINC00578
expression with overall survival (OS) (P = 0:04) in the TCGA cohort. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001. Abbreviations:
ACC: adrenocortical carcinoma; ALL: acute lymphoblastic leukemia; BLCA: bladder urothelial carcinoma; CESC: cervical squamous cell
carcinoma and endocervical adenocarcinoma; COAD: colon adenocarcinoma; COADREAD: colon adenocarcinoma/rectum
adenocarcinoma; CHOL: cholangiocarcinoma; ESCA: esophageal carcinoma; GBM: glioblastoma multiforme; GBMLGG: glioma; HNSC:
head and neck squamous cell carcinoma; KICH: kidney chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal
papillary cell carcinoma; KIPAN: pankidney cohort (KICH+KIRC+KIRP); LAML: acute myeloid leukemia; LGG: brain lower grade
glioma; LIHC: liver hepatocellular carcinoma; LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; OV: ovarian serous
cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG: pheochromocytoma and paraganglioma; PRAD: prostate adenocarcinoma;
READ: rectum adenocarcinoma; STAD: stomach adenocarcinoma; STES: stomach and esophageal carcinoma; SKCM: skin cutaneous
melanoma; THCA: thyroid carcinoma; TGCT: testicular germ cell tumors; UCEC: uterine corpus endometrial carcinoma; UCS: uterine
carcinosarcoma; WT: high-risk Wilms tumor.

Table 1: Relationship between LINC00578 expression level and clinicopathologic factors in pancreatic cancer patients.

Clinicopathologic factors Cases
LINC00578

P value
Low expression High expression

Gender
Male 11 15

0.3961
Female 14 10

Age
≥65 13 10

0.5709
<65 12 15

T stage
T1+T2 24 16

0.0106∗
T3+T4 1 9

N stage
N0 24 11

0.0001∗∗∗
N1/2 1 14

TNM stage
I 24 10 <0.0001∗∗∗∗

II/III 1 15

Tumor location
Head and neck 11 14

0.5721
Body and tail 14 11

∗P < 0:05; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001.
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Figure 2: Continued.
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3.2. LINC00578 Promotes Pancreatic Cancer Cell
Proliferation and Invasion In Vitro and Tumor Growth In
Vivo. To identify the biological role of LINC00578 in pan-
creatic cancer, we first upregulated the expression of
LINC00578 in the PATU8988 cell line and downregulated
the expression of LINC00578 in the PL45 cell line using len-
tivirus stable transfection. The overexpression and knock-
down efficiency of OE-LINC0578 and Sh-LINC00578 are
shown in Figure S2. Next, the possible role of LINC00578
in regulating pancreatic cancer cell growth and invasion
was evaluated by CCK-8, colony formation, and wound-healing
assays. LINC00578-overexpressing cells (OE-LINC00578)
showed significantly increased proliferation, colony formation,
and invasion ability compared with empty vector-transfected
cells (Vector) and, as expected, compared with the Sh-NC
group; notably, decreased proliferation, colony formation, and
invasion ability were observed in LINC00578 knockdown cells
(Sh-LINC00578) (Figures 2(a)–2(c)). Then, to investigate
whether LINC00578 can regulate pancreatic cancer growth
in vivo, LINC00578-overexpressing cells or empty vector-
transfected cells were injected subcutaneously into nude mice.
The results showed that the tumor weight and volume were
greater in the OE-LINC00578 group than in the vector
group (Figure 2(d)). Furthermore, a nucleocytoplasmic

separation experiment revealed the cytoplasmic distribution
of LINC00578, indicating posttranslational regulation
pathways (Figure 2(e)). Collectively, our data demonstrate
that LINC00578 can promote the proliferative and invasive
abilities of pancreatic cancer cells.

3.3. LINC00578 Represses Ferroptosis in Pancreatic Cancer.
To further investigate the effect of LINC00578 expression
on related proteins, label-free proteomic analysis was per-
formed. Compared with the Sh-NC group, there were 43
upregulated proteins and 32 downregulated proteins in the
Sh-LINC00578 group (Figure S3). Gene Ontology analysis
revealed that LINC00578 was correlated with voltage-gated
anion channel activity and transmembrane receptor proteins
in molecular function and associated with cell chemotaxis
and regulation of anion transport in biological processes
(Figure 3(a)). The results of KEGG analysis of these proteins
indicated that proteins with a trend of change when
LINC000578 was knocked down were significantly
correlated with ferroptosis (Figure 3(b)). We hypothesized
that LINC00578 is associated with ferroptosis in pancreatic
cancer. Ferroptosis is characterized by the accumulation of
iron-dependent lipid peroxidative products and increasing
levels of ROS. To verify our hypothesis, we first detected the
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Figure 2: LINC00578 promotes pancreatic cancer cell proliferation and invasion in vitro and tumor growth in vivo. (a) CCK-8 assays were
applied to detect cell viability at the indicated time points in PATU8988 cells transfected with LINC00578 (OE-LINC00578) versus empty
vector-transfected PATU8988 cells (Vector) and LINC00578 knockdown PL45 cells (Sh-LINC00578) versus empty vector knockdown PL45
cells (Sh-NC). (b) Colony formation assays were applied to detect cell proliferation in PATU8988 cells (OE-LINC00578 group versus vector group)
and PL45 cells (Sh-LINC00578 group versus Sh-NC group). (c) Wound-healing assay indicating LINC00578-induced increased migration in
PATU8988 and PL45 cells. (d) Tumor size, volume, and weight at day 30 after subcutaneous injection of LINC00578-overexpressing
PATU8988 cells (n = 6) compared with the vector group (n = 6). (e) A nucleocytoplasmic separation assay was used to determine the
intracellular location of LINC00578 in PATU8988 cells and PL45 cells. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001.
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Fe2+ content in PATU8988 cells and PL45 cells, and the results
showed that the Fe2+ content was significantly decreased in the
OE-LINC00578 group compared to the vector group and
increased in the Sh-LINC00578 group compared to the Sh-
NC group (Figure 3(c)). Meanwhile, MDA, the end product
of lipid peroxidation, was markedly decreased in the
LINC00578-overexpressing group and increased in the
LINC00578 knockdown group (Figure 3(d)). Next, we
detected the ROS level through flow cytometry. As expected,
LINC00578-overexpressing cells showed decreased ROS
levels compared with the vector group, while LINC00578
knockdown cells showed increased ROS levels compared
with the Sh-NC group (Figures 3(e) and 3(f)). Given that
cysteine deprivation-induced ferroptosis leads to MMP
depolarization, MMP assays were then performed. As shown
in Figures 3(g) and 3(h), MMP was increased in the
LINC00578-overexpressing group and decreased in the
LINC00578 knockdown group.

To verify the repressor actor of LINC0578 in ferroptosis,
we observed the cell number changes of LINC00578-
overexpressing and vector groups induced by erastin and
Fer-1. The results showed that LINC00578 overexpression
significantly weakened erastin-induced decreased viability.
In addition, the ferroptosis inhibitor Fer-1 rescued the
erastin-induced decrease in viability in the vector group,
which was not obvious in the OE-LINC00578 group
(Figures 4(a) and 4(b)). These findings indicated that the
ferroptosis activator erastin could inhibit the viability of
PATU8988 cells and that LINC00578 overexpression inhib-
ited erastin-induced decreased viability in PATU8988 cells.

3.4. LINC00578 Negatively Modulates Ferroptosis by Targeting
SLC7A11.To understand themechanism by which LINC00578
modulates ferroptosis, the expression levels of ferroptosis-
related proteins in response to overexpression or knockdown
of LINC00578 were detected. Compared to the vector group,
the protein levels of SLC7A11, Survivin, C-MYC, and GPX4
increased, while the protein levels of P53 decreased in the
LINC00578-overexpressing group. Meanwhile, compared with
the Sh-control group, the protein levels of SLC7A11, Survivin,
C-MYC, and GPX4 decreased, while the protein levels of P53
increased in response to Sh-LINC00578 (Figures 4(c) and
4(d)). Subsequently, we detected whether the protein levels of
SLC7A11 changed after the addition of erastin. As shown in
Figures 4(e) and 4(f), LINC00578 promoted the protein levels
of SLC7A11, and as expected, erastin repressed the protein
levels of SLC7A11 in both the LINC00578-overexpressing
and vector groups. To further validate whether LINC00578
modulates ferroptosis via SLC7A11, several rescue experiments
were performed. SLC7A11 was knocked down through siRNA.
Compared to the OE-LINC00578+Si-NC group, the protein
levels of SLC7A11, Survivin, C-MYC, and GPX4 decreased,
while P53 increased in the OE-LINC00578+Si-SLC7A11 group
in response to the knockdown of SLC7A11 (Figures 4(g) and
4(h)). Colony formation assays showed that LINC00578 over-
expression enhanced the proliferative ability of PATU8988
cells and that Si-SLC7A11 reversed this effect (Figures 5(a)
and 5(b)). In the MMP experiment, Si-SLC7A11 successfully
rescued the inhibition of mitochondrial membrane potential
depolarization mediated by OE-LINC00578 in the PATU8988
cell line (Figures 5(c) and 5(d)). These findings illustrate that
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Figure 3: LINC00578 acts as a ferroptosis repressor in pancreatic cancer. (a) Statistical distribution of differentially expressed proteins in
GO secondary classification. Blue represents cellular components. Yellow represents molecular function. Green represents biological
processes. (b) Bubble map showing the distribution of differentially expressed proteins (Sh-LINC00578 group versus Sh-NC group,
selected by label-free proteomics) enriched in the KEGG pathway. (c) Quantitative analysis of intracellular Fe2+. (d) Quantitative analysis
of intracellular malondialdehyde (MDA). (e) OE-LINC00578, vector, Sh-LINC00578, and Sh-NC cells were stained with DCFH-DA to
measure intracellular ROS levels via flow cytometry. (f) Quantitative analysis of ROS generation. (g) OE-LINC00578, vector,
Sh-LINC00578, and Sh-NC cells were stained with JC-1 to measure MMP levels via flow cytometry. Green represents the depolarized
state of cells. Red represents the normal state of cells. (h) Quantitative analysis of MMP. Red/green ratio showing the effect of LINC00578
on inhibiting MMP depolarization. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001.
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LINC00578 suppresses ferroptosis in pancreatic cancer cells
primarily through SLC7A11.

3.5. LINC00578 Inhibits SLC7A11 Ubiquitination by
Interacting with UBE2K. Then, we wondered how
LINC00578 promotes SLC7A11 expression to inhibit ferrop-
tosis in pancreatic cancer. First, an RNA pull-down assay
was conducted. There were 5 differentially expressed pro-
teins in the LINC00578-antisense group and 18 differentially
expressed proteins in the LINC00578-sense group, among
which UBE2K is a ubiquitin-conjugating enzyme and was
selected as a candidate target of LINC00578 (Figure 6(a)).
Subsequently, we performed a western blot assay to confirm
that UBE2K was a specific binding protein for LINC00578
(Figure 6(b)). RIP assays were performed to further verify
the specific interaction between LINC00578 and SLC7A11
(Figure 6(c)). The RNA levels of SLC7A11 in the OE-
LINC00578/Sh-LINC00578 and vector groups were
detected, and there was no significant difference in the
RNA levels between the OE-LINC00578/Sh-LINC00578
group and the vector group, indicating that LINC00578
may regulate SLC7A11 through posttranslational pathways
(Figure 6(d)).

To validate whether LINC00578 can affect the protein
degradation rate of SLC7A11, the stability of SLC7A11 in
response to knockdown of LINC00578 was detected with
MG132 (proteasome inhibitor) and cycloheximide (protein
synthesis inhibitor). As shown in Figure 6(e), treatment with
MG132 in the LINC00578 knockdown group increased the
expression of SLC7A11. Moreover, LINC00578 knockdown
accelerated the protein degradation of SLC7A11 in PL45 cell
lines (Figure 6(f)). Then, the SLC7A11 protein was immuno-
precipitated in the Sh-LINC00578 and Sh-control groups to
investigate the status of SLC7A11 ubiquitination. The results
showed a significant increase in ubiquitinated proteins in
response to knockdown of LINC00578 (Figure 6(g) and

Figure S4). Therefore, we deduced that LINC00578 impeded
the ubiquitination of SLC7A11, which inhibits ferroptosis in
pancreatic cancer. Next, coimmunoprecipitation (Co-IP) was
used to validate the interaction between UBE2K and
SLC7A11. The Co-IP results indicated that compared with
the Sh-NC group, SLC7A11 was more enriched in the
immunoprecipitated products of UBE2K in the Sh-
LINC00578 group, proving that LINC00578 knockdown
facilitated the interaction between UBE2K and SLC7A11
(Figure 6(h)). Collectively, LINC00578 directly binds UBE2K
and affects the interaction between UBE2K and SLC7A11,
thereby inhibiting ubiquitination of SLC7A11.

To investigate whether LINC00578 and SLC7A11 are
clinically relevant, IHC for SLC7A11 was performed on 50
pancreatic cancer tissues. Figure 6(i) illustrates that
SLC7A11 expression positively correlates with that of
LINC00578 (P = 0:0484). Collectively, these findings illus-
trate that LINC00578 binds UBE2K to inhibit ubiquitination
of SLC7A11, thus inhibiting ferroptosis in pancreatic cancer,
which renders tumor cells highly invasive and aggressive
(Figure 6(j)).

4. Discussion

Pancreatic cancer is one of the leading causes of cancer-
related death worldwide. Moreover, the mortality and inci-
dence of pancreatic cancer are increasing rapidly [15].
Although enormous efforts have been made to investigate
early diagnosis and treatment methods, early diagnosis and
efficient therapy of pancreatic cancer remain a formidable
challenge. More than 90% of the genome is transcribed into
ncRNAs, among which lncRNAs constitute the primary ele-
ments [16]. lncRNAs have been found to be correlated with
various biological activities, including tumorigenesis, inflam-
mation, and cell differentiation, through transcriptional reg-
ulation or posttranslational regulation [17–19]. In the
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Figure 4: LINC00578 negatively modulates ferroptosis by targeting SLC7A11. (a) Observation of cell number changes in the OE-
LINC00578 group versus the vector group under the induction of DMSO, erastin, and erastin+Fer-1. (b) CCK-8 assay showing the
relative cell viability in the OE-LINC00578 group versus the vector group after induction with DMSO, erastin, and erastin+Fer-1. (c)
Western blot results showing the levels of ferroptosis-related proteins (SLC7A11, P53, GPX4, Survivin, and GPX4) in pancreatic cancer
cells. (d) Quantitative analysis of the levels of ferroptosis-related proteins. (e) Western blotting to measure the protein level of SLC7A11
in PATU8988 cells with or without erastin induction. (f) Quantitative analysis of the protein level of SLC7A11. (g) SLC7A11 silencing
inhibited LINC00578-induced ferroptosis-related protein (SLC7A11, P53, GPX4, Survivin, and GPX4) expression. (h) Quantitative
analysis of the protein level of LINC00578-induced ferroptosis-related proteins (SLC7A11, P53, GPX4, Survivin, and GPX4) reversed by
SLC7A11 silencing. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001 and ∗∗∗∗P < 0:0001.
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nucleus, lncRNAs participate in alternative splicing and
transcriptional regulation and control the epigenetic state
of genes. In the cytoplasm, the regulatory effect of lncRNAs
on gene expression is mostly at the posttranslational level,
including stabilizing mRNAs and competing for
microRNA-mediated inhibition [20, 21]. In this study, we
investigated a novel lncRNA named LINC00578 in pancre-
atic cancer, which was upregulated in pancreatic cancer cell
lines and tissues and correlated with poor patient survival. In
addition, LINC00578 was found to be related to the

advanced clinical stage in pancreatic cancer patients. These
findings indicate that LINC00578 might be involved in pan-
creatic cancer progression. As expected, we demonstrated
that LINC00578 is positively regulated in cell proliferation
and invasion in vitro and tumorigenesis in vivo in pancreatic
cancer. Therefore, LINC00578 plays a positive regulatory
role in pancreatic cancer progression.

Ferroptosis, a novel form of iron-dependent cell death
due to phospholipid peroxidation, has attracted enormous
attention worldwide [22, 23]. Extensive studies have
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Figure 5: SLC7A11 knockdown reversed the effects of OE-LINC00578 on ferroptosis. (a) Colony formation assay showed that cell
proliferation promotion in PATU8988 cells by OE-LINC00578 introduction was reversed by Si-SLC7A11. (b) Quantitative analysis
showed that the promotion of cell proliferation in PATU8988 cells by OE-LINC00578 introduction was reversed by Si-SLC7A11 by the
colony formation assay. (c) Si-LINC00578 significantly reversed the inhibition of MMP depolarization in PATU8988 cells by OE-
LINC00578 introduction. (d) Quantitative analysis of MMP. Red/green ratio showing the effect of Si-SLC7A11 in the reverse of OE-
LINC00578 on inhibiting MMP depolarization. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗∗P < 0:0001.
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identified that ferroptosis plays a crucial role in regulating
tumor progression and maintains promising prospects for
cancer therapy [24, 25]. Ferroptosis can be regulated by mul-
tiple essential factors, including SLC7A11, GPX4, and P53
[26, 27]. SLC7A11, as a key repressor of ferroptosis, is upreg-
ulated in tumors and can interact with ALOX12 to promote
tumor progression [28]. He et al. found that as the core
target of ferroptosis regulation, SLC7A11 is upregulated in
most pancreatic cancer cell lines [29]. However, until now,
no study has reported specific regulatorymechanisms between
lncRNAs and ferroptosis in pancreatic cancer. Interestingly,

our study found that activated LINC00578 can obviously
inhibit ferroptosis events, including erastin-induced cell pro-
liferation inhibition, ROS generation, and MMP depolariza-
tion. The inhibitory effect of LINC00578 on ferroptosis
events can be rescued by SLC7A11 knockdown. Importantly,
we first demonstrated that LINC00578 overexpression can
inhibit ferroptosis by targeting SLC7A11 in pancreatic cancer,
suggesting that LINC00578 regulates pancreatic cancer pro-
gression by inhibiting SLC7A11-dependent ferroptosis.

The ubiquitin–proteasome pathway is a prevalent form
of endogenous protein degradation, where ubiquitination
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Figure 6: LINC00578 inhibits the ubiquitination of SLC7A11 by directly interacting with UBE2K. (a) Venn diagram showing 5 LINC00578
antisense proteins and 18 LINC00578 sense proteins by pull-down assay of PL45 cells. (b) Western blotting showing that LINC00578
interacts with UBE2K in pancreatic cancer cells. (c) qRT–PCR showing LINC00578 enrichment in UBE2K-immunoprecipitated RNAs in
PL45 cells. An antibody against human IgG was used as a negative control for RIP. (d) qRT–PCR analysis showing the RNA level of
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is mediated by linking ubiquitin to target proteins through
an enzymatic reaction. Mounting studies illustrate that
cytoplasmic-located lncRNAs are suitable for translational
regulation, including ubiquitin-mediated protein stability
control and translational efficiency regulation [30–32].
For example, LINC00673 enhances the interaction of
PTPN11 with the ubiquitin ligase PRPF19 and promotes
PTPN11 degradation through ubiquitination in pancreatic
cancer [33]. LINC00669, which is located in the cytoplasm
of nasopharyngeal carcinoma cells, can bind to SOC1 and
block its ubiquitination of STATA1 [34]. In agreement
with these findings, in our study, the direct interaction
between cytoplasmic LINC00578 and the ubiquitin regula-
tory enzyme UBE2K was investigated by a pull-down
assay and validated by subsequent western blotting and
RIP, revealing that LINC0578 can directly bind UBE2K
to control downstream protein stability. SLC7A11 can be
regulated at multiple levels, in which posttranslational reg-
ulation plays a critical role. For example, Liu et al. identified
that OTUB1 (an ovarian tumor family member deubiquity-
lase) can interact with SLC7A11 to prevent its degradation
[35]. Additionally, Chen’s study revealed that fascin directly
interacts with SLC7A11 and decreases its stability via
ubiquitin-mediated degradation [36]. In concert with these
findings, we demonstrated that LINC00578 knockdown can
promote ubiquitination of SLC7A11. In addition, for the first
time to our knowledge, the interaction between UBE2K and
SLC7A11 was validated via Co-IP in our study. Considering
the direct interaction between LINC00578 and UBE2K that
was proven previously, we demonstrated that LINC00578
can directly bind UBE2K, thus reducing UBE2K-mediated
ubiquitination of SLC7A11.

Taken together, this study revealed that LINC00578
promoted pancreatic cancer progression and inhibited fer-
roptosis by directly binding UBE2K to suppress SLC7A11
ubiquitination. However, it is elusive whether LINC00578
participates in pancreatic cancer progression through
SLC7A11-independent ferroptosis. Another limitation of
this research lies in the cohort sample size, which will be
improved in further studies.

5. Conclusions

This study illustrates that LINC00578 promotes pancreatic
cancer cell progression and suppresses ferroptosis by directly
binding UBE2K to inhibit the ubiquitination of SLC7A11.
These findings demonstrate that LINC00578 might be a cru-
cial biomarker for pancreatic cancer progression and may
provide a promising option for the diagnosis and treatment
of pancreatic cancer.
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Qingyi decoction (QYD) has anti-inflammatory pharmacological properties and substantial therapeutic benefits on severe acute
pancreatitis (SAP) in clinical practice. However, its protective mechanism against SAP-associated acute lung injury (ALI)
remains unclear. In this study, we screened the active ingredients of QYD from the perspective of network pharmacology to
identify its core targets and signaling pathways against SAP-associated ALI. Rescue experiments were used to determine the
relationship between QYD and ferroptosis. Then, metabolomics and 16s rDNA sequencing were used to identify differential
metabolites and microbes in lung tissue. Correlation analysis was utilized to explore the relationship between core targets,
signaling pathways, metabolic phenotypes, and microbial flora, sorting out the potential molecular network of QYD against
SAP-associated lung ALI. Inflammatory damage was caused by SAP in the rat lung. QYD could effectively alleviate lung injury,
improve respiratory function, and significantly reduce serum inflammatory factor levels in SAP rats. Network pharmacology
and molecular docking identified three key targets: ALDH2, AnxA1, and ICAM-1. Mechanistically, QYD may inhibit
ferroptosis by promoting the ALDH2 expression and suppress neutrophil infiltration by blocking the cleavage of intact AnxA1
and downregulating ICAM-1 expression. Ferroptosis activator counteracts the pulmonary protective effect of QYD in SAP rats.
In addition, seven significant differential metabolites were identified in lung tissues. QYD relatively improved the lung
microbiome’s abundance in SAP rats. Further correlation analysis determined the correlation between ferroptosis, differential
metabolites, and differential microbes. In this work, the network pharmacology, metabolomics, and 16s rDNA sequencing were
integrated to uncover the mechanism of QYD against SAP-associated ALI. This novel integrated method may play an
important role in future research on traditional Chinese medicine.

1. Introduction

Acute pancreatitis (AP) is a common inflammatory disease
of the pancreas, which places a significant financial burden
on patients and public health systems due to its rising inci-

dence and hospitalization rates [1]. Mild AP patients have
a better prognosis, with a death rate of less than 3%. How-
ever, severe acute pancreatitis (SAP) with pancreatic hemor-
rhage and necrosis could induce systemic inflammatory
response syndrome (SIRS) and potentially multiple organ
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dysfunction syndrome (MODS), causing a mortality rate of
15-35% [1]. Acute lung injury (ALI)/acute respiratory dis-
tress syndrome (ARDS) is a frequent SAP consequence
and cause of mortality. Elucidation of the mechanism of
SAP-associated ALI and the development of effective medi-
cations to arrest the disease’s malignant progression are
urgently needed [2, 3].

Qingyi decoction (QYD) is derived from the traditional
Chinese medicine (TCM) formula Da Chai Hu decoction
and Da Cheng Qi decoction in “Shanghan Lun.” This
TCM formula is often used to treat people with AP because
it induces purgation and clears heat and toxic materials [4].
QYD is a robust anti-inflammatory agent that can improve
the intestinal barrier damage caused by SAP, microcircula-
tory disorders, and pulmonary inflammatory response. A
recent meta-analysis of 38 clinical trials involving 2254
patients confirmed that QYD dramatically lowered levels of
proinflammatory factors, including interleukin- (IL-) 6,
tumor necrosis factor-α (TNF-α), and IL-1β while increas-
ing levels of the anti-inflammatory factor IL-10 in patients
with AP [5]. However, the fundamental mechanism of
QYD for SAP and associated organ injury is yet unknown.

An emerging discipline called network pharmacology
(NP) is frequently utilized to reveal the molecular mecha-
nisms of herbal formulas for treating diseases. NP could
anticipate the active ingredients and targets of herbal formu-
las for treating conditions and build ingredient-target net-
works [6]. Through a thorough investigation of metabolite
alterations before and after illness onset, metabolomics
directly reflects the disease phenotype at the functional level.
Currently, metabolomic methods are frequently used in the
research of ALI/ARDS and are crucial for identifying bio-
markers and assessing medication effectiveness [7]. More-
over, the alterations of the lung microbiome before and
after illness have been reported recently and have gained
increasing attention. Several studies have found that the lung
microbiome is not only influenced by host illness but also
plays a role in disease progression and severity via eliciting
host immune responses [8, 9]. However, changes in the lung
microbiota of SAP-associated ALI have not been discovered.

Through a comprehensive investigation, the molecular
mechanisms by which QYD intervenes in SAP-associated
ALI have been determined in this work. We first used a net-
work pharmacology approach to screen potential targets of
QYD, which determined the central role of ferroptosis in
SAP-associated ALI. In exploring the effect of QYD on fer-
roptosis, we further combined metabolomics and 16s rDNA
sequencing to analyze the correlation of ferroptosis-related
markers with differential metabolites and microbes. To
sum up, we have presented a new paradigm and provided
a novel idea for research into TCM.

2. Materials and Methods

2.1. Preparation of Qingyi Decoction. The herbal material of
QYD is resourced from the First Affiliated Hospital of
Dalian Medical University (Dalian, Liaoning, China). QYD
consists of Bupleurum chinense DC (Chai Hu in Chinese,
15 g), Corydalis yanhusuo (Yan Hu Suo in Chinese, 15 g),

Scutellaria baicalensis Georgi (Huang Qin in Chinese,
12 g), Gardenia jasminoides J. Ellis (Zhi Zi in Chinese,
15 g), Paeonia lactiflora Pall. (Bai Shao in Chinese, 15 g),
Rheum officinale Baill. (Da Huang in Chinese, 20 g), Auck-
landia costus Falc. (Mu Xiang in Chinese, 15 g), and
Na2SO4·10 H2O (Mang Xiao in Chinese, 10 g). Professor Aij-
ing Leng certified the authenticity of all the herbs. The QYD
extract (1 g crude herb/ml) was made according to the
reported methods. Briefly, the herbs are weighed, combined
with 10 times their weight in water, steeped for 0.5 h, boiled
for 1 h, and filtered while still hot. The residue is boiled again
in 8 times the quantity of water used for the herbs and
decocted for 0.5 h, and then, the Rheum officinale Baill. is
added and simmered for an additional 0.5 h. Filter when
hot, add Na2SO4·10 H2O, blend the two filtrates, concentrate
to 1 g/ml, sterile package, and store at 4°C for future use. The
chemical profiles of QYD mapped using ultraperformance
liquid chromatography coupled with quadrupole time-of-
flight mass spectrometry are presented in the previous
study [10].

2.2. Reagents. Antibodies against ALDH2 (A11500), AnxA1
(A1118), ICAM-1 (A5597), GPX4 (A11243), nuclear factor-
κB p65 (p65, A16271), β-actin (AC026), and horseradish per-
oxidase- (HRP-) conjugated anti-rabbit IgG antibody (AS014)
were purchased from ABclonal, Inc. (Wuhan, China). Anti-
bodies against phosphorylated p65 (Ser 536, p-p65, bs-
0982R) and 8-hydroxy-2′-deoxyguanosine (8-OHdG, bs-
1278R) were purchased from Bioss (Beijing, China). Anti-
bodies against SLC7A11 (DF12509), NCOA4 (DF4255), and
FTH1 (DF6278) were purchased from Affinity (Liyang,
China). Rat tumor necrosis factor-α (TNF-α, E-EL-R2856c)
and interleukin-6 (IL-6, E-EL-R0015c) ELISA kits were
obtained from Elabscience Biotechnology Co., Ltd. (Wuhan,
China). Glutathione (GSH) assay kit (A006-2-1), amylase
assay kit (C016-1-1), myeloperoxidase (MPO) assay kit
(A044-1-1), malondialdehyde (MDA) assay kit (A003-1-2),
and tissue Fe2+ assay kit (A039-2-1) were obtained from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).

2.3. Animals and Treatment. All animal experiments were
conducted by the People’s Republic of China Legislation
Regarding the Use and Care of Laboratory Animals and
approved by the Committee for Research and Animal Ethics
of Dalian Medical University, Dalian, China (approved num-
ber: AEE19003). Sprague-Dawley (SD) male rats weighing
180-220 g (6-8 weeks old) were provided by the Experimental
Animal Center of Dalian Medical University. All animals were
kept in ventilated caging systems at 22:0 ± 2:0°C, with a 12h
light-dark cycle, allowed free access to standard rat chow
and water ad libitum. Rats were acclimated to the housing
condition for one week before experiments. Firstly, 60 rats
were randomly assigned to four groups (n = 15): a blank con-
trol group (the CON group), a severe acute pancreatitis model
group (the SAP group), a severe acute pancreatitis model
+Qingyi decoction-treated group (the SAP+QYD group),
and a blank control+Qingyi decoction-treated group (the
CON+QYD group). Rats in the SAP group were retrograde-
injected into the biliopancreatic duct with 5.0% sodium
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taurocholate (STC, 50mg/kg) as reported previously [11], and
the same volume of sterile saline was used in the CON group.
Rats in the SAP+QYD and CON+QYD groups were adminis-
tered Qingyi decoction (10 g/kg, crude drug volume: 1 g/ml)
via gastric perfusion 0.5h before and 12h after administration
of STC and sterile saline. Secondly, 30 SD male rats were then
separated into four groups: CON (n = 6), SAP (n = 8), SAP
+QYD (n = 8), and SAP+QYD+erastin (n = 8). The CON,
SAP, and SAP+QYD groups were handled as previously
stated. In the SAP+QYD+erastin (Era, ferroptosis activator,
MCE) group, QYD was administered by gavage 0.5 h before
and 12h after STC administration, while Era (10μmol/kg
[12]) was administered intraperitoneally 0.5 h after STC
administration. Rats were sacrificed after 24h of STC admin-
istration. The pancreas, lung tissues, and blood from each rat
were collected and stored at -80°C for subsequent experiments.

2.4. Network Pharmacology Analysis. The TCMSP (https://
tcmsp-e.com/), TCMIP (http://www.tcmip.cn/), and previous
chemical profiles were used to screen the active ingredients of
QYD (no active ingredient was detected for Na2SO4·10 H2O),
and the screening conditions were referenced to the rules pro-
posed by Lipinski [13]. The 2D and 3D structures of the can-
didate ingredients were queried using the PubChem (https://
pubchem.ncbi.nlm.nih.gov/) database and compared with
the data obtained by TCMSP and TCMIP to confirm the final
molecular structures. The TCMSP, TCMIP, DrugBank
(https://go.drugbank.com/), and SwissTargetPrediction
(http://www.swisstargetprediction.ch/) databases were then
used to predict the targets of action of the candidate ingredi-
ents. Target names were corrected using the UniProt database
(https://www.uniprot.org/). In summary, 225 ingredients and
514 potential targets for QYD were identified (Supplementary
File S1).

Fold change ðFCÞ > 1:2 or FC < 0:83 with P value < 0.05
was used as the primary criterion for differentially expressed
proteins (DEPs) [14]. Converting DEPs’ names to gene
names using the UniProt database. Volcano plots were
drawn to show the screening results. The DAVID database
(https://david.ncifcrf.gov/) was utilized for the Gene Ontol-
ogy (GO) and KEGG pathway enrichment analyses. Target
names were corrected using the UniProt database, and 3D
structures of target proteins were obtained from the Alpha-
Fold database (https://alphafold.ebi.ac.uk/). Cytoscape 3.8.2
software was used to construct the ingredient-target net-
work. The operation procedure was as follows: (1) prepro-
cess the data to generate two original files, network, and
type, respectively; (2) import the original data into the soft-
ware and adjust the edges, nodes, and colors according to the
type classification; (3) set the size of each node according to
the degree value to highlight the targets and ingredients.

2.5. Molecular Docking. The ingredients and targets were
imported into Discovery Studio (DS) software and then pre-
treated with dehydration and hydrogenation and selected as
receptor and ligand, respectively. Precise docking was per-
formed using the CDOCKER module of DS software, and the
ligand-receptor binding mode was analyzed. CDOCKER is a
semiflexible docking program based on the CHARMM force

field and determines the binding activity by calculating the
ligand-receptor interaction energy [15]. In general, lower
ligand-receptor interaction energies in CDOCKER docking
represent better binding of ingredients and targets during
docking.

2.6. Histopathological Analysis. Isolated pancreatic and pul-
monary specimens were fixed in 4% paraformaldehyde for
24 h, paraffin-embedded, and sectioned (4μm). The sections
were stained with hematoxylin and eosin (HE). The patho-
logical score of stained sections was conducted in a blinded
fashion referred to previous reports [16, 17]. Three parame-
ters (inflammatory cell infiltration, vacuolization, and acinar
necrosis) were utilized to determine the pancreatic histolog-
ical score. The pulmonary histological score was based on
three parameters: inflammatory cell infiltration, hemor-
rhage, and alveolar septal thickening. Each of the individual
parameter was graded from 0 to 3. The total score for the
three parameters was calculated. The specimens of at least
three rats from each group were evaluated.

2.7. Measurement of Serum Amylase. Serum was extracted
from rat blood by centrifuging at 3000 rpm for 10min.
Serum amylase activity was measured using a commercial
amylase assay kit. Briefly, the serum sample was added with
a known concentration and excess substrate (amylum). The
amylase in the sample hydrolyzed the amylum, and then,
iodine was added to react with the unhydrolyzed amylum,
generating some blue compounds. The amount of hydro-
lyzed amylum could be deduced from the absorbance of blue
compounds at 660nm, and thus, the amylase activity could
be calculated. The unit was expressed as U/l.

2.8. Assessment of Serum Levels of Inflammatory Factors.
Concentrations of inflammatory cytokines (IL-6 and TNF-
α) in rat serum were measured by commercial ELISA kits
following to manufacturer’s instructions.

2.9. Lung Wet/Dry Weight Ratio. The lung wet/dry weight
(W/D) ratio reflects pulmonary edema and congestion.
The inferior lobe of the rat’s right lung was cut out, and
the fluid on the lung surface was wiped using filter paper.
Lung tissue was weighed immediately for its wet weight
and again after drying at 80°C for 48h to determine its dry
weight. The wet weight was divided by the dry weight to
obtain the lung W/D ratio.

2.10. MPO Activity. MPO activity in lung tissue homogenate
was measured as an indication of pulmonary neutrophil
infiltration via a commercial assay kit provided by Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The
unit was expressed as U/g.

2.11. Fe2+, GSH, and MDA Measurements. The concentration
of Fe2+, GSH, and MDA in lung tissue represents pulmonary
ferroptosis to some extent. The Fe2+ assay kit, GSH assay kit,
and MDA assay kit, purchased from Nanjing Jiancheng Bioen-
gineering Institute, were used to detect Fe2+, GSH, and MDA
levels in lung tissues strictly with the manufacturer’s
instructions.
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2.12. Quantitative Real-Time PCR. RNA extraction from rat
lung tissue in each group was performed with RNAex Pro
Reagent (AG21102, Accurate Biology, Changsha, China).
The obtained single-stranded mRNA was reverse tran-
scribed into cDNA using the Evo M-MLV Reverse Tran-
scription Mix Kit (AG11728, Accurate Biology).
Synthesized cDNA was amplified by SYBR® Green Premix
Pro Taq HS qPCR Kit II (AG11702, Accurate Biology). All
primers used are listed in Supplementary File S2. The
expression of the target gene relative to the house-keeping
gene GAPDH was quantified by the 2-ΔΔCT method [18].
Three independent samples were analyzed in each group.

2.13. Western Blotting. The Protein Extraction Kit and the
BCA Protein Quantitation Kit (KGP10100, KGP903, Key-
Gen Biotech, Nanjing, China) were used to achieve protein
extraction and quantification of rat lung tissue. Protein sam-
ples were separated via 10%-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electrotransferred
onto 0.22μm polyvinylidene fluoride membranes. The
membranes were blocked with 5% bovine serum albumin
solution for 2 h at room temperature and then incubated
overnight at 4°C with the following primary antibodies:
ALDH2 (1 : 1000), GPX4 (1 : 1000), p65 (1 : 1000), p-p65
(1 : 500), AnxA1 (1 : 1000), ICAM-1 (1 : 1000), and β-actin
(1 : 50 000). After TBST solution rinsing, the membranes
were incubated with HRP-conjugated secondary antibodies
for 2 h at room temperature. Protein levels were visualized
and quantified using a chemiluminescence system (Tanon-
4800, Shanghai, China) and ImageJ software.

2.14. TdT-Mediated dUTP Nick End Labeling (TUNEL)
Assay. Sections of lung tissue were stained using a TUNEL
kit (Roche, Basel, Switzerland). Follow the directions pro-
vided by the supplier of the reagent to the letter. Briefly,
paraffin-embedded lung tissue was sectioned at a 5μm thick-
ness for dewaxing and hydration and subsequent antigen
repair. Sections were blocked using the serum for 30
minutes, and then, appropriate amounts of TdT and dUTP
(1 : 10 mix) were added and incubated overnight at 4°C in
a moist box. 4′,6-Diamidino-2-phenylindole (DAPI) was
used to restain cell nuclei and micrographs were taken.
TUNEL − positive cell rate = ðnumber of TUNEL − positive
cells/total number of cellsÞ × 100%.

2.15. Immunofluorescence. Paraffin-embedded lung tissue
was sectioned at a 5μm thickness for dewaxing, hydration,
and repair. Sections were blocked using 10% goat serum
and incubated at 37°C for 0.5 h. The sections were sequen-
tially incubated with diluted primary antibody (incubated
at 4°C overnight) and secondary antibody (incubated at
37°C for 1 h). DAPI working solution was added dropwise
to the tissue sections and incubated for 5min at room tem-
perature before washing 3 times with PBS. The liquid on
the sections was shaken off, an antifluorescent agent was
added, and the sections were sealed and kept at 4°C and
out of the light. The sections were observed using a fluores-
cent microscope.

2.16. Metabolomic Analysis. An aliquot of 10mg lung tissue
was placed into a centrifuge tube, added with 1ml of extrac-
tion reagent containing internal standard [19], vortexed, and
homogenized thoroughly. The homogenate was sonicated in
an ice-water bath for 10min and incubated at -20°C for 1 h
to fully precipitate the proteins. The mixture was dispensed
by centrifugation at 14000 g for 10min at 4°C. Take 50μl
of supernatant from each tube and mix to obtain quality
control (QC) samples. Lyophilize all samples to be tested.
The lyophilized powder was redissolved in 100μl of metha-
nol/water (4/1) and then vortex-mixing for 2min. The
supernatant was obtained by centrifugation at 14000 g for
10min at 4°C. 60μl of supernatant was taken from each tube
for analysis. Chromatographic-mass spectrometry condi-
tions were referenced to previously reported methods [20].
Samples were separated using an Acquity UPLC system
and a Waters Acquity BEH C8 column (100mm × 2:1mm
and 1.7μm). Details of the analytical conditions and data
preprocessing are provided in Supplementary File S3.
Metabolites were identified and annotated using the
mzCloud (https://www.mzcloud.org/),the KEGG (https://
www.genome.jp/kegg/), and the HMDB (https://hmdb.ca/)
databases. Metabolites with variable importance in the pro-
jection ðVIPÞ > 1, FC > 1:2 or FC < 0:83, and P value <
0.05 were considered significant. MetaboAnalyst 5.0 data-
base (http://www.metaboanalyst.ca/) was used for partial
least squares discriminant analysis (PLS-DA), orthogonal
partial least squares discriminant analysis (OPLS-DA), and
metabolic pathway analysis.

2.17. 5R 16s rDNA Sequencing Analysis. Samples were col-
lected, processed, and sequenced, referring to previous arti-
cles. 50mg of lung tissue samples was extracted using the
CTAB method. 16s rRNA gene amplification and sequenc-
ing were done by amplifying 5 regions on the 16s rRNA gene
in the multiplex. The libraries were sequenced on Illumina
NovaSeq 6000 system. Reads were demultiplexed per sam-
ple, filtered, and aligned to each of the five amplified regions
based on the primers’ sequences. The Short MUltiple
Regions Framework (SMURF) method was applied to com-
bine read counts from the five regions into coherent profil-
ing results solving a maximum likelihood problem. For this
purpose, we referred to the GreenGenes database (updated
version from May 2013). Differences in microbial communi-
ties were analyzed using an online website (https://www
.omicstudio.cn/). Alpha diversity was performed using the
Chao1, Shannon, and Simpson indices. Differences in lung
microbiota composition between the CON and SAP groups
and between the SAP and QYD groups were uncovered
using the linear discriminant analysis effect size (LEfSe).
Taxa having an LDA score of >3.0 were deemed to be signif-
icant. We utilized PICRUSt2, which stands for Phylogenetic
Investigation of Communities by Reconstruction of Unob-
served States 2, to infer metabolic function from 16s rDNA
sequences.

2.18. Statistical Analysis. All experimental data were pre-
sented as mean ± standard deviation (SD). One-way analysis
of variance (ANOVA) was performed for comparisons
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among multiple groups. The post hoc test was estimated
using Fisher’s least square difference (LSD, if homogeneity
of variance was satisfied) or Tamhane (if homogeneity of
variance was not satisfied). Correlation analysis of
ferroptosis-related indicators, differentially metabolites, and
microbiota was performed using the Spearman rank correla-
tion analysis. P value < 0.05 indicates statistical significance
(∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001). Statistical analysis
and visualization were performed using SPSS 24.0 and
GraphPad Prism 8.2.

3. Results

3.1. QYD Alleviated SAP-Associated ALI. Rats injected with
STC showed histopathological characteristics of SAP,
including diffuse necrosis of acinar cells, vacuolization,
inflammatory cell infiltration, and hemorrhage. Meanwhile,
secondary ALI was observed in rats with SAP induced by
STC. Lung tissue destruction was evident in rats in the
SAP group, such as alveolar and interstitial infiltration of
inflammatory cells, congestion, and alveolar septal thicken-
ing (Figure 1(a)). After the gavage of QYD, the histopathol-
ogical damage to rat pancreas and lung was significantly
improved, and the pathological score was reduced compared
with the SAP group (Figures 1(b) and 1(c)). Serum amylase
is a biomarker with high accuracy, specificity, and sensitivity
in the early diagnosis of acute pancreatitis. The lung wet/dry
weight ratio is an indicator to evaluate pulmonary edema
and congestion. Consistent with histological findings, QYD
significantly inhibited the increase of serum amylase
(Figure 1(d)) and lung wet/dry weight ratio (Figure 1(e)) in
SAP rats. The accumulation of circulating inflammatory
mediators is an essential bridge in the progression of the
pancreas from local inflammation to SIRS and distal organ
damage. Serum levels of TNF-α and IL-6 were higher in
the SAP group than in the CON group, as shown in
Figures 1(f) and 1(g), and QYD considerably reduced these
inflammatory factor levels in the SAP group. These results
suggest that QYD could improve pancreatic inflammation
and associated ALI during SAP.

3.2. Target and Mechanism Analysis of QYD against SAP-
Associated ALI. Previous proteomic data were used to pre-
liminarily screen possible targets for QYD intervention in
SAP-associated ALI [14]. As shown in Figures 2(a) and
2(b), 731 differential expression proteins (DEPs) occurred
between the SAP and CON groups based on the screening
criteria stated in Materials and Methods, while 382 DEPs
existed between the QYD and SAP groups. Among these,
202 differentially expressed genes (DEGs) (Supplementary
File S1) with overlap were discovered and used for func-
tional enrichment analysis. The GO biological process terms
of the overlapped DEGs were mainly involved in DNA
replication-dependent nucleosome assembly, negative regu-
lation of megakaryocyte differentiation, nucleosome assem-
bly, cellular response to interferon-gamma, cell-matrix
adhesion, fatty acid metabolic process, adaptive immune
response, and response to ethanol (Figure 2(c)). KEGG
enrichment analysis revealed that the overlapped DEGs were

more enriched in signaling pathways such as ferroptosis,
pyruvate metabolism, and neutrophil extracellular trap
(NET) formation (Figure 2(d)). According to these data,
QYD may exert a protective effect by regulating the expres-
sion patterns of genes related to lipid metabolism, ferropto-
sis, and neutrophil function.

3.3. Ingredient-Target Network Construction and Molecular
Docking. To further certain the core targets of QYD against
SAP-associated ALI, we searched the drug targets of QYD
using network pharmacology and performed a secondary
screening in combination with proteomics data. As depicted
in Figure 2(e), network pharmacology identified 514 drug
targets (Supplementary File S1) of QYD intersected with
202 DEGs to generate three core targets of QYD in the treat-
ment of SAP-associated ALI: acetaldehyde dehydrogenase 2
(ALDH2), annexin A1 (AnxA1), and intercellular cell adhe-
sion molecule-1 (ICAM-1). Based on these three intersecting
targets, the active ingredient was identified in reverse, and
the drug-active ingredient-target network was established
(Figure 2(f)). Next, the structures of core targets and corre-
sponding active ingredients were imported into the DS soft-
ware for CDOCKER docking. Figure 3(a) shows the binding
pattern of ALDH2 to several ingredients, such as pulmatin,
chrysophanein, and 8-methoxy-5-O-glucoside flavone.
Figure 3(b) shows the binding pattern of AnxA1 to ingredi-
ents such as palbinone and gardenolic acid B. Figure 3(c)
shows the binding pattern between ICAM-1 and ingredients
such as kaempferol and quercetin. The CDOCKER interac-
tion energy of all ingredients and proteins during molecular
docking is shown in Supplementary File S4. According to the
findings, each active ingredient formed several strong hydro-
gen bonds with its core target and had low binding energies.
In a word, QYD may be able to directly target and affect the
activity of the core target since its active ingredients have
been shown to have a high affinity for the core target in
the study.

3.4. QYD Inhibits Ferroptosis and Apoptosis by Activating
ALDH2. To validate the core targets acquired from the inte-
grative analysis of proteomics and network pharmacology,
qRT-PCR and western blotting were first performed to
detect the expression levels of ALDH2 in rat lung tissues.
ALDH2, a mitochondrial aldehyde dehydrogenase, has
recently been reported to play a protective role in various
inflammatory diseases by regulating lipid peroxidation and
ferroptosis [21, 22]. As shown in Figures 4(a) and 4(b), lung
tissue of rats in the SAP group exhibited lower levels of
ALDH2 mRNA and protein than those in the CON group,
while QYD significantly promoted the transcription and
translation of ALDH2. In addition, the apoptotic rate was
much higher in the lung tissues of SAP rats than in normal
rats. Still, apoptosis induced by SAP was significantly
decreased by QYD therapy (Supplementary File S5). Gluta-
thione peroxidase 4 (GPX4) is a key regulator of ferroptosis,
preventing cellular ferroptosis by eliminating peroxides,
reducing reactive oxygen species (ROS) accumulation, and
inhibiting NF-κB activation [23]. As indicated in
Figures 4(c)–4(f), GPX4 was decreased, and p-p65 increased
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Figure 1: Protective effect of QYD on pancreatic and pulmonary tissue injury in rats with SAP. (a) Representative images of HE staining of
the pancreas (upper) and lung tissues (lower) of rats in each group (scale bar, 100 μm). (b, c) Histopathological scores of pancreas and lung
tissues of rats in each group. (d) Serum amylase levels of rats in each group. (e) The lung W/D ratio was used to evaluate pulmonary edema
in each group of rats. (f, g) Serum levels of inflammatory factors TNF-α and IL-6 of rats in each group. Data are presented as representative
images or as the mean ± SD of each group of rats (n = 6 per group) from at least three separate experiments. ∗∗∗P < 0:001.
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in lung tissues of rats in the SAP group compared to those in
the CON group. However, GPX4 protein expression was ele-
vated compared with that of the SAP group following the
administration of QYD. In contrast, the level of p-p65 pro-
tein expression could be reduced by QYD administration.
In addition, solute carrier family 7 member 11 (SLC7A11),
ferritin heavy chain 1 (FTH1), and nuclear receptor coacti-
vator 4 (NCOA4) were ferroptosis marker genes. SLC7A11
and FTH1 protein expressions were dramatically downregu-

lated, and NCOA4 protein expression was significantly
upregulated in the lung tissue of SAP rats relative to the
CON group, whereas QYD partly reversed these alterations
(Supplementary File S6). Our data further demonstrated that
QYD countered SAP-induced upregulation of Fe2+

(Figure 4(g)), MDA (Figure 4(h)), and 8-OHdG (Supple-
mentary File S7) and downregulation of GSH (Figure 4(i))
in lung tissue, which are characteristic indicators of ferrop-
tosis. In addition, rescue experiments confirm that Era
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Figure 2: Determination of core targets of QYD against SAP-associated ALI. (a) Volcano plot showing DEPs between the SAP and CON
groups. (b) Volcano plot showing DEPs between the QYD and SAP groups. (c) GO enrichment analysis of 202 overlapped DEGs in the term
of biological process. (d) Pathway annotation of 202 overlapped DEGs by KEGG terms. (e) Venn diagram between the 202 overlapped DEGs
and the 514 drug targets of QYD. The integrated analysis of proteomic data and network pharmacology results yielded three core targets of
QYD for SAP-associated ALI: ALDH2, AnxA1, and ICAM-1. (f) Construction of a drug-active ingredient-target network based on the three
core targets obtained. Yellow dots represented each herb of QYD; purple dots represented the active ingredients of QYD; red dots
represented the target proteins.
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eliminated the protective effect of QYD against pathological
damage in lung tissue. Similarly, serum levels of TNF-α and
IL-6 were elevated in SAP rats, and QYD could partly inhibit
the production of inflammatory factors. Era, in contrast,
prevented the downregulation of QYD (Supplementary File
S8). These findings support the potential therapeutic effect
of QYD on SAP-associated lung injury by enhancing
ALDH2 activity to inhibit ferroptosis and apoptosis.

3.5. QYD Limits Neutrophil Infiltration by Increasing Active
Form of AnxA1. Besides ALDH2, AnxA1 and ICAM-1 are
also predicted core targets of QYD intervention in SAP-
associated ALI. AnxA1 is a calcium-dependent
phospholipid-binding protein, existing in two primary
forms, a 33-kDa inactive form and a 37-kDa bioactive,
which inhibits neutrophil tissue accumulation by reducing
leukocyte infiltration and activating neutrophil apoptosis,
with anti-inflammatory and tissue-protective properties.

ICAM-1 is one of the essential leukocyte-endothelial cell
adhesion molecules, and its elevated expression in ALI has
become a marker of inflammatory cell migration and endo-
thelial barrier injury. As shown in Figure 5(a), the mRNA
expression of AnxA1 was elevated in the SAP group com-
pared to the CON group and decreased after QYD treat-
ment. Western blotting, as we expected, revealed that
AnxA1 displayed two distinct bands. The expression of
AnxA1 with a molecular weight of 37 kDa was reduced,
whereas that of 33 kDa was raised in the SAP group com-
pared to the CON group. After QYD gavage, we noticed
an increase in intact AnxA1 (Figures 5(b) and 5(c)). Mean-
while, we found that ICAM-1 expression level was elevated
in the SAP group, while QYD greatly reduced the mRNA
and protein expression levels of ICAM-1 (Figures 5(d) and
5(e)). In addition, MPO activity, a marker of neutrophil
infiltration, was elevated in the SAP rats, whereas QYD dra-
matically decreased MPO activity (Figure 5(f)). These
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Figure 3: Interactions between ingredients and targets. (a) Molecular docking interaction of pulmatin, chrysophanein, and 8-methoxy-5-O-
glucoside flavone with ALDH2. (b) Molecular docking interaction of palbinone and gardenolic acid B with AnxA1. (c) Molecular docking
interaction of quercetin and kaempferol with ICAM-1. The left part of each molecular docking result showed the structure of the ingredient-
target complex after docking; the middle part showed the interaction space of interpolated charge and hydrogen bonds (acceptor in green
and donor in pink) between the ingredient and the target; and the right part showed the two-dimensional diagram of interaction sites
between the ingredient and the target.
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findings imply that QYD may contribute to the inhibition of
neutrophil infiltration and restoration of lung inflammation
by posttranslationally regulating AnxA1 protein levels.

3.6. Effects of QYD on Lung Metabolism. PLS-DA is a super-
vised data analysis approach that overlooks intragroup and
random errors in favor of focusing on sample variability
between groups. The samples from the CON group were
substantially separated from the SAP group in the PLS-DA
model of this study, demonstrating the metabolic phenotype
of lung tissue is significantly altered in STC-induced SAP
rats. The QYD group was closer to the CON group, indicat-
ing that QYD may modulate those metabolites changed dur-
ing SAP to return to normal levels. Furthermore, the overlap
in the PLS-DA plot between the CON+QYD group and the
CON group indicated that QYD had no significant effects on
the metabolic phenotype of normal rats (Figure 6(a)).

The OPLS-DA method was adopted to investigate the
effect of QYD on the regulation of metabolites in lung tissue.
Differentiation between CON and SAP samples showed an
altered metabolic profile of lung tissue in rats during STC-
induced SAP (Figure 6(b)). Similarly, a significant trend of
separation was also seen between SAP and QYD samples
(Figure 6(c)). The VIP, FC, and P values were then used to
screen the samples from each group for differential metabo-
lites; the screening conditions are detailed in Materials and
Methods. Compared to the CON group, SAP affected the
relative intensities of 41 metabolites in the lungs (4 from
the negative ion model and 37 from the positive ion model).
In comparison to the SAP group, the QYD group changed
29 metabolites. Among these, seven intersecting differential
metabolites were extracted by the Venn diagram, including
choline glycerophosphate, hippuric acid, hypoxanthine,
indole-3-carbinol, isoleucine, trichloroacetic acid, and tryp-
tophan, and their changes in the relative intensities could
be seen in Figure 6(d). Heat maps were used to visualize each
group’s relative abundance of differential metabolites

(Figure 6(e)). The functional enrichment analysis results of
the differential metabolites between the QYD and SAP
groups indicated that potential pathways were related to
aminoacyl-tRNA biosynthesis, phenylalanine metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis, purine
metabolism, glyoxylate and dicarboxylate metabolism, and
glycine, serine, and threonine metabolism (Figure 6(f)).

3.7. Effects of QYD on Lung Microbes. Alpha diversity was
used to analyze the microbial diversity within the samples.
Although there was no statistically significant difference
between the SAP and CON groups, the data revealed that
all three indices were reduced in the SAP group. When com-
paring the QYD group to the SAP group, the microbiome
abundance did increase, albeit only a little. Please refer to
Supplementary File S9. Differential microbe composition
between the study groups was determined using LEfSe. On
a phylum level, the relative abundance of Cyanobacteria
increased in the SAP group than in the CON group. On a
genus level, the SAP group had a higher relative abundance
of Sphingomonas, Serratia, Pelomonas, and Methylobacter-
ium and a lower relative abundance of Bacteroides than
the CON group (Figure 7(a)). It is worth noting that in the
QYD group, Bacteroides and Bradyrhizobium increased at
the genus level compared to the SAP group (Figure 7(b)).
The pulmonary microbiome’s metabolic function was pre-
dicted using PICRUSt2. The pathways selected from the
KEGG database were shown off. Significant differences were
observed between the SAP and QYD groups in 23 level 2
pathways, including cell growth and death, cellular processes
and signaling, digestive system, energy metabolism, excre-
tory system, genetic information processing, immune sys-
tem, and lipid metabolism (Figure 7(c)).

3.8. Integrative Analysis of the Ferroptosis, Metabolites, and
Microbes. Next, a complete investigation was conducted
to determine the link between ferroptosis indicators,
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Figure 4: QYD enhancing ALDH2 activity protects against ferroptosis in SAP-associated ALI. (a) qRT-PCR was performed to assess the
mRNA expression level of ALDH2 in the rat lung tissue of each group. GAPDH was used as the reference gene. (b, c) Western blotting
was conducted to evaluate the protein expression levels of ALDH2, GPX4, p65, and p-p65 in the lung tissue of rats. β-Actin was used as
a loading control. (d–f) Semiquantification of protein expression of ALDH2, GPX4, and p-p65 using histograms. (g) Measurement of
Fe2+ in rat lung tissue of each group served as an iron metabolism indicator. (h) MDA concentration in the rat lung tissue of each group
was measured as an indicator of lipid peroxidation. (i) GSH levels in rat lung tissue of each group were monitored to reflect antioxidant
capacity. Data are presented as representative images or as the mean ± SD of each group of rats (n = 6 per group) from at least three
separate experiments. ∗∗∗P < 0:001.
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differential metabolites, and differential bacterial genera in
rats. First, the connection between differential metabolites
and ferroptosis markers was investigated. Specifically, hip-
puric acid was negatively connected with Fe2+, MDA, and
inflammatory markers (IL-6, TNF-α, and MPO) and posi-
tively correlated with GSH levels. The concentration of
Fe2+ was positively associated with that of indole-3-

carbinol. See Figure 8(a). Also, we linked ferroptosis
markers to differential bacterial genera (Figure 8(b)). The
following combinations of ferroptosis and bacterial genera
showed a significant correlation: Serratia-Fe2+ (positive),
Serratia-MDA (positive), Serratia-GSH (negative), Pelomo-
nas-Fe2+ (positive), Pelomonas-MDA (positive), Methylo-
bacterium-Fe2+ (positive), Massilia-Fe2+ (negative),
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Figure 5: QYD decreases neutrophil infiltration via upregulating active AnxA1. (a) Analysis of the relative levels of AnxA1 mRNA in lung
tissues using quantitative RT-PCR. (b, c) Western blotting analysis of the protein expression levels of AnxA1 in the lung tissues. (d, e)
Analysis of the relative levels of ICAM-1 mRNA and protein in lung tissues. (f) MPO activity in the lung tissues. Data are presented as
representative images or as the mean ± SD of each group of rats (n = 6 per group) from at least three separate experiments. ∗P < 0:05
and ∗∗∗P < 0:001.

12 Oxidative Medicine and Cellular Longevity



3

2

1

−1

−2

−4 −2 0 2 4

0

C
om

po
ne

nt
 2

 (1
3.

8%
)

Component 1 (30.4%)

Scores plot

CON
CON+QYD
QC

SAP
SAP+QYD

(a)
O

rt
ho

go
na

l T
 sc

or
e (

1)
 (3

3%
)

Scores plot
20

10

−10

−8 −6 −4 −2 0 2 4 6

0

T score (1) (19.3%)
CON
SAP

(b)

O
rt

ho
go

na
l T

 sc
or

e (
1)

 (3
0.

6%
)

Scores plot

−5

−5 0 5

−10

−15

T score (1) (14.4%)

15

10

5

0

SAP
SAP+QYD

(c)

SAP vs CON SAP+QYD vs SAP

34 227

CON SAP SAP+QYD
0

1

2

3

N
or

m
al

iz
ed

 in
te

ns
ity

Hippuric acid

CON SAP SAP+QYD
0

5

10

15

20
Hypoxanthine

N
or

m
al

iz
ed

 in
te

ns
ity

⁎⁎⁎

⁎⁎⁎

CON SAP SAP+QYD
0.0

0.5

1.0

1.5
Indole-3-carbinol

N
or

m
al

iz
ed

 in
te

ns
ity ⁎⁎

⁎⁎

CON SAP SAP+QYD
0

100

200

300

400

N
or

m
al

ize
d 

in
te

ns
ity

Iso-leucine

⁎
⁎⁎

CON SAP SAP+QYD
0

2

4

6

8

Choline glycerophosphate

N
or

m
al

iz
ed

 in
te

ns
ity

⁎
⁎⁎⁎

CON SAP SAP+QYD
0

5

10

15

20

Trichloroacetic acid

N
or

m
al

iz
ed

 in
te

ns
ity

⁎

⁎

CON SAP SAP+QYD
0

50

100

150

Tryptophan

N
or

m
al

iz
ed

 in
te

ns
ity ⁎⁎

⁎⁎

⁎⁎⁎

⁎⁎⁎

(d)

Figure 6: Continued.
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Massilia-MDA (negative), and Massilia-GSH (positive).
Figure 8(b) also depicts the results of an investigation of
the relationships between the bacterial genera and inflam-
matory markers. Lastly, we linked differential metabolites
in lung tissue with bacterial genera. Methylobacterium-
hippuric acid was the metabolite-microbe combination
with the strongest connection among those studied
(Figure 8(c)).

4. Discussion

QYD for treating SAP patients has demonstrated distinct
advantages in suppressing the inflammatory response,
enhancing gastrointestinal function, lowering infection rates,
and facilitating quick recovery [24–26]. Several basic investi-
gations have shown the molecular mechanisms of QYD in
the treatment of SAP and associated distant organ damage.
Wei et al.’s network pharmacology study demonstrated that
QYD might attenuate pancreatic injury during SAP by inhi-
biting NF-κB-mediated inflammatory response [10]. By sup-
pressing intestinal sPLA2 expression, QYD dramatically
reduced AP-induced intestinal barrier damage [27]. Further-
more, QYD prevented SAP-induced myocardial injury [28].
However, there have been fewer investigations on QYD’s
effectiveness against SAP-associated ALI. In our work, 5%
of STC injected retrogradely into the biliopancreatic duct
resulted in severe pancreatic and pulmonary histopatholo-
gical injury. This method of establishing a rat model of
SAP-associated ALI is stable and repeatable. QYD effectively
ameliorated pancreatic and lung tissue injury in SAP, inhib-

ited the release of inflammatory cytokines, alleviated pulmo-
nary edema, and restored respiratory function.

SAP-associated ALI is an indirect secondary lung injury,
the mechanism of which remains incompletely understood.
It has been proposed that the pulmonary air-blood barrier
is disrupted by inflammatory mediators from the circulation
[2]. Many activated immune cells enter the lung and pro-
duce excess inflammatory factors, ROS, and damage-
associated molecular patterns, causing damage and death
of lung parenchymal cells. In our study, ALDH2, AnxA1,
and ICAM-1 were identified to play an important role in
the pathogenesis of lung injury followed by SAP and are
potential core targets of QYD against SAP-associated ALI.
This antagonistic mechanism may depend on the regulation
of ferroptosis and neutrophil infiltration by QYD.

ALDH2 is a member of the acetaldehyde dehydrogenase
family, and its gene polymorphisms are related to alcoholic
pancreatitis susceptibility, particularly in Asian populations
[29]. Previously, Cao et al. found that Alda-1 (an activator
of ALDH2) decreased pancreatic enzyme, MDA, and 4-
hydroxy nonanoic acid levels in mice with cerulein-
induced mild AP and delayed apoptosis of acinar cells via
the Bax/Bcl-2 pathway [30]. Many investigations have dem-
onstrated that Alda-1 protects against hyperoxia- or
heatstroke-induced ALI. Alda-1 has lung-protective effects
by inhibiting ROS generation and endothelial inflammation
in the blood vessels [31, 32]. Our work showed that mRNA
and protein expressions of ALDH2 were considerably
decreased in SAP-associated ALI rats’ lung tissue. QYD
enhanced the transcription and translation of the aldh2
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Figure 6: Effect of QYD on the lung metabolites of SAP rats. (a) PLS-DA score plots of the CON group, SAP group, SAP+QYD group, and
CON+QYD group. (b) OPLS-DA score plots of the SAP vs. CON groups. (c) OPLS-DA score plots of the SAP+QYD vs. SAP groups. (d)
Venn diagram of differential metabolites between SAP vs. CON groups and SAP+QYD vs. SAP groups. Effects of QYD on 7 differential
metabolites levels in rats. (e) Heat map of 7 metabolites in each sample. (f) Analysis of metabolic pathway of differential metabolites
between the QYD and SAP groups. Data are presented as the mean ± SD. n = 10 per group. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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gene, which was consistent with the NP analysis. In addition,
mitochondria-mediated apoptosis is intrinsically linked to
the mitochondrial oxidoreductase ALDH2, which scavenges
reactive aldehydes and reduces cellular oxidative damage.
Multiple studies have indicated that increasing ALDH2
expression alleviates AP [30], myocardial infarction [33],
atherosclerosis [34], heart failure [35], and ALI [32] by inhi-
biting apoptosis. Our study showed that QYD significantly
reduced apoptosis in lung parenchymal cells caused by
SAP, suggesting that QYD may alleviate lung damage by
decreasing apoptosis via elevation of ALDH2 expression.
Ferroptosis is a novel form of programmed cell death caused
by the accumulation of iron-dependent lipid peroxides. The
significance of ferroptosis in the development of SAP is cru-
cial. The premature activation of trypsin is the first trigger
for the onset of AP, and there is evidence that trypsin
enhances the sensitivity of pancreatic acinar cells to ferrop-
tosis, which significantly exacerbates pancreatic damage dur-
ing AP [36]. Inhibiting ferroptosis reduced intestinal injury,
bacterial translocation, and renal injury induced by AP [37,
38]. Ferroptosis of lung tissue, especially in alveolar epithe-
lial cells, has been linked to ALI [39, 40]. Lung tissue
GPX4 activity was dramatically suppressed in SAP-
associated ALI, and ferroptosis aggravated lung damage
[41]. Inhibiting the occurrence of ferroptosis is a potential
strategy to combat SAP-associated ALI [42, 43]. Recently,
ferroptosis has shown to be regulated by ALDH2.
Researchers found that ALDH2 inhibits Alzheimer’s
disease-induced myocardial injury by regulating lipid perox-
idation and ACSL4-dependent ferroptosis [44]. As a result,
we performed downstream functional experiments. In rats
with SAP-associated ALI, ferrous ions, 8-OHdG, MDA,
and NCOA4 were expressed at higher levels, whereas GSH
activity, SLC7A11, FTH1, and GPX4 proteins were
expressed at lower levels. QYD therapy improved SAP-

induced ferroptosis in lung tissues, as predicted. As shown
by our rescue experiment (Supplementary File S8), Era
counteracted the protective effect of QYD on lung damage
and inflammatory response in SAP-associated ALI rats. In
a word, our data shows that QYD may protect against
SAP-induced pulmonary ferroptosis and apoptosis by pro-
moting the ALDH2 expression.

The other two targets are linked to neutrophil infiltra-
tion. Neutrophils are widely recognized for being among
the first immune cells to rush to the site of damage following
the initiation of inflammation [45]. Similarly, one of the fea-
tures of SAP-associated lung damage is significant neutro-
phil infiltration. Elastase, ROS, and neutrophil extracellular
traps are the main culprits in SAP-associated SIRS [46, 47].
AnxA1 is a glucocorticoid downstream mediator with anti-
inflammatory and tissue-healing properties. AnxA1 and its
mimetic peptide (Ac2-26) inhibit NF-κB and eNOS signal-
ing to minimize neutrophil infiltration and improve oxida-
tive damage in lung tissue [48]. Our findings show that
SAP increased AnxA1 mRNA expression in rat lung tissues,
indicating that a robust inflammatory response encouraged
anxa1 transcription. AnxA1 protein, which has anti-
inflammatory action, did not show increased expression
after the occurrence of SAP. During severe inflammation,
elastase released from neutrophils promotes the cleavage of
the 37 kDa fragment form of AnxA1, which has anti-
inflammatory activity, to the 33 kDa fragment, which has
no anti-inflammatory action [49]. Similarly, upon rapid
migration of neutrophils to injury sites after SAP induc-
tion, intact AnxA1 (37 kDa) is cleaved by elastase and
proteinase-3 to the inactive form (33 kDa), losing its inhib-
itory effect on neutrophil recruitment and leading to a
stormy accumulation of neutrophils in lung tissues. Fol-
lowing QYD treatment, when the number of neutrophils
infiltrating the lung is gradually reduced, the 37 kDa form
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Figure 7: Effect of QYD on the lung microbiota composition of SAP rats. (a) Linear discriminant analysis between the SAP and CON
groups (LDA score ≥ 3, P < 0:05). (b) Linear discriminant analysis between the QYD and SAP groups (LDA score ≥ 3, P < 0:05). (c)
Metabolic pathways predicted by PICRUSt analysis that were statistically different between the QYD and SAP groups. Data are presented
as the mean ± SD. n = 10 per group.
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Figure 8: Correlation analysis of ferroptosis, metabolites, and microbiota. (a) Ferroptosis and metabolites. (b) Ferroptosis and microbiota.
(c) Microbiota and metabolites. Each point in the RDA plot represents a sample, and the connecting arrows’ length indicates the
correlation’s magnitude. The angle between the connecting arrows indicates the correlation, with acute angles indicating positive
correlations and obtuse angles indicating negative correlations. The smaller the angle, the higher the correlation. The red color in the
heat map indicates a positive correlation, while the blue indicates a negative one. ∗P < 0:05 and ∗∗P < 0:01.
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of AnxA1 with anti-inflammatory activity rises, further
limiting neutrophil recruitment and the production of pro-
inflammatory mediators and promoting the subsidence of
inflammation. This suggests that QYD blocks the
neutrophil-amplified inflammatory cascade by inhibiting
the cleavage of active AnxA1. ICAM-1 is a key adhesion
molecule that recruits neutrophils, and its expression is
one of the markers of neutrophil infiltration. Knockdown
of ICAM-1 inhibits the development of ALI [50]. ICAM-
1 expression was increased in the SAP-associated ALI
model, whereas QYD therapy decreased ICAM-1 expres-
sion. In conclusion, our findings show that QYD may have
lung-protective effects by increasing AnxA1 expression,
inhibiting neutrophil infiltration and excessive inflamma-
tory response.

Metabolomics is one of the applied approaches used for
describing, at the metabolite level, the molecular processes of
QYD against SAP-associated ALI. Hippuric acid is a signifi-
cantly differentially expressed metabolite in our study. Hip-
puric acid is converted from phenolic compounds in the
diet and is a normal component of urine. The relationship
between hippuric acid and energy metabolism is tight. Any
factor that affects mitochondrial oxidative phosphorylation
may impact hippuric acid production [51]. Compared with
the CON group, the expression of hippuric acid was down-
regulated in lung tissue during SAP, which may be associ-
ated with impaired energy metabolism in the lung during
ALI. QYD upregulated the expression of hippuric acid, sug-
gesting its ability to counteract mitochondrial dysfunction.
In the correlation analysis, hippuric acid was negatively cor-
related with Fe2+ and MDA and positively correlated with
GSH levels. This finding further suggests that improving
energy metabolism and counteracting ferroptosis may be
one of the mechanisms by which QYD intervenes SAP and
improves ALI. In addition, this study found that
aminoacyl-tRNA biosynthesis, phenylalanine metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis, purine
metabolism, glyoxylate and dicarboxylate metabolism, and
glycine, serine, and threonine metabolism are the primary
metabolic pathways involved in QYD to improve SAP-
associated ALI. The clearance of acetaldehyde and reactive
oxygen species is tightly connected with glyoxylate and
dicarboxylic acid metabolism. Intriguingly, our NP analysis
revealed that QYD regulates critical targets, including
ALDH2, in rats with SAP-associated ALI. In addition, two
recent studies revealed that the glyoxylate and dicarboxylic
acid metabolism are significantly altered in the lung tissue
of mice with fine particle-associated lung injury and the
serum of rats with radiation-associated lung injury [52,
53]. Tryptophan is an essential amino acid consumed only
through the diet and produces active metabolites via the
kynurenine or serotonin pathway. Tryptophan expression
was significantly elevated in SAP-associated ALI, consistent
with previous reports showing that kynurenine pathways
are significantly increased during the AP-induced SIRS.
Inhibition of kynurenine prevents extrapancreatic organ
damage [54]. These findings confirm that QYD exerts anti-
inflammatory effects by affecting the metabolic phenotype
and ferroptosis.

Numerous studies demonstrate that the lung micro-
biome influences the development of illness by regulating
immune responses. Before this study, Kyo et al. discovered
a substantial decrease in alpha diversity of lung microbiome
in the bronchoalveolar lavage fluid (BALF) from ARDS
patients [55]. This parallels our results. SAP partially influ-
enced the structure of the lung microbiome. After QYD
intervention, the abundance of the lung microbiome par-
tially increased. Kyo et al. identified a distinct microbial
community structure represented by Betaproteobacteria,
linked with elevated serum IL-6 levels and hospital mortality
in patients with ARDS [55]. Our analysis found strong cor-
relations between Sphingomonas, Serratia, Pelomonas,
Methylobacterium, and Massilia and serum inflammatory
markers (TNF-α, IL-6, and MPO) in rats. The difference in
the bacterial genus may be associated with the variation in
samples (BALF vs. lung tissue). Interestingly, we also discov-
ered relationships between bacterial genera and ferroptosis
in rats. Simultaneously, the connection between Methylo-
bacterium and differential metabolites was discovered.
Clearly, further research is required to understand the exact
processes. The investigation of the lung microbiome compo-
sition at the phylum level indicated that the abundance of
Firmicutes was dramatically reduced in the SAP group rela-
tive to the CON group. The Firmicutes maintain the homeo-
stasis of the immune system, and their lower abundance was
directly linked to inflammatory reactions. The degree of dys-
biosis was closely related to the abundance of Firmicutes
[56]. The increased abundance of Firmicutes in the QYD
group compared to the SAP group indicated that dysbiosis
was obtained. Finally, we conclude that QYD reduces SAP-
induced lung injury by partly influencing the lung
microbiome.

This research performed a multidimensional analysis to
parse the potential mechanism of QYD against SAP-
associated ALI from the perspective of systems biology, but
there are still several limitations. First, we hypothesized that
QYD exerts a pulmonary protective effect via promoting the
ALDH2 expression and, by extension, suppressing ferropto-
sis. However, it is not yet known whether inhibition of
ALDH2 expression can reverse the inhibitory effect of
QYD on ferroptosis. The mechanism by which ALDH2 reg-
ulates signaling molecules associated with ferroptosis
requires additional exploration. Inhibiting neutrophil infil-
tration and NET formation, QYD has anti-inflammatory
actions. We solely investigated MPO activity in lung tissue.
Indeed, the inhibitory effect of QYD on NET formation
should be determined in the future as soon as feasible. Sec-
ondly, in the study of metabolites and microorganisms, we
identified some differential metabolites and microbes associ-
ated with ferroptosis and inflammation. However, the sub-
stantial link between differential metabolites and microbes
and ferroptosis remains poorly characterized. Further
research is required to determine if QYD suppresses inflam-
matory responses by modulating microbe-metabolite-fer-
roptosis, such as applying metabolites and microbes during
SAP therapy. Furthermore, the molecular mechanisms
behind the involvement of QYD-related active components,
such as palbinone and pulmatin, in SAP rats and the
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regulation of ferroptosis remain unknown. Our future
endeavors will center on this.

5. Conclusion

In conclusion, network pharmacology, metabolomics, and
16s rDNA sequencing were used to evaluate the molecular
mechanisms of QYD against SAP-associated ALI. Func-
tional enrichment and correlation analysis revealed the
importance of ferroptosis, metabolic, and microbial function
in QYD’s lung protective effects. This integrated analysis
method is suitable for the study of TCM and offers a fresh
paradigm for future research on the therapeutic mechanisms
of TCM.
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Enriched environment (EE) has been proven to be an effective intervention strategy which can improve neurofunctional recovery
following cerebral ischemia/reperfusion (I/R) injury. However, it still needs further investigation for the underlying mechanisms.
Recently, it has been shown that ferroptosis played an essential role in the pathophysiological development of ischemic stroke (IS).
This study is aimed at investigating whether EE plays a neuroprotective role by attenuating ferroptosis after cerebral I/R injury.
We used middle cerebral artery occlusion/reperfusion (MCAO/R) to build a model of cerebral I/R injury. To evaluate the effect
of EE on neurological recovery, we used the modified neurological severity score (mNSS) and the Morris water maze (MWM).
We used the western blot to detect the protein levels of glutathione peroxidase 4 (GPX4), hypoxia-inducible factor-1α (HIF-
1α), and acyl-CoA synthetase long-chain family member 4 (ACSL4). We used the quantitative real-time PCR (qRT-PCR) to
measure the mRNA levels of ACSL4 and inflammatory cytokines including tumor necrosis factor alpha (TNFα), interleukin-6
(IL-6), and interleukin 1 beta (IL-1β). The occurrence of ferroptosis was detected by TdT-mediated dUTP nick-end labeling
(TUNEL) assay, diaminobenzidine- (DAB-) enhanced Perls’ staining, iron level assays, and malondialdehyde (MDA) level
assays. The results verified that EE enhanced functional recovery and attenuated ferroptosis and neuroinflammation after
cerebral I/R injury. EE increased the expression of HIF-1α while inhibited the expression of ACSL4. Our research indicated
that EE improved functional recovery after cerebral I/R injury through attenuating ferroptosis, and this might be related to its
regulation of the neuroinflammation and HIF-1α-ACSL4 pathway.

1. Introduction

Stroke is the second leading cause of death which also acts as
one of the diseases with the highest disability rates worldwide
[1, 2]. Ischemic stroke (IS) is the predominant type of stroke,
but the treatment options for IS are very limited [3]. To allevi-
ate the neurological deficits caused by IS, intensive poststroke
rehabilitation is one of the few valid options. Rehabilitation
after stroke has been shown to diminish the risks of stroke
recurrence and improve functional recovery [4]. Therefore, it

is vital to explore more rehabilitative strategies to alleviate
the neurological deficits caused by IS.

Enriched environment (EE) is a stimulus complex. By
providing the housing animals with larger space, novel play
props, and more social partners, the animals housed in the
EE have more sensory, cognitive, motor, and social stimula-
tion than in the standard conditions (SC) [5, 6]. It has been
proven that EE could be a bright strategy to improve
cognitive-behavioral performance and functional recovery
after IS [7–11]. In animal experiments, EE has been shown
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to reduce brain infarct volumes and enhance angiogenesis in
I/R rats [9, 11]. EE also influenced cell death following IS. It
promoted autophagy while inhibited pyroptosis and apopto-
sis of neurons in the penumbra which eventually facilitate
functional recovery [10, 12, 13]. Despite the fact that multi-
ple pathophysiological processes are involved in cerebral I/R
injury and its recovery, research is needed to clarify how EE
improves functional recovery after IS with the aim of clinical
transformation in the future [14–16].

Ferroptosis is a recently discovered form of cell death
that is distinguished from apoptosis, pyroptosis, and autoph-
agy, characterized by the iron-dependent accumulation of
lipid hydroperoxides [17]. Recent studies have shown that
I/R injury can induce reactive oxygen species (ROS) and
lipid peroxidation to trigger ferroptosis [18]. Following the
stroke, ferroptosis occurred and the iron levels in the brain
increased [19]. The inhibition of ferroptosis effectively
reduced poststroke injury [20]. Inhibition of ferroptosis
and promotion of the levels of glutathione peroxidase 4
(GPX4) by selenium significantly protect neurons after
stroke [21]. GPX4 plays an important role in ferroptosis by
inhibiting lipid peroxidation and thus regulating ferroptosis
[22]. When the activity of GPX4 is inhibited, ferroptosis will
be triggered as the lethal amount of lipid peroxidation accu-
mulation [23]. Postischemic neuroinflammation might play
a crucial role in ferroptosis. Inflammatory cytokines (e.g.,
TNFα, IL-1β, and IL-6) have been demonstrated to directly
affect GPX4 levels, implying that these cytokines may regu-
late ferroptosis [24]. Although there is growing evidence that
ferroptosis is involved in cerebral I/R injury, the relationship
between ferroptosis and the neuroprotective effects of EE
after IS remains unknown.

Acyl-CoA synthetase long-chain family member 4
(ACSL4) is an enzyme involved in the metabolism of polyun-
saturated fatty acids (PUFA) [25]. ACSL4 could facilitate free
PUFAs to synthesize PUFA-phosphatidylethanolamines,
which are unstable and prone to lipid peroxidation [18]. Lipids
are important components of the brain, and increased ACSL4
expression makes lipids more susceptible to peroxidation,
which exacerbates the occurrence of ferroptosis [26]. Studies
have shown that ACSL4 makes cells more susceptible to fer-
roptosis [27]. Recently, ACSL4-modulated ferroptosis has
been demonstrated in cerebral and intestinal I/R injury, indi-
cating that ACSL4 is a novel regulator of ferroptosis [27, 28].
Hypoxia-inducible factor-1α (HIF-1α) is a critical regulator
in cerebral I/R injury. It modulates the expression of a set of
genes involved in cellular adaptation to hypoxia [29–31].
According to recent research, HIF-1α, as a transcriptional fac-
tor, may bond to the ACSL4 promoter region to suppress its
transcription [32]. In addition, HIF-1α has been shown to
inhibit ACSL4 transcription in cerebral I/R injury [28]. The
inhibition of HIF-1α could increase ROS levels, implying that
HIF-1αmay be an important target in the regulation of ferrop-
tosis [33].

We hypothesized that EE treatment could improve neu-
rological outcomes after cerebral I/R injury by attenuating
ferroptosis. In this study, we investigated how EE affected
the expression of inflammatory cytokines, ACSL4, and
HIF-1α and the potential link between them. We also looked

into whether EE attenuated ferroptosis after cerebral I/R
injury, as well as the underlying molecular mechanism.

2. Materials and Methods

2.1. Animal and Subject. All animal experiments were autho-
rized by the Animal Care and Use Committee at Wuhan Uni-
versity (WP2020-08052). Animal welfare was valued during
the experiments, and every effort was made to mitigate the
pain of experimental animals. During the experimental pro-
cess, every effort was made to keep animal mortality and suf-
fering to a minimum. Specific pathogen-free male SD rats
(6–7 weeks old, 210–220 g) were purchased from Beijing Vital
River Laboratory Animal Technology Company. Rats were
housed in an artificially controlled environment (55 ± 5% rel-
ative humidity, 20 ± 2°C, and photoperiod from 8:00 to 20:00)
and had unrestricted access to food and water. Figures 1(a)
and 1(b) illustrate the setting of EE and the experimental time-
line. After three days of adaption training, the rats were
marked and randomized into four groups as follows: (1) SSC
group: the sham+standard condition group, (2) SEE group:
the sham+enriched environment group, (3) ISC group: the
ischemia/reperfusion+standard condition group, and (4) IEE
group: the ischemia/reperfusion+enriched environment
group.

2.2. Rat Middle Cerebral Artery Occlusion and Reperfusion
(MCAO/R) Model. As previously reported, middle cerebral
artery occlusion and reperfusion (MCAO/R) was used to
build the cerebral I/R injury model in rats [13, 34]. Briefly,
isoflurane was used to anesthetize rats with a face mask
(induction concentration: 3%, maintenance concentration:
1.5%, in 2 : 1 N2O: O2). A midline incision of approximately
2 cm is made in the neck and the left common carotid artery
(CCA), and the left external carotid artery and left internal
carotid artery (ICA) are separated. A small incision was
made in the CCA, and a 5-0 nylon monofilament (Beijing
Xinong Biotech, China) was passed through the incision into
the ICA approximately 20 ± 2mm. The nylon monofilament
wire was carefully removed 90 minutes later to ensure the
reperfusion [35]. The sham-operated rats were operated on
the same as the surgical group except that the nylon mono-
filament was not inserted. After surgery, the rats were scored
on a five-point neurological deficit using a blinded method
(only scores 1-3 were retained and excluded scores 0 and
4) [36].

