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ABSTRACT
Background: Sepsis leads to multiple organ dysfunction caused by a dysregulated
host response to infection with a high incidence and mortality. The effect of
ferroptosis on the development of sepsis remains unclear. In this study, we aimed to
identify the key ferroptosis-related genes involved in sepsis and further explore the
potential biological functions of these ferroptosis-related genes in sepsis using
bioinformatics analysis.
Methods: The GSE13904 (from children) and GSE28750 (from adults) datasets were
downloaded from the Gene Expression Omnibus (GEO). The ferroptosis-related
genes were obtained from the FerrDb database. The ferroptosis-related differentially
expressed genes (DEGs) were screened by the limma R package. The DAVID online
database or clusterProfiler R package was used for the functional enrichment
analysis. Then, the STRING database was used to predict the interactions of proteins,
and the CytoHubba plugin of Cytoscape was used to confirm key clustering modules.
Then, the miRNAs and lncRNAs associated with the key clustering modules were
predicted by miRWalk 2.0 and LncBase v.2 respectively. Finally, we generated a cecal
ligation and puncture (CLP) polymicrobial sepsis model in C57 male mice and
examined the expression of the mRNAs and noncoding RNAs of interest in
peripheral blood leukocytes by PCR during the acute inflammation phase.
Results: In total, 34 ferroptosis-related DEGs were identified in both adult and
pediatric septic patients. These ferroptosis-related DEGs were mainly enriched in
inflammatory pathways. Then, a significant clustering module containing eight genes
was identified. Among them, the following five genes were closely associated with the
MAPK signaling pathway: MAPK14, MAPK8, DUSP1, MAP3K5 andMAPK1. Then,
crucial miRNAs and lncRNAs associated with biomarker MAPK-related genes were
also identified. In particular, let-7b-5p and NEAT1 were selected as noncoding RNAs
of interest because of their correlation with ferroptosis in previous studies. Finally, we
examined the mRNAs, miRNAs and lncRNAs of interest using CLP-induced sepsis
in peripheral blood leukocytes of mice. The results showed that MAPK14, MAPK8,
MAP3K5, MAPK1 and NEAT1 were upregulated, while DUSP1 and let-7b-5p were
downregulated in the CLP group compared with the sham group.
Conclusions: The MAPK signaling pathway may play a key role in regulating
ferroptosis during sepsis. This study provides a valuable resource for future studies
investigating the mechanism of MAPK-related ferroptosis in sepsis.
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INTRODUCTION
Sepsis is defined as a systemic inflammatory response syndrome (SIRS) that occurs when a
dysregulated host response to bacterial, viral or fungal infection leads to unacceptably
severe tissue damage and organ dysfunction (Keeley, Hine & Nsutebu, 2017). More
specifically, sepsis can be viewed as a fierce competition between pathogens and the host
immune response, in which pathogens impair all aspects of host immune defense
(Hotchkiss, Monneret & Payen, 2013). Once the host loses control of local infection, the
activated innate immune system induces a state of robust inflammation characterized by
an exorbitant release of inflammatory cytokines, which is also known as a “cytokine storm”

and plays an important role in initiating organ dysfunction (Delano & Ward, 2016).
Although some septic patients survive this hyperinflammatory phase, they are still at an
increased risk for the development of secondary persistent inflammation due to
sepsis-induced long-term immunosuppression (Delano & Ward, 2016; Nolt et al., 2018).
This immunosuppression is characterized by the deprivation of delayed hypersensitivity to
positive control antigens, a failure to eliminate the primary infection and the development
of new opportunistic infections (Hotchkiss et al., 2009). With the deepening of research,
the extensive loss of immune cells has been considered a major manifestation of
sepsis-induced immunosuppression, which is characterized by programmed cell death
induction (Cao, Yu & Chai, 2019). Over the past decade, a newly discovered necrotic-form
of programmed cell death named ferroptosis has been proposed. The latest study reported
that ferroptosis could release danger-associated molecular patterns (DAMPs) that
irreversibly trigger stress-exposed cells into a proinflammatory state (Liu et al., 2022).
Thus, we hypothesized that ferroptosis may play important roles in the development of
inflammation. However, the mechanism of ferroptosis in sepsis-induced systemic
inflammation remains unclear.

Ferroptosis is a novel type of cell death characterized by increased lipid reactive oxygen
species (ROS), iron-dependent lipid peroxidation and plasma membrane damage (Dixon
et al., 2012). Ferroptosis is well known for its specific physiological and morphological
characteristics such as iron accumulation, decreased cystine uptake, intact nuclei and
shrunken mitochondria, which are different from the characteristics of apoptosis and
pyroptosis (Han et al., 2020). In accordance with its name, intracellular iron homeostasis
plays a significant role in regulating ferroptosis. Iron metabolism-related genes, such as
transferring (TF), transferrin receptor (TFR) and ferroportin (FPN), are considered key
mediators of ferroptosis (Mou et al., 2019). For example, the overexpression of heat shock
protein beta-1 (HSPB1) inhibits ferroptosis by reducing intracellular iron accumulation by
inhibiting TRF1 expression in tumor cells (Li et al., 2020a). Although HSPB1 has been
widely considered as a molecular chaperone, upon phosphorylation, HSPB1 dissociates
into monomers that act as negative regulators of ferroptosis through reducing the uptake
of cellular iron and the production of lipid ROS (Sun et al., 2015). In addition, excessive

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 2/21

http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


redox active divalent iron (Fe2+) can provide electrons to hyperoxide to form harmful ROS
triggering ferroptosis (Battaglia et al., 2020). It has been confirmed that the activation of
Ras-mitogen-activated protein kinase (MEK) signaling sensitizes tumor cell lines to
ferroptosis by promoting ROS accumulation by inhibiting cystine and mitochondrial
voltage-dependent anion channel 2/3 (VDAC 2/3) (Dixon et al., 2012; Han et al., 2020).
Despite the evidence emphasizing the significant roles of ferroptosis in cancer, few studies
have focused on its function in other diseases. Recently, the roles of ferroptosis in
inflammation-related diseases have attracted widespread attention due to its strong
association with immunogenicity (Sun et al., 2020). The latest studies reported that the
pharmacological suppression of ferroptosis protects against sepsis-induced cardiac injury
and liver injury in mice (Li et al., 2020b;Wei et al., 2020). Furthermore, Gong et al. (2022)
have identified ferroptosis-related biomarkers of septic cardiomyopathy via bioinformatics
analysis. Thus, we have reason to believe that ferroptosis plays key roles in sepsis-induced
multiple organ injury. However, the specific mechanism and genes associated with
ferroptosis in sepsis, especially in sepsis-induced systemic inflammation, are still unknown.
It is necessary to further understand the biological functions of ferroptosis-related genes in
sepsis.

Here, we first investigated ferroptosis-related differentially expressed genes (DEGs) in
public datasets of adult and pediatric septic patients. Then, a functional analysis of
ferroptosis-related DEGs and an analysis of the relationships among proteins were
performed to understand the biological mechanisms. Furthermore, we explored crucial
microRNAs (miRNAs) and long noncoding RNAs (lncRNAs) associated with biomarker
genes. Finally, we examined the screened mRNAs, miRNAs and lncRNAs of interest using
cecal ligation and puncture (CLP)-induced sepsis in mice. Our results may provide useful
information regarding the mechanism of ferroptosis in sepsis, which could help us
discover new targets for the clinical diagnosis of sepsis.

MATERIALS AND METHODS
Data collection
We selected the GSE13904 and GSE28750 expression profiling datasets, which were
downloaded from the Gene Expression Omnibus (GEO) databases (http://www.ncbi.nlm.
nih.gov/geo/). GSE13904 includes 52 whole blood samples from septic children and 18
control samples. GSE28750 includes 10 whole blood samples from septic adults and 20
samples from healthy adults. Both datasets were collected using the same supplementary
microarray probe platform GPL570 (Affymetrix Human Genome U133 Plus 2.0 Array).
In addition, ferroptosis-related genes were obtained from the FerrDb database (http://
zhounan.org/ferrdb/current/) according to previous studies (Hassannia, Vandenabeele &
Vanden Berghe, 2019; Yifan, Jianfeng & Jun, 2021). All 247 human expressed
ferroptosis-related genes are listed in Table S1.

