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ABSTRACT

Purpose. Sepsis-induced liver failure is a kind of liver injury with a high mortality,
and ferroptosis plays a key role in this disease. Our research aims to screen ferroptosis-
related genes in sepsis-induced liver failure as targeted therapy for patients with liver
failure.

Methods. Using the limma software, we analyzed the differentially expressed genes
(DEGs) in the GSE60088 dataset downloaded from the Gene Expression Omnibus
(GEO) database. Clusterprofiler was applied for enrichment analysis of DEGs enrich-
ment function. Then, the ferroptosis-related genes of the mice in the FerrDb database
were crossed with DEGs. Sepsis mice model were prepared by cecal ligation and
perforation (CLP). ALT and AST in the serum of mice were measured using detection
kit. The pathological changes of the liver tissues in mice were observed by hematoxylin-
eosin (H & E) staining. We detected the apoptosis of mice liver tissues using TUNEL.
The expression of Hmox1, Epasl, Sirtl, Slc3a2, Jun, Plin2 and Z{p36 were detected by
qRT-PCR.

Results. DEGs analysis showed 136 up-regulated and 45 down-regulated DEGs.
Meanwhile, we found that the up-regulated DEGs were enriched in pathways including
the cytokine biosynthesis process while the down-regulated DEGs were enriched
in pathways such as organic hydroxy compound metabolic process. In this study,
seven genes (Hmox1, Epasl, Sirtl, Slc3a2, Jun, Plin2 and Zfp36) were obtained
through the intersection of FerrDb database and DEGs. However, immune infiltration
analysis revealed that ferroptosis-related genes may promote the development of liver
failure through B cells and natural killer (NK) cells. Finally, it was confirmed by the
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construction of septic liver failure mice model that ferroptosis-related genes of Hmoxl1,
Slc3a2, Jun and Zfp36 were significantly correlated with liver failure and were highly
expressed.

Conclusion. The identification of ferroptosis-related genes Hmox1, Slc3a2, Jun and
Zfp36 in the present study contribute to our understanding of the molecular mechanism
of sepsis-induced liver failure, and provide candidate targets for the diagnosis and
treatment of the disease.
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INTRODUCTION

Around 30 million people are affected by sepsis worldwide every year (Huang, Cai & Su,
2019). Multiple factors contribute to the pathogenesis of sepsis, and the liver plays a central
role in sepsis (Kasper et al., 2020). Revealed by some researches, many acute phase proteins
and inflammatory cytokines are produced in sepsis-induced liver failure (Horvatits et al.,
2019). Pathogens or toxins in sepsis reach the liver through blood, and then the liver
macrophages can recognize and phagocytose pathogens (Kasper et al., 2020). However,
the released pro-inflammatory cytokines will in turn induce liver inflammation, thereby
activating apoptosis signaling pathway and leading to liver failure (Strnad et al., 2017).
Although progresses have been made in the medical level, sepsis is still not effectively
treated (Singer et al., 2016). Therefore, our research conducted an in-depth study on
sepsis-induced liver failure.

Ferroptosis is a novel mechanism of cell death regulation (Stockwell et al., 2017).
Ferroptosis was also revealed in liver injury, inflammation and other diseases (Wang
et al., 2017). Irisin can inhibit ferroptosis and restore mitochondrial function in sepsis
(Wei et al., 2020). Downregulating HO-1 expression and iron concentration can reduce
ferroptosis, thereby attenuating myocardial cell injury in sepsis (Wang et al., 2020a). In
addition, ferroptosis exert its action in regulating liver diseases, including liver failure,
hepatocellular carcinoma, liver fibrosis, and liver ischemic injury (Kim, Cho ¢ Ki, 2020).
Therefore, we hope through bioinformatics technology to quickly find ferroptosis-related
genes in sepsis-induced liver failure, making them possibly being used for the early diagnosis
of sepsis-induced liver failure and thus providing new ideas for the clinical treatment of
the disease.

In this study, we first analyzed the differentially expressed genes (DEGs) in the GSE60088
dataset using the limma software package. Then, we take intersection of the ferroptosis-
related genes of mice in the FerrDb database with DEGs to obtain ferroptosis-related
genes. Finally, we verified the expression of ferroptosis-related genes in liver tissues by
constructing sepsis-induced liver failure mice model. In summary, the ferroptosis-related
genes we studied in this research can provide new therapeutic targets for patients with
sepsis-induced liver failure.

METHODS

Data acquisition

We downloaded the original CEL data of GSE60088 from the GEO database (http:
Jwww.nebinlm.nih.gov/geo/), which contained the gene data of 27 mice sepsis models
(sepsis model was established by Staphylococcus aureus) and the controls. Five liver failure
samples and three control samples were selected for subsequent analysis. The CEL file was
first processed using the affy software package, and the RMA algorithm was applied for
standardization.

DEGs analysis
We performed differential gene expression analysis of the liver failure in the GSE60088
dataset using the limma (Version: 3.42.2) software package (Ritchie et al., 2015), and the
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Volcano plot and heatmap were correspondingly drawn. Adjusted P values (adj. P) < 0.05
and [logFC|>1 were set as the cutoff criterion to select DEGs for every dataset microarray,
respectively (Chen et al., 2021).

Functional enrichment analysis

Gene Ontology (GO) (Chen et al., 2017) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Wrzodek, Drager ¢ Zell, 2011) pathway enrichment analysis was conducted using
ClusterProfiler for both the up-regulated and down-regulated genes in the GSE60088
dataset (Xu ef al., 2021), and the enrichment results were screened with padj < 0.05 as the
threshold.

Identification of ferroptosis-related genes

We obtained a total of 107 ferroptosis-related genes of mice from the FerrDb (http:
Jwww.zhounan.orgfferrdblegacy/index.html) database. The ferroptosis-related genes
related to liver failure were obtained by crossing the ferroptosis-related genes with the
DEGs.