2.3. Housing Conditions. The rats were placed in the respective
environment 24 hours following MCAO/R according to the
groupings. The following are the specifics of standard condi-
tion (SC): three rats were housed in a cage
(40 cm × 30 cm × 20 cm) with bedding, food, and water. The
specifics of the enriched environment (EE) are as follows: six
rats were kept in a special cage (90 cm × 75 cm × 50 cm) with
stairways, stages, swing boards, tunnels, and running wheels.
To ensure novelty and exploration, the cage settings were
changed every three days (Figure 1(b)).

2.4. Behavioral Tests. The modified neurological severity
score (mNSS) was used to evaluate sensorimotor deficits
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(including motor, sensory, reflex, and balance assessments),
and higher scores indicated more severe neurological dam-
age (n = 6/group) [12]. The Morris water maze (MWM) test
was used to assess the spatial learning and memory abilities
of rats (n = 6/group) [37]. For the first five days, the platform
position was fixed and each animal was trained 4 times a
day, each time the rats were placed in the water from four
different quadrants, and their movement trajectory and time
were recorded. The rats were permitted to rest on the plat-
form for 15 seconds after reaching it in less than 60 seconds.
If it took more than 60 seconds to reach the platform, the
tester would lead it to stay at the platform for 15 seconds.
We recorded the escape latency of each animal. On day 6,
the platform was withdrawn and rats were permitted to
swim freely for 1min. An Animal Video Tracking Analysis
System was used to record swimming trajectories, time in
correct quadrant, and platform crossovers to make a reason-
able judgment on the learning memory ability of the spatial
location (Anilab Scientific Instruments Co., Ltd., China).

2.5. Western Blot. Protein sample tissues were collected from
the peri-infarct cortex. Proteins were separated on SDS/PAGE
gels (10%) and electroblotted into a PVDF membrane. The
PVDF membranes were then incubated in 5% nonfat milk at
room temperature for 1h and then incubated with primary
antibodies overnight at 4°C. The membrane was washed three
times with phosphate-buffered saline (PBS) containing 0.1%
Tween-20 and incubated in the secondary antibodies (ABclo-
nal, China) for 1h at room temperature. We used the Bio-Rad
system to scan the proteins (n = 3/group). The primary anti-
bodies used in this experiment were listed as follows: GAPDH

(Proteintech, China), GPX4 (Abmart, China), HIF-1α (Zen-
Bio, China), and ACSL4 (Abcam, UK).

2.6. Quantitative Real-Time PCR (qRT-PCR) Analysis.
According to the manufacturer’s instructions, total RNA was
extracted from peri-infarct cortex tissues using TRIzol reagent
(Invitrogen, USA). We performed qRT-PCR to detect mRNA
levels by using SYBR Premix Ex Taq II (Takara, Japan) in a 2.1
Real-Time PCR System (Bio-Rad, USA) according to the
manufacturer’s protocol. The relative Ct method was used
for data comparison, and GAPDH was set as an internal con-
trol (n = 3/group). The primer sequences are given below.

IL-1β (F): TGACTTCACCATGGAACCCG
IL-1β (R): TCCTGGGGAAGGCATTAGGA
IL-6 (F): TCCTACCCCAACTTCCAATGCTC
IL-6 (R): TTGGATGGTCTTGGTCCTTAGCC
TNF-α (F): TTGCTTCTTCCCTGTTCC
TNF-α (R): CTGGGCAGCGTTTATTCT
ACSL4 (F):TATGGGCTGACAGAATCATG
ACSL4 (R): CAACTCTTCCAGTAGTGTAG
GAPDH (F): CGCTAACATCAAATGGGGTG
GAPDH (R): TTGCTGACAATCTTGAGGGAG

2.7. Immunofluorescence Assays. Paraffin sections were
obtained from brain specimens of different groups. They
were hydrated and antigen retrieval was performed using a
buffered solution with sodium citrate. Sections were blocked
with 5% bovine serum albumin for 1 h. And the sections
were then incubated with primary antibody for 12 h at 4°C.
PBS buffer was used to wash sections 3 times (5min each),
and sections were incubated with fluorescent secondary

Stroke

–3 0 3 7

mNSS

14 21

MWM Perfusion

2627 days
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(b)

Figure 1: Experimental flow and enriched environment setting. (a) Timeline of the experimental procedure for this experiment. Rats were
tested on day 3, 7, 14, and 21 by using the modified neurological severity score (mNSS) to assess sensorimotor deficits. On day 21 to 26, rats
were tested using the Morris water maze (MWM) to assess spatial learning and memory. (b) The setting of an enriched environment in this
experiment.
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antibody for 1 h at room temperature. Nuclei were stained
with DAPI (Antgene, China). The images were observed
and taken by a BX53 microscope (Olympus, Japan). The
number of positive cells was calculated using ImageJ (n = 3
/group).

2.8. TdT-Mediated dUTP Nick-End Labeling (TUNEL) Assay.
TUNEL assay is a well-established, fast, and simple technique
to detect and quantify neurons undergoing regulated cell
death [38]. TUNEL staining was performed according to the
method described by the manufacturer. Briefly, paraffin sec-
tions were pretreated as previously described. The sections
were then reacted with proteinase K for 30min at room tem-
perature. PBS buffer was used for sections’ washing (5min
each for 5 times) followed by incubating with the TUNEL
assay solution. Then, the reaction was stopped and the slides
were washed three times with PBS. Nuclei were stained with
DAPI (Antgene, China). The images of the peri-infarct cortex
were observed and taken by a BX53 microscope (Olympus,
Japan), and the number of positive cells was calculated using
ImageJ (n = 3/group).

2.9. Diaminobenzidine- (DAB-) Enhanced Perls’ Staining.
Prussian Blue Iron Stain Kit (Solarbio, China) was used to
detect iron deposits in rat brain tissue (n = 3/group). Paraffin
sections were pretreated as previously described and washed
with distilled water. 3% hydrogen peroxide was used to block
paraffin sections for 10 minutes. Perls’ staining solution was
configured according to the instructions. Then, the sections
were put into the Perls’ staining solution and incubated at
37°C for 12 hours. After washing 3 times (5min each) with
PBS, sections were stained with DAB Horseradish Peroxi-
dase Color Development Kit (Beyotime, China). The images
were observed and taken by a BX53 microscope (Olympus,
Japan).

2.10. Iron and Malondialdehyde (MDA) Level Assays. The
level of iron in rat brains was measured using the tissue iron
assay kit (Nanjing Jiancheng Bio, China) according to the
manufacturer’s instructions. The concentration of lipid per-
oxidation product malonaldehyde (MDA) in rat brains was
measured by an MDA assay kit (Beyotime, China) following
the manufacturer’s instructions (n = 3/group).

2.11. Statistical Analysis. The nonparametric Kruskal-Wallis
test was used to analyze the mNSS data. MWM data were
analyzed by Tukey’s post hoc test and two-way repeated
measures ANOVA. One-way ANOVA and Tukey’s post
hoc test were used to compare differences between groups.
We used SPSS 23 software and GraphPad Prism 8 for statis-
tical analysis. All data were expressed as mean ± standard
deviation (SD). Statistical significance was established as p
< 0:05.

3. Results

3.1. Enriched Environment Attenuated Neurological Deficits
Caused by Cerebral I/R Injury. Cerebral I/R injury caused
significant behavioral dysfunction. Various behavioral tests
were performed to determine whether EE could attenuate

neurological deficits caused by cerebral I/R injury. Neurolog-
ical deficits were assessed in rats using mNSS at 3, 7, 14, and
21 days after cerebral I/R injury. EE significantly reduced
neurological deficits despite the persistence of sensorimotor
impairment because of cerebral I/R injury (Figure 2(a); p <
0:01). At 21-26 days after cerebral I/R injury, the MWM
was used to assess the spatial learning and memory ability
of rats. During the spatial learning phase, the escape latency
was decreasing with the increasing training time. During the
first five days of training, rats in the I/R groups (ISC and
IEE) took more time to reach the platform compared with
the sham-operated groups (SSC and SEE). However, rats in
the IEE group exhibited shorter escape latency compared
with the ISC group (Figure 2(b); p < 0:001). At the end of
the five-day spatial learning training, probe trials were con-
ducted. In the I/R groups, the IEE group performed better
than the ISC group, as they stayed longer in the correct
quadrant and revealed more crossovers(Figures 2(c)–2(e); p
< 0:01 and p < 0:05). These results demonstrated that neu-
rological deficits could be reduced by EE following I/R
injury.

3.2. Enriched Environment Reduced Ferroptosis after Cerebral I/
R Injury. To investigate whether EE enhanced functional recov-
ery by inhibiting ferroptosis after cerebral I/R injury, we used
TUNEL staining, DAB-enhanced Perls’ staining, iron assay
kit, and MDA assay kit to detect ferroptosis-related features.
We used TUNEL staining to detect whether EE reduced the
occurrence of regulated cell death in the peri-infarct cortex.
Massive positive cells were observed in the I/R groups, whereas
few positive cells were detected in the sham-operated groups.
EE significantly reduced the number of positive cells, and the
proportion of positive cells in the IEE group was obviously
lower than in the ISC group (Figures 3(a) and 3(b); p < 0:01).
These results demonstrated that EE inhibited regulated cell
death. The western blot results of GPX4 showed that I/R injury
significantly decreased the expression level of GPX4, while EE
significantly improved the level of GPX4 after I/R injury
(Figures 4(a) and 4(b); p < 0:01 and p < 0:001). In the I/R
groups, Perls’ staining showed that the number of iron deposi-
tions in the peri-infarct cortex was significantly increased in
comparison with the sham-operated groups (Figure 4(c)). The
iron assay kit was used to further explore iron alterations, and
the results showed that iron levels elevated following I/R injury.
However, EE could reduce the iron deposition caused by cere-
bral I/R injury (Figure 4(d); p < 0:01). Significant accumulation
of lipid peroxides is a typical feature that distinguishes ferropto-
sis from other types of regulated cell death [39]. Therefore, we
applied the MDA assay to assess lipid peroxidation alterations
in the peri-infarct cortex. The results showed that I/R injury sig-
nificantly elevated MDA levels, while the IEE group showed a
significant decrease in MDA levels compared to the ISC group
(Figure 4(e); p < 0:001). Collectively, all of these data implicated
that ferroptosis after cerebral I/R injury was suppressed by EE.

3.3. Enriched Environment Reduced the Expression of the
Inflammatory Cytokines. Considering that ferroptosis might
be regulated by inflammatory cytokines. The expression
levels of inflammatory factors (TNF-α, IL-1β, and IL-6) were
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measured by qRT-PCR. The results revealed that the mRNA
levels of inflammatory factors were increased in the I/R
groups compared with the sham-operated groups. However,
the mRNA levels of inflammatory factors were obviously less
in the IEE group in comparison with the ISC group
(Figures 5(a)–5(c); p < 0:05, p < 0:001, and p < 0:05).

3.4. Enriched Environment Reduced the Expression of ACSL4
after Cerebral I/R Injury. ACSL4 expression was positively
associated with the occurrence of ferroptosis [40], and
exploring the effect of EE on ACSL4 expression would help
to investigate the role of EE on ferroptosis. As shown in
the western blot results, the expression of ACSL4 was obvi-
ously increased following cerebral I/R injury. However, EE
reduced the expression of ACSL4 (Figures 6(b) and 6(c) ;p
< 0:01). The immunofluorescence results showed that the

ACSL4 was increased in neurons after I/R injury and the
proportion of ACSL4/Neun-positive cells in the ISC group
was obviously higher compared with the IEE group
(Figures 6(a) and 6(d); p < 0:01). These results suggested that
EE attenuated ferroptosis by inhibiting the ACSL4
expression.

3.5. Enriched Environment Increased the Expression of HIF-
1α after Cerebral I/R Injury. As HIF-1α was reported as
the transcriptional regulator of ACSL4, we further investi-
gated whether EE attenuated ferroptosis via the HIF-1α-
ACSL4 pathway. Western blot results revealed that the
HIF-1α expression level of the I/R groups obviously
increased versus the sham-operated groups. Moreover,
HIF-1α expression levels were uplifted in the IEE group ver-
sus the ISC group (Figures 7(b) and 7(c); p < 0:05). These
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Figure 2: Enriched environment attenuated neurological deficits caused by I/R injury. (a) Changes in mNSS for different groups on day 3, 7,
and 21. Rats were trained preoperatively to avoid errors. (b) The escape latency in the spatial learning phase. (c, d) Time in the correct
quadrant and the crossovers in the target quadrant was recorded and analyzed. (e) Representative swimming trajectories of SSC, SEE,
ISC, and IEE groups in the probe trials. n = 6. Data are expressed as mean ± SD. ∗∗p < 0:01 and ∗∗∗p < 0:001 vs. SEE group; #p < 0:05 and
##p < 0:01 vs. IEE group.
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results were further supported by immunofluorescence
results. In addition, HIF-1α was mostly expressed in the
nucleus as it was colocalized with DAPI, which indicated
that HIF-1α might act as a transcription factor
(Figures 7(a) and 7(d); p < 0:001). To clarify the underlying
mechanism of how HIF-1α negatively regulated ACSL4
expression, we further used qRT-PCR to examine the ACSL4
mRNA level. The outcomes demonstrated that the ACSL4
mRNA level of the IEE group was considerably less than
the ISC group, which suggested that HIF-1α might inhibit
ACSL4 expression at the transcriptional level (Figure 6(e);
p < 0:05).

4. Discussion

While stroke mortality is declining because of advances in
thrombectomy and thrombolytic therapies, disability caused
by IS remains high [41, 42]. Disability or functional impair-
ment after IS severely affects the life quality of survivors and
imposes a heavy burden on their families [12]. It is a top pri-
ority to find ways to reduce functional deficits after IS.
Growing evidence in animal models has shown that EE
can promote functional recovery after IS [43, 44]. Exploring

the mechanisms underlying EE will help to optimize EE set-
ting, potentially benefiting clinical practice in the future.

To test the effect of EE on neurological function, a series
of behavioral experiments were conducted. The results of
mNSS suggested that neurological function was impaired
in I/R rats while EE reversed the damage. The mNSS
included motor, sensory, reflex, and balance assessments.
In this study, the results of mNSS indicated that EE could
reverse motor dysfunction, sensory abnormalities, and bal-
ance disorders caused by I/R injury, thereby improving neu-
robehavioral function [45]. The results of MWM indicated
that EE improved long-term spatial learning and memory
functions after stroke. Previous studies have also shown that
EE can reduce neurological deficits after I/R injuries, thereby
reducing mNSS scores [10, 46]. These results were consistent
with our study.

Ferroptosis was closely associated with neurological dis-
eases. The accumulation of excess iron in intracerebral hemor-
rhage (ICH) could lead to oxidative stress and neuronal
damage. Inhibiting ferroptosis by regulating the miR-124/fer-
roportin signaling pathway could ameliorate neuronal cell
death after ICH [47]. In ischemic stroke, lipid peroxidation
increased while GSH expression decreased in the injured
region, and inhibiting this change mediated a neuroprotective

SSC

SEE

ISC

IEE

TUNEL DAPI MERGE

(a)

0.6

0.4

0.2

TU
N

EL
 +

po
sit

iv
e c

el
ls 

ra
tio

0.0
SSC SEE ISC IEE

⁎⁎⁎

##

(b)

Figure 3: Enriched environment reduced regulated cell death in the peri-infarct cortex. (a) TUNEL staining for evaluation of the regulated
cell death in the peri-infarct cortex. (b) Quantitative analysis for the number of TUNEL-positive cells. Scale bars, 50 μm. n = 3. Data are
expressed as mean ± SD. ∗∗∗p < 0:001 vs. SEE group; ##p < 0:01 vs. IEE group.
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effect [48]. Iron chelators, such as ferrostatin-1 (Fer-1) and
liproxstatin-1 (Lip-1) that act as ferroptosis inhibitors, could
protect the neurovascular unit in acute stroke [49]. However,
the precise mechanism by which ferroptosis was involved in
the pathophysiological process of stroke is unclear. Previous
studies have shown that exercise training could improve func-
tional recovery after stroke by inhibiting ferroptosis [50].
However, there was still no evidence whether EE-mediated
neurological recovery was associated with ferroptosis. We
examined key indicators of ferroptosis to investigate whether
EE-mediated neuroprotection was mediated by modulating
ferroptosis. The TUNEL assay can detect and quantify cells
undergoing regulated cell death, including ferroptosis, by
labeling indicative of endonucleolytic cleavage of DNA [51].
According to the TUNEL assay results, EE significantly

inhibited regulated cell death. GPX4 scavenges lipid hydroper-
oxides to prevent ferroptosis [52]. The GPX4 expression was
then examined in different groups, and EE significantly
improved the level of GPX4 after I/R injury. One feature of fer-
roptosis is iron accumulation [53]. To investigate the changes
in iron after cerebral I/R injury and whether EE could alter
iron content, we used Perls’ staining and iron assay kit to
detect iron alterations. The results showed that cerebral I/R
injury obviously increased the iron level, whereas EE could
decrease the iron level. Another feature of ferroptosis is lipid
peroxidation due to iron accumulation [54]. Lipid peroxida-
tion generates a variety of oxidation products, MDA being
one of the most common [55]. The MDA assay results
revealed that changes in MDA were consistent with the
changes in iron content. We hypothesize that EE may reduce
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Figure 4: Enriched environment reduced iron deposition and ferroptosis. (a, b) Western blots and quantification of GPX4 in the peri-infarct
cortex. (c) Perls’ staining of iron in the peri-infarct cortex. (d) Quantitative analysis of iron levels in the peri-infarct cortex. (e) Quantitative
analysis of MDA levels in the peri-infarct cortex. Scale bars, 50μm. n = 3. Data are expressed as mean ± SD. ∗∗∗p < 0:001 vs. SEE group;
#p < 0:05, ##p < 0:01, and ###p < 0:001 vs. IEE group.
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ferroptosis and thus promote recovery after cerebral I/R injury
based on these alterations in ferroptosis-related factors.

Given that ferroptosis may be regulated by inflammatory
cytokines, the inflammatory cytokines (TNFα, IL-6, and IL-
1β) and mRNA expression levels were measured using qRT-
PCR. The results showed that EE reduced the mRNA expres-
sion levels of inflammatory cytokines after I/R injury indicat-
ing that EE may attenuate ferroptosis by inhibiting
neuroinflammation. Our findings were supported by several
studies. An earlier study has demonstrated that the increased
expression of IL-1βmade cells more susceptible to ferroptosis
[56]. Additionally, IL-6 may potentially interfere with iron
homeostasis and induce ferroptosis [57]. Most importantly,
these inflammatory cytokines have been proven to directly
affect the GPX4 expression level, indicating that inflammatory
cytokines may be able to regulate ferroptosis [58]. However,
numerous studies have shown that the presence of ferroptosis
could also affect the expression of inflammatory factors [58,
59]. Ferroptosis played an important role in the model of non-
alcoholic steatohepatitis, since it served as the trigger for
inflammation [60]. In the model of psoriatic, inhibition of fer-
roptosis reduced the production of cytokines including TNFα,

IL-6, and IL-1β [61]. In the model of diabetes, ferroptosis
induced inflammation in the diabetic wound, and the applica-
tion of ferroptosis inhibitors reduced the expression of inflam-
mation markers [62]. More research is required to determine
how inflammation and ferroptosis are related. Further
research is needed to determine the precise involvement of
EE in the interplay between ferroptosis and the inflammatory
response following stroke.

Our previous studies have identified some mechanisms of
EE on functional recovery after cerebral I/R injury, including
the promotion of vascular regeneration and inhibition of neuro-
nal apoptosis and pyroptosis [9, 13, 34]. This study also showed
that EE could promote the expression of HIF-1α. HIF-1α could
regulate many target genes as a transcription factor [29, 63].
Vascular endothelial growth factor (VEGF) is one of the down-
stream target genes of HIF-1α, which is extensively involved in
the pathological process of ischemic stroke [64, 65]. HIF-1α
plays a neuroprotective role by regulating VEGF-mediated
angiogenesis and neuroregeneration [66]. In addition, HIF-1α
has a neuroprotective effect by increasing erythropoietin
expression, which can enhance oxygen transport and increase
cerebral blood flow [67, 68]. However, several studies have also
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Figure 5: Enriched environment reduced the expression of the inflammatory cytokines. (a) Quantitative analysis of TNF-α mRNA levels in
the peri-infarct cortex. (b) Quantitative analysis of IL-1β mRNA levels in the peri-infarct cortex. (c) Quantitative analysis of IL-6 mRNA
levels in the peri-infarct cortex. n = 3. Data are expressed as mean ± SD. ∗∗∗p < 0:001 vs. SEE group; #p < 0:05, ##p < 0:01, and
###p < 0:001 vs. IEE group.
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Figure 6: Enriched environment reduced the expression of ACSL4 after I/R injury. (a, d) Double immunostaining of Neun and ACSL4.
Statistical analysis of the positive rate was shown. (b, c) Western blots and quantification of ACSL4 in the peri-infarct cortex. (e)
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pointed out that in the early stages of ischemic stroke, HIF-1α
aggravates neurological damage by exacerbating the permeabil-
ity of the blood-brain barrier and mediating the expression of
proinflammatory factors and inflammatory responses [69–71].
The same molecule may play very different roles at various
stages of the disease pathology. Therefore, it is necessary to fur-
ther investigate the complex and significant role that HIF-1α
plays in ischemic stroke. According to the western blot results,
cerebral I/R injury markedly increased the expression level of
HIF-1α, while EE could further increase the HIF-1α expression.
Immunofluorescence results also showed that EE increased the
expression of HIF-1αmainly in the nucleus which further sup-
ported the idea that HIF-1αmight act as a transcription factor.
These results implied that HIF-1α played a fundamental role in
the neuroprotective effect of EE after cerebral I/R injury.

Increased expression of ACSL4 exacerbates brain injury by
making cells more susceptible to ROS-induced ferroptosis [26,
27, 28, 72]. Inour study,westernblot results showed that cerebral
I/R injury remarkably elevated the expression of ACSL4, while
EE reduced the expression of ACSL4. Double immunofluores-
cence staining showed thatACSL4waspredominantly expressed
in neurons after cerebral I/R injury, and EE reduced the propor-
tion of ACSL4/Neun-positive cells. We hypothesized that EE
could enhance neuronal tolerance to ROS caused by cerebral I/
R injury by decreasingACSL4 expression. As a lipidmetabolism
enzyme, ACSL4 is necessary for ferroptosis, which results in
increased lipid peroxidation and ferroptosis [73]. Recently,
ACSL4 has already been regarded as a ferroptosis modulators
[23]. Numerous studies have demonstrated that increased
ACSL4 expression can promote ferroptosis and the inhibition
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Figure 7: Enriched environment increased the expression of HIF-1α after I/R injury. (a, d) Immunofluorescence images of HIF-1α and
statistical analysis of the positive rate. (b, c) Western blots and quantification of HIF-1α in the peri-infarct cortex. Scale bars, 20μm. n =
3. Data are expressed as mean ± SD. ∗p < 0:05 and ∗∗∗p < 0:001 vs. SEE group; #p < 0:05 and ###p < 0:001 vs. IEE group.
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of ACSL4 expression could reduce ferroptosis [74]. Decreased
ferroptosis is inextricably linked to decreasedACSL4 expression,
and when ferroptosis inducers are applied, ACSL4 expression is
elevated [75]. In future studies,we should involve overexpressing
ACSL4 to further determine the relationship between EE-
suppressed ferroptosis andACSL4.Besides, theqRT-PCRresults
indicated that the ACSL4 reduction occurred at the transcrip-
tional level. Recent studies showed that HIF-1α was bond to
the ACSL4 promoter region to repress its transcription [28,
32]. Our study further verified that the increase in HIF-1α
expression level inducedbyEEmight also affect the transcription
of ACSL4 after cerebral I/R injury. Previous studies confirmed
that the ischemia-induced increase in HIF-1α expression could
suppress ACSL4 expression after oxygen and glucose depriva-
tion (OGD). Knockdown of HIF-1α in SH-SY5Y enhanced the
expression of ACSL4 following OGD. After OGD treatment,
HIF-1α binds to the conserved noncoding sequences 1 and 2
promoter regions of ACSL4 thereby suppressing the expression
of ACSL4 [28]. It was further established that HIF-1α negatively
regulates the expression ofACSL4 in vitro. InHK-2 cells, ACSL4
expression increased after the knockdown ofHIF-1α. The appli-
cation of HIF-1α inhibitors could enhance the mRNA level of
ACSL4 [32]. Our experimental results are consistent with previ-
ous studies. Less perfection of our study was the lack of HIF-1α
knockdown experiments to verify the deterministic effect of EE
on the expression of HIF-1α. Further studies should be con-
ducted on this aspect in the future.

As an important environmental intervention, EE inhibits
ferroptosis and improves functional recovery after I/R injury.
Our findings showed new light on the potential therapeutic
mechanisms of EE as well as the pathophysiological develop-
ment of stroke recovery. This also provides us with novel insight
for poststroke rehabilitation in clinical transformation. For
example, clinical patients can be treated in an integrated EE-
like environment that includes appropriate intensity physical
activity, active social interaction, a mindful natural environ-
ment, and appropriate challenging tasks to accelerate recovery
after stroke. Also, treatments that target ferroptosis and its
related molecules may be a new option for the rehabilitation
of stroke. However, there are still some limitations in our study.
We only explored the effect of EE on ferroptosis after stroke.
The effect of EE on other forms of cell death and their relevance
remain to be explored. Also, we only investigated the effect of a
specific duration of EE intervention on stroke recovery. The
effect of different duration of EE intervention on stroke recov-
ery remains to be investigated. We will work to optimize our
experimental protocols and designs in future studies.

5. Conclusions

In this study, we confirmed the effectiveness of EE in pro-
moting functional recovery after cerebral I/R injury by atten-
uating ferroptosis. And this process might be activated by
the HIF-1α-ACSL4 pathway. EE also inhibited the expres-
sion levels of inflammatory cytokines including TNFα, IL-
6, and IL-1β, which might facilitate functional recovery after
stroke. This study provides more theoretical evidence that
EE is a promising rehabilitation strategy for stroke.
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Acquired resistance to epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKI, such as gefitinib) in lung cancer
continues to be a major problem. Recent studies have shown the promise of ferroptosis-inducing therapy in EGFR-TKI resistant
cancer, but have not been translated into clinical benefits. Here, we identified carbonic anhydrase IX (CA9) was upregulated in
gefitinib-resistant lung cancer. Then we measured the cell viability, intracellular reactive oxygen species (ROS) levels, and labile
iron levels after the treatment of ferroptosis inducer erastin. We found that CA9 confers resistance to ferroptosis-inducing
drugs. Mechanistically, CA9 is involved in the inhibition of transferrin endocytosis and the stabilization of ferritin, leading to
resistance to ferroptosis. Targeting CA9 promotes iron uptake and release, thus triggering gefitinib-resistant cell ferroptosis.
Notably, CA9 inhibitor enhances the ferroptosis-inducing effect of cisplatin on gefitinib-resistant cells, thus eliminating
resistant cells in heterogeneous tumor tissues. Taken together, CA9-targeting therapy is a promising approach to improve the
therapeutic effect of gefitinib-resistant lung cancer by inducing ferroptosis.

1. Introduction

Non-small cell lung cancer (NSCLC) is one of the most
common cancers worldwide with high mortality rate [1].
With the advent of molecular targeted therapies, survival
in NSCLC continues to improve. Epidermal growth factor
receptor (EGFR) is a critical molecular target in NSCLC
patients. Although EGFR-tyrosine kinase inhibitors (EGFR-
TKI, such as gefitinib or erlotinib) have resulted in significant
clinical benefit in patients with EGFR-mutant NSCLC [2, 3],
acquired resistance inevitably develops [4]. Multiple mecha-
nisms of gefitinib resistance have been reported, including
the EGFR T790M mutation, MET amplification, ERBB2
amplification, and cancer phenotypic transformation [5–7].
Therapeutic options could be developed according to the
resistance mechanisms, such as adopting osimertinib or
combining with MET inhibitors. However, the resistance
mechanisms of gefitinib have yet to be discovered in approx-
imately 20% of NSCLC patients [8]. Therapeutic options are
limited in these patients.

Ferroptosis is a nonapoptotic form of cell death that is
iron-dependent. Ferroptosis was first found to be triggered
by erastin, a RAS inhibitor, which is characterized by intra-
cellular redox imbalance and increased levels of reactive
oxygen species (ROS) [9]. Recently, the therapy-resistant cell
state in cancer cells has been reported to be vulnerable to
ferroptosis [10]. You et al. reported that erlotinib-tolerant
persister head and neck cancer cells are vulnerable to ferrop-
tosis by GPX4 or xCT inhibition [11]. Zhang et al. found
that the histone deacetylase inhibitor vorinostat combined
with erastin could suppress the viability of EGFR-TKI-
resistant lung cancer cells by inducing ferroptosis [12].
These results show the promise of ferroptosis-inducing ther-
apy in EGFR-TKI resistant cancer cells.

However, there are outstanding questions that remain to
be addressed before the practical application of ferroptosis-
inducing therapy. For example, most of the ferroptosis-
inducing agents were only examined in cultured cell lines,
which have not been translated into clinical benefits [13].
As a common inducer of ferroptosis, cisplatin is the most
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frequently used agent for lung cancer in clinical practice
[14]. Cisplatin-based chemotherapy shows certain efficacy
for NSCLC patients after EGFR-TKI resistance. In addition,
cisplatin-based chemotherapy has been reported to elimi-
nate EGFR-TKI resistant cells, thus creating beneficial
conditions for the retreatment of EGFR-TKI [15]. We
speculated that cisplatin could play a role in eliminating
drug-resistant cells by inducing ferroptosis. However,
the long-term benefits of EGFR-TKI retreatment after
cisplatin-based chemotherapy are still limited [15]. It is
important to identify what genetic alterations in EGFR-TKI
resistant cells may contribute to the vulnerability to ferropto-
sis. Thus, we can find ways to induce ferroptosis in resistant
cancers more effectively.

Carbonic hydrase IX (CA9), a ferroptosis-related gene,
was found to be upregulated in gefitinib-resistant cells in
our study. CA9 is a member of the carbonic anhydrase
family, which catalyzes the reversible hydration of carbon
dioxide to maintain intracellular pH homeostasis [16]. A
recent study showed that the upregulation of CA9 signifi-
cantly inhibits tumor cell ferroptosis under hypoxia [17].
The abnormal expression of CA9 has been reported to affect
the treatment efficacy in NSCLC [18–20]. In addition, ele-
vated CA9 expression is closely related to poor prognosis
in EGFR-mutant lung cancer [21]. Although CA9 is highly
expressed in EGFR-TKI resistant NSCLC cells, as a marker
of hypoxia [22, 23]. The role of CA9 in regulating ferroptosis
remains unknown.

In the present study, we suggest that CA9 confers resis-
tance to ferroptosis in gefitinib-resistant lung cancer cells
by regulating iron metabolism. Inhibiting CA9 is a promis-
ing approach to improve lung cancer treatment by targeting
ferroptosis.

2. Materials and Methods

2.1. Cell Culture. The human non-small-cell lung cancer cell
lines PC9 (EGFR exon 19 deletion) and HCC827 (EGFR
exon 19 deletion), and the normal human bronchial epithe-
lial cell lines (Beas2B and HBE) were purchased from
Shanghai Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China). The
gefitinib-resistant cell lines PC9/GR and HCC827/GR were
established by exposing PC9 and HCC827 cells to increasing
concentrations of gefitinib (HY-50895, MCE, China) as pre-
viously described [24]. The parental cells were cultured in
the medium containing 0.3μM gefitinib until they could
survive in the medium containing 1.0μM gefitinib. During
this process, the drug-containing medium was replaced
twice per week. Then the resistant cells were maintained in
1.0μM gefitinib. All cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum.

2.2. Clinical Samples Collection. Clinical tissues and periph-
eral blood were acquired from the First Affiliated Hospital
of Nanjing Medical University. Collection of samples and
clinical information was undertaken with ethical review
board approval (No. 2019-SRFA-226).

2.3. Cell Counting Kit-8 (CCK8) Assay. The CCK8 assay was
performed according to the manufacturer’s instructions for
the CCK8 kit (HY-K0301, MCE, China). Briefly, cells were
plated in 96-well plates and treated with various concentra-
tions of gefitinib, erastin (HY-15763, MCE, China), U104
(HY-13513, MCE, China), z-VAD (HY-16658B, MCE,
China), ferrostatin-1 (Fer-1, HY-100579, MCE, China) and
desferrioxamine mesylate (DFO, HY-B0988, MCE, China)
for 48h. Ten microliters of CCK8 reagent was added to each
well and incubated for 1 h at 37°C. Then, the plates were
measured by a microplate reader at 450 nm.

2.4. Colony Formation Assay. Cells were plated in 6-well
plates at a density of 3000 cells/well and incubated over-
night. Then, the medium was replaced twice a week for
approximately 10 days. The colonies were stained with a
0.1% crystal violet solution (C0121, Beyotime, China). Visi-
ble colonies that were larger than 0.5mm were counted.

2.5. Measurement of ROS. The level of intracellular ROS was
measured according to the manufacturer’s instructions for
the ROS assay kit (S0033S, Beyotime, China). Briefly, cells
were plated into 6-well plates and stained with DCFH-DA
(10μM) for 20min at 37°C. Then, the cells were harvested,
and the fluorescence was detected by flow cytometry (FITC
channel) to measure the intracellular ROS.

2.6. Measurement of Labile Iron. The level of intracellular
labile iron was measured according to the manufacturer’s
instructions of the FerroFarRed kit (GC903-01, Goryo
Chemical, Japan). Cells were plated on confocal dishes. After
treatment, the live cells were stained with SiRhoNox-1
(5μM) for 1 h at 37°C. The medium was replaced with
observation buffer, followed by observation with a confocal
microscope (LSM710, Carl Zeiss, Germany). The excita-
tion/emission used for SiRhoNox-1 was 635/660 nm.

2.7. Transferrin Endocytosis Assay. Cells were plated on
confocal dishes. After treatment, the live cells were placed
on ice for 10min and then stained with pHrodo™ Red trans-
ferrin conjugate (P35376, Thermo Fisher Scientific, USA) for
20min at 37°C. The medium was replaced with observation
buffer, followed by observation with a confocal microscope
(LSM710, Carl Zeiss, Germany). The excitation/emission
used for pHrodo™ Red was 560/585 nm.

2.8. Western Blot Analysis. The total cellular protein lysates
were separated by 12% SDS–PAGE and transferred to
polyvinylidene fluoride membranes (Millipore, USA). The
membranes were incubated with specific antibodies against
CA9 (1 : 1000), transferrin receptor (TrfR) (1 : 1000), and
ferritin heavy chain (FTH1) (1 : 1000) at 4°C. GAPDH
(1 : 5000) was used as an internal control. Anti-CA9 anti-
body was obtained from Proteintech (Wuhan, China). The
other antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA).

2.9. Enzyme-Linked Immunosorbent Assay (ELISA). Quanti-
fication of plasma CA9 in the clinical samples was per-
formed by ELISA. Peripheral blood was collected and
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plasma was isolated by centrifugation at 4°C (2000 × g,
10min). The isolated plasma was stored at −20°C until the
assay. The plasma samples were diluted (1 : 20) with ELISA
buffer and analyzed by using CA9 Human ELISA Kit
(EHCA9, Thermo Fisher Scientific, USA) according to the
manufacturer instructions. The absorbance was measured
at 450 nm.

2.10. RNA Isolation and Quantitative Real-Time PCR
Analysis. Total RNA was extracted from tissues or cells with
TRIzol reagent (Invitrogen, USA). The isolated RNA (1.0μg)
was reverse-transcribed into cDNA using random primers
with a reverse transcription kit (R047A, Takara, Japan)
according to the manufacturer’s instructions. Real-time
PCR analyses were performed with SYBR Green (R420A,
Takara, Japan). For paired samples, the results were normal-
ized to the expression of GAPDH (as an internal reference)
and calculated according to the 2−ΔΔCT method [25]. For
unpaired samples, the relative expression was compared by
ΔCT. Specific primer sequences were as follows: human
CA9, forward, 5′-CAGCACAGAAGGGGAACCAA-3′;
reverse, 5′-GAGCAGGACAGGACAGTTACC-3′; human
PTGS2, forward, 5′-CGGTGAAACTCTGGCTAGACAG-3′,
reverse, 5′-GCAAACCGTAGATGCTCAGGGA-3′; human
GAPDH, forward, 5′-AGCCACATCGCTCAGACAC-3′;
reverse, 5′- GCCCAATACGACCAAATCC-3′.

2.11. Transfection of Cell Lines and In Vitro Lentivirus
Infection. Full length of CA9 gene was inserted into the
EX-Z5727-M02 vector (GenePharma, China) to construct
the CA9 overexpression plasmid. The empty EX-NEG-M02
vector was used as the control (GenePharma, China). To
knock down CA9, specific short hairpin RNA (shRNA)
sequences were inserted into the pGPU6/GFP/Neo vector
(GenePharma, China), and the sh-CA9#1 and sh-CA9#2
plasmids were generated. The shRNA target sequences were
as follows: sh-CA9#1, 5′-GCCTATGAGCAGTTGCTGT-3′;
sh-CA9#2, 5′-TCGCGTTCCTTGTGCAGAT-3′; sh-NC, 5′-
TTCTCCGAACGTGTCACGT-3′. PGPU6/GFP/Neo-shNC
(sh-NC) was used as the control (GenePharma, China).
The plasmids were transfected with X-treme GENE HP
DNA transfection reagent (Roche, Switzerland). Typically,
cells were seeded into 6-well plates and transfected the next
day with 2μg/well of specific plasmids. 48 h posttransfection,
the cells were harvested and processed for the following
experiments.

To label gefitinib-resistant cells, cells were transduced
with lentiviral vectors encoding eGFP (LPP-NEG-Lv201-
025-C, GeneCopoeia, China) at a multiplicity of infection
of 20. Cells were subjected to puromycin (2μg/mL) selection
after 48 h of transduction. EGFP fluorescence was detected
by flow cytometry with the FITC channel.

2.12. Xenograft Mouse Model Assay. Five-week-old male
BALB/c mice were maintained under specific pathogen-
free conditions and manipulated according to protocols
approved by the Institutional Animal Care and Use
Committee (IACUC). PC9/GR cells and PC9 cells were

mixed at a ratio of 9 : 1 and subcutaneously injected into
mice in a 100μL volume. Tumor growth was examined
every 3 days. When the tumor volumes (0:5 × length ×
width2) reached an average of 100mm3, mice were treated
as follows: (a) saline by oral gavage; (b) gefitinib (25mg/kg)
daily by oral gavage; (c) U104 (19mg/kg) daily by intraperito-
neal injection; (d) cisplatin (4mg/kg) on days 1, 7, 14, and
21 by intraperitoneal injection; (e) U104 (19mg/kg) daily
combined with cisplatin (4mg/kg) on days 1, 7, 14, and 21
by intraperitoneal injection. The tumors were resected after
28 days. Tumor weights were measured, and tumor tissues
were stained with haematoxylin-eosin (HE) and immuno-
histochemistry (IHC).

2.13. Bioinformatics Analysis and Statistical Analysis. The
publicly available gefitinib-resistant and parental cell line
RNA sequencing (RNA-seq) datasets (GSE34228, GSE38310,
GSE83666, and GSE112274) were obtained from the GEO
database (https://www.ncbi.nlm.nih.gov/geo). Ferroptosis-
related genes were obtained from the FerrDb database
(http://www.zhounan.org/ferrdb) [26]. RNA-seq, mutation,
methylation, copy number (GISTIC output), and clinical data
from 574 patients with lung adenocarcinoma were derived
from The Cancer Genome Atlas (TCGA) portal (https://
portal.gdc.cancer.gov). RNA-seq and clinical data from 305
patients with lung adenocarcinoma were accessed from cBio-
Portal (http://www.cBioPortal.org/). Protein expression data
of TCGA was accessed from Clinical Proteomic Tumor Anal-
ysis Consortium (CPTAC) portal (https://proteomics.cancer
.gov/programs/cptac). All R-based analyses were conducted
using R v4.1.0. R packages were used as follows: “Limma,”
“UpSetR,” “VennDiagram,” “Survival,” and “Survminer”. Pro-
tein–protein interaction analysis was performed via the
STRING tool (http://string-db.org/).

Statistical analysis was performed with GraphPad Prism
8.3.0 (GraphPad Software, USA). For parametric data, t-test
(two-sided) or one-way ANOVA was performed. For
comparison of multiple groups with repeated measures,
two-way ANOVA with Bonferroni correction was per-
formed. The mean values and the standard deviation (SD)
are presented. Statistically significant differences are desig-
nated as follows: ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
All experiments were repeated at least three times.

3. Results

3.1. CA9 Is Upregulated in Gefitinib-Resistant Lung Cancer.
To explore the genetic alterations in gefitinib-resistant
cancer cells, which may contribute to the vulnerability to
ferroptosis, we performed a systematic bioinformatics analy-
sis. As shown in Figure 1(a), differential expression analysis
was performed in four RNA-seq datasets between gefitinib-
sensitive and gefitinib-resistant cell lines (log2 fold change
ðlogFCÞ > 1, P < 0:05). Coupregulated or codownregulated
genes were screened in two or more datasets (Figure 1(b)).
Protein–protein interaction networks were constructed to
analyze protein interactions between the dysregulated
protein-coding genes, and 68 differentially expressed genes
(DEGs) were identified (Figure 1(c) and Supplementary
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Table S1). Finally, three genes were obtained by taking the
intersection of the DEGs and the ferroptosis-related genes
(FRGs) from the FerrDb database [26] (Figure 1(d) and
Supplementary Table S2).

Then, we performed survival analysis to explore the
effect of these dysregulated genes on prognosis. Only the
ferroptosis suppressor gene CA9 was identified to be upreg-
ulated in gefitinib-resistant cells and predicted poor progno-
sis in 39 EGFR-mutant lung adenocarcinoma patients (the
training set) from the TCGA database (Figure 1(e) and
Supplementary Figure S1 (a, b)). We further confirmed
that the upregulated gene CA9 was related to poor
prognosis in 76 EGFR-mutant lung adenocarcinoma
patients (the testing set) from the TCGA database
(Figure 1(f)). We analyzed the relationship between CA9
mRNA expression level and tumor stage or histological
grade in 305 lung adenocarcinoma patient samples [27].
The results showed that CA9 expression was not associated
with tumor stage or histological grade (Supplementary
Figures S1 (c, d)), which indicates that high CA9
expression is a poor prognostic factor in lung cancer
patients independent of tumor stage or grade. We also
performed multiomic analysis using the TCGA data to
figure out the mechanism underlying CA9 upregulation. As
shown in Supplementary Figure S1(e) and Supplementary
Table S3, no correlations were observed between CA9
expression and mutations. Despite the positive relationship
between CA9 expression and copy number, the correlation
is weak (Supplementary Figure S1(e), correlation coefficient
ðrÞ = 0:115, P < 0:01). Then, we compared the correlations
between CA9 expression and DNA methylation status.
CA9 expression showed a strong negative correlation

with methylation level of the CpG site cg20610181
(Supplementary Figure S1(e), r = −0:658, P < 0:001).
Therefore, we inferred that DNA demethylation could be
the underlying mechanism of CA9 upregulation.

Compared to the nontumor tissues, we demonstrated
significantly higher CA9 mRNA expression using the
TCGA database (P < 0:001; Figure 2(a)) and higher CA9
protein expression using the CPTAC database (P < 0:001;
Figure 2(b)) in lung cancer tissues. Then, we measured
CA9 expression in lung cancer tissues biopsied from
patients who benefitted from gefitinib and patients who
acquired gefitinib resistance. The clinical characteristics of
patients are summarized in Supplementary Table S4. The
results suggest that CA9 mRNA levels were commonly
upregulated in gefitinib-resistant lung cancer tissues
compared with sensitive tissues (Figure 2(c)). Also, the CA9
protein levels were higher in the plasma collected from
patients who acquired gefitinib resistance (Figure 2(d)). We
established gefitinib-resistant cells (PC9/GR and HCC827/
GR) by exposing EGFR-mutant PC9 and HCC827 human
lung cancer cells to increasing concentrations of gefitinib.
In the CCK8 assay, PC9/GR and HCC827/GR cells
survived in the presence of high-dose gefitinib (Figure 2(e)),
whereas parental PC9 and HCC827 cells were sensitive to
gefitinib (Figure 2(f)). Then, CA9 expression was evaluated
in the gefitinib-resistant and parental cell lines as well as
normal human bronchial epithelial cell lines (Beas2B and
HBE). The expression levels of CA9 were higher in
parental cell lines than in normal human bronchial
epithelial cell lines. Furthermore, the gefitinib-resistant
cell lines showed much higher CA9 mRNA and protein
expression (Figures 2(g) and 2(h)). We challenged these
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Figure 1: Systematic bioinformatics analysis identifies CA9 is upregulated in gefitinib-resistant lung cancer. (a) Differential expression
analysis was performed in four RNA-seq datasets between gefitinib-sensitive and gefitinib-resistant cell lines (logFC > 1, P < 0:05) from
the GEO database. (b) Coupregulated or codownregulated genes were screened in two or more datasets. (c) Protein–protein interaction
analysis was performed via the STRING tool to summarize the protein interactions between the dysregulated protein-coding
genes. (d) Wayne figure showing the intersection of the differentially expressed genes (DEGs) and ferroptosis-related genes
(FRGs). (e, f) Survival analysis was performed in EGFR-mutant lung adenocarcinoma patients in the training set ((e), n = 39) and the
testing set ((f), n = 76) from the TCGA database.
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cells with gefitinib and measured mRNA expression levels of
CA9. As we speculated, the expression of CA9 in resistant
cells gradually increased in time- and dose-dependent

manner (Supplementary Figures S2 (a, b)). However, the
CA9 expression in normal human bronchial epithelial cell
lines (Supplementary Figures S2 (c, d)) and parental cell
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Figure 2: CA9 is upregulated in gefitinib-resistant cell lines and clinical samples. CA9 mRNA and protein expression levels were compared
between nontumor tissues and lung cancer tissues in the TCGA database (a) and the CPTAC database (b). qPCR and ELISA were performed
to investigate CA9 expression in lung cancer tissues (c) and plasma (d) from patients who benefitted from gefitinib (n = 6) and patients who
acquired gefitinib resistance (n = 6). Smaller ΔCT values indicate higher mRNA levels. (e, f) Gefitinib sensitivity in parental (PC9 and
HCC827) and gefitinib-resistant (PC9/GR and HCC827/GR) cells were analyzed by CCK8 assay. Expression of CA9 mRNA (g) and
protein (h) in normal human bronchial epithelial cells (Beas2B and HBE), parental, and gefitinib-resistant cells was assessed by qPCR
and western blot. Data shown are the Mean ± SDs of three independent experiments unless specified. (∗∗P < 0:01, ∗∗∗P < 0:001, Student’s
t-test).
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lines remained unaffected by gefitinib (Supplementary
Figures S2 (e, f)).

3.2. CA9 Confers Resistance to Ferroptosis in Gefitinib-
Resistant Cells. A recent study reported that CA9 was
involved in malignant mesothelioma resistance to ferropto-
sis under hypoxia [17]. Whether CA9 regulates ferroptosis
sensitivity in gefitinib-resistant cells remains unknown. We
challenged the parental and gefitinib-resistant cells with the
widely used ferroptosis inducer, erastin. The parental cells
were sensitive to erastin, in contrast, gefitinib-resistant cells
were resistant to ferroptosis induction (Figure 3(a)). Knock-
down of CA9 by shRNAs sensitized resistant cells to erastin
(Figures 3(b) and 3(c) and Supplementary Figures S3 (a, b)),
while overexpression of CA9 decreased the sensitivity of
erastin in the parental cells (Figure 3(d) and Supplementary
Figure S3(c)). In addition, the long-term colony formation
assay indicated that the proliferation inhibition effect of
erastin in parental cells was reduced by CA9 overexpression
(Figure 3(e)). Previous study reported that CA9 is involved
in erastin-induced ferroptosis [17]. However, erastin treatment
did not affect the mRNA expression of CA9 in the
resistant cells PC9/GR and HCC827/GR (Supplementary
Figures S3(d)).

It is well known that ferroptosis is a form of cell death
characterized by intracellular redox state imbalance and
ROS elevation [9]. Thus, we measured ROS levels after
erastin treatment. In parental cells, erastin induced ROS
accumulation. Whereas, the erastin induced ROS elevation
was markedly attenuated by CA9 overexpression in parental
cells (Figure 3(f)). Since ferroptosis is a form of cell death
that is iron-dependent [9], an increased intracellular labile
iron pool is a hallmark of ferroptosis. Thus, we measured
intracellular labile iron by immunofluorescence staining.
As shown in Figures 3(g) and 3(h), elevated labile iron was
detected after erastin treatment, while this effect was abol-
ished by overexpression of CA9.

We also examined whether CA9 was involved in gefi-
tinib resistance. We challenged the parental cells PC9 with
gefitinib as well as Fer-1 (a specific ferroptosis inhibitor),
DFO (an iron chelator), and z-VAD (an apoptosis inhibi-
tor). Z-VAD rescued cell death induced by gefitinib in
parental cells, but Fer-1 and DFO failed (Supplementary
Figure S3(e)). Moreover, overexpression of CA9 did not
affect gefitinib sensitivity in parental cells (Supplementary
Figure S3 (f, g)). Collectively, these data suggest that CA9
confers resistance to erastin-induced ferroptosis rather
than resistance to gefitinib.

3.3. CA9 Inhibition Triggers Ferroptosis in Gefitinib-Resistant
Cells. To further investigate CA9’s effect on ferroptosis regu-
lation, we challenged the gefitinib-resistant cells PC9/GR
with CA9 inhibitor, U104. U104 treatment triggered sub-
stantial cell death in PC9/GR cells. To confirm the ferropto-
tic cell death triggered by CA9 inhibition, Fer-1, DFO and
z-VAD were cotreated with U104 in PC9/GR cells. Fer-1
and DFO rescued cell death induced by U104, while z-
VAD only partially protected against U104-induced cell
death (Figure 4(a)).

Then, we evaluated whether CA9 inhibition either by
genetic or pharmacological approaches could affect the
ROS levels in gefitinib-resistant cells. The results showed
that the ROS levels were elevated after CA9 inhibition
(Figures 4(b)–4(e)). Then, the levels of intracellular labile
iron were detected after CA9 inhibition by immunofluores-
cence staining. Inhibiting CA9, whether by U104 treatment
or CA9 knockdown, increased the labile iron levels in resis-
tant cells (Figures 4(f) and 4(g)). Overall, inhibiting CA9
could trigger ferroptosis in gefitinib-resistant cells.

3.4. CA9 Controls Vulnerability to Ferroptosis through
Regulation of Iron Metabolism. As an iron-dependent form
of cell death, iron metabolism plays an essential role in fer-
roptosis regulation [28]. We found elevated intracellular
labile iron after CA9 inhibition (Figures 4(f) and 4(g)),
which indicates that iron metabolism might be involved in
ferroptosis regulation by targeting CA9. The transmembrane
protein CA9 has a similar property as heat shock proteins
(HSPs) in cytoskeletal networks of tumor cells by regulating
cytosolic filaments [29]. HSPs have been reported to affect
the endocytosis of transferrin by regulating the cytoskeleton,
thus affecting iron uptake and inhibiting ferroptosis [30].
CA9 may potentially affect the endocytosis of transferrin
[31], thus affecting iron uptake by cancer cells [32]. Next,
we tried to determine the effect of CA9 on transferrin
endocytosis by live-cell microscopy experiments with pH-
sensitive pHrodo™ Red. Once internalized within endocytic
vesicles, the labelled transferrin will be fluorescent and detect-
able in acidic environments. As speculated, the endocytosis of
transferrin was enhanced by CA9 inhibition (Figure 5(a) and
Supplementary Figure 4(a)). Then, we overexpressed CA9 in
parental cells and found that the endocytosis of transferrin
was suppressed as expected (Figure 5(b)).

Ferritin is the major iron storage protein in all living
organisms [33]. A previous study showed that the stability
of ferritin is pH-dependent [34]. CA9 has been reported to
exert important functions in stabilizing the intracellular pH
of cancer cells [16]. Therefore, we hypothesized that CA9
may be involved in the stabilization of intracellular ferritin.
To test this hypothesis, we detected ferritin levels in
gefitinib-resistant cells after genetic or pharmacological
inhibition of CA9. As CA9 was inhibited, the FTH1 (the
subunit of ferritin) protein level gradually decreased
(Figures 5(c) and 5(e) and Supplementary Figures S4
(b, c)). Meanwhile, the TrfR protein level was increased
after CA9 inhibition, which confirmed the ability of CA9
to suppress iron uptake (Figures 5(c) and 5(e) and
Supplementary Figures S4 (b, c)). In keeping with our
hypothesis, the protein levels of TrfR were downregulated
but the levels of FTH1 were upregulated after CA9
overexpression in parental cells (Figures 5(d) and 5(f)).

These results suggest that CA9 is involved in the
inhibition of transferrin endocytosis and the stabilization
of ferritin. Targeting CA9 promotes iron uptake and release,
thus triggering gefitinib-resistant cell ferroptosis.

3.5. Targeting CA9 Enhances the Ferroptosis-Inducing Effect
of Cisplatin on Gefitinib-Resistant Cells. Previous studies
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have reported that NSCLC patients who respond well to
treatment with initial EGFR-TKI and later experience ther-
apy failure, demonstrate a second response to EGFR-TKI
retreatment after drug withdrawal, known as the drug holi-
day effect [35, 36]. This effect can be explained, at least in

part, by the elimination of drug-resistant cells in the hetero-
geneous tumor cell populations [37]. Compared to the drug
holiday, cisplatin-based chemotherapy appeared to be more
efficient in eliminating resistant cells [15]. As a widely used
ferroptosis inducer, cisplatin may play a role in eliminating
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Figure 3: CA9 confers resistance to ferroptosis in gefitinib-resistant cells. (a) Erastin sensitivity in parental (PC9 and HCC827) and
gefitinib-resistant (PC9/GR and HCC827/GR) cells were analyzed by CCK8 assay to reflect ferroptosis sensitivity. CA9-knockdown
resistant cells (b, c) and CA9-overexpressing parental cells (d) were treated with erastin; cell viability was measured by CCK8 assay.
(e) Long-term colony formation of CA9-overexpressing parental cells in the treatment of erastin (10 μM). (f) Intracellular ROS were
measured by flow cytometry (FITC channel) in CA9-overexpressing parental cells after erastin (10 μM) treatment for 48 h. (g, h)
Intracellular labile iron were measured by immunofluorescence staining in CA9-overexpressing parental cells after erastin (10 μM)
treatment for 48 h. The Mean ± SDs of three independent experiments are shown. (ns indicates not significant, ∗P < 0:05, ∗∗∗P < 0:001,
Student’s t-test).
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Figure 4: CA9 inhibition triggers ferroptosis in gefitinib-resistant cells. (a) Gefitinib-resistant PC9/GR cells were treated with CA9 inhibitor
U104 (80 μM) alone or combined with apoptosis inhibitor z-VAD (50 μM), ferroptosis inhibitor Fer-1 (3 μM), or iron chelator DFO
(0.5 μM) for 48 h. CCK8 assay was performed to measure cell viability. Intracellular ROS in gefitinib-resistant PC9/GR (b) and HCC827/
GR (c) cells were measured by flow cytometry (FITC channel) after U104 (80 μM) treatment for 48 h. Intracellular ROS in gefitinib-
resistant PC9/GR (d) and HCC827/GR (e) cells were measured by flow cytometry (FITC channel) after CA9 knockdown.
Intracellular labile iron in gefitinib-resistant cells was measured by immunofluorescence staining after U104 treatment for 48 h (f) or
CA9 knockdown (g). The Mean ± SDs of three independent experiments are shown. (ns indicates not significant, ∗P < 0:05, ∗∗P < 0:01,
∗∗∗P < 0:001, Student’s t-test).
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Figure 5: CA9 controls vulnerability to ferroptosis through regulation of iron metabolism. Transferrin endocytosis was detected by live-cell
microscopy experiments with pH-sensitive pHrodo™ Red in gefitinib-resistant cells (PC9/GR and HCC827/GR) after U104 (80 μM)
treatment for 48 h (a) and in parental cells (PC9 and HCC827) after CA9 overexpression (b). Once internalized within endocytic vesicles,
the labelled transferrin will be fluorescent (pink) and detectable in acidic environments. Protein lysates were harvested from gefitinib-
resistant cells after U104 (80 μM) treatment for 48 h (c, e) and parental cells after CA9 overexpression (d, f). Western blot analysis was
performed for transferrin receptor (TrfR) as an iron uptake marker and ferritin heavy chain (FTH1) as an iron storage marker. The
Mean ± SDs of three independent experiments are shown. (ns indicates not significant, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, Student’s t-test).
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drug-resistant cells by inducing ferroptosis [14]. Yet, the
efficacy of cisplatin-based chemotherapy between initial
EGFR-TKI and TKI retreatment remains poor. We suppose
that targeting CA9 could enhance the ferroptosis-inducing
effect of cisplatin in gefitinib-resistant cells.

We first performed genetic silencing of CA9 using
shRNAs in parental and gefitinib-resistant cells. In long-
term proliferation assays, these shRNAs suppressed prolifer-
ation in gefitinib-resistant cells, but not in parental cells
(Figures 6(a) and 6(b)). Our present data indicate that tar-
geting CA9 is more efficient in gefitinib-resistant than in
sensitive cells.

Then, we determined the synergistic effects of the CA9
inhibitor U104 and cisplatin in gefitinib-resistant cells.
Drug-resistant cells were treated with different concentra-
tions of U104 or cisplatin, and the synergistic scores were

measured by the Combenefit software using data from
the cell viability assays [38]. The results showed that
U104 and cisplatin had significant synergistic effects in
gefitinib-resistant cells (Figure 6(c)). The combination of
10μMU104 and 0.5μM cisplatin was selected for the next
in vitro competition assay. Gefitinib-resistant cells were
labelled with green by transduction with eGFP-encoding
lentiviral vectors. Then, gefitinib-resistant and gefitinib-
sensitive cells were mixed in a 9 : 1 ratio of resistant cells
to sensitive cells. The mixed cells were treated with no drug,
gefitinib, U104, cisplatin, or U104+ cisplatin. Over the
following 15 days, the relative proportion of the two popula-
tions was tracked by flow cytometry (Figures 6(d) and 6(e)).
The results showed that gefitinib enriched eGFP-positive
gefitinib-resistant cells, while U104 or cisplatin efficiently
depleted gefitinib-resistant cells. The tendency of the relative
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Figure 6: Targeting CA9 enhances the anticancer effect of cisplatin on gefitinib-resistant cells. (a, b) Long-term colony formation of
CA9-knockdown parental and gefitinib-resistant cells. (c) Gefitinib-resistant PC9/GR cells were treated with different concentrations
of CA9 inhibitor U104 and cisplatin for 48 h. A CCK8 assay was performed to measure cell viability. Shown is the heatmap of cell
viability (%) at different combinations (left panel). A synergistic effect was measured by the Combenefit tool. Shown is the heatmap
of synergy scores based on the Loewe excess additivity model (right panel). (d, e) Gefitinib-resistant PC9/GR cells were labelled with
green by transduction with lentiviral vectors encoding eGFP. Then, gefitinib-resistant PC9/GR and parental PC9 cells were mixed at
a ratio of 9 : 1 and treated with no drug, gefitinib (1 μM), U104 (10 μM), cisplatin (0.5 μM), or U104 (10 μM)+ cisplatin (0.5μM) for
15 days. The relative abundance of the two populations was measured by flow cytometry (FITC channel). (f) PC9 parental and
PC9/GR resistant cells were treated with U104 (10 μM), cisplatin (0.5 μM), or U104 (10 μM)+ cisplatin (0.5 μM) in a long-term
colony formation assay. (g, h) PC9 parental and PC9/GR resistant cells were treated with U104 (10 μM), cisplatin (0.5 μM) alone, or
in combination with z-VAD (50 μM), Fer-1 (3 μM), DFO (0.5 μM), or z-VAD (50 μM)+ Fer-1 (3 μM) in the long-term colony
formation assay. (i) Schematic of the in vitro competition assay to study the effect of CA9 inhibition in a heterogeneous tumor containing
both gefitinib-resistant and gefitinib-sensitive cells. The Mean ± SDs of three independent experiments are shown. (ns indicates not
significant, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, Student’s t-test).
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proportion changes in the U104+ cisplatin combination
group was the same as in U104 or cisplatin single group.
However, these changes were significant and started earlier.

Furthermore, we performed colony formation assay on
parental and resistant cells under treatment of U104 or
cisplatin. As shown in Figure 6(f), treatment of U104 inhib-
ited the proliferation of resistant cells without affecting the
parental cells. Cisplatin treatment showed stronger suppres-
sive effects in resistant cells. The U104+ cisplatin combina-
tion showed significant synergistic effects in resistant cells
rather than in parental cells. To determine the mode of cell
death, we cotreated the parental and resistant cells with
z-VAD, Fer-1, DFO as well as U104 and cisplatin. As
expected, Fer-1 and DFO significantly rescued U104-
mediated proliferation inhibition in resistant cells, while
z-VAD could not (Figure 6(g)). Under cisplatin treatment,
z-VAD showed stronger protective effects in parental cells
but could only partially rescue the proliferation defect in
resistant cells. Conversely, Fer-1 and DFO showed stronger
protective effects in resistant cells (Figure 6(h)).

Collectively, these results indicate that targeting CA9
cooperates with cisplatin to eliminate gefitinib-resistant cells
in the heterogeneous tumor cell populations by inducing
ferroptosis, as shown in Figure 6(i).

3.6. Targeting CA9 Improves the Therapeutic Efficacy of
Cisplatin in Gefitinib-Resistant Lung Cancer. To model the
therapeutic targeting of heterogeneous tumor cell popula-
tions in vivo, we mixed gefitinib-resistant PC9/GR cells
together with gefitinib-sensitive PC9 cells and injected the
admixture (PC9/GR: PC9, 9 : 1) subcutaneously in mice
(Figure 7(a)) [39]. The mice were randomly divided into five
groups and treated with saline, gefitinib, U104, cisplatin, or
U104+ cisplatin to explore whether CA9 inhibition could
improve the treatment effect of cisplatin. The results sug-
gested that tumor growth was significantly inhibited in the
U104+ cisplatin group (Figures 7(b)–7(d)) than that in the
control group. No significant weight loss was observed in
the combination group, indicating good tolerance to the
combination therapy (Figure 7(e)). We further evaluated
the mRNA expression of PTGS2, a marker for assessment
of ferroptosis in vivo [40], finding that U104 combined with
cisplatin significantly increased the PTGS2 expression in
isolated tumor tissues (Figure 7(f)). CA9 staining indicated
that CA9 expression was significantly suppressed in the
combination group (Figures 7(g) and 7(h)). Ki67 staining
demonstrated significantly reduced proliferative activity in
the combination group (Figures 7(g) and 7(i)). Collectively,
these findings indicate that the CA9 inhibitor, U104, rein-
forced the treatment effect of cisplatin by inducing ferropto-
sis on gefitinib-resistant xenograft tumors.

4. Discussion

Acquired resistance to EGFR-TKI in lung cancer remains a
major problem to be solved in clinical practice. The subse-
quent treatment options after acquired resistance could be
adopted depending on the resistance mechanisms [5–7].
However, for patients with acquired resistance mediated

by an unknown mechanism, the therapeutic options
remain limited. Recent studies have shown the promise
of ferroptosis-inducing therapy in EGFR-TKI resistant
cancer cells [10–12]. Even though several agents have been
reported to induce ferroptosis, these ferroptosis inducers
have not been translated into clinical benefits [13]. Here,
we show that CA9 is upregulated in gefitinib-resistant lung
cancer and confers resistance to ferroptosis-inducing
drugs. Mechanistically, CA9 is involved in the inhibition
of transferrin endocytosis and the stabilization of ferritin,
leading to resistance to ferroptosis through regulation of
iron metabolism. Targeting CA9 has been demonstrated
to induce ferroptosis in gefitinib-resistant lung cancer.

Multiple studies have hinted that drug-resistant and
sensitive clones coexist in heterogeneous tumor tissues. After
EGFR-TKI treatment, the drug-sensitive cells are eliminated.
Once the drug-resistant cells achieve dominant status in the
heterogeneous tumor cell populations, clinical resistance
develops. In the second-line of treatment, cisplatin-based
chemotherapy targets these drug-resistant cells while sparing
the sensitive cells. This means that subsequent rechallenge
with EGFR-TKI could theoretically provide clinical benefit
as the left cells still retain sensitivity to EGFR-TKI [41–43].
As the widely used ferroptosis inducer, cisplatin may play
a role in eliminating drug-resistant cells by inducing ferrop-
tosis [14]. A prospective, multicenter phase II study (RE-
CHALLENGE, CTONG1304) has reported that patients
who received first-line gefitinib treatment could still benefit
from gefitinib retreatment after the second-line cisplatin-
based chemotherapy. Median progression-free survival of
these patients receiving third-line gefitinib treatment was
4.4 months and median overall survival was 10.3 months
[15]. Despite the favorable efficacy data shown in this study,
the long-term benefit remains poor. Exploring more effective
therapeutic strategies to eliminate more gefitinib-resistant
cells and to gain a longer drug holiday period is important.

Our present data indicate that CA9-targeting treatment
is more efficient in gefitinib-resistant cells than in sensitive
cells. Therefore, we explored the role of targeting CA9 in
combination with cisplatin in inducing ferroptosis in
gefitinib-resistant cells. Our study found that targeting
CA9 has a significant synergistic effect with cisplatin in
inhibiting the viability of gefitinib-resistant cells. The syner-
gistic effect of targeting CA9 and cisplatin on the elimination
of gefitinib-resistant cells was further verified through an
in vitro competition assay. Moreover, the combined treat-
ment with cisplatin and CA9 inhibitor U104 was much more
effective than cisplatin alone in the xenograft model contain-
ing heterogeneous tumor cell populations. In our study,
inhibiting CA9 triggers ferroptosis through regulation of
iron metabolism. Cisplatin was reported to induce ferropto-
sis predominantly through the depletion of reduced glutathi-
one and the inactivation of glutathione peroxidase [14].
Consistent with our study, CA9 regulation was not involved
in cisplatin-induced ferroptosis. Of note, the U104+ cisplatin
combination treatment promoted ferroptosis via two distinct
pathways in tumor tissues. These findings indicate that CA9
is an actionable target for enhancing cisplatin efficacy in
gefitinib-resistant lung cancer by inducing ferroptosis.
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There are several limitations in this study. First, consid-
ering the heterogeneity of gefitinib resistance mechanisms,
we performed our experiments in two types of gefitinib-
resistant cell lines PC9/GR and HCC827/GR. However, it
is still controversial whether the two resistant cell lines could
faithfully recapitulate clinical drug resistance. Second, we

injected the admixture of resistant and sensitive cells
subcutaneously in mice to model the heterogeneous tumor
cell populations. But, we were not able to evaluate the
relative abundance of the two populations in vivo. At last,
we only demonstrated that CA9-targeting therapy improved
gefitinib-resistant lung cancer treatment. We also

Control

H&E

CA9

Ki67

Gefitinib U104 U104+cisplatinCisplatin

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

100 𝜇m

(g)

0

20

40

60
CA9

Pe
rc

en
ta

ge
 co

nt
rib

ut
io

n 
of

 p
os

iti
ve

 ce
lls

 (%
)

Co
nt

ro
l

G
ef

iti
ni

b

U
10

4

U
10

4+
ci

sp
la

tin

Ci
sp

la
tin

⁎
⁎⁎

(h)

0

20

40

60
Ki67

Pe
rc

en
ta

ge
 co

nt
rib

ut
io

n 
of

 p
os

iti
ve

 ce
lls

 (%
)

Co
nt

ro
l

G
ef

iti
ni

b

U
10

4

U
10

4+
ci

sp
la

tin

Ci
sp

la
tin

⁎⁎⁎

⁎⁎

⁎

(i)

Figure 7: Targeting CA9 improves the therapeutic efficacy of cisplatin in gefitinib-resistant lung cancer. (a) A mixture of gefitinib-resistant
PC9/GR and parental PC9 cells (PC9/GR: PC9, 9 : 1) were subcutaneously injected into BALB/c nude mice to model therapeutic targeting of
heterogeneous tumor cell populations in vivo. (b) Mice were treated as follows: saline daily, gefitinib (25mg/kg) daily, U104 (19mg/kg)
daily, cisplatin (4mg/kg) on days 1, 7, 14, and 21, and U104 (19mg/kg) daily combined with cisplatin (4mg/kg) on days 1, 7, 14, and
21. Endpoint tumor images of the mice are shown. (c) Growth curves of tumors after different treatments. (∗∗P < 0:01, ∗∗∗P < 0:001,
two-way ANOVA-RM with Bonferroni post hoc correction). (d) Tumor weights were compared at the endpoint. (∗∗P < 0:01,
∗∗∗P < 0:001, Student’s t-test). (e) Body weights of mice were measured during treatments. (ns indicates not significant, two-way
ANOVA-RM with Bonferroni correction). (f) qPCR analysis was performed for PTGS2 as a marker of ferroptosis in vivo.
(g) Haematoxylin-eosin (HE) and immunohistochemical (IHC) staining were performed to evaluate the proliferative activity of tumors.
(h) Quantification of CA9-positive cells. (i) Quantification of Ki67-positive cells. The data shown are the Mean ± SDs of four independent
experiments. (∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, Student’s t-test).
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identified CA9 upregulation in osimertinib-resistant cell
lines HCC827/OR (data not shown). Thus, further studies
on whether CA9-targeting therapy improves osimertinib-
resistant lung cancer treatment would be beneficial.

Altogether, this study found that CA9 is upregulated in
gefitinib-resistant lung cancer and confers resistance to
ferroptosis-inducing drugs. CA9-targeting therapy is a
promising approach to improve the therapeutic effect of
gefitinib-resistant lung cancer by inducing ferroptosis.
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Hepatocellular carcinoma (HCC) is a prevalent malignant tumor worldwide. Ferroptosis is emerging as an effective target for
tumor treatment as it has been shown to potentiate cell death in some malignancies. However, it remains unclear whether
histone phosphorylation events, an epigenetic mechanism that regulates transcriptional expression, are involved in ferroptosis.
Our study found that supplementation with anisomycin, an agonist of p38 mitogen-activated protein kinase (MAPK), induced
ferroptosis in HCC cells, and the phosphorylation of histone H3 on serine 10 (p-H3S10) was participated in anisomycin-
induced ferroptosis. To investigate the anticancer effects of anisomycin-activated p38 MAPK in HCC, we analyzed cell
viability, colony formation, cell death, and cell migration in Hep3B and HCCLM3 cells. The results showed that anisomycin
could significantly suppress HCC cell colony formation and migration and induce HCC cell death. The hallmarks of
ferroptosis, such as abnormal accumulation of iron and elevated levels of lipid peroxidation and malondialdehyde, were
detected to confirm the ability of anisomycin to promote ferroptosis. Furthermore, coincubation with SB203580, an inhibitor
of activated p38 MAPK, partially rescued anisomycin-induced ferroptosis. And the levels of p-p38 MAPK and p-H3S10 were
successively increased by anisomycin treatment. The relationship between p-H3S10 and ferroptosis was revealed by ChIP
sequencing. The reverse transcription PCR and immunofluorescence results showed that NCOA4 was upregulated both in
mRNA and protein levels after anisomycin treatment. And by C11-BODIPY staining, we found that anisomycin-induced lipid
reactive oxygen species was reduced after NCOA4 knockdown. In conclusion, the anisomycin-activated p38 MAPK promoted
ferroptosis of HCC cells through H3S10 phosphorylation.

1. Introduction

Hepatocellular carcinoma (HCC) is the third leading cause
of cancer-related deaths worldwide [1]. Numerous drugs
have been developed to improve the outcomes of patients
with HCC [2]. The targets of these drugs include CRAF,
BRAF, EGFR, and VEGFR. However, until now, the overall
survival rate of HCC patients is still limited, increasing the

urgent demand for the exploration of additional targets
and drugs [3].

The p38 mitogen-activated protein kinase (MAPK) is a
stress-activated protein kinase, which could be activated by
environmental and intracellular stresses and then stimulate
downstream proteins, such as MKK3/6, MSK1/2, or WHIP1
[4]. Some researchers have reported the anticancer effects of
p38 MAPK activation, showing its promising potential in
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cancer treatment. Yao et al. [5] found that activation of p38
MAPK could promote the phosphorylation of heat shock
protein 27 and induce apoptosis in lung squamous cell
carcinoma. Furthermore, Zhang et al. [6] found that
fenretinide-stimulated p38 MAPK activation could reduce
the activation of myosin light chain kinase, thus inhibiting
the proliferation and migration of HepG2 cells from human
liver cancer. Recently, some studies have found that the p38
MAPK signaling pathway could promote ferroptosis in
endometrial stromal cells [7], osteoblasts [8], and cancer
cells [9, 10]. More interestingly, noncoding RNAs have also
been reported to be involved in the axis of p38-ferroptosis
[11, 12]. Moreover, an agonist of p38 MAPK, anisomycin
[13], has also shown its potential value in medication, as it
could significantly induce cell death in acute lymphoblastic
leukemia, melanoma, and glioma [14–18]. Kim et al. [19]
described that anisomycin could exert both direct killing
effects and immunotherapeutic effects mediated by natural
killer cells (NK) in HCC. However, no studies have demon-
strated the relationship between anisomycin and ferroptosis.

Histones, known to be part of nucleosomes, undergo
multiple types of posttranslational modifications (PTM),
such as acetylation, methylation, ubiquitination, phosphory-
lation, and SUMOylation, and participate in the regulation
of chromatin condensation and DNA accessibility [20–22].
Several studies have found that p38 MAPK could promote
phosphorylation of histone H3S10/S28 [23–25]. Phosphory-
lated histone H3 usually modulates chromatin structure to
enhance DNA accessibility and subsequently promote tran-
scriptional activation or coordinate another histone PTM
[26–28]. In addition, phosphorylation of histone H3 is
involved in different biological activities of cancer. For
example, H3 phosphorylation through the p38 MAPK sig-
naling pathway has been demonstrated to participate
casticin-induced cytocidal effects against the human pro-
myelocytic cell line HL-60 [29].

Ferroptosis, an iron-dependent form of nonapoptotic
cell death [30], is characterized by iron overload and lipid
peroxidation [31, 32]. The canonical ferroptosis induction
pathway is activated mainly directly or indirectly by inacti-
vating the main protective mechanism against peroxidation
damage, especially glutathione peroxidase 4 (GPX4). Mean-
while, noncanonical ferroptosis induction refers to ferropto-
sis that is initiated by the accumulation of labile iron pool
(LIP), small pools of iron mainly in the form of free ferrous
iron (Fe2+) [31, 33]. It is well known that maintaining iron
homeostasis is important for cell death and human dis-
eases [34], including noncanonical ferroptosis induction.
Increased LIP can directly promote the Fenton reactions
and can further increase lipid peroxidation. As one of
the inducers of ferroptosis, nuclear receptor coactivator 4
(NCOA4) has been widely reported to regulate ferroptosis
mainly by increasing LIP [35–39]. Furthermore, many
studies have demonstrated that drug-induced ferroptosis
was reduced after NCOA4 knockdown [40–42], and sev-
eral studies have also demonstrated that drug-induced fer-
roptosis was increased after NCOA4 overexpression [43].
In human liver cancer cell HepG2, the study by Hattori
et al. [44] had found that the activation of the ASK1-p38

pathway was involved in cold stress-induced ferroptosis,
although the mechanism has not yet been clarified. To
date, the association of phosphorylated H3S10/28 and fer-
roptosis in HCC and the underlying mechanisms have not
been reported.

In this study, we used anisomycin to activate p38 MAPK
and investigated whether and how activation of p38 MAPK
participates in the killing of HCC cells. Furthermore, we also
explored whether histone H3 phosphorylation is involved in
ferroptosis promoted by anisomycin-induced activation of
p38 MAPK.

2. Materials and Methods

2.1. Cell Culture and Transfection. The HCC cell lines,
HCCLM3 and Hep3B, were obtained from Liver Cancer
Institute, Zhongshan Hospital, Fudan University (Shanghai,
China). All cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, USA) supplemented with 10%
fetal bovine serum (FBS; BioSun, China) and 1% antibiotics
(100U/mL penicillin G and 100mg/mL streptomycin,
Gibco, USA). Cells were cultured at 37°C in an incubator
(Thermo Fisher, USA) with a humidified atmosphere con-
taining 5% CO2.

The plasmid or small interfering RNA (siRNA) oligos
were transfected into cells by jetPRIME reagent (Polyplus,
France) when cells reached 70% confluency. The plasmid
of NCOA4 was purchased from GenePharma (Shanghai,
China), and they used pEX-6 (pGCMV/MCS/RFP/Neo) as
the carrier vector for NCOA4 cDNA. Gene-specific and neg-
ative control (NC) siRNAs were synthesized by GenePharma
(Shanghai, China). The siRNA sequence for NCOA4#1 was
5′-ACTCTTGTTTATCGAAGTATA-3′ and for NCOA4#2
was 5′-CTCTTATTCCAGTCCTATAAT-3′ [40]. RT-PCR
was used to test NCOA4 knockdown and overexpression
in Hep3B and HCCLM3.

2.2. Chemicals and Antibodies. Anisomycin, SB203580 [45],
SP600125, and ferrostatin-1 [46] were purchased from
MCE (Shanghai, China) and dissolved in dimethyl sulfoxide
(DMSO). Cells were treated with anisomycin at the indi-
cated concentration or coincubated with SB203580 (20μM)
or ferrostatin-1 (4μM). Commercially available antibodies
were used in this study. The anti-tubulin antibody was
obtained from InTech (Shanghai, China), while anti-c-Myc
(#18583), CD133 (#64326), Nanog (#4903), EpCAM
(#2929), caspase-3 (#14220), Bcl-2 (#15071), Bax (#5023), N-
cadherin (#13116), E-cadherin (#3195), vimentin (#5741), α-
smooth muscle actin (α-SMA, #19245), p38 MAPK (#8690),
phospho-p38 MAPK (p-p38 MAPK, #9216), histone H3
(#4499), phospho-histone H3 (Ser10) (p-H3S10, #53348),
phospho-histone H3 (Ser28) (p-H3S28, #9713), NRF2
(#12721), SLC7A11 (#12691), FTH1 (#4393), and NCOA4
(#66849) antibodies were purchased fromCell Signaling Tech-
nology (Boston, USA). Anti-CD24 (ab31622) antibody was
provided by Abcam (Cambridge, UK).

2.3. Cell Viability Assay. Cell viability was evaluated using the
Cell Counting Kit-8 (CCK-8; Beyotime, China) according to
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the manufacturer’s instructions. Briefly, cells (1 × 104 cells/
well/100μL) were seeded in a 96-well plate and treated with
anisomycin at different concentrations for 24h. Then, 10μL
of CCK-8 solution was added to each well, and the plates were
incubated at 37°C for another 2h. The absorbance values of
the samples were evaluated at 450nm using a microplate
reader. Experiments were performed in triplicate.

2.4. Colony Formation Assay. Cells were plated at a density
of 4 × 104 cells per well in 6-well plates and allowed to attach.
The following day, cells were treated with DMSO, anisomy-
cin, or SB203580 plus anisomycin for 12h. Then, the
medium was replaced with DMEM supplemented with
10% FBS. The medium was changed every 3 days for 2 con-
secutive weeks. Finally, colonies were stained with crystal
violet staining solution (Beyotime, China) for 15min after
fixation with 4% paraformaldehyde for 10min. The stained
colonies were washed with phosphate buffer saline (PBS)
and counted using the ImageJ software. Experiments were
performed in triplicate.

2.5. Cell Death Detection. Cell death was evaluated using an
apoptosis detection kit purchased from BD Biosciences (San
Jose, USA). Cells were harvested, stained with annexin V
antibody and 7AAD, and then analyzed with a FACSAria™
II flow cytometer (BD Biosciences, USA). The flow cytome-
try results were further analyzed with the FlowJo 10.1 soft-
ware (Tree Star, Inc., USA). The calculation of cell death
rate was (1, the proportion of viable cells (cells in Q4)).
Experiments were performed in triplicate.

2.6. Lipid Reactive Oxygen Species (Lipid-ROS) Levels. The
accumulation of lipid-ROS is a major feature of ferroptosis
and can be used to infer the degree of ferroptosis [47]. Cells
were treated with DMSO, anisomycin, or SB203580 plus ani-
somycin for 24 h or 12h. Then, cells were incubated with
3μM C11-BODIPY 581/591 (Invitrogen, USA) in serum-
free DMEM medium for 30min at 37°C in an incubator.
Afterwards, cells were washed three times with serum-free
medium, trypsinized, and resuspended in PBS before
detected by flow cytometry. Lipid-ROS levels were evaluated
by the fluorescence intensity of FITC channel, and the mean
fluorescence intensities (MFI) of FITC were calculated for
each sample. Experiments were performed in triplicate.

2.7. Wound-Healing Assay. When Hep3B and HCCLM3
cells reached 100% confluency in 24-well plates, cells were
wounded with a sterile 10μL pipette tip in the cell monolay-
ers and washed with serum-free medium to remove
detached cells. Cells were then treated with DMSO, aniso-
mycin, or SB203580 plus anisomycin at the indicated con-
centration for 12h. The medium was then replaced with
DMEM supplemented with 2% FBS, and cells were cultured
for 48 h. The wound gap images were taken using a micro-
scope (Olympus, Japan). Healing areas were calculated using
the ImageJ software. Experiments were performed in
triplicate.

2.8. Transwell Assay. Cells were treated with DMSO, aniso-
mycin, or SB203580 plus anisomycin for 12 h before seeding

(5 × 104) and cultured in the upper chamber (24-well Trans-
well chambers, 8μm pore size, Corning, USA) with serum-
free DMEM, while serum-containing (10% FBS) DMEM
was added to the lower chamber. After 48 h incubation at
37°C, cells were fixed with 4% paraformaldehyde and stained
with crystal violet staining solution (Beyotime, China). Cells
stained were imaged using a microscope (Olympus, Japan).
Experiments were performed in triplicate.

2.9. Western Blotting. Cells were washed with PBS, collected,
resuspended in RIPA lysis buffer (Beyotime, China), and
kept on ice for 30min. The suspension was vibrated vigor-
ously every 5min. Sonication was required. Cell extracts
were obtained by centrifugation at 12,000 × g for 10min at
4°C. The protein concentration was determined using a
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher,
USA). The denatured proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electrotransferred onto polyvinylidene difluor-
ide (PVDF) membranes (Merck Millipore, Germany). The
membranes were blocked with QuickBlock blocking buffer
(Beyotime, China), incubated with diluted primary anti-
bodies (1 : 1000) for 12 h at 4°C, and washed three times with
TBST for 10min. The membranes were then incubated with
HRP conjugated secondary antibodies (1 : 2000) for 2 h at
room temperature. Hybridization was detected using
enhanced chemiluminescence reagents (ECL; Beyotime,
China) after three rinses with TBST for 10min. Image Lab
4.1 software and ImageJ software were used to quantify
western blot bands.

2.10. Immunofluorescence Analysis. Cells were fixed in 4%
paraformaldehyde for 15min at room temperature and
permeabilized with 0.1% Triton X-100 (Beyotime, China)
for 10min at 4°C. Cells were saturated with TBST containing
2% bovine serum albumin (BSA, Merck Sigma, Germany)
for 1 h at room temperature before incubation with primary
antibodies against p-p38 MAPK (1 : 200), p-H3S10 (1 : 100),
or NCOA4 (1 : 400) overnight at 4°C. Subsequently, cells
were incubated with a secondary antibody labeled Alexa
Fluor 488 or 594 (Invitrogen, USA) (1 : 2000). Finally, cells
were incubated with DAPI (5μl DAPI in 200μl TBST) for
10min. After each antibody incubation step, cells were
washed three times for 5min with TBST. Fluorescence sig-
nals were observed using an Olympus Fluoview microscope
(Olympus Corp, Japan).