Differential ferroptosis-related gene expression
First, the expression profiles of ferroptosis-related genes were determined in each sample
from the septic patient and control groups. The ferroptosis-related DEGs were identified
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using the limma R package (version 3.42.2) based on |log2 (fold-change)| > 0.5 and adjusted
p value < 0.05 (Ritchie et al., 2015). Then, the ggplot2 R package (version 3.3.3) was used to
visualize the DEGs by mapping volcano plots of GSE13904 and GSE28750. Moreover, a
DEG-related heatmap was generated by the complex-heatmap R package (version 2.2.0).
Finally, the Venny 2.1 tool was used to generate a Venn diagram to visualize the DEGs
coexpressed in the two datasets.

Functional enrichment analysis
The DAVID online database or clusterProfiler R package (version 3.14.3) was used for the
Gene Ontology (GO) analysis (including biological process (BP), cell composition (CC),
and molecular function (MF)) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis (da Huang, Sherman & Lempicki, 2009). Moreover, the
Metascape tool was used to analyze the biological pathways (Zhou et al., 2019). The results
with p < 0.05 were considered to be statistically significant and were visualized with
histograms, chord plots, bubble charts or network diagrams.

Protein–protein interaction (PPI) networks
The STRING database was used to predict the interactions of proteins (Szklarczyk et al.,
2019). Interactions with medium confidence (confidence score ≥ 0.4) between two proteins
were retained. Cytoscape (version 3.8.2) was used to construct the PPI network (Shannon
et al., 2003). Additionally, the key clustering modules were confirmed by the CytoHubba
plugin of Cytoscape, with a maximal clique centrality (MCC) score >4 (Chin et al., 2014).
Finally, GO and KEGG enrichment analyses of the key clustering modules were performed
(Yu et al., 2012), and p < 0.05 was considered the threshold.

Analysis of mRNA–miRNA and miRNA–lncRNA interactions
miRWalk 2.0 was used to predict miRNAs associated with the key clustering modules
(Dweep et al., 2011). To ensure that all predicted miRNAs were verified in previous
experiments, both the miRWalk and miRTarBase databases were used to confirm specific
gene-related miRNAs. Furthermore, miRNAs targeting more than two genes were selected
for the subsequent prediction of upstream lncRNAs. LncBase v.2 was used to identify
lncRNAs (Paraskevopoulou et al., 2016). Finally, mRNA–miRNA and mRNA–miRNA-
lncRNA interaction network diagrams were generated by Cytoscape.

Ethical statements and CLP-induced sepsis model
All animal experiments complied with the Chinese guidelines for experimental animals
and were approved by the Animal Ethics Committee of Peking University Cancer Hospital
and Institute (certification number for animal use permission: 110324220100257736). Six-
to 8-week-old male C57BL/6J mice weighing 22–24 g (Sipeifu, Beijing, China) were housed
in a pathogen-free environment under a 12 h light-dark cycle, and adequate food and
water were provided. The environmental temperature was maintained at 18–22 �C and the
humidity was maintained at 45–55%.

CLP is the most widely used sepsis model because of its similarity with the clinical
manifestations of septic patients and its excellent simulation of the pathological process of
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sepsis (Hubbard et al., 2005). According to our previous study, the CLP model was
established (Cui et al., 2019). First, mice were randomly divided into two groups with 10
animals per group using Microsoft Excel (the randomization sequence is listed in the
Supplemental File). All mice were labeled with ear tags for the subsequent experiments.
Briefly, the mice were anesthetized with isoflurane. Then, we shaved and disinfected the
abdomen of the mice using a depilatory agent and 75% alcohol and performed a
longitudinal midline skin incision. After cecal exposure, sterile silk was used to ligate the
cecum under fixed conditions, and a 20-gauge needle was used to double puncture the
cecum to induce mid-grade sepsis. Next, we extruded a fixed amount of feces out of the
hole and returned the cecum into the abdomen. In the sham group, the exposed cecum was
not ligated or punctured and was then returned to the abdomen. We performed fluid
resuscitation by injecting 1 ml 0.9% normal saline subcutaneously into the necks of mice
after modeling. Twenty-four hours after the CLP procedure, isoflurane was used to
anesthetize the mice. To ensure that the mice lose consciousness and were sacrificed with
minimal pain, we euthanized the mice by rapid neck dislocation, and collected their
peripheral blood and organs (lung, kidney and liver) for further experiments.

Real-time quantitative polymerase chain reaction (qRT–PCR) and
stem–loop qRT–PCR
Red blood cells in whole blood were lysed with lysis buffer (Absin, Shanghai, China), and
the total RNA was isolated from leukocytes. According to a previous study, stem–loop
reverse transcription and qRT–PCR were used to measure the expression of let-7b-5p
(Hong et al., 2020). U6 was used as an internal control. qRT–PCR was used to measure the
expression of lncRNAs and mRNAs. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control. cDNA was produced according to the RT kit
instructions (Takara, Dalian, China). qRT–PCR was carried out by using SYBR-Green
(Takara, China). The fold change was calculated using the 2−ΔΔCT method. The PCR
primers were synthesized by Tsingke Biological Technology in Beijing, China.
The sequences were listed in Table S2.

Statistical analysis
The data are expressed as the mean ± standard error of the mean (s.e.m.) of six replicate
experiments. The qRT–PCR results were analyzed by an investigator blinded to the group
using t tests. GraphPad Prism 6 for Windows (San Diego, CA, USA) was used for the
statistical analysis and drawing the graphics. P < 0.05 was considered as significant
differences.

RESULTS
Identification of ferroptosis-related DEGs
First, the GSE13904 (from children) and GSE28750 (from adults) datasets were
downloaded from GEO. The Uniform Manifold Approximation and Projection (UMAP)
and the principal component analysis (PCA) were used to check and visualize the grouped
data. The results of UMAP showed that the gene transcriptional profiles of septic patients
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and controls were distinct from each other in both datasets (Figs. S1A and S1B). Similarly,
the PCA plots showed that the two principal components contained 44.0% of the variance
in GSE13904 and 59.1% of the variance in GSE28750 (Figs. S1C and S1D). In addition, the
normalized signal intensity for each sample was analyzed in two datasets, respectively.
The boxplots showed that the signal intensity of each sample was almost at the same
median level (Figs. 1E and 1F). Thus, good normalization and repeatability were exhibited
in the samples in these two datasets, which was a prerequisite for the subsequent analyses.
Then, the ferroptosis-related DEGs were confirmed with a threshold of |log2 (fold-change)|
> 0.5 and adjusted p value < 0.05. In GSE13904, a total of 53 ferroptosis-related DEGs (38
upregulated and 15 downregulated genes) were identified between the septic children and
the control group. In GSE28750, a total of 75 ferroptosis-related DEGs (50 upregulated and
25 downregulated genes) were identified between the septic adults and the control group.
The results are shown in volcano plots in Figs. 1A and 1B. The detailed DEG expression
files are shown in Tables S3 and S4. In addition, a total of 34 genes including 26
upregulated and 8 downregulated genes showed apparent differences between the septic
children and adults compared with those in the control groups in the two datasets (Figs.
2A, 2B and Table 1). And these 34 genes were marked in heatmaps that showed
ferroptosis-related DEGs from GSE13904 (Fig. 2C) and GSE28750 (Fig. 2D).

