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Identification of ZIP8-induced ferroptosis as a major type of cell death in 
monocytes under sepsis conditions 
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A B S T R A C T   

Sepsis is a heterogenous syndrome with concurrent hyperinflammation and immune suppression. A prominent 
feature of immunosuppression during sepsis is the dysfunction and loss of monocytes; however, the major type of 
cell death contributing to this depletion, as well as its underlying molecular mechanisms, are yet to be identified. 
In this study, we confirmed the monocyte loss in septic patients based on a pooled gene expression data of 
periphery leukocytes. Using the collected reference gene sets from databases and published studies, we identified 
ferroptosis with a greater capacity to distinguish between sepsis and control samples than other cell death types. 
Further investigation on the molecular drivers, by a genetic algorithm-based feature selection and a weighted 
gene co-expression network analysis, revealed that zrt-/irt-like protein 8 (ZIP8), encoded by SLC39A8, was 
closely associated with ferroptosis of monocytes during sepsis. We validated the increase of ZIP8 of monocytes 
with in vivo and in vitro experiments. The in vitro studies also showed that downregulation of ZIP8 alleviated the 
lipopolysaccharide-induced lipid peroxidation, as well as restoring the reduction of GPX4, FTH1 and xCT. These 
findings suggest that ferroptosis might be a key factor in the loss of monocytes during sepsis, and that the 
heightened expression of ZIP8 may facilitate this progression.   

1. Introduction 

Sepsis is now acknowledged as one of the leading causes of mortality 
and critical illness of hospitalized patients worldwide [1]. A recent study 
from the Global Burden of Disease Study revealed that a total of 48.9 
million cases of sepsis had been reported across the globe in 2017, 
yielding an alarming mortality rate of 22.5 %, accounting for nearly 20 
% of all global deaths [2]. Besides, sepsis survivors are accompanied by a 
long-term morbidity, which entails a 15 % mortality rate in the first-year 
post-discharge and 6–8% in the following five years [3,4]. As the 
prevalence of sepsis continues to rise, it is likely to have substantial 
impacts on public health and cost. 

Sepsis is defined as an organ dysfunction syndrome caused by an 
aberrant host response to an infection [5]. However, this definition fails 
to portray the complexity of the immune state present during sepsis, 
which is triggered by persistent unremovable pathogens and 
damage-associated molecular patterns and may comprise concurrent 
hyperinflammation and immune suppression resulting in a final immune 
collapse and mortality [6]. Excessive release of pro-inflammatory 

cytokines and activation of complement and clotting systems could 
contribute to tissue damage and organ dysfunction in septic patients; 
however, anti-inflammation therapies delivered in clinical trials were 
met with limited success [7–10]. Therefore, the role of sustained 
immunosuppression in the progression of sepsis is gaining more interest. 
Although yet to be fully elucidated, it is postulated that the mechanisms 
of immunosuppression involve different cell types and pathophysio
logical processes. 

More recently, the indicator value of monocyte distribution width in 
the detection of sepsis has been demonstrated, thus highlighting the 
early involvement of monocytes in sepsis progression [11]. The 
dysfunction of monocytes is a prominent feature of immunosuppression, 
which is characterized by the abnormal expression of major histocom
patibility complex, class II, DR (HLA-DR) and programmed cell death 1 
ligand 1 (PDL1) and diminished capacity to release pro-inflammatory 
cytokines. Compared to functional abnormalities, loss of monocytes 
may have a more drastic impact on the development of sepsis. Studies 
focusing on circulating immunocytes have found a strong inverse cor
relation between absolute monocyte counts and the degree of severity 
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and mortality of septic patients [12,13]. Furthermore, apoptosis, ne
crosis, as well as pyroptosis of monocytes have all been found to be 
related to development and severity of sepsis [14–16]. A recent study 
has revealed apoptosis, autophagy and ferroptosis are main types of cell 
death in monocytes [17]; however, the limitations, such as 
sequencing-based identification of monocytes from peripheral blood 
mononuclear cell (PBMC), single source-derived cell death gene sets, 
and small sample size, demand necessity of further exploration on the 
predominant type of cell death signaling in monocytes during acute 
sepsis. 