2.11. Chromatin Immunoprecipitation- (ChIP-) Sequencing.
ChIP-sequencing was outsourced to Kangcheng Biotechnol-
ogy (Shanghai, China). Briefly, the p-H3S10 antibody was
used for immunoprecipitation. A total of 10ng of DNA sam-
ples were prepared and blunt-ended. Then, a dA base was
added to the 3′ end of each strand, and genomic adapters
were ligated to the DNA fragments. Subsequently, PCR
amplification was performed to enrich the ligated fragments,
and ~200–1500 bp fragments < 200-1500 bp were selected
using AMPure XP beads. The libraries were then sequenced
on the Illumina NovaSeq 6000 instrument following the
NovaSeq 6000 S4 reagent kit protocol (300 cycles). The reads
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were aligned to the human genome (UCSC HG19) using the
BOWTIE software (V2.2.7). Aligned reads were used to call
the peaks of the ChIP regions using MACS V1.4.2. A P value
threshold of 10-3 was used to select differentially enriched
peaks.

2.12. Bioinformatics. The R packages “clusterProfiler,”
“org.Hs.eg.db,” “enrichplot,” and “ggplot2” were used in R
4.0.3 software to perform functional enrichment analyzes
of Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG). Furthermore, the STRING 11.5
online tool (https://cn.string-db.org/) was used to find
protein-protein interactions (PPI) between the selected
genes with a confidence filter (interaction score > 0:150).

2.13. Iron Assay. Intracellular iron was assessed using an
iron colorimetric assay kit (APPLYGEN, China) according
to the manufacturer’s instructions. The results were
assessed at 550nm using a microplate reader and normal-
ized to protein concentration. Experiments were performed
in triplicate.

2.14. Lipid Peroxidation (LPO) Assay. The Lipid Peroxida-
tion Assay Kit (Nanjing Jiancheng Institute of Bioengineer-
ing, China) was used to measure LPO levels in HCC cells.
The results were evaluated at 586nm using a microplate
reader and normalized to protein concentration. All proce-
dures were performed in full accordance with the manu-
facturer’s instructions. Experiments were performed in
triplicate.

2.15. Malondialdehyde Assay. The relative concentration of
malondialdehyde (MDA) in cell lysates was evaluated using
a lipid peroxidation MDA assay kit (Beyotime, China)
according to the manufacturer’s instructions. The MDA
level was determined by a microplate reader at 532nm and
normalized to protein concentration. Experiments were per-
formed in triplicate.

2.16. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR). TRIzol reagent (Invitrogen, USA) was
used to extract total RNA from HCC cells. RNA was reverse
transcribed to cDNA using GoScript™ Reverse Transcrip-
tion Mix (Promega, USA) according to the manufacturer’s
instructions. The cDNA was then detected using the
GoTaq® qPCR Master Mix reagent (Promega, USA). The
PCR program included denaturation at 94°C for 2min,
followed by 40 cycles of 94°C for 30 s, 56°C for 30 s, 72°C
for 30 s, and finally a 5min elongation at 72°C. The
sequences of primers used are listed in Supplementary
Table 1. β-Actin was included as the internal control to
assess the relative expression of the genes. The relative
level of mRNA expression was calculated using 2-△△Ct.
Experiments were performed in triplicate.

2.17. Statistical Analysis. All statistical analyses were per-
formed using the GraphPad Prism software 7.0 (GraphPad
Software Inc., USA), and data were displayed as mean ±
standard deviation (SD). The means of the groups were
compared using the Student’s t-test for two independent

groups. When the variances were uneven (P < 0:1), Welch’s
t-test was used. All P values were two-tailed, and P < 0:05
was considered statistically significant.

3. Results

3.1. Anisomycin Induced HCC Cell Death through the p38
MAPK Signaling Pathway. Expression levels of p38 MAPK
and p-p38 MAPK in different HCC cell lines were evaluated
by western blotting (Supplementary Figure 1A). Hep3B
and HCCLM3, two cell lines with weak phosphorylation
of p38 MAPK, were chosen for subsequent experiments
of activation of p38 MAPK. Anisomycin treatment was
applied to the two cell lines to investigate the anticancer
effects of p38 MAPK activation on HCC cells [14–16].
The results of 24 h anisomycin treatment showed that
anisomycin inhibited the proliferation of HCC cells in a
dose-dependent manner (Figure 1(a)). When the inhibition
rate reached 50%, the anisomycin concentrations for
Hep3B and HCCLM3 were approximately 2.5μM and
5μM, respectively. The indicated concentrations of
anisomycin (2.5μM for Hep3B and 5μM for HCCLM3)
were selected for the following experiments. Besides,
we performed CCK8 analysis for all 6 cell lines in
Supplementary Figure 1A after treatment with different
concentrations of anisomycin and integrated all curves. The
results showed that low p-p38/p38 ratio cells (Hep3B,
HCCLM3, and SK-Hep-1) required lower concentrations of
anisomycin than high p-p38/p38 ratio cells (MHCC-97L,
MHCC-97H, and HepG2) to reach 50% inhibition rate
(Supplementary Figure 1B).

The colony formation assay and cell death detection
were performed to further assess the anticancer effects of
anisomycin on HCC cells. We shortened the treatment time
to 12 h for cell functional assays (colony formation assay,
wound-healing assay, and transwell assay) to reduce inter-
ference from cell death with experimental results. The
number of clones was substantially reduced for cells treated
with anisomycin for 12 h, and the cell death rate was sub-
stantially increased for cells treated with anisomycin for
24 h. Meanwhile, the anticancer effects of anisomycin were
attenuated by SB203580, an inhibitor of activated p38
MAPK (Figures 1(b) and 1(c)), indicating that anisomycin
promoted HCC cell death partly through activating the
p38 MAPK pathway. Several studies have reported that
p38 can inhibit cancer stem cell properties [48] and increase
apoptosis [49, 50] in cancer cell. Therefore, the expression
levels of the cell stemness-related proteins (c-Myc, CD133,
Nanog, CD24, and EpCAM) and the apoptosis-related pro-
teins (cleaved caspase-3, Bcl-2, and Bax) were also analyzed
in HCC cells during anisomycin treatment, and the changes
in protein expression were consistent with the phenotypic
changes above (Supplementary Figures 2A-D). To explore
whether activation of the p38 pathway regulates ferroptosis
in HCC cells, we used C11-BODIPY staining to examine
the accumulation of lipid reactive oxygen species (lipid-
ROS) and found that anisomycin significantly increased
intracellular lipid-ROS, while SB203580 coincubation
almost completely rescued the accumulation of lipid-ROS
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Figure 1: Continued.
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(Figure 1(d)). Similarly, ferroptosis-related proteins were
also analyzed by western blotting. The results showed
that the expression levels of nuclear factor erythroid 2-
related factor 2 (NRF2), solute carrier family 7 member
11 (SLC7A11), and ferritin heavy chain 1 (FTH1) were
downregulated by 24h anisomycin treatment, and the
expression levels of these proteins were recovered by

SB203580 (Figure 1(e)). In general, anisomycin-induced
p38 MAPK activation was cytotoxic to HCC cells, and
ferroptosis may be involved in this cytotoxic effect.

3.2. Anisomycin Inhibited HCC Cell Migration through the
p38 MAPK Signaling Pathway. Cell migration also plays an
important role in the steps of tumor progression [51].
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Figure 1: Anisomycin (AN) induced HCC cell death through the p38 MAPK pathway. (a) The inhibition rate of Hep3B and HCCLM3 cell
proliferation after 24 h treatment with AN. (b) Colony formation of HCC cells under AN treatment. SB203580 (SB), an inhibitor of
phosphorylated p38, was used to rescue cells from AN treatment. (c) Cell death rate of HCC cells induced by AN (2.5μM for Hep3B or
5μM for HCCLM3). (d) The flow cytometry results indicated the accumulation of intracellular lipid reactive oxygen species after 24 h
AN treatment. N = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. (e) The expression levels of ferroptosis-related proteins were analyzed by
western blotting after 24 h AN treatment.
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Transwell and wound-healing assays were performed to
assess whether anisomycin could alter the migration ability
of HCC cells. The results showed that anisomycin signifi-
cantly inhibited HCC cell migration, while SB203580 coin-
cubation partially alleviated inhibition of HCC cell
migration (Figures 2(a) and 2(b)).

The epithelial-mesenchymal transition (EMT) is a pro-
cess that accelerates HCC cell migration [51]. EMT protein
markers (N-cadherin, E-cadherin, vimentin, and α-SMA)
were detected during anisomycin treatment by western blot-

ting. After 24 h treatment of anisomycin, E-cadherin expres-
sion in HCC cells increased, while N-cadherin, vimentin,
and α-SMA were decreased (Figure 2(c) and Supplementary
Figure 3). The results indicated that anisomycin-activated
p38 may inhibit HCC cell migration by inhibiting EMT.

3.3. Anisomycin-Activated p38 MAPK Promoted H3S10
Phosphorylation via Colocalization. Researchers had found
that activation of p38 MAPK could promote histone H3
phosphorylation in Ser10 or Ser28 [22–24]. In our study,
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Figure 2: Anisomycin (AN) suppressed HCC cell migration through the p38 MAPK pathway. AN suppressed HCC cell migration (a) and
healing ability (b). The effect was evaluated by transwell and wound-healing assay. SB203580 (SB) was used to rescue cells from AN
treatment. N = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. (c) The expression levels of epithelial-mesenchymal transition-related proteins
in AN treatment (24 h).
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the results of the western blotting showed that p-p38 MAPK
and p-H3S10 were upregulated after 24 h anisomycin treat-
ment (Figure 3(a)), while the expression level of p-H3S28
was not obviously upregulated (Supplementary Figure 4),
suggesting that anisomycin-activated p38 MAPK induced
the phosphorylation of H3S10, rather than of H3S28. In
Figure 3(a), we can also see that coincubation of SB203580
reduced the activation of p38 MAPK as well as the
phosphorylation of histone H3S10, indicating that
anisomycin may induce histone H3S10 phosphorylation in
HCC cells through p38 MAPK pathway. Then, we
costained p-p38 MAPK and p-H3S10 to show their
expression levels and cellular localization in Hep3B and
HCCLM3 at different time points of anisomycin treatment.
Immunofluorescence results showed that p38 MAPK was
activated after anisomycin treatment and subsequently
promoted histone H3S10 phosphorylation (Figures 3(b)
and 3(c)). After 12 h of anisomycin treatment, histone
H3S10 phosphorylation was at a high level, so the

following experiments were mostly performed at 12 h.
Furthermore, phosphorylated H3S10 was colocalized with
p-p38 MAPK in HCC cells treated with anisomycin,
suggesting that anisomycin-induced p-p38 MAPK may
phosphorylate histone H3S10 through colocalization.

3.4. Phosphorylated H3S10 Was Enriched in Ferroptosis-
Related Gene Promoters. To elucidate the role of phosphor-
ylated H3S10 in anisomycin-induced HCC cell death,
ChIP-sequencing was performed in HCCLM3 cells treated
with DMSO or anisomycin (Figure 4(a)) for 12h. Using a
P value threshold of 10-3, 2445 differentially enriched
regions for peak promoter under anisomycin treatment
were identified. GO and KEGG were performed to find
the main functions and pathways of the genes correspond-
ing to the differentially enriched promoters. The GO
results showed differentially enriched biological processes,
cell components, and molecular functions (Figure 4(b)),
while the KEGG results revealed the differentially enriched
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Figure 3: Anisomycin (AN) increased phosphorylation of p38 MAPK and H3S10 in HCC cells. (a) Western blotting analysis of p38 MAPK,
p-p38 MAPK, H3, and p-H3S10 in HCC cells after a 24 h DMSO, AN, or AN+SB203580 (SB) treatment. Immunofluorescence costained for
p-p38 MAPK and p-H3S10 showed their expression levels and cellular localization at different time points of AN treatment in Hep3B (b)
and HCCLM3 (c).
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pathways (Figure 4(c)). Since we wanted to know how his-
tone H3S10 is involved in anisomycin-induced HCC cell
death, we focused on pathways associated with cell death.
The enrichment degree of ferroptosis ranked highest in
these cell death-related pathways, leading to the conclusion
that p-H3S10 may be involved in the regulation of
anisomycin-induced ferroptosis in HCC cells. Nine
enriched genes were included in the ferroptosis pathway.
The PPI plot showed the connections among the nine pro-
teins (Figure 4(d)).

3.5. Anisomycin Promoted Ferroptosis of HCC Cells through
the p38 MAPK Signaling Pathway. To confirm whether ani-
somycin induces ferroptosis in HCC cells, a series of exper-
iments were conducted. First, a specific ferroptosis inhibitor,
ferrostatin-1, was used in cell treatment to see if it could
rescue HCC cells from anisomycin-induced cell death. The
results showed that anisomycin-induced cell death was
partially inhibited by ferrostatin-1 at both 12h (Supplemen-
tary Figure 5) and 24 h (Figure 5(a)), revealing that
ferroptosis was involved in anisomycin-induced HCC cell
death. In Figure 5(a), anisomycin + SB203580+ ferrostatin-
1 is significantly closer to DMSO than anisomycin +
ferrostatin-1; it probably means that p38 induced
ferroptosis and other forms of cell death together in
anisomycin treatment. To further understand anisomycin-
induced ferroptosis, we measured major hallmark features
of ferroptosis, such as abnormal accumulation of iron and
elevation of lipid peroxidation (LPO) and malondialdehyde
(MDA). The iron assay showed that iron increased in HCC
cells after being treated with anisomycin and that the
increase in iron was suppressed by SB203580 (Figure 5(b)).
Similar trends were also observed for the content of LPO
and MDA (Figures 5(c) and 5(d)). In general, anisomycin
could induce ferroptosis through the p38 MAPK signaling
pathway in HCC cells.

3.6. NCOA4 Participated in Anisomycin-Induced Ferroptosis
in HCC Cells. To further elucidate the potential mechanism
of how phosphorylated H3S10 contributed to p38-
ferroptosis axis in HCC cells, the mRNA expression levels

of ferroptosis-related genes enriched in ChIP-sequencing
were further analyzed by RT-PCR and immunofluorescence.
Heatmap shows the stable downregulation of solute carrier
family 40 member 1 (SLC40A1), ferritin heavy chain 1
(FTH1) and ferritin light chain (FTL), and stable upregula-
tion of nuclear receptor coactivator 4 (NCOA4) and solute
carrier family 3 member 2 (SLC3A2) after anisomycin treat-
ment (Figure 6(a)). The recovery of mRNA expression levels
of these five genes was further investigated in the SB203580
coincubation group in Hep3B and HCCLM3 (Figure 6(b)).
The expression level of NCOA4 was upregulated in both
Hep3B and HCCLM3 cells treated with anisomycin and
decreased when SB203580 was coincubated. The SLC40A1
results were exactly the opposite. Many previous studies
have shown that phosphorylated histone H3S10 always pro-
motes transcription activation [25, 52, 53]. It was speculated
that NCOA4 was the key member, upregulated by the p38
MAPK pathway and phosphorylated H3S10, contributing
to anisomycin-induced ferroptosis. The immunofluores-
cence results confirmed that the protein level of NCOA4
was upregulated in HCC cells soon after anisomycin treat-
ment, and SB203580 alleviated the upregulation of NCOA4
(Figure 6(c) and Supplementary Figure 6A). Our findings
suggested that anisomycin-induced activation of p38
MAPK may upregulate NCOA4 by phosphorylating
H3S10, thus promoting ferroptosis in HCC cells. To
illustrate the important role of NCOA4 in anisomycin-
induced ferroptosis, we performed NCOA4 knockdown
and overexpression in HCC cells and measured the
accumulation of lipid reactive oxygen species by flow
cytometry after C11-BODIPY staining to infer the effect of
NCOA4 on ferroptosis. We found that anisomycin-
induced lipid-ROS in HCC cells was almost completely
abolished by NCOA4 knockdown, while NCOA4
overexpression slightly increased anisomycin-induced
accumulation of lipid-ROS in HCC cells (Figure 6(d) and
Supplementary Figure 6B). RT-PCR was used to test
NCOA4 knockdown and overexpression in HCC cells
(Supplementary Figure 6C). In conclusion, NCOA4 played
an important role in anisomycin-induced ferroptosis in
HCC cells.
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Figure 5: Ferroptosis of HCC cells was stimulated by anisomycin (AN) through the p38 MAPK signaling pathway. (a) Cell death was
measured by flow cytometry. Ferrostatin-1 (Ferr-1) and SB203580 (SB) were used to inhibit ferroptosis, thus rescuing cells. (b–d) The
assays showed that the content of intracellular iron, lipid peroxidation (LPO), and malondialdehyde (MDA) in HCC cells increased after
AN treatment (2.5 μM for Hep3B or 5μM for HCCLM3). N = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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4. Discussion

Ferroptosis is emerging as a potential mechanism for sup-
pressing tumor growth because it has been shown to acceler-
ate cell death in some malignancies [54, 55]. The studies of
Li et al. [56] and Hattori et al. [44] linked the p38 MAPK sig-
naling pathway to ferroptosis; however, the underlying
mechanism of how p38 regulates ferroptosis remains
unclear. Since the transcriptional expression of various genes

changes during ferroptosis, we speculated that histone mod-
ifications may be involved in the regulation of ferroptosis.
Many previous studies have shown that activated p38
MAPK could increase the level of p-H3S10 and activate gene
transcription by influencing the conformation of chromatin
or/and DNA accessibility [27, 28]. Here, we verified the rela-
tionship between p38 MAPK and histone H3 modification
in HCC and found that anisomycin-activated p38 MAPK
was able to activate the level of p-H3S10 by colocalization.
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Figure 6: NCOA4 was upregulated in anisomycin- (AN-) induced ferroptosis. (a) The heatmap based on qRT-PCR indicated changes in
ferroptosis-related genes in HCCLM3 after treatment with AN for 12 h. In the inhibitor group, cells were pretreated with SB203580 (SB)
for 1 h before being treated with anisomycin (2.5 μM for Hep3B or 5μM for HCCLM3) for 12 h. (b) The qRT-PCR results showed the
mRNA expression levels of five ferroptosis-related genes (SLC40A1, FTH1, FTL, NCOA4, and SLC3A2) in different groups of Hep3B
and HCCLM3 cells. N = 3; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. (c) The protein level of NCOA4 was detected in HCC cells after AN
treatment by immunofluorescence. (d) The accumulation of lipid-ROS was detected in NOCA4 knockdown or negative control (NC)
HCCLM3 after 12 h AN treatment (left). The accumulation of lipid-ROS was detected in NOCA4 cDNA or pEX-6 carrier transfected
HCCLM3 after 12 h AN treatment (right).
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The genes regulated by P-H3S10 are involved in a variety of
biological processes and pathways. We identified these genes
using ChIP-sequencing technology and found that these
genes were significantly enriched in ferroptosis by KEGG
enrichment analysis. Therefore, anisomycin promoted fer-
roptosis of HCC cells through the p38 MAPK signaling
pathway, as a consequence of being mediated by histone
H3S10 phosphorylation.

Our study revealed that anisomycin could induce HCC
cell death, which was partially reversed by the p38 MAPK
inhibitor (SB203580) and the ferroptosis inhibitor (ferrosta-
tin-1). Anisomycin activated p38 MAPK and then promoted
H3S10 phosphorylation by colocalization. Many genes are
transcriptionally activated by p-H3S10, including NCOA4,
which is one of the drivers of ferroptosis [43, 57]. NCOA4,
as a cargo receptor that recruits FTH1 to autophagosomes
for lysosomal degradation, could lead to ferritinophagy and
iron release and then increases the intracellular labile iron
pool (LIP) [58, 59]. The alteration of iron in HCC cells
directly increased LPO through the Fenton reaction, leading
to ferroptosis of HCC cells [60]. Similarly, Yang et al. [61]
reported that p38 activation was involved in upregulation
of NCOA4 and downregulation of FTH1 in dental pulp stem
cells, which was consistent with our results. In our study,
FTH1 was decreased by anisomycin at both protein and
RNA level in Figures 1(e) and 6(b). However, coincubation
with SB203580 resulted in some recovery of FTH1 protein
levels (Figure 1(e)), but no significant recovery in FTH1
RNA levels (Figure 6(b)). We already know that SB203580
coincubation reduced NCOA4, so we believed that the
recovery of FTH1 in protein level was mainly caused by
the reduction of NCOA4, which in turn reduced its recruit-
ment of FTH1 to autophagosomes [58, 59] and ultimately

lead to reduced FTH1 degradation and reduced iron release
[38, 39]. Furthermore, as we can see in Figure 5(e), the solute
carrier family 7 member 11 (SLC7A11) was negatively regu-
lated by anisomycin-activated p38 MAPK. However, the
protein level of the key molecule of the classical ferroptosis
pathway, glutathione peroxidase 4 (GPX4), did not show sig-
nificant downregulation in HCC cells after anisomycin treat-
ment (Supplementary Figure 7). Therefore, anisomycin-
reducing SLC7A11 may be involved in the regulation of
ferroptosis through a non-GPX4 inactivation manner. In
addition, SLC7A11 functioned to import cystine for
glutathione biosynthesis and ferroptosis defense, and NRF2
positively regulated SLC7A11 transcription [62], both of
which are ferroptosis suppressors [63, 64]. The study by
Wang et al. [65] reported that activation of p38 MAPK
could negatively regulate the expression of SLC7A11 in
endometrial cancer cells. In summary, anisomycin could
induce HCC cell ferroptosis by increasing LPO and LIP
(Figure 7).

By detecting intracellular iron, LPO, and MDA, our
study demonstrated that anisomycin could induce ferropto-
sis in HCC cells. The underlying mechanism of how aniso-
mycin induces ferroptosis was also revealed, which
identified anisomycin as a novel ferroptosis stimulus distinct
from classical ferroptosis inducers, such as erastin, sulfasala-
zine, and RSL3 [30, 66]. In our study, anisomycin was used
to activate p38 MAPK in HCC cells. Nevertheless, anisomy-
cin is also commonly used as an activator of the JNK
signaling pathway. Here, we compared the rescue of
anisomycin-induced lipid-ROS by SP600125 (an inhibitor
of JNK) and SB203580 (Supplementary Figure 8). As we can
see, SB203580 almost completely rescued the accumulation
of lipid-ROS in HCCLM3. However, the rescue of

Anisomycin

p38 MAPK

p38 MAPK

p38 MAPK

NCOA4 mRNA

H3S10

NCOA4

Fe2+
LIP

LPO

Ferroptosis

Fenton reaction

P

P

P

SLC7A
11

Figure 7: Schematic diagram of anisomycin-induced ferroptosis in HCC cells.
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anisomycin-induced lipid-ROS by SP600125 was limited.
Furthermore, in our study, SB203580, an inhibitor of
activated p38 MAPK, partially abrogated the anticancer
effects of anisomycin in HCC cells. In conclusion,
anisomycin promoted ferroptosis in HCC cells mainly by
activating p38 MAPK. Considering the role of p38 MAPK in
anisomycin cytotoxicity and the result in supplementary
figure 1B, we believed that HCC patients with a low p-p38/
p38 ratio may respond better to anisomycin treatment.

It is well known that apoptosis, autophagy, and ferropto-
sis are different forms of cell death, but they also have some
connections to drug treatments [67]. Several studies found
that autophagy is a positive regulator of ferroptosis [40, 58,
68]. For example, NCOA4 is one of the key molecules that
links autophagy and ferroptosis. Furthermore, iron overload
participates not only in the induction of noncanonical fer-
roptosis but also in endogenous and exogenous apoptosis
[34]. Recently, research by Chang et al. [68] revealed that
heteronemin could simultaneously induce HCC cell apopto-
sis and ferroptosis. Besides, HMGB1 has been found to play
a vital role in apoptosis, ferroptosis, and autophagy in leuke-
mia cells [32]. From our results, we found that p38 MAPK
promoted apoptosis and ferroptosis of HCC cells, making
it an ideal target for HCC treatment. Several studies have
consistently shown that p38 MAPK was involved in the
antiproliferative, apoptotic, and inhibitory effects of EMT
in HCC cells [49, 69, 70] and other cancer cells [71–73].
Ras may be involved in the inhibition of HCC cell migration
by p38 MAPK pathway, as MAPK provides negative
feedback to the Ras activity, which regulates cancer cell
migration through PI3K/mTORC2/AKT pathway [74].
Moreover, this mechanism of cell migration is also conserved
from 2D culture to 3D organoid [75]. Of course, ferroptosis
also has an impact on EMT [76]. The mechanisms involved
need to be elucidated by more researchers conducting dedi-
cated studies. In Figure 5(c), there were also necroptosis,
autophagy, mitophagy, and cell senescence in the enriched
pathways, which suggested that anisomycin-activated p38
MAPK may stimulate HCC cell death through mixed types
of cell death. In general, the predominant mode of cell death
detected during drug treatment may be related to the concen-
tration of the drug or the duration of treatment [58].

There were also some limitations of our study. First, the
function of NCOA4 and FTH1 in ferroptosis was derived
from other studies, and no additional experimental valida-
tion was performed in our study. Furthermore, how
SLC7A11 regulates ferroptosis through a pathway other than
GPX4 inactivation in HCC requires further investigation. In
addition, the rescue of anisomycin-induced cell death by
SB203580 was limited, because anisomycin (AN in figure)
is a multifunctional drug that kills cells through multiple tar-
gets [77–81]. Moreover, several studies demonstrated that
SB203580 could inhibit AKT, and the inhibition of AKT
was involved in the induction of ferroptosis and apoptosis
[82–84]. We cannot definitively rule out their roles in
anisomycin-induced ferroptosis, but we can identify a major
role for p38 MAPK. Finally, we will address these limitations
to further elucidate the mechanisms of anisomycin-induced
HCC cell death in future studies.

In conclusion, anisomycin was confirmed to induce
HCC cell ferroptosis through p38 MAPK signaling pathway,
and H3S10 phosphorylation may be involved. NCOA4 was
revealed to be a key member of p38 MAPK-induced ferrop-
tosis. Furthermore, p38 MAPK may be a worthy target for
HCC treatment due to its involvement in various types of
cell death.
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Glioma is the most common primary brain tumor, with a high rate of recurrence and treatment resistance. Glioblastoma is highly
invasive, infiltrating surrounding brain parenchyma, and is known to cause intracranial metastasis resulting in a dismal prognosis.
Hypoxia contributes significantly to chemo- and radiotherapy resistance in cancer. Ferroptosis is a nonapoptotic oxidative cell
death that has been identified as a potential anticancer mechanism. Sulfasalazine (SAS) activates ferroptosis and plays a
potential role in tumor treatment. However, the relationship between hypoxia and SAS resistance has not been elucidated. This
study is aimed at investigating the role of hypoxia in SAS-induced ferroptosis and the underlying mechanisms. Here, we found
that hypoxia significantly suppressed SAS-induced ferroptosis by upregulating SLC7A11 expression in the U87 and U251
glioma cell lines. Hypoxia promotes SLC7A11 expression by enhancing the PI3K/AKT/HIF-1α pathway. The AKT inhibitor
MK-2206 and HIF-1α inhibitor PX-478 significantly reversed this effect. In addition, under normoxia, PX-478 induced a
higher lipid peroxidation level by decreasing SLC7A11 expression in the U87 and U251 cells but could not induce cell death
directly; it could significantly enhance the tumor cell killing effect of SAS. In vivo, the combination of PX-478 and SAS had a
coordinated synergistic effect on anticancer activity, as revealed by subcutaneous and orthotopic xenograft mouse models. In
conclusion, hypoxia enhanced glioma resistance to SAS-induced ferroptosis by upregulating SLC7A11 via activating the PI3K/
AKT/HIF-1α axis. Combination therapy with PX-478 and SAS may be a potential strategy against glioma.

1. Background

Glioma is the most common primary malignant brain tumor
in adults, glioblastoma is its most malignant and aggressive
form, and they typically arise from glial or precursor cells
and develop into astrocytoma, oligodendroglioma, ependy-
moma, or oligoastrocytoma [1]. Glioblastoma is an anaplastic,
poorly differentiated malignant tumor with a peak incidence
between 45 and 70 years [2]. Despite recent advances in
diverse therapies for glioma, including surgery, radiotherapy,
and chemotherapy, the median survival remains approxi-
mately at 15 months [3, 4]. Therefore, developing more effi-
cient therapeutic strategies is imperative.

The tumor microenvironment (TME) refers to the local
biological environment in which solid tumors are located
[5]. The TME often displays at least some degree of hypoxia

[6]. Coincidentally, gliomas undergo malignant progression
under hypoxic conditions [7]. Tumor hypoxia is generated
by irregular and tortuous vasculature formed within solid
tumors, resulting in poor delivery of oxygen to cells. Hyp-
oxia is associated with malignancy and tumor aggressiveness
by increasing tumor cell proliferation and metastasis [8]. In
addition, hypoxia has been associated with resistance to
radiotherapy and chemotherapy. It also contributes to radio-
resistance by controlling several cellular processes, including
cell cycle, apoptosis and senescence, creation of reactive
oxygen species, invasion, and cancer cell stemness [9–12].
Previous studies showed that hypoxia also enhanced the
resistance to temozolomide by different mechanisms, such
as inducing ferritin light chain, regulating glioma stem cell
properties, and mediating ATP-binding cassette proteins
[13–15]. Hypoxia-inducible factor (HIF) is upregulated in
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the tumor hypoxia microenvironment, in which HIF-1α
and HIF-2α are considered as the main response regula-
tors [16]. Under hypoxia, HIF-1α is stabilized and translo-
cated into the nucleus to play a role in transcription [17].
As a selective HIF-1α inhibitor, PX-478 interferes with
HIF-1α and induces cell cycle arrest in cancer cells [18,
19]. Hypoxia and HIFs play important roles in glioma
growth and survival through regulation of several key cell
biological process, including glycolytic metabolism, angio-
genesis, and drug resistance [20].

Ferroptosis is a nonapoptotic oxidative cell death that
plays an essential role in various diseases, including cranial
trauma, neuronal diseases, and brain tumors [21]. By analyz-
ing 1,750 gliomas from four independent cohorts, ferroptosis
was identified as the most enriched type of programmed cell
death in glioma which was widely involved in malignancy
progression and drug resistance [22]. Lipid peroxidation
underlies the ferroptosis mechanism [23]. SLC7A11-
glutathione peroxidase 4 (GPX4) axis, ferroptosis suppressor
protein 1 (FSP1)-ubiquinol, and dihydroorotate dehydroge-
nase (DHODH)-ubiquinol axis constitute three major fer-
roptosis defense systems through the inhibition of lipid
peroxidation. SLC7A11, the cystine/glutamate antiporter to
synthesize GSH, neutralizes the oxidative substances in the
cell membrane [24]. Sulfasalazine (SAS), a wildly recognized
antirheumatoid arthritis drug, has been recently found to
play an anticancer role in various cancers including malig-
nant gliomas by activating ferroptosis by inhibiting SLC7A11
[25]. SAS had fewer side effects when applied in vivo and bet-
ter water solubility than other ferroptosis inducers [26, 27].
To date, the relationship between hypoxia and SAS-induced
ferroptosis in glioma has not been reported. In the present
study, we investigated the role of hypoxia in SAS-induced
ferroptosis in glioma cell lines and its underlying molecular
mechanisms. Our study not only identified a novel mecha-
nism for SAS resistance but also suggested a novel treatment
through a combination of ferroptosis activator and HIF-1α
inhibitor.

2. Material and Methods

2.1. Cell Lines. Human glioma cell lines U87 and U251 were
directly purchased from Cell Bank of Type Culture Collec-
tion of Chinese Academy of Sciences (Shanghai, China).
The U87 and U251 cell lines have been authenticated by
STR profiling. These cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
USA) with 10% fetal bovine serum (FBS, Biological, Indus-
tries) and 1% penicillin-streptomycin (10378016, Invitrogen,
USA) at 37°C with 5% CO2.

2.2. Cell Growth and Cell Viability Assay. Cell growth was
determined using a Cell Counting Kit-8 (CCK-8) assay kit
(HY-K0301, MCE, Shanghai, China). The U87 and U251
cells were seeded into 96-well plates for 0, 24, 48, and 72 h
at a density of 3000 cells per well. Then, 10μl CCK-8 solu-
tion was added to each well and incubated with the cells
for 2 h. Absorbance (Abs) was detected at 450 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA).

For cell viability assay, the cells were seeded at 1000 cells
per well in 96-well plates with fresh medium and analyzed
by using the CCK-8 assay kit according to the above instruc-
tions. Reagent used contained SAS (HY-14655, MCE, USA),
HIF-2α-IN-4 (HY-136748, MCE, USA), PX-478 (HY-10231,
MCE, USA), and MK-2206 (HY-10358, MCE, USA). Cell
viability = ðAbs of the experimental group −Abs of the blank
groupÞ/ðAbs of the control group −Abs of the blank groupÞ
× 100%. The half-maximal inhibitory concentrations (IC50)
of SAS was determined using cell viability assay.

2.3. Vector Construction and Transduction. Stable overex-
pression of SLC7A11 and the control in cells were achieved
by transfection with lentivirus synthesized by Genomeditech
(Shanghai, China). The cells were infected with Lv-SLC7A11
or negative control lentivirus vectors. SLC7A11 siRNA was
used to silence SLC7A11 gene expression. The target sequence
of SLC7A11 was 5′-CCAUUAUCAUUGGCACCAUTT-3′.
Scrambled siRNA targeting 5′TTCTCCGAACGTGTCACGT-
3′ was used as a negative control.

2.4. RNA Extraction and Quantitative Real-Time PCR Array.
Total RNA was extracted from cultured cells using a total
RNA extraction kit (RC112-01, Vazyme Biotech, Nanjing,
China). The concentration and purity of RNA were mea-
sured by the absorbance at 260 nm and the ratio of 260/
280 nm in NanoDrop ND-1000 (NanoDrop, Wilmington,
DE, USA). Total RNA from each sample was reversely tran-
scribed using an all-in-one cDNA synthesis superMix
(R333-01, Vazyme Biotech, Nanjing, China). SYBR Green
PCR kit (R311-02, Vazyme Biotech, Nanjing, China) was
used for real-time PCR. The primers of related genes are
listed in Table S1. Quantitative PCR arrays are designed to
analyze a panel of ferroptosis-related genes in human
glioma cell lines U87 and U251 following the instructions
of the manufacturer (Wcgene Biotechnology Corporation,
China). The thermocycling conditions used in RT-qPCR
were as follows: (1) 95°C for 30 s and (2) 95°C for 5 s and
60°C for 30 s (step 2 requires 45 cycles to be repeated).

2.5. Western Blot Analysis. Protein samples from the cells
were lysed in cell lysis buffer (P0013C, Beyotime, Shanghai,
China) containing protease/phosphate inhibitors (P1050,
Beyotime Biotechnology, Shanghai, China). The concentra-
tion of the protein homogenates was determined using the
BCA assay Kit (P0012, Beyotime, shanghai, China). Equal
volumes of protein samples were separated by SDS-
polyacrylamide gel electrophoresis and electrotransferred to
PVDF membranes (Millipore, Billerica, MA, USA). And
the percentage of polyacrylamide in SDS-PAGE is 10%.
After being blocked with 5% nonfat milk dissolved in TBST
(10mM Tris, 150mM NaCl, and 0.1% Tween-20; pH7.6),
for 2 h at room temperature, the membranes were incubated
with the primary antibodies overnight at 4°C. Thereafter,
membranes were incubated with the secondary antibodies
coupled to horseradish peroxidase (HRP) for 1 h at room
temperature. Protein bands were visualized with a supersensi-
tive electrochemiluminescence (ECL) reagent (WBULS0100,
Millipore, USA). The primary antibodies were goat polyclonal
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anti-SLC7A11/xCT (ab60171,ab175186, Abcam, USA, 1/
1000), rabbit monoclonal anti-STEAP3 (ab151566, Abcam,
USA, 1/1000), rabbit monoclonal anti-CA9 (ab108351,
Abcam, USA, 1/500), rabbit polyclonal anti-β-actin (ab8227,
Abcam, USA, 1/2000), rabbit monoclonal anti-HIF-1α
(ab179483, Abcam, USA, 1/500), rabbit monoclonal anti-
PI3K-gamma (ab32089, Abcam, USA, 1/1000), rabbit
monoclonal anti-AKT (4691, CST, USA, 1/1000), and rabbit
monoclonal anti-p-AKT (4060, CST, USA, 1/2000). The
secondary antibody used in western blotting was goat anti-
rabbit IgG H&L (HRP) (ab6721, Abcam, USA, 1/5000).

2.6. Immunofluorescence (IF) and Immunohistochemistry
(IHC). The U87 and U251 cells were grown on cover slides,
fixed, blocked with 3% BSA, and permeabilized with PBS
containing 0.1% w/v Triton X-100. The mouse brain of the
orthotopic intracranial mouse model was cut in the thick-
ness of 20μm by a frozen section and blocked with 3%
BSA. For protein detection, the primary antibodies used
have been already described. For IF, secondary antibodies
were donkey anti-goat IgG H&L (ab150129, Abcam, USA).
Nuclei were stained by 4,6-diamidino2-phenylindole
(DAPI). Image acquisition was performed on ImageXpress
Micro Confocal devices. IHC staining was performed by
using Immunofluorescence Two-Step Test Kit (PV-9000,
ZSGB-BIO, Beijing China) according to the manufacturer’s
instructions. Image acquisition was performed on an
OLYMPUS BX63 microscope.

2.7. Clone Formation Assay. The U87 and U251 cells (3 × 102
cells/plate) were seeded in 35mm plates and grew for 2
weeks before being fixed with 4% paraformaldehyde for
15min at room temperature. The cells were washed twice
with PBS and stained with Crystal Violet Staining Solution
(C0121, Beyotime Biotechnology, Shanghai, China).

2.8. TUNEL Assay. For the terminal deoxynucleotidyl trans-
ferase (TdT) dUTP nick-end labeling (TUNEL) assays, the
U87 and U251 cells were seeded into 96-well plates at 1 ×
104 cells per well treated with saline, PX-478, SAS, or PX-
478 combined with SAS for 24 hours. The cells were then
stained with the TMR (red) TUNEL Cell Apoptosis Detection
Kit (G1502, Servicebio, China) according to the manufactur-
er’s protocol. Images were acquired with an ImageXpress
Micro Confocal (Molecular Devices, USA), and the percentage
of TUNEL-positive cells was calculated.

2.9. Cell Apoptosis Analysis by Flow Cytometry. Cell apopto-
sis was measured by the Annexin V-fluorescein isothiocya-
nate (FITC)/propidium iodide (PI) kit (BD556547, BD
Bioscience, USA). Briefly, the U87 and U251 cells were
seeded into 6-well plates treated with saline, PX-478, SAS,
or PX-478 combined with SAS for 24 hours, and then, the
cells were collected and washed twice with cold PBS. Next,
the cells were resuspended in 1x binding buffer at a concen-
tration of 1 × 106 cells per ml and transferred 100μl of the
solution (1 × 105 cells) to a 5ml culture tube. Incubate with
5μl Annexin V-FITC and 10μl PI for 15min at (RT) 25°C
in the dark, and then, add 400μl of 1x binding buffer to each

tube. The results were analyzed using a FACS Calibur or an
EPICS XL flow cytometer (BD Biosciences).

2.10. TCGA Data Analysis. mRNA expression data from the
TCGA database was used to assess correlation between HIF-
1α and SLC7A11 expressions. The analyses were performed
using the online analysis software named cBioPortal (http://
www.cbioportal.org). We used whole-exome and/or whole-
genome sequencing of 257 tumor/normal pairs in glioma
(TCGA, Cell 2013) study [28].

2.11. Malondialdehyde (MDA) Assay. The relative MDA
concentration in cell lysate and tumor tissue was assessed
using an MDA Assay kit (BC0025, Servicebio, China)
according to the manufacturer’s instructions [29]. Measure
the absorbance at 532 nm using a microplate reader.

2.12. Subcutaneous Xenograft and Orthotopic Xenograft
Mouse Model. All experimental animal procedures were
conducted strictly by the Guide for the Care and Use of Lab-
oratory Animals and approved by the Animal Care and Use
Committee of the Shandong provincial hospital. The male
BALB/c nude mice were randomized and divided into 5
groups in a blinded manner, each group including six 4-
week-old nude mice. The animals were anesthetized by
intraperitoneal injection of 0.6% pentobarbital sodium,
70mg/kg, prior to intracranial injection. In the subcutaneous
xenograft model, the 1 × 106 U87 cells were subcutaneously
implanted in the right flanks of nude mice. At the second
week after injection, the control group was intraperitoneally
administered with DMSO; meanwhile, orally give saline
twice a day; SAS group was intraperitoneally administered
with SAS (8mg in 0.2ml saline twice daily); meanwhile,
orally give saline twice a day for two weeks; PX-478 group
was intraperitoneally administered with DMSO; meanwhile,
orally give PX-478 (100mg/kg) twice a day; PX478+SAS
group was intraperitoneally administered with SAS; mean-
while, orally give PX-478; PX-478+Lv-SLC7A11+SAS group
was subcutaneously implanted 1 × 106 Lv-SLC7A11-
transfected U87 cells and was intraperitoneally administered
with SAS; meanwhile, orally give PX-478. From the eighth
day of the experiment, tumor size was monitored by measur-
ing length (L) and width (W) with a Vernier caliper every 3
days. The volume of subcutaneous tumor was calculated
using the following formula: V = L ×W2/2. In addition, we
comprehensively evaluated the state of experimental animals
by observing their hair color, abdominal respiration, exter-
nal genitalia, claw and toe characteristics, etc. At day 23 after
implantation, subcutaneous tumors were collected, fixed
with 4% paraformaldehyde, and sectioned for measurement.
The largest subcutaneous tumor in mice was 9.6mm in
length, 8.7mm in width, and 363.3mm3 in volume.

In the orthotopic xenograft mouse model, each mouse was
intracranially injected with 1 × 105 luciferase-transfected U87
cells in 10μl PBS solution using a stereotactic head frame at
a depth of 3mm through a bur hole placed 2mm lateral and
2mm posterior to the bregma. At the second week after injec-
tion, mice received SAS and PX-478 treatment the same as
subcutaneous xenograft model for 2 weeks. In vivo tumor
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growth was monitored with a Xenogen IVIS Spectrum system
(PerkinElmer) every week after implantation.

Humane endpoints were established in our study are as
follows: (1) significant weight loss for 4 consecutive days;
(2) 20% less weight than before the study; (3) Inability to
eat or drink; (4) dyspnea: typical symptoms are mouth and
nose salivation and/or cyanosis; (5) persistent diarrhea,
treatment ineffective; (6) organ failure, respiratory distress;
and (7) animals are on the verge of death or unable to move,
or do not respond to gentle stimulation. We euthanized
the experimental animals by carbon dioxide inhalation
asphyxiation.

2.13. Lipid Peroxide Assay. Lipid peroxide level was analyzed
by flow cytometry using C11-BODIPY dye. The U87 and
U251 cells were seeded into 6-well plates at 3 × 105 cells
per well and treated with ferroptosis inducer SAS as well as
ferroptosis inhibitor ferrostatin-1 (HY-100579, MCE,
Shanghai, China). The culture medium was replaced with
1ml medium containing 10μM of C11-BODIPY (D3861,
Thermo Fisher Scientific, USA), and then, the cells were
incubated for 30min in a humidified incubator (at 37°C,
5% CO2). The media then were removed and washed cells
with PBS three times. For measurement using fluorescence
microscope, images were acquired with an ImageXpress
Micro Confocal (Molecular Devices, USA). For measure-
ment using flow cytometry, the cells were harvested in
15ml tubes and resuspended in 500μl of PBS. The cell sus-
pension was filtered through cell strainer (0.4μm nylon
mesh). The results were analyzed using a FACS Calibur or
an EPICS XL flow cytometer (BD Biosciences).

2.14. Transmission Electron Microscopy Assay. Transmission
electron microscopy analyses were conducted [30]. Briefly,
the U87 and U251 cells were seeded into 6-well plates at 3
× 105 cells per well and exposed to saline, PX-478, or Lv-
SLC7A11 combined with PX-478 for 24 h. After that, the
cells were collected, washed three times with PBS, and fixed
with 2.5% glutaraldehyde. The samples were then pretreated
according to standard procedures including staining, dehy-
dration, embedding, and slicing to obtain ultrathin sections.
During the analysis, images were acquired using a
HITACHIH-7000 transmission electron microscope (TEM;
Hitachi, Tokyo, Japan).

2.15. Statistical Analysis. Data were presented as mean
values ± standard deviation (SD) from at least three experi-
ments. Student’s unpaired t-test used to analyze the differ-
ences between two groups and one-way analysis of variance
(ANOVA) used for the comparison among three or more
groups were conducted using GraphPad Prism 8 (GraphPad
Software, CA, USA) and SPSS (IBM, NY, USA). We used
Student-Newman-Keuls (SNK) q test (n < 4) and least signifi-
cant difference (LSD) t-test (n > 4) to perform ANOVA post
hoc test. The correlation analysis was conducted using TCGA
database by cBioPortal (http://www.cbioportal.org/). Statisti-
cal analysis contained Spearman’s correlation analysis and
Pearson’s correlation analysis. P values less than 0.05 were
considered statistically significant (∗P < 0:05 and ∗∗P < 0:01).

3. Results

3.1. Hypoxia Protected Glioma Cells against SAS-Induced
Ferroptosis. Hypoxia (1% O2, 5% CO2, and 94% N2) is a cru-
cial factor contributing to the aggressive behavior of gliomas
[31]. We first explored cell viability at different concentrations
of SAS for 24h. We found that glioma cells in a hypoxic envi-
ronment became less sensitive to SAS (Figure 1(a)). The half-
maximal inhibitory concentrations (IC50) of the hypoxic U87
and U251 cells to SAS were significantly higher than that of
normoxic cells (Figure 1(b)). Furthermore, the lipid peroxida-
tion level was measured by flow immunolabeling using a C11-
BODIPY probe. The results showed that the high lipid perox-
idation level induced by SAS (500μM, 24h) was decreased
under hypoxia condition or by ferroptosis inhibitor Fer-1 (fer-
rostatin-1, 0.5μM, 24h) incubation (Figure 1(c)). Moreover,
we explored the effects of hypoxia and SAS on colony forma-
tion. We found that hypoxia and Fer-1 enhanced the colony-
forming ability of cells treated with 500μM SAS for 2 weeks
(Figure 1(d)). Together, these results suggest that hypoxic
environment decreased the sensitivity of glioma cells to SAS.

3.2. SLC7A11 Acted as a Potential Effector Molecule of
Hypoxia. To identify potential genes that play vital roles in
SAS resistance under hypoxic conditions, a ferroptosis pro-
filing qPCR array was employed by comparing hypoxic cells
and normoxic cells. Considering SAS would cause compen-
satory changes in many ferroptosis-related genes and ferrop-
tosis profiling qPCR array limited the target genes to a small
range, we choose to compare the gene changes between hyp-
oxic and normoxic cells. Each group was repeated four times
(Figure 2(a)). Heterogeneity of tumor cells resulted in
diverse qPCR array results between the U87 and U251 cells.
Considering that both cell lines showed decreased SAS sen-
sitivity, we detected genes that changed significantly in both
cell lines as potential targets. Three genes were identified as
follows: SLC7A11, STEAP3 metalloreductase (STEAP3),
and carbonic anhydrase 9 (CA9) (Figure 2(b)). Next, we
determined the protein expression levels of the three genes
over a series of time points by western blot. We found that
the expression of SLC7A11 significantly increased at 6 h,
the expression of STEAP3 significantly increased at 24 h,
and the expression of CA9 significantly decreased between
the 24th and 48th hours (Figure 2(c)).

Meanwhile, we explored the relationship between hyp-
oxia and SAS resistance over a series of time points in the
U87 and U251 cells. Durg resistance was measured by the
ratio (cells exposed to SAS (500μM, 24h)/cells exposed to
DMSO). We found that hypoxia for 6 hours could induce
a strong resistance to SAS (Figure 2(d)). Cell viability plot
at the second hour and the sixth hour of hypoxic treatment
in Figure S1A could clearly show that hypoxia for 6 hours
could induce a strong resistance to SAS. The time course
of SLC7A11 protein expression confirmed the trends of
enhanced SAS resistance but not the time course of
STEAP3 and CA9. To further verify SLC7A11 expression
rule, we assessed SLC7A11 protein location and expression
level via cellular immunofluorescence. The fluorescence
intensity of SLC7A11 protein in cells incubated under
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Figure 1: Continued.
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hypoxia for 6 hours was significantly higher than that in cells
incubated under normoxia, and the cell localization of
SLC7A11 protein did not change significantly (Figure 2(e)).
We conducted experiments to explore the SLC7A11
expression changes in patient samples (Figure S2A) and
TCGA database (Figure S2B). Taken together, SLC7A11
acted as a potential effector molecule of hypoxia. Thus, we
identified SLC7A11 as the target for further investigation.

3.3. Hypoxia Enhanced the Resistance to SAS via Increasing
SLC7A11 Expression. To investigate the role of SLC7A11 in
hypoxia-induced SAS resistance, we used SLC7A11 siRNA
to inhibit SLC7A11 gene expression in the U87 and U251
cells. Firstly, we analyzed the efficacy of SLC7A11 knock-
down (SLC7A11 KD). Western blot showed that siRNA
significantly inhibited SLC7A11 protein expression
(Figure 3(a)). The quantitative analysis results are shown
in Figure S3. The CCK-8 cell viability assay showed that
SLC7A11 knockdown could not influence the proliferation
rate of glioma cells (Figure 3(b)). Cytotoxicity experiments
showed that SLC7A11 knockdown could significantly
reverse the enhanced SAS resistance of the U87 and U251
cells induced by hypoxia (Figure 3(c)). The IC50 of
SLC7A11 knockdown cells was obviously lower than that
of scramble cells under hypoxic conditions, which
indicated that SLC7A11 knockdown could also reverse the
increased IC50 of SAS induced by hypoxia (Figure 3(d)).
Next, we explored whether SLC7A11 knockdown could
influence SAS resistance in colony formation assay. We

found that SLC7A11 knockdown reversed the enhanced
cellular colony formation induced by hypoxia when treated
with SAS (Figure 3(e)). In short, we identified SLC7A11 as
a vital regulator gene for the ferroptosis defense ability of
glioma cells under hypoxic conditions.

3.4. PI3K/AKT/HIF-1α Pathway Involved in the
Upregulation of SLC7A11 Induced by Hypoxia. Next, we
would further explore how hypoxia induced SLC7A11
upregulation. Hypoxia-inducible factor (HIF) controlled a
wide range of cell response to hypoxia, which included two
major HIF-α subunits, HIF-1α and HIF-2α [32]. HIF-1α
contributed more to the acute hypoxia-driven transcrip-
tional responses [17], and some researchers had reported
that HIF-1α was related to the SLC7A11 expression [33,
34]. To investigate the mechanism of SLC7A11 upregulation
under hypoxia, we employed HIF-1α inhibitor PX-478 and
HIF-2α inhibitor HIF-2α-IN-4. We found that treatment gli-
oma cells with PX-478 under hypoxia could significantly
reverse the enhanced ferroptosis resistance, but HIF-2α-
IN-4 could not (Figures 4(a) and 4(b)). We explored the
effects of PX-478 on the SLC7A11 expression. We found
that PX-478 markedly decreased HIF-1α and SLC7A11 pro-
tein levels (Figure 4(c)). The PI3K/AKT pathway was
reported to be the upstream of HIF-1α [35], which had been
reported to participate in the malignant progression of gli-
oma and was considered as an important regulator of ferrop-
tosis [36, 37]. Therefore, we hypothesized that the increased
SLC7A11 expression might be due to the activation of the
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Figure 1: Hypoxia enhanced resistance of glioma cells to SAS-induced ferroptosis. (a) Cell viability curves at different concentrations of SAS
for 24 h. Glioma cells under hypoxic environment became less sensitive to SAS. (b) Half-maximal inhibitory concentrations (IC50) were
calculated in each group. Hypoxic cells had an obvious higher IC50 to SAS. (c) Lipid peroxidation assessed in the U87 and U251 cells
after exposure to hypoxia, SAS, and Fer-1 by flow cytometry using C11-BODIPY. (d) Clone formation assay of cancer cells in the
absence or presence of SAS or Fer-1 under normoxia or hypoxia. The bar graph showed mean ± SD of 3 independent experiments.
∗P < 0:05 and ∗∗P < 0:01.
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Figure 2: Continued.
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PI3K/AKT/HIF-1α pathway. To prove our hypothesis, we
explored the protein changes in the PI3K/AKT/HIF-1α
pathway by western blotting. The results indicated that hyp-
oxia activated PI3K and phosphorylated AKT, HIF-1α, and
SLC7A11 expressions. Treatment with the AKT inhibitor,
MK-2206, significantly attenuated the expressions of p-
AKT, HIF-1α, and SLC7A11 (Figure 4(d)). The quantitative
analysis results are shown in Figure S4. We then analyzed
the public data and found that the expression of SLC7A11
was positively correlated with HIF-1α in 257 glioma tumor
samples [28] (Figure 4(e)).

3.5. HIF-1α Inhibitor PX-478 Induced Lipid Peroxidation in
Glioma Cells. Ferroptosis resistance can be induced by hyp-
oxia; lipid peroxidation underlies the mechanism of ferrop-
tosis [23]. We were determined to explore whether
suppression of HIF-1α could directly induce lipid peroxida-
tion in glioma cells. We utilized the C11-BODIPY probe and
observed that the HIF-1α inhibitor, PX-478 (20μM), signif-
icantly increased lipid peroxidation levels in glioma cells. To
determine whether SLC7A11, as a downstream effector of
HIF-1α, could reverse the lipid peroxidation induced by
PX-478, glioma cells were transfected with lentivirus that
overexpresses human SLC7A11 cDNA (PX-478+Lv-SLC7A11
group). As expected, lipid peroxidation levels decreased in the
PX-478+Lv-SLC7A11 group (Figure 5(a)). As depicted in
Figure 5(b), the ratios of C11-BODIPY+ cells in the PX-478
treatment group were 12.7% and 21.4% in the U87 and

U251 cell lines, respectively; those in the control group were
3.55% and 4.43%, respectively, thereby indicating that the lipid
peroxidation level after treatment with PX-478 was signifi-
cantly increased. Importantly, the combination of PX-478
and Lv-SLC7A11 resulted in a low lipid peroxidation level,
with C11-BODIPY+ cell ratios of 4.62% and 5.15% in the
U87 and U251 cells, respectively. Furthermore, we confirmed
this by measuring malondialdehyde (MDA), a product of
lipid-oxidized damage. The results showed that the lipid-
oxidized damage level was increased after treatment with
PX-478 and reversed in the presence of Lv-SLC7A11
(Figure 5(c)). Transmission electron microscopy revealed that
PX-478-treated cancer cells exhibited shrunken mitochondria
with enhanced membrane density, which are morphologic
features of ferroptosis. The black arrays represent normal
mitochondria. White arrays represent shrunken and high
membrane density mitochondria. SLC7A11 overexpression
reversed this effect (Figure 5(d)). We then studied the poten-
tial role of PX-478- in SAS-induced ferroptosis under normo-
xic condition. We found that treatment with PX-478 alone
could not cause cell death, which suggested that a modest
degree of lipid peroxidation induced by PX-478 did not
directly lead to cell death. We examined the combined effects
of SAS and PX-478. The results indicated that the combined
medication had a significantly higher cell death rate than
SAS alone, as revealed by flow cytometry analysis and TUNEL
staining, while SLC7A11 overexpression blocked the cytotoxic
effect (Figures 5(e) and 5(f)).

U87

Hypoxia 1%O2 0 h
DAPI

SLC7A11

10 𝜇m 20 𝜇m

6 h 24 h

U251

(e)

Figure 2: SLC7A11 was screened out as a potential effector molecule of hypoxia. (a) Ferroptosis-related qPCR array of normoxia and
hypoxia identified several differentially expressed genes in the U87 and U251 cells. (b) The volcano map of differentially expressed genes
depicted by difference degree and P value. SLC7A11, STEAP3, and CA9 were picked out. (c) Protein expression level of SLC7A11,
STEAP3, and CA9 over a series of time points measured by western blot. SLC7A11 protein expression increased significantly at the sixth
hour under hypoxia. (d) SAS resistance was measured by the ratio (cells exposed to SAS (500 μM, 24 h)/cells exposed to DMSO). Glioma
cells under hypoxic environment for at least 6 hours showed stronger SAS resistance. (e) Cell immunofluorescence showed that the
fluorescence intensity of SLC7A11 protein in cells incubated under hypoxia for 6 hours was significantly higher than that in cells
incubated under normoxia. The bar graph showed mean ± SD of 3 independent experiments. ∗P < 0:05 and ∗∗P < 0:01.
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3.6. PX-478 Enhanced the Anticancer Activity of SAS In Vivo.
To further investigate the role of PX-478 in promoting SAS
sensitivity in vivo, we established subcutaneous and orthoto-
pic xenograft mouse models of glioma. In both models, SAS
(8mg in 0.2ml saline twice daily) was intraperitoneally
injected twice a day and PX-478 (100mg/kg) was orally
administered twice a day for 2 weeks. The detailed experi-
mental process is presented in Material and Methods. Com-
pared with the control group (intraperitoneal injection
DMSO and oral given saline), the SAS group (intraperito-
neal injection SAS and oral given saline) exhibited a certain
degree of anticancer effect, but not the PX-478 group (intra-
peritoneal injection DMSO and oral given PX-478). The
combination group (intraperitoneal injection SAS and oral
given PX-478) had significantly better anticancer activity
than the SAS group. However, the Lv-SLC7A11 group
(implant with SLC7A11 overexpression cells, intraperitoneal
injection SAS, and oral given PX-478) showed no anticancer
effect, as measured by tumor volume, tumor weight, mice
body weight, and tumor tissue MDA in the subcutaneous
xenograft model (Figures 6(a)–6(e)). Similar results were
obtained in the orthotopic xenograft model, as measured
by luciferase activity (Figures 6(f) and 6(g)). The overall sur-
vival of the combination group was also higher than that of
the SAS group (Figure 6(h)). Furthermore, histological anal-
ysis indicated that the PX-478 and combination groups
exhibited weaker immunoreactivity for SLC7A11; Lv-
SLC7A11 could efficiently increase SLC7A11 expression

(Figure 6(i)). Collectively, PX-478 had very little therapeutic
effect on glioma; however, it greatly enhanced the anticancer
effect of SAS in both subcutaneous and orthotopic xenograft
mouse models.

4. Discussion

The global incidence of glioma continues to increase along
with the aging of the world’s population; glioblastoma
remains at a very low 5-year overall survival rate (6.8%)
[38]. Tumor cells can develop resistance to various drugs
during the therapy process, including ferroptosis-based
drugs [39, 40]. In recent years, therapies underlying ferrop-
tosis have attracted much attention with high expectations
[41]. Hypoxia is correlated to the drug resistance of solid
tumors. Alleviation of hypoxia is expected to sensitize the
ferroptosis inducers toward solid tumors [42]. This study
shows that hypoxia could enhance glioma resistance to
SAS-induced ferroptosis. Therefore, a better understanding
of the mechanism underlying SAS resistance may benefit
ferroptosis-targeted treatment. We found that one of the
most important underlying mechanisms of SAS resistance
at the hyperacute phase of hypoxia is the upregulation of
SLC7A11. SLC7A11, STEAP3, and CA9 are common genes
that have changed significantly in both the U87 and U251
cell lines by PCR array. CA9 and STEAP3 have been
reported to be important regulators of ferroptosis under
hypoxia [43, 44]. CA9 has an intimate association with
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Figure 3: Hypoxia promoted SAS resistance via increasing SLC7A11 expression. (a) SLC7A11 protein expression level. SLC7A11
knockdown can significantly inhibit the protein expression level. (b) The growth curves were examined using a CCK-8 assay. SLC7A11
knockdown did not influence the cell proliferation rate of glioma cells. (c) Cell viability curves at different concentrations of SAS for
24 h. SLC7A11 knockdown could reverse the enhanced SAS resistance induced by hypoxia. (d) The IC50 of SAS in SLC7A11 knockdown
group was obviously low than that of scramble group under hypoxic or normoxic condition. (e) Clone formation assay of cancer cells in
the absence or presence of SAS for 2 weeks. SLC7A11 knockdown could reverse the enhanced cell colony formation ability induced by
hypoxia. The bar graph showed mean ± SD of 3 independent experiments. ∗P < 0:05 and ∗∗P < 0:01.
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Figure 4: Continued.
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hypoxia and redox regulation [43]. Through western blot
detection, we found that CA9 did not show its function in
the hyperacute phase of hypoxia. We speculate that it may
play a role in the chronic phase of hypoxia, which is also
of great interest to us. STEAP3 increases sensitively to fer-
roptosis by regulating the p53/SLC7A11 pathway [44].
Namely, SLC7A11 played a central role in the hyperacute
phase of hypoxia at least in the U87 and U251 cells, while
CA9 and STEAP3 did not; and SLC7A11 was expressed sta-
bly in different types of cells and was considered as the most
crucial gene at the hypoxia hyperacute phase.

The PI3K/AKT signaling pathway plays a central role in
cell survival [37]. The allosteric AKT inhibitor, MK2206, has
been reported to decrease tumor growth and enhance the
antitumor efficacy of chemotherapeutic agents [45, 46]. We
found that hypoxic activation of the PI3K/AKT/HIF-1α axis
was essential for the upregulation of SLC7A11. Both the
AKT inhibitor, MK-2206, and HIF-1α inhibitor PX-478, sig-
nificantly inhibited SLC7A11 expression under hypoxic con-
ditions. These results suggested that the upregulation of
SLC7A11 induced by hypoxia was dependent on the activa-
tion of the PI3K/AKT/HIF-1α axis.
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Figure 4: Hypoxia promoted SLC7A11 expression via PI3K/AKT/HIF-1α pathway. (a) Cell viability curves at different concentrations of
SAS for 24 h. PX-478 can reverse the enhanced SAS resistance induced by hypoxia. (b) The IC50 of SAS in hypoxia with PX-478 group
was obviously low than that of hypoxia group. The bar graph showed mean ± SD of 3 independent experiments. (c) Protein expression
level of HIF-1α and SLC7A11 influenced by oxygen content and HIF-1α inhibitor PX-478 measured by western blot. PX-478 markedly
decreased HIF-1α and SLC7A11 protein levels. (d) Protein expression level of PI3K, AKT, p-AKT, HIF-1α, and SLC7A11 influenced by
oxygen content and AKT inhibitor MK-2206 measured by western blot. AKT inhibitor MK-2206 along with hypoxia attenuated the
expression level of p-AKT, HIF-1α, and SLC7A11. (e) The relationship between HIF-1α and SLC7A11 expression level in TCGA.
SLC7A11 was positively correlated with HIF-1α in 257 glioma tumor samples. ∗P < 0:05 and ∗∗P < 0:01.
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Clinical studies have demonstrated that the tumor hyp-
oxic microenvironment is associated with poor prognosis
in patients. Especially in advanced metastatic cancer, a hyp-
oxic environment is often established, which plays an impor-
tant role in cancer evolution [5]. In a hypoxic environment,
activated HIF-1α promotes cancer migration in multiple

ways, such as promoting EMT-related signaling, regulating
the alignment of collagen fibers, and mediating the leakage
and compression of blood and lymphatic vessels [47–49].
In recent years, the contribution of hypoxia to tumor ther-
apy especially specific targeting of HIFs has been observed
in a wide range of neoplastic cells [5]. In this study, we found
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Figure 5: PX-478 induced lipid peroxidation in the U87 and U251 cells. (a, b) Lipid peroxidation assessment in U87 and U251 cells after
exposure to DMSO, PX-478, or PX-478+Lv-SLC7A11 measured by fluorescence microscope (a) and flow cytometry (b). (c) Quantitative
analysis of the expression levels of MDA in the U87 and U251 cells after exposure to DMSO, PX-478, or PX-478+Lv-SLC7A11. MDA
increased after treating with PX-478 and reversed in the presence of Lv-SLC7A11. (d) Transmission electron microscopy images of the
U87 and U251 cells after exposure to DMSO, PX-478, or PX-478+Lv-SLC7A11. PX-478-treated cancer cells exhibited shrunken
mitochondria with enhanced membrane density. Black arrow: normal mitochondria; white arrow: shrunken and high membrane density
mitochondria. Quantitative analysis of mitochondrial length was listed on the right. (e, f) Cell apoptosis was detected by flow cytometry
(e) and TUNEL fluorescence staining (f) in the U87 and U251 cells after exposure to DMSO, PX-478, SAS, PX-478+SAS, and PX-478
+Lv-SLC7A11+SAS. The bar graph showed mean ± SD of 3 independent experiments. ∗P < 0:05 and ∗∗P < 0:01.
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new evidence about the relationship between hypoxia and
ferroptosis, which is a potential therapeutic target in can-
cer therapy. Our research concluded that hypoxia-
regulated SLC7A11 expression through PI3K/AKT path-
way may provide a theoretical basis for clinical trials to
help improve treatment outcomes. PX-478 had an antitu-
mor effect with fewer side effects; it could penetrate the
blood-brain barrier; however, its sole effect was limited
[50]. As a result, scientists have paid much attention to
its synergetic effect, including its combination with radio-
therapy or immunotherapy [51, 52]. Radiotherapy and
immunotherapy are related to ferroptosis [53, 54]. Given
that HIF-1α regulates the ferroptosis core gene, SLC7A11,
we hypothesized that PX-478 played a vital role in pro-
moting ferroptosis by inhibiting SLC7A11 expression. We
found that cells treated with PX-478 exhibited higher lipid
peroxidation levels following C11-BODIPY staining. We
also found deeply stained and shrunken mitochondria on
transmission electron microscopy. The TME is character-
ized by regional hypoxia [55]. Therefore, we hypothesized
that regional hypoxia in the TME in vivo would

strengthen HIF-1α/SLC7A11 axis-regulated SAS resistance.
We used subcutaneous and orthotopic xenograft mouse
models to test the function of PX-478 in SAS therapy.
Ideal experimental results were obtained; data showed that
PX-478 can effectively decrease SLC7A11 expression in
tumor tissue and promote the anticancer effect of SAS.
With respect to how HIF-1α regulated SLC7A11, we per-
formed ChIP with an anti-HIF-1α antibody and designed
three pairs of primer to test whether HIF-1α can bind to
the SLC7A11 promoter but did not obtain positive result.
So, the regulatory mechanism of HIF-1α on SLC7A11
may be not direct transcriptional regulation, which may
be a complicated process. Some researchers found HIF-
1α/SLC7A11 pathway affected liver fibrosis through the
mechanism of ferroptosis, but they did not explore the
regulatory mechanism [34]. Another team of researchers
found that HIF-1α improved the stability of SLC7A11
mRNA through lncRNA-PMAN, which may be an impor-
tant mechanism of HIF-1α regulating SLC7A11 [33].
There may be other regulatory mechanisms which need
further research.
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To the best of our knowledge, we first found that PX-478
could induce increased lipid peroxidation level and promote
the anticancer effect of SAS in glioma. As for the mecha-
nism, many factors could influence the activation and trans-
location of HIF-1α including growth factors, ROS, and
various protein signaling pathways, which suggested that
HIF-1α played vital roles not only under hypoxia [56].
HIF-1α also regulated SLC7A11 expression under normoxia
[33, 34]. We found that the phenotype could be blocked
by SLC7A11 overexpression, which indicated that the key
effector under normoxia was SLC7A11. Additionally, this
is the first study to uncover the relationship between the
PI3K/AKT/HIF-1α pathway and ferroptosis. Beside PI3K/
AKT/HIF-1α pathway, many other pathway also contrib-
uted to SLC7A11 expression. However, the pathways
related to SLC7A11 expression were not related to hypoxia
induction directly in glioma [57]. We first suggested that
the combination of SAS and PX-478 had a good antican-
cer effect. Shortcoming of this study was that we did not
test for other ferroptosis-related therapies and other HIF-
1α inhibitory methods. In conclusion, we demonstrated
that glioma resistance to SAS-induced ferroptosis was
enhanced by hypoxia, owing to the activation of the
PI3K/AKT/HIF-1α pathway and promotion SLC7A11
expression (Figure 7). A preprint has previously been pub-
lished [58]. We demonstrated that PX-478 and SAS had a
coordinated synergistic effect on anticancer activity, both
in vitro and in vivo. Future studies should include other
kinds of ferroptosis-related therapies to evaluate whether
PX-478 not only promotes SAS action but also those of
others that are sufficiently effective and safe for the treat-
ment of human tumors.
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Nonalcoholic steatohepatitis (NASH) is a chronic and progressive disease whose treatment strategies are limited. Although
time-restricted feeding (TRF) is beneficial for metabolic diseases without influencing caloric intake, the underlying
mechanisms of TRF action in NASH and its efficacy have not yet been demonstrated. We herein showed that TRF
effectively alleviated NASH, producing a reduction in liver enzymes and improvements in liver pathology. Regarding the
mechanisms by which TRF mitigates NASH, we ascertained that TRF inhibited ferroptosis and the expression of the
circadian gene Per2. By adopting a hepatocyte-specific Per2-knockout (Per2△hep) mice model, we clarified the critical role
of Per2 in exacerbating NASH. According to the results of our RNA-Seq analysis, the knockout of Per2 ameliorated
NASH by inhibiting the onset of ferroptosis; this was manifested by diminished lipid peroxidation levels, decreased mRNA
and protein levels for ferroptosis-related genes, and alleviated morphologic changes in mitochondria. Furthermore, using a
ferroptosis inhibitor, we showed that ferroptosis significantly aggravated NASH and noted that this was likely achieved by
regulation of the expression of peroxisome proliferator activated receptor (PPAR)α. Finally, we discerned that TRF and
hepatocyte-specific knockout of Per2 promoted the expression of PPARα. Our results revealed a potential for TRF to
effectively alleviate high-fat and high-fructose diet-induced NASH via the inhibition of Per2 and depicted the participation
of Per2 in the progression of NASH by promoting ferroptosis, which was ultimately related to the expression of PPARα.

1. Introduction

Nonalcoholic steatohepatitis (NASH), a progressive form of
nonalcoholic fatty liver disease (NAFLD), is a chronic and
progressive disease characterized by accumulated liver fat,
hepatocyte injury, and inflammatory infiltration [1, 2]. The
advent of fast-paced lifestyles and high-calorie diets has
enhanced the incidence rate of metabolic diseases [3, 4],
contributing to an increased incidence rate of NAFLD. Epi-
demiologic studies have indicated that the global incidence
rate of NAFLD is nearly 25%, and this contributes to the
increasing prevalence of NASH [5]. NASH eventually
increases the risk of developing end-stage liver disease and

places a great burden on society as a whole [3, 4]. There is
therefore an acute need for the elucidation of definitive path-
ogenesis and effective treatment concerning NASH.

Lifestyle modifications—for example, reducing calorie
intake or increasing exercise—constitute the core of NASH
therapy; although time-restricted feeding (TRF) is consid-
ered to exert some effects on NASH [6, 7], their efficacy
and underlying pathophysiologic mechanisms of action
remain unclear. TRF refers to regular intermittent calorie
control, implying that food intake remains restricted to fixed
hours without deliberately reducing calorie intake, while
during other hours of the day, food is not made available.
Clinical research has shown that intermittent fasting (also
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described as TRF) is an effective strategy for weight loss and
metabolic-index improvement [8, 9]. While exploring the
mechanism of TRF action in metabolic disease, some animal
studies showed that TRF protected against weight gain and
improved glucose tolerance and lipid metabolism [6, 10].
Furthermore, TRF also protected mice from liver steatosis
and damage, without influencing the total calorie intake,
when they were fed a high-fat diet [6]. These researchers
subsequently ascertained that TRF restored the expression
of the circadian genes [6], suggesting the possibility that
the effectiveness of TRF was achieved by regulating the
expression of such genes.

A pivotal role of the circadian clock in the pathogenesis
and progression of NASH has been investigated in recent
years [11, 12]. Per2, a member of the circadian gene family,
is important in modulating the circadian rhythm and the
expression of other circadian genes [13, 14]. Previous studies
revealed that mice lacking the Per2 gene or the functional
Per2 protein exhibited reductions in body weight, total
plasma triacylglycerol, and plasma glucose levels [15,
16]—indicating an important role for Per2 in the metabo-
lism of glucose and fat. Considering that TRF influences
the expression of circadian genes [6], we hypothesized that
the beneficial effects of TRF were achieved by regulating
the Per2 gene. However, whether Per2 participates in NASH
and its underlying mechanisms are not clear.

Ferroptosis, a newly uncovered form of cell death, is a
type of regulated cell death characterized by iron-
dependent accumulation of lipid peroxidation (LPO) [17],
which is also related to the pathogenesis and progression
of NASH. In addition to its effects on cancer and stroke
[18, 19], the ferroptosis is reported to be crucial in triggering
inflammation [20, 21] as well as promoting the formation of
lipid droplets in NASH [20]. In 2019, researchers demon-
strated the promotion of ferroptosis after autophagic degra-
dation of certain circadian genes [22], indicating that
ferroptosis might be regulated by such genes.

The family of peroxisome proliferator-activated recep-
tors (PPARs) is significant in regulating body fat and energy
metabolism and is reported to occupy a critical position in
the progression of NASH [23, 24]. Regarding the subtypes
of PPARs, previous investigators reported that PPARα and
PPARγ were directly or indirectly regulated by the Per2
[15, 25] and that the activity of PPARα might influence sus-
ceptibility to ferroptosis [26]. The aforementioned observa-
tions suggested a possible relationship between Per2,
ferroptosis, and PPARs in the pathophysiology of NASH.

We therefore herein intended to investigate the efficacy
and mechanisms by which TRF alleviated NASH, the rela-
tionship between Per2 and ferroptosis, and the mechanism
by which Per2 and ferroptosis participated in NASH.

2. Materials and Methods

2.1. Animals and Diets. This animal experiment was
approved by the Ethics Committee for Animal Experimenta-
tion (IACUC number 2818), and all animals received
humane care in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals

(NIH Publications No. 8023, revised, 1978). Male white-
type C57BL/6J mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd., and the Per2
double-floxed mice were generated at GemPharmatech Co.,
Ltd. on a C57BL6J background. An AVV8-TGB-iCre vector
(Wuhan Qijing Biotechnology Co., Ltd., China) was injected
intravenously (iv) into the tails of Per2 double-floxed mice
to generate hepatocyte-specific Per2-knockout (Per2△hep)
mice, while the AVV8-TGB- MCS-wpre vector (Wuhan Qij-
ing Biotechnology Co., Ltd., China) was also tail injected iv
into Per2 double-floxed mice to generate the controls
(Per2fl/fl). After acclimating to their experimental environ-
ment with a normal chow diet for one week, the aforemen-
tioned mice (age 8 weeks) were raised for 16 weeks in a
12 h light/12 h dark cycle on a high-fat and high-fructose
diet (HFHFD) (Research Diets Inc., USA) or a normal chow
diet, in which lights-on was referred to as ZT0/24 and lights-
off as ZT12. RT-qPCR and western immunoblotting analy-
ses were executed to identify the genotypes of the animals.

Some of the C57BL/6J mice were randomly allocated to
four groups: ad libitum access to HFHFD (FA) (n = 8),
access from ZT13 to ZT23 to an HFHFD (FT) (n = 10), ad
libitum access to a chow diet (NA) (n = 10), and access from
ZT13 to ZT23 to a chow diet (NT) (n = 10). Another group
of C57BL/6J mice was used to identify the role of ferroptosis
and was randomized into two subgroups: ad libitum access
to HFHFD accompanied by liproxstatin-1 (Lip-1) (Med-
ChemExpress, USA) injection (FA+Lip-1) and mice pro-
vided the appropriate vehicle (FA+Veh) for the last four
weeks. Lip-1 was dissolved in PBS with a small amount of
DMSO and administered via intraperitoneal (ip) injection
to mice at a dosage of 10mg per kg per day [27, 28]. The
Per2△hep and Per2fl/fl mice were fed an HFHFD ad libitum
from the beginning of the experiment.

2.2. Sample Collection. After 16 weeks of HFHFD or normal
chow diet feeding, the mice were fasted from ZT0 and sacri-
ficed at ZT8 to ZT10, and blood and liver tissue were col-
lected. The blood was stored in a refrigerator at 4°C for
12 h. After centrifugation at 3000 rpm for 10–15min, the
serum was collected and stored at −80°C for further analyses.
The liver tissues obtained from the mice were cut into small
pieces and immediately frozen in liquid nitrogen and stored
at −80°C for further analyses.

2.3. Glucose Tolerance Testing. For mice in the FA+Lip-1
and FA+Veh groups, we adopted an ip glucose tolerance test
(IPGTT) [29, 30] the day before the mice were sacrificed to
fully reflect the influence of Lip-1 on glucose metabolism.
For the other mice, the IPGTT was performed at week 12
of the experiment. All mice were fasted for 10h (from
ZT23 to ZT9), and the IPGTT was conducted as follows
according to a previous study [30]. We retrieved a second
drop of blood from the tails, measured glucose concentra-
tions (0min) with a Portable Blood Glucose Meter (Johnson
& Johnson, USA), and simultaneously injected a glucose
solution (20%, 2 g per kg) ip into the mice. We then mea-
sured glucose concentrations using the same method as
above at 30, 60, 90, and 120min after glucose injection.
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The mice were fasted during the experiment but had free
access to water.

2.4. Analysis of Serum Biochemical Indices. Serum levels of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total cholesterol (TC), triglycerides (TGs), free fatty
acids (FFAs), and iron were determined by commercial kits
(Nanjing Jiancheng Bioengineering Institute, China) follow-
ing the manufacturer’s protocols.

2.5. Analysis of Liver Biochemical Indices. We removed the
liver pieces that were frozen at −80°C and generated a liver
homogenate (10%). The homogenate was centrifuged to
obtain the supernatant, and the liver concentrations of TC,
TG, FFA, iron, malondialdehyde (MDA), and glutathione
(GSH) were assessed with commercial kits (Nanjing Jian-
cheng Bioengineering Institute, China) following the manu-
facturer’s protocols. The data were then normalized to
protein concentration.

2.6. Pathologic Examination of the Liver. Liver samples were
fixed in 4% paraformaldehyde for 24h, paraffin-embedded,
sectioned at 5μM, and stained with hematoxylin and eosin
(H&E) (Baso, China) and Sirius red (Solarbio, China). Other
portions of the samples were fixed in optimal cutting tem-
perature compound (OCT) (SAKURA, Japan) and frozen
immediately in liquid nitrogen. After cutting the samples
at 10μM, oil red O (Solarbio, China) staining was used to
assess steatosis. All slices noted above were observed under
an Olympus optical fluorescence microscope (Olympus Cor-
poration, Japan).

2.7. Scoring of NAFLD Activity Score (NAS) and Fibrotic
Stage. The NAS score (which ranged from 0 to 8) was calcu-
lated according to a previous study [31, 32] upon evaluation
of H&E-stained sections; and the sum of the scores for stea-
tosis (0-3), lobular inflammation (0-3), and hepatocyte bal-
looning (0-2) was considered the NAS score, with a
score ≥ 5 strongly indicating NASH. The fibrotic stage was
also evaluated according to a previous study and ranged
from 0 to 4 [31].

2.8. RNA Sequencing. RNA-Seq experiments and data analy-
sis were performed using fresh-frozen liver tissues from the
FA+Veh and FA+Lip-1 mice (n = 3 per group) or Per2△hep

and Per2fl/fl mice (n = 3 − 4 per group). After total RNA
was extracted and quantified, RNA sequencing was imple-
mented using an Illumina Novaseq 6000 sequencer [33] to
obtain the raw data.

To ensure the accuracy of subsequent biological infor-
mation analysis, the raw sequenced data were filtered by
removing the linker sequence, low-quality reads, and reads
with N to obtain clean data for subsequent analysis. The
clean data were mapped to the genotype of Mus musculus
to obtain comprehensive transcript information using STRA
software (version 2.5.3a) [34]. We employed FeatureCounts
[35] to retrieve the reads that mapped to the exonic regions
and calculated the reads per kilobase of transcript per mil-
lion reads mapped (RPKMs) [36] with the edgeR package

(version 3.12.1) [37] to obtain the expression levels of the
differential genes (DEGs).

The DEGs were identified with an absolute value of
logFC > 1 and a P value < 0.05. A gene expression heatmap
was obtained by the hierarchical clustering method, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis and Gene Ontology (GO) analysis were
applied using KOBAS software (version: 2.1.1) [38] to attain
the biological meaning and function of the genes. A P value
< 0.05 indicated statistically significant enrichment. RNA-
Seq experiments and data analyses were performed by the
Wuhan Seqhealth Technology Co., Ltd.

2.9. Transmission Electron Microscopy (TEM). The examina-
tion of electron microscopic images was as previously
reported [20]. Fresh liver sections were fixed in 2.5% glutar-
aldehyde (Servicebio, China) at 4°C for four hours, washed
three times with phosphate-buffered saline (PBS, Servicebio,
China) for 15min each, and subsequently fixed with 1%
OsO4 in 0.1mol/L PBS at room temperature for two hours.
After dehydration and penetration, the liver sections were
embedded in epoxy resin. Thin slices were cut on an ultra-
microtome (Leica, Germany) and stained with lead citrate
and 2% uranyl acetate, and TEM was used to procure
images.

2.10. Fluorescence Staining. Frozen sections of liver sections
were rewarmed and subsequently fixed in 4% paraformalde-
hyde. After washing in PBS, 0.2% Triton X-100 was used for
10min, followed by 10min of PBS washing. The sections
were then incubated with C11-Bodipy (5μmol/L, Invitrogen,
USA) at 37°C for 30min and washed in PBS [20]. Finally, the
cellular nuclei were stained with 4′,6-diamidino-2′-phenyl-
indole (DAPI, Servicebio, China) for 10min, and images
were observed with an Olympus optical fluorescence micro-
scope (Olympus Corporation, Japan).

2.11. Real-Time Polymerase Chain Reaction (RT-qPCR) and
Western Immunoblot Analysis. After total RNA was
extracted and reverse-transcribed to cDNA, we performed
RT-qPCR, and the fold change in mRNA expression was
calculated with the 2−ΔΔCt method [39] and compared
using Student’s t tests (the primers are depicted in
Table 1). Total tissue proteins were extracted and dena-
tured, and a PG-112 PAGE gel (10%, Epizyme Biomedical
Technology Co., Ltd., China) was exploited separate the
proteins. A PVDF membrane (Merck Millipore Ltd.,
USA) was adopted to transfer the proteins and was cut into
pieces according to the molecular weights of the target pro-
teins. We incubated membranes with the primary anti-
bodies against Per2 rabbit mAb (ABclonal, China), Acsl4
rabbit mAb (ABclonal, China), Gpx4 mouse mAb (Protein-
tech, USA), Tfr1 rabbit pAb (ABclonal, China), PPARα
mouse mAb (ABclonal, China), and PPARγ rabbit PAb
(ABclonal, China) and utilized the secondary antibodies
(AntGene, China) to detect the primary antibodies. The
target proteins were ultimately visualized using a chemilu-
minescence kit (Vazyme, China).
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2.12. Statistical Analysis. All experimental data are pre-
sented as mean ± standard error, and the data were analyzed
with IBM SPSS 23. We adopted a one-way analysis of vari-
ance (ANOVA) and post hoc testing with least significant
difference (LSD) or Dunnett’s T3 tests (according to the
homogeneity of variance observed) to identify differences
among three or more independent groups [40, 41]. An
independent sample t test was executed to determine the
differences between the two independent groups. The fig-
ures in this experiment were created using GraphPad Prism
6.0 software. A P value < 0.05 indicated statistically signifi-
cant differences.