Functional and pathway enrichment analysis of ferroptosis-related
DEGs
To explore the pathophysiological functions of the 34 coexpressed ferroptosis-related
DEGs, GO and KEGG pathway analyses were performed. We found that peptidyl-serine

Figure 1 Identification of ferroptosis-related DEGs in sepsis. (A) A volcano plot showing ferropto-
sis-related DEGs from the blood samples of septic children and controls in the GSE13904 dataset. (B) A
volcano plot showing ferroptosis-related DEGs from the blood samples of septic adults and controls in
the GSE28750 dataset. The upregulated genes are marked in red, and the downregulated genes are
marked in blue. |log2 (fold-change)| > 0.5 and adjusted p < 0.05 were considered statistically significant.
The black points represent no significant difference. Full-size DOI: 10.7717/peerj.13983/fig-1
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phosphorylation, oxidation–reduction process, activation of mitogen- activated protein
kinase (MAPK) activity and positive regulation of apoptotic process were significantly
enriched among BPs. In addition, the statistically significant CC terms mainly included

Figure 2 Coexpression network of ferroptosis-related DEGs in septic children and adults. (A) Intersection of upregulated ferroptosis-related
DEGs in the GSE13904 and GSE28750 datasets. (B) Intersection of downregulated ferroptosis-related DEGs in the GSE13904 and GSE28750
datasets. The count on the left, ferroptosis-related DEGs unique to GSE13904; the count in the middle, ferroptosis-related DEGs common to
both datasets; and the count on the right, ferroptosis-related DEGs refer to GSE28750. The heatmap shows the expression of the ferroptosis-related
DEGs from GSE13904 (C) and GSE28750 (D). Red represents significantly upregulated genes and blue represents significantly downregulated genes
in the samples. The 34 coexpressed ferroptosis-related DEGs were circled by red rectangles. Full-size DOI: 10.7717/peerj.13983/fig-2

Table 1 Summary of 34 ferroptosis-related DEGs in sepsis.

Driver Marker Suppressor

UP PGD, MAPK14, WIPI1, G6PD, TLR4, ACSL4, MAPK1, ACVR1B,
IDH1, SAT1, FLT3, CYBB, EPAS1, GABARAPL2

SLC2A3, ALOX5, JDP2, SLC40A1, MAFG, CAPG,
MAP3K5, SLC7A5, DUSP1, CBS

LAMP2,
CD44

DOWN ZEB1, ATM, DPP4, LPIN1, PEBP1, SLC38A1, MAPK8 AKR1C3
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cytosol, extracellular exosome, integral component of plasma membrane, nucleus and
intracellular. In the MF analysis, the enriched terms included MAP kinase activity, protein
serine/threonine kinase activity, enzyme binding, adenosine triphosphate (ATP) binding
and protein homodimerization activity. These results are shown in Fig. 3A. Subsequently,
the KEGG pathway analysis revealed that the main enriched pathways were involved in the
inflammatory response, including the forkhead box O (FoxO) signaling pathway, Toll-like
receptor signaling pathway, tumor necrosis factor (TNF) signaling pathway and MAPK
signaling pathway (Fig. 3B). In addition, a chord plot revealed that more than half of the
coexpressed ferroptosis-related DEGs (19 of 34) were involved in the regulation of the top
ten enriched KEGG pathways (Fig. 3D). Specific information regarding the statistically

Figure 3 The enrichment of GO terms and KEGG pathways based on ferroptosis-related DEGs in sepsis. (A) GO enrichment analysis of the
ferroptosis-related DEGs, including biological process (BP), cell composition (CC), and molecular function (MF). (B) The top 10 most significant
KEGG pathways with the largest number of enriched genes are selected and shown. (C) The top 20 biological pathways analyzed by Metascape are
shown. (D) A chord plot shows the correlation between the top 10 KEGG pathway terms and their participating genes. A p < 0.05 is considered
statistically significant. Full-size DOI: 10.7717/peerj.13983/fig-3
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significant terms (BP, CC, MF and KEGG pathway analyses) with the number of enriched
genes are listed in Table S5. Moreover, the biological function enrichment analysis of these
34 ferroptosis-related DEGs by Metascape indicated similar results and revealed the same
terms such as central carbon metabolism in cancer, MAPK cascade and apoptotic signaling
pathway (Fig. 3C). Overall, the MAPK signaling pathway seemed to be the key factor that
modulated ferroptosis in sepsis.

Identification of key ferroptosis-related genes involved in sepsis
A PPI network based on the 34 ferroptosis-related DEGs was constructed and visualized by
selecting the proteins with an interaction score ≥0.4 (Fig. 4A). The results indicated that
there were 27 nodes and 47 edges that represented genes and interactions between genes
respectively (Table S6). Meanwhile, a significant clustering module composed of eight key
genes which included six upregulated genes (MAPK14, MAPK1, MAP3K5, toll-like
receptor (TLR) 4, cytochrome B-245 beta chain (CYBB) and dual specificity phosphatase
(DUSP) 1) and two downregulated genes (MAPK8 and ataxia telangiectasia-mutated
(ATM)) was screened with a threshold of MCC score >4 (Fig. 4B). The MCC scores of the
27 interacting proteins are listed in Table S7. Subsequently, a biological pathway

Figure 4 Construction of the PPI network. (A) 27 blue nodes and 47 edges representing genes and interactions between genes respectively were
selected and visualized according to an interaction score ≥0.4. According to the MCC score >4, a significant clustering module composed of eight key
genes is circled in red. (B) The network of these eight key genes was visualized. The red node represents the highest MCC score, and the yellow node
represents the lowest MCC score. Circles represent upregulated genes. Squares represent downregulated genes.

Full-size DOI: 10.7717/peerj.13983/fig-4
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enrichment analysis was performed to identify the functions of these eight key genes.
The GO and KEGG pathway results, showed that the MAPK signaling pathway was
significantly enriched (adjusted p value = 3.53E−05). The top eight GO terms and KEGG
pathways are illustrated in a network diagram and a bubble chart, respectively (Figs. 5A
and 5B). Moreover, five of the eight identified genes (MAPK14, MAPK8, DUSP1,
MAP3K5 and MAPK1) were involved in the MAPK signaling pathway, and the specific
enrichment information is listed in Table S8.

Construction of the mRNA–miRNA–lncRNA network
We chose a significant clustering module composed of eight key genes as genes of interest
and analyzed the mRNA–miRNA and miRNA–lncRNA interactions. We identified a total
of 168 miRNAs targeting six genes (MAPK14, TLR4, CYBB, MAPK1, MAPK8 and ATM)
via utilizing both the miRWalk and miRTarBase databases with thresholds of p < 0.05 and
the 3′UTR as the gene-binding region (Fig. 6A, Table S9). Specifically, 10 miRNAs (hsa-
miR-7113-3p, hsa-miR-6892-3p, hsa-miR-4685-3p, hsa-miR-4287, hsa-miR-199a-3p, hsa-
miR-17-5p, hsa-miR-106a-5p, hsa-let-7b-5p, hsa-miR-6734-3p and hsa-miR-214-3p)
were listed because they linked several genes (≥2, Table 2). LncBase was used to predict the
upstream lncRNAs of these 10 miRNAs. Forty-nine lncRNAs were identified to correlate
with five miRNAs (hsa-miR-199a-3p, hsa-miR-17-5p, hsa-miR-106a-5p, hsa-let-7b-5p
and hsa-miR-214-3p) targeting four genes (MAPK14, TLR4, MAPK1 and MAPK8).
The mRNA–miRNA–lncRNA network is shown in Fig. 6B. In addition, among these 49
lncRNAs, 10 lncRNAs (CTB-89H12.4, LINC00657, CTB-89H12.4, RP11-553L6.5,

Figure 5 Biological pathway enrichment of the clustering module. (A) A network diagram of the top eight GO terms. (B) A bubble chart of the
top eight KEGG pathways. The bubble area is positively proportional to the number of genes in a certain GO term or KEGG pathway. An adjusted
p < 0.01 was considered statistically significant. Full-size DOI: 10.7717/peerj.13983/fig-5
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NEAT1, XLOC_013866, RP1-309I22.2, TRG-AS1, TUG1 and HOXA10-HOXA9) had the
highest predicted scores (>0.9), illustrating their strong correlation with the targeting
miRNAs (Table S10). Previous studies have shown that let-7b-5p and nuclear-enriched
abundant transcript 1 (NEAT1) are involved in the regulation of MAPK1 and participate
in ferroptosis in cancer cells (Chen, Xin & Zhang, 2019; Du et al., 2019; Dong et al., 2021;

Figure 6 Construction of mRNA–miRNA-lncRNA network. (A) Interaction of key genes with their targeted miRNAs. A total of 168 miRNAs
were identified. P < 0.05 was considered statistically significant. Specifically, 10 miRNAs are marked green because they linked several genes. (B) 49
lncRNAs were correlated with 5 miRNAs targeting four genes. The mRNA–miRNA-lncRNA network is shown. Specifically, 10 lncRNAs are marked
green according to their predicted score >0.9. mRNAs are colored orange. miRNAs are colored pink. LncRNAs are colored blue.