Validation of ferroptosis-related genes

We downloaded the GSE199598 dataset (containing four control samples and four sepsis
liver tissue samples from mice) and the GSE95233 dataset (containing 22 control samples
and 102 samples from patients with sepsis) from the GEO. The R package ‘ggplot2’ was
used to draw the expression boxplots of ferroptosis-related genes for validation (Wu et al.,
2021).

Immune infiltration analysis

Infiltration analysis of 22 types of immune cells was performed on the liver failure group and
the control group using “CIBERSORT” (https:/cibersort.stanford.edu/) in the R package
(P < 0.05) (Newman et al., 2015). Differential immune cells in the liver failure group and
the control group were screened by boxplot. Meanwhile, correlation analysis of 22 types of
immune cells was conducted using R software.

Preparation of sepsis-induced liver failure mice model

The mice model of CLP-induced sepsis-induced liver failure was established using the
C57BL/6 male mice aged from six to eight weeks (Hangzhou Medical College, China,
Hangzhou). The mice were housed in ventilated cages (22 °C, 40-60% humidity, 12-hour
light/dark cycle) with food and water. The animal experiment in this research has been
approved by the Institutional Animal Care and Use Committee (IACUC), Zhejiang
Provincial Committee for Laboratory Animal (ZJCLA) (Approval No. ZJCLA-IACUC-
20010070). First, the cecum of mice was ligated after anesthesia and punctured with a
needle. Then, we extruded the feces of mice from the puncture wound and sutured the
wound. After the operation, sterile saline solution was subcutaneously injected in mice
(0.9%). The successful modeling of sepsis-induced liver failure mice model was indicated
if the systemic inflammatory response reached the peak at 12 h after the operation, and
the mice had symptoms such as erect hair, diarrhea and pyuria. After 12 h of CLP-induced
sepsis-induced liver failure in the mice model, the whole body serum of the mice was
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collected by cardiac puncture for subsequent experiments. All mice were euthanized by
CO, asphyxiation after the experiment. In addition, mice without ligation and puncture
were included in the sham operation group (Sham group), namely the control group.

Serum ALT and AST measurement

Serum ALT and AST were determined using the detection kit (Invitrogen, Waltham, MA,
USA), and the contents of ALT and AST in plasma were determined according to the
manufacturer’s instructions.

Hematoxylin-eosin (H & E) staining

The liver tissues of mice were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin
and prepared into 5 pm slices. Then, the liver tissue slices were stained with hematoxylin
and eosin (Invitrogen, Waltham, MA, USA) reagent. Finally, the pathological changes of
mice liver tissues were observed under a microscope.

TUNEL detection

The apoptosis of mice liver tissues was detected using TUNEL (Invitrogen, Waltham,
MA, USA). According to the operating instruction manual of TUNEL detection kit (Merck
Millipore, Darmstadt, Germany), the liver tissue sections of mice were stained with TUNEL
reagent to determine the apoptosis of liver tissues. Finally, the apoptosis was observed under

an optical microscope.

qRT-PCR assay

The total RNA of the samples was obtained using the Trizol kit (Invitrogen, Waltham,
MA, USA), and cDNA was synthesized using the reverse transcription kit (Invitrogen,
Waltham, MA, USA) and detected by real-time quantitative PCR. With GAPDH as the
internal reference, the relative gene expression levels of Hmox1, Epasl, Sirtl, Slc3a2,
Jun, Plin2 and Zfp36 were calculated by 2724¢T method. The primer pairs applied for
qRT-PCR in Table 1.

Statistical processing

GraphPad prism 9.0 software (Graphpad, San Diego, CA, USA) was applied for ¢ test
or one-way ANOVA (analysis of variance), and P < 0.05 was considered statistically
significant.

RESULTS
DEGs analysis

Five sepsis models and three controls of mice in the GSE60088 dataset were processed by the
affy software package to obtain the boxplot (Fig. 1A). A total of 181 DEGs (Supplementary
Material 1) in the sepsis models and the controls were revealed by analysis of the Volcano
plot and Heatmap of DEGs, including 136 up-regulated and 45 down-regulated DEGs
(Figs. 1B, 1C).
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Table 1 The primer pairs applied for qRT-PCR.

Forward primer 5'-3’ Reverse primer 5'-3'

Hmox1 ACCGCCTTCCTGCTCAACATTG CTCTGACGAAGTGACGCCATCTG
Epasl ACAACCTCCTCCCACTCCTTTCC TCCGAGAGTCCCGCTCAATCAG
Sirtl CCAGACCTCCCAGACCCTCAAG GTGACACAGAGACGGCTGGAAC
Slc3a2 GCAGGACGGTGTGGATGGTTTC ATTCTGCCACTCAGCCAAGTACAAG
Jun CTTCTACGACGATGCCCTCAACG GCCAGGTTCAAGGTCATGCTCTG
Plin2 GCAACAGAGCGTGGTGATGAGAG CTGACATAAGCGGAGGACACAAGG
Zfp36 TCTGAGTGACAAGTGCCTACCTACC GTCCCCACAGCAATGAGCAGTC
GAPDH AGGAGAGTGTTTCCTCGTCC TGCCTGAGTGGAGTCATAC
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Figure 1 DEGs analysis. (A) Boxplot diagram of the DEGs in the GSE60088 dataset. (B) Volcano plot of
the DEGs in the GSE60088 dataset. (C) Heatmap of the DEGs in the GSE60088 dataset.
Full-size G4l DOI: 10.7717/peerj.13757/fig-1

Functional enrichment analysis

Furthermore, we explored the functions and enrichment pathways of DEGs in this research,
and conducted GO and KEGG enrichment analysis on the up- and down-regulated DEGs
in the GSE60088 dataset. Great differences in the functions of DEGs were indicated by
the results of analysis. The up-regulated DEGs were mainly enriched in pathways such
as cytokine production process, acute inflammatory response, TNF signaling pathway,
NEF-kappa B signaling pathway and IL-17 signaling pathway (Figs. 2A, 2B, Supplementary
Material 2 and Supplementary Material 3). The down-regulated DEGs were mainly enriched
in pathways such as organic hydroxy compound metabolic process, monocarboxylic acid
production process, steroid hormone production, drug metabolism-other enzymes and
bile secretion (Figs. 2C, 2D, Supplementary Material 4 and Supplementary Material 5).