3. Results

3.1. TRF Alleviates HFHFD-Induced NASH.We fed C57/BL6
J mice an HFHFD for 16 weeks to formulate a NASH model
(the FA group), and a normal chow diet was used for the
controls (NA group). To explore the effectiveness of TRF
in the treatment of NASH, we fed TRF-treated mice with
HFHFD for 10 h (from ZT13 to ZT23) per day (FT groups),
with the FA group serving as a control. At last, we measured
metabolic indices, liver injury markers, and liver pathologic
findings of mice in the NA, NT, FA, and FT groups.

We found that mice in the FA group developed NASH
with significant weight gain; high serum glucose; high con-
centrations of TG, TC, and FFA in their serum; and high
concentrations of TG and TC in their livers (Figures 1(a)–
1(d)). Regarding liver injury markers, the levels of ALT
and AST were also increased in the FA group (Figure 1(e)).
Compared with the FA group, the TRF strategy significantly
lowered the body weight; reduced the serum levels of TG, TC,
and FFA and liver concentrations of TG and TC; decreased

the ALT and AST levels; and improved the glucose tolerance
without affecting food intake (Figures 1(a)–1(e) and S1A).

In addition to the improvement in liver enzymes and
metabolic indices in the NASH mice, TRF also signifi-
cantly alleviated the liver injury induced by HFHFD. Our
results revealed that mice in the FA group developed sig-
nificant steatosis, inflammation, and fibrosis with a higher
NAS score and that these changes were significantly
reduced in the FT group (Figures 1(f) and S1B–C). Fur-
thermore, RT-qPCR showed that the expression of tumor
necrosis factor- (Tnf-) α was elevated in the FA group and
reduced in the FT group, confirming a reduction in overall
inflammation (Figure S1D). These data showed that TRF
effectively attenuated NASH with an improvement in
pathologic findings, liver-injury markers, and metabolic
indices.

3.2. TRF Reverses the Overexpression of the Circadian Gene
Per2 in NASH Mice. Earlier studies reported that the effect
of TRF in metabolic disorders might be achieved by restor-
ing the expression of circadian genes [6]. To verify this
hypothesis, we implemented RT-qPCR and measured the
expression of circadian rhythm-related genes. Our results
showed that the expression of circadian genes such as
Bmal1, Clock, Rev-Erbα, Per2, and Per1 increased in the
FA group, and the strategy with TRF reduced the expression
of the aforementioned circadian genes (Figure 2(a)).

Per2 is an indispensable gene in the modulation of circa-
dian rhythm [13, 14] and participates in lipid and glucose
metabolism [15, 16], thus attracting our attention. We there-
fore analyzed Per2 protein levels to identify the relationship
between TRF and the Per2 gene. By applying western blot-
ting, we ascertained that the protein levels of Per2 were

Table 1: The primers used in this article.

Gene primers Forward (5′-3′) Reverse (5′-3′)
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA

Tnf-α AGGGACCTCTCTCTAATCAG TGGGAGTAGATGAGGTACAG

IL-6 GAAATGATGGATGCTACCAAACTG GACTCTGGCTTTGTCTTTCTTGTT

IL-1β TTGTTGATGTGCTGCTGTGA TGTGAAATGCCACCTTTTGA

Per1 GGTTCAGGATCCCACGAAG AAGAGTCGATGCTGCCAAAG

Per2 CACACTTGCCTCCGAAATAACTC AGCGCACGGCTGTCTGA

Bmal1 AACCTTCCCGCAGCTAACAG AGTCCTCTTTGGGCCACCTT

Clock GGCGTTGTTGATTGGACTAGG GAATGGAGTCTCCAACACCCA

Rev-erbα TGGCCTCAGGCTTCCACTATG CCGTTGCTTCTCTCTCTTGGG

Acsl4 CTCACCATTATATTGCTGCCTGT TCTCTTTGCCATAGCGTTTTTCT

Gpx4 GCCTGGATAAGTACAGGGGTT CATGCAGATCGACTAGCTGAG

Aifm2 TTACAAGCCAGAGACTGACCAA ACAAGGCCTGTCACTGAAGAG

Ptgs2 TGAGCAACTATTCCAAACCAGC GCACGTAGTCTTCGATCACTATC

Irp1 AGAACCCATTTGCACACCTTG AGCGTCCGTATCTTGAGTCCT

Irp2 CTGCTATGAGGGAGGCAGTG TGCAGGGAAGCTTCTTAGGC

Tfr1 TCCTGTCGCCCTATGTATCT CGAAGCTTCAAGTTCTCCACTA

Tfr2 TTGGGGTCTACTTCGGAGAGT GACAGGAGCCTAAGTGCTCAG

Slc40a1 ACCAAGGCAAGAGATCAAACC AGACACTGCAAAGTGCCACAT
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Figure 1: TRF alleviates HFHFD-induced NASH. (a) Body weights of mice measured at 0, 4, 8, 12, and 16 weeks in the present
experiment; ∗FA vs. FT and #FA vs. NA. (b) An IPGTT test was performed at the end of 12 weeks, and the corresponding area
under the curve was calculated to assess differences among the four groups; ∗FA vs. FT and #FA vs. NA. (c, d) Serum and liver
TG, TC, and FFA levels are depicted to demonstrate lipid concentrations in the various groups. (e) Serum ALT and AST were
measured to evaluate the levels of liver injury. (f) Pathologic findings in liver sections. Liver paraffin sections were stained with
H&E (original magnification, 200x; scale bar, 100μm), oil red O (original magnification, 400x; scale bar, 50 μm), and Sirius red
(original magnification, 100x; scale bar, 200μm) to determine the levels of steatosis, inflammation, and fibrosis. Data are presented
as mean ± SEM. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, ∗∗∗∗P < 0:0001, ##P < 0:01, ###P < 0:001, and ####P < 0:0001; ns: not significant
(also refer to Figure S1).
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elevated in the FA group and that TRF effectively inhibited
the expression of the Per2 gene (Figure 2(b)).

3.3. TRF Suppresses the Ferroptosis in NASH Mice. Ferropto-
sis is reported to play an important role in the pathogenesis
of NASH [20, 21]. Since TRF alleviated NASH, we intended
to explore the role of TRF in ferroptosis. As we noted above,
the ferroptosis is characterized by the accumulation of LPO
and iron [17], alterations in mitochondrial morphology,
and an elevated expression of some ferroptosis-related genes.
We therefore examined the following components.

First, we measured the expression of ferroptosis-related
genes. The mRNA levels for anti-acyl-CoA synthetase long-
chain family member 4 (Acsl4), glutathione peroxidase 4
(Gpx4), apoptosis-inducing factor mitochondria-associated
2 (Aifm2), and prostaglandin-endoperoxide synthase 2
(Ptgs2); the protein levels of Acsl4 and Gpx4; and the liver
GSH concentrations were upregulated in the FA group but
reduced by the TRF strategy (Figures 3(a)–3(c)). Second,
the levels of LPO in the FA group that we measured by a
combination of the specific fluorescent probe C11-Bodipy
(581/591) with the concentration of MDA [42] were aug-
mented, and electron microscopy revealed shrunken mito-
chondria and increased mitochondrial membrane density;
TRF then subsequently relieved both of these indices
(Figures 3(d)–3(f)). These results showed that ferroptosis
occurred in NASH and that TRF inhibited ferroptosis.

3.4. TRF Reduces Iron Accumulation in Serum and Liver
after Induction by HFHFD. Investigators have reported iron

overload in both animal and clinical studies [43, 44], pro-
moting NASH and ferroptosis to a significant degree [45,
46]. Consistent with these studies, we discerned that the
serum and liver iron concentrations rose in the FA group
and that the TRF strategy significantly reduced these con-
centrations (Figure 4(a)). Furthermore, when we determined
the expression of the iron metabolism-related genes iron
regulatory protein (Irp)1, Irp2, transferrin receptor (Tfr)1,
Tfr2, and ferroportin (Slc40a1), we noted that the expression
of Irp1, Irp2, Tfr1, and Tfr2 was enhanced in the FA group
and attenuated in the FT group compared with the FA group
(Figure 4(b)).

Tfr1 is a key receptor that transports iron to cells [47],
and it is reported to contribute to ferroptosis [48, 49]. We
thus analyzed Tfr1 protein levels and demonstrated that its
expression was upregulated in the FA group and restored
by TRF, verifying iron overload in NASH and its mitigation
by TRF (Figure 4(c)).

3.5. Hepatocyte-Specific Knockout of Per2 Mitigates HFHFD-
Induced NASH. The aforementioned information revealed
that TRF not only ameliorated NASH but also suppressed
ferroptosis, Per2 expression, and iron overload. To investi-
gate how Per2 participated in NASH and whether Per2 reg-
ulated the occurrence of ferroptosis, we deployed the use of
Per2△hep mice (Figures 5(a) and S2A). In previous studies,
Per2 knockout or inhibition improved glucose and lipid
metabolism [15, 16]. In our study, we fed both Per2△hep

and Per2fl/fl mice with an HFHFD to examine the effects of
Per2 on NASH and found that fasting blood glucose
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Figure 2: TRF reverses the overexpression of the circadian gene Per2 in NASH mice. (a) Hepatic mRNA levels for Bmal1, Clock, Per2, Per1,
and Rev-Erbα were measured by RT-qPCR with GAPDH used as a control. (b) The Per2 protein level was measured by western blotting,
and GAPDH was used as a control. Data are presented as mean ± SEM. ∗P < 0:05 and ∗∗P < 0:01; ns: not significant.
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(Figure S2B), serum levels of TC and FFA, and liver TC
levels (Figures 5(b) and 5(c)) were lower in Per2△hep mice,
while body weight, liver/body weight ratio, and IPGTT test
(Figures S2B-C) were unchanged between the two groups.

In addition to the metabolic indices, we also evaluated
the serum levels of hepatic enzymes and the degree of liver
injury, and our data showed that both ALT and AST levels
were lower in Per2△hep mice than in Per2fl/fl mice
(Figure 5(d)). Furthermore, our pathologic findings depicted
Per2△hep mice as exhibiting alleviated steatosis, inflamma-
tory cell infiltration, and fibrosis with NASH (Figures 5(e)
and S2D–E). RT-qPCR was used to assess inflammation in
the liver, and these results characterized expression levels
of interleukin- (IL-) 6 and IL-1β as diminished in Per2△hep

mice (Figure S2F). These results indicated that Per2 was
not only elevated in HFHFD-induced NASH but that it
also aggravated NASH.

3.6. Hepatocyte-Specific Knockout of Per2 May Mitigate
NASH by Inhibiting Ferroptosis. We conducted RNA-Seq
to explore the possible mechanisms underlying the allevia-
tion of NASH by hepatocyte-specific knockout of Per2 and
demonstrated that this knockout significantly promoted
the expression of 71 genes and reduced the expression of
112 genes (Figures 6(a) and 6(b)). Furthermore, the KEGG
analysis showed that the DEGs perturbed by Per2 were prin-
cipally enriched in the arachidonic acid metabolism pathway
and glutathione metabolism pathway (Figure 6(c)). Ferrop-
tosis can be induced by the peroxidation of polyunsaturated
fatty acids (PUFAs) and can be inhibited by the GSH and
GPX4 pathways [50, 51]. Arachidonic acid is a type of
PUFAs, and its metabolic regulation has been suggested to
influence ferroptotic sensitivity [52]. Therefore, the DEGs
enriched in the arachidonic acid and glutathione metabolism

pathways implied that hepatocyte-specific knockout of Per2
alleviated NASH by regulating ferroptosis.

To verify the hypothesis we mentioned above, we mea-
sured the expression of ferroptosis-related genes. Our results
indicated that the expression of Acsl4, Gpx4, Aifm2, and Ptgs2
was downregulated in Per2△hep mice (Figure S2G) and that
Acsl4 and Gpx4 protein levels and liver GSH levels were
attenuated (Figures 6(d) and 6(e)). Furthermore, when we
assessed LPO levels and mitochondrial morphologic changes
in Per2△hep and Per2fl/fl mice, we found that the levels of
LPO as reflected by C11-Bodipy and MDA concentration
were reduced in Per2△hep mice and that mitochondrial
morphology was restored (Figures 6(f)–6(h)), confirming
that Per2 promoted ferroptosis. Our results with regard to
iron metabolism revealed that Per2 did not influence either
serum or liver iron levels and that the expression of Tfr1 was
also not altered by Per2 (Figures 6(d) and 6(i) and S2H).

3.7. Ferroptosis Occurs in HFHFD-Induced NASH and
Promotes Its Progression. To identify a role for ferroptosis
in NASH, we applied liproxstatin-1 (Lip-1) to suppress fer-
roptosis in mice. Consistent with a previous study [20], the
levels of LPO in the liver of Lip-1 treated mice (FA+Lip-1)
as reflected by C11-Bodipy and MDA concentrations were
reduced relative to those in the control mice (FA+Veh)
(Figures 7(a) and 7(b)). Furthermore, RT-qPCR assay
showed that the expression of Acsl4 and Ptgs2 was reduced,
and that of Gpx4 and Aifm2 was increased in the FA+Lip-1
group (Figure S3A). Western blotting indicated that Acsl4
protein levels as well as the liver GSH concentrations were
reduced and that Gpx4 protein levels were enhanced in the
FA+Lip-1 group (Figures 7(c) and 7(d)). These results
suggested the presence of ferroptosis in HFHFD-induced
NASH.

1 um

NA FA

FTNT

1 um

1 um1 um

(f)

Figure 3: TRF suppresses the ferroptosis in NASH mice. (a) Acsl4 and Gpx4 protein levels were measured by western blotting, with
GAPDH used as a control. (b) Hepatic mRNA levels for Acsl4, Gpx4, Aifm2, and Ptgs2 were measured by RT-qPCR; and GAPDH was
used as a control. (c, d) Liver GSH and MDA concentrations were quantified with commercial kits. (e) Fluorescence staining showing
lipid peroxidation (LPO) levels in the FA, FT, NA, and NT groups. The nuclei were labeled with DAPI (left), and LPO (middle) was
labeled with C11-Bodipy (original magnification, 400x; scale bar, 50μm). (f) Electron microscopic analysis of the morphologic changes
in mitochondria; the white arrow indicates lipid droplets, and the black arrow indicates mitochondria (original magnification, 5000x;
scale bar, 1 μm) (NA and NT, n = 2; FA and FT, n = 3). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001; ns: not significant.
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In addition, body weights declined significantly, with a
diminution in the liver/body weight ratio, but without a reduc-
tion in food intake in the group provided Lip-1 (Figures S3B–
C). ALT and AST levels were also reduced as were serum
concentrations of TG, TC, and FFA and liver concentrations
of TG and TC with Lip-1 treatment (Figures 7(e)–7(g)).
With respect to pathologic findings, Lip-1 treatment
significantly reduced steatosis, inflammatory cell infiltration,
and fibrosis (Figure 7(h)) and produced a lower NAS score
(Figures S3D–E). These results indicate that ferroptosis is
critical to the progression of NASH. However, Lip-1 exerts a
limited influence on glucose metabolism (Figure S3F).

3.8. Ferroptotic Participation in NASH May Be Related to the
Inhibition of PPARα. When we executed RNA-Seq to deter-
mine the mechanism by which ferroptosis participated in
NASH, we uncovered 132 upregulated and 199 downregu-

lated genes in the FA+Lip-1 group (Figures 8(a) and 8(b)).
KEGG pathway enrichment analysis showed that the DEGs
were mainly enriched in the fatty acid metabolism pathway
between the FA+Veh and FA+Lip-1 groups (Figure 8(c)).

The family of peroxisome proliferator-activated recep-
tors (PPARs) regulates energy metabolism, and PPARα
and PPARγ are primarily expressed in the liver of NASH
[24, 53–55]. We therefore measured PPARα and PPARγ
mRNA and protein levels by RT-qPCR and western blotting
and demonstrated that the expression of PPARα was upreg-
ulated in the FA+Lip-1 group, but that protein levels of
PPARγ were unaltered (Figures 8(d) and 8(e)). These results
suggested that ferroptosis participated in NASH by regulat-
ing the expression of PPARα.

3.9. TRF and Per2 Knockout Promote the Expression of
PPARα. We analyzed the mRNA and protein levels for
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not significant.
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PPARα in both TRF-treated and Per2△hep mice and demon-
strated that hepatocyte-specific knockout of Per2 signifi-
cantly augmented the expression of PPARα (Figures 9(a)
and 9(b)) and that TRF also elevated the expression of
PPARα (Figures 9(c) and 9(d)). These data indicated that
PPARα might constitute a target in the process by which
TRF alleviated NASH.

4. Discussion

We herein examined the effectiveness and underlying mech-
anisms of action of TRF in the treatment of NASH, uncover-
ing a pivotal role for the circadian gene Per2 and ferroptosis
in the pathogenesis and progression of NASH. We also
hypothesized that Per2 participated in NASH by promoting
ferroptosis and inhibiting the expression of PPARα.

Authors of previous studies have reported a variety of
modeling methods for NASH [56]. In this investigation, we
chose an HFHFD to construct a NASH model in which corn
starch and maltodextrin were replaced by fructose. As many
foods rich in fructose are consumed in modern Western
societies [57], the HFHFD-induced NASH model was
thereby shown to be more similar to human NASH, and
exhibiting more serious inflammation, fibrosis, and oxida-
tive stress [56–58] relative to other dietary modeling
methods. In a study in which the authors compared the ani-
mal models with human NAFLD, HFHFD-induced NAFLD
exerted the greatest similarity to NAFLD in humans in both
metabolic phenotype and histology; and HFHFD alone or
combined with ip carbon tetrachloride (CCl4) injection
mimicked NAFLD in humans with respect to gene expres-
sion [59]. Although an HFHFD emulates human NAFLD,
there remains some limitations. First of all, no model dupli-
cates all the features of NAFLD in metabolic phenotype and

histology due to the complicated pathogenesis of human
NAFLD, and the high proportion of HCC and lack of signif-
icant atherosclerosis in HFHFD-induced mouse models do
not at all resemble human NAFLD [60, 61]. Second, as pre-
vious studies have revealed, an HFHFD necessitates an
extensive period to induce cirrhosis and hepatocellular carci-
noma (HCC) [59]. We herein thus aimed to explore novel
underlying pathogenesis of human NASH, establishing a
mouse model that is extremely similar in metabolic pheno-
type, histology, and gene expression, thereby increasing the
reliability of our results to a considerable extent.

NASH is a type of progressive disease that occurs in both
children and adults, and the characteristics of which are
excessive fat accumulation and inflammatory cell infiltration
in the liver [1, 2]. Fat accumulation is not only the basic
characteristic of NASH but also promotes chronic inflam-
mation and the progression of NASH through lipotoxicity
[62]. In the present study, we ascertained that the TRF strat-
egy, hepatocyte-specific knockout of Per2, and the applica-
tion of a ferroptotic inhibitor not only improved metabolic
indices and liver enzymes but also reduced liver steatosis,
inflammation, and fibrosis induced by HFHFD. These
results indicated that TRF effectively alleviated NASH and
that both Per2 and ferroptosis participated in the pathogen-
esis of NASH.

Per2 is an important circadian gene. Mice who lost Per2
gene function suffered serious liver injury when exposed to
CCl4 [63], emphasizing the protective role of Per2. However,
other authors reported that mice lacking the Per2 gene or
functional Per2 protein manifested an improvement in some
metabolic indices [15, 16], suggesting that Per2 was an
aggravating factor in metabolism-related disease. We herein
first generated Per2△hep mice and found that Per2 knockout
significantly alleviated NASH, confirming that Per2 was a
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Figure 6: Hepatocyte-specific knockout of Per2 might alleviate NASH by inhibiting ferroptosis. (a) Volcano plot showing upregulated and
downregulated genes in Per2△hep and Per2fl/fl mice. (b) Heatmap showing the differentially expressed genes (DEGs) between Per2△hep and
Per2fl/fl mice; blue indicates low expression and red indicates high expression. (c) The DEGs between Per2△hep and Per2fl/fl mice were
identified with the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Rich factor (%) was the ratio of
the number of DEGs annotated in a pathway (as indicated in the y-axis) to the number of all genes annotated in the pathway. (d) Acsl4,
Gpx4, and Tfr1 protein levels were measured by western blotting, and GAPDH was used as a control. (e) Liver GSH concentrations were
quantified by a commercial kit. (f) Electron microscopic evaluation of the morphologic changes in mitochondria; the white arrow
indicates lipid droplets and the black arrow indicates mitochondria (original magnification, 5000x; scale bar, 1 μm) (Per2fl/fl, n = 2;
Per2△hep, n = 3). (g) Fluorescence staining represents lipid peroxidation (LPO) levels in the livers of Per2△hep and Per2fl/fl mice. The
nuclei were labeled with DAPI (left), and LPO (middle) was labeled by C11-Bodipy (original magnification, 400x; scale bar, 50 μm). (h)
Liver MDA concentrations were quantified with a commercial kit. (i) Serum and liver iron concentrations were determined using a
commercial kit to compare the iron-overload levels. Both Per2△hep and Per2fl/fl mice were fed with HFHFD to induce NASH. Data are
presented as mean ± SEM. ∗P < 0:05 and ∗∗P < 0:01; ns: not significant (also refer to Figure S2).
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Figure 7: Ferroptosis occurs in HFHFD-induced NASH and promotes the progression of NASH. (a) Fluorescence staining showing
lipid peroxidation (LPO) levels in the livers of the FA+Veh and FA+Lip-1 groups. The nuclei were labeled with DAPI (left) and
LPO (middle) was labeled by C11-Bodipy (original magnification, 400x; scale bar, 50 μm). (b) Liver MDA concentrations were
measured with a commercial kit. (c) Acsl4 and Gpx4 protein levels were measured with western blotting, with GAPDH used as a
control. (d) Liver GSH concentrations were measured by a commercial kit. (e) ALT and AST levels were determined by commercial
kits to evaluate the levels of liver injury. (f, g) Serum and liver TG, TC, and FFA levels are depicted to demonstrate the lipid
concentrations between the two groups. (h) Pathologic findings in liver sections. Liver paraffin sections were stained with H&E
(original magnification, 200x; scale bar, 100 μm), oil red O (original magnification, 400x; scale bar, 50μm), and Sirius red (original
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groups. Data are presented as mean ± SEM. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗∗P < 0:0001; ns: not significant (also refer to Figure S3).
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factor that exacerbated NASH. It should be noted that this
was the first-ever study designed to explore the role of
Per2 in NASH by using Per2△hep mice. Unlike the tradi-
tional knockout mice, the use of Per2△hep mice principally
focuses on the functional exploration of target genes in spe-

cific organs, thus enabling a more precise hepatic role for
Per2.

While ferroptosis is a newly discovered type of cell death
that has already been investigated in many diseases, its
determination is difficult. The optimal detection methods
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Figure 8: Ferroptotic participation in NASH might be related to inhibition of PPARα. (a) Volcano plot showing the upregulated and
downregulated genes in the Lip-1 treatment group. (b) Heatmap shows the DEGs between the FA+Veh and FA+Lip-1 groups; blue
indicates low expression and red indicates high expression. (c) The DEGs between the FA+Veh and FA+Lip-1 groups were identified
with the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Rich factor (%) was the ratio of the number
of DEGs annotated in a pathway (as indicated in the y-axis) to the number of all genes annotated in the pathway. (d) Hepatic mRNA
levels for PPARα and PPARγ were measured by RT-qPCR, and GAPDH was used as a control. (e) PPARα and PPARγ protein levels in
the FA+Veh and FA+Lip-1 groups were assessed by western blotting and GAPDH was used as a control. Data are presented as mean ±
SEM. ∗P < 0:05; ns: not significant.
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Figure 9: TRF and Per2 knockout promote the expression of PPARα. (a) Hepatic mRNA levels for PPARα in Per2△hep and Per2fl/fl mice
were measured by RT-qPCR, and GAPDH was used as a control. (b) PPARα protein levels in Per2△hep and Per2fl/fl mice were measured
using western blotting, with GAPDH used as a control. (c) Hepatic mRNA levels for PPARα in the NA, NT, FA, and FA groups were
measured by RT-qPCR, and GAPDH was used as a control. (d) PPARα protein levels in the NA, NT, FA, and FA groups were analyzed
by western blotting, with GAPDH used as a control. Both Per2△hep and Per2fl/fl mice were fed with HFHFD to induce NASH. Data are
presented as mean ± SEM. ∗P < 0:05; ns: not significant.

16 Oxidative Medicine and Cellular Longevity



currently comprise the measurements of LPO accumula-
tion, changes in mitochondrial morphology, overexpres-
sion of some ferroptosis-related genes, and the efficacy of
ferroptotic inhibitors [20, 21]. By using the aforemen-
tioned methods, we thus initially confirmed that ferropto-
sis occurred in HFHFD-induced NASH.

To explore the mechanism by which TRF alleviated
NASH, we discerned that TRF not only inhibited the expres-
sion of Per2 but also significantly inhibited ferroptosis—with
reduced LPO levels, attenuated expression of ferroptosis-
related genes, and the remission of morphologic changes in
mitochondria. According to our RNA-Seq results, we found
that Per2 is related to the occurrence of ferroptosis, and
additional experiments indicated that ferroptosis was inhib-
ited in Per2△hep mice. All of these results indicated that TRF
inhibited the expression of the Per2 gene and that the ame-
lioration of NASH by hepatocyte-specific knockout of Per2
might be related to the inhibition of ferroptosis. To our
knowledge, this was the first study to examine a possible
relationship between Per2 and ferroptosis.

GSH and Gpx4 are notable antioxidants in cells, and
in the presence of GSH, Gpx4 plays a protective role in
the process of ferroptosis by reducing the levels of LPO
[64]; therefore, ferroptosis is caused by either GSH or
Gpx4 depletion [65, 66]. However, in some cases, their
expression increases, and GSH and Gpx4 then act as pro-
tective antioxidants in the process of ferroptosis [20, 28];
therefore, the elevated expression of Gpx4 and GSH also
indicate the onset of ferroptosis. Consistent with previous
reports [20, 28], this study showed that Gpx4 and GSH
expression rates were elevated in HFHFD-induced NASH
and that both TRF and hepatocyte-specific knockout of
Per2 restored their expression. Congruent with a previous
study, the expression of Gpx4 was elevated in a FA+Lip-1
group [67]; but in contradistinction, GSH concentration
decreased in the FA+Lip-1 group, which was not consis-
tent with Gpx4. Lip-1 is a lipid autoxidation inhibitor that
effectively inhibits ferroptosis, but the other effects of Lip-
1 are arcane and require further investigation.

Excessive fat accumulation in the liver promotes the
progression of NASH [68], and the mechanisms generat-
ing hepatic steatosis constitutes the focal point of NASH
pathogenesis. Among the PPAR subtypes, PPARα is pri-
marily expressed in the liver, and PPARγ is highly
expressed in the liver of individuals with NASH [24,
53–55]. According to our RNA-Seq results, the DEGs were
primarily enriched in the fatty acid metabolism pathway
between the FA+Veh and FA+Lip-1 groups. Therefore, we
hypothesized a relationship between ferroptosis and PPARα
or PPARγ, and our data revealed that Lip-1 promoted the
expression of PPARα without affecting PPARγ, while TRF
and hepatocyte-specific knockout of Per2 both enhanced the
expression of PPARα. These results suggest that PPARαmight
be the downstream mechanism governing ferroptosis in its
aggravation of NASH. Investigators previously reported that
PPARα activation alleviated ferroptosis by exploiting PPARα
knockout mice and a PPARα ligand [69] and that activation
of PPARα exerted similar effects in protecting against
ferroptosis-induced liver injury [69]; this indicated to these

authors that PPARα might be the regulator of ferroptosis. In
the current analysis, we found that the inhibition of ferroptosis
promoted PPARα expression, also implying that PPARαwas a
component in the downstream mechanism underlying the
process of ferroptosis in the exacerbation of NASH. Further-
more, although we are the first to raise this possibility, addi-
tional studies are needed to confirm this hypothesis.

In the present study, we found that TRF repressed the
expression of Per2, that Per2 promoted ferroptosis, and that
the expression of PPARα was increased by TRF, hepatocyte-
specific knockout of Per2, and the inhibition of ferroptosis.
We therefore hypothesized that TRF likely alleviated NASH
by regulating the circadian gene Per2 and ferroptosis and
that this was ultimately related to the promotion of PPARα
expression. However, during our investigation we deter-
mined that hepatocyte-specific knockout of Per2 did not
influence the body weight of mice, while TRF and Lip-1
did; and it is acknowledged that obesity itself is closely
related to the prevalence and severity of NASH [70]. There-
fore, in addition to the pathway we noted above, weight loss
induced by TRF might constitute another means by which
TRF alleviates NASH.

5. Limitations of the Study

For this study, we used an HFHFD to induce NASH, creat-
ing signs similar to those for human NASH; and we con-
firmed that TRF’s alleviation of NASH was related to the
regulation of the circadian gene Per2. Furthermore, we indi-
cated an important role for ferroptosis in NASH and dem-
onstrated that ferroptosis was regulated by Per2. The
limitations to our study included the following. First, we
did not examine the changes in the circadian rhythms for
the various indicators—although this did not influence the
conclusion that TRF and Per2 regulated the onset of ferrop-
tosis. Second, as we used Per2△hep mice to examine the role
of Per2 in NASH (implementing a model in which all mice
were fed with an HFHFD), the results we generated from
the Per2△hep mice did not modify the conclusions of this
investigation; however, our conclusions may not apply to
normal diets. Third, as the mechanism underlying NASH
is complex and we only examined the effects of ferroptosis
on the PPAR family, there might be additional pathways
involved in the overall process. Finally, while we hypothe-
sized that the PPARα pathway was a downstream mecha-
nism subserving ferroptosis in exacerbating NASH, we did
not provide further verification. Although this should not
affect the conclusions, additional studies are required to con-
firm these data. We posit that the conclusions of our study
are reasonable, but also further elucidation is still needed.

6. Conclusions

In this study, we uncovered TRF as an effective therapeutic
strategy for NASH. After further scrutiny, we also deter-
mined that the circadian gene Per2 might participate in
NASH by promoting ferroptosis; moreover, ferroptosis
likely promoted NASH by inhibiting the expression of
PPARα. Thus, these results fulfilled the pathophysiologic
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underpinning mechanisms of NASH and provided some
potentially novel treatment targets for this disorder.
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Energy stress is an unfavorable condition that tumor cells are often exposed to. Ferroptosis is considered an emerging target for
tumor therapy. However, the role of ferroptosis in energy stress in renal cancer is currently unknown. In this study, we found that
glucose deprivation significantly enhanced GPX4-dependent ferroptosis through AMPK activation. Further, AMPK activation
suppressed GPX4 expression at the transcriptional level through the upregulation of P53 expression. Additionally, the
inactivation of JAK2/STAT3 transcriptionally promoted P53 expression, thereby promoting AMPK-mediated GPX4-dependent
ferroptosis. In conclusion, energy stress promotes AMPK-mediated GPX4-dependent erastin-induced ferroptosis in renal
cancer through the JAK2/STAT3/P53 signaling axis.

1. Introduction

Cancer cells often exhibit alternative pathways for energy
metabolism for growth and proliferation. Findings from
extensive reports have revealed that adaptive changes in
energy metabolism play vital roles in cancer survival [1].
The upregulation of glycolysis is widely considered a
major catabolic process alteration in cancer cells in
response to energy stress, referred to as the Warburg effect
[2]. Because of the Warburg effect, glucose acts as a pri-
mary metabolic fuel for several tumors [3]. Rapid growth
and a relatively limited energy supply often expose tumors
to energy stress. AMP-activated protein kinase (AMPK) is
a critical energy sensor that can sense the cellular energy
status [4]. Energy stress increases the AMP/ATP ratio in
cells. In response, AMPK is activated to restore the energy
balance, primarily through the inhibition of lipid and pro-
tein synthesis as well as the promotion of glucose uptake
and glycolysis [4]. Thus, cancer cells can adapt to these
harsh environmental conditions.

Ferroptosis is a novel form of regulated cell death.
Unlike apoptosis, autophagy, or necrosis, ferroptosis is char-
acterized by lethal iron-dependent lipid peroxidation accu-
mulation. Emerging evidence has shown that ferroptosis is
related to various human diseases and pathological condi-
tions, such as degenerative diseases, stroke, ischemia-
reperfusion injury, and cancer [5]. The sensitivity to ferrop-
tosis is associated with many factors, and metabolic aberra-
tion is a major part of the same [6, 7]. Therefore,
regulation of the expression of genes or kinases involved in
these metabolic pathways can partially control ferroptosis
sensitivity. System Xc- and glutathione peroxidase 4
(GPX4) are widely known to be required for ferroptosis pre-
vention. For example, the inhibition of system Xc- can block
cystine/glutamate transport, leading to cellular glutathione
depletion. Glutathione is a major antioxidant and can be uti-
lized by GPX4 to reduce lipid peroxidation. Thus, the deple-
tion of glutathione eventually induces ferroptosis [8].
However, the relationship between ferroptosis and energy
metabolism remains elusive. In particular, this has led to
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Figure 1: Continued.
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some controversies and discussions in previous reports [9,
10].

In recent years, Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) pathway has been dis-
covered as an intracellular signal transduction pathway
closely related to cytokines [11]. It was reported that JAK/
STAT3 signaling pathway was involved in many biological
processes such as cell proliferation, differentiation, apopto-
sis, and immune regulation [11]. JAK2/STAT3, an impor-
tant isoform of JAK/STAT, is associated with proliferation,
migration, metastasis, and cachexia in many cancers [12,
13]. Yet, the role of JAK2/STAT3 signaling pathway in
energy stress condition is still unknown.

Renal cancer represents the sixth-most common diag-
nosed cancer in men and the eighth-most common cancer
in women, accounting for 5% and 3% of all new cancer cases
in 2020, respectively [14]. However, despite the application
of various treatments, such as targeted therapy and immune
therapy, the unfavorable outcomes in renal cancer suggest
the urgency of the need for novel therapeutics [15]. Renal
cancer cells are relatively susceptible to ferroptosis, suggest-
ing a great potential for antitumor therapy [16]. Considering
that the underlying mechanisms of energy stress-mediated
ferroptosis in cancer remain ambiguous, we explore the
effects of energy stress on ferroptosis in renal cancer.

2. Methods and Materials

2.1. Cell Culture. Renal cell cancer cell lines 786-O and A498
were purchased from ATCC (American Type Culture Col-
lection, Manassas, VA, USA). The cells were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS, GIBCO, MA, USA) under 5% CO2 at 37°C.
For glucose starvation treatment, cells were cultured in nor-
mal medium for 24 h and washed twice with PBS, and the
medium was replaced with a glucose-free medium supple-
mented with 10% FBS.

Cells were treated with the ferroptosis inducer erastin
(1.5μM) (MedChemExpress, China) for 24 h, the ferroptosis
inhibitor ferrostatin-1 (2μM) (Fer-1, MedChemExpress) for
24 h, the AMPK inhibitor Compound C (COM C) (10μM)
(MedChemExpress) for 24 h, the AMPK activator AICAR
(2mM) (MedChemExpress) for 24 h, Pifithrin-α (5μM)
(PFT-α, MedChemExpress) for 24h, the apoptosis inhibitor
Z-VAD-FMK (20μM) (MedChemExpress), and the necrop-
tosis inhibitor necrostatin-1 (2μM) (Nec-1,
MedChemExpress).

2.2. siRNA Construction and Cell Transfection. siRNAs were
constructed and purchased from Wuhan Viraltherapy Tech-
nologies Co. Ltd. Cells were transfected with the siRNAs
using Lipofectamine 2000 (Invitrogen, China) for at least
48 h. If not specifically stated, siRNA negative control was
transfected to the other groups as control.

2.3. Plasmid Construction and Cell Transfection. Plasmids
were extracted using the Small Plasmid Extraction Kit
(EM101, TransGen Biotech, China), and single colonies
were then amplified. The bacterial culture fluid was sub-
jected to sequencing. 293T cells were cotransfected with
pLVX-GPX4-ZsGreen-Puro and pLVX-JAK2-ZsGreen-
Puro (recombinant plasmids) using the Lentivirus Packaging
Kit (R003, Wuhan Viraltherapy Technologies Co., Ltd.) to
obtain high-titer lentiviruses containing the target genes
(rLV-GPX4, rLV-JAK2). Lentiviruses loaded with the
recombinant plasmids were transfected into cells at an
MOI of 20 for 48 h. Lentivirus-infected cells were selected
using DMEM containing 10μg/mL puromycin.

2.4. Cell Death Assay. Cell death was measured by propi-
dium iodide (PI) staining using a flow cytometer. After sub-
jecting to different treatments, the cells, including floating
cells, were collected and stained with 5μg/mL PI, following
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Figure 1: Energy stress promotes ferroptotic cell death in renal cancer cells. (a) Cell death measurement shows 0-Glu promotes erastin-
induced cell death. (b) TEM was used to observe morphological changes of cellular ultrastructure. Cells in 0-Glu and erastin treatment
group present aberrant mitochondria. Black arrows indicate mitochondria. Scale bars: 1 μm. Independent experiments were repeated
three times and representative data were shown. (c–e) 0-Glu and erastin treatment-induced GSH deletion, MDA generation, and cellular
iron elevation are rescued by Fer-1. Glu: glucose concentration of RPMI 1640 medium. 0-Glu: 0mM glucose. Data shown represent
mean ± SD from at least three independent experiments. Comparisons were performed using Student’s t-test. Fer-1: ferrostatin-1; ns: not
significant. ∗∗∗p < 0:001.
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Figure 2: Energy stress promotes ferroptotic cell death through AMPK activation. (a and b)Western blotting assay verifies the activation of AMPK
after 0-Glu treatment and the knockdown efficacy of two siAMPK. (c) Cell death measurement shows the alleviation of cell death by Com C,
siAMPK, and Fer-1 after 0-Glu and erastin treatment. (d) TEM images shows that Com C, siAMPK, and Fer-1 treatments recover
mitochondrial morphology. Black arrows indicate mitochondria. Scale bars: 1μm. Independent experiments were repeated three times, and
representative data were shown. (e–g) Com C, siAMPK, and Fer-1 treatments reverse the changes of GSH, MDA, and cellular iron level caused
by 0-Glu and erastin treatment. Data shown represent mean ± SD from at least three independent experiments. Comparisons were performed
using Student’s t-test and one-way ANOVA. NC: negative control; Com C: Compound C; Fer-1: ferrostatin-1. ∗∗p < 0:01 and ∗∗∗p < 0:001.
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Figure 3: Continued.
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which the percentage of positive cells was counted and ana-
lyzed on a flow cytometer (BD Accuri C6).

2.5. Lipid Peroxidation Assay. Malondialdehyde (MDA) is
one of the end products of lipid peroxidation. The lipid per-
oxidation levels were evaluated using the MDA assay kit
(Nanjing Jiancheng Bioengineering Institute, China). An
assay was conducted according to the manufacturer’s
instructions. The absorbance was measured at 525 nm using
a microplate reader (Bio-Rad Laboratories, Redmond, WA,
USA) [17]. The MDA levels were presented as a ratio of
the absorbance value of the control group.

2.6. Reduced Glutathione (GSH) Level Measurement. GSH
levels were assayed using the GSH Assay Kit (Nanjing Jian-
cheng Bioengineering Institute, China) according to the
manufacturer’s instructions. Absorbance was measured at
405nm using a microplate reader (Bio-Rad). The GSH levels
were presented as a ratio to the absorbance value of the con-
trol group.

2.7. Cellular Iron Level Measurement. Cellular iron levels
were detected by the Iron Assay kit (Nanjing Jiancheng Bio-
engineering Institute, China) according to the manufactur-
er’s instructions. Absorbance was measured at 520 nm
using a microplate reader (Bio-Rad). The cellular iron levels

were presented as a ratio of the absorbance value of the con-
trol group.

2.8. Western Blotting Analysis. Total proteins were collected
by lysing the cells with the RIPA Lysis Buffer (Beyotime,
China) and quantified using the BCA protein assay kit
(Beyotime). The proteins were mixed with a loading buffer
and denatured by heating in boiling water. The protein sam-
ples were separated on 10% SDS-PAGE gels and transferred
to PVDF membranes. After blocking with 5% nonfat milk
and washing with TBST buffer, the membranes were treated
overnight with primary antibodies at 4°C. The primary anti-
bodies used in our study were as follows: rabbit polyclonal
anti-AMPK alpha antibody (AMPK α, 1: 1000, Affinity),
rabbit polyclonal anti-phospho-AMPK alpha (Thr172) anti-
body (p-AMPK α, 1 : 1000, Affinity), rabbit polyclonal anti-
GPX4 antibody (1 : 1000, Affinity), rabbit polyclonal anti-
P53 antibody (1 : 1000, Affinity), rabbit polyclonal anti-
STAT3 antibody (1: 1000, Affinity), rabbit polyclonal anti-
phospho-STAT3 (Tyr705) antibody (p-STAT3, 1: 1000,
Affinity), rabbit polyclonal anti-JAK2 antibody (1: 1000,
Affinity), rabbit polyclonal anti-phospho-JAK2 (Tyr931)
antibody (p-JAK2, 1: 1000, Affinity), and rabbit polyclonal
anti-GAPDH antibody (1: 4000, Affinity). After washing
with TBST, the membranes were then treated with a
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Figure 3: GPX4 overexpression alleviates energy-stress-mediated ferroptotic cell death. (a) VENN diagram shows GPX4 as a ferroptosis-
related differentially expressed genes. (b and c) PPI network and coexpression analysis shows the correlation between AMPK and GPX4.
(d) Western blotting assay presents a decrease of GPX4 expression after glucose-starvation. (e) Western blotting assay verifies the effect
of GPX4 overexpression. (f) Cell death measurement in cells treated with indicated treatments. Independent experiments were repeated
three times, and representative data were shown. (g–i) The measurement of GSH, MDA, and cellular iron in cells treated with oeGPX4
or Fer-1 after o-Glu and erastin treatment. Data shown represent mean ± SD from at least three independent experiments. Comparisons
were performed using Student’s t-test and one-way ANOVA. oeNC: overexpression negative control; Fer-1: ferrostatin-1. ∗∗p < 0:01 and
∗∗∗p < 0:001.
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Figure 4: Continued.

7Oxidative Medicine and Cellular Longevity



secondary antibody (HRP-conjugated antirabbit secondary
antibodies, 1 : 5000, Boster Biological Technology Co. Ltd)
at room temperature for 2 h. Finally, the membranes were
evaluated using a chemiluminescence system (Bio-Rad).

2.9. Quantitative Real-Time PCR. Total RNA was extracted
by TRIzol, and the RNA concentration was measured using
a spectrophotometer. cDNA was synthesized using the Pri-
meScript™ RT Reagent Kit (Takara) according to the manu-
facturer’s instructions. qRT-PCR was conducted using a Bio-
Rad real-time PCR system with the SYBR Green PCR Mas-
ter Mix (Takara). The expression levels are presented as a
ratio relative to the expression of GAPDH. Data analysis
was performed using the 2−ΔΔCt method. The primers used
in the study are shown below.

GPX4 (Forward) 5′-GAGGCAAGACCGAAGTAAACT
AC-3′

(Reverse) 5′- CCGAACTGGTTACACGGGAA-3′
TP53 (Forward) 5′-GAGATGTTCCGAGAGCTGA-3′
(Reverse) 5′-TCAGCTCTCGGAACATCTC-3′
GAPDH (Forward) 5′-AACGGATTTGGTCGTATTG

GG-3′
(Reverse) 5′-CCTGGAAGATGGTGATGGGAT-3′

2.10. Transmission Electron Microscope (TEM). Cells were
collected using trypsin. After centrifugation, the cells were
fixed in 2.5% glutaraldehyde at 4°C for 24 h. Then, the cells
were fixed in 2% osmium tetroxide at room temperature.
After dehydration in increasing concentrations of ethanol,
the samples were embedded in epoxy resin and cut into
60-nm ultrathin sections. Eventually, the sections were
stained with 1% uranyl acetate and observed using a Hitachi
TEM system (HT7800).

2.11. Bioinformatics Analysis. The mRNA expression profiles
and corresponding clinical data of 537 patients with renal
cancer were retrieved from TCGA (TCGA-KIRC, up to
October 29, 2021), and data for 258 ferroptosis-related genes
were retrieved from the FerrDb database. Differentially
expressed genes (DEGs) between the AMPK high-
expression and low-expression groups were screened using
the “limma” R package with a false discovery rate<0.05,
and following this, the intersecting genes between DEGs
and ferroptosis-related genes were identified. Among the
intersecting genes, the ones for which the expression had a
correlation >0.8 with the AMPK score were selected for visu-
alization with a protein-protein interaction (PPI) network
using STRING 11.5. Coexpression analysis was performed
on ENCORI [18]. The “survival” and “survminer” R pack-
ages were used to perform univariate and multivariate
COX analyses, and Kaplan-Meier (K-M) curves for overall
survival were plotted using the “ggsurvplot2” R package.
The variance in clinicopathological characteristics between
subgroups was presented using the “ggpubr” R package.

2.12. Tissue Collection. Sixty-one pairs of renal cancer tissues
and adjacent normal tissues were collected from patients
undergoing ectomy of renal cancer carcinoma in Renmin
Hospital of Wuhan University from January 2021 to Decem-
ber 2021. All research protocols were approved by the Ethics
Committee of Renmin Hospital of Wuhan University.

2.13. Immunohistochemical Assay. Paraffinized blocks of tis-
sues were cut into sections. The sections were deparaffinized
and hydrated and then treated with a primary antibody and
secondary antibody sequentially. Finally, the sections were
stained with 3,3′-diaminobenzidine, a chromogenic agent
(Dako Corp, Carpinteria, CA, USA). The primary antibodies
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Figure 4: AMPK activation enhances GPX4-dependent ferroptosis. (a and b) Western blotting assay and qRT-PCR show the changes of p-
AMPK and GPX4 protein levels and GPX4 mRNA level in cells treated with AICAR and siAMPK. All groups were treated with erastin. (c)
Cell death measurement presents the effect of AICAR and oeGPX4 on erastin-induced cell death. Independent experiments were repeated
three times and representative data were shown. (d–f) The measurement of GSH, MDA, and cellular iron levels in cells treated with AICAR
and oeGPX4. Data shown representmean ± SD from at least three independent experiments. Comparisons were performed using Student’s t
-test and one-way ANOVA. Fer-1: ferrostatin-1. ∗∗p < 0:01, ∗∗∗p < 0:001, ##p < 0:01, and ###p < 0:001.

8 Oxidative Medicine and Cellular Longevity



1.00

0.75

0.50

0.20Su
rv

iv
al

 p
ro

ba
bi

lit
y

0.00

0 2.5 5 7.5
Time

p = 0.035

10 12.5

PRKAA1 high + GPX4 low
Others

(a)

Pathologic_M

Pathologic_T

Pathologic_stage

Neoplasm_histologic_grade

Age

Gender

Group

pvalue

0.033

<0.001

<0.001

<0.001

<0.001

<0.001

0.569

Hazard ratio

0.718 (0.528–0.974)

1.034 (1.021 – 1.047)

0.918 (0.683 – 1.234

2.284 (1.885 – 2.767)

4.501 (3.369 – 6.014)

1.858 (1.590 – 2.170)

1.903 (1.676 – 2.161)

0 1 2 3
Hazad ratio

4 5 6

(b)

Pathologic_M

Pathologic_T

Pathologic_stage

Neoplasm_histologic_grade

Age <0.001

<0.001

0.214

0.263

0.008

pvalue Hazard ratio

Group 0.045 0.729 (0.536 – 0.993)

1.038 (1.023 – 1.052)

1.528 (1.231 – 1.897)

1.469 (0.801– 2.694)

0.818 (0.576 – 1.163)

1.703 (1.151 – 2.521) 

0.0 0.5 1.0 1.5 2.0 2.5
Hazad ratio

(c)

Pathologic_M

Pathologic_T

Pathologic_stage

Neoplasm_histologic_grade

M0
M1

271 192
<0.05

<0.05

<0.05

<0.05

2670

2
126
154
59

Grade 1
Grade 2
Grade 3
Grade 4

T1 149
46

137
9

144
35

9
113
69
27

119
30
65
4

116
27

T2
T3
T4

Stage 1
Stage 2

PRKAA1 high + GPX4 low Others P

(d)

high AMPK + lowGPX4Clinicopathologic feature

T Stage

29

8

38

0

27

9

13 3.979

3.416

4.665 <0.05

<0.05

0.065

11

21

2

12

13

M Stage

T1 + T2

T3 + T4

M0

M1

Histologic grade
High

Medium + Low

Others Pχ2

(e)

15
⁎⁎⁎ ⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

0

5

10

A
M

PK
 S

co
re

15

0

5

10

G
PX

4 
Sc

or
e

N
or

m
al

 ti
ss

ue

Renal cancer tissue
(T1 stage)

Re
na

l c
an

ce
r t

iss
ue

(T
1 

st
ag

e)

Renal cancer tissue
(T3 stage)

Re
na

l c
an

ce
r t

iss
ue

(T
3 

st
ag

e)

Normal tissue

AMPK

GPX4

(f)

Figure 5: AMPK high+GPX4 low expression signature is a predictor of favorable prognosis of renal cancer. (a) K-M curves for the overall
survival of patients in the AMPK high+GPX4 low expression group and others. (b and c) Forest map of univariate and multivariate COX
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used here were the same as those mentioned in the previous
section, with a dilution of 1 : 50. The sections were scored
independently by two experienced pathologists in a single-
blind manner. The method of semiquantitative scoring has
been described in a previous study [19]. A score≤4 was con-
sidered to represent low expression, and a score>4 was con-
sidered to represent high expression.

2.14. Statistical Analysis. All data are presented as mean ±
SD. Statistical analysis involved one-way ANOVA, chi-
square test, and Student’s t-test performed using GraphPad
Prism 7. Unless specified otherwise, p˂0:05 was considered
to represent a statistically significant difference.

3. Results

3.1. Energy Stress Promotes Ferroptotic Cell Death in Renal
Cancer Cells. Glucose is the main source of energy for cancer
cells. We simulated energy stress by glucose deprivation.
Glucose deprivation significantly aggravated erastin-
induced cell death (Figure 1(a)). To determine whether the
increased cell death was ferroptotic cell death, we observed
the cells via TEM and found that in response to treatment
with erastin, the cells developed typical morphological fea-
tures of ferroptosis, such as shrinkage of the mitochondria,
increase in membrane density, and disappearance of mito-
chondrial cristae. Notably, these changes were more drastic
after glucose deprivation (Figure 1(b)). GSH depletion and
increase in lipid peroxidation were the key biochemical
changes in ferroptosis. We demonstrated that glucose depri-
vation significantly decreased the intracellular GSH level
while significantly increasing the MDA level and cellular
iron level, and this trend could be reversed by Fer-1, a potent
inhibitor of ferroptosis (Figures 1(c)–1(e)). The above results

suggest that energy stress promotes ferroptosis in renal can-
cer cells.

3.2. Energy Stress Promotes Ferroptotic Cell Death through
AMPK Activation. AMPK, as an energy receptor, is known
to be activated in response to energy stress. We next
explored whether the activation of AMPK is involved in
the promotion of ferroptosis by energy stress. The western
blotting results confirmed that the activation of AMPK
phosphorylation (p-AMPK) increased after glucose depriva-
tion (Figure 2(a)). Next, we constructed two siAMPKs, of
which 1#siAMPK was more effective and used in subsequent
studies (Figure 2(b), Supplementary Figure 2). COM C is a
potent selective AMPK inhibitor. After glucose deprivation,
the inhibition of AMPK by COM C or siAMPK
remarkably rescued erastin-induced ferroptosis, as
observed with Fer-1 (Figure 2(c)). The TEM results also
showed that the changes in mitochondrial size, membrane
density, and mitochondrial cristae caused by glucose
deprivation and erastin treatment were alleviated after the
inhibition or knockdown of AMPK, and these changes
were also identical to those observed after treatment with
Fer-1 (Figure 2(d)). Similarly, GSH, MDA, and cellular
iron levels reverted after AMPK inhibition or knockdown
(Figures 2(e)–2(g)). Therefore, the inhibition or
knockdown of AMPK reversed the erastin-induced
ferroptosis enhanced by glucose deprivation. Collectively,
energy stress promotes ferroptotic cell death through
AMPK activation in renal cancer cells.

3.3. GPX4 Overexpression Alleviates Energy-Stress-Mediated
Ferroptotic Cell Death. Next, we used bioinformatics analysis
for identifying 102 differentially expressed ferroptosis-
related genes between the AMPK (encoded by PRKAA)
high- and low-expression groups using data from TCGA.
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Figure 6: AMPK promotes GPX4-dependent ferroptosis partly through upregulation of p53. (a) Western blotting assay shows the
expression of P53 and GPX4 after indicated treatments. (b) qRT-PCR presents the mRNA levels of GPX4 after indicated treatments. (c–
f) The measurements of cell death, GSH, MDA, and cellular iron in cells with indicated treatments. Independent experiments were
repeated three times, and representative data were shown. Data shown represent mean ± SD from at least three independent
experiments. Comparisons were performed using Student’s t-test and one-way ANOVA. Fer-1: ferrostatin-1; ns, not significant. ∗∗∗p <
0:001 and ###p < 0:001.
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Surprisingly, we found that GPX4, one of the most critical
enzymes for ferroptosis, featured among these 102 genes
(Figure 3(a)). Moreover, by PPI and coexpression analyses,
we found that GPX4 expression showed high negative corre-
lation with AMPK expression (Figures 3(b) and 3(c)).

Therefore, we further confirmed the role of GPX4 in
energy-stress-mediated ferroptosis. Western blotting results
showed a decrease in the GPX4 protein level after glucose
deprivation (Figure 3(d)). Following this, we constructed
GPX4 overexpression (oeGPX4) renal cancer cell lines
(Figure 3(e)). Ferroptosis induced by glucose deprivation
and erastin treatment decreased significantly after GPX4
overexpression, as observed after Fer-1 treatment as well
(Figure 3(f)). In parallel, the GSH, MDA, and cellular iron
levels were ameliorated by GPX4 overexpression
(Figures 3(g)–3(i)). Hence, the results of bioinformatics
analysis predicted that GPX4 may be involved in energy-
stress-mediated ferroptosis, and findings from the rescue
assays further confirmed that GPX4 overexpression allevi-
ated energy-stress-mediated ferroptotic cell death.

3.4. AMPK Activation Enhances GPX4-Dependent
Ferroptosis. The results indicate that the activation of AMPK
may regulate ferroptosis through the regulation of GPX4.
Next, we explored the relationship between AMPK
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Figure 7: JAK2/STAT3 signaling pathway inactivation upregulates P53 expression participating AMPK-mediated GPX4-dependent
ferroptosis. 786-O cells were transfected with a JAK2 overexpression plasmid. (a and b) Western blotting assay shows the effect of JAK2
overexpression and the expression of JAK2, p-JAK2, STAT3, p-STAT3, P53, and GPX4. (c) P53 mRNA levels was detected by qRT-PCR.
(d–g) Overexpression of JAK2 reverses the changes in cell death, GSH, MDA, and cellular iron caused by AICAR and erastin.
Independent experiments were repeated three times, and representative data were shown. Data shown represent mean ± SD from at least
three independent experiments. Comparisons were performed using Student’s t-test and one-way ANOVA. Fer-1: ferrostatin-1; ns: not
significant. ∗∗∗p < 0:001 and ###p < 0:001.
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activation and GPX4-dependent ferroptosis via the pharma-
cological activation of AMPK. AICAR, an adenosine analog
and AMPK activator, was used. The phosphorylation level of
AMPK after treatment with AICAR was confirmed to be the
same as that after glucose deprivation treatment, and like-
wise, the protein level of GPX4 declined significantly upon
AICAR treatment. Nevertheless, this decline was reversed
after AMPK knockdown (Figure 4(a)). To exclude off target
effect of siRNA, two siAMPK was used. The same trend was
also observed at the mRNA level (Figure 4(b)), suggesting
that the phosphorylation-mediated activation of AMPK
could reduce GPX4 expression at the transcriptional level.
In terms of ferroptosis-related phenotypes, AICAR similarly
increased erastin-induced ferroptosis, whereas cell survival
was recovered in response to GPX4 overexpression
(Figure 4(c)). Also, we demonstrated that the intracellular
GSH levels had reduced significantly, and MDA and cellular
iron levels had increased upon AICAR treatment, whereas
these trends had reversed after GPX4 overexpression
(Figures 4(d)–4(f)). The above results suggest that AMPK
activation enhances GPX4-dependent ferroptosis.

3.5. AMPK High + GPX4 Low Expression Signature Is a
Predictor of a Favorable Prognosis of Renal Cancer. Consid-
ering the previous results, we categorized patients into a high
AMPK (encoded by PRKAA) + low GPX4 expression group
and others group. K-M curve analysis showed that patients
with high AMPK and low GPX4 expression had better over-
all survival (Figure 5(a)). Findings from the univariate and
multivariate COX analyses suggested that high AMPK +
low GPX4 expression was a low-risk prognostic factor
(Figures 5(b) and 5(c)). In addition, patients with high
AMPK and low GPX4 expression typically had lower patho-
logical T and M grades as well as neoplasm histological
grade and pathological stage (Figure 5(d), Supplementary
Table 1). After statistical analysis of the data obtained from
our specimens, we achieved a consistent result (Figure 5(e)
and 5(f)). We showed representative images in adjacent
normal tissue (Figure 5(f) left) and renal cancer tissue of
T1 stage (Figure 5(f) middle) and T3 stage (Figure 5(f)
right).

3.6. AMPK Promotes GPX4-Dependent Ferroptosis Partly
through the Upregulation of P53. TP53 is widely known as
a critical oncogene. Recently, an increasing number of stud-
ies have focused on the role of P53 in ferroptosis [20]. In this
study, we investigated whether P53 was involved in AMPK-
mediated GPX4-dependent ferroptosis. We observed that
after glucose deprivation and AICAR treatment, the P53
levels were significantly elevated, whereas the GPX4 levels
were significantly lowered. In contrast, upon treatment with
PFT-α (an inhibitor of P53), the protein levels of GPX4 were
restored (Figure 6(a)). Similarly, the mRNA levels of GPX4
also showed the same trend (Figure 6(b)). Considering the
previous results, AMPK activation was suggested to tran-
scriptionally inhibit GPX4 expression, partly through P53
upregulation. Next, we focused on the role of P53 in ferrop-
tosis. It was demonstrated that after treatment with PFT-α,
the increase in ferroptosis caused by erastin and AICAR

was alleviated, intracellular GSH levels were elevated, MDA
levels were lowered, and cellular iron levels were also
reduced (Figures 6(c)–6(f)). Considering that AMPK and
P53 are involved in the regulation of apoptosis in some can-
cers, we also performed experiments to exclude the potential
of apoptosis. Firstly, the level of apoptosis hallmark cleaved
caspase-3 was detected, and the results demonstrated that
energy stress did not induce apoptosis in the context (Sup-
plementary Figure 1A). Next, the cell death assay indicated
that apoptosis inhibitor and necroptosis could not alleviate
the cell death caused by AMPK activation and erastin
(Supplementary Figure 1B). Moreover, the GSH, MDA,
and cellular iron levels could not all be reversed by the
inhibition of apoptosis and necroptosis either
(Supplementary Figure 1C-1E). These results confirmed
that the upregulation of P53 contributes to AMPK-
mediated GPX4-dependent ferroptosis.

3.7. JAK2/STAT3 Signaling Pathway Inactivation
Upregulates the Expression of P53, which Participates in
AMPK-Mediated GPX4-Dependent Ferroptosis. STAT3 has
been previously reported to negatively regulate ferroptosis
[21], and the activation of the JAK2/STAT3 signaling path-
way has been reported to inhibit P53 expression [22]. Thus,
we explored the regulatory effect of the JAK2/STAT3 signal-
ing pathway toward P53, which is involved in AMPK-
mediated GPX4-dependent ferroptosis. We observed that
after AMPK activation (in the glucose deprivation and
AICAR groups), the phosphorylation levels of both JAK2
and STAT3 decreased significantly, whereas, after the over-
expression of JAK2, the STAT3 phosphorylation level was
restored, P53 expression reduced, and GPX4 expression
increased significantly (Figures 7(a) and 7(b)), suggesting
that AMPK activation regulates P53 expression via the
JAK2/STAT3 signaling pathway. Moreover, the changes in
the P53 mRNA levels suggest that the regulation of P53 by
JAK2/STAT3 signaling occurred at the transcriptional level
(Figure 7(c)). Findings from further experiments revealed
that after the overexpression of JAK2, the enhancement of
ferroptosis, reduction in GSH level, elevation in MDA level,
and rise in cellular iron level in response to AMPK activa-
tion were ameliorated significantly (Figures 7(d)–7(g)).
These results indicated that the regulation of the JAK2/
STAT3 signaling pathway toward P53 contributes to
AMPK-mediated GPX4-dependent ferroptosis (Figure 8).

4. Discussion

Glucose is a critical nutrient that is necessary for tumor cells
to maintain normal metabolism and redox homeostasis.
However, with rapid tumor growth, glucose deficiency-
induced energy stress is a constant predicament for tumor
cells. Glucose deficiency leads to redox system imbalance
and energy metabolism deficiency in tumor cells, which fur-
ther inhibits cell survival [23]. Ferroptosis is also primarily
caused by lipid peroxidation owing to the dysregulation of
the redox system in cells [5]. Therefore, we deduced that
energy stress may promote ferroptosis in tumor cells. In
the present study, we found that the simulation of energy
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stress with glucose deprivation increased erastin-induced
cell death, besides decreasing the intracellular GSH level
and increasing the MDA level. Combined with findings from
the TEM images, energy stress was found to promote ferrop-
tosis in renal cancer cells. Next, we found that AMPK phos-
phorylation activation increased after energy stress, whereas
the expression of GPX4, the core enzyme in the regulation of
ferroptosis, decreased. After GPX4 overexpression was
induced, the level of ferroptosis induced by erastin and
AMPK activation decreased significantly, indicating that
energy stress-induced ferroptosis is associated with an
AMPK activation-mediated decrease in GPX4 expression.
Mechanistically, we observed that energy stress-induced
AMPK activation inhibits GPX4 expression at the transcrip-
tional level via P53 through the suppression of the JAK2/
STAT3 signaling pathway, which consequently promotes
ferroptosis.

Owing to the rapid proliferation of tumor cells, their
energy metabolism undergoes adaptive shifts, such as the
Warburg effect and pentose phosphate pathway (PPP)
upregulation, to fulfill the energy demands for survival and
biosynthesis [24, 25]. Thus, tumor-specific energy metabo-
lism is the central force regulating redox homeostasis in
tumor cells and a key factor in the regulation of ferroptosis
[5]. Excessive growth inevitably leads to a relative deficiency
of energy supply in the tumor microenvironment [26]. This
forces tumor cells into a condition of energy stress, which
leads to the inhibition of metabolic pathways, such as glycol-
ysis and PPP, and thus affects tumor cell survival [27]. As
the most important energy sensor, AMPK has largely been
the focus of existing studies on energy stress and ferroptosis.
However, the role of AMPK in the regulation of ferroptosis
is controversial, considering evidence from recent studies.
Lee et al. reported that AMPK activation during energy
stress could block ferroptosis induced by cystine deficiency
and GPX4 inhibition [28]. Mechanistically, energy stress
activates AMPK, leading to the inhibition of downstream
ACC by phosphorylation. Acetyl-CoA carboxylase (ACC)
is a rate-limiting enzyme for fatty acid biosynthesis, which
increases fatty acid synthesis and inhibits fatty acid oxida-
tion. The inhibition of ACC activity decreases the intracellu-
lar PUFA levels and thereby reduces cellular susceptibility to
ferroptosis. In addition to the effect on lipid synthesis, the
inhibition of ACC caused by AMPK activation also reduces
NADPH consumption and enhances resistance to ferropto-
sis [28]. LKB1, a serine/threonine kinase, is also involved
in the regulation of metabolism during energy stress in
tumor cells [29]. Li et al. found that LKB1 enhanced down-
stream AMPK and ACC phosphorylation and inhibited
PUFA production, thereby limiting the cellular susceptibility
to ferroptosis [30]. These findings suggest that the activation
of AMPK during energy stress can effectively enhance cellu-
lar resistance to ferroptosis and enable tumor cells to survive
in an adverse environment. However, contrary to the find-
ings, Song et al. showed that AMPK-mediated BECN1 phos-
phorylation promotes ferroptosis by directly binding to
SLC7A11 to form a complex inhibiting the activity of system
Xc- [31]. Consistently, our results also showed that energy
stress-mediated AMPK activation transcriptionally inhibited

GPX4 to promote ferroptosis through the JAK2/STAT3/P53
axis. Taken together, we propose that the role of energy
stress and AMPK on ferroptosis in cancer may be dependent
on the context. Energy stress-mediated AMPK activation
could either resist ferroptosis and promote tumor survival
through the inhibition of unsaturated fatty acid synthesis
or enhance ferroptosis and suppress tumor survival through
the inhibition of protein biosynthesis or regulation of
ferroptosis-related enzymes.

The JAK2/STAT3 signaling pathway is widely known to
be involved in various biological processes, such as immu-
nity, differentiation, cell death, and tumorigenesis [32]. In
recent years, AMPK has been shown to inhibit the JAK/
STAT signaling pathway through various mechanisms, par-
ticipating in the regulation of inflammatory responses and
tumor metabolism. He et al. found that the activation of
AMPK inhibited STAT1-dependent inflammatory responses
that protected against vascular inflammation and atheroscle-
rosis [33]. In addition, the findings of this study suggested
that AMPK inhibited STAT1 activation by inducing
mitogen-activated protein kinase phosphatase-1. Nerstedt
et al. successively confirmed that AMPK activation could
inhibit liver inflammation and insulin resistance by sup-
pressing the JAK/STAT signaling pathway [34, 35]. Besides,
the inhibition of the mTOR pathway by AMPK was also
reported to potentially contribute to the inhibition of the
JAK/STAT signaling pathway [36]. In oncology research,
Rutherford et al. identified that AMPK activation inhibited
acute lymphoblastic leukemia by blocking the JAK/STAT
signaling pathway through the inhibition of WT or
JAK1V658F [37]. Meanwhile, blockade of the JAK/STAT sig-
naling pathway was also effective in limiting the
inflammation-related side effects associated with current
treatments. Studies on myeloproliferative neoplasms showed
that AMPK activation could inhibit a series of JAK mutants,
including JAK2V617F, and could thus effectively control anti-
proliferative effects and hemostatic dysfunction [38]. As evi-
dent, most current studies on the regulation of the JAK/
STAT3 signaling pathway by AMPK focus on hematological
tumors, probably because JAK mutations are relatively more
prevalent in hematological tumors. Meanwhile, fewer studies
have been conducted on solid tumors. In our study, AMPK
activation could inhibit the phosphorylation of the JAK2/
STAT3 signaling pathway and its functions in transcrip-
tional regulation, which helped promote ferroptosis; how-
ever, the precise mechanism remains to be investigated
further.

A growing body of evidence suggests that ferroptosis is a
potential therapeutic target for tumor progression inhibition
[20, 39, 40]. However, even though it has been established
that tumor cells are often exposed to energy stress, the effect
of energy stress on ferroptosis in renal cancer is yet to be
reported. In the present study, we showed that energy
stress-mediated AMPK activation could effectively promote
ferroptosis in renal cancer via the JAK2/STAT3/P53 axis.
We anticipate that the pharmacological activation of AMPK
may exert a synergistic effect on chemotherapy with
ferroptosis-inducing effects, facilitating a curative effect or
reducing chemoresistance. Future studies will further

15Oxidative Medicine and Cellular Longevity



investigate the effects of the interaction between AMPK and
ferroptosis in tumor development.
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Delayed neurocognitive recovery (dNCR) is a prevalent perioperative neurological complication in older patients and has
common characteristics such as acute cognitive dysfunction, impaired memory, and inattention. Mesenchymal stem cell-
derived exosomes (MSCs-Exo) are enclosed by a lipid bilayer contain proteins, DNA, miRNA, and other components, which
are important mediators of intercellular communication. It has been reported that exosomes could play an important role in
the treatment of neurodegenerative diseases, nerve injury, and other neurological diseases. In this study, we examined the
effects of MSCs-Exo on dNCR aged mice after exploratory laparotomy and evaluated their potential regulatory mechanisms.
We found that MSCs-Exo treatment ameliorated cognitive impairment in dNCR aged mice. MSCs-Exo inhibit hippocampus
ferroptosis and increase the expression of silent information regulator 1 (SIRT1), factor nuclear factor-erythroid 2-related
factor 2 (Nrf2), and heme oxygenase-1 (HO-1) in dNCR aged mice. Interestingly, the above effects of MSCs-Exo on dNCR
aged mice were abolished by SIRT1 selective inhibitor EX-527. In conclusion, these findings indicated that MSCs-Exo can
ameliorate cognitive impairment by inhibiting hippocampus ferroptosis in dNCR aged mice via activating SIRT1/Nrf2/HO-1
signaling pathway, providing a potential avenue for the treatment of dNCR.

1. Introduction

Delayed neurocognitive recovery (dNCR), which is described
by cognitive impairment, is a prevalent perioperative neuro-
logical complication in patients within 30 days following
surgery, especially in older patients [1]. dNCR is clinically
characterized by a sharp decline in cognitive function, includ-
ing learning, memory, information processing, and attention.
And the development of dNCR can increase hospital costs,
prolong hospitalization, and increase morbidity and mortality
[2], affecting the life quality of patients and aggravating the
economic burden of society. Despite significant advances in
surgical techniques and anesthesia management, the incidence

of dNCR remains at 18-45% [3]. Many studies have attempted
to explain the pathogenesis of dNCR from receptor changes,
signaling pathways, cytokines, and other aspects, but no ideal
therapeutic strategy has been found for the prevention and
treatment of dNCR [4]. Therefore, to explore the prevention
and treatment of dNCR has become an urgent and important
issue in global medical research [5].

Growing evidence demonstrated that the overproduction
of reactive oxygen species (ROS), mitochondrial damage,
neuroinflammation, and abnormal homocysteine metabo-
lism are crucial for the development of neurological diseases,
such as ischemic stroke and cognitive impairment [6–10]. It
was reported that ferroptosis could participate in oxidative
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stress response, mitochondrial dysfunction, neuroinflam-
mation, and abnormal homocysteine metabolism [11–13].
Ferroptosis, a new form of cell death, is characterized by
the accumulation of a large amount of iron and lipid per-
oxidation in cells and mitochondrial shrinkage [14]. It is
associated with various diseases, including cancer, acute
kidney injury, intracerebral hemorrhage, traumatic brain
injury, and various neurological diseases such as Parkinson’s
disease, Huntington’s disease, and Alzheimer’s disease
[15–18]. Ferroptosis is mediated by glutathione peroxidase
4 (GPX4) [19], which can prevent cell death from oxidative
damage [20]. Given the effect of oxidative damage in
surgery-induced cognitive impairment [7, 21], we speculate
that ferroptosis may participate in dNCR aged mice.

Exosomes are nanosized vesicles (30-150 nm diameter)
released by different types of cells [22]. Exosomes contain
proteins, DNA, miRNA, lncRNA, and other components,
which play a significant role in the interaction between cells
and extracellular microenvironment [23]. Numerous studies
have found that exosomes could play an important role in
the treatment of neurodegenerative diseases, nerve injury,
and other neurological diseases [24]. And mesenchymal
stem cell-derived exosomes (MSCs-Exo) can alleviate early
brain injury and improve cognitive function after subarach-
noid hemorrhage [25]. Exosomes have excellent antioxidant
properties by stimulating some antioxidant enzymes, such as
glutathione peroxidase (GPX) [20]. Moreover, exosomes
were reported to inhibit ferroptosis and ameliorate ROS-
mediated neuronal cell injury [26]. Hence, MSCs-Exo may
inhibit ferroptosis to ameliorate cognitive function in dNCR
mice.

Silent information regulator 1 (SIRT1) is a nicotinamide
adenosine dinucleotide- (NAD-) dependent class III histone
deacetylase [27]. It is widely expressed in various organs, and
in the brain, the expression level of SIRT1 is higher in the
hippocampus and hypothalamus [28]. SIRT1 in neural sys-
tem plays an important role in regulating normal brain func-
tions such as plasticity and memory [29]. Recently, SIRT1
was found to play an important role in Alzheimer’s disease
and Parkinson’s disease [30, 31]. SIRT1 is regarded as a pro-
tector of the cells against oxidative stress injury and lipid
peroxidation by mediating the expression of factor nuclear
factor-erythroid 2-related factor 2 (Nrf2) and its down-
stream target heme oxygenase-1 (HO-1) [32]. Nrf2 can play
a key role in neuronal resistance to oxidative stress by medi-
ating HO-1 and alleviating diabetes-associated cognitive
impairment [33]. In addition, Song and Long found that
Nrf2 and HO-1 could participate in the synthesis of GPX4
[34]. And these two factors could play a critical role in the
development of ferroptosis [35, 36]. It is reported that SIRT1
could protect against doxorubicin-induced ferroptosis in
cardiomyopathy via the activation of Nrf2 [37]. Further-
more, exosomes can ameliorate ischemic brain injury and
exert neuroprotective effects by activating SIRT1 [38].

Based on these promising findings, the present study is
aimed at evaluating the effects of MSCs-Exo in model of
dNCR and at determining if MSCs-Exo ameliorate cognitive
impairment by inhibiting ferroptosis via activating SIRT1/
Nrf2/HO-1 pathway, as well as provide potential theoretical

and experimental evidence for the treatments of dNCR
patients, identifying potential therapeutic targets for clinical
treatment.

2. Materials and Methods

2.1. MSCs-Exo Isolation and Characterization. Mouse bone
marrow-derived MSCs were purchased from the Cyagen
Biosciences Inc. (Santa Clara, CA, USA) and cultured with
a Dulbecco’s Modified Eagle’s Medium (DMEM) (Solarbio,
Beijing, China) containing 10% fetal bovine serum (FBS)
(Gibco, Shanghai, China) and 1% penicillin-streptomycin
solution (Solarbio, Beijing, China). For MSCs-Exo isola-
tion, when the cells reached 70%-80% confluence, conven-
tional culture medium was replaced by that containing
10% exosome-free FBS (Gibco, Shanghai, China). Follow-
ing an additional 48 hours of culturing, MSCs-Exo were
isolated from cell culture medium by differential centrifu-
gation method using Exo Easy Maxi Kit (QIAGEN, Ger-
mantown, MD, USA). After centrifuging, the MSCs-Exo
were carefully resuspended in PBS and used immediately
or stored at -80° C.

The morphology of MSCs-Exo was observed using
transmission electron microscope (TEM) (HT7700-SS,
HITACHI, Japan). The characteristic surface marker protein
CD63 of MSCs-Exo was analyzed by Western blot. The size
distribution of MSCs-Exo was measured by Nanoparticle
Tracking Analyzer (Malvern Instruments Ltd., Malvern,
UK). The concentration of MSCs-Exo was determined by
using bicinchoninic acid assay (BCA) Protein Assay Kit
(CWBIO, Beijing, China).

2.2. MSCs-Exo Tracing and Immunofluorescence Assay.
MSCs-Exo were dyed with PKH26 (Sigma-Aldrich, MO,
USA) according to the manufacturer’s protocol. In brief,
MSCs-Exo were incubated with 4μl PKH26 diluted in 2ml
Diluent C at room temperature for 15 minutes; then, 2ml
of exosome-free medium was added to stop the labeling
reaction. After centrifugation at 100,000 × g for 1 hour, the
labeled MSCs-Exo were resuspended with PBS before
administration.

After the 24-hour MSCs-Exo treatment, the mice were
perfused with saline followed by 4% ice-cold paraformalde-
hyde in PBS under deep anesthesia, and the hemispheres
of the brain were dissected and washed with PBS and then
fixed at 4°C for 24 hours. The tissues were dehydrated in
30% sucrose solution; when the tissue sank into the bottom,
the brains were sliced into 8μm slices with a cryostat (Leica
CM1860 UV, Germany) and placed on adhesive slides and
washed with PBS for three times. Finally, the sections were
stained with 4,6-diamidino-2-phenylindole (DAPI) at room
temperature for 10 minutes and washed with PBS for three
times and then captured under a fluorescence microscope
(Olympus, Tokyo, Japan).

2.3. Animals. Eighteen-month-old specific pathogen-free
male C57BL/6 mice (body weight 35–40 g) were purchased
from the animal center of Weifang Medical University
(Weifang, China). All mice were housed in a room under
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controlled temperature and humidity conditions, with a
12-hour light/dark cycle, and had free access to food and
water. The mice were acclimatized to the laboratory envi-
ronment for 7 days before the studies. Animal handling
and experimental procedures were approved by Commit-
tee on the Ethics of Animal Experiments of Weifang Med-
ical University (Weifang, China).

2.4. Establishment of Animal Models. To establish the
model of dNCR, an exploratory laparotomy was per-
formed using aseptic procedures as previously described
[39]. Briefly, the mice were deeply anesthetized with
2.5% isoflurane; their abdomen regions were shaved and
sterilized with iodophor and ethanol. The abdomen was
exposed by a 1-1.5 cm midline abdomen vertical incision
and then softly to explore the viscera, including the liver,
kidney, intestines, and musculature by the sterile swab
soaked in saline. Next, 6 cm of intestine was exposed out-
side the abdominal cavity and rubbed for 30 seconds, and
the operation lasted 30 minutes. Subsequently, the incision
was closed from the peritoneal muscles to the skin using
sterile 5-0 sutures and sterilized with iodophor for three
times. After the operation, the mice were subcutaneous
administered 1ml saline for supplementation of liquid vol-
ume. Finally, they were placed on a heat blanket in a chamber
until recovery, and lidocaine hydrochloride gel was applied
to the incision to relieve the pain.

2.5. Experimental Design. All experimental mice were ran-
domly divided into the following groups (5 mice/group).

Aged mice were used to evaluate the distribution of
PKH26-labeled MSCs-Exo administered. Twenty-four hours
after MSCs-Exo administration, all mice were decapitated
under deep anesthesia and fixed with 4% paraformaldehyde
before frozen sectioning.

To explore the effect of surgery on cognitive function in
aged mice and whether ferroptosis was present in mice hip-
pocampus, the mice were randomly divided into 3 groups.
(1) Sham group: the mice were anesthetized, and their abdo-
men regions were shaved and sterilized with iodophor and
ethanol, but not treated with exploratory laparotomy. And
the mice were intraperitoneal injected with corresponding
vehicle; (2) dNCR group: the mice were anesthetized and
received exploratory laparotomy. And the mice were intra-
peritoneal injected with corresponding vehicle; (3) dNCR
+Fer-1 (ferrostatin-1, a ferroptosis inhibitor) group: the
mice were injected with Fer-1 1 hour before surgery through
the tail vein (1.5mg/kg, 1% DMSO diluted in sterile saline,
Sigma-Aldrich, MO, USA). The doses of Fer-1 were admin-
istered, as described previously [40].

To explore the protective effect of MSCs-Exo in dNCR
mice, the mice were randomly divided into 4 groups: (1)
Sham group; (2) dNCR group; (3) dNCR+MSCs-Exo
(50μg/mouse) group: the mice were injected with MSCs-
Exo 1 hour before surgery through the tail vein; and (4)
dNCR+Fer-1 group.

To explore the role of SIRT1 played on the protective
effect of MSCs-Exo in dNCR mice, the mice were randomly
divided into 5 groups: (1) Sham group; (2) dNCR group; (3)

dNCR+MSCs-Exo group; (4) dNCR+MSCs-Exo+EX-527
(a selective SIRT1 inhibitor [41, 42]) group: the mice were
intraperitoneal injected with EX-527 daily for 3 days
before surgery (5mg/kg, 1% DMSO diluted in sterile
saline, Selleck, Houston, TX, USA) and injected with
MSCs-Exo 1 hour before surgery through the tail vein;
and (5) dNCR+EX-527 group: the mice were intraperito-
neal injected with EX-527 daily for 3 days before surgery.
The doses of EX-527 were chosen based on earlier reports
that EX-527 significantly inhibited the expression of SIRT1
[43]. The experimental timeline was shown in Figure 1;
the EX-527 or corresponding vehicle was injected daily for
3 days before surgery; the MSCs-Exo, or Fer-1, or corre-
sponding vehicle was administered 1 hour before surgery.
Next, the behavioral tests were performed began at 24 hours
after the surgery to verify the success of model and the influ-
ence of MSCs-Exo on cognitive function in dNCR aged mice.
Eventually, after drug treatment and behavioral tests, the
mice were killed for subsequent experiments.

2.6. Tail Vein Injection. One hour before surgery, the mouse
was taken from the housing cage and introduced onto the
tail vein injection device. The injection site of the tail was
wiped with a 75% alcohol cotton ball. The needle of a 1ml
syringe was inserted into the skin in a 10-15° angle about
2-4mm to penetrate the tail vein, and 50μg MSCs-Exo solu-
tion was slowly injected. Then, the needle was removed
quickly, and the injection site was pressed firmly to prevent
the backflow of the injected drugs and/or blood. Finally, the
mouse was returned to its cage and monitored for at least 5
minutes to ensure the mouse has no further bleeding.

2.7. Morris Water Maze Test. Morris water maze (MWM),
which is a hippocampus-dependent spatial learning and
memory test for rodents, was performed as described previ-
ously with minor modifications [44]. The MWM consisted
of a round steel pool that was 125 cm in diameter, 60 cm in
height, and filled with white water maintained at 21 ± 1°C.
The pool was surrounded by a gray curtain and placed in a
quiet room. The maze was divided into four quadrants with
an escape platform (10 cm in diameter) immersed 1 cm
below the water surface in one target quadrant, and marked
objects are suspended from fixed positions in each quadrant.
MWM testing began at the 24 hours after surgery and lasted
for five days, with the first 4 days being a training period.
The mice were released facing the pool rim from different
quadrants and given 90 seconds to find the platform, and
they were artificially guided to the platform and stayed there
for 15 seconds if they failed to find the platform within 90
seconds. A video surveillance system was used to record
and track the escape latency of mice (i.e., the time taken
from being released in the water to finding the platform).
On the 5th day, the mice were subjected to the space explo-
ration experiment. The platform was removed, and the mice
were released from the opposite quadrant of the platform
and swam freely for 120 seconds and then recorded the
number of crossings over the previously hidden platform
and the time spent in the specific target quadrant.
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2.8. Reactive Oxygen Species (ROS) Assays. The levels of ROS
from hippocampus tissues were assessed using the dihy-
droethidium (DHE) fluorescent probe (Sigma-Aldrich,
MO, USA), following the previously described protocols
[45]. Briefly, frozen brain sections were incubated with 50
μM DHE at room temperature for 1 hour in the dark; the
sections were incubated for 10 minutes with DAPI. Then,
the images were captured under a fluorescence microscope
(Olympus, Tokyo, Japan).

2.9. Glutathione (GSH), Malondialdehyde (MDA), and
Ferrous Ion (Fe2+) Assays. Aged mice were decapitated under
deep anesthesia, and the hippocampus was immediately col-
lected. The fresh tissues of hippocampus were perfused with
PBS containing heparin to remove blood and clots. After
weighing the tissue, it was homogenized in slurry medium.
The relative concentration of GSH was detected using GSH
Colorimetric Assay Kit (Elabscience, Wuhan, China). The
MDA content was detected using an MDA Colorimetric
Assay Kit (TBA method) (Elabscience, Wuhan, China) and
the determination of Fe2+ level using Ferrous Iron Colori-
metric Assay Kit (Elabscience, Wuhan, China). All kits were
used according to the manufacturer’s instructions.