Full-size DOI: 10.7717/peerj.13983/fig-6

Table 2 Summary of 10 miRNAs linked several genes.

miRNA Target genes

hsa-miR-7113-3p CYBB MAPK14

hsa-miR-6892-3p

hsa-miR-4685-3p

hsa-miR-4287 MAPK1 MAPK14

hsa-miR-199a-3p

hsa-miR-17-5p

hsa-miR-106a-5p

hsa-let-7b-5p MAPK1 TLR4

hsa-miR-6734-3p CYBB MAPK1

hsa-miR-214-3p MAPK1 MAPK14 MAPK8

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 11/21

http://dx.doi.org/10.7717/peerj.13983/supp-12
http://dx.doi.org/10.7717/peerj.13983/fig-6
http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


Wu & Liu, 2021). However, their roles in sepsis are still unclear. Here, we chose let-7b-5p
and NEAT1 for further investigation.

Expression levels of ferroptosis-related mRNAs, miRNAs and
lncRNAs in septic mice during acute inflammation
CLP, which is a model of polymicrobial sepsis, was used to induce acute inflammation in
mice. Twenty-four hours after the CLP procedure, 7 of 10 mice survived, and multiorgan
(including lung, kidney and liver) injury was observed in six mice, indicating the successful
establishment of the sepsis model (Fig. S2). Then, peripheral blood leukocytes were
obtained from the CLP group and sham group and the total RNA was extracted.
The expression levels of let-7b-5p, NEAT1 and five ferroptosis-related genes (MAPK14,
MAPK8, DUSP1, MAP3K5 and MAPK1) were detected by qRT–PCR. The results showed
that MAPK14, MAPK8, MAP3K5, MAPK1 and NEAT1 were upregulated in the CLP
group compared with those in the sham group, while DUSP1 and let-7b-5p were
downregulated in the septic mice during acute inflammation (Fig. 7).

DISCUSSION
Sepsis is currently regarded as profound systemic inflammation and a dysregulated
immune response to invasive pathogens that results in multiple organ injury (Hotchkiss
et al., 2016). Notably, disorders of innate and adaptive immunity are important factors that
promote the development of sepsis (Hotchkiss et al., 2016). In recent years, a novel form of

Figure 7 The expression of NEAT1, let-7b-5p and five ferroptosis-related mRNAs in the peripheral blood leukocytes of septic mice. 24 h after
the CLP procedure, the peripheral blood leukocytes of mice were collected and total RNA was isolated. The expression of MAPK14 (A), MAPK8 (B),
MAP3K5 (C), MAPK1 (D), NEAT1 (E), DUSP1 (F) and let-7b-5p (G) was analyzed by RT–qPCR array. The data represent the mean ± s.e.m of six
replicate experiments �P < 0.05. Full-size DOI: 10.7717/peerj.13983/fig-7
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programmed cell death called ferroptosis has been defined. The immunological
consequences of ferroptosis include the death of leukocyte subsets and the corresponding
loss of immune function (Tang et al., 2021). Although the specific physiological function of
ferroptosis has not been clearly elucidated, emerging evidence demonstrates that
ferroptosis is associated with multiple human diseases, such as cancer, degenerative
diseases and inflammation-related diseases (Han et al., 2020; Sun et al., 2020). In this study,
we analyzed the differences in ferroptosis-related genes between septic patients and
healthy controls. Importantly, 26 upregulated and 8 downregulated genes were identified
in both septic children and adults. The MAPK signaling pathway seemed to be a key factor
in modulating ferroptosis and was associated with these genes in sepsis. Moreover, the
significantly differentially expressed noncoding RNAs let-7b-5p and NEAT1, which are
involved in MAPK1 regulation, were identified in peripheral blood leukocytes from septic
mice. This study may help us better understand the role of ferroptosis in sepsis.

It is essential to identify disease-associated gene sets by coexpression analysis to obtain
new insights into disease biology (Li et al., 2021). Therefore, the 34 ferroptosis-related
DEGs that were coexpressed in children and adult septic patients were screened out
followed by a subsequent enrichment analysis. The GO analysis based on the DAVID
database revealed that the oxidation–reduction process, activation of MAPK activity,
positive regulation of apoptotic processes and extracellular exosomes were significantly
enriched. Regarding cellular reductive/oxidative (redox)-based metabolic processes,
imbalanced redox homeostasis drives ferroptosis by causing lethal lipid peroxidation
(Jiang, Stockwell & Conrad, 2021). We noticed that the dysregulation of ferrous iron (Fe2+)
was another important factor leading to ferroptosis. A prior study proved that prominin 2
participates in ferroptosis resistance in mammary epithelial and breast carcinoma cells by
promoting exosome-mediated iron export (Brown et al., 2019). Moreover, adenosine 5′-
monophosphate (AMP)-activated protein kinase (AMPK)-mediated phosphorylation of
acetyl-CoA carboxylase (ACC) and polyunsaturated fatty acid biosynthesis have been
confirmed to be involved in ferroptosis (Lee et al., 2020). Although ferroptosis is an
iron-dependent form of nonapoptotic regulated cell death, PERK-eIF2a-ATF4-CHOP
signaling pathway-mediated p53 upregulated modulator of apoptosis (PUMA) expression
is involved in the synergistic interaction between ferroptosis and apoptosis (Lee et al.,
2018). Therefore, combined with previous studies, the biological function enrichment
results imply that ferroptosis plays a potential role in the development of sepsis. Prior
studies have noted a close correlation between ferroptosis and inflammation, as ferroptotic
cells produce excessive reactive oxygen species (ROS) (Han et al., 2020). We noticed that
both the KEGG pathway analysis and Metascape GO analysis revealed significant
enrichment of multiple inflammatory pathways and functions such as the Toll-like
receptor (TLR) signaling pathway, tumor necrosis factor (TNF) signaling pathway, MAPK
signaling pathway, response to oxidative stress and ROS metabolic process. It is well
known that activated TLRs are responsible for the early activation of inflammatory genes
and are involved in sepsis-associated cytokine storms (Hotchkiss et al., 2016). TLRs are also
involved in iron metabolism in sepsis by transcriptionally downregulating ferroportin
(FRP), the exporter of intracellular iron, indicating their roles in ferroptosis (Liu et al.,
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2021). The TNF signaling pathway and MAPK signaling pathway play important roles in
oxidative stress, inflammatory cytokines and programmed cell death. A previous study
demonstrated that TNF-a induced the generation of ROS and that extracellular vesicle
(EV) release required the upregulation of glutaminase to participate in neuroinflammation
(Wang et al., 2017). Because glutaminase is involved in ferroptosis, the TNF signaling
pathway may participate in ferroptosis during the inflammatory response. In addition, a
recent study focusing on neonatal mice reported that a member of the lipocalin family
named lipocalin 2 plays important roles in lipopolysaccharide (LPS)-induced
inflammation and oxidative stress by modulating ferroptosis via the MAPK/ERK pathway
(Wang et al., 2022). Therefore, we have reason to believe that the MAPK signaling pathway
may play potential roles in sepsis-induced ferroptosis.