In this study, we leveraged population-level transcriptomic data in 
humans with sepsis to determine the principal types of cell death 
pathways expressed in monocytes during sepsis and found that mono
cytes from patients with sepsis displayed significant upregulation of 
ferroptosis-related pathways. To further explore specific underlying 
mechanisms, we utilized a feature selection method based on genetic 
algorithm and performed a weighted gene co-expression network anal
ysis (WGCNA) to filter out significant genes. Consequently, zrt-/irt-like 
protein 8 (ZIP8), encoded by SLC39A8, was identified and validated for 
its critical role in monocyte ferroptosis during sepsis. Our findings could 
potentially shed light on the molecular pathogenesis of sepsis and sub
sequently assist in optimizing therapies for septic patients. 

2. Material and methods 

2.1. Dataset inclusion criteria 

Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih. 
gov/geo/) and ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) 
public gene expression repositories were systematically searched for any 
relevant gene expression microarray or next-generation sequencing 
(NGS/RNAseq) datasets of sepsis with the following terms: sepsis, septic, 
SIRS, acute infection, trauma, shock, surgery, infection, pneumonia, 
critical, ICU, inflammatory, nosocomial. Upon further scrutiny, datasets 
containing transcriptomic profiling of leukocytes and/or monocytes 
from whole blood sample of Homo sapiens, regardless of sex, were 
considered potentially eligible and retained. Datasets simply pertaining 
to SIRS, acute infection or pneumonia, which did not meet sepsis diag
nostic criteria, were excluded. In addition, datasets were also excluded if 
they solely comprised pediatric or neonatal patients, utilized endotoxin 
as a model for sepsis, were in vitro experiments, focused on diseases with 
special pathogen (HIV, HBV, etc.), were derived from sorted cells 
(without monocytes), or merely contained non-coding RNA profiling. 

2.2. Ethics statement 

Gene expression data used in this research were obtained from 
publicly available sources with preexisting ethics approval from original 
studies. Informed consent was obtained for each participant. The study 
was conducted in accordance to the Declaration of Helsinki. 

All animal experiments were carried out in accordance with the 
Guides for the Care and Use of Laboratory Animals (National Academy 
of Sciences, China) and with approval from the Ethics Committee of 
Shanghai Pulmonary Hospital (ethical approval number: K21-181Z), 
adhered to the recommendations in the Guide for the Care and Use of 
Laboratory Animals published by the National Institutes of Health. 

2.3. Dataset normalization and pooling 

All Affymetrix datasets were procured and re-normalized according 
to the original studies. The remaining array datasets were normalized 
using R package ‘limma’ [18]. During processing, probes with the 
maximum mean expression intensity across all samples were retained 
when multiple probes were mapped to the same symbol, whilst probes 
mapped to multiple symbols or having no mapping were removed. 
Expression from NGS datasets were processed as counts per million total 

reads and were normalized using the ‘voom’ method in R package 
‘limma’, for compatibility with microarray studies. Dataset pooling was 
performed via a batch effect correction by an empirical Bayes frame
work [19], with a principal component analysis for quality inspection. 

2.4. Monocyte quantification 

Monocyte quantification was implemented using gene expression 
data of leukocytes through computational approaches based on sets of 
monocyte-specific marker genes or overall expression signatures. We 
calculated the enrichment score (ES) of monocyte in each leukocyte 
sample leveraging on the single sample gene set enrichment analysis 
(ssGSEA) method (R package ‘gsva’). The aforementioned monocyte- 
specific marker genes were extracted from CellMarker and PanglaoDB 
databases [20,21]. Additionally, the relative fraction of monocyte was 
also quantitatively estimated using the CIBERSORT and quanTIseq 
methods (R package ‘immunedeconv’) [22,23]. The enrichment scores 
and relative fractions obtained from different methods were normalized 
by deviation standardization for presentation. 

2.5. Cell death estimation 

Extents of various cell death types were estimated using ssGSEA 
method (R package ‘gsva’). The renamed reference gene sets of multiple 
cell death forms, including apoptosis, necrosis, necroptosis, pyroptosis, 
ferroptosis and cuproptosis, were curated from published studies or 
public databases and listed in Table S1. In brief, defined cell death 
associated gene sets were retrieved from MSigDB HALLMARK and GOBP 
collections [24], REACTOME, WIKI, and KEGG databases [25–27]. Each 
cell death term was also searched in GeneCards database [28], and genes 
with relevant score greater than 95 % quantile were retained as mem
bers of corresponding gene sets. Subsequently, the enrichment scores of 
each cell death pathway were compared between septic patients and 
healthy control subjects, and potential significant cell death types were 
further evaluated via receiver operating characteristic (ROC) curve 
analysis (R package ‘pROC’). 