Screening of ferroptosis-related genes

Seven differentially expressed ferroptosis-related genes (Hmox1, Epasl, Sirtl, Slc3a2, Jun,
Plin2 and Zfp36) were obtained through the intersection of ferroptosis-related genes in
the FerrDb database with DEGs in the GSE60088 dataset, and all of these genes were
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Figure 2 GO and KEGG enrichment analysis of DEGs. (A) GO enrichment analysis of the up-regulated
DEGs. (B) KEGG enrichment analysis of the up-regulated DEGs. (C) GO enrichment analysis of the
down-regulated DEGs. (D) KEGG enrichment analysis of the down-regulated DEGs.

Full-size Gal DOI: 10.7717/peerj.13757/fig-2
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Figure 3 Screening of ferroptosis-related genes. (A) Expression of ferroptosis-related genes. (B) Corre-
lation analysis of ferroptosis-related genes. (C) Enrichment analysis of the seven genes.
Full-size &l DOI: 10.7717/peerj.13757/fig-3

up-regulated in liver failure (Fig. 3A). At the same time, a significant positive correlation
between the seven genes was indicated by Pearson correlation analysis, and the correlation
between Slc3a2 and Plin2 was the strongest (Cor = 0.97, Fig. 3B). Then, we performed
enrichment analysis on the seven genes using the metascape software (Fig. 3C, Table 2).
Results showed that Hmox1, Sirtl and Slc3a2 were enriched in the ko04216 ferroptosis
pathway; Hmox1, Epasl, Sirtl and Jun were enriched in the regulation of transcription
from RNA polymerase II promoter in response to stress; Hmox1, Epasl, Sirtl, Slc3a2, Jun
and Zfp36 were enriched in the regulation of epithelial cell proliferation; Hmox1, Sirtl and
Zfp36 were enriched in the negative regulation of cytokine production.

Validation of ferroptosis-related genes

We validated the expression of the seven ferroptosis-related genes in GSE199598
(containing four control samples and four sepsis liver tissue samples from mice) and
GSE95233 (containing 22 control samples and 102 samples from patients with sepsis)
datasets. According to the validation results of the GSE199598 dataset, the expression levels
of the seven ferroptosis-related genes (Hmox1, Epasl, Sirtl, Slc3a2, Jun, Plin2 and Zfp36)
were all up-regulated, which was consistent with the results of the GSE60088 dataset (Fig.
4A). In addition, based on the validation results of the GSE95233 dataset, the expression
levels of the seven ferroptosis-related genes (Hmox1, Epasl, Sirtl, Slc3a2, Jun, Plin2 and
Zfp36) were also significantly up-regulated, and Sirt1 and Zfp36 were not significant (Fig.
4B), which was still consistent with the results from the GSE60088 dataset.
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Table 2 Enrichment pathways of the seven genes.

GO Terms

Gene

GO0:0043618 regulation of transcription from RNA
polymerase II promoter in response to stress

G0:0050678 regulation of epithelial cell proliferation

GO0:0043619 regulation of transcription from RNA
polymerase II promoter in response to oxidative stress

ko04216 Ferroptosis

GO0:0001818 negative regulation of cytokine production

GO0:0010883 regulation of lipid storage

GO0:0010890 positive regulation of sequestering of
triglyceride

Hmox1, Epasl, Sirtl, Jun

Hmoxl, Epasl, Sirtl, Slc3a2, Jun, Zfp36
Hmoxl, Epasl, Jun, Zfp36

Hmoxl, Sirtl, Slc3a2
Hmoxl, Sirtl, Zfp36
Sirtl, Plin2
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Figure 4 Expression of seven ferroptosis-related genes. (A) Expression of seven ferroptosis-related
genes in the GSE199598 dataset. (B) Expression of seven ferroptosis-related genes in the GSE95233

dataset.

Full-size &l DOI: 10.7717/peerj.13757/fig-4

Immune infiltration analysis

We also analyzed the immune infiltration of the samples, and the immune infiltration

bar chart and the boxplot of the differential immune cells between the liver failure group
and the control group were drawn accordingly (Figs. 5A, 5B). Significant differences in B
cells, natural killer (NK) cells and M2 macrophages were revealed by further analysis, and

the number of B cells and NK cells in the liver failure group increased significantly, while

the number of M2 macrophages decreased. Besides, we performed correlation analysis on

the three kinds of differential immune cells and seven differentially expressed ferroptosis-

related genes (Fig. 5C). These results revealed that B cells and NK cells were positively
correlated with the seven ferroptosis-related genes, and the correlation between NK cells
and Hmox1 was the strongest (cor = 0.88). However, M2 macrophages was negatively
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Figure 5 Analysis of the immune infiltration. (A) Immune infiltration strip map. (B) Differential immune cell boxplot map between the liver fail-
ure group and the control group. (C) Correlation analysis between immune cells and ferroptosis-related genes.
Full-size Gl DOI: 10.7717/peerj.13757/fig-5

correlated with the ferroptosis-related genes, and the negative correlation between M2
macrophages and Hmox1 was the strongest (cor = —0.81).