To further reveal the mechanism underlying the biological processes, a PPI analysis
based on the 34 ferroptosis-related DEGs was performed. A key clustering module was
screened based on the CytoHubba plug-in unit in Cytoscape. The results indicated that 8
genes (MAPK14, MAPK8, TLR4, MAP3K5, CYBB, DUSP1, MAPK1 and ATM) might be
closely related to the occurrence of sepsis. Among them, MAPK14, TLR4, MAPK1 and
MAPK8 have been confirmed to be involved in proinflammatory cytokine responses,
especially in the TLR/IL-1R pathway cascade. A previous study investigating the
hyperinflammatory phase during sepsis suggested that activated autophagy degenerated an
E3 ubiquitin ligase and scaffold protein called Pellino 3 in TLR4-signaling, resulting in a
reduction in phosphorylated MAPK14, MAPK8 and MAPK1 and ultimately inhibiting
proinflammatory IL-1β expression (Giegerich et al., 2014). Moreover, CYBB, also known as
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2), is not only
involved in the generation of the autophagy protein LC3 during TLR signaling, but also
activated by the Hippo pathway effector PDZ-binding motif (TAZ) to promote ferroptosis
(Huang et al., 2009; Yang et al., 2020). Since autophagy regulates cellular iron homeostasis
and is required for ferroptosis-associated ROS accumulation, the potential roles of the
autophagy-related signaling pathway in ferroptosis have been suggested (Gao et al., 2016).
MAP3K5, which is also known as apoptosis signal-regulating kinase 1 (ASK1), has been
proven to be associated with erastin- and RAS-selective lethal 3 (RSL3)-induced ferroptosis
through the p38/c-Jun N-terminal kinase (JNK) pathway in multiple cell lines (Hattori
et al., 2017). A recent study also indicated that ASK1 expression was increased in septic
mice and that the inhibition of ASK1 impaired JNK-mediated cytokine production during
LPS-induced endothelial inflammation (Miller et al., 2021). In the p38/JUN pathway, a
type of phosphatase with dual specificity for tyrosine and threonine named DUSP1 plays
an important role in autophagy-related ferroptosis (Chen et al., 2021). Moreover, the
ectopic expression of DUSP1 in LPS-stimulated macrophages inhibited the release of TNF-
a and IL-6 (Hoppstädter & Ammit, 2019). In contrast, the depletion of DUSP1 resulted in
the excessive release of inflammatory cytokines (Hoppstädter & Ammit, 2019).
ROS-mediated DNA damage (DDR) is a key factor in ferroptosis. ATM is an important
coordinator of the DDR, mainly because the depletion of ATM results in the accumulation
of ROS and damage to cellular DNA (Huff, Yan & Clemens, 2021). A previous study
indicated that ATM is essential for Ikβ phosphorylation and the translocation of nuclear
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factor kappa-B (NF-κB) to the nucleus and that ATM participates in the TLR-mediated
inflammatory response (Huff, Yan & Clemens, 2021). Importantly, the NF-κB signaling
pathway has been verified to be involved in erastin-induced ferroptosis (Oh et al., 2019).
These results suggested that changes in MAPK14, TLR4, MAP3K5, CYBB, DUSP1,
MAPK1, MAPK8 and ATM may be partially associated with ferroptosis in the
sepsis-induced inflammatory response. Next, GO and KEGG analyses of these eight key
genes were performed. The results implied that the MAPK signaling pathway, which
consists of MAPK14, DUSP1, MAP3K5, MAPK1 and MAPK8 was significantly enriched.
A previous study demonstrated that the excessive activation of the MAPK pathway might
promote iron-related ROS generation by inhibiting cystine (Cys2) or mitochondrial
VDAC2/3 and subsequently induce cell ferroptosis (Han et al., 2020). In addition to ROS
generation, MAPK is associated with iron metabolism-related inflammatory signaling.
For example, the administration of ferritin light chain (FTL) to macrophages suppressed
ERK1/2 activation, decreased the production of NF-κB-induced proinflammatory factors
and protected septic mice (Zarjou et al., 2019). The increase in glutathione peroxidase
(GPX) 4 and the labile iron pool (LIP) in sepsis-induced myocardial injury indicates that
ferroptosis plays a role in sepsis. The regulatory mechanism of systemic inflammation and
the immune response in MAPK-related ferroptosis needs to be further studied.

It has been reported that noncoding RNAs (including miRNAs and lncRNAs) play
significant roles in the diagnosis, severity, and prognosis of septic patients (Wu et al.,
2020). First, we identified 10 miRNAs that targeted more than one gene. Furthermore, 5 of
these 10 miRNAs (hsa-miR-199a-3p, hsa-miR-17-5p, hsa-miR-106a-5p, hsa-let-7b-5p and
hsa-miR-214-3p) predicted upstream lncRNAs. In previous studies, miR-199a-3p has been
identified as a potential biomarker of neonatal sepsis (Abdelaleem et al., 2022). miR-17-5p
and miR-106a-5p participate in sepsis-associated cardiomyopathy or acute kidney injury
(AKI) by regulating oxidative stress via high mobility group box (HMBG) 1 (Qiu et al.,
2021; Xu, Ma & Yang, 2021). miR-214-3p attenuates sepsis-induced myocardial
dysfunction by inhibiting autophagy (Sang et al., 2020). Let-7b-5p was significantly
downregulated in renal tubular epithelial cells during sepsis-induced AKI (Gao et al.,
2020). In terms of upstream lncRNAs, taurine-upregulated gene (TUG) one was
downregulated and NEAT1 was upregulated in septic patients (Gao et al., 2020; Wang
et al., 2020). Our results suggest the roles of the mRNA–miRNA–lncRNA network in
sepsis. Previous studies have demonstrated that the noncoding RNAs let-7b-5p and
NEAT1 participate in ferroptosis by regulating the MAPK signaling pathway (Chen, Xin &
Zhang, 2019; Du et al., 2019). Combined with our gene enrichment analysis results, the
MAPK-related mRNA–miRNA–lncRNA network may regulate ferroptosis during sepsis.
The latest study found that the ferroptosis-related gene LPIN1, which is associated with the
immune status, could become a reliable biomarker of patient survival in sepsis (Dai et al.,
2022). To verify the changes in the above screened ferroptosis-related key mRNAs,
miRNAs and lncRNAs in the immune system, we next detected the expression of
MAPK14, DUSP1, MAP3K5, MAPK1, MAPK8, let-7b-5p and NEAT1 in peripheral blood
leukocytes from septic mice during the acute inflammatory phase. The upregulation of
MAPK14, MAP3K5, MAPK1, MAPK8 and NETA1 indicated their important roles in
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promoting acute systemic inflammation. In contrast, the downregulation of DUSP1 and
let-7b-5p demonstrated their protective roles during acute inflammation. Notably, the
mRNA expression of DUSP1 and MAPK8 is contradictory between the human datasets
and the CLP mouse model. One possible reason is that the types of samples detected are
different. In the human datasets, the array-based gene expression profiles were obtained
from whole blood, including plasma, blood cells, platelets, etc. In the CLP mouse model,
we extracted the total RNA from peripheral blood leukocytes in mice, which included
lymphocytes, neutrophils, monocytes, etc. Thus, it is possible that DUSP1 and MAPK8
play different biological roles in immune cells and whole blood, and further studies are
needed. Despite the regulatory network of MAPK molecules involved in ferroptosis has
been shown to be changed in sepsis, the specific mechanisms of MAPK- related ferroptosis
in sepsis-induced immune dysregulation and systemic inflammation need to be further
studied.

There are still several limitations in the present study. First, the data we analyzed were
downloaded from GEO datasets, and further prospective clinical studies are necessary to
validate the observations. Second, the potential mRNA–miRNA–lncRNA network we
indicated needs further experimental validation. In addition, with an in-depth study of
ferroptosis, basic experimental studies are needed to explore the relationship between
ferroptosis and sepsis.