2.6. K-means clustering analysis 

The scaled enrichment scores (z-scores) generated from selected cell 
death pathways were employed for performing k-means clustering 
analysis. The optimal number of clusters was determined by applying 
elbow method and average silhouette method [29]. 

2.7. Feature selection through multivariate method 

Feature selection was performed to screen genes representative of 
characteristics of sepsis samples. The procedure was implemented 
through a multivariate method, which was based on a 5-gene neural 
network (NN) model (R package ‘nnet’) for classification and a genetic 
algorithm (GA) approach (R package ‘GALGO’) coupled with ROC 
analysis (R package ‘pROC’) for variable search and evaluation [30]. GA 
methods, a computing technique commonly applied to address optimi
zation issues through simulating natural selection, operate by iterating 
sets of random variables (‘chromosomes’) to fit designated criteria from 
an initialized random population. In this study, a number of random 
5-gene combinations were established as the initial chromosomes. The 
chromosomes were then adopted for the construction of a class predic
tion model using a neural network. The NN model was trained and tested 
with 4-fold cross validation (automatically detected splits), and the 
corresponding testing area under operating characteristic curve (AUC) 
values delineated the ability of the chromosomes to discern the group 
affiliation of each sample. The chromosomes with a higher fitness score, 
a parameter proportional to the AUC value, were underwent replication, 
cross-over, and at times, mutation, for generating more offspring until 
one of them achieved the predetermined ‘goalFitness’ or until 200 
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generations had occurred. The chromosomes with a fitness score greater 
than 0.99 were stored and the attendances of the corresponding genes 
were recorded for frequency ranking. The convergence of the GA was 
detected by monitoring the stability of the gene rankings. The afore
mentioned process was defined as one evolution cycle, which was per
formed 2000 times to guarantee the steadiness of genes with the most 
attendance frequency in this study. 

2.8. Gene co-expression network construction 

Prior to network construction, sample quality control was conducted 
to eliminate outlier samples or samples with missing values through 
‘hclust’ and ‘goodSamplesGenes’ functions in R package ‘WGCNA’ [31]. 
Legitimate samples were then employed for co-expression network 
construction using the R package ‘WGCNA’. The soft-threshold power β 
was detected by ‘pickSoftThreshold’ function to construct a standard 
scale-free network. The constructed adjacency matrix was then trans
formed into a topological overlap matrix with the β value set as 9 
(scale-free R2 = 0.85). Finally, the identification of co-expression gene 
modules was implemented through dynamic tree cut method with the 
cut height of 0.25 and minimal module size set as 50. 

2.9. Identification of the hub gene 

In order to identify the hub gene, we employed a two-step approach 
combining feature selection and WGCNA analysis. We first selected 
genes with a frequency greater than 15 in the feature selection pro
cedure to obtain a list of hub gene candidates. The fold-change values of 
the candidates were calculated using R package ‘limma’ and visualized 
in a volcano plot. In WGCNA procedure, after identifying gene co- 
expression modules, we quantified the correlations, which were 
defined as ‘geneTraitSignificance’ (GS) values, between the module 
eigengene value of each module and z-scores of significant cell death 
pathways with high AUC values. A p value < 0.05 was considered as 
statistically significant. The mean GS values of each legitimate module 
were then arranged to screen out the hub gene module. In the hub gene 
module, genes with respective module membership (MM) value and GS 
value greater than 0.8 and 0.3 were selected as candidates of the hub 
gene. The intersected candidates from feature selection procedure and 
WGCNA process were then re-arranged according to their GS values, 
with the one having the highest GS value being considered as the hub 
gene. 

2.10. Functional enrichment analysis 

Pathway enrichment analyses were performed through DAVID tools 
(https://david.ncifcrf.gov/) based on KEGG, REACTOME and WIKI da
tabases [32]. Gene set enrichment analysis (GSEA) was conducted using 
GSEA software (version 4.2.1) [33]. Based on the median expression of 
the hub gene, samples were divided into high-expression and 
low-expression groups. The reference gene set, ‘c2.cp.v2023.1.Hs.sym
bols.gmt’, was acquired from the Molecular Signature Database. The 
NORM-p value < 0.05 was considered as statistically significant. 