2.10. Western Blot Analysis. The hippocampus tissue was
quickly collected under deep anesthesia and quickly bathed
in a radioimmunoprecipitation assay (RIPA) lysis buffer
combined with proteinase inhibitors. Subsequently, the tis-
sue was ground into a suspension and lysed on ice for 30
minutes and then centrifuged at 12,000 rpm in a cold centri-
fuge at 4°C for 15 minutes. Afterward, the supernatant was
carefully transferred into EP tube. Protein concentration
was determined by BCA Protein Assay Kit (CWBIO, Beijing,
China). The protein lysate was diluted to the same concen-
tration with 5x loading buffer and denatured by boiling.
Then, the proteins in each sample were loaded onto 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels. Electrophoresis was conducted at 80V
for 30 minutes first and, then, at 120V for 60 minutes and
subsequently transferred onto a 0.45μm polyvinylidene
fluoride (PVDF) membrane. The membranes were blocked
with 5% skim milk at room temperature for 3 hours and
incubated overnight at 4°C with the following primary anti-

bodies: mouse anti-P53 (1 : 1,000 dilution, 60283-2-Ig; Pro-
teintech), rabbit anti-solute carrier family 7 membrane 11
(SLC7A11) (1 : 1,0000 dilution, ab175186; Abcam), rabbit
anti-GPX4 (1 : 1,000 dilution, A11243; ABclonal), mouse
anti-SIRT1 (1 : 1,000 dilution, 60303-1-Ig; Proteintech), rab-
bit anti-Nrf2 (1 : 1,000 dilution, ab92946; Abcam), rabbit
anti-HO-1 (1 : 1,000 dilution, A19062; ABclonal), and β-
actin (1 : 1,0000 dilution, AC026; ABclonal). After that, the
membranes were washed five times with 0.1M TBST for 3
minutes each time and incubated with goat anti-rabbit
immunoglobulin G (IgG) (H+L) horseradish peroxidase
(HRP) (1 : 1,000 dilution, AS014; ABclonal) or goat anti-
mouse IgG (H+L) HRP (1 : 5,000 dilution, AS003; ABclo-
nal) at room temperature for 2 hours. The protein bands
were visualized with enhanced chemiluminescence (ECL)
detection reagents (CWBIO, Beijing, China) and a comput-
erized image analysis system (Tanon 4600, Shanghai,
China). The ImageJ software was used to quantify protein
blot intensity.

2.11. Transmission Electron Microscope (TEM). In order to
study the ultrastructure, the mice were decapitated while
under anesthetized; the hippocampus were quickly separated
and cut into 1mm3 pieces with a sharp scalpel and soaked
immediately in 2.5% cold glutaraldehyde. Next, these tissues
were fixed, dehydrated, embedded, solidified, sectioned, and
stained. Finally, the ultrastructural characteristics of hippo-
campus mitochondria were observed under the TEM
(HT7700-SS, HITACHI, Japan).

2.12. Statistical Analysis. Data were analyzed using the
GraphPad Prism software. All data were presented as
mean ± SEM. Group differences in the escape latency during
the MWM test were analyzed using the two-way analysis of
variance (ANOVA). Statistical significance between two
groups was analyzed using a two-tailed Student’s t-test, and
statistical significance between multiple groups was analyzed
using one-way ANOVA followed by Bonferroni post hoc test.
P < 0:05 was considered to be statistically significant.

3. Results

3.1. Surgery Induced Cognitive Impairment and
Hippocampus Ferroptosis in Aged Mice. Firstly, to verify

5 d1 d

MWMSurgery

0 d−10 d −3 d −2 d −1 d −1 h

Adapt to laboratory
environment (7 days)

EX-527
or

vehicle
(i.p. daily)

MSCs-Exo
or

Fer-1
or

vehicle
Brain tissue
collections

Figure 1: Schematic timeline of the experimental procedure. The mice were acclimatized to the laboratory environment for 7 days before
the studies. The EX-527 or corresponding vehicle was injected daily for 3 days before surgery; the MSCs-Exo, or Fer-1, or corresponding
vehicle was administered 1 hour before surgery. Next, the behavioral tests were performed began at the 24 hours after the surgery to
verify the success of model and the influence of MSCs-Exo on cognitive function in dNCR aged mice. In the end, the mice were
decapitated after the behavioral tests, and the brain tissues were collected for subsequent experiments.
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the reliability of the model, we evaluated the influence of
exploratory laparotomy on cognitive function in aged mice
using the MWM. When mice were trained for MWM, we
found that the mice subjected to surgery showed longer
escape latencies compared with the Sham group mice on
days 3 and 4 of training (Figure 2(a)). Moreover, the mice
in the dNCR group took longer swimming distance of find-
ing the platform than those in the Sham group on days 4 of
training (Figure 2(b)). Then, the space exploration experi-
ment was performed on day 5 by removing the platform,
releasing the mice from the opposite quadrant of the plat-
form, and recording the number of crossings over the previ-
ously hidden platform and the time spent in the specific
target quadrant within 120 seconds. We found that the
platform-crossing times and the time spent in the target
quadrant were significantly decreased in the dNCR group
compared with the Sham group (Figures 2(c) and 2(d)).
Hence, our results suggested that surgery induced cognitive
impairment.

Next, the model of dNCR in aged mice was established.
Fer-1 was used to determine whether ferroptosis was pres-
ent in dNCR aged mice hippocampus. The hippocampus
tissues of mice were collected to observe the morphology
of mitochondria in hippocampus and explore the levels of
ROS, GSH, MDA, Fe2+, key ferroptosis-related protein
GPX4 [46], P53 [47], and SLC7A11 [48]. As shown in
Figure 3(a), we observed that compared with mitochondria
in the Sham group, the mitochondria morphology in the
hippocampus in the dNCR group showed the significant
characteristic changes of ferroptosis, including the size of
mitochondrial became smaller, the density of double-layer
membrane was increased, and the mitochondrial crest was
decreased. In addition, compared with the Sham group,
GSH level was lower, while ROS, MDA, and Fe2+ levels
were higher in the dNCR group, and there was no signifi-
cant difference in GSH, ROS, MDA, and Fe2+ levels between
the Sham group and Sham+Fer-1 group (Figures 3(b)–3(f)).
Meanwhile, the protein expression levels of GPX4 and
SLC7A11 were decreased while the protein expression level
of P53 was increased in the dNCR group, and there was no
significant difference between the Sham group and Sham
+Fer-1 group (Figures 3(g)–3(j)). These data suggested that
ferroptosis may occur in dNCR aged mice hippocampus.

3.2. Phenotypic Identification of Collected MSCs-Exo. To
investigate the role of MSCs-Exo in dNCR mice, the
MSCs-Exo was isolated from culturing medium of MSCs.
TEM analysis demonstrated that the particles obtained
were round-shaped vesicles with a bilayer membrane struc-
ture and with a diameter of approximately 50-100 nm
(Figure 4(a)). Western blot showed that the protein marker
CD63 was remarkably higher in MSCs-Exo compared with
MSC cytoplasm (Figure 4(b)). Nanoparticle tracking analysis
demonstrated that the diameters of the most particles were
within the range of 60-200 nm, and the peak diameter is
135.7 nm (Figure 4(c)). According to the quantification, the
protein concentration of the MSCs-Exo was 0.7570mg/ml.
The above results indicated that the MSCs-Exo have been
successfully isolated from MSCs.

To prove that the MSCs-Exo can change gene expression
of the hippocampus, firstly, we have demonstrated that the
MSCs-Exo could pass through the blood-brain barrier and
was absorbed into neurons. We performed MSCs-Exo trac-
ing assays using PKH26-dyed MSC-Exo. After the 24-hour
MSCs-Exo treatment, brain sections were obtained. As
shown in Figure 4(d), most neurons obtained the PKH26-
labeled MSC-Exo.

3.3. MSCs-Exo Treatment Ameliorates Cognitive Impairment
in dNCR Aged Mice. The hidden platform training and space
exploration experiments were performed to test the cogni-
tive function of mice. In Figures 5(a) and 5(b), compared
with the dNCR group, the escape latencies on days 3 and 4
of training and the swimming distance of finding the plat-
form on day 4 of training in the dNCR+MSCs-Exo group
were significantly reduced. In the space exploration experi-
ment (Figures 5(c) and 5(d)), the platform-crossing times
and the time spent in the target quadrant were significantly
longer in the dNCR+MSCs-Exo group compared with the
dNCR group. Collectively, these findings indicated that
MSCs-Exo treatment prevented spatial learning and mem-
ory impairments in dNCR aged mice.

3.4. MSCs-Exo Inhibit Hippocampus Ferroptosis in dNCR
Aged Mice. We use Fer-1 to further determine whether the
protective effect of MSCs-Exo on cognitive impairment is
involved in inhibiting ferroptosis. As shown in Figure 6(a),
compared with the dNCR group, the size of mitochondria
was increased, the density of double-layer membrane was
reduced, and the mitochondrial crest was increased in the
dNCR+MSCs-Exo group and dNCR+Fer-1 group. Addi-
tionally, compared with increased ferroptosis in dNCR
group, significantly reduced ROS, MDA, and Fe2+ levels
combined with elevated GSH level was found in the dNCR
+MSCs-Exo group and dNCR+Fer-1 group (Figures 6(b)–
6(f)). Meanwhile, the results of Western blot showed that
the protein expression levels of GPX4 and SLC7A11 were
increased, while the protein expression level of P53 was
reduced in the dNCR+MSCs-Exo group and dNCR+Fer-1
group compared with the dNCR group (Figures 6(g)–6(j)).
These data suggested that MSCs-Exo inhibited hippocampus
ferroptosis in dNCR aged mice.

3.5. The Effect of MSCs-Exo on Hippocampus Ferroptosis in
dNCR Mice Is Mediated by the Nrf2/HO-1 Signaling
Pathway. Ferroptosis is characterized by the massive accu-
mulation of fatal intracellular lipid peroxide when the anti-
oxidant capacity of cells decreases [34]. The transcription
factor Nrf2 is a well-known transcription factor that plays a
key role in against oxidative stress. A previous study demon-
strated that Nrf2-regulated signaling pathway diminished
anesthesia-induced memory impairment by inhibiting oxi-
dative stress [49]. Thus, we determined whether the effect
of MSCs-Exo on ferroptosis in dNCR aged mice is mediated
by the Nrf2 and HO-1 pathways. According to Western blot
analysis (Figures 7(a)–7(c)), the results suggested that MSCs-
Exo and Fer-1 significantly increased the expression of Nrf2
compared with that in the dNCR group. Additionally, HO-
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1, the downstream component of the Nrf2 pathway, was
upregulated by treatment with MSCs-Exo and Fer-1. Thus,
we suggested that MSCs-Exo mitigate the ferroptosis in
dNCR mice via activating Nrf2/HO-1 pathway.

3.6. MSCs-Exo Alleviated Cognitive Impairment and
Hippocampus Ferroptosis of dNCR Aged Mice in a SIRT1-
Dependent Manner. SIRT1 is considered an effective protector
of the cells against oxidative insult acting by targeting Nrf2 to
regulate the expression of HO-1 [19]. The data of Figure 8(a)
showed that surgery induced a decrease in the protein expres-
sion of SIRT1 compared with that in the Sham group. To
explore whether the effect of MSCs-Exo is SIRT1 dependent,
we pretreated mice with EX-527, a specific SIRT1 inhibitor.
The data of Figure 8(b) showed that the protein expression
level of SIRT1 was downregulated by surgery or EX-527 and
restored by MSCs-Exo, which indicated that the effect of
MSCs-Exo was mediated by regulation of SIRT1.

Additionally, the dNCR group and dNCR+EX-527 group
exhibited longer escape latencies, longer swimming distance
of finding the platform, fewer platform-crossing times, and
shorter time spent in the target quadrant than the Sham
group mice, and there was no difference between the dNCR
group and the dNCR+EX-527 group (Figures 8(c)–8(f)). In
contrast, in the dNCR+MSCs-Exo group, the escape latencies
on days 3 and 4 of training were shorter, the swimming dis-
tance of finding the platform on day 4 of training was longer,
the platform-crossing times and the time spent in the target
quadrant were significantly increased (Figures 8(c)–8(f)).
Interestingly, dNCR+MSCs-Exo+EX-527 treatment signifi-
cantly affected the MSCs-Exo inhibitory effect on cognition
impairment. Administration of EX-527 prior to dNCR+
MSCs-Exo treatment abolished the protective effects of
MSCs-Exo (Figures 8(c)–8(f)). Pretreated dNCR+MSCs-
Exo mice with EX-527 extended their escape latencies and
the swimming distance of finding the platform (Figures 8(c)
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Figure 2: Surgery induced cognitive impairment in aged mice. The mice were randomly divided into 3 groups: Sham group, dNCR group,
and dNCR+Fer-1 group. (a) Escape latency during the MWM navigation test. (b) The representative trajectory diagrams of the swimming
distance to find the platform (blue dots: starting position; yellow dots: ending position). (c) The platform-crossing times in the MWM test.
(d) The time spent in the target quadrant during the MWM test. Data are expressed asmean ± SEM (n = 5/group). ∗P < 0:05 and ∗∗P < 0:01,
Sham vs. dNCR; @@P < 0:01, dNCR vs. dNCR+Fer-1. Fer-1: ferrostatin-1, a ferroptosis inhibitor.
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Figure 3: Continued.
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and 8(d)). In the space exploration experiment, the platform-
crossing times and the time spent in the target quadrant were
significantly shorter in the dNCR+MSCs-Exo+EX-527
group than in the dNCR+MSCs-Exo group (Figures 8(e)
and 8(f)). These results indicated that MSCs-Exo treatment
was effective in improving spatial learning and memory of
dNCR aged mice in a SIRT1-dependent manner.

We then examined the effect of MSCs-Exo-mediated
SIRT1 activation on hippocampus ferroptosis in dNCR
mice. The results showed that the MSCs-Exo alleviated hip-
pocampus ferroptosis of dNCR aged mice was abolished by
EX-527 treatment. Compared with the Sham group, the
dNCR group and dNCR+EX-527 group mitochondria
observed via TEM had shrunk in size, the double-layer
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Figure 3: Surgery induced hippocampus ferroptosis in aged mice. The mice were randomly divided into 3 groups: Sham group, dNCR
group, and dNCR+Fer-1 group. (a) TEM was employed to detect the ultrastructure of hippocampus in aged mice (bar = 1:0 μm). (b, c)
ROS (red fluorescent signal) were detected using DHE staining (bar = 100 μm). (d) The GSH level by GSH Colorimetric Assay Kit. (e)
The MDA level by MDA Colorimetric Assay Kit. (f) The Fe2+ level by Ferrous Iron Colorimetric Assay Kit. (g–j) GPX4, P53, and
SLC7A11 expressions in each group were determined by Western blot. gprot: gram protein; mgprot: milligram protein. Data are
expressed as mean ± SEM (n = 5/group). ∗∗P < 0:01 and ∗∗∗P < 0:001, Sham vs. dNCR; @@P < 0:01 and @@@P < 0:001, dNCR vs. dNCR
+Fer-1. Fer-1: ferrostatin-1, a ferroptosis inhibitor.
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membrane density had reduced, and the mitochondrial
crest had decreased or disappeared. In contrast, MSCs-
Exo ameliorated ferroptosis-induced mitochondrial mor-
phologic changes, and pretreating dNCR+MSCs-Exo mice
with EX-527 the mitochondria morphology in hippocam-
pus showed the characteristic changes of ferroptosis
(Figure 9(a)). In addition, compared with the Sham group,
the GSH level was lower, while ROS, MDA, and Fe2+ levels
were higher in the dNCR group and dNCR+EX-527 group
(Figures 9(b)–9(f)). Meanwhile, the protein expression levels

of GPX4 and SLC7A11 were decreased while the protein
expression level of P53 was increased (Figures 9(g)–9(j)). There
was no difference between the dNCR group and the dNCR
+EX-527 group (Figures 9(b)–9(j)). In contrast, MSCs-Exo
treatment increased the levels of GSH, GPX4, and SLC7A11
and decreased the levels of ROS, MDA, Fe2+, and P53 which
were reversed by EX-527 treatment (Figures 9(b)–9(j)). Fur-
thermore, compared with the dNCR group, we observed that
MSCs-Exo administration increased the expression of Nrf2
and HO-1 in the hippocampus, whereas pretreated mice with
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Figure 4: Phenotypic identification of collected MSCs-Exo. (a) Representative electron microscopy image of MSCs-Exo (bar = 200 nm). (b)
Representative marker of isolated exosomes detected by Western blot. (c) Size distribution of exosomes determined by Nanoparticle
Tracking Analyzer. (d) Representative fluorescence images of brain sections stained; PKH26-dyed exosomes were administered through
tail vein into mice.
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EX-527 decreased their expression (Figures 9(k)–9(m)). These
data suggested that the Nrf2/HO-1 pathway was regulated by
SIRT1 to inhibit hippocampus ferroptosis.

Taken together, our results suggested that MSCs-Exo
effectively ameliorated the cognitive impairment and inhib-
ited hippocampus ferroptosis in dNCR aged mice through
a SIRT1-dependent mechanism.

4. Discussion

The current study was conducted to examine the effects and
mechanisms of MSCs-Exo on cognitive dysfunction induced
by surgery in aged mice. Here, we found that laparotomy sur-
gery induced cognitive impairment and hippocampus fer-
roptosis. Exogenous MSCs-Exo could ameliorate cognitive
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Figure 5: MSCs-Exo treatment ameliorates cognitive impairment in dNCR mice. The mice were randomly divided into 4 groups: Sham
group, dNCR group, dNCR+MSCs-Exo group, and dNCR+Fer-1 group. (a) Escape latency during the MWM navigation test. (b) The
representative trajectory diagrams of the swimming distance to find the platform (blue dots: starting position; yellow dots: ending
position). (c) The platform-crossing times in the MWM test. (d) The time spent in the target quadrant during the MWM test. Data
are expressed as mean ± SEM (n = 5/group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001, Sham vs. dNCR; #P < 0:05 and ##P < 0:01, dNCR
vs. dNCR+MSCs-Exo; @P < 0:05 and @@P < 0:01, dNCR vs. dNCR+Fer-1. Fer-1: ferrostatin-1, a ferroptosis inhibitor.
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Figure 6: MSCs-Exo inhibit hippocampus ferroptosis in dNCR mice. The mice were randomly divided into 4 groups: Sham group, dNCR group,
dNCR+MSCs-Exo group, and dNCR+Fer-1 group. (a) TEMwas employed to detect the ultrastructure of hippocampus in agedmice (bar = 1:0μm).
(b, c) ROS (red fluorescent signal) were detected using DHE staining (bar = 100μm). (d) The GSH level by GSH Colorimetric Assay Kit. (e) The
MDA level by MDA Colorimetric Assay Kit. (f) The Fe2+ level by Ferrous Iron Colorimetric Assay Kit. (g–j) GPX4, P53, and SLC7A11
expressions in each group were determined by Western blot. gprot: gram protein; mgprot: milligram protein. Data are expressed as mean ± SEM
(n = 5/group). ∗∗P < 0:01 and ∗∗∗P < 0:001, Sham vs. dNCR; ##P < 0:01, dNCR vs. dNCR+ MSCs-Exo; @@P < 0:01, dNCR vs. dNCR+Fer-1.
Fer-1: ferrostatin-1, a ferroptosis inhibitor.
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dysfunction by inhibiting ferroptosis. In addition, MSCs-
Exo could reverse the expression level of SIRT1 reduced
by surgery. And pretreatment specific SIRT1 inhibitor
EX-527 abolished improving effects of MSCs-Exo in cogni-
tive impairment and ferroptosis of aged mice after surgery.
Moreover, using EX-527 could also block the Nrf2/HO-1
signaling pathway in MSCs-Exo-treated aged mice. The
protective effects of MSCs-Exo on cognitive impairment
in aged mice were related to its inhibited hippocampus
ferroptosis by modulating the activity of SIRT1/Nrf2/HO-
1 signaling pathway (Figure 10).

dNCR is a perioperative neurological complication, rep-
resenting major health concerns for older surgical patients
[50], especially experiencing hip-fracture repair and cardiac
surgery [51]. dNCR is a main cause of functional impair-
ment and increased morbidity and mortality [1]. Despite
increasing investigation of dNCR mechanisms and thera-
peutic strategies, the current therapies for the management

of dNCR are still insufficient. Exosomes are rich in bioac-
tive molecules, including DNA, proteins, mRNAs, and
miRNAs, which make exosomes essential for intercellular
communication [52]. MSCs-Exo plays an important role
in oxidative stress response, neurodegenerative disease,
and neurological diseases [53–55]. In our study, the dNCR
model of aged mice was established to investigate the pro-
tective effect of MSC-Exo. Firstly, we found that an explor-
atory laparotomy was performed using aseptic procedures
caused cognitive dysfunction in aged mice, which is in con-
sistent with previous studies [39]. And MWM tests showed
that the mice in the dNCR+MSCs-Exo group spent less
time to find the platform and more time in the target quad-
rant than that of the dNCR group. These results indicated
that MSCs-Exo pretreatment could alleviate the cognitive
impairment caused by surgery.

Iron is one of the most important minerals, which plays
an indispensable role in many physiological and pathological
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Figure 7: The effect of MSCs-Exo on hippocampus ferroptosis in dNCR mice is mediated by the Nrf2/HO-1 signaling pathway. The mice
were randomly divided into 4 groups: Sham group, dNCR group, dNCR+MSCs-Exo group, and dNCR+Fer-1 group. (a–c) Nrf2 and HO-1
expressions in each group were determined by Western blot. Data are expressed as mean ± SEM (n = 5/group). ∗∗P < 0:01 and ∗∗∗P < 0:001,
Sham vs. dNCR; ##P < 0:01 and ###P < 0:001, dNCR vs. dNCR+ MSCs-Exo; @@P < 0:01 and @@@P < 0:001, dNCR vs. dNCR+Fer-1. Fer-1:
ferrostatin-1, a ferroptosis inhibitor.
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processes of the body [34, 56, 57]. In neuronal system, iron
homeostasis is important for brain function including
enzyme catalysis, mitochondrial function, myelination, and
synaptic plasticity. Dysregulation of iron homeostasis can
cause oxidative stress and inflammation, leading to cell dam-
age and ultimately neurological disease [58–60]. Ferroptosis
is a programmed cell death process associated with dysregu-
lation of iron homeostasis, which is characterized by iron-
dependent lipid peroxidation [61]. Previous studies sug-
gested that ferroptosis was present in intestinal I/R injury
and lung I/R injury in mice [62, 63]. And ferroptosis was
found an important role in cognitive deficits of neurodegen-
erative diseases [34, 64]. In our study, we found the
increased Fe2+ level in hippocampus of dNCR mice. Mean-
while, the levels of ROS, MDA, and P53 were increased,
while the levels of GSH, GPX4, and SLC7A11 were
decreased in dNCR mice. In addition, we also found that
the increased levels of ROS, MDA, Fe2+, and P53 and
decreased levels of GSH, GPX4, and SLC7A11 in dNCR
mice were reversed by Fer-1, suggesting that ferroptosis
can participate in the development of dNCR. Song et al.
found that MSCs-Exo could attenuate myocardial injury by
inhibiting ferroptosis [65]. In recent studies, exosomes could
inhibit ferroptosis in neural system and play a protective role
in intracerebral hemorrhage [66]. In this study, we found
that MSCs-Exo treatment could downregulate the levels of
ROS, MDA, Fe2+, and P53, while increase the levels of
GSH, GPX4, and SLC7A11 in dNCR mice. These results
indicated that MSCs-Exo could alleviate the cognitive

impairment by mediating hippocampus ferroptosis in dNCR
aged mice.

SIRT1, a NAD-dependent deacetylase, plays a positive
role in stress responses, cellular metabolism, and aging
[67]. SIRT1 in the nervous system can participate in neuro-
protection, oxidative stress, inflammatory response, autoph-
agy, and other biological processes [68]. In our study, we
found that SIRT1 expression was downregulated in the
dNCR mice. Previous studies found that extracellular vesi-
cles, which contain exosomes, could enhance SIRT1 activa-
tion, synaptic activity, and rescue cognitive deficits in AD
model [69]. And another study suggested that SIRT1 was
activated by exosomes to exert protective effect against
radiation-induced brain injury [70]. Our results found that
exogenous MSCs-Exo could restore the downregulation of
SIRT1, suggesting the regulatory role of exosomes in SIRT1
function in dNCR. Furthermore, studies have shown that
the bioactive molecules miRNA in exosomes can regulate
SIRT1 [71, 72]. However, what component in MSCs-Exo
regulate SIRT1 to ameliorate dNCR in aged mice needs to
be further explored.

In addition, our results also found that inhibiting SIRT1
activation could result in ferroptosis in dNCR mice. SIRT1
plays an important role in neurodegenerative diseases and
cognitive deficits via regulating the levels of Nrf2 and HO-
1 [1, 73–76]. The activation of SIRT1 targeting Nrf2/HO-1
pathway activation can alleviate central nervous system
inflammation-induced cognitive deficits [73]. Nrf2/HO-1
pathway can play a key role in suppressing ferroptosis in
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Figure 8: MSCs-Exo alleviated cognitive impairment of dNCR mice in a SIRT1-dependent manner. The mice were randomly divided into 5
groups: Sham group, dNCR group, dNCR+MSCs-Exo group, dNCR+MSCs-Exo + EX-527 group, and dNCR+EX-527 group. (a, b) SIRT1
expression in each group was determined by Western blot. (c) Escape latency during the MWM navigation test. (d) The representative
trajectory diagrams of the swimming distance to find the platform (blue dots: starting position; yellow dots: ending position). (e) The
platform-crossing times in the MWM test. (f) The time spent in the target quadrant during the MWM test. Data are expressed as mean
± SEM (n = 5/group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001, Sham vs. dNCR or Sham vs. dNCR+EX-527; #P < 0:05 and ##P < 0:01,
dNCR vs. dNCR+MSCs-Exo; $P < 0:05 and $$P < 0:01, dNCR+MSCs-Exo vs. dNCR+MSCs-Exo + EX-527. EX-527: a specific SIRT1
inhibitor.
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nervous system [34, 77]. Dang et al. revealed that edaravone
abolished chronic social defeat stress-induced ferroptosis
and ameliorated depressive and anxiety-like behaviors by
regulating SIRT1/Nrf2/HO-1/GPX4 pathway [20]. Our
study found that the expressions of Nrf2 and HO-1 were
increased accompanied by ameliorated dNCR after MSCs-

Exo treatment, and SIRT1 inhibitor could inhibit this
Nrf2/HO-1 pathway activation, suggesting that SIRT1 could
mediate ferroptosis by activating Nrf2/HO-1 pathway. These
results demonstrated that MSCs-Exo ameliorate surgery
induced cognitive impairment by inhibiting hippocampus
ferroptosis via activating SIRT1/Nrf2/HO-1 pathway.
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Figure 9: MSCs-Exo alleviated hippocampus ferroptosis of dNCR mice in a SIRT1-dependent manner. The mice were randomly divided
into 5 groups: Sham group, dNCR group, dNCR+MSCs-Exo group, dNCR+MSCs-Exo + EX-527 group, and dNCR+EX-527 group. (a)
TEM was employed to detect the ultrastructure of hippocampus in aged mice (bar = 1:0μm). (b, c) ROS (red fluorescent signal) were
detected using DHE staining (bar = 100μm). (d) The GSH level by GSH Colorimetric Assay Kit. (e) The MDA level by MDA
Colorimetric Assay Kit. (f) The Fe2+ level by Ferrous Iron Colorimetric Assay Kit. (g–j) GPX4, P53, and SLC7A11 expressions in each
group were determined by Western blot. (k–m) Nrf2 and HO-1 expressions in each group were determined by Western blot. gprot:
gram protein; mgprot: milligram protein. Data are expressed as mean ± SEM (n = 5/group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001,
Sham vs. dNCR or Sham vs. dNCR+EX-527; #P < 0:05, ##P < 0:01, ###P < 0:001, dNCR vs. dNCR+MSCs-Exo; $P < 0:05, $$P < 0:01, and
$$$P < 0:001, dNCR+MSCs-Exo vs. dNCR+MSCs-Exo + EX-527. EX-527: a specific SIRT1 inhibitor.
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Figure 10: Diagrammatic presentation of the findings from this study. MSCs-Exo upregulates the expression level of SIRT1. SIRT1
restoration leads to an increase in Nrf2 and HO-1. Collectively, this mechanism inhibits ferroptosis induced by surgery so as to alleviate
cognitive impairment. MSCs: mesenchymal stem cells; MSCs-Exo: mesenchymal stem cell-derived exosomes; dNCR: delayed
neurocognitive recovery; SIRT1: silent information regulator 1; Nrf2: factor nuclear factor-erythroid 2-related factor 2; HO-1: heme
oxygenase-1.
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5. Conclusion

In our study, we identified exosomes derived from MSCs
and demonstrated that MSCs-Exo can ameliorate cognitive
impairment by inhibiting hippocampus ferroptosis via acti-
vating SIRT1/Nrf2/HO-1 pathway in dNCR aged mice.
These results confirmed that MSCs-Exo may have an effi-
cient medicinal value and provide a novel insight of drug
development for dNCR therapy.
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Traditional Chinese medicine (TCM) has significantly contributed to protecting human health and promoting the progress of
world civilization. A total of 2,711 TCMs are included in the 2020 version of the Chinese Pharmacopoeia, which is an integral
part of the world’s medical resources. Tu Youyou and her team discovered and purified artemisinin. And their contributions
made the values and advantageous effects of TCM more and more recognized by the international community. There has been
a lot of studies on TCM to treat diseases through antioxidant mechanisms, the reports on the new mechanisms beyond
antioxidants of TCM has also increased year by year. Recently, many TCMs appear to have significant effects in regulating
ferroptosis. Ferroptosis is an iron-dependent, non-apoptotic, regulated cell death characterized by intracellular lipid peroxide
accumulation and oxidative membrane damage. Recently, accumulating studies have demonstrated that numerous organ
injuries and pathophysiological process of many diseases are companied with ferroptosis, such as cancer, neurodegenerative
disease, acute renal injury, arteriosclerosis, diabetes, and ischemia-reperfusion injury. This work mainly introduces dozens of
TCMs that can regulate ferroptosis and their possible mechanisms and targets.

1. Introduction

The history of traditional Chinese medicine (TCM) has a
long history, and written records of TCM have existed for
more than 5,000 years. TCM reflects the wisdom of the
Chinese people, which has evolved for thousands of years.
It contains the precious experience of ancient Chinese
people in fighting against diseases. TCM is one of the world’s
oldest medical systems, a healing approach based on the
foundation of Chinese philosophy that utilizes the balance
between mankind and nature. Its theories include the con-
cept of yin and yang, the Five Elements, zang-fu, channels-
collaterals, qi, blood, body fluid, methods of diagnosis, and
the differentiation of symptom-complexes [1]. TCM is char-

acterized by two primary features: a holistic treatment strat-
egy based on the differentiation of syndromes. The selection
of TCM natural products is guided by their taste and Yin
and Yang qualities [2]. TCM contributes greatly to the med-
ical field by providing active pharmaceutical ingredient [3,
4]. TCM functions by individual adjustment of multiple
components and targets and facilitates the transformation
of the body from an abnormal to a normal state.

Ferroptosis is a novel form of programmed non-
apoptotic cell death and is characterized by intracellular
iron-dependent lipid peroxidation and accumulation of
reactive oxygen species (ROS). The conception of ferroptosis
was proposed by Dixon et al. in 2012, and the discovery of
ferroptosis emerged from their identification in 2003 of
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erastin that induced a non-apoptotic form of cell death [5].
Iron ions are not only importance trace elements in body
but also are the triggered factor involved in the occurrence
of ferroptosis [6]. Excessive Iron may directly generate plenty
of ROS to induce oxidative damage and ferroptosis through
the Fenton reaction [4]. Ferroptosis is involved inmultiple dis-
eases including cancer, arteriosclerosis, ischemia-reperfusion
injury, neurodegenerative disease, and acute renal failure
[7–12]. Glutathione peroxidase 4 (GPX4), ferroptosis suppres-
sor protein 1 (FSP1), and dihydroorotate dehydrogenase
(DHODH) constitute the three primary defense mechanisms
against ferroptosis. They are as follows: 1) GPX4 specifically
catalyzes lipid peroxidation to inactivate its oxidative activity
in a GSH-dependent manner and protects the cells from fer-
roptosis [12–14]. 2) FSP1 is a GSH-independent ferroptosis
inhibitor that acts as a redox catalyst, reducing coenzyme
Q10 (CoQ10) to ubiquinol (CoQ10H2) at the cell membrane.
CoQ10H2 acts as a lipophilic antioxidant by capturing free
radicals and inhibiting lipid peroxides [15, 16]. 3) DHODH
inhibits ferroptosis by inhibiting lipid peroxidation in mito-
chondria [17]. RSL3 and erastin are two experimental com-
pounds that can induce ferroptosis. Dixon et al. found that
erastin induced ferroptosis by blocking uptake of cystine
through system Xc-, a cystine-glutamate anti-porter that
transports extracellular cysteine into for the synthesis of
GSH., resulting in depletion of GSH and cystine [18], and
RSL3 inhibited GPX4 [13]. Lipid peroxidation is a free
radical-driven reaction, which mainly affects metabolism of
polyunsaturated fatty acids (PUFAs) in the cell membrane
[19]. All mammalian cells have certain levels of PUFAs, and
PUFAs is converted to phospholipid hydroperoxides
(PLOOH). The products of lipid peroxidation include the
PLOOH andmalondialdehyde (MDA). During the ferroptosis
process, ROS and phospholipid hydroperoxides (PLOOH)
accumulate and cannot be neutralized efficiently. Excessive
ROS may disrupt the integrity of the plasma membrane [20].

Ferroptosis is not only associated with several diseases
but is also a key component of many signaling pathways.
The process of ferroptosis can also be targeted by drugs. In
this work, we mainly focused on regulating ferroptosis by
TCMs and their active pharmaceutical ingredient. We
reviewed the primary mechanisms of how TCMs affect fer-
roptosis. It is reported that dysregulation of ferroptosis is
linked with numerous physiological conditions and patho-
logical stress. However, ferroptosis is a two-edged sword.
On the one hand, it induces the non-apoptotic destruction
of cancer cells [21]. but on the other hand, it may lead to
organ damage [12, 22, 23]. Among TCMs, some active phar-
maceutical ingredients are ferroptosis inducers and have
excellent anticancer efficacy, while some show organ-
protective effects by acting as ferroptosis inhibitors.

2. The Main TCMs for Regulating Ferroptosis

2.1. Artemisinin. Artemisinin, as a natural sesquiterpene lac-
tone compound, was isolated for the first time from the
Asteraceae plant Artemisia arbusus in 1971 by the Chinese
scientist Tu Youyou who won the Nobel Prize in Medicine.
Artemisinin is now widely used in the treatment of malaria

[24, 25]. Dihydroartemisinin (DHA), a derivative of artemi-
sinin, also has therapeutic effects on various cancers, includ-
ing liver cancer [26], breast cancer [27], and lung cancer
[28]. DHA functions by inhibiting the PRIM2/SLC7A11 axis
and induces ferroptosis and inhibits cell proliferation. The
peroxide bridge structure in the molecular structure of
DHA may cause ferroptosis in tumor cells by disrupting
the intracellular redox equilibrium [29–31]. Lin et al. found
that DHA inhibits tumor progression in head and neck
carcinoma by inducing ferroptosis in tumor cells [32].
Artemisinin and its derivatives, as the basic drugs for
malaria treatment, save the lives of hundreds of thousands
of patients around the world every year. Recently, discover-
ies in oncology studies have shown that artemisinin and its
derivatives act as ferroptosis inducers by inducing tumor
cells ferroptosis to exert anticancer effects. So far, artemisi-
nin and its derivatives have no obvious serious adverse reac-
tions using antimalarial treatment, and have very high
safety. However, it has been reported that when artesunate
suppositories are administered rectally, about 6% of patients
experience tenesmus, but serious adverse reactions such as
neutropenia are rare [33, 34].

2.2. Leonurine (Also Named as SCM-198). Leonurine is a
primary active alkaloid compound extracted and purified
from Motherwort, a traditional Chinese herbal medicine
[35]. Motherwort has the effects of promoting blood circula-
tion and regulating menstruation, diuresis and swelling,
clearing heat and detoxification, and is often used for blood
stagnation, amenorrhea and dysmenorrhea. In the past,
motherwort was considered as a safe and non-toxic TCM.
In recent years, accumulating studies have found that long-
term and high-dose use of motherwort will cause some
adverse reactions, mainly manifested as sudden feeling of
general weakness, paralysis of the lower limbs, severe sweat-
ing, decreased blood pressure, and rapid breathing, and even
cause uterine contractions and lead to miscarriage in preg-
nant women [36, 37].

Leonurine reduces renal podocyte injury,
lipopolysaccharide-induced acute kidney injury, and renal
fibrosis by inhibiting oxidative stress via reducing the pro-
duction of ROS and protecting the kidneys [38, 39]. Ferrop-
tosis is mediated by phospholipid peroxidation, a process
that requires ROS and transition metal iron. Recently, Leo-
nurine has been shown to inhibit ferroptosis by activating
the antioxidant transcription factor Nrf2 and play a protec-
tive role against liver [40] and kidney [41] injuries. In
addition, leonurine has also been confirmed to inhibit the
expression of fibronectin by blocking the transforming
growth factor-β (TGF-β)/NF-κB signaling pathway and in
chronic kidney disease rat model, leonurine can reduce
tubulointerstitial fibrosis caused by unilateral ureteral
obstruction [38].

2.3. Curculigoside, Astragalus Polysaccharide and Astragaloside
IV. Astragalus membranaceu is sweet in taste and warm in
nature. It has the functions of invigorating qi and raising yang,
strengthening the surface and relieving sweat, and diuresis and
swelling. It is a commonly used medicine in TCM for the
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treatment of kidney disease. Clinical adverse reactions caused
by it are rare, and the drug is relatively safe. Curculigoside
(CUR) is a phenolic glycoside compound isolated and purified
fromAstragalus membranaceu. It shows various pharmacolog-
ical activities, such as anti-inflammatory [42] and antioxidant
[43], anti-osteoporotic effects [44]. Wang et al. found that
CUR protects against hydrogen peroxide-induced osteoblast
impairment by alleviating oxidative damage [45]. Another
study has confirmed the efficacy of CUR in attenuating excess
iron-induced bone loss and oxidative stress by inhibiting ROS
production and increasing superoxide dismutase (SOD) and
GPX4 [46]. The protective effect of CUR may be associated
with the inhibition of ferroptosis. CUR inhibits intestinal epi-
thelial cells ferroptosis by inducing GPX4 expression in ulcera-
tive colitis (UC) [47].

Astragalus polysaccharide (APS), another bioactive
compound extracted from Astragalus membranaceus, also
possesses several potential pharmacological effects, including
anti-inflammation [48], anti-infection [49], anti-tumor [50],
and immune regulatory properties [51]. Similar to CUR,
APS also protects intestinal epithelial cells (IECs) against
ferroptosis by inhibiting Nrf2/HO-1(Heme oxygenase 1)
signaling pathways and reduces lesions in a murine model
of experimental colitis [52].

Astragaloside IV, another compound isolated from
Astragalus membranaceus, protects the endothelial cells by
decreasing ROS production and oxidative stress [53]. Sheng
et al. suggested that Astragaloside IV may prevent myocar-
dial damage by protecting the Human Umbilical Vein Endo-
thelial Cells (HUVECs) against ferroptosis [54].

2.4. Quercetin, QCT. Quercetin (3,30,40,5,7-pentahydroxy-
flavone) is a unique bioactive natural flavonoid widely dis-
tributed in nature and abundant in different vegetables.
QCT has a wide range of pharmacological effects, including
anticancer [55], antioxidant [56], and anti-inflammatory
[57] effects. The antitumor activity of QCT may be associ-
ated with its pro-apoptotic effect [47]. However, in contrast,
low-dose QCT (10mg/kg) also protects against diabetic kid-
ney injury by inhibiting apoptosis [58] in hypercholesterol-
emic mice, it also alleviates acute kidney injury (AKI) by
inhibiting the expression of activating transcription factor
3 (ATF3) and blocking ferroptosis in renal proximal tubular
epithelial cells [59]. QCT also impedes the accumulation of
iron, attenuates lipid peroxide, and restores the expression
of the voltage-dependent anion-selective channel protein
2(VDAC2). It shows protective effects against type 2 diabe-
tes by blocking ferroptosis in pancreatic β cells [60]. From
these studies, we concluded that QCT might inhibit cancer
progression by promoting apoptosis and exert a cytoprotec-
tive effect by inhibiting apoptosis and ferroptosis.

2.5. Erianin. Erianin, a natural product isolated from the
herb Dendrobium, exerts many bioactive effects, including
antitumor activity in several cancers. A study shows that
erianin may be a promising medicine for osteosarcoma
because it induces G2/M cell cycle arrest and triggers regu-
lated cell death, such as apoptosis and autophagy [61]. Zhu
et al. reported that erianin exhibits antitumor activity in

bladder cancer cells by inducing mitochondrial apoptosis
and the JNK pathway [62]. Liu et al. showed that erianin
may be used for treating human nasopharyngeal carcinoma
since it induces cell apoptosis through the ERK signaling
pathway [63]. Furthermore, it has been reported that erianin
shows antitumor activity in lung cancer cells by inducing
ferroptosis and G2/M-phase arrest to inhibit cell prolifera-
tion and migration. This study, for the first time, also found
that erianin induces ferroptosis via the Ca2+/CaM signaling
pathway in lung cancer cells and inhibits the progression
of the tumor [64]. We concluded that the antitumor effect
of erianin is achieved by both pro-apoptotic and non-
apoptotic pathways including ferroptosis.

2.6. Curcumin. Curcumin([1,7-bis(4-hydroxy-3-methoxy-
pheny1)-l,6-heptadiene-3,5-dione]), discovered in Curcuma
longa L., has been widely and safely consumed for hundreds
of years. It is a natural food pigment and also shows poten-
tial applications in cancer treatment [65, 66]. Due to its rare
adverse reactions [67], curcumin has been clinically used for
the treatment of various diseases besides tumors, such as
diabetes, obesity, cardiovascular disease, lung disease, neuro-
logical disease and autoimmune disease [68]. Previous
studies have demonstrated that Curcumin inhibits the
growth of cancer cells, including pancreatic cancer [69]
and prostate cancer [70], by inhibiting cell proliferation
and inducing cell apoptosis. Curcumin has been shown to
be capable of eliminating ROS [71], once intracellular ROS
accumulation significantly exceeds normal levels, it leads to
significant damage to DNA, lipids, and proteins and finally
induces cell death, including ferroptosis [4, 72]. A series of
studies have shown that Curcumin inhibits cancer progression
by inducing ferroptosis. Li et al. have found that Curcumin
triggers ferroptosis in breast cancer cells by upregulating
HO-1 expression [73]. Zhang et al. verified that curcumenol,
another antitumor component extracted from turmeric
thizomes, induces ferroptosis in lung cancer cells through the
lncRNA H19/miR-19b-3p/FTH1 axis [74]. Curcumin has the
potential to be a broad-spectrum and safe anticancer drug.

2.7. Epigallocatechin-3-Gallate, EGCG. EGCG, an active
polyphenol compound found in green tea, belongs to the
same polyphenol family as curcumin [75] and shows multi-
ple biological activities, including antitumor, anti-inflamma-
tory, anti-bacterial, and cytoprotective activities [76, 77].
EGCG possesses powerful antioxidant activity due to its spe-
cial stereochemical structure. It penetrates the blood-brain
barrier and chelates Fe3+ to decrease ROS and α-synuclein,
thereby preventing and treating neurodegeneration [78].
EGCG also regulates the expression of AMP-activated pro-
tein kinase (AMPK) and reduces lipid accumulation in
canine hepatocytes [79]. Studies showed that EGCG protects
cardiomyocytes against DOX-induced cardiotoxicity by
inhibiting apoptosis and ferroptosis in Sarcoma 180 tumor-
bearing mice [80, 81]. Furthermore, EGCG also ameliorates
ionizing radiation-induced ferroptosis in mouse intestinal
epithelial cells by deregulating ROS and activating Nrf2 and
its downstream antioxidant proteins, including SLC7A11,
HO-1, GPX4 [82]. It also alleviates erastin-induced ferroptosis
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in pancreatic Beta-cells [75]. EGCG also inhibits ferroptosis in
cerebellar granule neurons by promoting PKD1 phosphoryla-
tion after spinal injury [83].

2.8. Glycyrrhiza. The traditional herbal medicine licorice, the
dried rhizome of Glycyrrhiza (GL), is used for spleen and
stomach weakness, fatigue and fatigue, palpitations and
shortness of breath, cough, and phlegm. Adverse reactions
of GL and its derivatives includes increased blood pressure,
edema, abdominal pain and so on. In addition, pregnant
women should also use it with caution [84]. GL extracted
from Glycyrrhiza uralensis Fishch is a natural glycosyl triter-
penoid and is identified as an inhibitor of the high-mobility
group box1 (HMGB1). GL has a neuroprotective effect on
brain injury by inhibiting HMGB1 and its downstream
inflammatory factors and reducing oxidative stress [85].
Recent studies have shown that cell ferroptosis induces
HMGB1 release and inflammation in the acute pancreatitis
model [86]. It has been shown that HMGB1 is released from
injured cells and shows cytokine activity that has been linked
with the pathogenesis of many central nervous system
(CNS) diseases, including neonatal hypoxic-ischemic brain
damage (HIBD) [87]. Therefore, as an HMGB1 inhibitor,
GL provides a potential treatment for HIBD, and GL has
been shown to reduce ferroptosis-mediated brain damage
by modulating the GPX4 axis [88]. Echinatin, another active
ingredient of licorice, effectively suppresses the activation of
the NLRP3 inflammasome by targeting HSP90 and is used
for treating a variety of human inflammatory diseases [89].

2.9. Honokiol, HNK. HNK is a biphenolic compound
extracted from various parts of Magnolia officinalis [90].
HNK shows efficient and specific antitumor effects. HNK
has been reported to suppress the growth of cancer cells by
inducing apoptosis and autophagy. HNK promotes ROS
generation and induces ROS-mediated cell death by
regulating p53/PI3K/Akt/mTOR signaling pathway [91–93].
Recently, HNK also was shown to increase the intracellular
ROS level by decreasing the activity of GPX4, thereby killing
colon cancer cells (CCCs) [94]. Therefore, HNK shows poten-
tial in treating solid tumors. Lai et al. reported that HNK
induces acute myeloid leukemia (AML) cells ferroptosis by
upregulating HMOX1 [95].

2.10. Tanshinone IIA. Salvia miltiorrhiza Bunge. is a peren-
nial upright herb of the genus Sage in the family Dicotyledo-
naceae; TCM salvia is a dried root and rhizome, which
activates blood and dispels stasis and clears the heart [96].
With the increase in clinical application, reports of its toxic
and side effects are also increasing, including allergic skin
rash, liver damage, and gastrointestinal bleeding [97]. The
main bioactive ingredients of salvia include liposoluble salvia
ketone and water-soluble salvia phenolic acids [98]. Tanshi-
none IIA (Tan IIA) was isolated from Salvia miltiorrhiza
Bunge. and found to exert an antineoplastic effect in gastric
cancer cells MKN-45 by inducing apoptosis and cell cycle
arrest [99] and in AGS cells by suppressing insulin-like
growth factor receptor (IGFR), epidermal growth factor
receptor (EGFR) expression and blocking PI3K/Akt/mTOR

pathways [100, 101]. A study showed that Tan IIA upregu-
lates the expression of p53 and p53 is recruited to the
SCL7A11 promotor to block the transcription of SLC7A11,
which encodes system Xc-, a cystine-glutamate anti-porter
that transports extracellular cysteine into for the synthesis
of GSH. Consequently, Tan IIA induces ROS-mediated fer-
roptosis [102, 103].

2.11. 1,6-O-O-Diacetyl-Britannilactone (OABL). Sesquiter-
pene lactones (STLs), are a lead bioactive component
extracted from Inula japonica Thunb. They have been used
for the treatment of multiple inflammatory diseases, includ-
ing fever, migraine, arthritis, and atherosclerosis with few
mild side effects [104, 105]. 1,6-o-o-diacetyl-britannilactone
(OABL) is another STL mainly extracted from Inula
Britannica L. OABL suppresses NO and PGE2 synthesis in
RAW264.7 macrophages to exert an anti-inflammatory
effect [106] and antineoplastic effect [107]. Oxidative stress
and uncontrolled neuroinflammation induce neuronal dam-
age in neurodegenerative diseases, such as Alzheimer’s
disease (AD) [108]. OABL may treat neurodegenerative dis-
ease by decreasing amyloid plaques (deposits of Aβ) and
neurofibrillary tangles (hyperphosphorylated Tau). OABL
increased the GSH level and reduced the MDA level in
5xFAD mice, showing that OABL protects neurons by
inhibiting ferroptosis [109].

2.12. Beta-Elemene. Beta-elemene is a Class II anticancer
drug extracted and purified from TCM curcumae rhizome.
Beta-elemene has been used to treat various cancers, includ-
ing colorectal cancer [110, 111]. Ferroptosis inhibitors pre-
vented cell death mediated by beta-elemene treatment.
This suggested that beta-elemene may inhibit tumor growth
by inducing ferroptosis in KRAS mutant colorectal cancer
cells. This study also has found that β-elemene also inhibits
epithelial-mesenchymal transformation (EMT) by inhibiting
metastasis of KRAS-mutant colon cancer tumor cells [112].
As a new ferroptosis inducer, beta-elemene is widely used
in the treatment of various cancers, including lung, liver,
brain, breast, ovary, gastric, and prostate cancers due to its
low toxicity [113].

In addition to the above drugs, a variety of TCMs have
also been found to be associated with cell ferroptosis.

2.13. Others. Ajuga nipponensis has abundant bioactivities,
including hypoglycaemic [114] and antioxidant and hepato-
protective effects [115]. Recently, ajudecunoid C (ADC), a
neoclerodane diterpenoid extracted from Ajuga nipponensis,
has been shown to protect neurons from ferroptosis by acti-
vating the Nrf2 antioxidant pathway [116]. Cucurbitacins
are a group of natural tetracyclic triterpenoids from oriental
herbs, among which cucurbitacin B(CuB) is one of the most
abundant and richly studied cucurbitacins extractive [117].
CuB mediates its potent antitumor activity not only by
inducing cell apoptosis and related pathways [118] but also
by the induction of a nonapoptotic pathway - CNE1 ferrop-
tosis. CuB helps in the accumulation of iron and GSH deple-
tion, resulting in the production of lipid peroxides. CuB also
downregulates the expression of GPX4 [119]. Xie et al. have
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found that Selaginella extractive induces ferroptosis in
breast cancer cells (MCF7) by enhancing the expression
of VDAC2 channels and inhibiting the expression of
Nedd4 E3 ubiquitin ligase, leading to the accumulation
of peroxidation and the production of ROS [120]. Gao
et al. have reported that Actinidia chinensis planch pre-
vents gastric cancer by inducing apoptosis and ferroptosis
in gastric cells [121]. Zhang et al. showed that Bufotalin
accelerates lipid peroxidation by inducing degradation of
GPX4, and treats human non-small cell lung cancer
(NSCLC) by targeting ferroptosis [122]. It has been indi-
cated that brucine is a weakly alkaline compound isolated
from the seeds of Strychnosnux-vomica, and induces the
accumulation of H2O2, causing ferroptosis in glioma cells
by upregulating ATF3 [123]. Baicalein, a flavonoid com-
pound mainly derived from the root of Scutellaria baica-
lensis, has recently been found as a ferroptosis inhibitor
and functions through reducing iron accumulation, gluta-
thione depletion, and lipid depletion peroxidation [124].
Brusatol, a natural product isolated from the Brucea
javanica Merr., also regulates the ferroptosis process by
blocking Nrf2 signaling [125]. So, as an inhibitor of
Nrf2, brusatol showed therapeutic efficacy against human
NSCLC by inducing ferroptosis through the FOCAD-
FAK signaling pathway [126]. Ji et al. found that niujiao-
dihuang detoxify decoction, as an ferroptosis inhibitor,
could alleviate injury by promoting GSH synthesis and
enhance GPX4 activity in acute liver failure models
[127]. Another study showed that realgar could induce fer-
roptosis by downregulating expression of Slc7A11 and
Gpx4 in HK-2 cells to play a nephrotoxic effect, and the
toxicity of realgar on HK-2 was dose-dependent [128].
Huang et al. reported that hedyotis diffusa injection could
induce ferroptosis via the Bax/Bcl2/VDAC2/3 axis to
inhibit the viability of lung adenocarcinoma cells [129].

Red ginseng polysaccharide, an active component of the
herb Panax ginseng C. A. Meyer (Araliaceae), have an
anticancer role in human lung cancr and breast cancer
by inducing ferroptosis via targeting GPX4 [130].

In summary, tremendous endeavors have been made to
explore the regulatory mechanisms of TCMs on ferroptosis
over the past years. Table 1 lists the Chinese and English
names of representative TCMs which act as ferroptosis
regulators.

3. Discussion and Outlook

Here, we have summarized dozens of TCMs which regulate
ferroptosis and have outlined their mechanisms and targets.
DHA [28] and Tan IIA [102] induce ferroptosis by inhibit-
ing System Xc-, while QCT [59] activates System Xc- and
blocks ferroptosis through the ATF3 signaling pathway.
Curcumin [73] promotes ferroptosis by inhibiting Nrf-2
nuclear translocation and its downstream signaling pathway
and System Xc-, while EGCG [82] and leonurine [40, 41]
inhibits ferroptosis by promoting the Nrf-2/HO-1 signaling
pathway. OABL [109] attenuates ferroptosis by upregulating
GSH levels. Astragalus membranaceus [47, 53] promotes
GPX4 activity to inhibit ferroptosis, while Glycyrrhiza [88]
inhibits GPX4 to promote ferroptosis. EGCG [82] and β-ele-
mene [113] inhibit ferroptosis by down-regulating intracel-
lular ROS levels. HNK [94] promotes ferroptosis by
upregulating intracellular ROS levels, and erianin promotes
ferroptosis by upregulating ROS through the Ca2+/CaM
signaling pathway [64]. Additionally, in vivo and in vitro
experiments have shown that CuB, Selaginella, Actinidia
chinensis plant, bufotalin, brucine, brusatol, realgar,
hedyotis diffusa injection and Red ginseng polysaccharide
may be used as ferroptosis inducers. In contrast, ADC,
Baicalein, niujiaodihuang detoxify decoction may be used

Table 1: Representative TCMs as Ferroptosis Regulators.

TCMs or active pharmaceutical ingredients Function Possible mechanism of regulating Ferroptosis Herb Chinese name

Artemisinin/Dihydro-artemisinin Inducer Inhibited the function of system xc- Qinghao

Leonurine Inhibitor Upregulated the Nrf2/HO-1 signaling Yimucao

Astragalus Membranaceus Inducer Down-regulated the expression GPX4 Huangqi

Quercetin Inhibitor Activated system xc- by inhibiting ATF3 Hupisu

Dendrobium/Erianin Inducer
Upregulated the levels of intracellular ROS by Ca2+/CaM

signaling pathway
Shihu

Curcuma longa L/curcumin Inducer Inhibited system xc- by Nrf2/HO-1 signaling pathway Jianghuang

Epigallocatechin-3-gallate,EGCG Inhibitor
Activated system xc- by inducing Nrf2 nucleus

translocation
Biaomeishizi

Glycyrrhiza Inhibitor Upregulated the expression of GPX4 Gancao

Magnolia officinalis/Honokiol, HNK Inducer Upregulated the levels of ROS Guangyulan

Salvia miltiorrhiza Bge./Tanshinone IIA Inducer Inhibited the function of system xc- Danshen

Inula japonica Thunb./1,6-o-o-diacetyl-
britannilactone, OABL

Inhibitor Upregulated the levels of GSH Xuanfuhua

Curcumae rhizome/Beta-elemene Inducer Upregulated the levels of ROS Ezhu

The English and Chinese name of these TCMs comes from the Pharmacopoeia of the People’s Republic of China (version 2020).

5Oxidative Medicine and Cellular Longevity



as ferroptosis inhibitors. The primary Chinese medicines
that regulate ferroptosis and their possible targets are shown
in Figure 1 [14, 17, 131, 132].

However, careful consideration should be given to the
data obtained from cell experiments and animal experiments
since cell and animal experiments are different from clinical

Figure 1: Significant TCMs involved in ferroptosis and their targets. There are three main iron death pathways, including the
Cystine-GSH-GPX4 axis, CoQ10/FSP1, and DHODH axis. The frame of this color “peach” is filled with TCMs that are ferroptosis
inhibitors; the frame of “light blue” is filled with ferroptosis inducers.

Figure 2: Ferroptosis has played an important role in multiple diseases, such as nervous system diseases, liver diseases, heart diseases,
gastrointestinal diseases, lung diseases, kidney diseases, and breast diseases. TCM is engaged in the prevention and treatment of these
diseases by regulating ferroptosis. Artemisinin derivatives:DHA, Artesunate; astragalus membranaceus derivatives: curculigoside,
astragalus polysaccharide, astragaloside IV; glycyrrhiza derivatives: glycyrrhizin, echinatin; ajuga nipponensis: ajudecunoid C(ADC).
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investigations; future studies, especially clinical trials, are
essential for using TCMs in ferroptosis-related diseases.
These research studies will be complicated and challenging
due to the complexity of TCMs components and the interac-
tion of various therapeutic drugs in regulating ferroptosis-
related diseases including cancers, auto-immune diseases.
Nevertheless, TCMs have tremendous potential in the treat-
ment of ferroptosis-related diseases in the future due to their
low toxicity and side effects compared with chemical medi-
cine. Compared with the classical ferroptosis inducers
including erastin and RAS-selective lethal 3 (RSL3) the
reported TCMs and their active ingredients that have a reg-
ulatory effect on ferroptosis have the characteristics of more
regulatory targets, stable structure, high safety, low cost and
easy availability, but the accumulation of related researches
is insufficient and needs to be further explored. This study
reviews the functions and possible targets of TCMs in regu-
lating ferroptosis and provides theoretical support for the
subsequent clinical application of TCMs in preventing and
treating ferroptosis-related diseases (Figure 2).
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Accumulating evidence has suggested the significant role of long noncoding RNAs (lncRNA) in regulating ferroptosis, while its
regulatory mechanism in diabetic retinopathy (DR) remains unelucidated. In this work, we first demonstrated that lncRNA
zinc finger antisense 1 (ZFAS1) is upregulated in high glucose-cultured human retinal endothelial cells (hRECs) and ZFAS1
inhibition attenuated high glucose- (HG-) induced ferroptosis, which was evidenced by cell viability, total iron and ferrous iron
levels, reactive oxygen species (ROS) level, and Glutathione Peroxidase 4 (GPX4) expression detection. Mechanistically, we
validated that ZFAS1 may act as a competing endogenous RNA by competitively binding with microRNA-7-5p (miR-7-5p)
and modulating the expression of its downstream molecule acyl-CoA synthetase long-chain family member 4 (ACSL4), which
is now identified as a classic driver gene of ferroptosis process. In conclusion, our results demonstrate that HG-induced ZFAS1
elevation activates ferroptosis in hRECs and the ZFAS1/miR-7-5p/ACSL4 axis may serve as a therapeutic target for endothelial
dysfunction in DR.

1. Introduction

Diabetic retinopathy (DR) is a complication of diabetes
mellitus which seriously affects visual health. The number
of diabetes mellitus patients was estimated to be 9.3% (463
million people) globally in 2019 [1]. Approximately 30% of
patients with diabetes mellitus deteriorate into DR, and the
mechanism and treatment of DR have always been the focus
of medical research [2–4]. It has been well documented that
microvascular endothelial cells are sensitive targets of
hyperglycemia [5, 6]. In nonproliferative stage of DR, excess
microvascular cell death was observed to be involved in the
subsequent diabetic neuropathy by cutting down blood
supplies to nervous system [7–10]. Given the initial role of
microvascular cell death in diabetic retinopathy progression,
efforts should be made to prevent or slow down the retinal
microvascular cell loss process.

Apoptosis is known to be a major contributor to endo-
thelial cell death [11, 12]. However, several studies have
pointed out that apoptosis itself cannot explain all the endo-
thelial loss processes, making exploring new forms of cell
death urgently needed [13–15]. Ferroptosis is a newly
identified nonapoptosis cell death, characterized by lethal
accumulation of intracellular iron and iron-induced lipid
reactive oxygen species (ROS) [16, 17]. The overaccumula-
tion of ROS production leads to an oxidative stress response
in cells that causes unfold or misfold proteins and cytoplas-
mic swelling and eventually to cell death [18–20]. Accumu-
lating evidence reported that ferroptosis is involved in
diverse biological processes and diseases, including immune
disease, cancer, and neurodegenerative diseases [21–24].
Intriguingly, ferroptosis processes share many similar fea-
tures with diabetes-induced endothelial dysfunction, both
characterized by reactive oxygen species (ROS) accumulation
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and enhanced oxidative stress [25, 26]. Recently, Luo et al.
reported that HG and interleukin-1 beta can induce
human umbilical vein endothelial cells ferroptosis, which
indicates that ferroptosis is involved in endothelial dys-
function [27]. However, the regulatory mechanism under-
lying the ferroptosis-mediated endothelial dysfunction has
yet been elucidated.

A growing number of evidences have suggested that
lncRNAs are involved in multiple biological processes
through a number of different signaling pathways [28, 29].
lncRNA ZFAS1 is a lncRNA on chromosome 20 and has
been reported to play either oncogenic or tumor suppressor
role in different cancers [30–33], while its role in endothelial
dysfunction requires further study. In our current study, we
discovered that the expression level of lncRNA ZFAS1 was
upregulated under hyperglycemia in both RNA sequencing
dataset and in cultured hRECs. Further, our results revealed
that ZFAS1 exerts its efforts by acting as a miR-7-5p sponge
to regulate the ACSL4 expression. Recently, Zhuang et al.
reported that upregulation of miR-7-5p promotes ferropto-
sis by regulating levels of transferrin receptor, uptake of iron,
and production of lipid reactive oxygen species in cardio-
myocyte [34]. Another group of researchers found that
knockdown of miR-7-5p in malignant cells results in the
downregulation of the iron storage gene expression such as
ferritin as well as the upregulation of the ferroptosis marker
gene expression [35]. ACSL4, a lipid metabolizing enzyme
required for ferroptosis and a driver gene of ferroptosis pro-
cess, catalyzes the linkage of long-chain poly-unsaturated
fatty acids to coenzyme A and preferentially utilizes long
PUFAs for functions in phospholipid biosynthesis [36, 37].
In this work, we provide new insights into the molecular
function of ZFAS1 in DR, supporting the notion that
ZFAS1 may serve as a therapeutic target for DR treatment.
Moreover, we proved the potential diagnostic and thera-
peutic application of ZFAS1/miR-7-5p/ACSL4 axis in DR
treatment.

2. Methods

2.1. Data Collection and Bioinformatics Analysis. GEO data-
set was downloaded from GEO database (http://www.ncbi
.nlm.nih.gov/geo). The GSE94019 dataset contained CD31+

endothelial cells isolated from nine fibrovascular membrane
samples from patients with proliferative DR and four control
retinal samples without diabetes diagnosis. The “limma”
package in R was employed (jlog 2ðFCÞj = 0:5 and P < 0:05)
to process and identify the differentially expressed lncRNA.

2.2. Cell Culture. Primary hRECs were purchased from
PromoCell (C-12200, Heidelberg, Germany), and all of the
experiments were performed using 2-5 passages of hRECs.
hRECs were grown in complete endothelial culture medium
ECM (ScienCell, 1001) containing 1% endothelial cell
growth supplement (ScienCell, 1052), 5% fetal bovine serum
(Gibco, A3160802), and 1% penicillin/streptomycin solution
(Gibco, 15140-122) at 37°C in a humidified atmosphere of
5% carbon dioxide. Cell culture plates and centrifuge tubes
were purchased from NEST Biotechnology Co. Ltd. (Wuxi,

China). For high glucose cells, experiments indicated that
the amount of D-glucose (MCE, HY-B0389) was added
directly in ECM media to obtain a final concentration of
10, 15, 20, or 30mM, and a hypertonic group (24.5mM
mannitol and 5.5mM glucose) was added to exclude hyper-
osmolarity effects. To detect the role of ferroptotic signals in
HG-induced endothelial dysfunction, hRECs were treated
with 10μM apoptosis inhibitor tauroursodeoxycholic acid
(TUDCA) (MCE, 35807-85-3), 10μM necrosis inhibitor
necrostatin-1 (MCE, 4311-88-0), 10μM ferroptosis inhibitor
ferrostatin-1 (Fer-1) (MCE, HY-100579), and 10μM pyrop-
tosis inhibitor tetraethylthiuram disulfide (TETD) (MCE,
97-77-8) for 48 h.

2.3. Plasmid and shRNA Transfection. hRECs were plated in
a 6-well plate with the density of 105 cells per well. The
ZFAS1 shRNA (Sh-ZFAS1), miR-7-5p mimics/inhibitor,
and blank plasmids were purchased from GenePharma
(Shanghai, China). Transfection of miRNA mimics/inhibitor
and shRNAs was conducted using Lipo 3000 transfection
agent (Invitrogen) according to the manufacturer’s instruc-
tion. The shRNA sequences used in this study were pre-
sented in Supplementary Table 1. The pCDNA3.1-ZFAS1
plasmids were generated by inserting the ZFAS1 coding
sequences into pCDNA3.1 empty vector (Invitrogen). After
18 h of starvation, the cells were transfected, and 72 hours
later, the efficacies of this shRNA were validated by RT-
qPCR before being used in subsequent experiments.

2.4. Cell Viability. Cell viability was performed using trypan
blue staining method as previously described [38]. Briefly,
cells were seeded in a 6-well plate at densities of 105 per well
with 2ml medium. After attachment, hRECs were trans-
fected or treated with various plasmids and cultured for
48 h. 10μl cell suspension was mixed up with 10μl 0.1%
trypan blue solution (Keygen, KGY015) and pipetted into a
blood cell counting plate. To assess the cell viability in each
experimental group, three randomly selected fields were
counted manually by two experienced evaluators under a
stereomicroscope.

2.5. Measurement of Lipid Peroxidation Levels. C11-BOD-
IPY assay was used to assess lipid peroxidation according
to the manufacturer’s instruction. Cells were seeded into
6-well dishes at a concentration of 106 cells per well. After
treatment, cells were stained with BODIPY 581/591 C11
(Thermo Fisher Scientific, D3861) for 30min at 37°C in
the dark and then washed twice using PBS and then
detected at an emission wavelength of 510nm and an exci-
tation wavelength of 488 nm.

2.6. Measurement of Total and Ferrous Iron. The measure-
ment of total and ferrous iron level in cell samples was
conducted using Iron Assay Kit (Sigma, Cat. # MAK025)
[39]. Cells were plated at 1 × 105 cells/well in a six-well plate.
48 h later, cell samples were collected using 12,000 × g cen-
trifugation for 10min at 4°C. In each group, 5μl of assay
buffer was first added in 50μl sedimentation to measure
total iron, and 5μl of iron reducer buffer was then added
to convert Fe3+ to Fe2+, before being adjusted to a final
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volume of 100μl per well in a 96-well plate with assay buffer.
The plate was gently shaken for 30min at room temperature.
After, 100μl iron probe buffer was added in each well, and
the system was shaken for another 60min at room tempera-
ture. The plate was protected from light during the whole
procedure, and the absorbance was measured at 593nm on
fluorescence microplate reader.

2.7. Dual-Luciferase Reporter Assay. The dual-luciferase
reporter assay was performed to validate the interaction
between lncRNA ZFAS1 and miR-7-5p, or between miR-7-
5p and ACSL4. Briefly, wild-type and mutated 3′-untrans-
lated region (3′-UTR) regions of ZFAS1 luciferase reporter
gene vectors (named ZFAS1-WT and ZFAS1-MUT, respec-
tively) were designed and synthesized by Guangzhou RiboBio
Co., Ltd., China. The cells were transfected with miR-7-5p
mimic or NC-mimic and the ZFAS1-WT or ZFAS1-MUT
for 48h. Cells were then lysed to detect luciferase activity using
the dual-luciferase reporter assay system (Promega, Madison,
MI, USA) according the manufacturer’s instruction. Likewise,
cells were transfected with miR-7-5p mimic or miR-NC and
the ACSL4-WT or ACSL4-MUT for 48h, before subsequent
luciferase activity was detected.

2.8. Cellular Fractionation. To determine the subcellular
localization of ZFAS1, hRECs were lysed on ice and fraction-
ated using the Cell Fractionation Kit (Abcam, ab109719)
following the manufacturer’s instructions. Nuclear and cyto-
plasmic fractions were then analyzed by western blotting.
GAPDH and U6 were utilized as cytoplasmic and nuclear
markers, respectively.

2.9. RNA Fluorescence In Situ Hybridization. Specific
fluorescence-conjugated probes for ZFAS1 were designed
and synthesized by Life Technologies (Shanghai). The sig-
nals of the probe were detected by FISH Kit (GenePharma,
Shanghai) according to the manufacturer’s instructions.
Nuclei were stained with DAPI. The images were monitored
and captured using a Leica confocal microscopy (Leica
Microsystems, Mannheim, Germany).

2.10. Western Blotting. Western blotting was performed as
previously described [40]. After 72 hours of shRNA transfec-
tion, hRECs were washed once with ice-cold PBS and then
resuspended in RIPA buffer (HY-K1001, MCE, USA) with
protease and phosphatase inhibitors. The samples were then
lysed by a constant vortex for 30min at 4°C, after which the
protein concentration of the supernatant was determined by
the Pierce BCA protein assay kit (#23225, Thermo Fisher,
USA). A total of 30μg protein samples were loaded on
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gels, transferred to PVDF membrane (Merck–
Millipore, USA), and blocked with 5% skim milk in TBST.
The target proteins were immunodetected using GPX4
(1 : 1000, ab125066, Abcam) and GAPDH (1 : 1000, A2228,
Sigma) antibodies following overnight incubation at 4°C.
The protein bands were detected by Chemistar substrate
(Tanon, Nanjing). Bio-Rad Quantity One software was
employed to quantify the intensity of the protein bands.

2.11. Quantitative Real-Time PCR. Total RNA from the cells
was extracted using the TRIzol method (Invitrogen,
10296010) following the manufacturer’s instructions. Total
RNA (1.5μg) was reverse transcribed to cDNA by random
hexamers and SuperScript IV (Invitrogen). Power SYBR-
Green Mix (Thermo Fisher, 4367659) and StepOnePlus
real-time PCR system (Applied Biosystems) were then used
to quantify relative RNA ratio. Samples were biologically
triplicated for mean ± SEM. The primer sequences for RT-
qPCR are listed in Supplementary Table 1, and GAPDH
and U6 were used as internal references.

2.12. Diabetic Retinopathy Model. A total of 48 C57BL/6J
male mice at six weeks old were purchased and randomly
assigned to four groups: controls, diabetic, diabetic with
sh-ZFAS1 transfection, and diabetic with sh-ZFAS1 trans-
fection and miR-7-5p inhibitor (n = 12 in each group).
Streptozotocin (STZ) (Sigma-Aldrich, 55mg/kg) was
injected intraperitoneally for 5 consecutive days to induce
hyperglycemia, and controls were injected intraperitone-
ally with an equivalent volume of sodium citrate buffer
[41–43]. All mice accepted intravitreal injection of plas-
mids (Sh-ZFAS1 or miR-7-5p inhibitor) or vehicles six
weeks post the first STZ injection.

2.13. Isolation of CD31+ RECs Using Flow Sorting. RECs
were isolated from the retinae in four experimental groups
using the flow sorting method as described before [44, 45].
In each experimental group, mice were euthanized, and their
retinas were carefully enucleated for subsequent analysis.
Retinae were dissociated using 1mg/ml type II collagenase
(Worthington, cat. #LS004176), washed with DPBS three
times, and then decanted through the 40-μm strainer. After
that, cells were labeled with isotype control or anti-CD31
antibody (Cat. No. 563607, BD Bioscience), kept in the dark,
and incubated on ice for 30min. After positive selection for
CD31, cells were washed three times and subsequently
sorted on a FACS Aria (BD Biosciences), and the CD31+

RECs were finally obtained.

2.14. Immunostaining Assay. To characterize the primary
hRECs as shown in Supplementary Figure 1, cells were
fixed in 4% paraformaldehyde (PFA) for 15min and
permeabilized with 0.5% Triton X-100 and 1% BSA for
15min at room temperature. Cells were blocked with 5%
BSA for 1 h and incubated overnight at 4°C with the anti-
CD31primary antibodies (1μg/ml, ab281583, Abcam). Cells
were counterstained with DAPI (Southern Bio, 0100-20),
mounted using LSM-880 confocal fluorescence microscope
(Carl Zeiss, Jena, Germany). For in vivo experiments, the
eyes in each group (n = 6) were enucleated carefully and
processed for indirect immunofluorescence in whole-
mount or cross-section as previously described [46]. For
cryosections, the eyes (n = 3 retinae from 3 mice) were fixed
in 4% PFA at room temperature for 15min. The frozen
samples were then sliced transversely (6μm) at -20°C. For
retinal flat-mounts, the eyes (n = 3 eyes from 3 mice) were
fixed in 4% PFA at room temperature for 15min, and the
retinae were dissected out as cups. Both cryosections and
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retinal cups were blocked with PBS containing 0.5% Triton-
X100 and 5% BSA at 4°C overnight and included with
the anti-CD31 and anti-GPX4 (1 : 100, ab125066, Abcam)
primary antibodies.

2.15. Statistical Analysis. The data presented are representa-
tive of at least three independent experiments and are pre-
sented as mean ± SEM. Statistical analysis was performed
in GraphPad. P values were determined by ANOVA with
Tukey HSD post hoc test, and P value less than 0.05 was
considered statistically significant. Pearson’s correlation
analysis analyzed the correlation between the ZFAS1 and
miR-7-5p level in hRECs. Significance between samples is
denoted as ∗P < 0:05 and ∗∗P < 0:01.

3. Results

3.1. ZFAS1 Is Upregulated in hRECs under High Glucose. A
total of 108 dysregulated lncRNAs were identified between
the CD31+ endothelial cells isolated from nine fibrovascular
membrane (FVM) samples and four control retinal samples
without diabetes diagnosis using a differential gene expres-
sion analysis (Figure 1(a) and Supplementary Table 2).
Among the significantly upregulated lncRNAs, ZFAS1 was
chosen for further investigation for its previously reported
role in promoting ferroptosis [47]. Given that hyperglycemia
is now regarded as the primary cause of DR by activating
subsequent interconnecting biochemical pathways, the
expression levels of ZFAS1 were detected in low and high
glucose-cultured hRECs. In consistent with RNA sequencing
result from GSE94019 dataset (Figure 1(b)), RT-qPCR
results validated that HG (25mM and 30mM) stimulation
for 48h generated high level of ZFAS1 expression compared
with that under low glucose (LG) (5.5mM) (Figure 1(c)).

3.2. ZFAS1 Knockdown Alleviates High Glucose-Induced
Ferroptosis. It has been reported that lncRNA ZFAS1 can
promote ferroptosis and finally accelerates the progression
of pulmonary fibrosis; one can expect that ZFAS1 may be
associated with hyperglycemia-induced endothelial dysfunc-
tion, which is also associated with ferroptosis processes
according to previous studies [27]. In line with Luo et al.’s
study, cell viability of hRECs was compromised, and the
iron accumulation was aggravated under HG for 48 h
(Figures 2(a)–2(c)). C11-BODIPY probe was employed to
assess the lipid peroxidation level as described before [48].
An increase of oxidated to unoxidated C11 ratio was
observed after HG treatment, suggesting the ability of HG
condition to induce lipid peroxidation-related ferroptosis
(Figures 2(d) and 2(e)). As the sole enzyme in mammalian
cells to eliminate lipid ROS, the expression level of GPX4
determines cell fate upon ferroptotic signals [49]. As shown
in Figure 2(f), HG treatment dramatically downregulated
the protein abundance of ferroptosis-associated gene GPX4.
Moreover, all the above changes could be reversed by ferrop-
tosis inhibitor ferrostatin-1 but not by TUDCA, necrostatin-
1, and TETD (inhibitors of apoptosis, necrosis, and pyropto-
sis, respectively), except for the cell viability downregulation
was rescued by ferrostatin-1 and TUDCA treatment, indicat-

ing the crucial role of ferroptosis process in HG-induced
endothelial dysfunction. In addition, quantification of the
GPX4 intensity showed that the GPX4 protein level was
higher in HG+shZFAS1 group compared to HG+Fer-1
group, while the lipid peroxidation level in these two groups
showed no significant difference. This asynchronism indi-
cated that there may exist other mechanisms involved in
the Fer-1 preventing the accumulation of lipid peroxidation
products, apart from its reported role in maintaining GPX4
expression [50, 51]. It is worth noting that both quantifica-
tions of lipid ROS and GPX4 expression here cannot be used
as the determinants to assess ferroptosis activity separately.
The precise mechanism under this asynchronism requires
further investigations.

To further determine whether the upregulation of
ZFAS1 is involved in HG-induced ferroptosis, Sh-ZFAS1
as well as its scramble control (Sh-NC) was transfected
into hRECs. Cell viability assay revealed that depletion of
ZFAS1 significantly restored the cell viability repressed
by HG. Moreover, ZFAS1 silencing resulted in the deacti-
vation of ferroptosis, as reflected by significantly dimin-
ished lipid peroxidation level and relatively high levels of
GPX4 expression. Altogether, our results demonstrate that
ZFAS1 knockdown alleviates high glucose-induced ferrop-
tosis in hRECs.

3.3. ZFAS1 Served as miR-7-5p Sponge. Evidence has
confirmed that lncRNAs act as competing endogenous
RNAs (ceRNAs) by competing for binding to microRNAs.
To obtain insight into the regulatory mechanism for the
observed ferroptosis promoting phenotypes of ZFAS1, we
further tested the downstream signal. A total of 69 miRNAs
were identified to interact with ZFAS1 using starBase data-
base (Supplementary Table 3), among which miR-7-5p was
chosen for further evaluation for its reported role in
regulating ferroptosis in various cell types, including
cardiomyocyte, malignant HeLa cells, and clinically relevant
radioresistant cancer cells [34, 35, 52]. Dual-luciferase
reports assay was performed to verify the potential
combination between ZFAS1 and miR-7-5p (Figures 3(a)
and 3(b)). Subsequently, the subcellular distribution of
ZFAS1 in hRECs was validated using subcellular
fractionation and fluorescence in situ hybridization (FISH)
assays. As shown in Figures 3(c) and 3(d), subcellular
fractionation and FISH results both revealed that ZFAS1
was mainly localized in the cytoplasm of hRECs.
Moreover, we also observed that the expression of miR-7-
5p in hRECs was significantly repressed after ZFAS1
overexpression, indicating the negative regulation of
ZFAS1 on miR-7-5p (Figure 3(e)).

Further, the potential target genes of miR-7-5p were pre-
dicted using predictive datasets miRDB, DIANA, miRmap,
and PicTar (http://mirdb.org/; http://carolina.imis.athena-
innovation.gr/diana_tools/web/index.php; https://mirmap
.ezlab.org/; https://pictar.mdc-berlin.de/) (Figures 3(f) and
3(g) and Supplementary Table 4). ACSL4 was chosen for
subsequent experiments for its previously reported roles in
inducing ferroptosis in retinal pigmental epithelial cells in
DR. Luciferase activity assay showed that the luciferase
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GSE94019. (b) The expression level of lncRNA ZFAS1 in endothelial cells isolated from FVM samples and healthy control retinal samples.
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activity of ACSL4-WT was inhibited by miR-7-5p mimics,
while ACSL4-MUT not affected (Figure 3(h)).

3.4. ZFAS1 Promoted Ferroptosis through miR-7-5p/ACSL4
Axis. To investigate whether ZFAS1 exerts its role through
miR-7-5p/ACSL4 axis, hRECs were transfected with Sh-
ZFAS1 or together with miR-7-5p inhibition (Inhi-miR-7-
5p). As shown in Figures 4(a) and 4(b), RT-qPCR showed
that Sh-ZFAS1 transfection restored the repressed expres-
sion level of ACSL4 under HG, whereas the Inhi-miR-7-5p

downregulated its expression by approximately six times.
We further compared the ferroptosis-related phenotypes in
the above experimental groups. Transfection of Sh-ZFAS1
resulted in a relatively higher cell viability and less total
and ferrous iron level in hRECs compared with their nega-
tive controls, while miR-7-5p depletion brought them all to
a basal level (Figures 4(c)–4(e)). Collectively, C11-BODIPY
assay showed that lipid peroxidation level was significantly
elevated, and the GPX4 expression was downregulated fol-
lowing knockdown of the miR-7-5p, both indicating the
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Figure 2: Inhibition of ZFAS1 rescued HG-induced ferroptosis in hRECs. (a) Both apoptosis inhibitor TUDCA and ferroptosis inhibitor
Fer-1 administration rescued the downregulated cell viability in HG group. Compared to HG control, there is no difference in total (b)
or ferrous iron level (c), lipid hydroperoxide accumulation (d and e), nor GPx4 expression level (f) after 10μM apoptosis inhibitor
TUDCA, necrosis inhibitor necrostatin-1, pyroptosis inhibitor TETD treatment for 48 h, while transfection of Sh-ZFAS1 remarkably
lightened the above ferroptosis phenotypes. n = 5 replicates. P > 0:05. 10μM Fer-1 treatment for 48 h notably ameliorated the HG-
induced ferroptosis-related phenotypes indicated above. n = 5 replicates. Data are presented as ± SEM. Ns: no significant; ∗∗P < 0:01 and
∗∗∗P < 0:001. Scale bar, 50 μm.
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activation of ferroptosis processes (Figures 4(f)–4(g)).
Western blotting result revealed that the HG-brought
ACSL4 overexpression was restrained by ZFAS1 silencing,
and this effect was largely reversed by miR-7-5p inhibition
(Figure 4(h)). Of note, we overexpress GPX4 to further
detect whether it can influence the miR-7-5p/ACLS4 axis.
As validated in Supplementary Figure 2, the expression
level of miR-7-5p as well as ACLS4 was not detectably
altered after GPX4 overexpression, indicating that GPX4 is
more likely a downstream molecule of ZFAS1/miR-7-5p/
ACSL4 axis. Taken together, these results imply that
ZFAS1 may modulate ferroptosis-mediated endothelial
dysfunction through ACSL4, a well-recognized promotor
of ferroptosis, by sponging miR-7-5p [53–55].

3.5. ZFAS1/miR-7-5p/ACSL4 Axis Modulates Endothelial
Ferroptosis in Diabetic Mice Retinae. Considering that
STZ-induced diabetic mouse is a well-recognized animal
model of diabetic retinopathy, we next investigated the
effects of ZFAS1/miR-7-5p/ACSL4 axis on endothelial fer-
roptosis using the STZ mouse model as described before
(Figure 5(a)). A total of 48 male mice were assigned to four
treatment groups: WT, STZ, Sh-ZFAS1+STZ, and Sh-ZFAS1
+Inhi-miR-7-5p+STZ (n = 12 in each group). After being
isolated from the retinae in four experimental groups using
the flow sorting, RECs in each group were subjected to
RT-qPCR analysis to have transfection efficiency of Sh-
ZFAS1 and Inhi-miR-7-5p evaluated (Figures 5(b) and
5(c)). In line with what we observed in vitro, the restraining

effect of Sh-ZFAS1 on ACSL4 expression was dramatically
abolished after inhi-miR-7-5p treatment, as demonstrated
by RT-qPCR and western blotting analysis (Figures 5(d)
and 5(e)). Next, retinal flat mounts as well as the cross sec-
tion revealed that five consecutive days of STZ injection pro-
duced classical retinal vascular leakage in six-week-old mice
when their retinae were collected at D70 [56]. The downreg-
ulation of GPX4 expression were observed in all STZ groups,
and intravitreally injection of Sh-ZFAS1 markedly rescued
the GPX4 expression loss, which was further blocked by
miR-7-5p inhibition (Figures 5(f) and 5(g)). Taken together,
our data indicates that elevated ZFAS1 expression level in
STZ mice is responsible for excess oxidative environment
in RECs and implies the important modulatory roles played
by ZFAS1/miR-7-5p/ACSL4 axis in ferroptosis process.