CONCLUSION
The MAPK signaling pathway may play a key role in regulating ferroptosis during sepsis.
This study provides a valuable resource for future studies investigating the mechanism of
MAPK-related ferroptosis in sepsis. More comprehensive and in-depth studies should be
conducted to explore the associations between ferroptosis-related genes and
sepsis-induced immune dysregulation and systemic inflammation.

ACKNOWLEDGEMENTS
We acknowledge GEO and FerrDb database for providing their platforms and contributors
for uploading their meaningful datasets.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Science Foundation of Peking University Cancer Hospital
(NO. 2021-20). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Science Foundation of Peking University Cancer Hospital: 2021-20.

Competing Interests
The authors declare that they have no competing interests.

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 16/21

http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


Author Contributions
� Shunan Cui conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

� Kun Niu conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.

� Yining Xie conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

� Shuo Li conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.

� Wenzhi Zhu conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

� Ling Yu conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.

� Hongyu Tan conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All animal experiments were approved by the Animal Ethics Committee of Peking
University Cancer Hospital and Institute (NO. 110324220100257736).

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.13983#supplemental-information.

REFERENCES
Abdelaleem OO, Mohammed SR, Sayed HSE, Hussein SK, Ali DY, Abdelwahed MY, Gaber SN,

Hemeda NF, El-Hmid RGA. 2022. Serum miR-34a-5p and miR-199a-3p as new biomarkers of
neonatal sepsis. PLOS ONE 17:e0262339 DOI 10.1371/journal.pone.0262339.

Battaglia AM, Chirillo R, Aversa I, Sacco A, Costanzo F, Biamonte F. 2020. Ferroptosis and
cancer: mitochondria meet the “Iron Maiden” cell death. Cells 9(6):1505
DOI 10.3390/cells9061505.

Brown CW, Amante JJ, Chhoy P, Elaimy AL, Liu H, Zhu LJ, Baer CE, Dixon SJ, Mercurio AM.
2019. Prominin2 drives ferroptosis resistance by stimulating iron export. Developmental Cell
51(5):575–586.e4 DOI 10.1016/j.devcel.2019.10.007.

Cao C, Yu M, Chai Y. 2019. Pathological alteration and therapeutic implications of sepsis-induced
immune cell apoptosis. Cell Death & Disease 10(10):782 DOI 10.1038/s41419-019-2015-1.

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 17/21

http://dx.doi.org/10.7717/peerj.13983#supplemental-information
http://dx.doi.org/10.7717/peerj.13983#supplemental-information
http://dx.doi.org/10.7717/peerj.13983#supplemental-information
http://dx.doi.org/10.1371/journal.pone.0262339
http://dx.doi.org/10.3390/cells9061505
http://dx.doi.org/10.1016/j.devcel.2019.10.007
http://dx.doi.org/10.1038/s41419-019-2015-1
http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


Chen R, Xin G, Zhang X. 2019. Long non-coding RNA HCP5 serves as a ceRNA sponging miR-
17-5p and miR-27a/b to regulate the pathogenesis of childhood obesity via the MAPK signaling
pathway. Journal of Pediatric Endocrinology and Metabolism 32(12):1327–1339
DOI 10.1515/jpem-2018-0432.

Chen X, Yu C, Kang R, Kroemer G, Tang D. 2021. Cellular degradation systems in ferroptosis.
Cell Death and Differentiation 28(4):1135–1148 DOI 10.1038/s41418-020-00728-1.

Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. 2014. cytoHubba: identifying hub objects
and sub-networks from complex interactome. BMC Systems Biology 8(S4):S11
DOI 10.1186/1752-0509-8-S4-S11.

Cui S-N, Chen Z-Y, Yang X-B, Chen L, Yang Y-Y, Pan S-W, Wang Y-X, Xu J-Q, Zhou T,
Xiao H-R, Qin L, Yuan S-Y, Shang Y. 2019. Trichostatin A modulates the macrophage
phenotype by enhancing autophagy to reduce inflammation during polymicrobial sepsis.
International Immunopharmacology 77(1104):105973 DOI 10.1016/j.intimp.2019.105973.

da Huang W, Sherman BT, Lempicki RA. 2009. Systematic and integrative analysis of large gene
lists using DAVID bioinformatics resources. Nature Protocols 4(1):44–57
DOI 10.1038/nprot.2008.211.

Dai W, Zheng P, Luo DQ, Xie Q, Liu F, Shao Q, Zhao N, Qian K. 2022. LPIN1 is a regulatory
factor associated with immune response and inflammation in sepsis. Frontiers in Immunology
13:820164 DOI 10.3389/fimmu.2022.820164.

Delano MJ, Ward PA. 2016. The immune system’s role in sepsis progression, resolution, and
long-term outcome. Immunological Reviews 274(1):330–353 DOI 10.1111/imr.12499.

Dixon S J, Lemberg K M, Lamprecht M R, Skouta R, Zaitsev E M, Gleason C E, Patel D N,
Bauer A J, Cantley A M, Yang W Seok, Morrison B III, Stockwell B R. 2012. Ferroptosis: an
iron-dependent form of nonapoptotic cell death. Cell 149(5):1060–1072
DOI 10.1016/j.cell.2012.03.042.

Dong L‐H, Huang J‐J, Zu P, Liu J, Gao X, Du J‐W, Li Y‐F. 2021. CircKDM4C upregulates P53 by
sponging hsa‐let‐7b‐5p to induce ferroptosis in acute myeloid leukemia. Environmental
Toxicology 36(7):1288–1302 DOI 10.1002/tox.23126.

Du XJ, Wei J, Tian D, Yan C, Hu P, Wu X, Yang W, Hu X. 2019. NEAT1 promotes myocardial
ischemia-reperfusion injury via activating the MAPK signaling pathway. Journal of Cellular
Physiology 234(10):18773–18780 DOI 10.1002/jcp.28516.

Dweep H, Sticht C, Pandey P, Gretz N. 2011.miRWalk—database: prediction of possible miRNA
binding sites by “walking” the genes of three genomes. Journal of Biomedical Informatics
44(5):839–847 DOI 10.1016/j.jbi.2011.05.002.

Gao M, Monian Pan Q, Zhang W, Xiang J, Jiang X. 2016. Ferroptosis is an autophagic cell death
process. Cell Research 26(9):1021–1032 DOI 10.1038/cr.2016.95.

Gao C, Zou X, Chen H, Shang R, Wang B. 2020. Long non-coding RNA nuclear paraspeckle
assembly transcript 1 (NEAT1)Relieves sepsis-induced kidney injury and lipopolysaccharide
(LPS)-induced inflammation in HK-2 cells. Medical Science Monitor 26:e921906
DOI 10.12659/MSM.921906.

Giegerich AK, Kuchler L, Sha LK, Knape T, Heide H, Wittig I, Behrends C, Brüne B,
Knethen A. 2014. Autophagy-dependent PELI3 degradation inhibits proinflammatory IL1B
expression. Autophagy 10(11):1937–1952 DOI 10.4161/auto.32178.

Gong CW, Yuan MM, Qiu BQ, Wang LJ, Zou HX, Hu T, Lai S-Q, Liu J-C. 2022. Identification
and validation of ferroptosis-related biomarkers in septic cardiomyopathy via bioinformatics
analysis. Frontiers in Genetics 13:110 DOI 10.3389/fgene.2022.827559.

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 18/21

http://dx.doi.org/10.1515/jpem-2018-0432
http://dx.doi.org/10.1038/s41418-020-00728-1
http://dx.doi.org/10.1186/1752-0509-8-S4-S11
http://dx.doi.org/10.1016/j.intimp.2019.105973
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.3389/fimmu.2022.820164
http://dx.doi.org/10.1111/imr.12499
http://dx.doi.org/10.1016/j.cell.2012.03.042
http://dx.doi.org/10.1002/tox.23126
http://dx.doi.org/10.1002/jcp.28516
http://dx.doi.org/10.1016/j.jbi.2011.05.002
http://dx.doi.org/10.1038/cr.2016.95
http://dx.doi.org/10.12659/MSM.921906
http://dx.doi.org/10.4161/auto.32178
http://dx.doi.org/10.3389/fgene.2022.827559
http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


Han C, Liu Y, Dai R, Ismail N, Su W, Li B. 2020. Ferroptosis and its potential role in human
diseases. Frontiers in Pharmacology 11:239 DOI 10.3389/fphar.2020.00239.