2.11. Animals 

Male adult C57BL/6 wild-type mice, 8-10-week-old, obtained from 
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), 
were used in this study. All animals were housed under specific 
pathogen-free conditions and had access to water and food pellets ad 
libitum. 

2.12. Cecal ligation and puncture model 

Cecal ligation and puncture (CLP) was performed to induce sepsis as 
described previously [34]. Briefly, animals were anesthetized with 

ketamine (100 mg/kg i. p.) and xylazine (5 mg/kg i. p.) prior to disin
fection of abdominal skin. A 1.5-cm midline abdominal incision was 
performed to allow for complete exposure of the cecum. The cecum was 
then ligated at half the distance between the distal pole and the base of 
the cecum and punctured with a 22-gauge needle. Thereafter, the cecum 
was slightly compressed to extrude a small amount of feces. Once this 
procedure was completed, the cecum was relocated, and the incision 
was then sutured. In sham controls, the cecum was exposed but not 
ligated or punctured. Following surgical procedures, all mice were given 
subcutaneous injections of prewarmed normal saline (50 μl/g) for fluid 
resuscitation and buprenorphine (0.05 mg/kg) for analgesia. 

2.13. Flow cytometry 

Twenty-four or 48 h post-CLP, mice were anesthetized and whole 
blood was collected via cardiac puncture for flow cytometry analysis. 
After lysis of erythrocytes (eBioscience Cat# 00–4300) and Fc receptor 
blocking (BioLegend Cat# 156604, RRID:AB_2783138), blood samples 
were stained with anti-CD45 (BioLegend Cat# 103114, RRID: 
AB_312979), anti-CD11b (BioLegend Cat# 101212, RRID:AB_312795) 
and anti-Ly6G (BioLegend Cat# 127608, RRID:AB_1186099). 7-AAD 
(BioLegend Cat# 420404) was simultaneously used to differentiate be
tween live and dead cells. For counterstaining of ZIP8, GPX4, FTH1, and 
xCT, leukocytes were fixed (eBioscience Cat# 00–8222) and per
meabilized (eBioscience Cat# 00–8333) before antibody incubation. 
Alexa Fluor 488 labeled anti-ZIP8, anti-GPX4, and anti-xCT were 
respectively produced by modifying anti-ZIP8 (Proteintech Cat# 20459- 
1-AP, RRID:AB_10697830), anti-GPX4 (Proteintech Cat# 30388-1-AP), 
and anti-xCT (Invitrogen Cat# PA1-16893, RRID:AB_2286208) using a 
conjugation kit (Abcam Cat# ab236553). FTH1 was detected using 
primary antibody (Abcam Cat# ab75973, RRID:AB_1310222), followed 
by staining with Alexa Fluor 488 conjugated anti-Rabbit IgG (Abcam 
Cat# ab150077, RRID:AB_2630356). All samples were then tested in a 
FACSCanto II flow cytometer (BD Biosciences) and analyzed using 
FlowJo software. 

2.14. Cell culture, treatment and transfection 

The mouse monocyte/macrophage cell line RAW264.7 was obtained 
from American type culture collection, and was cultured in Dulbecco’s 
modified Eagle’s medium (Gibco Cat# C11995500BT) with 10 % fetal 
bovine serum (Gibco Cat# 10091–148) and 1 % penicillin-streptomycin 
(Gibco Cat# 15070–063) in a 37 ◦C incubator with 5 % CO2. When 
necessary, cells were treated with lipopolysaccharide (LPS, Sigma Cat# 
L2880) after 48 h of transfection. Cells were cultured in each well of a 6- 
well plate, adjusted to a density of approximately 6 × 105 cells per well 
before being transfected with small interfering RNA (target sequences 
CGACACTGTCAGCGTTGTA, 5′-CGACACUGUCAGCGUUGUA-3′ and 5′- 
UACAACGCUGACAGUGUCG-3′) for the purpose of Slc39a8 expression 
knockdown using RNAiMAX reagent (Invitrogen Cat# 13778). 