Expression of ferroptosis-related genes verified by animal experiments
Our research verified the expression of ferroptosis-related genes by constructing a sepsis-
induced liver failure mice model. Firstly, serum biochemical markers ALT and AST
reflecting the liver function were analyzed. Compared with the sham group, the levels of
serum ALT and AST in the CLP group were significantly increased (Fig. 6A, P < 0.05).
Meanwhile, the pathological changes of the liver tissues in mice were observed by H & E
staining. Focal and extensive necrosis was found in the liver tissues of mice in the CLP
group (Fig. 6B). Besides, through TUNEL staining, the apoptosis rate in the liver tissues of
mice in the CLP group was found to be higher than that in the Sham group (Fig. 6C). The
mice model was successfully established in this study.

The qRT-PCR results showed that compared with the sham group, the mRNA
expressions of Hmox1, Slc3a2, Jun and Zfp36 in the CLP group were significantly up-
regulated, which was consistent with the conclusion drawn from bioinformatics, while the
expressions of Sirtl, Epasl and Plin2 were down-regulated (Fig. 6D). In summary, our
research confirmed through animal experiments that ferroptosis-related genes Hmox1,
Slc3a2, Jun and Zfp36 were significantly correlated with and highly expressed in liver
failure.

DISCUSSION

Sepsis is a kind of host system reaction caused by pathogenic microorganisms in blood
circulation, causing severe systemic inflammation (Hawiger, Veach & Zienkiewicz, 2015).
Macrophages are activated under the stimulation of cytokines in sepsis such as macrophage
colony-stimulating factors, TNF-a, pathogenic microorganisms and chemical mediators,
and then the activated macrophages phagocytize and kill a variety of pathogens and present
antigens (Xing et al., 2012). Now, the incidence of sepsis is still increasing (Kumar, 2018).
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Figure 6 Expression of ferroptosis-related genes verified through animal experiments. (A) Determi-
nation of serum ALT and AST in mice, compared with the Sham group, “"P < 0.001. (B) H & E detection
of the pathological changes of mice liver tissues. (C) The apoptosis in the liver tissues of mice detected by
TUNEL. (D) The expression of ferroptosis-related genes in the liver tissues detected by qRT-PCR, com-

pared with the Sham group, "P < 0.05, P < 0.01, ""P < 0.001.
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Therefore, our research hope to obtain new therapeutic targets for sepsis-induced liver
failure.

Ferroptosis plays a key role in sepsis organ damage (Li et al., 2020). Therefore, we
screened the ferroptosis-related genes (Hmox1, Epasl, Sirtl, Slc3a2, Jun, Plin2 and Zfp36)
in this study through bioinformatics analysis, and found that these genes were highly
expressed in sepsis-induced liver failure model. At the same time, we verified in the
GSE199598 dataset (mouse) and the GSE95233 dataset (human) that the expression
levels of Hmox1, Epasl, Sirtl, Slc3a2, Jun, Plin2 and Zfp36 were all up-regulated, which
were in line with the results of the GSE60088 dataset. In addition, it was found through
immune infiltration analysis in this study that ferroptosis-related genes may promote the
development of sepsis-induced liver failure through B cells and NK cells.
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B cells are considered to have protective functions in sepsis, including antibody-
dependent and non-dependent mechanisms (Kelly-Scumpia et al., 2011). However, B
cells of sepsis undergo massive apoptosis, and release PAMP and DAMP (Hotchkiss et
al., 2002; Jensen et al., 2021). Some researches found that serum IgM and IgG antibody
concentrations are elevated under sepsis induction (Nicolai et al., 2020b). Reactive
antibodies of B cells dominate in sepsis among the main humoral immune responses
in the human body (Nicolai et al., 2020a).

NK cells are a kind of important natural immune cells (Otto ef al., 2011). Severe
infections and even deaths can be caused by the increase of T and NK cell apoptosis
in sepsis (Athie-Morales, O’Connor & Gardiner, 2008). In addition, IL-18R of NK cells is
reduced in sepsis mice (Hiraki et al., 2012). However, in another study, mice with NK cells
deficiency demonstrate lower survival rate and higher levels of pro-inflammatory cytokines
(Guo et al., 2017).

Besides, neutrophils and natural killer T cells are also involved in the sepsis-related
liver failure (Strnad et al., 2017; Wang, Yin & Yao, 2014). These cells exacerbate liver injury
in sepsis by secreting pro-inflammatory cytokines (Heymann ¢ Tacke, 2016). Immune
infiltration analysis showed that Hmox1 was closely associated with NK cells in Alzheimer’s
disease (Wu et al., 2021). Upregulation of Slc3a2 enhances the tumor specificity of NK
cells (Nachef et al., 2021). Deletion of Slc3a2 in B cells disrupts processes such as B cell
proliferation, plasma cell formation, and antibody secretion (Cantor et al., 2011). The
Zfp36 gene is expressed during B-cell development and promotes the recruitment of
Zfp36 gene target mRNAs (Akiyama & Yamamoto, 2021). Meanwhile, bioinformatics
analysis indicated that the expression levels of Jun and Zfp36 were correlated with NK-cell
infiltration (Dong et al., 2022). In general, the conclusions drawn from these reports are
consistent with the results in our research, that is, Hmox1, Epasl, Sirtl, Slc3a2, Jun,
Plin2 and Zfp36 collectively promote the development of sepsis-induced liver failure by
interacting with B cells and NK cells.

We also used a mouse model of sepsis-induced liver failure, and confirmed through
gRT-PCR detection that ferroptosis-related genes Hmox1, Slc3a2, Jun and Zfp36 were
significantly correlated with sepsis-induced liver failure. Hmoxl1 is a kind of stress protein-
encoded gene. In addition, some researches show that Hmox1 protects against heme injury
(Ning et al., 2020), and can regulate Hmox1 protein expression in response to oxidative
damage, including the oxidative damage in sepsis (Piantadosi et al., 2011; Vazquez-Armenta
et al., 2013). Hmox1 was confirmed in this study playing an important role in sepsis.