4. Discussion

Among the current treatments of DR, the first and foremost
is controlling blood sugar. Multiple evidence has pointed out
that changing lifestyle, ameliorating insulin resistance, and
repairing damaged β islet cell function can effectively delay
the occurrence of DR [57–59]. DR is now recognized as a
neuro- and vaso-degenerative rather than a microvascular
disease, even in early stage when neuron loss is not evident
[60, 61]. Recently, the crucial role of ferroptotic cell death
has been noted in various neurodegenerative diseases, espe-
cially in Alzheimer’s disease and Parkinson’s disease, while
its role in DR is largely unknown [62–65]. Here, we provide

(g)

ACSL4 WT ACSL4 MUT

1.5

1.0

0.5

0.0

Re
la

tiv
e l

uc
ife

ra
se

 ac
tiv

ity

⁎⁎⁎

NC-mimics
miR-7-5p

(h)

Figure 3: ZFAS1 regulates ACSL4 expression by directly interacting with miR-7-5p. (a) The binding sites of ZFAS1 with miR-7-5p as
predicted by starBase. (b) Transfection of miR-7-5p mimics remarkably attenuated the luciferase activity of ZFAS1-WT compared with
negative control groups. (c) RT-qPCR was employed to detect the expression of lncRNA ZFAS1 in the cytoplasm and nucleus of hRECs.
GAPDH and U6 served as cytoplasmic and nuclear markers, respectively. n = 5 in each group. (d) Colocalization between ZFAS1
(labeled in red) and miR-7-5p (labeled in green) was observed by RNA FISH in hRECs. Scale bar, 25 μm. (e) hRECs were transfected
with empty vector pcDNA3.1 or pcDNA3.1-ZFAS1 for 48 h, and the expression level of miR-7-5p was validated using RT-qPCR.
miR-39-3p served as an exogenous normalization. n = 5 in each group. (f) Five different datasets were utilized to predict the
downstream molecule of miR-7-5p. (g) The binding sites of miR-7-5p with ACSL4 as predicted by starBase. All data are presented
as ± SEM. ∗∗∗P < 0:001. (h) miR-7-5p mimics remarkably attenuated the luciferase activity of ACSL4-WT compared with negative
control groups.
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Figure 4: Continued.
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Figure 4: The effect of ZFAS1 silencing on preventing ferroptosis was abolished by dual knockdown of ZFAS1 and miR-7-5p. RT-qPCR
results demonstrated the miR-7-5p (a) and ACSL4 expression level (b). GAPDH and miR-39-3p served as endogenous and exogenous
normalization for ACSL4 and miR-7-5p detection, respectively. n = 5 replicates. Data are presented as ± SEM. ∗∗∗P < 0:001. (c–g) hRECs
were transfected with 50 μM Sh-ZFAS1 or together with 50μM miR-7-5p inhibition, and the cell viability (c), total (d), ferrous iron level
(e), and lipid hydroperoxide accumulation (f and g) were assessed 72 hours after the transfection. n = 5 replicates. Data are
presented as ± SEM. ∗∗∗P < 0:001. Scale bar, 50 μm. (h) Analysis of GPx4 and ACSL4 expression level.
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the first evidence that in DR, hyperglycemia causes endothe-
lial dysfunction via activating ferroptosis and ZFAS1/miR-7-
5p/ACSL4 axis may serve as a key signaling in ferroptosis
process.

Reactive oxygen species (ROS) are mainly produced
during mitochondrial oxidative metabolism and decisively

contribute to multiple cellular signaling pathways, affecting
almost all aspects of cellular function including gene expres-
sion, proliferation, migration, and cell death [66, 67]. Nor-
mally, retinal cells maintain a balance between pro- and
antioxidative signaling [68–70]. In diabetes, ROS produc-
tion in the retina is significantly increased and further
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Figure 5: miR-7-5p knockdown partially reverses the functional effect of ZFAS1 knockdown on endothelial ferroptosis in DR mice.
(a) Schematic representation of STZ administration. C57BL/6J male mice at 6 weeks old were randomly separated into four experimental
groups. Streptozotocin was injected intraperitoneally at a final concentration of 55mg/kg for 5 consecutive days to induce diabetes, and all
diabetic mice were fed with high-fat diet subsequently. Six weeks after the final injection, indicated plasmids (including 100 nM Sh-ZFAS1
and 50 nM Inhi-miR-7-5p) or vehicles were intravitreally injected once a week for four weeks. RT-qPCR validated the expression level of
ZFAS1 (b), miR-7-5p (c), and ACSL4 (d). (e) Western blotting analysis validated the ACSL4 protein level. (f) Immunofluorescence assay
for GPx4 (labelled red) expression in mouse retinal endothelial cell (labelled green). Scale bar for retinal flat mounts, 50 μm. Scale bar for
retinal cross section, 50μm. (g) Quantification of GPx4 intensity. Data are presented as ± SEM. ∗∗∗P < 0:001. (h) The summary diagram.
ZFAS1 was induced under HG condition. It functioned as a “ceRNA” by sponging miR-7-5p, thus upregulating ACSL4 expression and
accelerating ferroptosis-related endothelial dysfunction in DR. All data are presented as ± SEM. ∗∗∗P < 0:001.
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exacerbated by the collapse of antioxidant defensive system,
including superoxide dismutase (SOD2) and glutathione
peroxidase (GPX4) [71–74]. In our current work, both total
and intercellular ROS in hRECs were elevated, and the
expression of GPX4 was significantly compromised under
hyperglycemia, indicating the highly oxidative environment
in endothelial cells under HG. Besides, the ROS level acts as
an important promotor of lipid peroxidation-induced fer-
roptosis [75, 76]. It has been suggested that oxidants may
participate in ferroptosis by altering the physical properties
of lipid bilayers or increasing membrane curvature and
membrane damage through micelle formation [77–79]. In
the present study, hyperglycemia-induced ROS accumula-
tion was alleviated by Fer-1 administration. Combined, our
data reveals that ferroptosis plays a crucial role in ROS-
induced endothelial damage in DR.

ZFAS1 partakes in the pathogenesis of diverse human dis-
orders, including in neurodegenerative disorders, immune
responses, and cancer [80–82]. Given that it is mainly local-
ized in cytoplasm, ZFAS1 exerts its effect mostly as a molecu-
lar sponge for manymiRNAs and ultimately alters the stability
and translation of cytoplasmic mRNAs [83, 84]. For instance,
it was previously proposed that ZFAS1 acts as an oncogene via
sponging miR-329 to facilitate bladder cancer tumorigenesis
[85]. Although the targeting site of miR-7-5p on ZFAS1 was
validated in nasopharyngeal carcinoma cells [86], very limited
efforts have beenmade in reporting the role, nor the molecular
mechanism of ZFAS1 in ocular diseases. Here, we report for
the first time that in DR, ZFAS1 expression was upregulated
in hRECs.More importantly, our data reveals that high ZFAS1
level induces ROS accumulation and ferroptosis, in agreement
with the previous work [47].

Of note, ACSL4, a key positive regulator and biomarker
in ferroptosis, was found to be a target gene of ZFAS1/
miR-7-5p axis [87]. ACSL4 is required for the production
of poly-unsaturated fatty acids required for the execution
of ferroptosis. Yuan et al. once reported that ACSL4 deple-
tion by specific shRNA enhances resistance to erastin-
induced ferroptosis in cancer cells [88]. By contrast, increase
of ACSL4 promotes ferroptosis via activating NF2-YAP sig-
naling [89]. More recently, researchers have indicated the
key role of ACSL4 in the onset of DR. The expression level
of ACSL4 was found upregulated in retinal pigmental epithe-
lial cells in the early stage of DR, and cells transfected with
ACSL4-siRNA were much more resistant to high glucose-
induced ferroptosis [90]. In line with the previous report,
we noticed that ZFAS1 silencing as well as the miR-7-5p
overexpression ameliorated the glucose-induced endothelial
ferroptosis phenotypes via downregulating the ACSL4
expression, indicating that the ZFAS1/miR-7-5p/ACSL4 sig-
naling may serve as a promising therapeutic target for DR.

Altogether, we found that the lncRNA ZFAS1 was
induced by hyperglycemia in hRECs and proposed that
ZFAS1 may exerts its role by competitively binding with
miR-7-5p and modulating the expression of its downstream
mRNA ACSL4 expression (Figure 5(h)). Our data indicates
that ZFAS1 is a major regulator of endothelial dysfunction
and could be a new therapeutic target for the DR treatment.
Moreover, molecules targeting ZFAS1/miR-7-5p/ACSL4

axis may play an important role in preventing the loss of
endothelial cells, capillary occlusion, and the subsequent
hypervascularization, which provides a future direction for
early intervention of DR.

5. Conclusion

In conclusion, we demonstrated that lncRNAZFAS1 has a fer-
roptotic effect on the retinal vascular endothelial cells which
function as a sponge RNA tomiR-7-5p and ultimately regulate
ACSL4 expression. Our data strongly suggests that lncRNA
ZFAS1 is a key contributor to the development of DR.
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Background. The role of ferroptosis-related long non-coding RNAs (lncRNAs) in bladder cancer remains elusive. This study is
aimed at examining the prognostic role of ferroptosis-related lncRNAs in bladder cancer. Materials and Methods. The
transcriptomic matrix and clinical information of patients with bladder cancer were obtained from The Cancer Genome Atlas
(TCGA) database. A ferroptosis-related lncRNA signature was developed via the least absolute shrinkage and selection
operator (LASSO) analysis using data from the training cohort, and the signature was further validated using data from the
test cohort. The role of AC006160.1, the most significant lncRNA in the risk signature, was examined in various cell lines
including SV-HUC-1, BIU-87, HT-1376, T24, RT4, RT-112, 5637, and UMUC3. The pcDNA3.1-AC006160.1 plasmid was
constructed and transfected into the bladder cancer cell lines T24 and BIU-87. In addition, cell proliferation, colony formation,
transwell, and wound healing assays were performed to examine the biological function of AC006160.1 in T24 and BIU-87 cell
lines. Results. Two clusters were identified through consensus clustering based on prognostic ferroptosis-related lncRNAs. A
5-lncRNA risk signature was successfully constructed using data from the training cohort and validated using data from the
test cohort. The risk signature had excellent ability to predict survival outcomes, clinical stages, pathological grades,
expression of immune checkpoints, and immunotherapeutic responses in bladder cancer samples. Furthermore, AC006160.1
expression was found to be lower in the cancer cell lines BIU-87, T24, RT4, RT-112, and 5637 than in the normal control
cell line SV-HUC-1. Cell proliferation, colony formation, transwell migration, and wound healing assays validated that
overexpression of AC006160.1 significantly inhibited the proliferation and invasion abilities of both T24 and BIU-87 cells.
Drug sensitivity analysis revealed that patients with high expression of AC006160.1 were sensitive to metformin and
methotrexate, and the results were further validated via in vitro drug experiments. Conclusions. Ferroptosis-related lncRNAs
play a vital role in predicting the multiomic characteristics of bladder cancer. The lncRNA AC006160.1 serves as a protective
factor for the development of bladder cancer.

1. Introduction

Bladder cancer, one of the most malignant tumours, originates
from the transitional epithelium of the urinary tract and leads

to >2,00,000 deaths annually worldwide [1]. Non-muscle-
invasive bladder cancer accounts for 50% of bladder cancer
cases, whereas muscle-invasive bladder cancer accounts for
30% of cases [1, 2]. Although bladder cancer can be treated
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via transurethral tumour resection or radical cystectomy, a
considerable proportion of patients develops tumour recur-
rence or metastasis [3]. During the past decade, limited prog-
ress has been made in the development of relative treatment
modalities for bladder cancer owing to unclear mechanisms
underlying cancer development. At present, cisplatin-based
chemotherapy is recommended as the first-line treatment for
advanced bladder cancer, and immunotherapy is recom-
mended as the second-line treatment [4, 5]. However, only a
limited number of patients can benefit from chemotherapy
and immunotherapy. Moreover, patients with the same clini-
cal stage or grade often have distinct survival outcomes after
receiving similar treatment strategies. These discrepancies
indicate that other biological mechanisms may be involved
in the development of bladder cancer, which remain elusive
at present. Recent developments in large-scale gene expression
and sequencing technology have helped clinicians to explore
valuable tools for improving the diagnosis and treatment of
bladder cancer [6].

Ferroptosis is a novel cell death mechanism, which is
different from previously known programmed cell deathmech-
anisms including autophagy and apoptosis [7, 8]. It is typically
characterised by iron dependence and accumulation of reactive
oxygen species in cells [8, 9]. The unique morphological
characteristics of ferroptosis include the loss of mitochondrial
cristae, shrinkage of cell mitochondria, and enhanced density
of the mitochondrial membrane [10]. These characteristics
confirm that ferroptosis is a novel cell death mechanism, which
may offer promising directions for research into cell death and
cancer treatment. Several studies have demonstrated that
ferroptosis plays a vital regulatory role in various malignant
cancers including colorectal cancer, non-small-cell lung cancer,
hepatocellular carcinoma, breast cancer, and acute myeloid
leukaemia [9, 11, 12]. Identification of drugs interfering with
ferroptosis in cancer cells may help to develop novel treatment
strategies for cancer in the future, especially for patients who
are resistant to chemotherapy or immunotherapy [13–15].
Eling et al. reported that pancreatic cancer cells can be inhibited
by inducing ferroptosis using the combination of cotylenin A
and phenylethyl isothiocyanate [16]. A recent study reported
that sorafenib plays a therapeutic role by inducing ferroptosis
in hepatocellular carcinoma [17]. Previous high-quality studies
have validated that several mRNAs participate in the regulation
of ferroptosis in various malignancies, and their results have
been experimentally validated and widely recognised in recent
studies [15, 18–20]. In addition, studies employing cutting-
edge technology have reported a vital role of lncRNAs in
various biological activities including differentiation, apoptosis,
metastasis, cell cycle, and proliferation in multiple cancers
[21, 22]. Coexpression analysis can help to screen for lncRNAs
that are coexpressed with known ferroptosis mRNAs and
further identify ferroptosis-related lncRNAs in malignancies
[23, 24]. Studies have shown that lncRNAs participate in mul-
tiple ferroptosis-related regulatory activities in various cancers.
The competing endogenous RNA LINC00336 inhibits ferrop-
tosis in cancer cells, thereby promoting the development and
deterioration of lung cancer [25]. In addition, LINC00618
enhances vincristine-induced ferroptosis and is a potential
prognostic factor for predicting the survival of patients with

leukaemia [26]. Furthermore, studies have also discovered that
lncRNAs regulate tumour progression by affecting the immune
microenvironment [22, 27]. However, the role of ferroptosis-
related lncRNAs in the development of bladder cancer remains
elusive. This study is aimed at examining the prognostic role of
ferroptosis-related lncRNAs in bladder cancer; in addition, a
risk signature based on prognostic lncRNAs was established
to guide the currently available diagnostic and treatment strat-
egies of bladder cancer from a genetic perspective.

2. Materials and Methods

2.1. Extraction and Processing of Sequencing Data. The mRNA
and lncRNA sequencing data of 411 bladder cancer samples
were extracted from The Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov). Samples without clinical
information were excluded, and a total of 403 bladder cancer
samples with both transcriptomic and clinical information
were eventually included for further analysis. The 403 bladder
cancer samples were randomly divided into the training (203
samples) and validation (200 samples) cohorts for the con-
struction and validation of an lncRNA signature, respectively.

2.2. Identification of Ferroptosis-Related lncRNAs and
Prognostic lncRNAs. High-quality studies concerning ferrop-
tosis (impact factor of >10 points in the last 4 years) were
comprehensively reviewed, and a total of 60 ferroptosis-
related mRNAs were identified, which were listed in Supple-
mentary Table 1 [18–20, 28]. Pearson’s correlation analysis
ðjRj > 0:5 and p < 0:001Þ of ferroptosis-related mRNAs and
lncRNAs was performed to identify ferroptosis-related
lncRNAs. Subsequently, univariate Cox regression analysis
was performed to identify ferroptosis-related lncRNAs
associated with prognosis (overall survival) (p < 0:01).

2.3. Distinct Ferroptosis Mediation Patterns in Bladder Cancer.
Based on the expression of prognostic ferroptosis-related
lncRNAs, distinct ferroptosis mediation patterns were identi-
fied via consensus clustering using the “ConsensusCluster-
Plus” package of R software. The Euclidean distance was
calculated to assess similarity between samples, and the K-
means algorithm was used for clustering. Differences in
survival between distinct patterns were evaluated via
Kaplan–Meier survival analysis using the “survival” and “surv-
miner” packages. The potential relationship between distinct
ferroptosis mediation patterns and various clinical parameters
including age, sex, clinical stage, and tumour grade were inves-
tigated using the “pheatmap” package.

2.4. Construction and Validation of Ferroptosis-Related lncRNA
Signature.Based on the prognostic ferroptosis-related lncRNAs
identified via univariate Cox regression analysis, an lncRNA
risk signature was developed in the training cohort via the least
absolute shrinkage and selection operator (LASSO) analysis
using the “glmnet” package. Each ferroptosis mediation pat-
tern was quantified using the following formula: risk score =
Σ ðferroptosis − related lncRNA expression ∗ corresponding
regression coefficientÞ. All cancer samples in both training and
validation cohorts were divided into the high- or low-risk
groups based on the corresponding median risk score.
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Kaplan–Meier analysis was performed to compare the survival
of patients in the high- and low-risk groups in both training
and validation cohorts. In addition, receiver operating charac-
teristic (ROC) analysis was performed to examine the perfor-
mance of risk scores in predicting survival outcomes at 1–5
years in both training and validation cohorts.

2.5. Independent Prognostic Analysis and Stratified Survival
Analysis of the Ferroptosis-Related lncRNA Risk Signature.
Univariate and multivariate Cox regression analyses were
performed to examine the independent prognostic role of
the ferroptosis-related lncRNA risk signature in the training
cohort and verify its role in the validation cohort. Further-
more, stratified survival analysis was performed to investi-
gate the predictive value of the risk signature in different
subgroups, including old (age, >65 years) or young (age,
≤65 years) group, male or female group, stage I–II or stage
III–IV group, T1–T2 or T3–T4 group, and N0 or N1–3 stage
group. Differences in risk scores between these groups were
analysed using Student’s t-test.

2.6. Expression of Immune Checkpoints, Infiltration Analysis of
Immune Cells, and Gene Set Enrichment Analysis between
Distinct Ferroptosis Mediation Patterns. Differences in the
expression of classic immune checkpoints including PD-1,
PD-L1 and CTLA-4 between distinct ferroptosis mediation
patterns were investigated using the “limma,” “ggplot2” and
“ggpubr” packages in R. The CIBERSORT algorithm (https://
cibersort.stanford.edu/) was used to analyse the infiltration
levels of 22 types of immune cells in bladder cancer [29]. The
ESTIMATE algorithm was used to evaluate the immune cell
microenvironment scores of each bladder cancer sample [30].
Differences in the immune infiltration levels of 22 immune cell
types between distinct ferroptosis mediation patterns were
further examined. Gene set enrichment analysis (GSEA)
(version 4.0.4) was performed based on the whole transcripto-
mic profiles of bladder cancer samples to investigate potential
biological activities of distinct ferroptosis mediation patterns.

2.7. Guidance of the lncRNA Risk Signature for Immunotherapy.
Differences in the expression of immune checkpoints between
the high- and low-risk groups were examined using the
“limma” and “ggpubr” packages in R. The standard symbol
names of PD-L1, PD-1 and CTLA-4 were derived from the
NCBI website (https://www.ncbi.nlm.nih.gov/gene), which
were CD274, PDCD1, and CTLA-4, respectively. Additionally,
correlation analysis was performed to examine the relation-
ship between risk scores and infiltration levels of immune cells,
and the Tumour Immune Dysfunction and Exclusion (TIDE)
algorithm was used to evaluate the response of patients to
immunotherapy [31].

2.8. Cell Lines and Cell Culture. The biological functions of the
most significant lncRNA, AC006160.1, were examined via
in vitro experiments. Human cell lines SV-HUC-1 (CL-0222),
BIU-87 (CL-0035), HT-1376 (CL-0672), T24 (CL-0227), RT4
(CL-0431), RT-112 (CL-0682), 5637 (CL-0002), and UMUC3
(CL-0463) were purchased from Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China). BIU-87, T24, RT4, RT-112,
and 5637 cells were cultured in the Roswell Park Memorial

Institute (RPMI)-1640 (Macgene, China) medium supple-
mented with 10% foetal bovine serum (FBS) (Gibco, MA,
USA). HT-1376 and UMUC3 cells were cultured in MEM
(Macgene, China) supplemented with 10% FBS (Gibco, MA,
USA). SV-HUC-1 cells were cultured in Ham’s F-12Kmedium
(Macgene, China) supplemented with 10% FBS (Gibco, MA,
USA). All cell lines were cultured at 37°C in a humidified incu-
bator containing 5% CO2.

2.9. Vector Construction. The lncRNA AC006160.1 was cloned
into the pcDNA3.1 vector at the NheI and KpnI sites to pro-
duce the pcDNA3.1-AC006160.1 plasmid. The primers used
for plasmid construction were as follows: forward, 5′-CTAG
CTAGCCACGTGACAGGACCGAGC-3′; reverse, 5′-GGGG
TACCTCATCTTCCGATTTAAAATTTTTTTCCC-3′. Empty
pcDNA3.1 vector was used as the negative control. The
pcDNA3.1-AC006160.1 and negative control plasmids were
transfected into bladder cancer cells using the Lipo8000
Transfection Reagent (Beyotime Biotechnology, China)
according to the manufacturer’s instructions and cultured
in 6-well plates.

2.10. RNA Extraction and Reverse Transcription Polymerase
Chain Reaction. The TRIzol reagent (Invitrogen, USA) was
used to isolate total RNA from bladder cancer cells, and first-
strand complementary deoxyribonucleic acid (cDNA) was syn-
thesised using the Evo M-MLV RT Premix (Accurate Biology,
China). Quantitative polymerase chain reaction (qPCR) was
performed using the Taq Pro Universal SYBR qPCR Master
Mix (Vazyme, China). All reactions were performed on the
iQ5 Real-Time PCR Thermal Cycler (Bio-Rad, USA). The spe-
cific qPCR primers used for detecting lncRNA AC006160.1
were as follows: forward, 5′-ATGCCTGGAGAGACTTTGG
C-3′; reverse, 5′-GCCTGTCTTGTTCCCGCTAT-3′; GAPDH
forward, 5′-GGTATCGTGGAAGGACTCATGAC-3′; reverse,
5′-ATGCCAGTGAGCTTCCCGTTCAG-3′.

2.11. Cell Proliferation Assay. Cell viability was measured
using the CCK-8 kit (Meilunbio, China). According to bioin-
formatic analysis and experimental results, AC006160.1 was
found to be significantly downregulated in bladder cancer
and served as a protective factor for cancer development.
Therefore, cell lines with low expression of AC006160.1 were
randomly selected to validate the biological functions of
AC006160.1. BIU-87 and T24 cells were selected as ideal
experimental cells. Briefly, BIU-87 or T24 cells were trans-
fected with the pcDNA3.1-AC006160.1 or negative control
plasmid for 24h, and the transfected cells were seeded in a
96-well plate at a density of 3 × 103 cells/well. The cells were
cultured for 1, 2, 3, 4, or 5 days, and 10μL of the CCK-8
reagent was added to each well. After 2 h of incubation, absor-
bance was measured at 450nm using a multimode microplate
reader (BioTek, USA). For drug sensitivity analysis, BIU-87
cells were transfected with the pcDNA3.1-AC006160.1 or neg-
ative control plasmid for 24h, and the transfected cells were
seeded in a 96-well plate at a density of 3 × 103 cells/well and
incubated for 24h. Thereafter, the cells were cultured with or
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Figure 1: Ferroptosis-related lncRNAs associated with the prognosis of bladder cancer. (a) Coexpression network of ferroptosis-related
mRNAs and lncRNAs. (b) The 20 prognostic ferroptosis-related lncRNAs identified via univariate Cox regression analysis. (c) The 20
prognostic ferroptosis-related lncRNAs were differentially expressed between tumour and healthy tissues. (d) Consensus clustering when
k was 2. (e) Cluster 1 had significantly poorer survival outcomes than cluster 2. (f) Heatmap demonstrating the relationship between the
two clusters and various clinical parameters including the age, sex, clinical stage, and tumour grade of patients with bladder cancer.
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without 1-mMmetformin (MET) for 72h, and absorbance was
measured as mentioned above.

2.12. Colony Formation Assay. BIU-87 or T24 cells were trans-
fected with the pcDNA3.1-AC006160.1 or negative control
plasmid for 24h, and approximately 2:0 × 103 transfected cells
were seeded in 6-well plates and incubated at 37°C in RPMI-
1640 medium supplemented with 10% FBS. After 14 days, cell
colonies were washed with phosphate-buffered saline (PBS),
fixed in methanol for 15min and stained with crystal violet
for 30min. Subsequently, photographs were captured for eval-
uating colony formation. For drug sensitivity analysis, BIU-87
cells were transfected with the pcDNA3.1-AC006160.1 or neg-
ative control plasmid for 24h, and approximately 2:0 × 103
transfected cells were seeded in 6-well plates and incubated
for 24h at 37°C in RPMI-1640 medium supplemented with
10% FBS. Thereafter, the cells were cultured with or without
1-mMMET, and subsequent analysis was performed as men-
tioned above. The number of colonies formed was evaluated
using the ImageJ software.

2.13. Wound Healing Assay. Transfected BIU-87 and T24 cells
were seeded in a 12-well plate and cultured to complete con-
fluence. A clear wound was created by scratching the cell
monolayer with a 200μL pipette tip. Thereafter, the cells were
cultured in a serum-free medium. At 0h and 48h, images were
captured with the aid of an optical microscope, and the wound
area was measured using the ImagePro software.

2.14. Transwell Migration Assay. Transfected BIU-87 and
T24 cells in 200μL of serum-free medium were added to
the upper transwell chamber, whereas 600μL of the medium
containing 10% FBS was added to the lower chamber. After
48 h of incubation, cells in the upper chamber were removed
with a cotton swab, whereas those in the bottom chamber
were fixed with ethanol, stained with 0.1% crystal violet for
30min, and photographed. Thereafter, the number of
migrated cells was evaluated using the ImageJ software.

2.15. Drug Sensitivity Analysis. All bladder cancer samples
were divided into the high- and low-expression groups based
on the median expression of the target lncRNA AC006160.1.
Data from the Genomics of Drug Sensitivity in Cancer
(GDSC) database were used to perform drug sensitivity
analysis in both groups [32]. To validate the results of drug
sensitivity analysis, BIU-87 cells were transfected with the
pcDNA3.1-AC006160.1 or negative control plasmid for
24 h, and the transfected cells were seeded in a 96-well plate
at a density of 3 × 103 cells/per well and incubated for
24 h. Subsequently, the cells were cultured with or without
1-mM MET for 72 h, and absorbance was measured as
mentioned in the section Cell proliferation assay. Further-
more, colony formation assay was performed as mentioned
earlier to validate the results of drug sensitivity analysis.
BIU-87 cells were transfected with the pcDNA3.1-
AC006160.1 or negative control plasmid for 24h, and
approximately 2:0 × 103 transfected cells were seeded in 6-
well plates and incubated at 37°C in RPMI-1640 medium
supplemented with 10% FBS for 24h. Thereafter, the cells

were cultured with or without 1-mM MET, and subsequent
analysis was performed as mentioned above.

2.16. Statistical Analysis. The chi-squared test was used to
compare categorical variables, whereas the Student’s t-test or
Mann–Whitney U test was used to compare continuous vari-
ables. One-way ANOVA was used to compare data among ≥3
groups, and Kaplan–Meier analysis with the log-rank test was
used to compare survival. All statistical analyses were per-
formed using either the R or the SPSS Statistics software.

3. Results

3.1. Identification of Ferroptosis-Related lncRNAs in Bladder
Cancer Samples. The transcriptomic data of 411 bladder
cancer samples and 19 normal bladder samples were used to
screen for ferroptosis-related lncRNAs. The mRNAs and
lncRNAs were separated based on annotations in the GEN-
CODE database [33]. Pearson’s correlation analysis ðjRj >
0:5 and p < 0:001Þ were conducted between these ferroptosis-
related mRNAs and lncRNAs to identify ferroptosis-related
lncRNAs. A total of 263 ferroptosis-related lncRNAs were
identified via Pearson’s correlation analysis (Supplementary
Tables 2 and 3). The coexpression network of ferroptosis-
related mRNAs and lncRNAs is demonstrated in Figure 1(a).
Only 403 samples with available clinical information were
selected for analysing the relationship between the ferroptosis-
related lncRNAs and prognosis via univariate Cox regression
analysis (Supplementary Table 4). A total of 20 ferroptosis-
related lncRNAs were identified to be significantly
associated with the prognosis of bladder cancer, including
AP001160.1, THUMPD3-AS1, AC009065.5, AC087286.2,
RBMS3-AS3, AC005387.1, SH3RF3-AS1, AC005785.1,
AL136084.3, AL731567.1, AC006160.1, AC012568.1,
HMGA2-AS1, AC025280.1, AC034236.2, AL031429.2,
AP003419.3, AC010618.2, SPAG5-AS1, and AL133415.1
(Figure 1(b)). The expression of these 20 prognostic
lncRNAs was found to be different between tumour and
healthy bladder tissues (p < 0:05) (Figure 1(c)). These results
verified the important role of ferroptosis-related lncRNAs in
the development of bladder cancer.

3.2. Distinct FerroptosisMediation Patterns Based on Prognostic
Ferroptosis-Related lncRNAs in Bladder Cancer. Based on the
20 prognostic ferroptosis-related lncRNAs, two ferroptosis
mediation patterns were identified via consensus clustering
using the “ConsensusClusterPlus” package in R (Figure 1(d)).
The results of cluster analysis for all bladder cancer samples

Table 1: The five ferroptosis-related lncRNAs included in the risk
signature.

lncRNA Coefficient

AL136084.3 0.12

AL731567.1 -0.05

AC006160.1 -0.98

AC012568.1 0.25

AC034236.2 -0.35
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are shown in Supplementary Table 5. Kaplan–Meier survival
analysis (Figure 1(e)) revealed that survival outcomes were
significantly poorer in cluster 1 than in cluster 2 (p < 0:05).
Detailed clinical characteristics of bladder cancer samples are
mentioned in Supplementary Table 6, and the relationship
between the two ferroptosis mediation patterns and various
clinical parameters including age, sex, grade, and tumour
stage is demonstrated in Figure 1(f). Significant differences in
the tumour grade and age of patients were observed between
clusters 1 and 2.

3.3. Construction and Validation of a Ferroptosis-Related-
lncRNA Risk Signature. The 403 bladder cancer samples were

randomly divided into the training (203 samples) and valida-
tion (200 samples) cohorts to investigate the prognostic role
of ferroptosis-related lncRNAs. LASSO regression analysis
was performed to examine the 20 ferroptosis-related lncRNAs
associated with prognosis, and a risk signature including 5
lncRNAs was successfully constructed in the training cohort.
The five targeted lncRNAs are listed in Table 1. Figure 2(a)
demonstrates the LASSO coefficients of the five lncRNAs,
and Figure 2(b) demonstrates the 10-fold cross-validation of
the LASSO model, indicating that the selection of these five
lncRNAs is optimal for constructing the signature. All samples
were further divided into the high- and low-risk groups accord-
ing to themedian risk score. The risk scores and grouping of the
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Figure 2: Construction and validation of the ferroptosis-related lncRNA signature for predicting prognosis in the training and validation
cohorts. (a) LASSO coefficients of the five ferroptosis-related lncRNAs used to construct the signature. (b) Ten-fold cross-validation for
tuning parameter selection in the LASSO model. (c) Kaplan–Meier survival curves of the high- and low-risk groups in the training
cohort. (d) Kaplan–Meier survival curves of the high- and low-risk groups in the validation cohort.
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Figure 3: Continued.
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training and validation cohorts are shown in Supplementary
Tables 7 and 8, respectively. Survival outcomes were
significantly poorer in the high-risk group than in the low-risk
group in both training (p < 0:001) (Figure 2(c)) and validation
(p = 0:006) (Figure 2(d)) cohorts. To verify the predictive role
of the risk signature, ROC analysis was performed to compare
survival outcomes at 1–5 years in the training and validation
cohorts. The area under the ROC curve (AUC) for predicting
1-, 2-, 3-, 4-, and 5-year survival in the training cohort was
0.710, 0.710, 0.739, 0.750, and 0.793, respectively. These
results demonstrated promising performance of the risk
signature in predicting the survival of patients with bladder
cancer (Figures 3(a)–3(e)). As shown in Figures 3(f)–3(j), the
risk signature showed excellent predictive performance in the
validation cohort. These results indicate that the identified
ferroptosis-related lncRNAs can be used to predict survival
outcomes in bladder cancer.

3.4. Independent Predictive Role of the Ferroptosis-Related
lncRNA Signature. The distribution of risk scores in the
training cohort is demonstrated in Figure 4(a), and the cor-

responding survival status is demonstrated in Figure 4(c). In
both training and validation cohorts, the death rate is signif-
icantly higher in the high-risk group than in the low-risk
group (Figures 4(b) and 4(d)). Heatmaps (Figures 4(e) and
4(f)) are plotted to demonstrate the expression of the five
target lncRNAs in the high- and low-risk groups. Univariate
and multivariate cox regression analyses are performed in
both training and validation cohorts to investigate the inde-
pendent predictive role of the lncRNA signature. As shown
in Figures 5(a) and 5(b), the risk score (p < 0:001), stage
(p < 0:001), and age (p < 0:001) are identified as independent
risk factors for survival in the validation cohort. As shown in
Figures 5(c) and 5(d), the risk score (p < 0:001) and stage
(p < 0:001) are identified as independent risk factors for
overall survival in the training cohort. These results demon-
strate that the lncRNA risk signature established in this
study can independently predict survival outcomes.

3.5. Prognostic Role of the lncRNA Signature in Different
Subgroups. An excellent prognostic tool in clinical practice
should have consistent predictive performance in different

1.0

0.8
Se

ns
iti

vi
ty 0.6

0.4

0.2

0.0

0.0 0.2 0.4 0.6
1−specificity

AUC = 0.647

2 years

0.8 1.0

(g)

1.0

0.8

Se
ns

iti
vi

ty 0.6

0.4

0.2

0.0

0.0 0.2 0.4 0.6
1−specificity

AUC = 0.615

3 years

0.8 1.0

(h)

1.0

0.8

Se
ns

iti
vi

ty 0.6

0.4

0.2

0.0

0.0 0.2 0.4 0.6
1−specificity

AUC = 0.615

4 years

0.8 1.0

(i)

1.0

0.8
Se

ns
iti

vi
ty 0.6

0.4

0.2

0.0

0.0 0.2 0.4 0.6
1−specificity

AUC = 0.615

5 years

0.8 1.0

(j)

Figure 3: ROC curve analysis of the relationship between the ferroptosis-related lncRNA signature and survival in both training and
validation cohorts. (a–e) ROC curves for predicting survival at 1–5 years in the training cohort. (f–J) ROC curves for predicting survival
at 1–5 years in the validation cohort.
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subgroups. As shown in Figure 6, the 5-lncRNA risk signature
was significantly associated with prognosis in the old
(age > 65 years) (p < 0:001), male (p < 0:001), female (p =
0:014), stage I–II (p = 0:007), stage III–IV (p < 0:001), T1–T2
(p = 0:022), T3–T4 (p < 0:001), and N0 stage (p < 0:001)
groups. However, the lncRNA risk signature was not associated
with prognosis among patients aged ≤65 years, suggesting that
the prognosis of younger patients may be influenced by various
other mechanisms underlying the development of bladder can-
cer. Furthermore, the subgroup analysis verified that the
lncRNA risk signature can serve as a biomarker to predict sur-
vival outcomes in bladder cancer. As shown in Figure 7(a), the

risk signature was significantly correlated with the ferroptosis
mediation patterns (p < 0:001), immune scores (p < 0:001),
clinical stages (p < 0:001), and tumour grades (p < 0:01). In
addition, elderly patients, patients with advanced-stage disease,
and those with advanced T- or N-grade disease had higher risk
scores (Figures 7(b)–7(f)). These results indicate that the
lncRNA risk signature reflects various clinical characteristics
from a genetic or molecular perspective, which should be
further investigated in future studies.

3.6. Infiltration Abundance of Immune Checkpoints and
Immune Cells in Clusters 1 and 2. The expression of PD-1

0
0
1
2
3

Ri
sk

 sc
or

e
4
5

50 100
Patients (increasing risk score)

150 200

High risk
Low risk

(a)

0
0.0

1.0

2.0

Ri
sk

 sc
or

e

50 100
Patients (increasing risk score)

150 200

High risk
Low risk

(b)

0
0

4
2

6
8

Su
rv

iv
al

 ti
m

e (
ye

ar
s)

10
12
14

50 100
Patients (increasing risk score)

150 200

Dead
Alive

(c)

0
0

4
2

6
8

Su
rv

iv
al

 ti
m

e (
ye

ar
s)

10
12
14

50 100
Patients (increasing risk score)

150 200

Dead
Alive

(d)

Type

AL136084.3
10

5

0

−5

−10

AL731567.1

AC006160.1

AC012568.1

AC034236.2

Type
High
Low

(e)

Type

AL136084.3
10

5

0

−5

−10

AL731567.1

AC006160.1

AC012568.1

AC034236.2

Type
High
Low

(f)

Figure 4: Distribution of risk scores and survival outcomes in both training and validation cohorts. (a) Distribution of risk scores in the
training cohort. (b) Distribution of risk scores in the validation cohort. (c) Survival outcomes in the training cohort. (d) Survival
outcomes in the validation cohort. (e) Heatmap demonstrating the expression of the five target lncRNAs in the training cohort.
(f) Heatmap demonstrating the expression of the five target lncRNAs in the validation cohort.
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Figure 5: Continued.
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(p < 0:001), PD-L1 (p < 0:001), and CTLA-4 (p < 0:001) was
significantly higher in cluster 1 than in cluster 2 (Figures 8(a)–
8(c)). Higher expression of these immune checkpoints was
associated with poorer survival outcomes in cluster 1. As shown
in Figure 8(d), PD-1 expression was positively correlated with
AL136084.3 and negatively correlated with AC005785.1,
AL731567.1 and AC010618.2. As shown in Figure 8(e), PD-L1
expression was positively correlated with AC006160.1 and neg-
atively correlated with AC009065.5, AC005387.1, AL731567.1,
AC034236.2, AP003419.3, and AC010618.2. As shown in
Figure 8(f), CTLA-4 expression was significantly correlated with
various ferroptosis-related lncRNAs. Furthermore, based on the
cellular biomarkers of immune cells shown in Supplementary
Table 9, the infiltration levels of 22 types of immune cells were

calculated using the CIBERSORT algorithm (Supplementary
Table 10). The ESTIMATE scores of each sample are shown
in Supplementary Table 11, and the relationship between the
infiltration of 22 types of immune cells and ferroptosis
mediation patterns is demonstrated in Figure 8(g). As shown
in box plots in Figures 8(h)–8(l), cluster 1 had lower
infiltration levels of naive B cells (p = 0:006), activated
dendritic cells (p = 0:015), follicular helper T cells (p = 0:015),
and Tregs (p = 0:003) and higher infiltration levels of M2
macrophages. These results indicate that poorer survival
outcomes observed in cluster 1 may be associated with the
tumour immune microenvironment of bladder cancer.
Furthermore, GSEA was performed to investigate mechanisms
underlying poorer survival outcomes in cluster 1. The results
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Figure 5: The lncRNA risk signature was identified as an independent prognostic factor in both training and validation cohorts. (a) Univariate
Cox regression analysis in the validation cohort. (b) Multivariate Cox regression analysis in the validation cohort. (c) Univariate Cox regression
analysis in the training cohort. (d) Multivariate Cox regression analysis in the training cohort.
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revealed that the toll-like receptor signalling pathway, T-
cell receptor signalling pathway, regulation of the actin
cytoskeleton, cytokine and cytokine–receptor interaction, and
chemokine signalling pathway were significantly enriched in
cluster 1 (p < 0:01) (Supplementary Figure 1). These results
indicate that ferroptosis-related lncRNAs play a regulatory role
through these pathways during the development of bladder
cancer.

3.7. Guidance of Immunotherapy for Bladder Cancer Based on
the lncRNA Signature. The expression of PD-1 (p < 0:001),
PD-L1 (p < 0:001), and CTLA-4 (p < 0:001) (Figures 9(a)–
9(c)) was higher in the high-risk group, which indicated the
potential role of the lncRNA signature in immunotherapy.
Therefore, the correlation between risk scores and immune
cell infiltration was further investigated. As shown in
Figures 9(d)–9(n), risk scores were significantly correlated

with the infiltration levels of naive B cells, eosinophils, M0
macrophages, M2 macrophages, CD4 memory resting T cells,
CD8 T cells, follicular helper T cells, Tregs, activated mast
cells, neutrophils, and plasma cells. Furthermore, the
response of patients to immunotherapy was evaluated using
the TIDE algorithm (Supplementary Table 12). As shown in
Figures 9(o) and 9(p), patients with high risk scores posed a
better response to immunotherapy (p < 0:001). With the
rapid development of sequencing technology, the lncRNA
risk signature established in this study can be used to
guide immunotherapy for bladder cancer in the future.

3.8. lncRNA AC006160.1 Inhibited the Proliferation and
Migration of Bladder Cancer Cells. Because the lncRNA
AC006160.1 had the highest correlation with the risk signa-
ture, it was selected for further analysis. The qRT-PCR indi-
cated that AC006160.1 expression was lower in the bladder
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Figure 6: The lncRNA signature showed excellent performance in predicting survival in different subgroups. (a, b) Age (age, >65 or ≤65 years).
(c, d) Sex (female or male). (e, f) Lymphatic invasion (no or yes). (g, h) Tumour stage (I–II or III–IV). (i, j) Clinical T stage (T1–T2 or T3–T4).
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cancer cell lines BIU-87, T24, RT4, RT-112, and 5637 than
in the normal human uroepithelial cell line SV-HUC-1
(Figure 10(a)). Furthermore, CCK-8 assay was performed
to examine the influence of AC006160.1 on the viability of
bladder cancer cells. AC006160.1 expression was lower in
T24 and BIU-87 cells than in the other bladder cancer cell
lines; therefore, these two cell lines were used for examining
the biological functions of AC006160.1. A plasmid overex-
pressing AC006160.1 was constructed, and the results of
qPCR verified that transfection with this plasmid increased
AC006160.1 expression by approximately 15- and 5-fold in
T24 and BIU-87 cells, respectively (Figure 10(b)). CCK8
assay revealed that AC006160.1 overexpression significantly
suppressed the proliferation of T24 and BIU-87 cells
(Figure 10(c)). Furthermore, the influence of AC006160.1 on
colony formation was examined. As shown in Figure 10(d),
AC006160.1 overexpression decreased the number of colonies
of both T24 and BIU-87 cells compared with the control group
(Figure 10(e)). Transwell (Figures 10(f) and 10(g)) and wound
healing (Figures 10(h) and 10(I)) assays revealed that
AC006160.1 overexpression significantly inhibited the migra-
tion of T24 and BIU-87 cells. Altogether, these results indicate
that the ferroptosis-related lncRNA AC006160.1 suppresses
the viability of bladder cancer cells, which is consistent with
the results of bioinformatic analysis.

3.9. Drug Sensitivity Analysis. As shown in Figure 11(a), drug
sensitivity analysis based on IC50 values revealed that patients
with low expression of AC006160.1 were sensitive to most
anticancer drugs. However, compared with patients with low

expression of AC006160.1, those with high expression of
AC006160.1 were more sensitive to MET and methotrexate
(p < 0:01) (Figure 11(b)). Furthermore, in vitro drug sensitiv-
ity analysis was performed to examine whether AC006160.1
could enhance MET sensitivity in BIU-87 cells. AC006160.1
overexpression combined with MET treatment decreased the
number of BIU-87 colonies (Figure 11(c)). In addition,
CCK8 assay revealed that AC006160.1 overexpression com-
bined with MET treatment significantly suppressed the prolif-
eration of BIU-87 cells (Figure 11(d)). These results indicate
that AC006160.1 may enhance drug sensitivity in the treat-
ment of bladder cancer.

4. Discussion

Bladder cancer is one of the most malignant tumours. Accord-
ing to recent statistical data, >500,000 new cases of bladder can-
cer are reported annually worldwide [34]. Bladder cancer is
classified as non-muscle-invasive and muscle-invasive bladder
cancer, and its metastasis depends on its clinical characteristics.
The currently available diagnostic strategies for bladder cancer
include urine cytology and cystoscopy, which are invasive and
can lead to many complications in patients [35]. Transurethral
resection of tumours combinedwith intravesical perfusion ther-
apy is recommended for non-muscle-invasive cancer, whereas
radical cystectomy is recommended for muscle-invasive cancer.
In addition, cisplatin-based chemotherapy is recommended
for patients with advanced cancer with metastasis [36]. For
chemotherapy-resistant tumours, immune checkpoint inhibi-
tor (ICI) therapy is recommended in clinical settings [37].
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Figure 7: Correlation between the lncRNA risk signature and clinicopathological features. (a) Heatmap demonstrating the correlation
between risk scores and clinicopathological features. (b) Differences in risk scores between patients aged >65 years and those aged ≤65
years. (c) Differences in risk scores between female and male patients. (d) Differences in risk scores between patients with stage I–II
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However, owing to the irregular expression of various
immune checkpoints and heterogeneity of genetic mutations,
chemotherapy or ICI therapy has limited benefits in only a
small number of patients. Moreover, because mechanisms
underlying the development of bladder cancer remain
unclear, limited progress has been achieved in the develop-
ment of relative treatment strategies for bladder cancer dur-
ing the past decade. Furthermore, bladder cancer has a high
genetic mutation burden, and cancers with a high mutation
burden such as lung cancer and melanoma may benefit the
most from ICI therapy if robust biomarkers are discovered
for clinical application [38–40]. However, the rapid develop-
ment of next-generation sequencing and large-scale gene
expression tools may help to improve the treatment of can-
cer in the future. The next-generation sequencing can pro-
vide vital genetic information for improving the diagnosis
of bladder cancer and distinguishing treatment responses.
Whole-transcriptome matrix information can also help to
discover distinct molecular subtypes of bladder cancer with
different mechanisms and molecular characteristics [6, 41].
In addition, establishing valuable risk signatures for predicting
survival outcomes and response to ICI therapy can greatly
improve therapeutic efficacy among patients with bladder
cancer. Identifying patients who are sensitive to ICIs or chemo-
therapeutic agents can significantly improve the guidance of
targeted therapy and increase the therapeutic benefits, especially
among patients with advanced cancer. In addition, it can help to
avoid unnecessary ICI or chemotherapy toxicity and potential
delay in radical cystectomy for patients with treatment resis-
tance. In a previous study, we reported that ferroptosis-related
genes identified using sequencing data played a vital role in pre-
dicting the clinical information of bladder cancer samples [42].
In this study, we investigated the potential role of ferroptosis-
related lncRNAs in bladder cancer and successfully constructed
a risk signature based on five ferroptosis-related lncRNAs to

predict survival outcomes, the tumour microenvironment,
and the response of patients with bladder cancer to ICI therapy.
In addition, the lncRNAAC006160.1 was identified as a protec-
tive factor for the development of bladder cancer.

Univariate cox regression analysis was used to construct a
risk signature based on 20 prognostic ferroptosis-related
lncRNAs, which were differentially expressed between tumour
and healthy bladder tissues (Figure 1(c)). Significant differences
in expression indicated the potential role of these lncRNAs in
the development of bladder cancer. These prognostic lncRNAs
were further used to divide samples into two groupswith differ-
ent survival outcomes. However, differences in only the tumour
grade and age of patients were observed between clusters 1 and
2, which indicated that more accurate scoring methods are
required for prognostic analysis. Therefore, a prognostic risk
signature was constructed based on LASSO regression analysis,
and the risk scores were found to have a significant relationship
with various clinical parameters, including survival outcomes,
immune microenvironment, ferroptosis clusters, age, clinical
stages and tumour grades (Figure 7). The predictive ability of
the lncRNA-based risk signature was validated in different clin-
ical groups via subgroup analysis. The risk signature can be
used as a novel tool for the treatment of bladder cancer in the
future, especially considering the wide development and popu-
larisation of whole-transcriptome sequencing technology.

The risk signature comprised five ferroptosis-related
lncRNAs, namely, AC006160.1, AL136084.3, AL731567.1,
AC012568.1, and AC034236.2. AL136084.3, has been identi-
fied as a risk factor for tumour invasiveness and resistance
[43, 44]. To the best of our knowledge, no study has reported
on the other four lncRNAs to date. In this study, AC006160.1
was found to have the highest coefficient in the risk signature
and was hence analysed as the most important lncRNA.
AC006160.1 overexpression significantly suppressed the viabil-
ity of bladder cancer cells, indicating that AC006160.1 plays a
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Figure 8: Correlation of ferroptosis-related lncRNAs with immune checkpoints and immune microenvironment in bladder cancer.
(a–c) Differences in the expression of PD-1, PD-L1, and CTLA-4 between clusters 1 and 2. (d–f) Correlation between the expression of
PD-1, PD-L1, and CTLA-4 and the 20 prognostic lncRNAs. (g) Infiltration of 22 types of immune cells in clusters 1 and 2. (h–l) The two
clusters had significantly different infiltration levels of various immune cells including naive B cells, activated dendritic cells, M2
macrophages, follicular helper T cells, and Tregs (∗p < 0:05 ; ∗∗p < 0:01 ; ∗∗∗p < 0:001).
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protective role by inhibiting the proliferation and invasion abil-
ities of tumour cells. Therefore, examining the underlying reg-
ulatory mechanisms of AC006160.1 may help to identify novel
therapeutic targets for bladder cancer. Previous studies have
demonstrated the vital role of lncRNAs in tumour develop-

ment and treatment. For example, lncRNAs can influence
tumour invasiveness and resistance through the miR-302a-
3p/AKT axis, miR-124-3p/MCP-1 pathway, or miR-132-3p/
USP22 pathway [45, 46]. In addition, studies have reported
the involvement of the WNT signalling pathway and CeRNAs
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Figure 9: The lncRNA risk signature plays a vital role in predicting the response of patients to immunotherapy. (a–c) The high-risk group
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in regulatory mechanisms of lncRNAs in malignant tumours
[47, 48]. Moreover, studies employing whole-transcriptome
sequencing have broadened the horizon for cancer treatment.

In this study, the independent prognostic role of the
ferroptosis-related-lncRNA risk signature was validated in
both training and validation cohorts. The ability of the risk
signature to predict survival outcomes was better than that
of various clinicopathological parameters including age,

sex, tumour stages, and grades. However, in the training
cohort, 6 samples had a low grade, of which 5 were included
in the low-risk group, Therefore, “grade” was excluded from
multivariate Cox regression analysis to avoid statistical bias.
The risk scores were used to evaluate bladder cancer samples
at the transcriptomic (lncRNA) level and were theoretically
more accurate than the currently used clinical parameters.
Elderly patients, patients with advanced-stage disease, and
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Figure 10: The lncRNA AC006160.1 suppresses the viability of bladder cancer cells. (a) Expression of AC006160.1 in bladder cancer cell
lines and SV-HUC-1 cells was measured via qRT-PCR and normalised to GAPDH expression. (b) T24 and BIU-87 cells were transfected
with the pcDNA3.1-AC006160.1 or negative control plasmid for 24 h, and the relative expression of AC006160.1 was measured via qRT-
PCR and normalised to GAPDH expression. (c) T24 and BIU-87 cells were transfected with the pcDNA3.1-AC006160.1 or negative
control plasmid, and cell proliferation was examined via the CCK8 assay. (d, e) Colony formation assay was performed to detect the
proliferation of cells transfected with the indicated vectors. (f, g) The migration ability of T24 and BIU-87 cells transfected with the
pcDNA3.1-AC006160.1 or negative control plasmid was measured via transwell assay. (h, i) The migration ability of cells transfected
with the pcDNA3.1-AC006160.1 or negative control plasmid was detected via wound healing assay. All experiments were performed in
triplicate. All data are expressed as the mean ± standard deviation (SD) (∗p < 0:05, ∗∗p < 0:01, and∗∗∗p < 0:001 versus the control group).
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those with higher T or N grades had higher risk scores,
indicating that the risk signature can reflect various clinical
characteristics from a genetic or molecular perspective.
Therefore, the lncRNA risk signature has valuable applica-
tion prospects for the treatment of bladder cancer.

Furthermore, the relationship between the immune
microenvironment and the two ferroptosis mediation pat-
terns was examined. Cluster 1 had lower infiltration of naive
B cells, activated dendritic cells, and follicular helper T cells,
which are responsible for activation of the immune system
[5]. However, cluster 1 had higher infiltration of M2 macro-
phages, which are responsible for immune suppression [49].
These results were consistent with the significantly poorer
survival outcomes of cluster 1. Bladder, skin and lung can-
cers are classical malignancies with a high mutation burden
[50, 51]. Patients with such malignancies can potentially
benefit from immunotherapy, which is closely associated with
the tumour immune microenvironment. Therefore, this study
mainly focused on the relationship among the risk signature,
expression of immune checkpoints, and immune microenvi-
ronment of bladder cancer. Both cluster 1 (Figure 8) and
high-risk group (Figure 9) had significantly higher expression
of PD-1, PD-L1, and CTLA-4. Higher expression of these
immune checkpoints in cluster 1 or the high-risk group might
have led to poorer survival outcomes. Furthermore, PD-1
expression was positively correlated with AL136084.3 and
negatively correlated with AC005785.1, AL731567.1, and
AC010618.2. Similarly, various ferroptosis-related lncRNAs
were significantly correlated with the expression of PD-L1

and CTLA-4. Cluster analysis revealed that the prognostic
lncRNAs were significantly associated with the infiltration of
various immune cells. These results indicate that ferroptosis-
related lncRNAs not only regulate the malignant phenotype
of bladder cancer through genetic alterations but also play a
vital role in remodelling the tumour immune microenviron-
ment of bladder cancer. Furthermore, the toll-like receptor
signalling pathway, T-cell receptor signalling pathway, regula-
tion of the actin cytoskeleton, cytokine and cytokine–receptor
interaction, and chemokine signalling pathway were signifi-
cantly enriched in cluster 1, indicating that ferroptosis-
related lncRNAs may play a regulatory role in the develop-
ment of bladder cancer through these biological pathways.
Investigating the role of lncRNAs in these biological pathways
may provide novel insights into the treatment of bladder can-
cer. The risk signature established in this study can be used to
examine ferroptosis mediation patterns. The risk scores were
significantly correlated with the infiltration of naive B cells,
eosinophils, M0 macrophages, M2 macrophages, CD4 mem-
ory resting T cells, CD8 T cells, follicular helper T cells, Tregs,
activated mast cells, neutrophils, and plasma cells, which indi-
cated that the risk signature can be used to guide immunother-
apy. In addition, the risk signature can be used to predict the
response of patients to immunotherapy. Previous studies have
demonstrated that malignant and immune cells coexist in the
tumour microenvironment and react with each other to pro-
mote tumour growth and progression [52, 53]. However, the
role of immune cells in tumour development remains elusive.
The ferroptosis-related lncRNAs identified in this study may
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Figure 11: Drug sensitivity analysis based on IC50 values. (a) Drug sensitivity analysis of patients with bladder cancer with high or low
AC006160.1 expression. The red colour indicates sensitive drugs for samples with high AC006160.1 expression. (b) Compared with patients
with low AC006160.1 expression, those with high AC006160.1 expression were more sensitive metformin and methotrexate (p < 0:01).
(c) Crystal violet staining of BIU-87 cells transfected with the pcDNA3.1-AC006160.1 or negative control plasmid and subsequently
treated with 1-mM metformin for 14 days. (d) CCK-8 assay was performed to examine the proliferation of BIU-87 cells transfected
with the pcDNA3.1-AC006160.1 or negative control plasmid and subsequently treated with 1-mM metformin for 72 h. All experiments
were performed in triplicate. All data are expressed as the mean ± standard deviation ðSDÞ (∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001 versus the
control group).
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help to examine the relationship between immune cells and
tumour progression. In conclusion, a novel lncRNA-based risk
signature was constructed to predict survival outcomes, clinical
stages, tumour grades, immune cell infiltration, immune check-
point expression, and immunotherapeutic responses in bladder
cancer samples. In addition, the lncRNAAC006160.1 was iden-
tified as a protective factor for the progression of bladder cancer
in vitro.

However, this study has several limitations. First, all ana-
lysed lncRNA-sequencing data were extracted from public
databases; therefore, large-scale sequencing studies in multi-
centre institutions are required to validate the lncRNA-
based risk signature established in this study. Second, the
TIDE algorithm was used to evaluate the potential response
to immunotherapy; however, prospective clinical trials con-
cerning different immunotherapeutic strategies should be
conducted for bladder cancer with varying risk factors. In
addition, the regulatory role of AC006160.1 in the progres-
sion of bladder cancer and the underlying mechanisms
should be investigated in future studies.

5. Conclusion

Ferroptosis-related lncRNAs can accurately predict survival
outcomes, clinical stages, tumour grades, immune cell infiltra-
tion, immune checkpoint expression, and immunotherapeutic
responses in bladder cancer. The lncRNA AC006160.1 may
serve as a protective factor for the progression of bladder cancer.
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Clear cell renal cell carcinoma (ccRCC), the major histopathological subtype of renal cancer, is sensitive to ferroptosis. MIT-
domain containing protein 1 (MITD1) has been reported to play an important role in hepatocellular carcinoma, while it
remains unclear whether MITD1 is involved in ccRCC. Based on available data in The Cancer Genome Atlas, we found the
expression of MITD1 increased through bioinformatics analysis and high MITD1 expression suggests a poor prognosis. And
we validated that MITD1 expressed significantly in ccRCC through Western blot analysis. Then, we further compared the
proliferation and migration capacity of ccRCC before and after MITD1 knockdown and further explored the effect of MITD1
knockdown on ferroptosis. The results indicated that MITD1 knockdown inhibited ccRCC cell proliferation and migration and
induced ferroptosis in ccRCC. Furthermore, we found and analyzed the key molecule TAZ which was involved in ferroptosis
caused by MITD1 knockdown. Subsequent overexpression experiments demonstrated that MITD1 knockdown induced
ferroptosis and suppressed tumor growth and migration through the TAZ/SLC7A11 pathway. In summary, our study revealed
the role of MITD1 in the ferroptosis of ccRCC and provided a novel target for ccRCC treatment.

1. Introduction

Renal cell carcinoma (RCC) originates from renal tubular
epithelial cells and is one of the most common malignant
tumors of the urinary system, of which the incidence is still
increasing year by year [1]. Clear cell renal cell carcinoma
(ccRCC) is the most common and aggressive type of RCC,
which accounts for approximately more than 85% of RCC
[2]. For the lack of clinical symptoms in the early stage of
ccRCC, a considerable number of patients are diagnosed
with locally advanced and even have distant metastases at
the first-time consultancy. Localized ccRCC is generally
cured by surgery, whereas patients with advanced ccRCC
still have a poor prognosis due to the inability to undergo
radical surgery [3]. Despite a variety of treatments including
radiotherapy, chemotherapy, vascular endothelial growth
factor (VEGF) receptor tyrosine kinase inhibitors, and
immune-checkpoint inhibitors to delay the progress of the

disease, it is hard to select treatment strategies for patients
with advanced cancer due to the frequently occurring severe
side effects and intrinsic or acquired drug resistance of each
treatment [4, 5]. Therefore, it is necessary to further explore
the mechanism of occurrence and development of ccRCC
and to find more novel diagnostic markers and therapeutic
targets.

MITD1 encodes MIT-domain containing protein 1 and
participates in the process of cell division in the form of
ESCRT-III dependence. MITD1 is able to be recruited to
the midbody through the intermediate of MIT-domain of
the N-terminus and ESCRT-III and coordinates abscission
with earlier stages of cytokinesis [6, 7]. A study [8] found
that MITD1 was able to serve as a predictor for human
hepatocellular carcinoma prognosis and correlated with
immune infiltrating cells around the carcinoma. In another
research [9], the researchers identified MITD1 as one of
the most important survival-related genes in bladder cancer,
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which was able to influence the migration ability of tumor
cells by knocking down or overexpressing it. Despite some
studies having found an abnormal expression of MITD1 in
ccRCC, the role of MITD1 in the progression of ccRCC
remains largely unknown.

Ferroptosis is a novel nonapoptotic form of death char-
acterized by accumulation of intracellular reactive oxygen
species (ROS), depletion of reduced glutathione (GSH),
resulting in iron dependent accumulation of lipid hydroper-
oxides reaching cell-lethal levels [10]. It is generally accepted
that ferroptosis is involved in a variety of physiological and
pathological processes, including cancer, ischemia reperfu-
sion injury, and neurodegeneration [11]. At present, ferrop-
tosis has been considered to be closely related to tumor
progression, indicating a potential means of cancer therapy
[12]. Solute carrier family 7 membrane 11 (SLC7A11) is
the major subunit of the cystine/glutamate antiporter (Sys-
tem Xc−), which is the key enzyme in the synthesis of GSH
and resistance to ferroptosis [13]. Li et al. [14] found that
inhibition of SLC7A11 induced ferroptosis in renal cancer.
Therefore, ferroptosis may be a novel strategy for the treat-
ment of RCC, and SLC7A11 is likely to be an extremely vital
target.

In this study, we conducted a systematic bioinformatics
analysis and found that MITD1 expression was significantly
increased in ccRCC, of which the difference suggested differ-
ent clinical prognoses. Further studies have shown that
MITD1 knockdown of RCC cell lines with high expression
of MITD1 decreased cell proliferation and migration ability.
Notably, it was first observed that knockdown of MITD1
induced ferroptosis in ccRCC. Moreover, we confirmed that
knockdown of MITD1 was able to regulate TAZ and reduce
the expression of SLC7A11 to induce ferroptosis and
decrease cell proliferation and migration ability. Our study
provides a detailed analysis of the relationship between
MITD1 and ferroptosis in ccRCC, which will aid in the treat-
ment of ccRCC.

2. Materials and Methods

2.1. Bioinformatics Analysis. The expression of the target
gene MITD1 in various malignant tumors was analyzed in
the GEPIA (http://gepia.cancer-pku.cn/), a web-based tool
to deliver fast and customizable functionalities based on
TCGA and GTEx data. We utilized the TCGA (https://
cancergenome.nih.gov/) database to obtain RCC data, con-
taining all data of 611 ccRCC samples. We retained both pri-
mary RNA sequencing (RNA-seq) data and corresponding
clinical information, which we used for comprehensive anal-
ysis of MITD1.

2.2. Cell Lines and Cell Culture. All cell lines were acquired
from ATCC. HK-2 cell line was cultured with Dulbecco’s
modified eagle medium/10% fetal bovine serum
(A3160901, Gibco) media while RCC cell lines (786-O,
ACHN, A498, 769-P, Caki-1) were cultured with RPMI
1640/10% fetal bovine serum media. All cells were cultured
in an incubator with 5% CO2 at 37

°C.

2.3. Transfection. MITD1 siRNA, negative control siRNA,
SLC7A11 plasmid, TAZ plasmid, and vector plasmid were
synthesized by Sangon Biotech (Shanghai). RCC cells were
seeded in 6-well plates at an appropriate density. After
12 h, transfection was then carried out using Lipofectamine
3000 (L3000001, Thermo Fisher Scientific) according to
the manufacturer’s instructions.

2.4. Cell Counting Kit-8-Based Cell Viability Assay. RCC cells
were first seeded into 96-well plates at the density of 2 × 103
cells/well. 10μL of CCK-8 solution (C0037, Beyotime Bio-
technology) was added to each well and incubated for 1 h;
the absorbance measurements at 450 nm were determined
at 24 h, 48 h, 72 h, and 96h.

2.5. Tumor Cell Colony Formation Assay. RCC cells were
seeded into 6-well plates at approximately 200 cells per well
and cultured for 14 days. Before counting, cells were fixed
with 3.7% paraformaldehyde for 15min and then stained
with 0.1% crystal violet for 30min. Colonies with
>0.05mm diameter were recorded and analyzed.

2.6. Wound Healing Assay. RCC cells were inoculated into 6-
well plates at an appropriate density. When the cell density
reached 90% to 95%, the surface of cells was scratched with
a straight gap. Washed 3 times with phosphate buffer saline
(PBS), the width of the gap was recorded 24 h later.

2.7. Western Blot Analysis. HK-2 cells and RCC cells were
homogenized in RIPA lysis buffer containing protease inhib-
itors. We measured the protein concentration of each sam-
ple by bicinchoninic acid (BCA) assay and then were
separated by SDS-PAGE. Transferred onto a piece of polyvi-
nylidene difluoride transfer membrane, proteins of each
sample were blocked with 5% nonfat milk for 1 h. The mem-
branes were incubated with antibodies against MITD1
(PA5-116854, Cell Signaling Technology), SLC7A11
(ab37185, Abcam), glutathione peroxidase 4 (GPX4;
ab125066, Abcam), cyclooxygenase 2 (COX2; ab62331,
Abcam), acyl-CoA synthetase long-chain family member 4
(ACSL4; ab155282, Abcam), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; ab8245, Abcam). After
incubation with primary antibodies for one night, the mem-
branes were washed and incubated with secondary anti-
bodies. The protein bands were visualized using enhanced
chemiluminescence reagents (WP20005, Thermo Fisher Sci-
entific). Finally, using ImageJ software performed the densi-
tometric analysis to quantify differences in protein levels.

2.8. Measurement of ROS Level. After different treatments,
RCC cells were incubated with 10μM dichlorodihydrofluor-
escein diacetate (DCFH-DA, S0033S-1, Beyotime Biotech-
nology) at 37°C for 20min in the dark. Then, cell nuclei
were labeled by using DAPI dihydrochloride (C1002, Beyo-
time Biotechnology) for 5min. Finally, the cells were
observed and photographed under a fluorescence micro-
scope after washing with PBS three times.

2.9. Lipid Peroxidation Measurements. Malondialdehyde
(MDA) is one of the end products of lipid peroxidation,
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which is widely accepted as a biomarker of lipid peroxida-
tion. The level of MDA was detected by MDA assay kit
(S0131S, Beyotime Biotechnology). After different treat-
ments, the supernatant was collected and added to the assay
kit. Then, the absorbance measurements at 450nm were
determined by a microplate reader.

2.10. Reduced Glutathione and Superoxide Dismutase.
Reduced glutathione (GSH) and superoxide dismutase (SOD)
were detected using Glutathione Detection Kit (S0053, Beyo-
time Biotechnology) and SOD assay kit (S0109, Beyotime Bio-
technology) according to the manufacturer’s instruction.

2.11. Statistical Analysis. All the data was expressed by
mean value ± standard error and analyzed by SPSS 25.0.
The differences between groups were analyzed through
one-way analysis of variance (ANOVA) and the Student–
Newman–Keuls test. P < 0 :05 was considered to be statisti-
cally significant.

3. Results

3.1. MITD1 Expression Is Upregulated in ccRCC Tumors and
Correlated with the Progression and Prognosis. To assess the
role of MITD1 in malignant tumors, we first investigated the
expression of MITD1 in various malignant tumors in the
GEPIA. As shown in Figure 1(a), MITD1 was generally
highly expressed in tumors. Then, we further analyzed pub-
licly available data of ccRCC from TCGA and found that the
expression of MITD1 was significantly higher in tumor cases
compared with normal cases in paired or unpaired ccRCC
tissues (Figures 1(b) and 1(c)). What is more, the expression
of MITD1 gradually increased with the increase of stage and
depth of invasion (Figures 1(d) and 1(e)). And patients with
high MITD1 expression had a lower overall survival rate
than those with low expression (Figure 1(f)), suggesting that
MITD1 was associated with the progression and prognosis.
Finally, we verified that the expression of MITD1 in RCC
cell lines was generally higher than that of HK2 cell lines
and selected 786-O and A498 cell lines in subsequent exper-
iments (Figure 1(g)).

3.2. MITD1 Knockdown Inhibits ccRCC Cell Proliferation
and Migration. To explore the functional role of MITD1 in
ccRCC, MITD1 siRNA was used to knock down the expres-
sion of MITD1. As shown in Figures 2(a) and 2(b), the
expression of MITD1 in 786-O and A498 cells significantly
reduced after MITD1 transient knockdown. CCK-8 and
clone formation experiments indicated that MITD1 knock-
down inhibited the proliferation (Figures 2(c) and 2(d))
and clonogenic capacity (Figure 2(e) and Supplementary
Figure 1A) of ccRCC cells compared to the NC group. And
the results of wound healing assays demonstrated that
silencing of MITD1 prolonged the wound healing time,
indicating that MITD1 knockdown was able to reduce the
migration ability of ccRCC (Figure 2(f) and Supplementary
Figure 1B).

3.3. MITD1 Deficiency Induces Ferroptosis in ccRCC. In
order to determine howMITD1 depletion inhibits the prolif-
eration and migration of ccRCC, KEGG pathway enrich-
ment analyses were used to explore the potential pathway
of MITD1. GSEA was used to reveal the significantly
enriched (FDR < 0:05, P value < 0.05) KEGG pathways with
high or low MITD1 expression. As shown in Figure 3(a), the
top 3 KEGG pathways significantly correlated with MITD1
high expression were alpha-linolenic acid metabolism, ara-
chidonic acid metabolism, and linoleic acid metabolism.
And the top 3 pathways significantly correlated with MITD1
low expression were as follows: citrate cycle TCA cycle, pen-
tose phosphate pathway, and steroid-biosynthesis
(Figure 3(b)). In addition, we found that the remaining path-
way significantly correlated with MITD1 low expression was
not directly related to proliferation and migration. These
results suggested that MITD1 might be associated with lipid
and energy metabolism to regulate cell proliferation and
migration. Therefore, we further explored whether MITD1
was involved in ferroptosis and found that MITD1 low
expression was significantly associated with ferroptosis
through the GSEA platform with the WikiPathways
(c2.cp.wikipathways.v7.5.1.symbols.gmt) (Figure 3(c)). Sub-
sequently, ROS levels of 786-O cells were detected by ROS
assay kit. Figure 3(d) showed that ROS levels obviously
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and ∗∗∗P < 0:001.
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Figure 2: MITD1 knockdown inhibits ccRCC cell proliferation and migration. (a, b) 786-O cells or A498 cells were transfected with negative
control or different si-RNA (SiMITD1-1 or SiMITD1-2). Western blot of MITD1 to test the effect of si-RNA transfection. (c, d) Knockdown
of MITD1 suppressed cell growth ability in ccRCC cells (786-O and A498). (e) Proliferation of 786-O and A498 cells was suppressed by
MITD1 knockdown. (f) When 786-O and A498 cells with different treatments grew to 90%-95% density, the surface of cells was
scratched with a straight gap. Scratches at 0 and 24 hours were photographed and recorded under the microscope (magnification ×40;
scale bars = 200μm). Values are expressed as the mean ± SEM, n = 3.
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Figure 3: MITD1 knockdown induces ferroptosis in ccRCC. (a) KEGG pathway showed top three positively correlated groups. (b) KEGG
pathway showed top three negatively correlated groups. (c) Results of MITD1 enriching to the ferroptosis pathway through GSEA platform
with the WikiPathways. (d) Representative images of 786-O with DCFH-DA staining (magnification ×100; scale bars = 100μm) and their
quantitative analysis. (d–f) Levels of MDA, GSH, and SOD in ccRCC cells with different treatments. Values are expressed as the mean ±
SEM, n = 3. ∗P < 0:05, relative to the control group; #P < 0:05, relative to the SiMITD1.
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increased after knockdown of MITD1 while ROS levels of
MITD1knockdown ccRCC cells recovered to some extent
after Ferrostatin-1 (Fer-1, a potent ferroptosis inhibitor)
treatment [15]. In addition, we assessed MDA, GSH, and
SOD levels in ccRCC cells. As expected, MITD1 knockdown
increased the level of MDA and reduced the level of antiox-
idant GSH and SOD in ccRCC cells; these changes were par-
tially reversed by Fer-1 treatment (Figures 3(e)–3(g)).
Moreover, we treated ccRCC cells with another potent
inhibitor of ferroptosis (liproxstatin-1, Lip-1), and the
results were consistent with Fer-1 treatment (Supplementary

Figure 2), indicating that MITD1 was involved in
ferroptosis.

3.4. MITD1 Deficiency Induces Ferroptosis through
Downregulating SLC7A11. To further confirm the impact
of MITD1 on ferroptosis in ccRCC, ferroptosis-related pro-
teins were detected in 786-O and A498 cells after MITD1
knockdown. As revealed in Figure 4(a), the expression of
GPX4 and SLC7A11 was decreased and COX2 and ACSL4
were upregulated, further suggesting that silencing MITD1
induced ferroptosis. More specifically, the downregulation
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Figure 4: MITD1 knockdown induces ferroptosis through downregulating SLC7A11. (a) Western blot of MITD1and ferroptosis-related
proteins (GPX4, SLC7A11, COX2, and ACSL4) in ccRCC cells after silencing MITD1 (SiMITD1). (b, c) 786-O cells or A498 cells were
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ccRCC cells with different treatments. Values are expressed as the mean ± SEM, n = 3. ∗P < 0:05, relative to the control group; #P < 0:05,
relative to the SiMITD1.
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of SLC7A11 was the most significant, indicating that MITD1
deficiency might induce ferroptosis through SLC7A11. Sub-
sequently, ccRCC cells were transfected with SLC7A11 plas-
mid or vector control after MITD1 knockdown or not.
Figures 4(b) and 4(c) showed the expression level of MITD1
and SLC7A11 to demonstrate the effect of silence and over-
expression in different ccRCC cells. We then examined the
levels of MDA, GSH, and SOD in ccRCC with different
treatments, which cloud reflect the degree of ferroptosis.
Similarly, it was found that MDA increased significantly
and GSH and SOD decreased significantly in ccRCC cells
after MITD1 silencing. Furthermore, overexpression of
SLC7A11 restored the levels of MDA, GSH, and SOD chan-
ged by MITD1 silencing (Figures 4(d)–4(f)), which demon-
strated that MITD1 deficiency induced ferroptosis through
SLC7A11.

3.5. MITD1 Knockdown Induces Ferroptosis through TAZ/
SLC7A11 Pathway. To further investigate how MITD1
knockdown regulates ferroptosis in ccRCC, we screened
coexpressed genes of MITD1 and discovered that the corre-
lation between MITD1 and TAZ was extraordinarily strong
(Figure 5(a)). And we further found that TAZ showed high
expression in ccRCC and patients with high TAZ expression
had a lower overall survival rate (Figures 5(b)–5(d)), which
was consistent with MITD1. Furthermore, a recent study
[16] found that YAP/TAZ induced the expression of
SLC7A11 to enable HCC cells to overcome sorafenib-
induced ferroptosis. Therefore, we proposed the idea that
whether MITD1 knockdown promoted ferroptosis through
regulating the TAZ/SLC7A11 pathway in ccRCC cells.

In order to explore whether TAZ participated in the fer-
roptosis process induced by MITD1 knockdown, we carried
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Figure 5: TAZ was highly correlated with MITD1 and high expressed in ccRRC. (a) A positive correlation between the MITD1 and TAZ
expressions through bioinformatics analysis. (b) Based on the median values of TAZ expression, patients were divided into the low-
expression or high-expression group. Kaplan-Meier’s survival curve of two groups through the analysis of clinical information of ccRCC
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mean ± SEM, n = 3. ∗P < 0:05 and ∗∗∗P < 0:001. relative to the control group.
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out a series of experiments. In subsequent experiments, we
found that the expression of TAZwas significantly reducedwith
downregulation of SLC7A11 after MITD1 knockdown in 786-
O and A498 cells. What is more, overexpression of TAZ mark-
edly increased the expression of SLC7A11 and also partially
restored the down-regulation of SLC7A11 caused by MITD1
knockdown in different ccRCC cells (Figures 6(a) and 6(b)).
Moreover, overexpression of TAZ reduced the levels of ROS
which were obviously increased by MITD1 knockdown in

ccRCC cells (Figure 6(c) and Supplementary Figure 1C). In
addition, we also measured the level of MDA, GSH, and SOD.
As shown in Figures 6(d)–6(f), MITD1 knockdown
aggravated oxidative stress and ferroptosis which could be
rescued by TAZ overexpression treatment.

3.6. MITD1 Knockdown Suppresses Growth and Migration
through TAZ/SLC7A11 Pathway. To explore the role of
SLC7A11 and TAZ expression changes caused by MITD1
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Figure 6: MITD1 knockdown induces ferroptosis through the TAZ/SLC7A11 pathway. (a, b) 786-O cells or A498 cells were transfected
with negative control or si-RNA for MITD1 (SiMITD1) and then were transfected with TAZ plasmid. Western blot of MITD1,
SLC7A11, and TAZ. (c) Representative images of 786-O cells with DCFH-DA staining (magnification ×100; scale bars = 100μm) after
different treatments. (d–f) Levels of MDA, GSH, and SOD in ccRCC cells with different treatments. Values are expressed as the mean ±
SEM, n = 3. ∗P < 0:05, relative to the control group; #P < 0:05, relative to the SiMITD1.
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Figure 7: Continued.
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knockdown in cell proliferation and migration, we per-
formed a further series of experiments. The CCK-8 assay
showed that the cell viability of the MITD1 knockdown
group was significantly lower than that of the control group.
After treatment with TAZ overexpression, the expression of
TAZ and SLC7A11 increased and cell viability was partially
restored (Figures 7(a) and 7(b)). Cell colony formation assay
also demonstrated that TAZ overexpression rescued the
reduction of cell proliferation caused by MITD1 knockdown
(Figures 7(c) and 7(d)). Moreover, the wound-healing assay
(Figures 7(e) abd 7(f)) showed that the change of cell migra-
tion ability caused by MITD1 knockdown could be rescued
after TAZ overexpression treatment. These results indicated
that MITD1 knockdown induced ferroptosis through down-

regulating SLC7A11and TAZ and inhibited the proliferation
and migration ability of ccRCC. Therefore, MITD1 defi-
ciency suppresses ccRCC growth and migration by inducing
ferroptosis through the TAZ/SLC7A11 pathway.

4. Discussion

MITD1, an MIT-domain containing protein 1, recognizes
subunits of ESCRT-III through a typical MIT-MIM1 read-
out in the dimer of MITD1. And the interaction of each
other made the MITD1 recruit to the midbody during cell
division [6]. Depletion of MITD1 is able to cause cytokinesis
failure, which affects cell proliferation [17]. Previous studies
[8, 9] revealed that MITD1 was abnormally expressed in
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Figure 7: MITD1 knockdown suppresses growth and migration through the TAZ/SLC7A11 pathway. (a, b) 786-O cells or A498 cells were
transfected with negative control or si-RNA for MITD1 (SiMITD1) and then were transfected with TAZ plasmid. Cell viability of each group
was detected at 24 h, 48 h, 72 h, and 96 h, respectively. (c, d) Colony formation assay was performed on ccRCC cells with different
treatments. The quantification data are also indicated. (e, f) When ccRCC cells with different treatments grew to 90%-95% density, the
surface of cells was scratched with a straight gap. Scratches at 0 and 24 hours were photographed and recorded under the microscope
(magnification ×40; scale bars = 200 μm). The quantification data are also indicated. Values are expressed as the mean ± SEM, n = 3. ∗P <
0:05, relative to the control group; #P < 0:05, relative to the SiMITD1.
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patients with liver cancer and bladder cancer and had a sig-
nificant correlation with prognosis. In addition, MITD1 reg-
ulated proliferation and invasion of tumor cells and was able
to alter the tumor microenvironment by recruiting and reg-
ulating immune infiltrating cells [8, 18]. In our study, we
analyzed public databases and found that MITD1 was highly
expressed in ccRCC and the expression level was related to
tumor stage and clinical T stage. In the subsequent survival
analysis, patients in the MITD1 high expression group had
a lower survival rate. In vitro experiment, it was verified that
MITD1 was highly expressed in ccRCC through Western
blot analysis of MITD1 expression in common RCC cell
lines and HK2 cell lines. Furthermore, it was found that
the growth, proliferation, and migration of ccRCC cells were
inhibited after MITD1 knockdown treatment.

Ferroptosis has been identified as a nonapoptotic form of
cell death, of which the two most important features are iron
accumulation and lipid peroxidation. And lipid peroxidation
has many manifestations, including an increase in ROS and
a decrease in antioxidants [19]. Ferroptosis is involved in the
development of many diseases, especially cancer [11, 20].
Therefore, inducing ferroptosis by destroying the redox bal-
ance in tumor cells may be an effective means of cancer
treatment [21]. Although scholars have searched for key
molecules that induce ferroptosis in ccRCC, related research
is still rare. Wang et al. [22] found that SUV39H1 expression
is frequently upregulated in ccRCC tumors and SUV39H1
knockdown induced iron accumulation and lipid peroxida-
tion, leading to ferroptosis that disrupted ccRCC cell growth.
Another study [23] showed that KLF2 inhibited the migra-
tion and invasion abilities of ccRCC cells by regulating fer-
roptosis through the GPX4 pathway. In this study, we
found that MITD1was mainly related to the pathways of
energy metabolism and lipid metabolism and could be
enriched to the ferroptosis-related pathways through path-
way enrichment analysis. We subsequently found that
MITD1 deficiency increased ROS and MDA in ccRCC cells
and decreased cellular GSH and SOD levels. However, the
effects of MITD1 knockdown on these indicators were par-
tially abolished by Fer-1 treatment. The above results dem-
onstrated that MITD1 knockdown could induce ferroptosis
in ccRCC.

The regulation of ferroptosis is a complex process that is
affected by many factors, the two most important of which
are transporter-dependent and enzyme-dependent [24]. Sys-
tem Xc- is an amino acid transporter widely distributed on
phospholipid bilayer membranes, mainly containing 2 sub-
units SLC7A11 and SLC3A2, which plays a key role in a
transporter-dependent pathway [25]. System Xc- is responsi-
ble for the transport of cystine into the cell and the transport
of glutamate out of the cell. Cystine is reduced to cysteine
after being transported into cells, which is the raw material
for the synthesis of GSH. GSH is able to reduce intracellular
ROS and lipid peroxidation through glutathione peroxidase
(GPXs), the most typical of which is glutathione peroxidase
4 (GPX4) [25]. Inhibition of SLC7A11 reduces cystine
absorption and glutathione synthesis, ultimately leading to
oxidative damage and ferroptosis [26]. Therefore, targeting
SLC7A11 is an important means to induce ferroptosis for

cancer therapy. Inhibition of PARP downregulated the
expression of SLC7A11 in a p53-dependent manner to pro-
mote ferroptosis in ovarian cancer cells, revealing a previ-
ously unrecognized mechanism of PARP inhibitor therapy
for ovarian cancer [27]. Another study [14] in ccRCC found
that SLC16A1-AS1 served as a sponge of miR-143-3p and
knockdown of SLC16A1-AS1 could induce ferroptosis
through the miR-143-3p/SLC7A11 pathway. In the present
study, MITD1 deficiency could significantly affect the
expression levels of ferroptosis proteins, such as GPX4,
SLC7A11, ACSL4, and COX2. The downregulation of
SLC7A11 was the most significant, indicating that MITD1
deficiency was most likely to induce ferroptosis by regulating
SLC7A11. In addition, ROS, MDA, GSH, and SOD affected
by MITD1 knockdown could be restored by overexpression
of SLC7A11, further confirming the regulatory effect of
MITD1 deficiency on SLC7A11.