2.15. Western blotting assay 

Cells were washed with phosphate buffer saline (PBS) and ultra
sonically disrupted before lysed in high strength radio
immunoprecipitation assay lysis reagent (Epizyme Cat# PC101) 
containing protease inhibitors (NCM Cat# P002). The protein concen
tration in the cell supernatants was determined using the BCA protein 
assay kit (Thermo Cat# 23225). Subsequently, 15 μg protein was loaded 
and separated by 12.5 % sodium dodecyl sulphonate polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difluoride membrane. 
Following blocking, the membrane was incubated with primary anti
body, including anti-ZIP8 (Proteintech Cat# 20459-1-AP, RRID: 
AB_10697830), anti-GPX4 (ABclonal Cat# A1933, RRID:AB_2763960), 
anti-FTH1 (Affinity Biosciences Cat# DF6278, RRID:AB_2838244; 
ABclonal Cat# A19544, RRID:AB_2862659), anti-xCT (ABclonal Cat# 
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A2413, RRID:AB_2863004) and anti-GAPDH (Abcam Cat# ab9485, 
RRID:AB_307275). The membranes were then incubated with horse
radish peroxidase-conjugated IgG (Jackson ImmunoResearch Labs Cat# 
111-035-003, RRID:AB_2313567) and signals were detected using an 
enhanced electrochemiluminescence kit (Epizyme Cat# SQ201). 

2.16. Intracellular iron measurement 

Intracellular ferrous ions were measured using a commercial kit 
(Elabscience Cat# E-BC-K881-M). In brief, cells were washed with PBS 
prior to collection and separated for cell counting and next analysis. 
Then, 200 μl of buffer solution was added per 1 × 106 cells for lysis. The 
cells were lysed on ice for a total of 30 min and vortexed every 10 min. 
After centrifugation at 15000 g and 4 ◦C for 10 min, the supernatant was 
collected and mixed with 80 μl of chromogenic solution and incubated 
for 90 min at 37 ◦C in the dark. All mixtures were then measured for 
absorbance at OD593 nm. The total intracellular ferrous ion concen
tration was calculated according to the standard curve and normalized 
by cell counts. 

2.17. Lipid peroxidation assay 

Total reduced glutathione (GSH) and malondialdehyde (MDA) were 
measured respectively using a GSH assay kit (Elabscience Cat# E-BC- 
K030-M) and an MDA assay kit (Elabscience Cat# E-BC-K028-M). The 
experimental procedures were conducted according to the manufac
turer’s instructions. 

2.18. Statistical analysis 

The normalized enrichment scores and relative fractions of mono
cytes, as well as normalized enrichment scores of cell death, were 
analyzed with a two-tailed, unpaired t-test method between two groups. 
The relationship between the generated class by k-means clustering and 
disease identity was determined by conducting a chi-square test. The 
correlations between normalized enrichment scores of ferroptosis and 
gene modules were assessed via ‘corPvalueStudent’ function in R 
package ‘WGCNA’. The correlations between normalized enrichment 
scores of ferroptosis and expression of genes in the blue module were 
analyzed using Pearson correlation analysis. The correlations between 
normalized enrichment scores of ferroptosis and expression of SLC39A8 
were analyzed through Pearson correlation analysis. The percentages of 
ZIP8, GPX4, FTH1, and xCT positive monocytes and the mean fluores
cence intensities (MFIs) of ZIP8, GPX4, FTH1, and xCT in monocytes 
were analyzed using a two-tailed, unpaired t-test method between two 
groups. Expression level analyses between seven groups were performed 
using one-way analysis of variance (ANOVA) followed by a Dunnett’s 
multiple comparisons test. Analyses of MDA, GSH, ferrous ions, and 
protein levels between four groups were analyzed using a two-way 
ANOVA followed by a Holm-Sidak multiple comparisons test. All sta
tistics were completed using R 4.1.1 and GraphPad Prism 9.5.0 software. 
All data were presented as the mean ± standard error. Statistical sig
nificance was considered to occur at p < 0.05/adjusted p < 0.05. 

3. Results 

3.1. Included datasets 

After initial search, 64 datasets from GEO and 12 datasets from 
ArrayExpress were screened for further analysis. Datasets derived in 
patients with sepsis (rather than endotoxemia, acute infection, SIRS, 
etc.) from whom whole blood specimens were collected and mRNA 
profiling performed (microarray or bulk RNAseq) were included for 
analysis. In total, 56 datasets from GEO and ten datasets from 
ArrayExpress were excluded due to exclusion criteria, including using 
whole blood sample without leukocyte isolation or employing sorted 

immunocytes (without monocytes), providing placebo treatment to 
septic patients, failing to enroll healthy controls, or recruiting pediatric 
or neonatal patients. The remaining of ten datasets were finally 
included. Among them, six datasets utilizing whole blood leukocyte 
samples were combined for monocyte quantification, while the other 
four datasets analyzing mRNA profiles of circulating monocytes were 
pooled for further analysis. General features of included datasets are 
provided in Table S2. The further analyses and whole study design are 
presented in Fig. S1. 