Slc3a2 plays important roles in tumor growth and oxidative stress control (Digomann,
Linge & Dubrovska, 2019). Upregulating Slc3a2 can activate the pro-inflammatory
cytokines in lymphocyte effector and regulate cell metabolism, growth and proliferation
(Nachef et al., 2021). T cell expansion can be prevented by the loss of Slc3a2 of effector
molecules in NK cells (Cibrian et al., 2020). These reports are consistent with the results of
immune infiltration analysis in this research.

Jun is a variety of gene encoding c-Jun protein and a key downstream target of JNK
pathway (Vogt, 2002). However, c-jun has been considered as a key mediator in tumor
progression (Ge et al., 2020; Miao ¢ Ding, 2003; Wang et al., 2020b), playing antiapoptotic
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role in many tumors (Eferl et al., 2003; Vleugel et al., 2006). However, Jun has not been
studied in sepsis, so we demonstrated Jun may be a new therapeutic target for sepsis-induced
liver failure in this research.

Zfp36, as a kind of RNA-binding protein gene, is also one of the cytoplasmic
mRNA regulators (Tiedje et al., 2016). Zfp36 expression is down-regulated in a variety
of tumors (Montorsi et al., 2016). Interestingly, Zfp36 exerts influence in the treatment of
hepatocellular carcinoma by regulating PRC1 (Chen et al., 2020), while it also plays an anti-
tumor role through the knockdown of Zfp36 expression to affect inflammation, metabolism
and cell proliferation (Krohler et al., 2019). Zfp36 protein binds to AU-rich elements in the
3'UTR of the corresponding mRNAs to inhibit the expression of inflammatory cytokines
and promote the resolution of inflammation (Joe et al., 2020). Meanwhile, up-regulating
the expression of Zfp36 gene can suppress the inflammatory response and induce the
autophagy to clear bacteria in sepsis model mice, thereby improving sepsis outcomes (Joe
et al., 2020). Our research also proved that Zfp36 is closely related to sepsis-induced liver
failure. In summary, shown by the above reports, Hmox1, Slc3a2, Jun and Zfp36 play
important roles in sepsis, which are consistent with our findings.

To sum up, the main advantage of our research lies in the screening of ferroptosis-related
genes (including Hmox1, Slc3a2, Jun and Zfp36) in sepsis-induced liver failure. First,
ferroptosis-related genes were screened through bioinformatics analysis in sepsis-induced
liver failure. Second, we performed immune infiltration analysis on these ferroptosis-related
genes and found that they may promote the development of liver failure through B cells
and NK cells. In addition, we constructed a mouse model, and confirmed through H
& E staining, TUNEL staining and qRT-PCR that Hmox1, Slc3a2, Jun and Zfp36 were
significantly related to sepsis-induced liver failure. As a result, Hmox1, Slc3a2, Jun and
Zfp36 may become new therapeutic targets for sepsis-induced liver failure in the future.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was funded by the Science and Technology Program of Lishui (2020SJZC035).
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:
The Science and Technology Program of Lishui: 2020SJZC035.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
e Qingli Chen conceived and designed the experiments, performed the experiments,

prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

Chen et al. (2022), PeerdJ, DOI 10.7717/peerj.13757 12/17


https://peerj.com
http://dx.doi.org/10.7717/peerj.13757

Peer

e Luxiang Liu performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
e Shuangling Ni performed the experiments, 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):

The animal experiment in this research has been approved by the Institutional Animal
Care and Use Committee (IACUC) of the Zhejiang Provincial Committee for Laboratory
Animal (Z]JCLA) (Approval ZJCLA-TACUC-20010070).

Data Availability
The following information was supplied regarding data availability:

The datasets used and/or analyzed during the current study are available at GEO:
GSE60088 and the FerrDb database (http:/iwww.zhounan.org/fferrdblegacy/operations/
download.html).

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.13757#supplemental-information.

REFERENCES

Akiyama T, Yamamoto T. 2021. Regulation of early lymphocyte development via mRNA
decay catalyzed by the CCR4-NOT complex. Frontiers in Immunology 12:715675
DOI 10.3389/fimmu.2021.715675.

Athie-Morales V, O’Connor GM, Gardiner CM. 2008. Activation of human NK cells by
the bacterial pathogen-associated molecular pattern muramyl dipeptide. Journal of
Immunology 180:4082—-4089 DOI 10.4049/jimmunol.180.6.4082.

Cantor J, Slepak M, Ege N, Chang JT, Ginsberg MH. 2011. Loss of T cell CD98 H chain
specifically ablates T cell clonal expansion and protects from autoimmunity. Journal
of Immunology 187:851-860 DOI 10.4049/jimmunol.1100002.

Chen W, Chen M, Zhao Z, Weng Q, Song J, Fang S, Wu X, Wang H, Zhang D, Yang
W, Wang Z, Xu M, JiJ. 2020. ZFP36 binds with PRC1 to inhibit tumor growth and
increase 5-Fu chemosensitivity of hepatocellular carcinoma. Frontiers in Molecular
Biosciences 7:126 DOI 10.3389/fmolb.2020.00126.

Chen X, Xia Z, Wan Y, Huang P. 2021. Identification of hub genes and candidate
drugs in hepatocellular carcinoma by integrated bioinformatics analysis. Medicine
100:€27117 DOI 10.1097/MD.0000000000027117.