Hassannia B, Vandenabeele P, Vanden Berghe T. 2019. Targeting ferroptosis to iron out cancer.
Cancer Cell 35(6):830–849 DOI 10.1016/j.ccell.2019.04.002.

Hattori K, Ishikawa H, Sakauchi C, Takayanagi S, Naguro I, Ichijo H. 2017. Cold stress-induced
ferroptosis involves the ASK1-p38 pathway. EMBO reports 18(11):2067–2078
DOI 10.15252/embr.201744228.

Hong W, Li S, Cai Y, Zhang T, Yang Q, He B, Yu J, Chen Z. 2020. The target MicroRNAs and
potential underlying mechanisms of Yiqi-Bushen-Tiaozhi recipe against-non-alcoholic
steatohepatitis. Frontiers in Pharmacology 11:529553 DOI 10.3389/fphar.2020.529553.

Hoppstädter J, Ammit AJ. 2019. Role of dual-specificity phosphatase 1 in glucocorticoid-driven
anti-inflammatory responses. Frontiers in Immunology 10:1446
DOI 10.3389/fimmu.2019.01446.

Hotchkiss RS, Coopersmith CM, McDunn JE, Ferguson TA. 2009. The sepsis seesaw: tilting
toward immunosuppression. Nature Medicine 15(5):496–497 DOI 10.1038/nm0509-496.

Hotchkiss RS, Moldawer LL, Opal SM, Reinhart K, Turnbull IR, Vincent JL. 2016. Sepsis and
septic shock. Nature Reviews Disease Primers 2(1):16045 DOI 10.1038/nrdp.2016.45.

Hotchkiss RS, Monneret G, Payen D. 2013. Sepsis-induced immunosuppression: from cellular
dysfunctions to immunotherapy. Nature Reviews Immunology 13(12):862–874
DOI 10.1038/nri3552.

Huang J, Canadien V, Lam GY, Steinberg BE, Dinauer MC, Magalhaes MAO, Glogauer M,
Grinstein S, Brumell JH. 2009. Activation of antibacterial autophagy by NADPH oxidases.
Proceedings of the National Academy of Sciences 106(15):6226–6231
DOI 10.1073/pnas.0811045106.

HubbardWJ, Choudhry M, Schwacha MG, Kerby JD, Rue LW III, Bland KI, Chaudry IH. 2005.
Cecal ligation and puncture. Shock 24(Suppl 1):52–57
DOI 10.1097/01.shk.0000191414.94461.7e.

Huff LA, Yan S, Clemens MG. 2021.Mechanisms of ataxia telangiectasia mutated (ATM) control
in the DNA damage response to oxidative stress, epigenetic regulation, and persistent innate
immune suppression following sepsis. Antioxidants 10(7):10 DOI 10.3390/antiox10071146.

Jiang X, Stockwell BR, Conrad M. 2021. Ferroptosis: mechanisms, biology and role in disease.
Nature Reviews Molecular Cell Biology 22(4):266–282 DOI 10.1038/s41580-020-00324-8.

Keeley A, Hine P, Nsutebu E. 2017. The recognition and management of sepsis and septic shock: a
guide for non-intensivists. Postgraduate Medical Journal 93(1104):626–634
DOI 10.1136/postgradmedj-2016-134519.

Lee YS, Lee DH, Choudry HA, Bartlett DL, Lee YJ. 2018. Ferroptosis-induced endoplasmic
reticulum stress: cross-talk between ferroptosis and apoptosis. Molecular Cancer Research
16(7):1073–1076 DOI 10.1158/1541-7786.MCR-18-0055.

Lee H, Zandkarimi F, Zhang Y, Meena JK, Kim J, Zhuang L, Tyagi S, Ma L, Westbrook TF,
Steinberg GR, Nakada D, Stockwell BR, Gan B. 2020. Energy-stress-mediated AMPK
activation inhibits ferroptosis. Nature Cell Biology 22(2):225–234
DOI 10.1038/s41556-020-0461-8.

Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, Sun B, Wang G. 2020a. Ferroptosis: past, present
and future. Cell Death & Disease 11(2):88 DOI 10.1038/s41419-020-2298-2.

Li Z, Huang B, Yi W, Wang F, Wei S, Yan H, Qin P, Zou D, Wei R, Chen N. 2021. Identification
of potential early diagnostic biomarkers of sepsis. Journal of Inflammation Research 14:621–631
DOI 10.2147/JIR.S298604.

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 19/21

http://dx.doi.org/10.3389/fphar.2020.00239
http://dx.doi.org/10.1016/j.ccell.2019.04.002
http://dx.doi.org/10.15252/embr.201744228
http://dx.doi.org/10.3389/fphar.2020.529553
http://dx.doi.org/10.3389/fimmu.2019.01446
http://dx.doi.org/10.1038/nm0509-496
http://dx.doi.org/10.1038/nrdp.2016.45
http://dx.doi.org/10.1038/nri3552
http://dx.doi.org/10.1073/pnas.0811045106
http://dx.doi.org/10.1097/01.shk.0000191414.94461.7e
http://dx.doi.org/10.3390/antiox10071146
http://dx.doi.org/10.1038/s41580-020-00324-8
http://dx.doi.org/10.1136/postgradmedj-2016-134519
http://dx.doi.org/10.1158/1541-7786.MCR-18-0055
http://dx.doi.org/10.1038/s41556-020-0461-8
http://dx.doi.org/10.1038/s41419-020-2298-2
http://dx.doi.org/10.2147/JIR.S298604
http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


Li N, Wang W, Zhou H, Wu Q, Duan M, Liu C, Wu H, Deng W, Shen D, Tang Q. 2020b.
Ferritinophagy-mediated ferroptosis is involved in sepsis-induced cardiac injury. Free Radical
Biology and Medicine 160:303–318 DOI 10.1016/j.freeradbiomed.2020.08.009.

Liu YT, Tan SC, Wu YB, Tan SP. 2022. The emerging role of ferroptosis in sepsis. DNA and Cell
Biology 41(4):368–380 DOI 10.1089/dna.2021.1072.

Liu Q,Wu J, Zhang X,Wu X, Zhao Y, Ren J. 2021. Iron homeostasis and disorders revisited in the
sepsis. Free Radical Biology and Medicine 165(10141):1–13
DOI 10.1016/j.freeradbiomed.2021.01.025.

Miller MR, Koch SR, Choi H, Lamb FS, Stark RJ. 2021. Apoptosis signal-regulating kinase 1
(ASK1) inhibition reduces endothelial cytokine production without improving permeability
after toll-like receptor 4 (TLR4) challenge. Translational Research 235:115–128
DOI 10.1016/j.trsl.2021.04.001.

Mou Y, Wang J, Wu J, He D, Zhang C, Duan C, Li B. 2019. Ferroptosis, a new form of cell death:
opportunities and challenges in cancer. Journal of Hematology & Oncology 12(1):34
DOI 10.1186/s13045-019-0720-y.

Nolt B, Tu F, Wang X, Ha T, Winter R, Williams DL, Li C. 2018. Lactate and
immunosuppression in sepsis. Shock 49(2):120–125 DOI 10.1097/SHK.0000000000000958.

Oh BM, Lee S-J, Park GL, Hwang YS, Lim J, Park ES, Lee KH, Kim BY, Kwon YT, Cho HJ,
Lee HG. 2019. Erastin inhibits septic shock and inflammatory gene expression via suppression
of the NF-κB pathway. Journal of Clinical Medicine 8(12):8 DOI 10.3390/jcm8122210.