Transcriptional coactivator with PDZ-binding motif
(TAZ), which is also named as WW domain-containing
transcriptional coregulatory 1 (WWTR1), is a key down-
stream effector of the Hippo signaling pathway [28]. Hippo
signaling pathway is a potent tumor-suppressing mechanism
and has been established as a novel determinant of ferropto-
sis [29]. Previous research [30] indicated that the expression
of TAZ generally increased in kidney cancer tissue and cells
and TAZ knockdown inhibited the proliferation, migration,
and invasion of ccRCC in vitro and in vivo. Another study
[31] found that the changes in cell density affect the expres-
sion of TAZ, which could regulate the sensitivity of renal cell
carcinoma to ferroptosis through the EMP1-NOX4 pathway.
Nevertheless, a latest study [16] demonstrated that YAP/
TAZ could induce the expression of SLC7A11 to inhibit fer-
roptosis and maintain the resistance of liver cell carcinoma
to sorafini. Based on correlation analysis, we found that
MITD1 was highly correlated with TAZ. In addition, TAZ
was highly expressed in ccRCC and TAZ high expression
indicated a lower survival rate, same as MITD1. In the sub-
sequent experiments, we found that MITD1 knockdown
downregulated TAZ expression and a corresponding down-
regulation of SLC7A11 expression. In addition, overexpres-
sion of TAZ partially restored cellular ROS, MDA, GSH,
and SOD changes caused by MITD1knockdown. Moreover,
overexpression of TAZ also restored the proliferation and
migration of ccRCC which were inhibited by MITD1 knock-
down. These results suggested that MITD1 knockdown sup-
pressed ccRCC growth and migration by inducing
ferroptosis through the TAZ/SLC7A11 pathway.

5. Conclusion

In conclusion, our study firstly proposed that MITD1 could
change the proliferative and migratory capacity of ccRCC
and affect prognosis by regulating ferroptosis. What is more,
we further explored that MITD1 deficiency could increase
the ferroptosis of ccRCC through the TAZ/SLC7A11 path-
way. Therefore, MITD1 is expected to be a prognostic bio-
marker of ccRCC and a new therapeutic target for tumor
ferroptosis.
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Tubular injury has been shown to play a critical role in the morbidity of diabetic kidney disease (DKD); ferroptosis often occurs in
tubules during renal disease development. This study was aimed at evaluating the inhibitory effects and potential mechanism of
dapagliflozin (DAPA) against diabetic-related ferroptosis in the kidney. C57BL/6 mice were fed a high-fat diet (HFD) for 12
weeks, administered a small dose of streptozocin (STZ) for three consecutive days by intraperitoneal injection, and then orally
administered dapagliflozin (10mg/kg/day) for 8 weeks. Mouse blood and urine samples were collected, and their renal cortices
were harvested for subsequent investigations. The effects of DAPA were also evaluated in HK-2 cells subjected to simulated
diabetic conditions through excess glucose or palmitic acid (PA) administration. DAPA significantly ameliorated tubular injury
independently of glycemic control in diabetic model mice. In vivo and in vitro investigations showed that dapagliflozin
ameliorated tubular injury by inhibiting ferroptosis. Docking experiments demonstrated that dapagliflozin and SLC40A1 could
bind with each other and may consequently reduce ubiquitination degradation. In conclusion, in this study, the tubular
protective effects of DAPA, irrespective of glycemic control, were observed in a diabetic mouse model. DAPA ameliorated
ferroptosis during diabetic tubular injury via SLC40A1 stabilization, and this may be the mechanism underlying its action. To
the best of our knowledge, this is the first study to investigate the ferroptosis inhibitory effects of DAPA in the treatment of DKD.

1. Introduction

Diabetic kidney disease (DKD) is a common and morbid
chronic diabetic complication. Approximately 30–40% of
patients with type 2 diabetes mellitus (T2DM) develop DKD,
and in approximately 50% of them, the disease progresses to
end-stage renal disease (ESRD) [1]. Hyperglycemia is consid-
ered to drive the development of DKD. However, existing
intensive glycemic control has not reduced the prevalence of
DKD, and inhibitors of the renin-angiotensin-aldosterone
system (RAAS) have been proven to have renal protective
function on DKD patients, but the clinical effect is not always
satisfactory [2, 3]. As a whole, despite the advancements made
in diabetic renal pathologies over the years, DKD still causes
significant mortality and morbidity [4]. Therefore, there is
an urgent need for the discovery of novel therapeutic targets
or drugs for the management of DKD.

Ferroptosis, which is a novel type of programmed cell
death, is involved in the processes of inflammation and
oxidation in various human disease states, including DKD
[5, 6]. Intracellular iron homeostasis is essential for cell
survival, while iron overload contributes to ROS overpro-
duction through the Fenton reaction, thereby facilitating
ferroptosis [7]. Of note, solute carrier family 40 member 1
(SLC40A1, also known as FPN1) is the only discovered iron
export protein in mammals, and inhibiting SLC40A1
induces ferroptosis [8]. The study of Hao et al. shows that
diabetes decreased the expression of SLC40A1 mediating
ferroptosis, which induced diabetic cognitive dysfunction
[9]. Due to the special reabsorption function of renal tubular
tissue (including glucose and iron), which contains numer-
ous mitochondria, its metabolic activity and energy demand
are high; diabetes induces impairments in mitochondrial
energy metabolism, which results in significant intrarenal
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oxidative stress and cell damage [10]. Tubular injury has
been shown to play a critical role in DKD progression, which
correlates with renal functional deterioration, a primary
change associated with the disease [11]. Ferroptosis often
occurs in renal tubules during the development of renal
diseases because of the sensitivity of renal tubular tissue to
oxidative stress and lipid peroxidation [12]. Zhu et al.
recently demonstrated that miR-4735-3p facilitates ferropto-
sis and tumor suppression in clear cell renal cell carcinoma
by targeting SLC40A1 [13]. However, it has not been
reported whether SLC40A1 is involved in renal tubular
ferroptosis in the diabetic conditions.

Dapagliflozin (DAPA), one of the clinically employed
hypoglycemic agents for diabetes treatment, functions pri-
marily by decreasing glucose reabsorption in the proximal
tubule via sodium-glucose cotransporter 2 (SGLT2) [14].
The cardioprotective and renoprotective function beyond
their hypoglycemic effect of SGLT2 inhibitors (SGLT2i)
has recently been reported and recognized [15–17].
Quagliariello et al. reported that empagliflozin reduced fer-
roptosis in doxorubicin-treated mice through the NLRP3
and MyD88-related pathways, which resulted in significant
improvements in cardiac function [18]. However, the
DKD-improving effects of SGLT2i through the inhibition
of tubular ferroptosis have not been evaluated. In this study,
we sought to determine whether diabetes-related ferroptosis
could be inhibited by DAPA, thereby delaying the progres-
sion of DKD. This study is expected to provide a new per-
spective on the therapeutic mechanism of DAPA in DKD.

2. Materials and Methods

2.1. Animal Experiments. Eight-week-old specific pathogen-
free C57BL/6 mice weighing 20-23 g were purchased from
Shandong Kesibei Biotechnology Co., Ltd., China. All mice
were maintained in a 48 ± 10% humid environment at room
temperature (20 ± 1°C), under a 12 h light/dark cycle, with
free access to food. All animal experiments were strictly
carried out following the guidelines stated by the Ethics
Committee of the First Affiliated Hospital of the University
of Science and Technology of China (Anhui Provincial
Hospital). Every effort was made to minimize the number
of animals used and their suffering. Eight mice were ran-
domly selected to constitute the normal control (NC) group
(n = 8) and were fed a normal chow diet; the rest of the mice
were fed a high-fat diet (HFD). With small-dose streptozo-
cin (STZ) administration by intraperitoneal injection
(50mg/kg, dissolved in 0.1mol/L citrate buffer, pH = 4:2,
for three consecutive days) after 4 months of HFD feeding,
mice in the NC group were injected an equal amount of cit-
rate buffer. After one week, tail vein blood glucose levels
were measured using a glucometer. Mice with random
blood glucose levels > 16:7mmol/L for 3 days were used for
subsequent investigations. These mice were randomly
divided into three groups; the T2DM group (n = 7), in which
mice were administered sterile saline daily by gavage for 8
weeks; the DAPA group (n = 8), in which mice were admin-
istered DAPA (10mg/kg/day) daily by gavage for 8 weeks;
and the glibenclamide (GLIB, a clinically employed antidia-

betic molecule, which has no protective effect on the kidney
beyond glycemic control) group (n = 7), in which mice were
administered GLIB (2.5mg/kg/day) daily by gavage for 8
weeks. At the 8th week, mouse urine was collected and
weighed. Then, the mice were fasted overnight, anesthetized
by intraperitoneal injection of sodium pentobarbital (30mg/
kg), and sacrificed by cervical dislocation, and blood samples
were collected. Mouse kidneys were also collected; one part
of each kidney was fixed in 4% polyoxymethylene-
phosphate buffer for histological analysis, and the other part
was snap-frozen for subsequent molecular analyses.

2.2. Detection of Blood and Urine Indicators.When the treat-
ment was over, blood was collected from the tail vein of the
mice. Hemoglobin A1C (HbA1C) and fasting blood glucose
(FBG) levels were determined using a commercial ELISA kit
(Meimian, Jiangsu, China). Urine creatinine (UCR) levels
were measured using the picrate method (Jiancheng,
Nanjing, China). Urine albumin (ALB), Retinol-Binding
Protein (RBP), Tamm Horsfall protein (THP), α-Microglob-
ulin (a1MG), 8-hydroxy-2 deoxyguanosine (8OHdG), and
8-iso prostaglandin (8iso-PG) levels were measured using
an ELISA kit (Meimian, Jiangsu, China). Urine ALB/UCR
(UACR), PCX/UCR, RBP/UCR, THP/UCR, a1MG/UCR,
8OHdG/UCR, and 8iso-PG/UCR ratios were subsequently
calculated to exclude the effect of urine concentration.

2.3. Electron Microscopic Observation. Mouse renal cortices
were harvested and fixed using a fixing solution for the prep-
aration of ultra-thin sections. After postfixation with 1%
OsO4 and gradient dehydration, they were dehydrated in a
series of ethanol (50–100%) and embedded in resin, sliced,
and placed on a formvar carrier grid, followed by uranyl
acetate and lead citrate treatments. Then, the sections were
examined under a 20,000x transmission electron microscope
(JEM1400, JEDL, Japan). Ultrastructural damage to mito-
chondria was assessed.

2.4. Quantitative PCR Analysis. Total RNA was extracted
from mouse kidney tissues using the TRIzol reagent and
reverse-transcribed to cDNA. Quantitative PCR was per-
formed using SYBR Green PCR technology on a Bio-Rad
CFX96 Touch Real-Time PCR System. The sequences of
the primers used for real-time PCR are listed in Supplement
Table S1. The PCR cycling conditions were as follows:
predenaturation at 95°C for 5min, 40 cycles of 95°C for
10 s and 60°C for 30 s, and one cycle of 95°C for 15 s, 60°C
for 60 s, and 95°C for 15 s. Cycle threshold (Ct) values were
determined by the comparative Ct method and normalized
to β-actin levels.

2.5. Cell Culture and Treatment. Human kidney proximal
tubular cells (HK-2 cells) were maintained in DMEM sup-
plemented with 5.5mmol/L glucose, 10% fetal bovine serum
(FBS), 100U/mL penicillin, and 100mg/mL streptomycin
and were cultured at 37°C in a 95% humid and 5% CO2-con-
taining environment. BSA-conjugated PA (Sigma-Aldrich,
St. Louis, MO, USA) was prepared as previously described
[19]. HK2 cells were then divided into 6 groups: (1) group
HG: the cells were treated with 50mM glucose; (2) group
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HG+DAPA: after the cells were treated with HG for 48h,
they were treated with DAPA for 24h; (3) group PA: the
cells were treated with 300μM PA; (4) group PA+DAPA:
after the cells were treated with PA for 48 h, they were
treated with DAPA for 24 h; (5) group erastin: the cells were
treated with erastin; and (6) group erastin +DAPA: after the
cells were treated with erastin for 48 h, they were treated
with DAPA for 24 h.

2.6. RNA Interference Analysis. HK2 cells were transfected
with specific or scrambled small interfering RNAs (siRNAs)
using a Lipofectamine 2000 device (Invitrogen, Grand
Island, NY, USA) following the manufacturer’s protocol. siR-
NAs were purchased from General Biol (Chuzhou, China).
The sequences of the siRNAs were as follows: si-SLC40A1: 5′
-CAAGAAUGCUAGACUUAAATT-3′, scramble: 5′-UUUA
AGUCUAGCAUUCUUGTT-3′, si-SGLT2: 5′-GUAUGACA
ACAGCCUCAAGTT-3′, and scramble: 5′-UUCUCCGAA
CGUGUCACGUTT-3′. Unless otherwise specified, DAPA
was added to the cells 24h posttransfection.

2.7. Western Blot and Immunoprecipitation. For western
blot, total proteins in renal tissues and cells were extracted
by grinding the tissues in the RIPA buffer; protein concen-
trations were measured through the BCA assay. After centri-
fugation at 13000 g at 4°C for 10min, the same quantity of
protein was extracted with 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels and
then transferred to nitrocellulose filter (NC) membranes.
Then, the membranes were blocked in 5% skim milk. The
proteins were detected using specific primary anti-β-actin
(1 : 5000, Enogene, Nanjing, China), anti-SLC40A1
(1 : 1000, Bioss, Beijing, China), anti-GPX4 (1 : 1000, Bioss)
and anti-SLC7A11 (1 : 1000, Bioss) antibodies, anti-TFR1
(1 : 1000, Affinity, Jiangsu, China) antibodies, anti-NCOA4
(1 : 1000, Affinity) antibodies, anti-FTH1 (1 : 1000, Bioss)
antibodies, anti-SLC39A8 (1 : 1000, ABclonal, Wuhan,
China) antibodies, and anti-ubiquitination(1 : 1000, PTM,
Hangzhou, China). Protein bands were visualized using a
Super ECL kit (UElandy, Suzhou, China) and analyzed using
the ImageJ software. For immunoprecipitation, cells were
lysed in MCBL buffer (50mM Tris-HCl, 150mM NaCl,
5mM EDTA, and 0.5% NP-40), supplemented with protease
inhibitors (Topscience, Shanghai, China). Protein A/G mag-
netic beads (Bimake, USA) were incubated with antibody for
1 hour. Then, cell lysates were added and incubated over-
night at 4 t. The next day, immunocomplexes were washed
three times using lysis buffer, resolved by SDS/PAGE, and
detected by western blot.

2.8. Determination of ROS Generation. Intracellular ROS
levels were evaluated using 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) (Solarbio, Beijing, China). In brief, the cells
were incubated with 10μmol/L DCFH-DA at 37°C for
20min and then washed with PBS. Fluorescence was evalu-
ated using a fluorescence microscope at excitation and emis-
sion wavelengths of 488 and 525nm, respectively.

2.9. GSH, MDA, and Iron Assays. Kidney tissue and cell
samples were homogenized on ice using a homogenizer
and then centrifuged for supernatant collection. Glutathione
(GSH) levels were measured using a reduced GSH assay kit
(Jiancheng, Nanjing, China), and optical density was mea-
sured at 405nm. Malondialdehyde (MDA) levels were mea-
sured using a lipid peroxidation MDA assay kit (Biosharp,
Hefei, China), and optical density was measured at 535 nm.
Tissue iron levels were measured using a tissue iron assay
kit (Jiancheng, Nanjing, China), and optical density was
measured at 520nm. Fe2+ concentrations were measured
using a ferrous ion colorimetric assay kit (Elabscience,
Wuhan, China), and optical density was measured at
590 nm. The kits were used following the manufacturers’
instructions.

2.10. Cell Viability Assay. Cell viability was evaluated using
the Cell Counting Kit-8 (Topscience, Shanghai, China),
according to the manufacturer’s instructions. In brief, cells
were seeded in 96-well plates at a density of 3000 cells per
well and exposed to various concentrations of the com-
pounds for specified durations. Ten microliters of the work-
ing reagent was added to each well and incubated for 2 h at
37°C. Absorbance was measured at 450 nm using a micro-
plate reader (Thermo Fisher Scientific, USA). Optical den-
sity was taken to be proportional to the number of living
cells in the plate.

2.11. Lipid Reactive Oxygen Species Measurement. Cells were
treated as indicated; then, 50μM BODIPY™ 665/676
(Thermo Fisher Scientific, USA) was added to the cells,
which were incubated for 1 h. Excess BODIPY™ 665/676
was removed by washing the cells twice with PBS. Represen-
tative images were obtained using a confocal microscope.

2.12. Molecular Docking. The binding mode between dapa-
gliflozin and SLC40A1 was determined using AutoDock
4.2. The three-dimensional (3D) structure of SLC40A1 was
downloaded from the RCSB Protein Data Bank (PDB ID: 6
W4S), and that of dapagliflozin was obtained from the NCBI
PubChem Compound (CID: 9887712) database. The Auto-
DockTools 1.5.6 software package was used to generate the
docking input files.

2.13. Statistical Analysis. Statistical analyses were performed
using SPSS 26.0 (IBM, Inc., Armonk, NY, USA). Data are
presented as mean ± standard deviation (mean ± SD). Com-
parisons between two groups were performed using Stu-
dent’s t-test. One-way ANOVA with post hoc analysis of
variance was used to compare data between multiple groups.
For normally distributed data, pairwise comparisons were
conducted using the LSD test. Otherwise, pairwise com-
parisons were conducted using Dunnett’s T3 test. Values
of P < 0:05 were considered statistically significant.

3. Results

3.1. The Additional Renal Protective Effect of Dapagliflozin in
T2DM Mice. An animal T2DM model was established by
feeding male C57BL/6 mice high-fat diet (HFD)/low-dose
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STZ. In our experiment, we used a clinically employed anti-
diabetic drug (GLIB) as a hypoglycemic control, which has
no protective effect on the kidney beyond glycemic control;
the workflow for this experiment is shown in Figure 1(a).
These mice were used to evaluate the therapeutic effects of
DAPA against DKD. As shown in Figures 1(b)–1(d), there
was a significant increase in HbA1c and FBG levels and a
decrease in body mass in mice in the T2DM group; however,
these changes were reversed when treated with DAPA or
GLIB, indicating similar hypoglycemic effect was produced
by those two drugs. At the end of the study, the levels of
different urine proteins were evaluated (Figures 1(e)–1(j)).
We found that DAPA and GLIB significantly ameliorated
the increased urine protein excretion levels in T2DM mice.
Furthermore, as compared to GLIB, DAPA significantly
decreased UACR levels and URBP/UCR, Ua1MG/UCR,
UTHP/UCR, 8OHdG/UCR, and 8iso-PG/UCR ratios, indi-
cating that its additional renal protective effects were inde-
pendent of glycemic control.

3.2. Dapagliflozin Ameliorates Tubular Injury in T2DMMice
Independently of Glycemic Control. Considering those urine
biomarkers were reflecting tubular injury, we evaluated the
renal mRNA levels of Kim, Ngal, and PAI-1, all of which
were typical markers of tubular damage [20]. We found that
Kim, Ngal, and PAI-1 expression was higher in the kidneys
of T2DM mice than in those of mice in the NC group; how-
ever, as shown in Figures 2(a)–2(c), their expression was sig-
nificantly reduced following dapagliflozin administration
when compared to the GLIB group. The protein level had
also validated those phenomena (Figure 2(d)). Collectively,
these findings indicate that dapagliflozin treatment might
significantly ameliorate tubular injury in T2DM mice inde-
pendently of glycemic control.

3.3. Dapagliflozin Ameliorated Ferroptosis in T2DM Mice.
Ferroptosis is an iron-dependent and regulated type of
necrosis characterized by increased lipid peroxidation [21].
Thus, to determine the involvement of ferroptosis in DKD,

the levels of glutathione, iron ions, lipid peroxidation, and
massive reactive oxygen species (ROS), as well as the expres-
sion levels of some ferroptosis markers, were determined in
kidney tissues. GSH, iron ion, and MDA levels in mouse kid-
ney tissues were found to be significantly higher in the
T2DM group than in the control group; however, these
abnormal levels were significantly restored after 8 weeks of
dapagliflozin administration (Figures 3(a)–3(c)). Further-
more, the kidney tissues were stained with 2′,7′-dichloro-
fluorescein diacetate to evaluate ROS generation. Minimal
background fluorescence was observed in the kidney tis-
sues of mice in the NC group; the kidney tissues of mice
in the diabetic group showed the highest fluorescence
intensities, and these significantly decreased following
dapagliflozin administration (Figure 3(d)). In line with this
finding, transmission electron microscopy also revealed
ruptured mitochondrial membranes and the disappearance
of mitochondrial cristae in the kidney cells of mice in the
T2DM and glibenclamide groups; these changes were sig-
nificantly ameliorated by treatment with dapagliflozin
(Figure 3(e)). GPX4 and SLC7A11 are considered to be
the primary proteins for ferroptosis prevention, and the
deletion or inhibition of GPX4/SLC7A11 could induce fer-
roptosis. In this study, there was a significant decrease in
GPX4 and SLC7A11 levels in mice in the T2DM and
GLIB groups; however, their expression levels were upreg-
ulated in mice in the DAPA treatment group (Figure 3(f)).
Collectively, these findings suggested that dapagliflozin
may ameliorate tubular injury in the T2DM mouse model
by inhibiting ferroptosis.

3.4. Dapagliflozin Ameliorates Ferroptosis in HK-2 Cell
Injury Models In Vitro. To describe cell death via ferroptosis
in kidney cells, we analyzed HK-2 cells treated with various
concentrations of erastin. The CCK-8 assay revealed a signif-
icant dose-dependent increase cell death in erastin-
stimulated cells as compared to control cells (P < 0:05 for
2μM; P < 0:01 for 4 and 6μM; and P < 0:001 for 8 and
10μM; Figure 4(a)), suggesting that HK-2 cells were
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Figure 1: The additional renal protective effect of dapagliflozin in T2DM mice: (a) workflow of the experiment; (b) body weights in each
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and DAPA group, respectively. ∗P < 0:05 vs. NC; #P < 0:05 vs. T2DM; ¥P < 0:05 vs. GLIB.
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sensitive to ferroptosis. Diabetes has a complex pathophysi-
ological mechanism, which involves changes in glucose and
lipid metabolism. To verify the previously obtained findings,
we pretreated HK-2 cells with different concentrations of
high glucose (HG) and palmitic acid (PA) for 48 h to model
the metabolic disorder environment observed during diabe-
tes. The cell viability assay showed that as compared to the
NC group, cell death significantly increased when glucose
concentrations exceeded 50mM or at a PA concentration
of 300μM (Figures 4(b) and 4(c)). Next, we assessed, in vitro,
whether the tubular injury-ameliorating effects of dapagliflo-
zin were dependent on ferroptosis signaling. The CCK-8 assay
showed that dapagliflozin inhibited high glucose- (50mM) or
PA- (300μM) induced cell death in HK-2 cells, and this effect
was reversed by erastin (2μM) (Figure 4(d)). We further
evaluated ferroptosis-related markers in these groups. After
treatment with 50mM glucose or 300μM PA, iron ion
(Figure 4(e)) and glutathione levels (Figure 4(f)), as well as
MDA content (Figure 4(g)), increased; however, their levels
significantly decreased following dapagliflozin administra-

tion. The expression changes of GPX4 and SLC7A11 levels
in vitro were also consistent with the mouse model
(Figure 4(h)). Collectively, these findings suggested that dap-
agliflozin ameliorates ferroptosis in HK-2 cell injury models.
The hypoglycemic function of dapagliflozin is primarily by
decreasing glucose reabsorption in the proximal tubule via
SGLT2 inhibition [22]. In order to explore whether its thera-
peutic effect of ferroptosis also depends on SGLT2 suppres-
sion, we knocked out SGLT2 in HK-2 cells, and this was
validated by western blot. There was no significant improve-
ment in GPX4 and SLC7A11 expression when compared to
the HG/PA group, indicating that the ferroptosis improve-
ment effect of dapagliflozin was independent of inhibition
of SGLT2 (Figure 4(i)).

3.5. Dapagliflozin Ameliorates Ferroptosis in HK-2 Cells via
SLC40A1. Given the important role played by iron overload
in ferroptosis, a disruption in cellular iron homeostasis can
contribute to tubular injury [23]. To examine the underlying
mechanism governing the aberrant elevation of Fe2+ in HK-
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Figure 2: Dapagliflozin ameliorates tubular injury in T2DM mice independently of glycemic control. RT-PCR results of PAI-1 (a), KIM1
(b), and Ngal (c) in the kidney. (d) Quantification of the average band densities calculated from different western blots and the protein levels
of PAI-1, KIM1, and Ngal in the kidney tissue in these groups. n = 7 mice in the T2DM group and GLIB group, respectively; n = 8 mice in
the NC group and DAPA group, respectively. ∗P < 0:05 vs. NC; #P < 0:05 vs. T2DM; ¥P < 0:05 vs. GLIB.
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2 cells, the Fe2+ transport-related proteins were detected
firstly. The protein level of SLC40A1, which is responsible
for Fe2+ export from the cytoplasm to extracellular space,
was significantly inhibited by HG or PA exposure, while
DAPA administration can recover the expression of
SLC40A1. However, the expression of iron metabolism-
related proteins [24], including FTH1, TFR1, SLC39A8,
and NCOA4, which transport cytoplasm Fe2+ into the lyso-
some for storage or mediate iron import into cells were not
affected by HG or PA incubation. That is, HG/PA could
inhibit intracellular iron efflux but did not affect iron influx,
storage, and metabolism (Figure 5(a)). To determine the role
played by SLC40A1 in diabetic tubular ferroptosis, we
modified SLC40A1 levels in HK-2 cells by transfecting them
with SLA40A1-siRNA, and this was validated by western
blot (Figure 5(b)). Following si-SLC40A1 pretreatment, the
CCK-8 assay showed that the dapagliflozin inhibited HG-
or PA-induced cell death in HK-2 cells, and this effect was
reversed by SLC40A1 knockout (Figure 5(c)). Similarly,
there was a reversal in the therapeutic effects of dapagliflozin
in the HK-2 cell injury models on GPX4 and SLC7A11
expression levels (Figure 5(d)). Those findings indicate that
DAPA ameliorates ferroptosis in HK-2 cells dependent on
SLC40A1 expression.

3.6. The Potential Mechanism of Dapagliflozin Stabilizes
SLC40A1 of the Renal Tubule in Diabetes. The main function
of ubiquitination is the control of protein degradation [25].
In our study, we found that HG or PA administration in
HK-2 cells significantly increased ubiquitination of
SLC40A1 but reduced upon DAPA treatment (Figure 6(a)).
Those findings indicate that dapagliflozin ameliorates fer-
roptosis in HK-2 cells by SLC40A1 stabilization. To explore
the interaction between dapagliflozin and SLC40A1, a
molecular docking experiment was performed using Auto-
Dock4.2. The structure of human SLC40A1 was obtained
from the Protein Data Bank (PDB 6W4S). The binding affin-
ity score for dapagliflozin to SLC40A1 was -4.31 kcal/mol.

Three-dimensional ribbon models for the DAPA-SLC40A1
complex is depicted in Figure 6(b). We found that dapagli-
flozin has multiple hydroxyl groups and forms eight hydro-
gen bonds with the Gly55, Ser57, and Leu58 residues in
SLC40A1. The donor-acceptor distance was in the 2.0 to
2.4Å range (Figures 6(c) and 6(d)). Moreover, the dapagli-
flozin displayed hydrophobic interactions with amino acid
residues Asn56, Thr61, and Cys326 of SLC40A1. The above
results showed a strong and most favorable binding interac-
tion between protein SLC40A1 and DAPA and may induce
conformational changes in SLC40A1, which stabilizes
SLC7A11 by reducing its ubiquitination levels.

4. Discussion

Previous studies have shown that dapagliflozin exerts pro-
tective effects against DKD development [26]. In this study,
we observed the in vivo tubular protective effects of dapagli-
flozin irrespective of glycemic control. Furthermore, through
animal experiments and using tubular injury cell models
induced by high glucose and palmitic acid concentrations,
it was confirmed that dapagliflozin and SLC40A1 could bind
with each other; this may induce conformational changes in
SLC40A1, which subsequently causes a reduction in ubiqui-
tination degradation and consequently ameliorates tubular
ferroptosis in diabetes (Figure 6(e)). To the best of our
knowledge, this is the first study to investigate the ferroptosis
inhibitory effect of dapagliflozin against DKD.

DKD, which is a major microvascular diabetic complica-
tion, is a public health problem that affects millions of people
worldwide. As the disease progresses, significant proteinuria
occurs in most patients and it eventually develops into
chronic renal failure with uremia [27]. Despite the imple-
mentation of strict measures aimed at improving glucose
and lipid metabolism and normalizing blood pressure, the
risk of developing DKD has remained steady over the years
[28]. As opposed to other diabetic complications, the preva-
lence of DKD has not significantly changed over the last 30
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Figure 3: Dapagliflozin ameliorated ferroptosis in T2DM mice. (a) GSH, (b) iron, and (c) MDA contents in the kidneys of mice in these
groups. (d) The production of ROS (green) in each group. (e) Transmission electron microscopy was used to detect the mitochondrial
morphology of renal tubular epithelial cells in each group. The red arrow indicates the damaged mitochondria (ruptured mitochondrial
membranes and the disappearance of mitochondrial cristae). (f) Quantification of the average band densities calculated from different
western blots and the protein levels of GPX4 and SLC7A11 in the kidney tissue in these groups. Values are the mean ± SD. n = 7 mice in
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vs. T2DM; ¥P < 0:05 vs. GLIB.
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years [29]. At present, the renoprotective effects of a new
class of antidiabetic agents known as sodium-glucose cotran-
sporter 2 inhibitors have been demonstrated. SGLT2 inhibi-

tors reduce the risk of dialysis, transplantation, and death
due to kidney disease in individuals with type 2 diabetes
and provide protection against acute kidney injury [30]. A
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Figure 4: Dapagliflozin ameliorates ferroptosis in HK-2 cell injury models in vitro. (a) The cell viability assay revealed a significant dose-
dependent increase cell death in erastin-stimulated cells as compared to control cells; CCK-8 assays with different stimulating glucose (b)
or PA (c) concentrations in HK-2 cells. (d) Dapagliflozin inhibited HG- or PA-induced cell death in HK-2 cells, and this effect was
reversed by erastin; (e) iron ion, (f) GSH, and (g) MDA contents in these groups. (h) Quantification of the average band densities
calculated from different western blots and the protein levels of GPX4 and SLC7A11 in HK-2 cells in these groups. (i) SGLT2-siRNA
was validated by western blot and the expression of SLC7A11 and GPX4 in those groups. Values are the mean ± SD. n = 3 independent
experiments. ∗P < 0:05 vs. NC; #P < 0:05 vs. HG or erastin 1 μM group; ¥P < 0:05 vs. PA; &P < 0:05 vs. HG+DAPA; @P < 0:05 vs. PA+DAPA.
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systematic review and meta-analysis that included a total of
38 723 participants demonstrated the renoprotective effects
of an SGLT2 inhibitor in T2DM patients with eGFRs ranging
from 30 to 45mL/min/1.73m2 [31]. Aside from decreasing
blood glucose levels, SGLT2 inhibitors also affect several
other pathogenic pathways that underlie DKD [32]. In our
experiment, we used a clinically employed antidiabetic drug
(glibenclamide) as a hypoglycemic control, which has no
protective effect on the kidney beyond its hypoglycemic
effect. We observed that as compared to the glibenclamide
group, dapagliflozin significantly decreased a series of typical
markers of tubular injury, implying that treatment with dap-
agliflozin may significantly ameliorate tubular damage inde-
pendently of glycemic control.

Under diabetic conditions, high glucose concentrations,
advanced glycation end products (AGEs), protein oxidation
products, urinary proteins, and other endogenous nephro-
toxins can induce the activation, transdifferentiation, hyper-
trophy, and apoptosis of renal tubular epithelial cells (TECs)
[33]. Recent studies have shown that TEC injury may be a
primary pivotal trigger for DKD development [34]. To per-
form their reabsorption functions, TECs require large
amounts of energy; diabetes induces impaired mitochondrial
energy metabolism, which results in significant intrarenal
oxidative stress and TEC damage [35]. Decreased antioxi-
dant capacity, iron overload, and lipid peroxidation product
accumulation are characteristic indicators of ferroptosis, and
these were observed in the DKD models, especially in the
diabetic tubular injury models [36]. Li et al. showed that fer-
roptosis is involved in the development of DKD and that
fenofibrate-induced Nrf2 upregulation inhibits diabetes-
related ferroptosis, thereby delaying DKD progression [37].
As compared to the control group, SLC7A11 and GPX4
expression was found to be significantly lower in cultured
tubular epithelial cells exposed to TGF-β1, as well as in the
kidney tissues of diabetic mice; these changes were alleviated
by Fer-1 treatment, indicating that ferroptosis is involved in
kidney tubular cell death under diabetic conditions [38].
Feng et al. reported that ferroptosis may promote DKD

and renal tubular damage in diabetic models through the
HIF-1a/HO-1 pathway [39]. A recent study by Quagliariello
et al. showed that empagliflozin reduces ferroptosis in
doxorubicin-treated mice through the NLRP3 and MyD88-
related pathways, thereby significantly improving cardiac
function [12]. However, the involvement of the ferroptosis
signaling pathway in the tubular injury-ameliorating mecha-
nism of dapagliflozin under diabetic conditions has not been
determined. Thus, to determine the involvement of ferropto-
sis in DKD, the levels of glutathione, iron ions, lipid perox-
idation, massive ROS, and ECM and the expression of
some ferroptosis markers were further evaluated. Our find-
ings suggested that dapagliflozin ameliorated tubular injury
in vivo and in vitro through ferroptosis inhibition. The
hypoglycemic function of DAPA is primarily by decreasing
glucose reabsorption in the proximal tubule via SGLT2 inhi-
bition. In order to explore whether its therapeutic effect of
ferroptosis also depends on SGLT2 suppression, we knocked
out SGLT2 in HK-2 cells; surprisingly, the inhibition effect
of DAPA on ferroptosis was not simulated when compared
to the HG/PA group, indicating that the ferroptosis
improvement effect of dapagliflozin was independent of
inhibition of SGLT2.

Iron is an essential mineral that is required for various
metabolic and physiological functions in living organisms
[40]. Iron-dependent cell death, generally known as ferrop-
tosis, is an iron metabolic disorder [41]. Thus, an imbalance
in iron homeostasis is associated with several pathological
processes [42]. Over the last three decades, iron homeostatic
disorders and iron-mediated cell toxicity have been recog-
nized as causes and consequences of kidney injury [43].
Under diabetic conditions, extensive inflammation and/or
oxidative stress may occur; these mechanisms among others
may cause excessive iron retention in the kidney tubules and
consequently cause iron-induced kidney injury [44]. Miti-
gating iron overload is a primary focus for potential thera-
peutic interventions for DKD management [45]. SLC40A1
(also known as ferroportin) can export iron into interstitial
fluid and the general circulation through the basolateral
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Figure 5: Dapagliflozin ameliorates ferroptosis in HK-2 cells via SLC40A1. (a) Fe2+ transport-related proteins were detected. (b) SLA40A1-
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membrane of renal tubular epithelial cells [46]. SLC40A1
downregulation compromises intracellular iron output,
causing iron overload and accelerating cellular ferroptosis
[47]. In this study, we observed that the HG- or PA-
induced decrease in HK-2 cell SLC40A1 levels was reversed

following dapagliflozin administration. Moreover, after pre-
treatment with si-SLC40A1, the in vitro therapeutic effects
of dapagliflozin in HK-2 cell injury models were reversed.
Those findings indicate that DAPA ameliorates ferroptosis
in HK-2 cells dependent on SLC40A1. The main function
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Figure 6: The potential mechanism of dapagliflozin stabilizes SLC40A1 of the renal tubule in diabetes. (a) The ubiquitination of SLC40A1,
assessed by western blot analysis following immunoprecipitation. (b) Frontal view of the 3D model of the binding of dapagliflozin to the
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of ubiquitination is the control of protein degradation. Many
studies have shown that the ubiquitin system is involved in
SLC40A1 degradation, resulting in cellular iron overload
[48–50]. In this study, we found that HG or PA administra-
tion in HK-2 cells significantly increased ubiquitination of
SLC40A1 but reduced upon DAPA treatment, which dem-
onstrated that DAPA ameliorates tubular ferroptosis by
SLC40A1 stabilization. To explain the potential mechanism
of dapagliflozin stabilizing SLC40A1 of the renal tubule in
diabetes, a molecular docking experiment was performed.
The analyses showed that dapagliflozin and SLC40A1 could
bind with each other; this may cause a conformational
change in SLC40A1, consequently leading to a decrease in
ubiquitination degradation.

Our study has some limitations. First, considering the
involvement of multiple organs in iron metabolism and the
complexity of the diabetic environment, a lack of tubular-
targeted knockout mice constituted a limitation to this
study. Second, we verified decreased ubiquitination
SLC40A1 levels following treatment with dapagliflozin but
did not explore the specific mechanism underlying this reg-
ulatory process. Hence, further investigations are needed to
improve our understanding of how conformational changes
occur in SLC40A1 and which ubiquitin enzymes are
involved in the mechanism of action of dapagliflozin.

5. Conclusions

This study concludes that the ferroptosis pathway was
involved in the tubule protective effect of dapagliflozin in
diabetes, and the decrease in ubiquitination degradation of
SLC40A1 after binding with dapagliflozin may be the mech-
anism underlying its action. To the best of our knowledge,
this is the first study to investigate the ferroptosis inhibitory
effects of dapagliflozin in the treatment of DKD.
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Coronary heart disease (CHD) is closely related to oxidative stress and inflammatory response and is the most common
cardiovascular disease (CVD). Iron is an essential mineral that participates in many physiological and biochemical reactions in
the human body. Meanwhile, on the negative side, iron has an active redox capacity, which leads to the accumulation of
reactive oxygen species (ROS) and lipid peroxidation. There is growing evidence that disordered iron metabolism is involved
in CHD’s pathological progression. And the result of disordered iron metabolism is associated with iron overload-induced
programmed cell death, often called ferroptosis. That features iron-dependent lipid peroxidation. Ferroptosis may play a
crucial role in the development of CHD, and targeting ferroptosis may be a promising option for treating CHD. Here, we
review the mechanisms of iron metabolism in cardiomyocytes (CMs) and explain the correlation between iron metabolism and
ferroptosis. Meanwhile, we highlight the specific roles of iron metabolism and ferroptosis in the main pathological progression
of CHD.

1. Introduction

Coronary atherosclerotic heart disease, also known as CHD,
refers to localized myocardial ischemia, hypoxia, and even
necrosis due to atherosclerosis (AS) [1]. As the population
ages and people’s lifestyles change, the morbidity and
mortality of CHD are also increasing yearly. CHD is not
only the most common CVD but also one of the leading
causes of death worldwide [2]. And AS is the pathological
basis of CHD, which involves inflammation, lipid deposi-
tion, plaque formation, and calcification. In addition, patho-
logical changes such as vascular endothelial damage, arterial
wall plaque stability damage, CM death, myocardial fibrosis
(MF), and myocardial hypertrophy (MH) are also involved
in the progress of CHD [3, 4].

Iron is an essential metal for the body and is the primary
raw material for manufacturing hemoglobin and myoglobin.
In addition, iron is critical for cellular viability and partici-

pates in a wide range of biochemical and physiological
processes, including oxygen storage and transportation,
mitochondrial respiration, DNA synthesis and repair, and
enzymatic reactions in cells. However, excessive iron has
toxic effects on the body. Iron has an active redox capacity,
making it easy for free iron to receive and contribute
electrons. The most important mechanism of iron biotoxi-
city is the involvement of excess intracellular ferrous iron
(Fe2+) in the Fenton or Haber-Weiss reaction [5]. The inter-
action of Fe2+ with oxygen or hydrogen peroxide catalyzes
the production of large amounts of ROS, leading to lipid
peroxidation and further severe organ damage [6]. At the
same time, Fe2+ is oxidized to ferric iron (Fe3+). Iron is also
associated with the pathological mechanisms of various dis-
eases such as hemochromatosis, cancer, and CVD [7, 8].

Recent studies have shown that dysregulation of iron
metabolism is associated with CHD [9, 10]. Severe iron over-
load is involved in vascular injury and CM death, promoting
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the development of AS, myocardial infarction (MI), and
heart failure (HF) [11]. And these results are related to iron
overload-induced programmed cell death, or ferroptosis, a
new form of programmed cell death discovered in recent
years. Ferroptosis is featured by iron-dependent lipid per-
oxidation, unlike autophagy, apoptosis, and pyroptosis
[12]. Some studies have directly or indirectly proved that
ferroptosis exists in ischemic heart disease and plays an
essential role in the process of CM death [13–15]. How-
ever, the effect of ferroptosis on CHD remains unclear.
Here, we review the mechanisms of iron metabolism and
regulation in CMs and explain the correlation between
iron metabolism and ferroptosis. Moreover, we focus on
the specific role of ferroptosis in the pathological progres-
sion of CHD.

2. Iron Homeostasis in CMs

Iron-mediated injury plays an essential role in many CVD,
and studies on iron metabolism in the heart have attracted
many scientists (Figure 1).

2.1. Iron Import in CMs. Systemic iron can form transferrin-
bound iron (TBI) in the blood by binding to the transferrin
(Tf), but binding sites in Tf have a limited high affinity for
Fe3+. Studies have shown that the Tf saturation level is about
30% [16]. When high plasma iron concentration exceeds Tf
iron binding capacity, iron mainly binds to serum albumin
and citric acid to produce non-transferrin-bound iron
(NTBI). TBI and NTBI both have access to CMs, but the
pathways and regulatory mechanisms are different. CMs
accumulate TBI through Tf receptors (TfRs), whereas accu-
mulation of NTBI is via the divalent metal transporter 1
(DMT1), calcium channels, and zinc transporters.

2.1.1. TBI-Dependent Pathways. Under physiological condi-
tions, iron mainly combines with Tf and enters CMs through
TfR1 on the cell membrane [17, 18]. Fe3+ is released in endo-
somes and then reduced to Fe2+ by the six-transmembrane
epithelial antigen of prostate 3 (STEAP3). Subsequently,
Fe2+ is transferred to the cytoplasm by DMT1. TfR1 gene
has a conserved stem-loop structure in the 3′ untranslated
region (UTR) called the iron response element (IRE). Iron
regulatory protein (IRP) is the main protein that controls
the balance of iron metabolism in CMs. IRP1 and IRP2,
two forms of IRPs, have been found to act by binding to
IRE [19]. The binding of IRP1 and IRP2 to IRE protected
TfR1 mRNA from intranuclear degradation when CMs were
iron deficient. That ensures the stability of TfR1 mRNA,
increases its expression, and promotes iron absorption.
Downregulation of TfR1 expression and a significant
decrease in iron concentration occurred in mice with IRP
gene knockout in CMs [20]. When iron overload occurs in
CMs, IRP1 is converted to functional cytoplasmic aconitase
via iron-sulfur clusters (Fe-S). At the same time, IRP1 loses
its IRE-binding activity and the degradation of IRP2
increases. DMTmRNA with IRE in its 3′UTRs has also been
identified. IRE binding to IRP inhibits DMTmRNA degrada-

tion and facilitates iron uptake, which is consistent with the
regulation of TfR1 [21].

2.1.2. NTBI-Dependent Pathways. When iron overload
occurs, plasma NTBI levels are elevated. There is a consensus
that NTBI is potentially toxic and can cause tissue damage by
increasing oxidative stress and inducing tissue iron overload.
NTBI cannot enter cells through TfR1 but DMT1, L-type cal-
cium channel (LTCC), T-type calcium channel (TTCC), zinc
transporters, and other non-transferrin receptor-dependent
pathways [22]. Studies have shown that LTCC and TTCC
are the main pathways for NTBI to enter CMs. Efonidipine
is a dual TTCC and LTCC blocker. In thalassemic mice, efo-
nidipine reduced cardiac iron accumulation and improved
cardiac function. However, it did not affect the expression
of cardiac ferroportin (FPN) [23]. In addition, ZRT/IRT-like
protein 14 (ZIP14) and DMT1 may be involved in the uptake
of NTBI in CMs [20]. A vivo study found that ZIP14 is
consistently expressed in iron overloaded hearts but is not
upregulated in response to increased iron deposition. It is
speculated that ZIP14 is involved in the uptake of NTBI by
CMs, but there may be other pathways involved in the uptake
of NTBI [24]. And the control of NTBI import by DMT1 is
regulated by the IRP/IRE system. It should be noted that
the entry of NTBI into CMs through calcium channels and
zinc transporters is not affected by IRP/IRE, but the specific
regulatory mechanism remains unclear.

2.2. Iron Export from CMs. Once iron enters CMs, it becomes
part of the labile iron pool (LIP). Iron enters the mitochon-
dria as a feedstock for heme and Fe-S. In addition, ferritin
(FT) stores some of the iron, and FPN exports the excess
iron. Iron can enter CMs through multiple pathways, but
only FPN is the export pathway, suggesting that CMs are
particularly sensitive to iron overload. One study specifi-
cally knocked out FPN in the hearts of mice and found
that their cardiac function was severely impaired, which
was associated with cardiac iron overload [9]. However,
there was no significant change in systemic iron status,
suggesting that CMs have their unique regulation mecha-
nism of iron metabolism. Notably, IREs are also present
in the 5′ UTR of FPN mRNA and FT mRNA. The com-
bination of IRE and IRP inhibits the translation of FPN
and FT and prevents intracellular iron export and storage.
Another more critical mechanism of iron export regulation
is the role of the hepcidin (HEP)-FPN axis in the heart.
The HEP-FPN axis in the heart is not affected by systemic
HEP. Myocardial iron deficiency or hypoxia promotes
local HEP expression and limits iron export by degrading
FPN [10, 25]. A study prepared mouse models of HEP-
resistant FPN knockout and cardiomyocyte-specific deletion
of HEP. Both models showed severe cardiac dysfunction and
iron deficiency in CMs rather than systemic iron deficiency
[26]. A recent study found that knock-in HEP-resistant
FPN in mouse pulmonary arterial smooth muscle cells
(SMCs) leads to pulmonary hypertension and HF, suggesting
that the HEP-FPN axis also plays a crucial role in regulating
vascular homeostasis [26].
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3. Effect of Iron Accumulation on Cardiac
Ischemic and Hypoxic Injuries

During the development of CHD, we can observe abnormal-
ities in multiple cell death signaling cascades. These include
apoptosis, autophagy, pyroptosis, and ferroptosis (Table 1).
Disordered iron metabolism runs through the whole patho-
logical progression of CHD, and iron overload is considered
an essential pathological factor of cardiovascular injury [9].
The data suggested that nearly 1/3 of the iron in CMs is
distributed in mitochondria, catalyzing electron transport
through the reversible oxidation state of iron and providing
the energy required for normal cardiac function. Mitochon-
drial function is associated with disordered iron metabolism
in the development of CVD [27]. When myocardial ische-
mia and hypoxia occur, LIP is imbalanced. Iron overload
leads to the peroxidation of oxygen radicals in the cytoplasm
and mitochondria. And it then will damage DNA, proteins,
and lipids, resulting in cardiotoxicity [27]. In addition, AS
was shown to be exacerbated significantly in FPN knockout
mice, suggesting that iron overload has a promotive effect on
AS. This effect is associated with iron overload-induced
pathological changes, including dyslipidemia, altered vascu-
lar permeability, sustained endothelial activation, and ele-
vated proinflammatory mediators. However, iron clearance

mediated by transferrin or iron chelators and a low-iron diet
may rescue NTBI-mediated toxicity [28].

Iron metabolism and oxidative stress in CMs are closely
related to autophagy. Autophagy is a process of cellular self-
feeding that relies primarily on lysosomes for intracellular
degradation and recycling, promoting cellular repair or
accelerating cell death. Thus, autophagy plays a dual role
in maintaining cellular homeostasis and promoting cell
renewal and metabolism [29]. Autophagy is activated by
various environmental stressors, such as energy depletion,
nutrient deficiency, and endoplasmic reticulum stress [30].
Appropriate autophagy can protect CMs by reducing oxida-
tive stress and weakening myocardial inflammation, but
excessive autophagy can lead to CM death and thus aggra-
vate cardiac functional impairment. In the early stage of
myocardial ischemia and hypoxia, appropriate autophagy
facilitates the removal of mitochondria from damaged
tissues, reduces the production of ROS, and maintains CM
homeostasis to protect the heart from ischemic injury. How-
ever, in the late phase of myocardial ischemia and hypoxia,
disordered iron metabolism induces CM autophagy to
release iron stored in FT [31]. In addition, ferritinophagy is
mediated by NCOA4 and exacerbates myocardial injury by
increasing cellular unstable iron levels through degradation
of cellular FT and induction of TfR1 expression, which

DMT1

LIP

FT

FPN

Mitochondria

Heme

mtFTFe-S

IRP-IRE

Nucleus

Figure 1: Iron homeostasis in cardiomyocytes. TBI enters cardiomyocytes via TfR1. TBI is reduced to Fe2+ by STEAP3 after release in the
endosome, and Fe2+ is transferred to the cytoplasm by DMT1. NTBI enters via DMT1, LTCC, TTCC, and ZT. After entering the CMs, iron
becomes part of the LIP and works through different pathways. A portion of iron is used by mitochondria to produce heme and Fe-S, and a
portion is stored in FT. Furthermore, another part of iron is exported through the FPN and regulated by HEP. And cardiac iron homeostasis
is regulated by IRP-IRE. TBI: Tf-bound iron; NTBI: non-Tf-bound iron; TfR1: transferrin receptor 1; STEAP3: six-transmembrane epithelial
antigen of prostate 3; DMT1: divalent metal transporter 1; LTCC: L-type calcium channel; TTCC: T-type calcium channel; ZT: zinc
transporters; LIP: labile iron pool; FT: ferritin; FPN: ferroportin; Fe-S: iron–sulfur cluster; mtFT: mitochondrial ferritin; HEP: hepcidin;
IRE: iron-responsive elements; IRP: iron regulatory protein.
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subsequently sensitizes cells to ferroptosis [32]. Erastin is a
classical ferroptosis inducer that acts on multiple molecular
structures to induce ferroptosis. According to published
reports, NCOA4 can prevent erastin-induced ferroptosis
[33]. Therefore, timely regulation of autophagic by main-
taining iron homeostasis during myocardial ischemia and
hypoxia can reduce autophagy-induced myocardial injury.

4. Effect of Iron and ROS on Ferroptosis in
the Heart

Ferroptosis is a newly discovered form of regulated cell
death driven by iron-dependent lipid peroxidation. A grow-
ing number of studies have demonstrated that lipid peroxi-
dation is a key trigger and landmark event in ferroptosis
[39]. And high levels of intracellular NTBI are a prerequisite
for triggering ferroptosis [40]. Extensive ROS generated by
intracellular iron via the Fenton reaction and the Haber-
Weiss reaction can directly produce a chain reaction with
polyunsaturated fatty acids (PUFAs) in membrane phospho-
lipids [38]. Further analysis has shown that AA and AdA are
essential phospholipids to facilitate the peroxidation reac-
tion [41]. PUFAs are highly sensitive to lipid peroxidation
due to their unstable double bonds. With the help of ACSL4
and LPCAT3, PUFAs in cell membranes undergo synthesis,
activation, and incorporation into phospholipids to produce
PUFA-phosphatidyl ethanolamine (PUFA-PE) [42]. That
makes the cell membrane easier to be attacked by ROS and
produces more lipid peroxides. Also closely associated with
ferroptosis is lipoxygenase (LOX). It can catalyze the perox-
idation reaction of PUFA-PE [42]. Harmful lipid peroxides
are scavenged by the intracellular antioxidant system when
they accumulate. However, when the antioxidant system is
weakened, lipid peroxides will not be scavenged in time,
leading to an attack on the cytoplasmic membrane and mor-
phological changes associated with ferroptosis [43]. Notably,
ferroptosis inhibitors has been proven to inhibit the occur-
rence of ferroptosis [15, 44]. Research has shown that MI
can lead to high levels of ROS production in the myocar-
dium and that ferrostatin-1 (Fer-1) can significantly reduce
the area of MI [45].

5. Regulatory Pathways of Ferroptosis

Under physiological conditions, the antioxidant response in
the body is in a relative balance. When this balance is
disrupted, it causes the accumulation of free radicals and
triggers ferroptosis [46]. The System Xc- glutathione
(GSH)-glutathione peroxidase 4 (GPX4) axis is the central
redox mechanism inhibiting ferroptosis [47]. GSH is an
essential antioxidant in the oxidative stress response, and
cystine is one of the basic raw materials for GSH synthesis.
GPX4 is an antioxidant enzyme that scavenges lipid perox-
ides and prevents the conversion of iron-dependent conver-
sion of lipid peroxides to more reactive lipid radicals [48].
The reduction of toxic lipid peroxides to nontoxic lipid alco-
hols by GPX4 depends on the electrons provided by GSH
[43]. System Xc- is a cystine/glutamate antiporter composed
of SLC7A11 and SLC3A2, which mediates the exchange of
extracellular cystine with intracellular glutamate and is
responsible for the transport of cystine into the cell [49].
When selectively inhibiting System Xc-, cystine uptake will
be reduced, and GSH synthesis in the organism will also be
reduced [50]. Notably, erastin causes GSH depletion and
GPX4 inactivation by inhibiting System Xc-, inducing fer-
roptosis [51]. The expression of SLC7A11 and GPX4 was
significantly decreased in H/R-induced H9C2 cells. In addi-
tion, the naringin ameliorated cardiomyocyte ferroptosis via
the System Xc-/GPX4 axis. However, the protective effect
could be counteracted by erastin [52]. The data confirmed
that the System Xc-GSH-GPX4 axis plays an essential role
in the process of myocardial injury.

In addition to the System Xc-GSH-GPX4 axis, several
pathways of ferroptosis regulation have been identified
(Figure 2). Among them, the GCH1-BH4 pathway and the
FSP1-CoQ-NADPH pathway are the other two independent
mechanisms unaffected by GPX4 [47]. BH4 is a potent
antioxidant. The expression of GCH1 triggers the produc-
tion of BH4, thus exerting an antioxidant effect to inhibit
ferroptosis [53, 54]. CoQ10 is another strong oxidant, and
its fully reduced state, CoQH2, can trap lipid peroxide
radicals and prevent peroxidative damage to the plasma
membrane. FSP1 is a novel oxygen reductase that inhibits
ferroptosis. It can catalyze CoQ10 regeneration dependent

Table 1: Comparison of different forms of programmed cell death.

Cell death
mode

Morphological characteristics Biochemical features Characteristic molecules References

Apoptosis
Chromatin condensation, nuclear fixation,
cell shrinkage, membrane blistering, and

formation of apoptotic bodies

DNA fragmentation, no leakage
of cell contents, no

inflammatory reaction

Caspase 3, caspase 7, caspase
8, BCL-2, Bax, P53, Fas

[34, 35]

Autophagy
Accumulation of double-membraned

autophagic vesicles
Increased lysosomal activity

Beclin 1, mTOR, ATG5,
ATG7, LC3, TFEB, DRAM-3

[35]

Pyroptosis
Nuclear consolidation, plasma membrane
pore formation, cell swelling and rupture

DNA fragmentation and
inflammatory cascade response

NLRP3, ASC, pro-caspase 1,
IL-1β, IL-18

[4, 36]

Ferroptosis
Mitochondrial shrinkage, increased

membrane density, decreased mitochondrial
cristae, and outer membrane rupture

Iron overload, lipid
peroxidation, mitochondrial
membrane potential changes

ACSL4, LPCAT3, xCT,
GPX4, Fer-1, OxPLs, TfR1,
SLC7A11, Nrf2, NCOA4

[37, 38]
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on NADPH and inhibit GPX4 deficiency-induced ferrop-
tosis [55, 56].

6. Ferroptosis Involvement in the Pathological
Progression of CHD

The primary pathological mechanism of CHD lies in the
formation, growth, and even rupture of atherosclerotic pla-
ques, resulting in luminal narrowing or blockage. Reduced
myocardial perfusion induces MI and eventually leads to
the progression of HF [3]. Several studies have shown that
iron metabolism and ferroptosis are involved throughout
the development of CHD and influence the key pathological
changes of CHD. These include vascular endothelial dam-
age, arterial wall plaque stability damage, CM death, MF,
and MH [11, 37] (Table 2).

6.1. Vascular Endothelial Damage. Vascular endothelial cells
(VECs) are border cells between blood and the vascular wall.
They have highly selective permeability and are biological
barriers to the interchange of material and protection of
the inner surface of blood vessels [74]. Normal VECs have
the effects of regulating vascular tone, procoagulation, anti-
thrombosis, and anti-inflammatory, which are critical for
maintaining vascular homeostasis [75]. VEC dysfunction
and morphological damage are the beginning of AS and par-
ticipate in the occurrence and development of CHD. In the

early stages of AS, risk factors lead to increased adhesion
molecule expression and dysregulation of antioxidant effects
[76, 77]. All these alterations lead to the adhesion of leuko-
cytes (especially monocytes) to VECs. Monocytes adhering
to the vascular intima gradually migrate to the intima and
differentiate into macrophages in response to inflammatory
factors and the expression of receptors that facilitate lipid
uptake [78]. As a result, lipid components of the blood,
especially low-density lipoprotein (LDL), are absorbed and
gradually deposited in the intima. LDL is oxidatively modi-
fied to oxidize LDL (ox-LDL) in the subintima. The oxida-
tive process and toxic effects of ox-LDL can lead to or
aggravate vascular endothelial damage and dysfunction,
thereby significantly promoting lipid deposition [79]. Subse-
quently, scavenger receptors on the surface of macrophages
can rapidly recognize ox-LDL and phagocytose it to form
foam cells. Foam cells and lipids accumulate massively
under the intima, producing an early lesion of AS known
as fatty streaks [80, 81].

Although the pathological mechanism of AS is complex,
current studies emphasize that oxidative stress is a key factor
in the occurrence and development of AS. ROS generated
during oxidative stress can oxidize lipids and proteins,
induce inflammatory responses, and directly damage vascu-
lar cells, leading to endothelial dysfunction [82, 83]. Iron is
considered potentially toxic because of its intense oxidative
activity. When iron is overloaded, the body can produce

GSH

PUFAs

Lipid ROS

Vascular
endothelial

damage

Arterial wall
plaque stability

damage
Myocardial

fibrosis
Cardiomyocyte

death
Myocardial
hypertrophy
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Figure 2: The regulatory mechanisms of ferroptosis in the pathological progression of CHD. There are three major independent regulatory
pathways of ferroptosis: the System Xc-GSH-GPX4 axis, the GCH1-BH4 pathway, and the FSP1-CoQ-NADPH pathway. In addition, iron
metabolism and lipid peroxidation are the main mechanisms. Abbreviations: PUFAs: polyunsaturated fatty acids; PUFA-PE:
polyunsaturated fatty acid-phosphatidyl ethanolamine; ACSL4: acyl-CoA synthetase long-chain family member 4; LPCAT3:
lysophosphatidylcholine acyltransferase 3; LOX: lipoxygenase; SLC7A11: subunit solute carrier family 7 member 11; SLC3A2: solute
carrier family 3 member 2; Glu: glutamate; GSH: glutathione; GPX4: glutathione peroxidase 4; GTP: guanosine triphosphate; BH4:
tetrahydrobiopterin; GCH1: guanosine triphosphate cyclohydrolase 1; FSP1: ferroptosis suppressor protein 1; NCOA4: nuclear receptor
coactivator 4; NADPH: nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species; FT: ferritin; LIP: labile iron pool;
CoQ10: coenzyme Q10.
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Table 2: Ferroptosis involvement in the pathological progression of CHD.

Histological type Interventions Features or changes Pathways or signals References

Vascular endothelial
damage

Knock out FPN genes
Increase NTBI, induce chronic iron overload,

increase vascular oxidative stress levels,
promote AS

[28]

High sugar and
high lipid diet

Iron overload, elevated ROS level, downregulation
of GPX4 and lipid peroxidation

HMOX1 increase [57]

PDSS2 Inhibit VEC ferroptosis and AS progression Nrf2 activation [58]

miR-17-92
overexpression

Reduce erastin-induced growth inhibition and
ROS generation of HUVEC

A20-ACSL4 axis [59]

Fluvastatin
Reverse ox-LDL-induced decreases in GPX4 and

xCT levels
Regulate GPX4 and xCT [60]

PM2.5
Increase ROS production and iron content,
decrease GSH, GSH-Px, and NADPH levels,

promote lipid peroxidation
[40]

Arterial wall plaque
stability damage

High-iron diet
Iron overload, accelerate inflammation and the
formation of macrophage-derived foam cells

[61]

Macrophage-specific
FPN1 deficiency

Iron overload, increase oxidative stress and
systemic inflammation levels, inhibit ABC

transporter protein expression, increase numbers
of macrophages, decrease collagen

Downregulate LXRα
expression

[62]

High levels of
uric acid

Induce the formation of macrophage-derived
foam cells and lipid peroxidation

Nrf2/SLC7A11/GPX4
signaling pathway

[63]

Cigarette smoke
extract

Increase PTGS2 expression, GSH depletion, and
lipid peroxidation, SMC ferroptosis

[64]

CM death

Models of HF
after MI

Downregulate FTH levels, increase oxidative stress
and free iron levels, decrease CM viability

[14]

Erastin, isoprenaline
Increase free iron levels, promote lipid
peroxidation, and decrease CM viability

[65]

Fer-1, puerarin Inhibit ferroptosis, reduce the loss of CMs
Upregulate the expression

of GPX4 and FTH1
[65]

MI models
Downregulate the levels of GPX4 protein and
GPX4 mRNA expression, increase CM death

Reduce GPX4 level [66]

HUCB-MSC
exosomes

Inhibit H/R-induced CM ferroptosis, attenuate
myocardial injury

miR-23a-3p/DMT1 axis [13]

Dexmedetomidine
Inhibit ROS production, maintain the structural
integrity of mitochondria, inhibit ferroptosis,

attenuate myocardial I/R injury
SLC7A11/GPX4 axis [67]

Propofol
Reduce SOD and iron accumulation, decrease
lipid peroxidation levels, and increase the

expression of antioxidant enzymes

AKT/P53
signaling pathway

[68]

HF models Downregulate GPX4 and FTH1 protein levels TLR4-NOX4 pathway [69]

MF

Inject iron dextran
Increase MDA levels, decrease glutathione

peroxidase levels, leading to the occurrence of MF
[70]

miR-375-3p Promote MF due to CM ferroptosis Downregulate GPX4 [71]

Dexmedetomidine
Inhibit CM ferroptosis after myocardial I/R,

reduce the area of MF
SLC7A11/GPX4 signaling

pathway
[67]

MH

Apelin-13
Increase iron and ROS levels in mitochondria of

CM, induce mitochondrial damage
Induce the expression of
SFXN1 and NCOA4

[72]

Knock out xCT
Increase PTGS2, MDA, and ROS levels,

exacerbate Ang II-induced MH
Downregulate xCT [50]

Beclin 1
haploinsufficient

Elevate levels of SLC7A11, GPX4, and NCOA4,
promote autophagy and ferroptosis, and

exacerbate low ambient temperature-induced MH
[73]
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large amounts of oxygen free radicals that injure VECs and
other target cells [6, 84]. FPN is the only pathway of iron
export in cells. If FPN is lost, intracellular and systemic iron
overload will occur [9]. In one study, deletion of apoE and
FPN genes in mice led to increased NTBI and induced
chronic iron overload, subsequently increasing vascular oxi-
dative stress levels and promoting AS [28]. These results
may result from iron overload-induced endothelial activa-
tion and dysfunction. In contrast, restricting dietary iron
intake or treating with iron chelators inhibited the progres-
sion of AS in mice [28].

The imbalance of redox reactions and iron overload as
the main characteristics of ferroptosis provide indirect
evidence to explore the role of ferroptosis in vascular endo-
thelial damage in AS [85]. Direct evidence suggested that
VEC ferroptosis was observed in diabetic AS mouse models
[57]. The mice showed iron overload, downregulation of
GPX4, and lipid peroxidation following upregulation of
HMOX1. In addition, the study also found that Fer-1 allevi-
ated the increase in ROS and endothelial dysfunction
induced by a high-fat-high-sugar diet [57]. Ox-LDL is com-
monly used to prepare animal models of AS, and multiple
studies have found that AS induced by ox-LDL is associated
with ferroptosis [60, 63]. The prenyldiphosphate synthase
subunit 2 (PDSS2) is a primary regulator of AS [86]. In
ox-LDL-induced human coronary AS models, PDSS2 inhib-
ited VEC ferroptosis and AS progression by promoting Nrf2
activation, thereby inducing the proliferation of human
coronary endothelial cells [58]. Research has shown that
miR-17-92 protected VECs from erastin-induced ferroptosis
by targeting the A20-ACSL4 axis [59]. As a classical lipid-
lowering drug, fluvastatin reversed the reduction of GPX4
and xCT levels induced by ox-LDL, thus achieving inhibi-
tion of VEC ferroptosis and vascular protection [60]. The
discovery provides scientific evidence for the new role of
statins in the prevention and treatment of AS. In terms of
environment and health, studies have shown that PM2.5
accelerates the progression of CVD in numerous ways [87].
A recent study showed that PM2.5-induced vascular endo-
thelial damage is also associated with ferroptosis [40]. The
data showed that PM2.5 increases ROS production and iron
content in VECs. In addition, the study provided the pri-
mary evidence for ferroptosis induced by iron uptake and
storage dysfunction (disordered iron metabolism) by moni-
toring transferrin receptor, ferritin light chain (FTL), and
ferritin heavy chain (FTH1) expression. This study further
found that PM2.5 decreased the levels of GSH, glutathione
peroxidase (GSH-Px), and NADPH. It was concluded here
that PM2.5 induces VEC ferroptosis [40]. Although the
mechanism of vascular endothelial damage is still unclear,
the role of ferroptosis in triggering endothelial dysfunction
has been widely proved. And Fer-1 and iron chelators can
reverse the toxicity to a certain extent. Therefore, exploring
the relationship between ferroptosis and endothelial damage
is relevant to the mechanism research and prevention of
CHD.

6.2. Arterial Wall Plaque Stability Damage. With the devel-
opment of coronary AS, macrophages constantly phagocy-

tize lipids and transform them into foam cells. At the same
time, macrophages secrete inflammatory cytokines, which
aggravate the local inflammatory response and further pro-
mote macrophage death [88]. That will further accelerate
the formation of plaques and destabilize them. Under the
stimulation of inflammation, SMCs in the middle membrane
of the coronary artery migrate to the intima. Subsequently,
they fuse with SMCs in the intima, proliferate, and secrete
extracellular matrices (ECMs), such as elastin and interstitial
collagen. SMCs and ECMs are the main components of the
fibrous cap. They cover the foam cells and lipids accumu-
lated under the intima. Then, the lipid core of the plaque
gradually forms [89]. Under the stimulation of long-term
hypoxia and inflammation, foam cells in the lipid core die
in various ways and release lipids and cell debris. Significant
amounts of cell components accumulate in the central area
of plaques, forming a lipid-rich pool called the necrotic core
[90]. As the pathological basis of coronary atherosclerotic
plaque formation, necrotic core and fibrous cap are closely
related to the unstable progress of the plaque. Angina pec-
toris occurs when the coronary arteries gradually narrow
with plaque growth and block the blood supply to the heart
muscle. When acute thrombosis obstructs large coronary
vessels, blood flow is rapidly interrupted, leading to MI
and unstable angina [91]. The foremost common cause of
thrombosis is the rupture of vulnerable plaques. It has been
established that the characteristics of vulnerable plaques
include massive monocyte/macrophage infiltration, bulky
lipid-rich necrotic cores, thin fibrous caps, and fewer SMCs
[92]. Macrophages under the fibrous cap can reduce ECMs
by their phagocytic function. The macrophages also can
secrete plenty of matrix metalloproteinases to hydrolyze
ECMs within the fibrous cap. As a result, the fibrous cap
becomes thin and brittle, causing the plaque to become
unstable and rupture to form a thrombus [80, 93]. In con-
trast, SMCs can secrete ECMs, which are the main ingredi-
ent of the fibrous cap, thus improving plaque stability [89].
Therefore, understanding further the role of macrophages
and SMCs in plaque stability may provide new ideas for
treating CHD.

Recent studies have shown that increased free iron can
promote pathological processes such as oxidative stress and
lipid peroxidation, accelerating inflammation and the for-
mation of macrophage-derived foam cells, thus affecting pla-
que stability [61]. There are two primary sources of reactive
iron in atherosclerotic plaques. One is plaque rupture and
bleeding, and the other is the phagocytosis and rapid lysis
of red blood cells by macrophages [94]. Considering the sig-
nificant role of macrophages in systemic iron metabolism
and the formation and progression of atherosclerotic pla-
ques, Apoe-/- mouse models of macrophage-specific FPN1
deficiency were prepared in a study to investigate the effects
and mechanisms of iron overload in macrophages on the
progression of CHD [62]. The results indicated that iron
overload in macrophages inhibited ATP-binding cassette
(ABC) transporter protein expression by downregulating
the liver X receptor α (LXRα) expression. This progression
increased oxidative stress and systemic inflammation levels,
promoted foam cell formation, and restricted lipid efflux,
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ultimately contributing to AS progression. In addition, iron
overload also causes several changes in the composition of
atherosclerotic plaques, with an increase in the number of
macrophages and a decrease in collagen within the plaques,
which make the plaques more prone to rupture [62]. How-
ever, iron chelation therapy increased ABC transporter pro-
tein expression, reversed lipid deposition, and reduced the
surface volume of atherosclerotic plaques, ultimately slowing
the progression of AS [62]. In another study, high levels of
uric acid inhibited the Nrf2/PTGS2/GPX4 signaling path-
way, induced the formation of macrophage-derived foam
cells, and lipid peroxidation, thereby promoting the progres-
sion of AS. However, all these changes were reversed by
Fer-1 [63]. There are no systematic studies to explore the
mechanism between macrophage ferroptosis and CHD. Even
so, several studies have shown that ROS accumulation, lipid
oxidation, and iron deposition in macrophages are critical
features of advanced atherosclerotic plaques [95]. Thus, mac-
rophage ferroptosis may play an essential role in coronary AS
and vulnerable plaque formation. And regulation of macro-
phage ferroptosis may be a promising approach to enhance
plaque stability and delay the progression of CHD.

Unlike macrophages, SMCs impair the stability of ath-
erosclerotic plaques mainly by affecting fibrous cap compo-
nents [89]. A study found that iron overload stimulated
SMCs to migrate, proliferate abnormally, and calcify, caus-
ing them to acquire a macrophage-like phenotype. In
addition, iron overload increased ROS production to create
a prooxidant microenvironment, which promoted foam cell
formation and plaque instability progression. Moreover,
researches demonstrated that removing excess iron and
reducing the production of ROS can reverse these results
mentioned above [96–98]. Notably, cigarettes are a major
risk factor for AS. A study found that cigarette smoke extract
(CSE) induced ferroptosis in vascular SMCs but not VECs
[64]. The data showed increased PTGS2 expression, GSH
depletion, and lipid peroxidation in vascular SMCs. How-
ever, GPX4 overexpression had no significant effect on
CSE-induced ferroptosis [64]. The triggering mechanisms
of ferroptosis in SMCs and VECs may be different. There-
fore, inhibiting ferroptosis in SMCs may also be a new
research direction for plaque stabilization.

6.3. Cardiomyocyte Death. The main pathological change of
CHD is the formation and development of atherosclerotic
plaques. The plaques gradually increase in size or even fall
off, narrowing or blocking the lumen of the arterial blood
vessels, resulting in insufficient blood supply to the coronary
arteries. And the lack of perfusion causes local damage and
mass death of CMs [99]. CMs are terminally differentiated
cells with extremely limited regenerative capacity [100].
The mass death of CMs will result in structural and
functional defects in the heart and cause HF [101]. The best
way to prevent ischemic damage to the heart is to restore
blood flow to the myocardial tissue, also known as reperfu-
sion. However, reperfusion itself can also cause damage to
the myocardium, called myocardial ischemia/reperfusion
(I/R) injury. The mechanisms involved are oxidative stress,
calcium overload, and mitochondrial damage, all of which

can cause CM death [102]. Therefore, how to prevent CM
death is key to improving and restoring cardiac function
after MI and myocardial I/R injury. New insights into how
cells are programmed to die have provided new ideas for
salvaging myocardial injury in recent years. A study showed
increased iron deposition and ROS in CMs around the MI
region during ischemia and early reperfusion, suggesting
that ferroptosis is a prominent form of CM death [103].

In HF mouse and rat models after MI, FTH levels were
significantly downregulated, and oxidative stress and free
iron levels were significantly increased. And then, desfer-
rioxamine, an iron chelator, reversed these results and
improved the viability of CMs [14]. Iron overload as a cru-
cial mechanism for ferroptosis occurrence has attracted sci-
entists to explore the underlying mechanisms of ferroptosis
involvement in CM death. Either erastin or isoproterenol-
treated H9C2 cells significantly increased free iron levels
and promoted lipid peroxidation, thereby decreasing the
viability of CMs. This result suggested that ferroptosis is
associated with CM death. Both Fer-1 and puerarin upregu-
lated the expression of GPX4 and FTH1 and inhibited fer-
roptosis [65]. In another study, the levels of GPX4 protein
and GPX4 mRNA expression were downregulated in mice
during early and midstage MI. To further determine the role
of GPX4 in CM ferroptosis, a study transfected H9C2 cells
with GPX4 siRNA. The results showed a significant increase
in malondialdehyde (MDA) and superoxide dismutase
(SOD) levels. And Fer-1 reduced CM death induced by
GPX4 downregulation and inhibited lipid peroxide produc-
tion, which suggested that ferroptosis is involved in CM
death and myocardial injury after MI and is partially associ-
ated with reduced GPX4 levels [66]. In addition, studies have
demonstrated that NADPH oxidase (NOX), a key enzyme
for ROS production, is highly expressed in CMs [104]. In
the descending aortic banding procedure-induced HF
models, ferroptosis and autophagy were associated with
massive CM death, and they were regulated by the TLR4-
NOX4 pathway. It mainly showed downregulation of TLR4
and NOX4 expression, decreased LC3B-II and Belcin1, and
upregulation of p62, GPX4, and FTH1 protein expression.
It also significantly reduced CM death and improved cardiac
function [69]. Drugs targeting the associated pathways of
autophagy and ferroptosis in CMs may also be new thera-
peutic strategies for CHD, but others in both need to be
studied in depth. Currently, CM ferroptosis during MI and
HF has not been well studied. Are these mechanisms still
applicable to clinical practice? Is blocking the process of fer-
roptosis in CMs effective? Addressing these questions may
lead to new treatments to protect CMs from ferroptosis
and delay the progression of MI to HF.

The exosome of MSCs derived from HUCB-MSC is
known to alleviate myocardial injury caused by MI in mice.
In the CM H/R models, investigators found that overexpres-
sion of DMT1 promoted CM ferroptosis. However, HUCB-
MSC exosomes could inhibit H/R-induced CM ferroptosis
through the miR-23a-3p/DMT1 axis and attenuate myocar-
dial injury [13]. In addition, dexmedetomidine was demon-
strated to inhibit myocardial I/R-induced ferroptosis via the
SLC7A11/GPX4 axis [67]. Iron overload and ferroptosis
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have also been found in myocardial I/R. In one study, propo-
fol inhibited ferroptosis via the AKT/P53 signaling pathway,
thereby protecting CM from I/R injury. Specifically, it
reduced SOD and iron accumulation, decreased lipid perox-
idation levels, thereby increasing the expression of antioxi-
dant enzymes [68]. Ferroptosis as one of the mechanisms
of CM death after myocardial I/R has been widely demon-
strated, and inhibiting ferroptosis may be an effective way
to attenuate myocardial I/R injury.

6.4. Myocardial Fibrosis. MF after MI is a process of self-
repair and inflammatory response of the myocardium
[105]. The pathology is characterized by the proliferation
of myofibroblasts in the myocardial tissue, secretion and
excessive deposition of ECMs, and disorders in the ratio
and arrangement of various types of collagen [106, 107].
After MI, local ischemia and hypoxia lead to the mass death
of CMs. The body then produces a repair response that
includes cardiac fibroblast activation, proliferation, and phe-
notypic transformation to form myofibroblasts. The above
pathological changes lead to a replacement fibrotic process,
in which fibroblasts and myofibroblasts produce fibrous
scars to replace the damaged tissue [108]. Furthermore, the
process of replacement fibrosis will reduce further dilatation
of the infarcted area and maintain the structural integrity of
the ventricles, thus preventing cardiac rupture. In addition,
increased intraventricular mechanical pressure and inflam-
matory response after MI can induce expansion of connec-
tive tissue in the noninfarcted region and cause reactive
fibrosis in the noninfarcted area. Reactive fibrosis can alter
ventricular compliance and increase ventricular wall stiff-
ness, thus affecting cardiac systolic and diastolic function
and synchronicity, eventually leading to HF, worsening
arrhythmias, and even sudden death [106, 109]. MF is a sig-
nificant manifestation of cardiac remodeling and an essential
factor influencing the prognosis of MI. Therefore, inhibition
of the progression of reactive fibrosis in the peripheral
myocardium of the infarct area would be an ideal treat-
ment after MI.

In one study, iron overload increased oxidative stress
levels and led to MF in gerbil hearts, as evidenced by
increased MDA levels and decreased GPX4 levels [70]. It is
suggested that iron overload may foster MF development
by inducing lipid peroxidation damage. In addition, GPX4
participates in various pathological processes such as inflam-
mation, cellular repair, oxidative stress, and ferroptosis. And
GPX4 is closely associated with the development of fibrotic
diseases [48]. Recent studies on ferroptosis intervention in
MF have focused on GPX4. In myocardial I/R injury mouse
models, miR-375-3p was found to promote MF develop-
ment by downregulating GPX4 expression. However, both
miR-375-3p inhibitors and Fer-1 significantly attenuated
MF in these mice and enhanced the antioxidant capacity of
cardiac fibroblasts in vitro [71]. In another study, dexmede-
tomidine activated the SLC7A11/GPX4 signaling pathway,
inhibited CM ferroptosis after myocardial I/R in mice, and
significantly reduced the area of MF. Predictably, the extent
of myocardial injury and fibrosis area markedly increased
following erastin treatment [67]. All these studies have con-

firmed the role of ferroptosis in MF. However, the current
studies on its pathogenesis are relatively homogeneous,
without distinguishing the location and type of MF occur-
rence. Future studies should delve into the effects of ferrop-
tosis on reactive fibrosis and its mechanisms.

6.5. Myocardial Hypertrophy. CHD, especially MI, leads to
CM damage or death due to ischemia and hypoxia, resulting
in a localized cardiac function deficit. Under prolonged
stimulation, peripheral CMs gradually hypertrophy to
compensate for partial cardiac function [110, 111]. The
early stage of MH is a beneficial compensatory response
for the organism, but its compensatory capacity is limited.
The late-stage shows increased myocardial oxygen consump-
tion and reduced cardiac compliance and contractility, lead-
ing to loss of compensatory effect of pathological MH,
further increasing the risk of HF and malignant arrhythmias
[112, 113]. Studies have shown that MH is an independent
risk factor for increased morbidity and mortality from vari-
ous CVD during clinical practice [114, 115].

Apelin-13 can accelerate the progression of MH. In a
study, apelin-13 induced hypertrophy and elevated free iron
levels in H9C2 cells. It was further observed that apelin-13
increased iron and ROS levels in mitochondria of CM
and triggered mitochondrial damage. This experiment
showed that apelin-13-stimulated MH was closely related to
NCOA4-mediated ferritinophagy and sideroflexin 1 (a mito-
chondria iron transporting protein) mediated mitochondrial
iron overload [72, 116]. The initial relationship between fer-
roptosis and MH has also been established. In addition, one
study used angiotensin II to induce MH in mice and found
that oxidative stress and ferroptosis occurred [50]. Knock-
down of xCT increased PTGS2, MDA, and ROS levels and
exacerbated Ang II-induced MH in mice [50]. In addition,
Beclin 1 is a homolog of the yeast autophagy gene Atg6/
Vps30, an essential molecule in the autophagic process. A
study found elevated levels of SLC7A11, GPX4, and NCOA4
in Beclin 1 haploinsufficient mice. They promoted autophagy
and ferroptosis and exacerbated low-temperature-induced
MH [73]. Currently, there is no direct evidence that post-
MI ferroptosis is associated with MH. However, MH induced
by other methods is strongly associated with iron overload
and ferroptosis. These studies further imply the potential of
ferroptosis as a therapeutic target for MH after MI.

7. Ferroptosis as a Novel Therapeutic
Target for CHD

As discussed above, ferroptosis has been found to play a
significant role in the pathological progression of CHD
[11, 37]. Accordingly, targeting ferroptosis will become a
new therapeutic strategy for treating CHD. With intensive
studies on the mechanisms and regulatory pathways of
ferroptosis, three main methods of ferroptosis inhibition
have been identified.

First, iron chelators can bind to iron in the body to
effectively increase iron excretion, thus blocking the redox
reaction caused by iron overload. Currently, the main iron
chelators used in clinical practice are deferoxamine,
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deferiprone, and deferasirox [117]. Several studies have
shown that iron chelators have cardiovascular protective
effects, such as improving vascular endothelial function, inhi-
biting SMC proliferation, and protecting CMs [64, 118].
Second, genetic manipulation of ferroptosis has been shown
to inhibit ferroptosis and reduce myocardial injury [119].
These include upregulation of GPX4 and overexpression of
SLC7A11 [66, 120]. However, this approach is currently not
clinically applicable. Last, the cardioprotective effects of anti-
oxidants have also been widely demonstrated [121]. Fer-1 is
one of the most common antioxidants. It can upregulate
the expression of GPX4 and FTH1, thus inhibiting lipid per-
oxidation [65]. And Fer-1 can slow down the progression of
AS and reduce the area of MI [45, 57, 63]. Vitamin E is a
common clinical antioxidant that can inhibit ferroptosis by
inhibiting LOX [41]. Therefore, antioxidants may be the
most promising ferroptosis inhibitors for widespread use.
Excavating drugs with inhibiting ferroptosis from clinically
available drugs may provide new options for treating CHD
more quickly, such as vitamin E, fluvastatin, puerarin, dex-
medetomidine, and propofol [41, 60, 65, 67, 68].