Chen L, Zhang YH, Wang S, Zhang Y, Huang T, Cai YD. 2017. Prediction and analysis
of essential genes using the enrichments of gene ontology and KEGG pathways.
PLOS ONE 12:e0184129 DOI 10.1371/journal.pone.0184129.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.13757 13/17


https://peerj.com
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60088
http://www.zhounan.org/ferrdb/legacy/operations/download.html
http://www.zhounan.org/ferrdb/legacy/operations/download.html
http://dx.doi.org/10.7717/peerj.13757#supplemental-information
http://dx.doi.org/10.7717/peerj.13757#supplemental-information
http://dx.doi.org/10.3389/fimmu.2021.715675
http://dx.doi.org/10.4049/jimmunol.180.6.4082
http://dx.doi.org/10.4049/jimmunol.1100002
http://dx.doi.org/10.3389/fmolb.2020.00126
http://dx.doi.org/10.1097/MD.0000000000027117
http://dx.doi.org/10.1371/journal.pone.0184129
http://dx.doi.org/10.7717/peerj.13757

Peer

Cibrian D, Castillo-Gonzalez R, Fernandez-Gallego N, Fuente Hdela, Jorge I, Saiz
ML, Punzon C, Ramirez-Huesca M, Vicente-Manzanares M, Fresno M, Dauden
E, Fraga-Fernandez J, Vazquez J, Aragones J, Sanchez-Madrid F. 2020. Targeting
L-type amino acid transporter 1 in innate and adaptive T cells efficiently controls
skin inflammation. Journal of Allergy and Clinical Immunology 145:199-214
DOI10.1016/j.jaci.2019.09.025.

Digomann D, Linge A, Dubrovska A. 2019. SLC3A2/CD98hc, autophagy and tumor
radioresistance: a link confirmed. Autophagy 15:1850-1851
DOI 10.1080/15548627.2019.1639302.

Dong X, Yang Y, Xu G, Tian Z, Yang Q, Gong Y, Wu G. 2022. The initial expres-
sion alterations occurring to transcription factors during the formation of
breast cancer: evidence from bioinformatics. Cancer Medicine 11:1371-1395
DOI10.1002/cam4.4545.

Eferl R, Ricci R, Kenner L, Zenz R, David JP, Rath M, Wagner EF. 2003. Liver tumor
development. c-Jun antagonizes the proapoptotic activity of p53. Cell 112:181-192
DOI10.1016/50092-8674(03)00042-4.

Ge ], Wang ], Wang H, Jiang X, Liao Q, Gong Q, Mo Y, Li X, Li G, Xiong W, Zhao
J, Zeng Z. 2020. The BRAF V600E mutation is a predictor of the effect of ra-
dioiodine therapy in papillary thyroid cancer. Journal of Cancer 11:932-939
DOI10.7150/jca.33105.

Guo Y, Luan L, Patil NK, Wang J, Bohannon JK, Rabacal W, Fensterheim BA,
Hernandez A, Sherwood ER. 2017. IL-15 Enables septic shock by maintain-
ing NK cell integrity and function. Journal of Immunology 198:1320-1333
DOI 10.4049/jimmunol.1601486.

Hawiger J, Veach RA, Zienkiewicz J. 2015. New paradigms in sepsis: from prevention
to protection of failing microcirculation. Journal of Thrombosis and Haemostasis
13:1743-1756 DOI 10.1111/jth.13061.

Heymann F, Tacke F. 2016. Inmunology in the liver—from homeostasis to disease. Na-
ture Reviews Gastroenterology & Hepatology 13:88—110 DOI 10.1038/nrgastro.2015.200.

Hiraki S, Ono S, Kinoshita M, Tsujimoto H, Takahata R, Miyazaki H, Saitoh D, Seki S,
Hase K. 2012. Neutralization of IL-10 restores the downregulation of IL-18 receptor
on natural killer cells and interferon-gamma production in septic mice, thus leading
to an improved survival. Shock 37:177-182 DOI 10.1097/SHK.0b013e31823f18ad.

Horvatits T, Drolz A, Trauner M, Fuhrmann V. 2019. Liver injury and failure in critical
illness. Hepatology 70:2204-2215 DOI 10.1002/hep.30824.

Hotchkiss RS, Tinsley KW, Swanson PE, Grayson MH, Osborne DF, Wagner TH,
Cobb JP, Coopersmith C, Karl IE. 2002. Depletion of dendritic cells, but not
macrophages, in patients with sepsis. Journal of Immunology 168:2493-2500
DOI 10.4049/jimmunol.168.5.2493.

Huang M, Cai S, Su J. 2019. The pathogenesis of sepsis and potential therapeutic targets.
International Journal of Molecular Sciences 20:5376-5407 DOI 10.3390/1jms20215376.

Jensen IJ, Li X, McGonagill PW, Shan Q, Fosdick MG, Tremblay MM, Houtman
JC, Xue HH, Griffith TS, Peng W, Badovinac VP. 2021. Sepsis leads to lasting

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.13757 14/17


https://peerj.com
http://dx.doi.org/10.1016/j.jaci.2019.09.025
http://dx.doi.org/10.1080/15548627.2019.1639302
http://dx.doi.org/10.1002/cam4.4545
http://dx.doi.org/10.1016/s0092-8674(03)00042-4
http://dx.doi.org/10.7150/jca.33105
http://dx.doi.org/10.4049/jimmunol.1601486
http://dx.doi.org/10.1111/jth.13061
http://dx.doi.org/10.1038/nrgastro.2015.200
http://dx.doi.org/10.1097/SHK.0b013e31823f18ad
http://dx.doi.org/10.1002/hep.30824
http://dx.doi.org/10.4049/jimmunol.168.5.2493
http://dx.doi.org/10.3390/ijms20215376
http://dx.doi.org/10.7717/peerj.13757

Peer

changes in phenotype and function of memory CD8 T cells. Elife 10:e70989
DOI 10.7554/eLife.70989.

Joe Y, Chen Y, Park J, Kim HJ, Rah SY, Ryu J, Cho GJ, Choi HS, Ryter SW, Park JW,
Kim UH, Chung HT. 2020. Cross-talk between CD38 and TTP Is essential for
resolution of inflammation during microbial sepsis. Cell Reports 30:1063—1076
DOI 10.1016/j.celrep.2019.12.090.