3.2. Quantification of circulating monocytes in sepsis 

To investigate the variance of circulating monocyte counts between 
septic patients and healthy volunteers, we conducted a quantitative 
analysis based on a combined leukocyte dataset. As shown in Fig. 1a, 
batch effect from non-biological technical biases was reduced after 
correction between the six leukocyte datasets. Quantification of circu
lating monocytes was implemented using both marker-based methods, 
such as MCPcounter and ssGSEA, and deconvolution methods, including 
CIBERSORT and quanTIseq (Fig. 1b). A total of three and one reference 
gene sets were curated from CellMarker and PanglaoDB databases, 
respectively. Compared to healthy controls, the normalized enrichment 
scores of septic patients were all downregulated (Fig. 1c). Furthermore, 
the CIBERSORT analysis revealed that the normalized relative fraction 
of peripheral monocytes in the sepsis group was lower than that in the 
healthy control group (Fig. 1d). However, quanTIseq analysis demon
strated no statistical difference in the fraction between two groups 
(Fig. 1d). On the whole, the above findings suggest that circulating 
monocytes are significantly reduced in septic patients compared to 
healthy controls. 

3.3. Identification of primary cell death mode of monocytes 

To probe the predominant type of cell death forms associated with 
the decreased circulating monocyte counts, we implemented a ssGSEA 
analysis based on the pooled monocyte dataset. Batch effects were 
corrected with an empirical Bayes framework in dataset integration 
(Fig. 2a). The enrichment analysis showed that all cell death pathways, 
except cuproptosis, had distinct regulation between the two groups, of 
which three pathways of apoptosis, one of necrosis, two of necroptosis, 
two of pyroptosis and three of ferroptosis were significantly regulated 
(Fig. 2b). 

We next operated ROC analyses to further investigate the contribu
tion order of these cell death types. The AUCs of three significant fer
roptosis pathways all exceeded 0.8, which were greater than those for 
other cell death types (Fig. 2c–g). To verify the role of ferroptosis of 
monocytes in the development of sepsis, we conducted a k-means clus
tering analysis using the normalized enrichment scores of the signifi
cantly regulated ferroptosis pathways. Elbow and average silhouette 
methods were employed to determine the optimal number of clusters 
(Fig. S2), following which monocytes from septic patients and healthy 
volunteers were categorized into two classes (Fig. 2h). Notably, this 
ferroptosis-based classification could exactly distinguish the identity of 
sepsis (Fig. 2i). There were 40 subjects in class 1 (51.3 %) and 38 sub
jects in class 2 (48.7 %). Subjects in class 2 showed significantly higher 
sepsis sample rate as compared to class 1. Additionally, compared to 
ferroptosis, the reclassification based on the normalized enrichment 
scores of other significantly regulated cell death types showed insuffi
cient correlations with sepsis identity (Fig. 2i, Fig. S3). Taken together, 
the present results demonstrate that ferroptosis could be a major 
contributor in the development of sepsis. 

3.4. Identification of SLC39A8 as the hub gene related to monocyte 
ferroptosis in sepsis 

We took a two-step approach to identify candidate genes related to 
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both sepsis and ferroptosis. We first investigated specifically regulated 
genes in monocytes during sepsis by a multivariate method. In the 2000 
cycles of variable search procedure, the attendance frequencies of 
selected genes in the 5-gene classification NN model attaining the goal 
fitness were all tallied and used for the association assessment of sepsis 
(Fig. S4a). The genes with higher attendance frequency were colored 
and labeled (Fig. S4b and c). The GA was converged before reaching 
2000 cycles, reflected by the stability of gene ranks, which indicated no 
new solutions were found (Fig. S4c). Genes with an attendance fre
quency greater than 15 were thought to be closely linked with sepsis 
development and were selected for further investigation (Table S3, 
Fig. S4d and e). 