Paraskevopoulou MD, Vlachos IS, Karagkouni D, Georgakilas G, Kanellos I, Vergoulis T,
Zagganas K, Tsanakas P, Floros E, Dalamagas T, Hatzigeorgiou AG. 2016. DIANA-LncBase
v2: indexing microRNA targets on non-coding transcripts. Nucleic Acids Research
44(D1):D231–D238 DOI 10.1093/nar/gkv1270.

Qiu Y, Yu Y, Qin XM, Jiang T, Tan YF, Ouyang WX, Xiao Z-H, Li S-J. 2021. CircTLK1
modulates sepsis-induced cardiomyocyte apoptosis via enhancing PARP1/HMGB1
axis-mediated mitochondrial DNA damage by sponging miR-17-5p. Journal of Cellular and
Molecular Medicine 25:8244–8260 DOI 10.1111/jcmm.16738.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. 2015. Limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids
Research 43(7):e47 DOI 10.1093/nar/gkv007.

Sang Z, Zhang P, Wei Y, Dong Y. 2020. miR-214-3p attenuates sepsis-induced myocardial
dysfunction in mice by inhibiting autophagy through PTEN/AKT/mTOR pathway. BioMed
Research International 2020:1409038 DOI 10.1155/2020/1409038.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, Schwikowski B,
Ideker T. 2003. Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Research 13(11):2498–2504 DOI 10.1101/gr.1239303.

Sun Y, Chen P, Zhai B, Zhang M, Xiang Y, Fang J, Xu S, Gao Y, Chen X, Sui X, Li G. 2020. The
emerging role of ferroptosis in inflammation. Biomedicine & Pharmacotherapy 127(5):110108
DOI 10.1016/j.biopha.2020.110108.

Sun XF, Ou ZH, Xie M, Kang R, Fan Y, Niu X, Wang H, Cao L, Tang D. 2015.HSPB1 as a novel
regulator of ferroptotic cancer cell death. Oncogene 34(45):5617–5625
DOI 10.1038/onc.2015.32.

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, Simonovic M,
Doncheva NT, Morris JH, Bork P, Jensen LJ, Mering C von. 2019. STRING v11:
protein–protein association networks with increased coverage, supporting functional discovery

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 20/21

http://dx.doi.org/10.1016/j.freeradbiomed.2020.08.009
http://dx.doi.org/10.1089/dna.2021.1072
http://dx.doi.org/10.1016/j.freeradbiomed.2021.01.025
http://dx.doi.org/10.1016/j.trsl.2021.04.001
http://dx.doi.org/10.1186/s13045-019-0720-y
http://dx.doi.org/10.1097/SHK.0000000000000958
http://dx.doi.org/10.3390/jcm8122210
http://dx.doi.org/10.1093/nar/gkv1270
http://dx.doi.org/10.1111/jcmm.16738
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1155/2020/1409038
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1016/j.biopha.2020.110108
http://dx.doi.org/10.1038/onc.2015.32
http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/


in genome-wide experimental datasets. Nucleic Acids Research 47(D1):D607–D613
DOI 10.1093/nar/gky1131.

Tang D, Chen X, Kang R, Kroemer G. 2021. Ferroptosis: molecular mechanisms and health
implications. Cell Research 31(2):107–125 DOI 10.1038/s41422-020-00441-1.

Wang K, Ye L, Lu H, Chen H, Zhang Y, Huang Y, Zheng JC. 2017. TNF-a promotes extracellular
vesicle release in mouse astrocytes through glutaminase. Journal of Neuroinflammation 14(1):87
DOI 10.1186/s12974-017-0853-2.

Wang X, Zhang C, Zou N, Chen Q, Wang C, Zhou X, Luo L, Qi H, Li J, Liu Z, Yi J, Li J, Liu W.
2022. Lipocalin-2 silencing suppresses inflammation and oxidative stress of acute respiratory
distress syndrome by ferroptosis via inhibition of MAPK/ERK pathway in neonatal mice.
Bioengineered 13(1):508–520 DOI 10.1080/21655979.2021.2009970.

Wang L, Zhong Q, Feng Y, Tang X, Wang Q, Zou Y, Duan J. 2020. Long noncoding RNA TUG1
is downregulated in sepsis and may sponge miR-27a to downregulate tumor necrosis factor-a.
Journal of International Medical Research 48(4):300060520910638
DOI 10.1177/0300060520910638.

Wei S, Bi J, Yang L, Zhang J, Wan Y, Chen X, Wang Y, Wu Z, Lv Y, Wu R. 2020. Serum irisin
levels are decreased in patients with sepsis, and exogenous irisin suppresses ferroptosis in the
liver of septic mice. Clinical and Translational Medicine 10(5):e173 DOI 10.1002/ctm2.173.

Wu H, Liu A. 2021. Long non-coding RNA NEAT1 regulates ferroptosis sensitivity in non-small-
cell lung cancer. Journal of International Medical Research 49(3):300060521996183
DOI 10.1177/0300060521996183.

Wu Y, Yin Q, Zhang X, Zhu P, Luan H, Chen Y. 2020. Long noncoding RNA THAP9-AS1 and
TSPOAP1-AS1 provide potential diagnostic signatures for pediatric septic shock. BioMed
Research International 2020:7170464 DOI 10.1155/2020/7170464.

XuHP, Ma XY, Yang C. 2021. Circular RNA TLK1 promotes sepsis-associated acute kidney injury
by regulating inflammation and oxidative stress through miR-106a-5p/HMGB1 axis. Fronties in
Molecular Biosciences 8:660269 DOI 10.3389/fmolb.2021.660269.

Yang WH, Huang Z, Wu J, Ding CC, Murphy SK, Chi JT. 2020. A TAZ-ANGPTL4-NOX2 axis
regulates ferroptotic cell death and chemoresistance in epithelial ovarian cancer. Molecular
Cancer Research 18(1):79–90 DOI 10.1158/1541-7786.MCR-19-0691.

Yifan C, Jianfeng S, Jun P. 2021.Development and validation of a random forest diagnostic model
of acute myocardial infarction based on ferroptosis-related genes in circulating endothelial cells.
Frontiers in Cardiovascular Medicine 8:663509 DOI 10.3389/fcvm.2021.663509.

Yu G, Wang LG, Han Y, He QY. 2012. clusterProfiler: an R package for comparing biological
themes among gene clusters. OMICS: A Journal of Integrative Biology 16(5):284–287
DOI 10.1089/omi.2011.0118.

Zarjou A, Black LM, McCullough KR, Hull TD, Esman SK, Boddu R, Varambally S,
Chandrashekar DS, Feng W, Arosio P, Poli M, Balla J, Bolisetty S. 2019. Ferritin light chain
confers protection against sepsis-induced inflammation and organ injury. Frontiers in
Immunology 10:131 DOI 10.3389/fimmu.2019.00131.

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi HA, Tanaseichuk O, Benner C, Chanda SK.
2019.Metascape provides a biologist-oriented resource for the analysis of systems-level datasets.
Nature Communications 10(1):1523 DOI 10.1038/s41467-019-09234-6.

Cui et al. (2022), PeerJ, DOI 10.7717/peerj.13983 21/21

http://dx.doi.org/10.1093/nar/gky1131
http://dx.doi.org/10.1038/s41422-020-00441-1
http://dx.doi.org/10.1186/s12974-017-0853-2
http://dx.doi.org/10.1080/21655979.2021.2009970
http://dx.doi.org/10.1177/0300060520910638
http://dx.doi.org/10.1002/ctm2.173
http://dx.doi.org/10.1177/0300060521996183
http://dx.doi.org/10.1155/2020/7170464
http://dx.doi.org/10.3389/fmolb.2021.660269
http://dx.doi.org/10.1158/1541-7786.MCR-19-0691
http://dx.doi.org/10.3389/fcvm.2021.663509
http://dx.doi.org/10.1089/omi.2011.0118
http://dx.doi.org/10.3389/fimmu.2019.00131
http://dx.doi.org/10.1038/s41467-019-09234-6
http://dx.doi.org/10.7717/peerj.13983
https://peerj.com/

	Screening of potential key ferroptosis-related genes in sepsis
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