8. Conclusions

This article reviews the mechanisms of iron metabolism in
CMs. It also focuses on the role of iron metabolism and
ferroptosis in the crucial pathological changes of CHD. In
contrast, the current research on the mechanisms of ferrop-
tosis is still at an early stage, and most findings are obtained
from animal and cellular experiments. We cannot conclude
whether inhibition of ferroptosis is totally beneficial at dif-
ferent stages of human CHD. Inhibition of vascular and
cardiac ferroptosis may bring new benefits to patients with
CHD. Therefore, exploring the mechanisms and clinical
feasibility is necessary for future studies. At this point, we
have some unanswered questions that need to be concerned.
(1) What are the roles and mechanisms of iron overload and
ferroptosis in intraplaque angiogenesis? (2) Is ferroptosis
involved in cardiomyocyte proliferation a target for cardiac
regeneration? (3) How do we select methods to regulate fer-
roptosis in the pathological progression of CHD? With
ongoing research, the mystery of ferroptosis will be further
uncovered. Maintaining iron homeostasis and targeting fer-
roptosis will be promising strategies for the staged treatment
of CHD.
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Extensive use of substances derived from natural sources has been documented in the treatment of colorectal cancer (CRC).
Lysionotin (Lys) is a flavonoid present in the flowers and leaves of Gesneriaceae family plants. Despite its various
pharmacological properties, which include neuroprotective, pro, antimalarial, and anticancer effects, the therapeutic advantages
of Lys for CRC remain uncertain. In this present study, we demonstrated that Lys treatment successfully inhibited cell
proliferation, migration, and invasion in HCT116 and SW480 CRC cells in vitro. Intriguingly, significant ferroptosis and
reactive oxygen species (ROS) accumulation in CRC cells were induced by Lys treatment, whereas antagonism of ferroptosis by
Liproxstatin-1 (Lip1) pretreatment retarded the anti-CRC effects of Lys. In addition, Lys reduced the amount of Nrf2 protein
in CRC cells by increasing the rate at which it is degraded. Overexpression of Nrf2 rescued Lys reduced ferroptosis, suggesting
the Nrf2 signaling is a crucial determinant of whether Lys induces ferroptosis in CRC cells. We also revealed that Lys
suppressed tumor growth in vivo without obvious adverse effects on the main organs of mice. In conclusion, our results
discovered that Lys treatment induced ferroptosis to exert antitumor effects in HCT116 and SW480 CRC cells by modulating
Nrf2 signaling, providing a potential therapeutic approach for the prevention of colorectal cancer.

1. Introduction

In the year 2021, it was estimated that colorectal cancer
(CRC) causes 52,980 deaths and is responsible for 11 percent
of all new cancer diagnoses [1]. As a result, colorectal cancer
is one of the kinds of cancerous tumors that has the highest
mortality rate across the whole globe [2]. Adenocarcinomas,
signet ring cell carcinomas, squamous cell carcinomas, and a
few other less frequent types of colorectal cancer may be dis-
tinguished from one another by their histological features.
Colorectal cancer is sometimes referred to by its medical
abbreviation, CRC. Adenocarcinoma accounts for more
than 90 percent of all CRC diagnoses, and many individuals
are found to have advanced disease at the time of diagnosis
[3]. In recent years, targeted therapy and immunotherapy
have made significant strides towards becoming viable ther-

apeutic options for CRC, complementing more traditional
therapies such as chemotherapy, radiation therapy, and sur-
gery [4]. Due to treatment resistance and evident systemic
side effects, only 63 percent of CRC patients will live for five
years or more after diagnosis. Consequently, there is an
urgent need for innovative medicines that might prevent
the course of the disease and save lives.

A rising amount of evidence demonstrates that phyto-
chemical substances produced from natural sources are very
efficient against cancer and other disorders [5–13]. Pacli-
taxel, a diterpenoid discovered in the bark of Taxus brevifo-
lia in 1971, is the most prominent example of a drug that has
been commercially successful [14]. It is often used in the
treatment of malignant tumors such as cancer of the lung,
esophagus cancer, breast cancer, and cancer of the pancreas.
Produced by the soil fungus Streptomyces peucetius,
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doxorubicin is often used to treat a broad variety of solid
cancers [15]. Camptothecin, podophyllotoxin, anhydrovin-
blastine, and vinorelbine are well-known anticancer medica-
tions derived from natural products [16]. Contrarily, there is
evidence that colorectal cancer is resistant to a variety of
chemotherapies [17]. Rising research has shown that phyto-
chemicals including curcumin, resveratrol, bixin, and
Ginkgo biloba offer great therapeutic potential for patients
with CRC. The research and development of innovative
drugs derived from natural chemicals is still required [16].

In contrast to apoptosis, necrosis, and autophagy, iron
death is a unique kind of controlled cell death [18, 19]. The pro-
cess is called ferroptosis because it is dependent on ferric ions.
Dr. Brent R. Stockwell of Columbia University presented this
theory for the first time in 2012 [20]. Iron death is caused by
several factors, including glutathione depletion, decreased glu-
tathione peroxidase (GPx4) activity, and the inability of lipid
oxides to be metabolized by the GPx4-catalyzed glutathione
reductase reaction [21]. This is then followed by iron oxidizing
lipids via the Fenton reaction, which generates reactive oxygen
species (ROS). Iron toxicity is the outcome of having an exces-
sive amount of iron in the body, and circulating iron binds to
transferrin as Fe3+, and excess iron is deposited in ferritin with-
out taking part in ROS generation activities through transferrin
receptor 1 [22]. Intriguingly, ferroptosis is also deeply involved
in p53-mediated tumor suppression [23, 24]. Due to its
important role in cell fate determination, ferroptosis is expected
to be a valuable drug target in the treatment of cancers [21].

Mounting studies demonstrated that natural compounds
targeting ferroptosis can be used for treatment of solid
tumors such as lung cancer [25], bladder cancer [26], and
pancreatic cancer [27]. However, evidence regarding the
anti-CRC activities of ferroptosis-targeted natural com-
pounds is still deficient. In this study, we reported lysionotin
(Lys), a flavonoid isolated from Lysionotus pauciflorus
Maxim (Gesneriaceae), exerts tumor-suppressing character-
istics in CRC cell line HCT116 and SW480 cells. Intrigu-
ingly, Lys treatment induced potent ferroptosis in CRC
cells, and inhibition of ferroptosis retarded the anti-CRC
activities in vitro and in vivo. We further demonstrated that
Lys-induced ferroptosis is dependent on the promotion of
nuclear factor erythroid 2–related factor 2 (Nrf2) degrada-
tion. These results suggest that Lys induced ferroptosis to
suppress the progression of CRC via regulating Nrf2 signal-
ing, which paves the way for a new potential strategy for
CRC therapy.

2. Materials and Methods

2.1. Regents. Selleck Chemicals Co., Ltd. (TX, USA) provided
MG132, Lys (>97% pure), and Liproxstatin-1 (Lip1). For
treating cells, Lip1 and MG132 were diluted using dimethyl
sulfoxide (DMSO). Lys and Lip1 were diluted in dilution
buffer (5 percent DMSO, 40 percent PEG 300, 5 percent
Tween 80, and 50 percent H2O) for animal studies. Abcam
(Cambridge, United Kingdom) provided antibodies for cys-
tine/glutamate transporter (xCT, catalog number: ab175186),
glutaminase (catalog number: ab93424), and glutathione per-
oxidase 4 (GPX4, catalog number: ab125066). Cell Signaling

Technology (CST, Danvers, United States) provided anti-
bodies for Ubiquitin (Ub, catalog number 3936S), Ferritin
Heavy Chain 1 (FTH1, catalog number 4393S), Nrf2 (catalog
number 12721), and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH, catalog number 5174S).

2.2. Cell Cultures. We obtained human CRC HCT116 and
SW480 cell lines, as well as HIEC and NCM460 cell lines
from normal human colon epithelial tissue, from the Amer-
ican Type Culture Collection (ATCC). Cells were cultured in
DMEM with 10 percent fetal bovine serum (Sigma-Aldrich,
St. Louis, MO, USA) at a temperature of 37 degrees Celsius
in an environment containing 5 percent carbon dioxide.

2.3. Assay of Cell Viability. To determine the toxicity of Lys
in CRC cells, a CCK-8 kit purchased from Sigma-Aldrich
was used. In an effort to maintain clarity, each well of the
96-well plates was populated with 2,000 cells. Following a
Lys-containing or Lys-free incubation period of 24 hours,
CCK-8 reagent was added to each well, and the cells were
allowed to continue growing at 37 degrees Celsius for an
additional 2 hours. In order to determine the 450nm absor-
bance of each well, a microplate reader (BioTek, Winooski,
VT, USA) was used.

2.4. Colony Formation Assay. Colony formation assay was
performed in HCT116 and SW480 cells according to a pre-
vious report [28]. Briefly, cells were seeded into 6-well plates
(400 cells each well). Immediately upon seeing the formation
of colonies on the Petri plate, the culture was terminated.
PBS was used to wash the cells for a total of 3 times. After
that, the cells were fixed for a further 15 minutes using a
1 : 3 solution of acetic acid and methanol. To stain the cells,
the fixation solution was removed, and a staining solution
containing 0.1 percent crystal violet was applied to them at
room temperature for a period of 30 minutes. Following
the final wash with PBS, an inverted microscope (Olympus,
Tokyo, Japan) was used to achieve the cell images, and the
number of colonies that had more than 60 cells in each well
was counted.

2.5. Measurement of Ferrous Ion. FerroOrange, manufac-
tured in Japan by Dojindo, was applied to cells in order to
ascertain the quantity of cellular iron. Briefly, cells were sub-
jected to a treatment with 1mM of FerroOrange in serum-
free media for a period of 30 minutes at 37 degrees Celsius.
A fluorescence microscope (Olympus) was used for the
detection of fluorescence of the CRC cells.

2.6. Transduction. The gene coding Nrf2 was inserted into
pAPH vectors [29] for overexpressing Nrf2 in CRC cells.
We temporarily transfected an empty vector or a vector that
expresses Nrf2 into HCT116 and SW480 cells using Lip3000
(Invitrogen) as directed by the company’s protocol.

2.7. Wound Healing Analysis. Wound healing analysis was
performed in HCT116 and SW480 cells according to a pre-
vious study [30]. Briefly, either HCT116 or SW480 cells
was cultured in 6-well plates until they achieved a con-
fluency level of about 90 percent. After that, a p200 pipette
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tip was used to scrape the cell monolayer in a linear fashion.
Before placing the cells back into the incubator at 37 degrees
Celsius for a further 24 hours, the cell debris was removed
with PBS. Immediate photographs of the damage were taken
using a microscope (Olympus).

2.8. Quantitative Polymerase Chain Reaction (qPCR). Using
the RNA isolation solution TRIzol (Invitrogen, USA), total
RNA was extracted from cells or homogenized tissue sam-
ples, and then, it was used as a template for the synthesis
of cDNA using the MonScriptTM RTIII All-in-One Mix
with dsDNase (Monad biotech, China). qRT-PCR was car-
ried out with the MonAmpTMFast SYBR® Green qPCR
Mix (manufactured by Monad biotech) on a CFX connect
system (Bio-Rad, USA). The primer sequence information
is listed in Table 1. The relative gene expression was calcu-
lated using the 2-ΔΔCt method.

2.9. Transwell Assay. In vitro cell migration and invasion
were investigated via the use of a Transwell experiment, as
was mentioned before [31]. 2 × 104 cells in DMEM devoid
of serum were plated into the top chamber of Corning
Transwell Inserts. After that, the top chambers were placed
on a 24-well plate, and the bottom chamber was filled with
DMEM containing 10 percent FBS. After spending 24 hours
in an incubator set to 37 degrees Celsius, the membrane was
removed and colored using a crystal violet solution. The
images were captured with an Olympus microscope. The
number of migratory cells was determined by counting the
cells in six random areas. The migration test and the inva-
sion test were both carried out in the same manner, with
the exception that Matrigel was utilized to cover the mem-
brane of the top chamber.

2.10. Measurement of Glutathione (GSH) and
Malondialdehyde (MDA) Levels. Cells with or without treat-
ment were lysed using the RIPA buffer (CST). The BCA
assay kit (Beyotime Biotechnology, Shanghai, China) was
used to measure the amount of total protein. The intracellu-
lar GSH and MDA levels were determined using a GSH
assay kit and an MDA kit (Beyotime), respectively, accord-
ing to the manufacturer’s instructions.

2.11. Western Blot. The Western blot analysis was performed
as described before [32, 33]. Briefly, after boiling the samples
in 5× loading buffer, an appropriate quantity of each sample
was loaded onto a discontinuous sodium dodecylsulfate-
polyacrylamide gel (SDS-PAGE), and the proteins were
transferred to PVDF membranes (Millipore, Bedford, MA,
USA). It took one hour of using nonfat dry milk dissolved
in PBS-Tween-20 (PBST) at a concentration of 5% for the

membrane blocking procedure. After this, three washes with
PBST were performed, and then either primary (1 : 2000) or
monoclonal (1 : 5000) anti-GAPDH antibodies were incu-
bated overnight at 4 degrees Celsius with the samples. Fol-
lowing washing with PBST, the membranes were incubated
at room temperature with the secondary antibody that was
coupled to horseradish peroxidase for a period of two hours
(1 : 5000). With the assistance of the BioRad ChemiDoc MP
Image System, the chemical signals were at long last
discovered.

2.12. Determination of Reactive Oxygen Species (ROS)
Generation. With the use of the fluorescent probe 2′, 7′
-dichlorofluorescin diacetate (DCFH, Beyotime), levels of
ROS were determined in CRC cells as previously described
[34]. At a temperature of 37 degrees Celsius, the cells were
treated with 5M DCFH for an hour. After washes with
PBS, cells were observed under a fluorescence microscope
and the cell images were taken for quantitative analysis of
the fluorescence using ImageJ.

2.13. Xenograft Mouse Models. Charles River Laboratories
provided male athymic nude mice that were four weeks old
weighing 18-22 g and housed in animal facilities at tempera-
tures between 20 and 25 degrees Celsius, with humidity
between 50 and 60 percent and a light/dark cycle of 12 hours
on and 12 hours off. The mice had unrestricted access to
clean food and water, and the Animal Care and Use Com-
mittee of the China-Japan Union Hospital of Jilin University
granted approval for the animal trials (Changchun, China).
Under the skin of each mouse’s left flank, 0.2 milliliters of
HCT116 cells suspended in PBS and Matrigel were injected.
The cells were kept alive by suspending them in PBS con-
taining Matrigel. At 6 days post the xenograft, the mice
received intraperitoneal (i.p.) injections of Lys (20mg/kg)
with or without Lip1 (10mg/kg) every three days for five
times. The size of the tumor was measured using a Vernier
caliper every three days. The following formula was used
to calculate the size of the tumor: tumor volume ðmm3Þ =
maximum length ðmmÞ × perpendicular width ðmmÞ 2/2.
On day 24, after the administration of the injection, the
tumors were surgically opened up and photographs were
obtained of their interiors.

2.14. Hematoxylin and Eosin (HE) Staining. Histology anal-
ysis was used in a standard way to measure organ damage.
In short, hematoxylin was put on the piece of tissue, which
was then put in an incubator for 5 minutes. The slides were
then cleaned twice with water that had been distilled. After
that, a bluing reagent was put on the tissue slice for 10 sec-
onds. After being washed, the slides were left in eosin Y

Table 1: The information of primers used in qPCR.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
Nrf2 CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG

Keap1 CAACTTCGCTGAGCAGATTGGC TGATGAGGGTCACCAGTTGGCA

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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Figure 1: Continued.
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reagent for 2 minutes. The slides were then put in pure alco-
hol to dry them out. After sealed with resin, the slides were
photographed with a microscope.

2.15. Statistical Analysis. GraphPad Prism 8, a tool developed
by GraphPad Software, was used for statistical analysis, and all
of the data were presented as means and standard deviations
(SD). When looking at the data, the one-way analysis of vari-
ance (ANOVA) test with post hoc multiple comparisons was
employed, and the Student t-test was used when comparing
the two groups. It was deemed statistically significant to use
a P value of 0.05, thus, that is what was utilized.

3. Results

3.1. Lys Restrained the Proliferation of HCT116 and SW480
Cells In Vitro. The chemistry formula of Lys is shown in
Figure 1(a). The CCK-8 assay was used to measure the cyto-
toxicity of Lys in normal colon epithelial cells and CRC cell
line cells. The results revealed that the cell viability was not
decreased in the HIEC and NCM460 cells that were treated
with Lys at dosages that were lower than 60μM.
(Figure 1(b)). However, 5μM, 15μM, or 30μM concentra-
tions of Lys effectively inhibited the proliferation of
HCT116 and SW480 cell lines in vitro (Figure 1(c)). In line
with this finding, morphological analysis showed that CRC
cells were sensitive to Lys treatment at a dosage more than
5μM (Figure 1(d)). Furthermore, Lys significantly decreased
the growth of HCT116 and SW480 cell colonies by a lot
(Figure 1(e)). So, our results showed that Lys therapy effec-
tively stopped CRC cells from growing in vitro.

3.2. Lys Treatment Suppresses the Motility of HCT116 and
SW480 Cells. Using wound healing, Transwell migration,

and invasion experiments with HCT116 and SW480 cells,
the effects of Lys treatment on CRC cells motility were
investigated. When HCT116 and SW480 cells were treated
with Lys, the wounds that were caused by scratches took
much longer to heal in comparison to when the cells were
treated with a vehicle (Figure 2(a)). A dose-dependent
reduction in the number of migrating (Figure 2(b)) and
invading (Figure 2(c)) cells was seen in response to treat-
ment with Lys, as shown by the findings of the Transwell
test (see above). According to the findings, Lys signifi-
cantly reduced the ability of CRC cells to migrate and dis-
seminate in vitro.

3.3. Lys Induced Ferroptosis in CRC Cells. In ferroptosis, it is
well known that lipid peroxidation and GSH depletion are
important processes. After Lys was added to HCT116 and
SW480 cells, the amount of ROS, GSH, and MDA inside the
cells was measured. The results showed that after treatment
with Lys, ROS went up (Figures 3(a) and 3(b)) and GSH went
down (Figure 3(c)). Lys treatment, on the other hand, clearly
raised the intracellular MDA levels (Figure 3(d)). Western
blotting was used to determine the effects of Lys on ferroptosis
makers. As shown in Figure 3(e), after treatment with Lys, the
protein levels of FTH1, GPX4, glutaminase, and solute carrier
family 7 member 11 (xCT/SLC7A11) in HCT116 and SW480
cells were significantly lower than in the control group. Fer-
roptosis is a buildup of cells that depends on iron. So, an iron
probe, FerroOrange was used to measure the amount of iron
inside HCT116 and SW480 cells. Lys-treated cells gave off a
lot more orange light than cells that had not been treated
(Figure 3(f)). In conclusion, the results of our studies demon-
strated that Lys induced CRC cells to transition towards
ferroptosis.
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Figure 1: Lys inhibits cell viability in HCT116 and SW480 cells. (a) Chemistry formula of Lys. After treatment with the relevant dosages of
Lys in vitro for a period of 24 hours, the CCK-8 assay was used to determine the level of cell viability of HIEC and NCM460 cells (b), as well
as HCT116 and SW480 Cells (c). (d) A microscope was used to evaluate the morphology of the cells. (e) Crystal violet staining was used in
order to investigate the cell colony development. P values: ∗P ≤ 0:05 and ∗∗P ≤ 0:01.
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3.4. Inhibition of Ferroptosis Abrogates the Anti-CRC Effects
of Lys In Vitro. To confirm the involvement of ferroptosis
in the inhibitory effects of Lys in CRC, we pretreated the
cells with Lip1, a ferroptosis inhibitor, before administering
Lys. Lip1 pretreatment, as demonstrated in Figures 4(a)
and 4(b), reversed the Lys-induced deficiency in prolifera-
tion and clonogenic ability of HCT116 and SW480 cells
in vitro. Furthermore, Lip1 pretreatment reduced Lys’ inhib-

itory effects on CRC cell migration (Figure 4(c)) and inva-
sion (Figure 4(d)).

3.5. Lys Reduces Nrf2 Protein Levels by Promoting Nrf2
Protein Degradation. Nrf2 is a key regulator in cell redox
and ferroptosis. The effects of Lys on the expression of the
Nrf2 protein were then seen in HCT116 and SW480 cells.
As shown in Figure 5(a), at concentrations of 5, 15, and
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Figure 2: Lys treatment suppresses the migration and invasion of CRC cells. At 24 hours after incubating HCT116 and SW480 cells with Lys
at concentrations ranging from 0-30μM, wound healing analysis (a) was used to analyze the effects of a therapy called Lys on the migration
of CRC cells. The use of Transwell assays allowed for the investigation of the effects of Lys on the migration (b) and invasion (c) of CRC cells.
P values: ∗P ≤ 0:05 and ∗∗P ≤ 0:01.
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Figure 3: Continued.
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Figure 3: Lys triggered ferroptosis in CRC cells. (a, b) ROS levels were measured by DCFH-DA staining after HCT116 and SW480 cells had
been treated with Lys for 24 hours. The results are shown as the mean standard deviation. (c) The GSH level in HCT116 and SW480 cells
was determined after the treatment with Lys for 24 hours, and the results showed that there was a significant difference between the groups.
(d) The MDA level in HCT116 and SW480 cells was measured following the treatment with Lys for 24 hours. (e) Following a treatment with
Lys for 24 hours, the iron content of HCT116 and SW480 cells was evaluated using the ferroOrange staining method. (f) Western blotting
was used in order to identify a number of proteins connected to ferroptosis. ∗P < 0:05 and ∗∗P < 0:01.
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Figure 4: Lip1 pretreatment abolished Lys-mediated suppression of CRC cells. Prior to the addition of 30M of Lys, HCT116 and SW480
cells were pretreated with Lip1 at a concentration of 200 nM for six hours. The CCK-8 test and the clonogenic assay were used to determine
the level of cell viability (b) and survival (c), respectively, 24 hours after Lys was administered. The Transwell test was used to ascertain the
level of motility present in CRC cells (c, d). The data are either pictures that are typical of the whole or are given as the mean plus the
standard deviation. ∗P < 0:05, ∗∗P < 0:01.
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30μM, Lys drastically downregulated the amount of Nrf2
protein in cells. Also, the amount of Nrf2 protein in cells
was much lower at 6, 12, and 24h after being treated with
30μM Lys (Figure 5(b)). Additionally, quantitative reverse
transcription-PCR was used to determine the mRNA levels
of Nrf2 and Keap1 in Lys-treated HCT116 and SW480 cell

cultures. Because the findings revealed that there was no sig-
nificant difference between the mRNA levels of Nrf2 and
Keap1 in Lys-treated cells and control cells (Figures 5(c)
and 5(d)), indicating that Lys does not inhibit the transcrip-
tion of Nrf2. In light of this, we investigated whether or not
Lys decreases the quantity of Nrf2 protein by affecting its
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Figure 5: Lys inhibits Nrf2 protein levels in HCT116 and SW480 cells. (a) HCT116 and SW480 cells were treated with varying doses of Lys
(ranging from 0 to 30μM) over a period of 24 hours, and western blot analysis was done to determine the amount of the Nrf2 protein
produced. (b) HCT116 and SW480 cells were treated with 30μM of Lys for 6 hours, 12 hours, and 24 hours, and western blot analysis
was done to determine how much Nrf2 protein was produced. qRT-PCR was performed to quantify the mRNA levels of Nrf2 and Keap1
in CRC cells after HCT116 and SW480 cells were treated with 30μM of Lys for a duration of 6 hours and 12 hours (c, d). (e) HCT116
and SW480 cells were treated with 30 μM of Lys, 10μM of MG132, or a combination of Lys and MG132 for a period of 12 hours, and
then, the protein levels of Nrf2 were analyzed by western blotting. (f) The ubiquitination test was used to determine the levels of
ubiquitination of Nrf2 in HCT116 and SW480 cells after they were treated with or without 30μM of Lys for a period of 12 hours. The
data are presented as the mean standard deviation, with a sample size of three.
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protein stability. As shown in Figure 5(e), the proteasomal
inhibitor MG132 protected the levels of Nrf2 in CRC cells
from Lys treatment. Also, research on ubiquitination
showed that the levels of ubiquitination of Nrf2 in cells were
much higher after Lys treatment (Figure 5(f)). Also, when
cells were treated with Lys, the level of ubiquitination of
Keap1 did not change much (Figure 5(f)). These results sug-
gest that Lys downregulated the amount of Nrf2 protein in
CRC cells by speeding up the degradation of Nrf2 protein.

3.6. Overexpression of Nrf2 Retarded Lys Induced Ferroptosis.
Recent studies have demonstrated that inhibiting the activity
of the Nrf2 signaling pathway is essential to preventing can-
cer from expanding and halting the process of ferroptosis.
We employed a Nrf2 expressing vector to specifically boost
the activation of Nrf2 in order to get a better understanding
of the relationship that exists between the Lys-induced fer-
roptosis and the Nrf2 signaling. We discovered that increas-
ing the amount of Nrf2 in the cell led to an increase in the
expression of GPX4, ferritin, xCT, and glutaminase, while
Lys treatment made the expression of all of these genes go
down (Figure 6(a)). By overexpressing Nrf2, both Lys-
induced increases in intracellular iron (Figure 6(b)) and
ROS (Figure 6(c)) were reversed. Also, Nrf2 overexpression
helped a lot to fix the lower GSH levels and higher MDA
levels that Lys treatment caused (Figures 6(d) and 6(e)).
Based on these results, it seems likely that Lys-induced fer-
roptosis in CRC cells is mostly controlled by modulating
Nrf2 signals.

3.7. Lys Inhibits Tumor Growth In Vivo by Activating
Ferroptosis. The antitumor properties of Lys were studied
further in vivo. The results showed that administration of
Lys to mice with SW480 tumor xenografts greatly reduced
tumor growth, whereas Lip1 treatment decreased Lys’ anti-
tumor potential (Figures 7(a) and 7(b)). The weight of the
mice did not change when Lys and/or Lip1 were used
(Figure 7(c)). Also, the results of histopathology studies
showed that treatment with Lys and/or Lip1 showed no
obvious toxicities to the main organs of mice, including the
lung, heart, liver, and kidney (Figure 7(e)), suggesting that
Lys treatment with efficient dosage does not exert side effects
in vivo.

4. Discussion

Therapeutic regents derived from phytomedicine have been
used in China for thousands of years [35, 36]. The fact that
Lys is a trimethoxyflavone denotes that it has methoxy
groups at positions 6, 8, and 4′ in addition to hydroxy
groups at positions 5 and 7 in the chemical structure [37].
It functions as a phytometabolite and consists of both tri-
methoxyflavone and dihydroxyflavone. Lys naturally exists
as a free chemical or a glycoside in the leaves and flowers
of the Gesneriaceae family [38]. Clearly, Lys suppresses
Staphylococcus aureus [38], and the activity of cytochrome
P450 enzymes in vitro [37]. Lys also mediated mitochondrial
apoptosis in hepatocellular carcinoma cells via activating
caspase-3 [39]. Despite these various effects, the therapeutic

benefits of Lys for CRC remain undetermined. In vitro cell
viability experiments utilizing cell cultures demonstrated
that Lys treatment may inhibit the development and survival
of CRC cells without harming normal colon epithelial cells.
In contrast, wound healing, Transwell migration, and inva-
sion experiments were performed on HCT116 and SW480
cells to determine the effects of Lys treatment on CRC cell
movement and invasion. Results surface Lys-treated
HCT116 and SW480 cells displayed a slower rate of wound
healing than vehicle-treated cells. In addition, the Transwell
test results revealed that Lys treatment dose dependently
decreased the number of migrating and invading cells. We
made the discovery that Lys has the potential to inhibit the
formation of tumors and the invasion of CRC cells in vivo.

Recent research has revealed that triggering ferroptosis
dramatically reduces the risk of developing a tumor, as well
as increases the efficiency of both targeted treatment and
chemotherapy [40]. It has been shown, for example, that
vitamin C may trigger ferroptosis and that treating RAS/
BRAF wild-type CRC patients with a combination therapy
consisting of vitamin C and cetuximab may prevent the
development of acquired resistance to cetuximab in such
patients [41]. Upregulation of MT-1G expression results in
a reduction in ferroptosis, which in turn protects hepatocel-
lular carcinoma cells from the action of sorafenib and con-
tributes to the progression of cancer [42]. The use of
erastin, even for a short period of time, amplifies the cyto-
toxic effects of cisplatin to a significant degree [43]. Ferrop-
tosis is induced in p53 mutant hypopharyngeal squamous
cell carcinoma cells by treatment with paclitaxel and RSL3
at low doses [44]. When compared to the control group,
the Lys treatment led to a decrease in the amount of protein
that was found in FTH1, GPX4, glutaminase, and solute car-
rier family 7 member 11 (xCT/SLC7A11) in HCT116 and
SW480 cells. In addition, the iron probe FerroOrange was
used to examine the quantities of intracellular iron present
in HCT116 and SW480 cells. When compared to untreated
cells, cells that had been treated with Lys produced a much
higher amount of orange fluorescence. The inhibitory effects
of Lys on the migration and invasion of CRC cells were
reduced when the cells were pretreated with Lip1. This pro-
vides more evidence that ferroptosis occurred in CRC cells
that had been treated with Lys.

External stimuli (e.g., drugs, UV, and ionizing radiation)
and endogenous free radicals and reactive oxygen species
(ROS) can directly or indirectly damage cellular components
such as proteins, lipids, and DNA [45]. To defend against
these adverse effects, the body has developed a complex set
of oxidative stress response systems to mitigate cell damage.
In addition, Nrf2, which is a crucial transcription factor in
the regulation of antioxidant stress, plays a crucial role in
the induction of the body’s antioxidant response [46, 47].
This includes the regulation of redox balance, drug metabo-
lism and excretion, energy metabolism, iron metabolism,
amino acid metabolism, survival, proliferation, autophagy,
proteasomal degradation, DNA repair, and mitochondrial
physiology, among other processes [48]. In addition, the
Keap1-Nrf2 system has recently emerged as an important
therapeutic target in the treatment of a variety of diseases,
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including cancer, neurological disorders, autoimmune dis-
eases, and inflammatory conditions [49]. Activation of the
Keap1-Nrf2 pathway is one of the most essential antitumor-
igenesis pathways [49]. Not only synthetic drugs, such as
oltipraz, but also plant-derived substances, such as sulfo-
raphane, curcumin, resveratrol, etc., regulate genes and have
chemopreventive effects by targeting the Nrf2 pathway [50].
Enhancing the activity of Nrf2 is a tried-and-true method for
preventing chronic illnesses and cancer originating from
oxidative and inflammatory stress [48]. However, constitu-

tive activation of Nrf2 in diverse tumors will boost cancer
cell proliferation and result in chemoresistance and radiore-
sistance of cancer cells. In our work, we discovered that Lys
reduces Nrf2 protein levels in CRC cells by promoting their
degradation. Lys at doses of 5, 15, and 30μM significantly
decreased cellular Nrf2 protein levels. At 6, 12, and 24 hours
after a 30μM Lys treatment, the Nrf2 protein level in cells
was seen to be significantly reduced. In addition, quantita-
tive real-time polymerase chain reaction (qRT-PCR) was
used to detect the mRNA levels of Nrf2 and Keap1 in
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Figure 6: Lys triggered ferroptosis via the Nrf2 pathway. After transfecting the HCT116 and SW480 cells with an empty vector or Nrf2 for
18 hours, the cells were treated with Lys for an additional 24 hours. (a) Using immunoblotting, we examined the levels of Nrf2, GPX4,
ferritin, and glutaminase expression in HCT116 and SW480 cells. (b) FerroOrange staining was used to determine the amount of iron
present in HCT116 and SW480 cells. (c) A flow cytometer was used to determine the ROS level; the mean and standard deviation are
shown here, ∗P < 0:05. (d, e) Commercial kits were used to determine the GSH levels and MDA levels in HCT116 and SW480 cells,
respectively. After being treated with Lys for 24 hours, the results were as follows: ∗P < 0:05, ∗∗P < 0:01.
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HCT116 and SW480 cells after treatment with Lys. The
results showed that there was no significant difference in
the mRNA levels of Nrf2 and Keap1 between Lys treated
cells and control cells, which suggests that Lys does not
inhibit the transcription of Nrf2. Determining if activation
of Nrf2 causes cancer, how to target Nrf2 (direct or indirect
suppression of upstream protein kinases), and elucidating
the structure of Keap1 have therefore been the focus of aca-
demic research. Following Lys therapy, Nrf2 ubiquitination
levels were significantly raised, according to study on ubiqui-
tination. Keap1 ubiquitination levels did not change signifi-
cantly after Lys treatment, indicating that Keap1 is not
required for Lys-induced degradation of the Nrf2 protein.

Nrf2 served as a key regulator in ferroptosis, due to its
functions in maintaining the redox homeostasis and directly
regulating the ferroptosis related genes such as GPX4, xCT,

ferritin, and glutaminase [51, 52]. In order to get a deeper
understanding of the connection between Lys-induced fer-
roptosis and Nrf2 signaling, we transfected a Nrf2 expressing
vector into the cells in order to selectively stimulate Nrf2
activity. We found that Nrf2 overexpression boosted the
expression of Nrf2, GPX4, ferritin, xCT, and glutaminase,
which were all reduced by Lys treatment. The buildup of
intracellular iron and reactive oxygen species produced by
Lys was reduced by Nrf2 overexpression. In addition, Nrf2
overexpression dramatically reversed the Lys-induced
decrease in GSH levels and rise in MDA levels. According
to these findings, the Nrf2 signaling pathway is a crucial reg-
ulator of the Lys-induced ferroptosis that occurs in CRC
cells. In vivo examination of Lys’ antitumor capabilities
revealed that injection of Lys significantly reduced tumor
formation in mice harboring SW480 tumor xenografts, but
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Figure 7: Lys suppresses CRC development in vivo through priming ferroptosis. Seven days following the xenograft, the patient received an
intraperitoneal (i.p.) injection of Lys containing 20mg/kg once every three days for a total of four doses. In order to suppress ferroptosis,
Lip1 (10 milligrams per kilogram) was injected intraperitoneally (i.p.) once day after the administration of Lys up to the time of sacrifice.
At the end of the 24th day following the xenograft, all of the mice were put to sleep, and the weight and volume of the tumor were
measured. (c) The total number of treatments continued till the body weight of the mice was recorded. (d) Histological data of H&E
staining performed on samples taken from various experimental groups’ hearts, kidneys, and livers; P values: ∗P ≤ 0:05, ∗∗P ≤ 0:01.
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Lip1 therapy lowered Lys’ antitumor capability. The use of
Lys and/or Lip1 had no impact on the mice’s weight. In
addition, histological evidence showed that treatments with
Lys and/or lip1 did not result in toxicity in the main organs
of mice. These organs include the lung, the heart, the liver,
and the kidneys.

Here are the limitations of our study: First, we exclu-
sively evaluated the impact of Lys on HCT116 and SW480
CRC cells using in vitro cell culture procedures, despite the
fact that the human environment and in vitro conditions
are quite different. Consequently, the findings of this inves-
tigation cannot alone inform therapeutic practice. We deliv-
ered just three doses of Lys, namely, 5, 15, and 30mg, and
observed only six, twelve, and 24 hours for three time points.
This is incongruous with the biological rhythm and timing
of therapy in CRC. We feel that repeated usage of Lys (4-
6 h dosage interval) may one day be used as an adjuvant
therapy for CRC. We cannot rule out the possibility that
Lys is a predictor of intestinal damage in patients with colo-
rectal cancer due to the fact that Lys experiments were con-
ducted on the body of mice, whereas the rectal region is the
primary site of CRC onset in humans, where the cell types
and arrangement structure are quite different from mice.

In summary, the findings of our study revealed that Lys
inhibited the progression of colorectal cancer via induction
of ferroptosis. We also provide evidence that Lys promotes
the degradation of Nrf2 in proteosome, which contributes

to its pharmacology effects in regulating ROS accumulation
and ferroptosis (Figure 8), suggesting it can be used as a che-
motherapeutic agent for the treatment of CRC.
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Ferroptosis is a new programmed cell death characterized by the accumulation of lipid peroxidation mediated by iron and
inflammation. Since the transcentury realization of ferroptosis as an iron-dependent modality of nonapoptotic cell death in
2012, there has been growing interest in the function of ferroptosis and its relationship to clinical diseases. Recent studies have
shown that ferroptosis is associated with multiple diseases, including degenerative diseases, ischemia reperfusion injury,
cardiovascular disease, and cancer. Cell death induced by ferroptosis has also been related to several skeletal diseases, such as
inflammatory arthritis, osteoporosis, and osteoarthritis. Research on ferroptosis can clarify the pathogenesis of skeletal diseases
and provide a novel therapeutic target for its treatment. In this review, we summarize current information about the molecular
mechanism of ferroptosis and describe its emerging role and therapeutic potential in skeletal diseases.

1. Introduction

Ferroptosis is a new cell death mode characterized by the
accumulation of lipid peroxidation mediated by iron. In
2012, Dixon et al. first proposed the definition of ferroptosis,
an iron-dependent nonapoptotic mode of cell death charac-
terized by the accumulation of lipid reactive oxygen species
(ROS) [1, 2]. Recent studies have shown that ferroptosis is
obviously distinct from previous cell death patterns, such
as autophagy, necrosis, and necrotic apoptosis, at genetic and
characterized levels (Table 1) [1–3]. Unlike the morphological
features of necrosis, it does not havemembranolytic properties
or swelling of the cytomembrane and cytoplasm. Further-
more, in contrast with autophagy, ferroptosis is characterized
by rupture of the cell membrane. Specifically, ferroptosis is
morphologically shown by reduced mitochondrial cristae
and rupture of the mitochondrial outer membrane, which
leads to mitochondrial dysfunction [1, 4, 5].

Iron homeostasis and lipid peroxidation are committed
steps in the process of ferroptosis (Figure 1) [2, 6]. Superflu-
ous iron induces ferroptosis by producing ROS, while sup-
pressing GPX4 can inhibit ferroptosis through the
accumulation of intracellular lipid peroxide [1, 6, 7]. In addi-
tion, upon exposure to some compounds used in experi-
ments and clinics, such as erastin, sorafenib, lanperisone,
and Ras-selective lethal small molecule 3 (RSL3), ferroptosis
was promoted, while ferrostatin-1 (Fer-1), liproxstatin-1
(Lip-1), and zileuton inhibited ferroptosis [8–10]. Current
studies have indicated that the relationship between ferrop-
tosis and orthopedic diseases has also attracted extensive
attention [1, 6, 11–16]. Ferroptosis has been reported in
osteosarcoma cells, promoting their sensitivity to cisplatin
with the application of erastin or RSL3, thus attenuating resis-
tance of osteosarcoma to cisplatin in vitro [17]. Another report
showed that iron overload induced by erythrocyte rupture and
the increasing excitatory toxicity of glutamate induced by
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stress in acute spinal cord injury (SCI) lead to ferroptosis,
while desferrioxamine (DFO), an inhibitor dampening ferrop-
tosis, can improve SCI [18]. In view of these findings, this
review summarizes recent research progress on ferroptosis to
supply references for further understanding of its mechanism
and describe its emerging role in skeletal diseases.

2. Origin and Development

The concept of programmed cell death first emerged in the
1960s, before ferroptosis was defined [19, 20]. Previous stud-
ies on cell death indicated that GPX4, the fourth member of
the selenium containing GPX family, but not GPX1, reduces

Table 1: Comparison of cell death in ferroptosis, autophagy, and apoptosis.

Comparison of characteristics of cell death in ferroptosis, autophagy, and apoptosis
Cell death types Ferroptosis Autophagy Apoptosis

Morphological
characteristics

Smaller mitochondria, decreased
mitochondrial ridge

Autolysosome
Cells became round, chromatin
is condensed and fragmented,

and cytoplasm shrunk

Other features
Iron ion aggregation,
cell membrane rupture

No obvious changes in
the nucleus and membrane

Cell shrinks, cytoplasm flows out,
and membrane vacuoles

Detection index ROS, PTGS↑; NADPH↓ LC3-I→LC3II Caspase↑; intracellular Ca2+↑

Positive regulatory factor Erastin, RSL3, RAS, Sorafenib, p53 ATG family, Beclin1
P53, Bax, Bak, TGF-β, radiation,

dexamethasone

Negative regulatory factor
GPX4, FSP1, SLC7A11, Nrf2,

ferrostatin-1, liproxstatin-1, DFO
mTOR, 3-methyladenine,
wortmannin, Spautin1

Bcl-2, Bcd-XL, Z-VAD-FMK, IL-4
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Figure 1: Mechanisms of ferroptosis. Ferroptosis is characterized by iron accumulation, excessive production of ROS, and lipid
peroxidation. This illustration shows the process of ferroptosis, summarizing the key molecules and targets regulating iron and lipid
peroxidation. TFR1: transferrin receptor 1; PUFA: polyunsaturated fatty acid; LOX: lipoxygenase; STEAP3: six-transmembrane epithelial
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lipid hydroperoxides in membranes, and cloning GPX4
reveals its distinct nature such as the scavenging capacity
of membrane lipid hydrogen peroxide products compared
to other GPXs, thus suppressing cell death [21, 22]. It was
thought that this phenomenon was caused by the inhibition
of apoptosis or autophagy. Meanwhile, the presence of
GPX4 has been further observed in animals and humans
[23, 24]. This further confirms the important role of GPX4
in cell death patterns. Before long, Dolma et al. found that
erastin had selective lethality in Ras-expressing cancer cells,
and the cell death pattern was different from what we previ-
ously knew until the 2000s [25]. In addition, RSL3 and RSL5,
which can directly bind to GPX4 protein to inactivate it and
induce the production of lipid ROS, selectively killed Ras-
transformed (BJeLR) BJ fibroblasts in a new way different
from apoptosis [1]. It is interesting that the mode of cell
death induced by this composition is nonapoptotic, as cell
death is induced by erastin and RSL3 in the absence of apo-
ptotic markers [4, 5, 25]. Ushered in a major breakthrough
in 2012, the new terminology ferroptosis was coined from
nutrient consumption-induced cancer cell death and oxida-
tion, the death of neurons yielding to the glutamate excito-
toxin and inhibiting the amino acid antiporter solute
carrier family 7 member 11 (SLC7A11/x CT/system Xc-)
[26–29]. With the discovery of this concept, subsequent
studies confirmed the phenomenon that GPX4 inhibited
iron-mediated death by inhibiting ROS production rather
than autophagy or apoptosis, as previously thought. Recent
studies have identified lipophilic antioxidants as powerful
inhibitors of erastin-induced cell death, suggesting that
ROS are involved in this cell death process (Figure 1) [5,
30]. Moreover, iron chelating agents were identified as sup-
pressors of cell death induction after RSL3 treatment, sug-
gesting the requirement for cellular iron [4].

In 2014, Skouta et al. found that Fer-1, a chemical com-
pound inhibiting the peroxidation induced by iron and trace
lipid hydroperoxide in liposomes, suppressed cell death in
some disease “models,” such as Huntington’s disease (HD),
periventricular white matter (PVL), and renal insufficiency.
This discovery provides the basis for the use of ferrostatin
in models of diseases, and it is the first to stress the impor-
tance of ferroptosis beyond the cellular level [31]. In 2015,
new results revealed that the retinoblastoma- (Rb-) negative
status of hepatocellular carcinoma cells promotes iron oxi-
dation disease (a type of oxidative necrosis) after exposure

to sorafenib. These findings highlight the role of retinoblas-
toma in the response of HCC cells to sorafenib and the reg-
ulation of iron disease [32]. Subsequent studies showed that
the iron chelating agent deferoxamine (DFO) significantly
inhibited RSL3/BV6-induced cell death, but it did not pro-
tect erastin/BV6 cells from death, suggesting that RSL3/
BV6- and not erastin/BV6-mediated cell death depended
on iron in 2017 [33]. In addition, activation of the Nrf2-
ARE pathway contributed to HNV cell resistance to GPX4
inhibition, and inhibition of the Nrf2-ARE pathway reversed
resistance to iron transformation in HNC cells in 2018 [34].
In 2020, glutamine deprivation increased vorinostat-
mediated cell death and ROS accumulation, and genetic
elimination of xCT improved the efficacy of vorinostat by
inducing ferroptosis (Figure 2) [35]. In summary, the dis-
covery and development of a new death mode named fer-
roptosis may provide a research approach to learn and
treat multidisciplinary diseases.

3. The Relationship between Bone Metabolism
and Iron

Iron is an important trace element in nature. In recent years,
people have gradually realized that iron deficiency and iron
overload are important inducers of the occurrence and
development of ferroptosis. For the sake of a deeper under-
standing of bone metabolism and ferroptosis, researchers
have begun to explore the relationship between iron and
bone metabolism. Medeiros et al. found that bone volume
fraction (BV/TV) and bone trabecular thickness decreased
with the increment of bone trabecular separation analyzed
by micro-CT in a female rat model fed an iron-deficient diet
[36]. With the exception of the effects of iron deficiency on
bone structure, markers of bone transformation were also
affected, which may provide ideas into the detailed mecha-
nism of how iron deficiency affects bone. In contrast, the
expression levels of parathyroid hormone (PTH) and
tartrate-resistant acid phosphatase 5B (TRAP) were upregu-
lated in iron-deficient rats, suggesting that severe iron defi-
ciency leads to increased bone resorption as bone
formation decreases. In addition, previous studies have
shown that the mineralization function of osteoblasts is
damaged through a lack of iron [37]. A population study
also reported that iron deficiency anemia (IDA) played a sig-
nificant role in some bone health indicators. In a population-
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based study from Taiwan, the risk ratio of IDA to osteoporo-
sis was 1.74 higher than that of individuals with normal iron
status [38]. Contrary to common sense, the more iron there
is, the better. High levels of iron in menopausal female and
some genetic diseases are correlated with a decrease in bone
quality and activity. These processes eventually lead to loss
of bone mass, increased risk of bone fracture, and formation
of osteoporotic bone phenotypes, as stated elsewhere [39].
Although the effects of menopause were excluded, Kim
et al. also found that an increase in ferritin resulted in bone
loss [40]. Subsequent studies have shown that there is a rela-
tionship between iron overload and a high incidence rate of
osteoporosis in hereditary hemochromatosis (HH) [41, 42].
As described above, bone metabolism is disordered in an
environment of iron deficiency, which leads to the occur-
rence of orthopedic diseases.

4. Inducers

To date, there are many inducers of ferroptosis (Table 2).
We briefly describe the following compounds.

4.1. Erastin. Cell death induced by erastin is efficiently sup-
pressed by antioxidants such as α-tocopherol, β-carotene,
butylated hydroxytoluene, and iron chelators, indicating that
ferroptosis induced by erastin requires ROS- and iron-
dependent signaling [1, 43]. Upregulation of RAF/MEK/
ERK signaling can be significant for ferroptosis induced by
erastin in tumor cells carrying oncogenic Ras [43]. In vivo,
the adaptation and water solubility of piperazine erastin
are better than those of erastin in suppressing cancer
growth [44].

The mitochondrial voltage-dependent anion channel
(VDAC) is one of the direct molecular targets of erastin,
which can be directly attached to VDAC2/3 in BJeLR cells
[43]. Reducing the expression of VDAC2 and VDAC3,
instead of VDAC1, brings about erastin resistance [43]. In
addition, erastin is able to decrease glutathione (GSH) levels
by directly suppressing system Xc- activity to affect the cys-
tine/glutamate antiporter, activating the stress response in
the ER in bone marrow-derived mesenchymal stem cells
[1, 45, 46]. This response will accelerate ROS accumulation
in ferroptosis.

Table 2: Overview of inducers of ferroptosis.

Target Inducer Mechanisms associated with ferroptosis

System Xc-

Erastin Inhibit system Xc- activity

Erastin2 Inhibition of system Xc- cystine/glutamate transporter

Imidazole ketone Erastin Metabolic stabilization inhibitor of system X-

Glutamate Inhibit system Xc- activity

GPX4

RSL3 GPX4 bound to selenocysteine sites

DPI7 (ML162) Covalently bind GPX4 (same binding site as RSL3)

DPI10 (ML210) Indirectly inhibit GPX4 activity or bind to sites different from RSL3

Altretamine Inhibit GPX4 activity

GSH

Buthionine sulfoximine Reduce GSH synthesis

N-Acetyl-4-benzoquinone imine Toxic doses deplete glutathione reserves in the liver

Cisplatin Binding to GSH inactivates GXP4

DPl2 Excessive consumption of GSH

Piperlongumine Consume GSH and inhibit GPX4 activity

ROS and iron ions

Heme Increase of intracellular unstable iron

Withaferin A
Medium dose upregulated HMOX1 expression and increased intracellular unstable

iron. High dose inhibited GPX4 activity

BAY 11-7085 Upregulation of HMOX1 expression and increase of intracellular unstable iron

FINO2 Oxidation of Fe2+ promotes ROS accumulation in cells

Artesunate Induce ferritin autophagy and release unstable iron

Dihydroartemisinin
Induce ferritin autophagy and release unstable iron; binding to free iron

inhibits ferritin translation

Siramesine
Decrease the expression of FPN, increased the expression of transferrin,

increased the intracellular unstable iron

BAY 87-2243 Inhibit mitochondrial respiratory chain complex 1 and increase ROS

iFSP1 Inhibition of FSP1 inhibits ferroptosis unrelated to glutathione activity

ROS
Auranofin Inhibit thioredoxin reductase activity

Statins
Inhibits HMG-COA reductase, which catalyzes rate-limiting steps

of the MVA pathway

ROS and GSH QD-394 Induce lipid peroxidation and decrease GSH/GSSH ratio

ROS and SQS FIN56 Induce GPX4 degradation. Bind and activate SQS to reduce CoQ10
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4.2. RSL3 and RSL5. In tumor cells, ROS, iron, and MEK are
essential in ferroptosis induced by RSL3 and RSL5 [4].
VDAC2/3 is necessary for RSL5 to realize ferroptosis but
not for RSL3 [4]. RSL3 can directly inhibit GPX4 [7]. After
integrating into GPX4, RSL3 suppresses GPX4 to promote
lipid peroxidation to increase ROS production [7]. There-
fore, recent studies have shown that at least two types of
RSLs exist. Type I RSLs, such as erastin and RSL5, can trig-
ger ferroptosis by targeting upstream regulators. Type II
RSLs suppress downstream regulators such as GPX4 to
induce ferroptosis. RSL5-induced ferroptosis can be inhib-
ited by a protein synthesis inhibitor but not RSL3-induced
ferroptosis, indicating that type I RSL-induced ferroptosis
requires protein synthesis.

4.3. Lanperisone. Lanperisone, an improved version of tol-
perisone, has been developed as a skeletal muscular relaxant
[45]. Lanperisone can selectively kill K-Ras-mutant mouse
embryonic fibroblasts through the induction of ROS medi-
ated through iron and Ras/RAF/MEK/ERK signaling. In
addition, lanperisone may inhibit the function of system
Xc- or other targets in ferroptotic pathways [1]. LP appears
to be similar to erastin in terms of potential mechanisms.
By binding to mitochondrial voltage-dependent anion chan-
nels (VDACs), erastin alters VDAC gating, leading to mito-
chondrial dysfunction and ROS production and ultimately
inducing ferroptosis. Lanperisone also suppresses tumor
growth in a K-Ras-driven mouse model of lung cancer
in vivo [47]. The specific mechanism of ROS generation
induced by lanperisone is not clear, but a study suggests that
the interference of voltage-gated ion channels is impor-
tant [45].

4.4. Sorafenib. Sorafenib can induce ferroptosis in some can-
cer cells, such as colorectal cancer cells, hepatoma cells, and
osteosarcoma cell [32, 48, 49]. Ferroptosis induced by soraf-
enib occurs free from the carcinogenic state [50]. However,

the expression of Nrf2 and Rb can suppress ferroptosis
induced by sorafenib in HCC [32, 51]. The function of soraf-
enib in ferroptosis may be associated with the inhibition of
system Xc- instead of GPX4 expression. This process is
linked to the upregulation of ER stress [52]. Further research
on sorafenib analogs shows that sorafenib suppresses system
Xc− via a nonkinase target [52].

5. Inhibitors

In addition to the above, we also summarized the inhibitors
of ferroptosis classified by some targets (Table 3).

5.1. Ferrostatin. Initial ferrostatin is known as ferrostatin-1
(Fer-1) and acts as an inhibitor of ferroptosis induced by
RSL3 and erastin in fibrosarcoma HT-1080 [1]. The activity
of Fer-1 is determined by the primary aromatic amine,
which particularly suppresses lipid oxidation and decreases
the accumulation of ROS [1]. In addition, Fer-1 can inhibit
osteoblast ferroptosis by regulating the Nrf2-ARE signaling
pathway, thereby alleviating nanoparticle-induced peri-
implant osteolysis [53]. In comparison with Fer-1, new-
generation ferrostatins (SRS 11–92 and SRS 16–86) have
the advantages of improving the stability of metabolism
and tremendously preventing diseases such as acute kidney
injury and ischemia-reperfusion injury [54, 55].

5.2. Liproxstatin-1. Liproxstatin-1 (Lip-1), a potent spiroqui-
noxalinamine derivative, is known to inhibit the accumula-
tion of ROS from lipid oxidation and cell death in GPX4
knockout cells [43]. Lip-1 may function as a lipophilic anti-
oxidant, although the mechanism of action of this inhibitor
has yet to be reported. Previous studies have proven the
close relationship between Lip-1 and ferroptosis. In vitro,
Lip-1 inhibits ferroptosis induced by ferroptosis inducers
such as erastin, RSL3, and buthionine sulfoximine. Recent
studies have also found that Lip-1 suppresses ferroptosis in

Table 3: Overview of inhibitors of ferroptosis.

Target Inhibitor Mechanisms associated with ferroptosis

ROS and iron ions

Minocycline Minocycline reduces iron overload after ICH and iron induced brain injury

Ferrostain-1 Scavenge ROS, inhibit lipid peroxidation, and reduce unstable iron in cells

Liproxstatin-1 Scavenge ROS, inhibit lipid peroxidation, and activate the Nrf2 signaling pathway

Curcumin Chelate iron, reduce iron accumulation, and activate the Nrf2 signaling pathway

Alpha tocopherol
analogs

Remove ROS and inhibit lipid peroxidation

Nitrogen oxides Inhibit Fenton reaction and hydroxyl radical production

GSH and GPX4
Baicalein

Inhibit GSH depletion, GPX4 degradation, and lipid peroxidation and activate the Nrf2
signaling pathway

Gastrodin Inhibit glutamate-induced iron death in HT-22 cells

ACSL4 Rezulin Prevention of ferroptosis and lipid peroxidation in Pfa1 cells induced by RSL3

5-LOx Zileuton Protect ACSL4 overexpressed LNCaP and K562 cells from erastin-induced ferroptosis

TFR1 and FTH1 HSPB1 Inhibit ferroptosis induced by erastin

Lipid peroxidation XJB-5-131 Suppress lipid peroxidation

Iron Deferoxamine Deplete iron and prevent iron-dependent lipid peroxidation
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osteosarcoma cells induced by bavachin through the stat3/
p53/slc7a11 axis [56]. Intraperitoneal injection of Lip-1 in
GPX4 knockout mice prolongs animal life in response to
renal injury [43]. Lip-1 can also prevent other organ ischemia
reperfusion injuries in mice, such as hepatic and cerebral
injury by evaluating proferroptotic changes after ischemia
and the levels of protein and lipid peroxidation [57].

5.3. Prominin-2. Ferroptosis causes clinically extensive
necrosis during heart attack and acute kidney injury. Belav-
geni et al. described the terpenoid membrane glycoprotein
prominin-2 as a novel endogenous ferroptosis inhibitor
[58]. Subsequent studies found that iron-promoting stimu-
lants (including inhibition of GPX4 and its withdrawal from
the extracellular matrix) induce the expression of promi-
nin2, a pentapeptide involved in the dynamic regulation of
the vitamin. Prominin2 promotes iron-resistant death of
breast epithelial and breast cancer cells [59]. Mechanistically,
prominin2 promotes the formation of ferritin-containing
polyvesicles (MVBs) and exosomes that transport iron out
of the cell, thereby inhibiting ferroptosis. These findings
suggest that resistance to iron death can be driven by the
prominin2-MVB-exosome-ferritin pathway and has broad
implications for iron homeostasis, intracellular transport,
and cancer [59, 60].

6. Important Mechanisms
Associated with Ferroptosis

6.1. Inducing Ferroptosis by Suppressing System Xc-. System
Xc- is a plasma membrane cystine/glutamate antiporter
made up of a twelve-pass transmembrane transporter pro-
tein linked to the transmembrane regulatory protein
SLC3A2 through a disulfide bridge that is often present in
phospholipid bilayers. It is also an integral part of the cell
antioxidant system. Cystine and glutamate are intercellularly
and extracellularly exchanged by system Xc- at equal propor-
tions [1]. Cysteine is degraded into cysteine in cells and is
closely related to the production of glutathione (GSH).
GSH suppressed ROS in the presence of glutathione peroxi-
dases (GPXs). Suppressing the viability of system Xc- influ-
ences the production of GSH by decreasing the absorption
of cystine, which results in downregulating GPX activity
and greatly weakening cell antioxidant capacity. Due to the
influence described above, the eventual occurrence of oxida-
tive damage and ferroptosis is inevitable. In addition, by
downregulating the expression of SLC7A11, p53 can also
inhibit cystine uptake by system Xc-, thus reducing the activ-
ity of GPX4, leading to decreased cell antioxidant capacity
and ferroptosis [61, 62].

6.2. Inducing Ferroptosis by Suppressing GPX4 through the
MVA Pathway. In the case of the GPX family, recent studies
have shown that GPX4 plays a considerable role in the
occurrence of ferroptosis mainly by suppressing the forma-
tion of lipid peroxides. GPX4 is a unique selenium-
utilizing form of glutathione peroxidase that can specifically
protect lipids in cell membranes from oxidative damage.
GPX4 acts as a phospholipid hydroperoxidase and plays a

role in the conversion of glutathione to oxidized glutathione
(GSSG) and decreases phospholipid hydroperoxide produc-
tion (AA/ADA-PE-OOH) to the corresponding phospho-
lipid alcohol (PLOH) [63]. The accumulation of lipid
peroxides induced by the downregulation of GPX4 activity
can result in the emergence of ferroptosis. In contrast, cells
overexpressing GPX4 suppress ferroptosis by decreasing
the production of lipid peroxides [43]. RSL3, which induces
ferroptosis, has a direct function on GPX4 and suppresses its
activity to reduce the generation of the antioxidant capacity
of cells and accumulate ROS, thus resulting in the occur-
rence of ferroptosis [7]. Selenocysteine is one of the essential
amino acids in the activation of GPX4, and its tRNA, which
plays a crucial role in efficient translational decoding of
UGA and synthesis of selenoproteins through isopentenyla-
tion, links selenocysteine to GPX4 [64]. The mevalonate
(MVA) pathway is a metabolic pathway for the synthesis
of isoprene pyrophosphate and dimethyl allyl pyrophos-
phate from acetyl coenzyme A. In addition, when GPX4 is
inactivated, it will inhibit the conversion of lipid peroxide
to lipid alcohol. Lipid peroxide (LPO) can be used as an
important indicator of ferroptosis. For example, nanoplat-
form could inhibit the expression of HMGCR to downregu-
late the mevalonate (MVA) pathway and glutathione
peroxidase 4 (GPX4), thereby producing more LPO to
induce cancer cell ferroptosis. Apart from these, IPP and
CoQ10 play vital roles in the mevalonate (MVA) pathway
[64–66]. Consequently, suppressing the MVA pathway can
reduce the synthesis of selenocysteine tRNA, thus influenc-
ing GPX4 expression and leading to ferroptosis.

6.3. Inducing Ferroptosis by Injuring Mitochondrial VDACs.
VDAC is involved in energy metabolism mainly by affecting
the transport of ATP/ADP in and out of mitochondria.
Meanwhile, VDACs, as transmembrane channels, can trans-
port ions and metabolites and play a key role in regulating
ferroptosis [67]. Tarangelo et al. found that erastin exerts
effects on VDACs, leading to mitochondrial structural injury
and dysfunction and bringing about a large amount of
released reactive oxygen species (ROS), ultimately leading
to ferroptosis [68]. By blocking the oligomerization of
VDAC1 but not VDAC2 or VDAC3, they found that
liproxstatin-1 short-circuited the ferroptosis pathway [69].

6.4. Ferroptosis Mediated by p53. p53 is a pivotal tumor sup-
pressor gene, which regulates cell growth and senility by
promoting apoptosis and repairing DNA under stressful
conditions and plays a vitally important role in the occur-
rence and development of tumors [70]. Researchers have
accidentally found that p53 is also closely related to ferrop-
tosis. A study has shown that acetylation-deficient p53
mutants can boost ferroptosis. Jiang et al. found that the
activity of p53-silenced H1299 cells was not different when
induced by ROS [61]. However, almost all of the cells died
induced by reactive oxygen species after activating p53.
The cell death rate decreased significantly when cells were
treated with Fer-1, a ferroptosis inhibitor. Recent studies
have reported that p53 can suppress cystine uptake by sys-
tem Xc- through downregulation of SLC7A11 expression,
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thus regulating GPX4 expression and reducing antioxidant
capacity and ultimately ferroptosis [61]. In addition, the
p53-SAT1-ALOX15 pathway is also associated with the pro-
cess [67]. In addition, the expression of p53 can also have an
opposite effect on ferroptosis. Tarangelo et al. found that p53
suppressed the competence of system Xc- but also decreased
the sensitivity of many cells, such as human HT-1080 fibro-
blasts, to ferroptosis [68]. He et al. found that these cells,
called human HT-1080 fibroblasts, were not sensitive to fer-
roptosis induced by erastin-2 when treated with the p53
inducer nutlin3. Subsequent research demonstrated that
nutlin-3 increases the expression of wild-type p53 in wild-
type U-2OS, Caki-1, and A549 cells, which could lead to fer-
roptosis [71]. In addition, inhibition of ferroptosis sensitivity
requires the help of CDKN1A (encoding p21), which regu-
lates glutathione synthesis and metabolism. Previous out-
comes clearly state that the p53-p21 axis can negatively
regulate ferroptosis in cancer cells [68]. Apart from what
was mentioned before, Xie et al. found that p53 played an
important role in suppressing ferroptosis in colorectal can-
cer [72]. Consequently, p53 regulation of ferroptosis may
be bidirectional and the detailed mechanism needs to be fur-
ther studied.

6.5. Relationship between Iron Metabolism and Ferroptosis.
Iron is a necessary trace element for humans. Abnormal iron
metabolism in the body can affect the occurrence and devel-
opment of normal physiological processes. In the blood, iron
mainly exists in the form of Fe2+, which originates from
erythrocyte degradation or intestinal absorption [73]. Six
transmembrane epithelial antigen of the prostate 3
(STEAP3) can resolve Fe3+ into Fe2+, and unstable iron pool
(LIP) and ferritin will finally be storage places for Fe2+ with
mediation of zinc-iron regulatory protein family 8/14 (ZIP8/
14) or divalent metal transporter 1 (DMT1). Superfluous
Fe2+ is oxidized to Fe3+ by ferroportin (FPN) [74]. The recy-
clability of internal iron, as mentioned above, strictly regu-
lates iron homeostasis in cells. Silencing TFRC (the gene
encoding TFR1) can suppress ferroptosis induced by erastin
[11], but heme oxygenase-1 (HO-1) can expedite ferroptosis
induced by erastin by replenishing iron [75]. Recent studies
have found that ferroptosis is related to heat shock protein
beta-1 (HSPB1). This protein can suppress TFR1 expression
to decrease intracellular iron content, and the overexpres-
sion of HSPB1 can effectively inhibit ferroptosis [76]. Iron
response element binding protein 2 (IREB2) plays a key
role in iron metabolism, and inhibiting it can significantly
inhibit ferroptosis by increasing the expression of ferritin
heavy chain 1 (FTH1), which is an important component
of ferritin [77].

6.6. Regulating Ferroptosis through the Lipid Metabolism
Pathway. The accumulation of ROS is one of the important
characteristics of ferroptosis. Lipid metabolism and ferrop-
tosis are closely related. The lipid peroxidation of polyunsat-
urated fatty acids (PUFAs) is susceptible and closely related
to the occurrence of ferroptosis [78]. The process of esterifi-
cation and oxidation is necessary to transmit signals to cause
ferroptosis. Recent research shows that phosphatidyletha-

nolamine (PE), containing arachidonic acid (AA) or its
derivative adrenaline, plays a pivotal role in ferroptosis
[79]. Lysophosphatidylcholine acyltransferase 3 (LPCAT3)
and acyl-CoA synthetase long-chain family member 4
(ACSL4) are related to the synthesis and reconstruction of
PE, activating PUFAs and influencing the transmembrane
function of PUFAs [80]. Therefore, downregulating the
expression of the above two products can reduce the accu-
mulation of intracellular lipid peroxide substrates and
inhibit ferroptosis. Ultimately, with the catalysis of lipoxy-
genase (LOX), PUFA-PE can play a further oxidative role
and eventually induce ferroptosis.

7. Ferroptosis in Bone-Related Diseases

7.1. Osteoporosis. Osteoporosis is a systemic bone disease
that is prone to fracture due to the decrease in bone density
and quality, destruction of bone microstructure, and
increase in bone fragility [81]. In addition, pain caused by
osteoporosis can reduce the quality of life of patients; spinal
deformation and fracture can be disabled, limiting patients’
activities and increasing the incidence of pulmonary infec-
tion and bedsores, not only increasing the quality of life
and mortality of patients but also imposing a heavy eco-
nomic burden on individuals, families, and society [82].
Current treatments for osteoporosis are limited, and calcium
is only supplemented when appropriate, but calcium alone
cannot be used as an osteoporosis treatment, only as a basic
adjunct, and an increasing number of people are experienc-
ing the problem, so addressing this aspect is imminent [83].
In addition, previous studies on autophagy, apoptosis and
osteoporosis have some shortcomings [84, 85]. The discov-
ery of ferroptosis may provide a new direction for the treat-
ment of osteoporosis.

Along with the further comprehension of ferroptosis,
ferroptosis is recognized as a new factor for osteoporosis.
Tian et al. observed that the death of osteoblasts in vitro
induced by ferroptosis is involved in the mitochondrial apo-
ptotic pathway through the analysis of intracellular labile
iron levels by flow cytometry and fluorescence microscopy
and mitochondrial membrane potential (MMP) [86]. Iron
overload could induce apoptosis in osteoblasts and osteopo-
rosis in vivo. Mitochondrial apoptosis and ROS-mediated
necroptosis are closely related to ferroptosis, leading to the
death of osteoblasts and thus causing bone rarefaction [87,
88]. In addition, some experts found that the characteristics
of ferroptosis such as the function of osteoblasts and osteo-
clasts in osteoporotic mice are reflected in bone mineral den-
sity, trabecular number, and trabecular bone mass measured
by micro-CT in the femur [89]. The above studies suggest
that ferroptosis has a great influence on osteoporosis
(Figure 3).

Recently, Ni et al. observed that ferroptosis affected oste-
oclasts in the process of differentiation induced by RANKL.
The overexpression of TFR1 and the amount of significantly
decreased ferritin induced by downregulating aconitase
activity can lead to ferroptosis during RANKL stimulation
without oxygen deficiency. However, these phenomena
regarding changes in intracellular iron homeostasis and the

7Oxidative Medicine and Cellular Longevity



activation of ferritinophagy could not be observed under
hypoxia. In addition, they also found that HIF-1α impaired
autophagic flux under hypoxia in vitro. 2ME2, a HIF-1α-
specific inhibitor, prevents OVX-induced osteoporosis in
rats in vivo, probably due to the increase in ferroptosis
markers such as PTGS2 and MDA [90]. In addition, other
scholars found interesting phenomena about the occurrence
of ferroptosis in skeletal muscle related to changes in iron
metabolism and lipid peroxidation and different expression
of TFR1 by comparing different age groups of mice. With
intramuscular injection of lentivirus expressing TFR1, skele-
tal muscle regeneration is enhanced and suppresses ferrop-
tosis in different age groups of mice, thus preventing
osteoporosis [91]. Liu et al. further clarified the relationship
between ferroptosis and osteoporosis through animal
models of osteoporosis in vivo and cell models in vitro
[92]. From the above research content, we have a better
understanding of ferroptosis orchestrated with osteoporosis
than before and can treat and prevent osteoporosis accord-
ing to some targets. However, due to some technical limita-
tions, many detailed mechanisms in ferroptosis involved in
osteoporosis remain unclear.

7.2. Acute Spinal Cord Injury. SCI is usually caused by frac-
tures and/or dislocations of the spine as a result of direct or
indirect violence. It leads to severe dysfunction of the lower
limb and thus causes serious physical and psychological
damage to patients themselves and causes a huge economic
burden on society. SCI has high mortality and disability
rates [93]. Due to previous research on SCI, the prevention,
treatment, and rehabilitation of SCI have become major
topics in today’s medical community.

Previous studies have mostly studied the mechanisms of
acute spinal cord injury from the aspects of apoptosis and
autophagy. For example, the AMPK/mTOR signaling path-
way is activated after spinal cord injury. This inactivates
the intracellular AMPK-activated mTOR, which catalyzes
the phosphorylation of ULK1 to promote autophagy. After
spinal cord injury, the mitochondria of neurons produce
excessive reactive oxygen species through the processes of
protein decomposition, lipid peroxidation, and DNA dam-
age, which leads to the aggravation of spinal cord injury
and apoptosis [94, 95]. In addition, potential roles of pheno-
lic compounds as key phytochemicals have also been
revealed in preclinical and clinical studies in regulating
upstream dysregulated oxidative stress/inflammatory signal-
ing mediators and extrinsic mechanisms of axon regenera-
tion after SCI [96, 97]. Meanwhile, polyphenols were also
identified as a potent inhibitor of ferroptosis, which was con-
firmed in in vitro and in vivo studies in different disease
models [98–101]. However, whether polyphenols can
improve acute SCI by interfering with ferroptosis and
whether they interact with apoptosis and autophagy still
need further study. Fortunately, recent studies have shown
that variances in mitochondrial function and structure in
ferroptosis can be observed by transmission electron micros-
copy, and ferroptosis markers in SCI rats exhibit several
changes in spinal cord tissue, which are different from
autophagy and apoptosis. As mentioned above, ferroptosis
plays an important role in SCI [18]. After SCI, spinal cord
hemorrhage, degeneration, red blood cell rupture, and
hemolysis occurred in the injured spinal cord and thus
caused iron overload. Stress also activated ROS accumula-
tion and lipid peroxidation [102].

Iron overload

Osteoclast activation

Osteoblast apoptosis
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Figure 3: The mechanism of ferroptosis induced by iron overload in osteoporosis. Ferroptosis induced by iron overload leads to an increase
in mitochondrial membrane potential and the accumulation of lipid peroxide by affecting glutathione and fatty acid cycle. It further
promotes the activation of osteoclasts and the apoptosis of osteoblasts, leading to the increase of bone resorption and the decrease in
bone formation, resulting in osteoporosis and finally osteoporotic fracture.
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Some scholars have found that ferroptosis can lead to
serious consequences of secondary injury after spinal cord
injury and that DFO can suppress ferroptosis to promote
functional recovery in SCI rats [18]. Galluzzi et al. experi-
mented on spinal nerve cells with ferrous ions and found
that with the increase in iron in cells, the degree and metab-
olites of lipid peroxidation related to neuronal inactivation
also increased [103]. Zhang et al. observed that a ferroptosis
inhibitor called SRS16-86 can reduce ferroptosis markers
and upregulate the levels of GPX4, xCT, and GSH in SCI
rats, thus preventing more complications after SCI [104].
In addition, the morphology of mitochondria was similar
to normal, and more mitochondrial cristae appeared after
SRS16-86 intervention. Subsequent studies have shown that
the extracellular regulated protein kinase (ERK) pathway has
a certain connection with ferroptosis, and downregulating
the RAS/RAF/ERK pathway by the ferroptosis inhibitor
U0126 could inhibit neuroinflammation and protect neu-
rons, thus recovering from SCI and reducing local redox
damage [105]. As will be readily seen from what we men-
tioned above, acute SCI is closely related to ferroptosis.
However, the current research is still insufficient, and the
detailed mechanism of SCI related to ferroptosis is unclear.

7.3. Osteosarcoma. Osteosarcoma is one of the most com-
mon bone malignancies. The typical osteosarcoma origi-
nates from the bone; another completely different type is
osteosarcoma juxtaposed with the bone cortex, which origi-
nates from the periosteum and adjacent connective tissue
[106]. The mortality and disability rate of osteosarcoma is
high in children and adolescents. Some patients suffer from
both physical and psychological damage. Although early
diagnosis and timely medication or surgery have greatly
improved patient quality of life, subsequent physical and
mental rehabilitation treatment is limited, and its curative
effect is not satisfactory.

Gratifyingly, bavachin, a bioactive compound extracted
from the fruit of Psoralea corylifolia, induces ferroptosis
through the STAT3/p53/SLC7A11 axis in osteosarcoma

cells, such as MG63 and HOS cells, thus inhibiting the fur-
ther development of osteosarcoma (Figure 4(a)) [56]. Mean-
while, Chen et al. found that ferroptosis can lead to lipid
peroxidation and dysfunction after osteosarcoma and that
Fer-1 could suppress ferroptosis to promote functional
recovery in osteosarcoma mice (Figure 4(b)) [107]. Recent
studies have shown that osteosarcoma cells, such as U2os
and Saos-2 cells, have a high level of ROS and more lipid
peroxidation metabolites than normal cells. Coincidently,
they observed ferroptosis marker changes in osteosarcoma
cells. Lin et al. confirmed that a ferroptosis inhibitor named
ferrostatin-1 could reduce ferroptosis-related genes such as
HMOX1 and upregulate GPX4 expression in osteosarcoma
cells after intervention with EF24 (a synthetic analog of cur-
cumin), thus promoting the recovery of cell function and
morphology (Figure 4(c)) [108]. In addition, subsequent
studies have shown that NF-κB signaling and the mitogen-
activated protein kinase (MAPK) pathway have a certain
connection with ferroptosis, and downregulating the MAPK
pathway by the ferroptosis inhibitor Fer-1 could promote
osteosarcoma cell death, thus recovering from osteosarcoma
and reducing ROS production (Figure 4(d)) [17, 108–110].
Lv et al. also found that β-phenethyl isothiocyanate, a valid
medicine against cancers such as lung cancer and breast can-
cer, could lead to human osteosarcoma cell death by inter-
fering with iron metabolism through upregulating the
MAPK signaling pathway [111–113]. As time goes by, peo-
ple may pay much more attention to osteosarcoma in chil-
dren and adolescents, and we also have a profound
understanding of this disease. However, as far as we know,
the role of ferroptosis in the regulation of osteosarcoma is
unclear. Further research is needed to elucidate the detailed
mechanism of osteosarcoma correlated with ferroptosis.

7.4. Osteoarthritis. Osteoarthritis is a degenerative disease
that involves the degeneration and injury of articular carti-
lage and reactive hyperplasia of articular edge and subchon-
dral bone caused by many factors, such as aging, trauma,
congenital joint abnormalities, and joint deformities [114].
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Figure 4: (a) The ultrastructure of MG63 and HOS cells (reproduced from ref. [56] with permission from 2021 Hindawi Publishing
Corporation); (b) KDM4A regulation of ferroptosis and tumor progression in OS (reproduced from ref. [107] with permission from
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According to statistics, approximately 300 million people
suffer from osteoarthritis worldwide [115]. While surgery
and medication have greatly improved the motor functions
of patients, subsequent rehabilitation treatment requires fur-
ther perfection [116].

Recent studies have shown that OA, which is closely
related to inflammation, is a complex process associated
with ferroptosis in terms of iron homeostasis [117, 118].
Yao et al. found that erastin, a specific ferroptosis inducer,
downregulated type II collagen (collagen II) expression
orchestrated with OA in chondrocytes, while ferrostain-1
could ameliorate this phenomenon by eliminating lipid
ROS (Figures 5(a) and 5(b)) [119]. Ferrostatin-1 attenuated
OA progression, as detected by immunohistochemistry and
the OARSI score, by suppressing ferroptosis and upregulat-
ing GPX4 expression in the OA mouse model. In addition,
the Nrf2 antioxidant system and ferroptosis regulate each
other under inflammatory and iron overload conditions,
although the detailed mechanism is still unclear [120]. A
subsequent study also found that D-mannose, a compound
involved in immune regulation, exerted a chondroprotective
effect by attenuating the sensitivity of chondrocytes to
ferroptosis and alleviating OA progression (Figure 5(c))
[121]. Through further research, GPx4 was shown to play
an important role in the relationship between osteoarthritis
and ferroptosis. GPx4 regulates ferroptosis or oxidative
stress and ECM degradation through the MAPK/NF-κB sig-
naling pathway to alleviate the progression of osteoarthritis

(Figures 5(d) and 5(e)) [122]. Bin et al. also found that
inflammation induced by suppressing miR-10a-5p regulated
by IL-6 can promote ferroptosis in cartilage cells through
cellular oxidative stress and iron homeostasis imbalance
[105]. In addition, subsequent results suggest that IL-6 in
IVD exacerbates its degeneration by inducing cartilage cell
ferroptosis, thus causing lumbar instability, fracture, and
intervertebral disc degeneration [123]. They may make the
IL-6/miR-10a-5p/IL-6R axis a potential therapeutic target
for IDD intervention in the future. To date, we realize that
ferroptosis plays an important role in osteoarthritis, but
the detailed mechanisms require further study.

7.5. Rheumatoid Arthritis. Rheumatoid arthritis (RA), a
chronic systemic disease with a sophisticated etiology, is
considered a common disease that affects 0.5–1% of the
global population [124]. RA is a chronic autoimmune dis-
ease that is characterized by multijoint, symmetrical, and
invasive joint inflammation and is often accompanied by
the involvement of extraarticular organs and positive serum
rheumatoid factor, which can lead to joint deformity and
loss of function [125, 126]. However, current medical strate-
gies only alleviate symptoms and delay the process instead of
healing it completely, and later rehabilitation exercise is not
very satisfactory [127, 128].

Recent studies have shown that ferroptosis plays an
important regulatory role in autoimmune and inflammatory
diseases [129, 130]. For example, treatment with the Gpx4
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Figure 5: (a) Cartilage degradation was assessed by safranin O/fast green about collagen II and GPX4 expression in an OA model
(reproduced from ref. [119] with permission from 2020 Elsevier B.V.); (b) immunohistochemistry staining of GPX4 (reproduced from
ref. [119] with permission from 2020 Elsevier B.V.); (c) chondrocytes 24 h postindicated treatments by MitoTracker Red staining
(reproduced from ref. [121] with permission from 2021 Ovid Technologies, Inc.); (d) mitochondrial membrane rupture in OA cartilage
tissues by a transmission electron microscope (reproduced from ref. [122] with permission from 2022 Elsevier B.V.); (e) three-
dimensional models of mouse knee joints. Red arrow shows osteophyte formation (reproduced from ref. [122] with permission from
2022 Elsevier B.V.).
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Figure 6: (a) Immunohistochemical staining about PTGS2 and GPX4 expression in the joints of CIA mice (reproduced from ref. [131] with
permission from 2022 Nature Publishing Group); (b) cell death in the different study groups by flow cytometry (reproduced from ref. [136]
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model mice with or without IKE treatment (reproduced from ref. [131] with permission from 2022 Nature Publishing Group).
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inhibitor RSL3 specifically increased cell death in fibroblast
activation protein-α (FAPα+) fibroblasts, but not macro-
phages, endothelial cells, T cells, or B cells of cell death. In
addition, the number of surviving FAPα+ fibroblasts in the
synovial area was higher, close to that of macrophages, sug-
gesting that macrophages may protect FAPα+ fibroblasts
from IKE treatment-induced lipid peroxidation and ferrop-
tosis in CIA mice [131]. Of course, how immune cells induce
ferroptosis in RA requires further study. Besides, a previous
study revealed that in an RA model, metalloproteinases
(MMPs) are activated by excessive ROS, thus suppressing
the synthesis of cartilage protein and leading to cartilage
injury and bone destruction. In short, excessive ROS is
closely related to RA [132]. Simultaneously, excessive ROS
also have a hand in ferroptosis of synovial cell death. In fer-
roptosis, ROS are transformed into hydrogen peroxide
through the Fenton reaction, which produces hydroxyl
(·OH) or alkoxyl (RO·) radicals with the help of superoxide
dismutase in the presence of reduced Fe2+. Afterwards,
Fe3+ can be converted into Fe2+ by the Haber-Weiss reaction
[133]. Meanwhile, FSP1 improves lipid peroxidation and
blocks iron sagging by combining with CoQ10 [134, 135].
It could be calculated that FSP1, which acts parallel to
GPX4, is likely to abolish the TNF-α/ROS feedback loop
and prevent ferroptosis of cell death in RA. Moreover, low-
dose imidazole ketone erastin (IKE) together with etaner-
cept, a TNF antagonist, induced ferroptosis in fibroblasts
and attenuated arthritis progression in a collagen-induced
arthritis (CIA) mouse model (Figures 6(a), 6(d), and 6(e))
[131]. Luo and Zhang and Zu et al. also observed the same
phenomenon as ICA, an important role in both rheumatoid
arthritis and osteoarthritis and associated with gene expres-
sion and cellular functions in the synoviocytes of osteoar-
thritis, inhibiting ferroptosis through the Xc-/GPX4 axis,
thus attenuating cell death in the RA model (Figure 6(b))
[136, 137]. On the basis of previous research, Yang et al.
observed lipid peroxidation and iron metabolism disorders
in LPS-induced synovial cells (Figure 6(c)) [138]. At present,
many scholars have invested much time and energy in the
study of ferroptosis in RA and have developed related drugs,
such as curcumin and baicalein, to intervene in RA due to
lipid peroxidation and iron metabolism disorders in RA
[139, 140]. However, we still know little about the detailed
mechanisms. We hope that subsequent research can over-
come these bottlenecks.

8. Questions and Perspectives

In recent years, our understanding of ferroptosis has gradu-
ally deepened in biomedicine, and thousands of articles have
been published. On the whole, ferroptosis is considered to be
a programmed regulation of cell death, which is strictly reg-
ulated at multiple layers and multiple levels [141, 142].
Many pharmacological and genetic operations have been
used to regulate changes induced by ferroptosis in multidis-
ciplinary diseases such as cardiovascular diseases, renal
injury, and skeletal muscle diseases and attenuate disease
mortality and disability rates [43, 138, 143, 144]. However,
research on ferroptosis is in an immature stage, and an array

of doubts remain unanswered, especially in skeletal diseases.
For example, cell death patterns have many similarities in
skeletal diseases, such as ferroptosis, autophagy, and apopto-
sis. What is the association between these cell death pat-
terns? Is it mutual promotion or antagonism? How these
different cell death patterns can be integrated into a system
still needs further study [6]. According to previous research,
iron plays an indispensable role in the development of fer-
roptosis [1]. With the exception of iron ions, ferroptosis
occurs under the regulation of some metal ions in some
instances [145, 146]. This makes us doubt the traditional
definition of ferroptosis. Is iron vital to promote lipid perox-
idation, or can other fungi induce ferroptosis? This view
requires further discussion. Subsequent studies have shown
that FPN, as an upstream iron metabolism gene, can regulate
ferroptosis, but how the downstream pathway is regulated is
still not very clear [11, 75–77]. Ferroptosis accompanies
inflammation in some diseases such RA and acute kidney
injury and modulates the immune system, causing inflam-
matory damage and inhibiting cell growth [147–150]. Under
what circumstances will it promote ferroptosis-induced
inflammation? In addition, no clinical trials have been con-
ducted on ferroptosis activators in skeletal diseases. How
can we integrate basic research results and thus promote
the recovery of skeletal diseases to reduce disability and
mortality? As stated above, even if we invest more time
and enthusiasm than before in conducting research on fer-
roptosis, a series of detailed problems about ferroptosis
urgently need to be solved.

9. Conclusion

In this review, we summarize the mechanism of ferroptosis,
such as suppressing GPX4 expression and activating the
lipid metabolism pathway; briefly list several inducers and
inhibitors; and expound on the manifestations of iron death
in skeletal diseases. As will be readily seen from this article,
our research on ferroptosis is still superficial at present. It
is of great significance to explore the mystery of ferroptosis
and its specific role in multiple distinct diseases, especially
skeletal diseases, and to develop targeted therapeutic regi-
mens. This will be the general trend of future research.
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