Kasper P, Tacke F, Steffen HM, Michels G. 2020. Hepatic dysfunction in sep-
sis. Medizinische Klinik - Intensivmedizin und Notfallmedizin 115:609-619
DOI 10.1007/s00063-020-00707-x.

Kelly-Scumpia KM, Scumpia PO, Weinstein JS, Delano MJ, Cuenca AG, Nacionales
DC, Wynn JL, Lee PY, Kumagai Y, Efron PA, Akira S, Wasserfall C, Atkinson MA,
Moldawer LL. 2011. B cells enhance early innate immune responses during bacterial
sepsis. Journal of Experimetnal Medicine 208:1673—1682 DOI 10.1084/jem.20101715.

Kim KM, Cho SS, Ki SH. 2020. Emerging roles of ferroptosis in liver pathophysiology.
Archives of Pharmacal Research 43:985-996 DOI 10.1007/s12272-020-01273-8.

Krohler T, Kessler SM, Hosseini K, List M, Barghash A, Patial S, Laggai S, Gemperlein
K, Haybaeck J, Muller R, Helms V, Schulz MH, Hoppstadter J, Blackshear PJ,
Kiemer AK. 2019. The mRNA-binding protein TTP/ZFP36 in hepatocarcinogenesis
and hepatocellular carcinoma. Cancers 11:1754-1773 DOI 10.3390/cancers11111754.

Kumar V. 2018. Targeting macrophage immunometabolism: dawn in the darkness of
sepsis. International Immunopharmacology 58:173-185
DOI 10.1016/j.intimp.2018.03.005.

LiN, Wang W, Zhou H, Wu Q, Duan M, Liu C, Wu H, Deng W, Shen D, Tang Q. 2020.
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.

Miao ZH, Ding J. 2003. Transcription factor c-Jun activation represses mdr-1 gene
expression. Cancer Research 63:4527—-4532.

Montorsi L, Guizzetti F, Alecci C, Caporali A, Martello A, Atene CG, Parenti S, Pizzini
S, Zanovello P, Bortoluzzi S, Ferrari S, Grande A, Zanocco-Marani T. 2016. Loss
of ZFP36 expression in colorectal cancer correlates to wnt/ ss-catenin activity and
enhances epithelial-to-mesenchymal transition through upregulation of ZEB1, SOX9
and MACCL. Oncotarget 7:59144-59157 DOI 10.18632/oncotarget.10828.

Nachef M, Ali AK, Almutairi SM, Lee SH. 2021. Targeting SLC1A5 and SLC3A2/SLC7A5
as a potential strategy to strengthen anti-tumor immunity in the tumor microenvi-
ronment. Frontiers in Immunology 12:624324 DOI 10.3389/fimmu.2021.624324.

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, Hoang CD, Diehn M,
Alizadeh AA. 2015. Robust enumeration of cell subsets from tissue expression
profiles. Nature Methods 12:453—-457 DOT 10.1038/nmeth.3337.

Nicolai O, Potschke C, Raafat D, van der Linde J, Quosdorf S, Laqua A, Heidecke CD,
Berek C, Darisipudi MN, Binder CJ, Broker BM. 2020a. Oxidation-specific epitopes
(oses) dominate the B cell response in murine polymicrobial sepsis. Frontiers in
Immunology 11:1570-1583 DOI 10.3389/fimmu.2020.01570.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.13757 15/17


https://peerj.com
http://dx.doi.org/10.7554/eLife.70989
http://dx.doi.org/10.1016/j.celrep.2019.12.090
http://dx.doi.org/10.1007/s00063-020-00707-x
http://dx.doi.org/10.1084/jem.20101715
http://dx.doi.org/10.1007/s12272-020-01273-8
http://dx.doi.org/10.3390/cancers11111754
http://dx.doi.org/10.1016/j.intimp.2018.03.005
http://dx.doi.org/10.1016/j.freeradbiomed.2020.08.009
http://dx.doi.org/10.18632/oncotarget.10828
http://dx.doi.org/10.3389/fimmu.2021.624324
http://dx.doi.org/10.1038/nmeth.3337
http://dx.doi.org/10.3389/fimmu.2020.01570
http://dx.doi.org/10.7717/peerj.13757

Peer

Nicolai O, Potschke C, Schmoeckel K, Darisipudi MN, van der Linde J, Raafat D,
Broker BM. 2020b. Antibody production in murine polymicrobial sepsis-kinetics
and key Players. Frontiers in Immunology 11:828 DOI 10.3389/fimmu.2020.00828.

Ning YL, Yang ZQ, Xian SX, Lin JZ, Lin XF, Chen WT. 2020. Bioinformatics analysis
identifies hub genes and molecular pathways involved in sepsis-induced myopathy.
Medical Science Monitor 26:€919665 DOI 10.12659/MSM.919665.

Otto GP, Sossdorf M, Claus RA, Rodel J, Menge K, Reinhart K, Bauer M, Riedemann
NC. 2011. The late phase of sepsis is characterized by an increased microbiological
burden and death rate. Critical Care 15:R183 DOI 10.1186/cc10332.

Piantadosi CA, Withers CM, Bartz RR, MacGarvey NC, Fu P, Sweeney TE, Welty-Wolf
KE, Suliman HB. 2011. Heme oxygenase-1 couples activation of mitochondrial
biogenesis to anti-inflammatory cytokine expression. Journal of Biological Chemistry
286:16374-16385 DOI 10.1074/jbc.M110.207738.

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.

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
Bellomo R, Bernard GR, Chiche JD, Coopersmith CM, Hotchkiss RS, Levy MM,
Marshall JC, Martin GS, Opal SM, Rubenfeld GD, Poll Tvander, Vincent JL,
Angus DC. 2016. The third international consensus definitions for sepsis and
septic shock (sepsis-3). Journal of the American Medical Association 315:801-810
DOI 10.1001/jama.2016.0287.

Stockwell BR, Angeli JPFriedmann, Bayir H, Bush Al, Conrad M, Dixon SJ, Fulda S,
Gascon S, Hatzios SK, Kagan VE, Noel K, Jiang X, Linkermann A, Murphy ME,
Overholtzer M, Oyagi A, Pagnussat GC, Park J, Ran Q, Rosenfeld CS, Salnikow
K, Tang D, Torti FM, Torti SV, Toyokuni S, Woerpel KA, Zhang DD. 2017.
Ferroptosis: a regulated cell death nexus linking metabolism, redox biology, and
disease. Cell 171:273-285 DOIT 10.1016/j.cell.2017.09.021.

Strnad P, Tacke F, Koch A, Trautwein C. 2017. Liver - guardian, modifier and
target of sepsis. Nature Reviews Gastroenterology & Hepatology 14:55-66
DOI 10.1038/nrgastro.2016.168.

Tiedje C, Diaz-Munoz MD, Trulley P, Ahlfors H, Laass K, Blackshear PJ, Turner M,
Gaestel M. 2016. The RNA-binding protein TTP is a global post-transcriptional
regulator of feedback control in inflammation. Nucleic Acids Research 44:7418-7440
DOI 10.1093/nar/gkw474.

Vazquez-Armenta G, Gonzalez-Leal N, JV-dIT M, Munoz-Valle JF, Ramos-Marquez
ME, Hernandez-Canaveral I, Plascencia-Hernandez A, Siller-Lopez F. 2013.
Short (GT)n microsatellite repeats in the heme oxygenase-1 gene promoter are
associated with antioxidant and anti-inflammatory status in Mexican pediatric
patients with sepsis. Tohoku Journal of Experimental Medicine 231:201-209
DOI 10.1620/tjem.231.201.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.13757 16/17


https://peerj.com
http://dx.doi.org/10.3389/fimmu.2020.00828
http://dx.doi.org/10.12659/MSM.919665
http://dx.doi.org/10.1186/cc10332
http://dx.doi.org/10.1074/jbc.M110.207738
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1001/jama.2016.0287
http://dx.doi.org/10.1016/j.cell.2017.09.021
http://dx.doi.org/10.1038/nrgastro.2016.168
http://dx.doi.org/10.1093/nar/gkw474
http://dx.doi.org/10.1620/tjem.231.201
http://dx.doi.org/10.7717/peerj.13757

Peer

Vleugel MM, Greijer AE, Bos R, Van der Wall E, Van Diest PJ. 2006. c-Jun activation
is associated with proliferation and angiogenesis in invasive breast cancer. Human
Pathology 37:668—-674 DOI 10.1016/j.humpath.2006.01.022.

Vogt PK. 2002. Fortuitous convergences: the beginnings of JUN. Nature Reviews Cancer
2:465—-469 DOI 10.1038/nrc818.

Wang C, Yuan W, Hu A, Lin J, Xia Z, Yang CF, Li Y, Zhang Z. 2020a. Dexmedetomidine
alleviated sepsisinduced myocardial ferroptosis and septic heart injury. Molecular
Medicine Reports 22:175-184 DOI 10.3892/mmr.2020.11114.

Wang D, Tang L, Wu Y, Fan C, Zhang S, Xiang B, Zhou M, Li X, Li Y, Li G, Xiong
W, Zeng Z, Guo C. 2020b. Abnormal X chromosome inactivation and tumor
development. Cellular and Molecular Life Science 77:2949-2958
DOI 10.1007/s00018-020-03469-z.

Wang D, Yin Y, Yao Y. 2014. Advances in sepsis-associated liver dysfunction. Burns
Trauma 2:97-105 DOI 10.4103/2321-3868.132689.

Wang H, An P, Xie E, Wu Q, Fang X, Gao H, Zhang Z, Li Y, Wang X, ZhangJ, Li G,
Yang L, Liu W, Min J, Wang F. 2017. Characterization of ferroptosis in murine
models of hemochromatosis. Hepatology 66:449—465 DOI 10.1002/hep.29117.

Wei§, BiJ, 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:e173
DOI10.1002/ctm?2.173.

Wrzodek C, Drager A, Zell A. 2011. KEGGtranslator: visualizing and converting the
KEGG PATHWAY database to various formats. Bioinformatics 27:2314-2315
DOI 10.1093/bioinformatics/btr377.

WuY, Liang S, Zhu H, Zhu Y. 2021. Analysis of immune-related key genes in
Alzheimer’s disease. Bioengineered 12:9610-9624
DOI 10.1080/21655979.2021.1999553.

Xing K, Murthy S, Liles WC, Singh JM. 2012. Clinical utility of biomarkers of endothelial
activation in sepsis—a systematic review. Critical Care 16:R7 DOI 10.1186/cc11145.

XuN, Guo H, Li X, Zhao Q, Li J. 2021. A five-genes based diagnostic signature for sepsis-
induced ARDS. Pathology & Oncology Research 27:580801
DOI 10.3389/pore.2021.580801.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.13757 17117


https://peerj.com
http://dx.doi.org/10.1016/j.humpath.2006.01.022
http://dx.doi.org/10.1038/nrc818
http://dx.doi.org/10.3892/mmr.2020.11114
http://dx.doi.org/10.1007/s00018-020-03469-z
http://dx.doi.org/10.4103/2321-3868.132689
http://dx.doi.org/10.1002/hep.29117
http://dx.doi.org/10.1002/ctm2.173
http://dx.doi.org/10.1093/bioinformatics/btr377
http://dx.doi.org/10.1080/21655979.2021.1999553
http://dx.doi.org/10.1186/cc11145
http://dx.doi.org/10.3389/pore.2021.580801
http://dx.doi.org/10.7717/peerj.13757