We then identified ferroptosis-related candidates by implementing a 
WGCNA analysis, which partitions genes into distinct modules based on 
their expression patterns, and can be used for functional analysis. Before 
gene network construction, we performed quality control of the samples 
by sequentially eliminating samples with missing values and outlier 
samples, resulting in 76 qualified samples (Fig. S5a). Then a scale-free 
network was created based on the legitimate samples using a soft 
thresholding power set as 9, which was detected according to a network 
topology analysis (Fig. S5b and c). Thirteen gene modules were identi
fied by average linkage clustering method, with non-clustering genes 
grouped in the gray module (Fig. S5d). To identify the ferroptosis- 
related gene module, we calculated the mean value of correlations 

between the z-scaled ferroptosis enrichment scores and each module’s 
module eigengene value. Genes in the blue module were found to be 
most statistically related to ferroptosis scores (Fig. S5e-i). To validate the 
function of genes in the blue module, we performed functional enrich
ment analyses based on reference gene sets from three public databases. 
The results revealed that genes from the blue module were enriched in 
the ‘Ferroptosis’ pathway and lipid metabolism related pathways, which 
suggested their potential roles in ferroptosis induction (Fig. S5j-l). 
Ninety-one candidate ferroptosis-related genes were then screened for 
further analysis by setting a threshold of MM values greater than 0.8 and 
GS values to z-scaled ferroptosis enrichment scores greater than 0.3 
(Table S4). 

To pinpoint the hub gene related to both sepsis and ferroptosis, we 
intersected the candidates from GA-based feature selection analysis and 
WGCNA analysis. Twenty-six overlapped genes were identified and then 
ranked according to their mean GS values to investigate their contri
bution ordering to ferroptosis (Fig. S6a). SLC39A8, which encodes ZIP8, 
emerged as the candidate gene hub given its possession of the highest 
mean GS value and a high level of expression in sepsis (Table S4, 
Fig. S6). 

To further investigate the role of ZIP8 in ferroptosis and sepsis, we 
divided the samples from the pooled monocyte dataset into two groups 
according to the median expression of SLC39A8 and conducted a GSEA 
analysis (Table S5). The top six enriched pathways are presented in 

Fig. 1. Quantification of circulating monocytes in sepsis. 
a. The first two principal components of the clustering results using all 8267 genes present in the pooling whole blood leukocyte profiling before (up) and after 
(down) batch effect correction. b. Heatmap of the landscape of both NESs calculated based on distinct monocyte reference gene sets and NRFs generated by 
deconvolutional methods of monocytes. c, d. Distribution of the NES (c) and NRF (d) of monocytes exhibited a decline in the septic patients compared with healthy 
controls. Two-tailed Student’s t-test was performed in c and d. nsp > 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: PC: principal component, HC: 
healthy control, S: septic patient, NES: normalized enrichment score, NRF: normalized relative fraction. 
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Fig. 3a, where ferroptosis-related ‘IRON_UPTAKE_AND_TRANSPORT’, 
‘TRANSFERRIN_ENDOCYTOSIS_AND_RECYCLING’ and ‘ROS_AND_RN
S_PRODUCTION_IN_PHAGOCYTES’ pathways were all upregulated in 
the SLC39A8-high expressed group. Furthermore, z-scaled enrichment 
scores of ferroptosis 1/2/4 pathways were all markedly higher in 
SLC39A8-high expressed group (Fig. 3b and c). Additionally, correlation 
analyses demonstrated that the normalized ferroptosis scores all had 
strong associations with the expression of SLC39A8 in septic patients 
(Fig. 3d). Taken together, these data suggest ZIP8 is closely associated 

with monocyte ferroptosis during sepsis, and may play a potential role in 
ferroptosis induction. 

3.5. ZIP8 is upregulated in monocytes subjected to ferroptosis under sepsis 
conditions in vivo 

To validate the increased expression of ZIP8 in monocytes subjected 
to ferroptosis under sepsis conditions, we performed flow cytometry 
analyses, using whole blood from mice subjected to sepsis induced by 

Fig. 2. Identification of primary cell death mode of circulating monocytes in sepsis. 
a. The first two principal components of the clustering results using all 9279 genes present in the pooling circulating monocyte profiling before (up) and after (down) 
batch effect correction. b. Heatmap of the landscape of NESs calculated based on various reference gene sets of different cell death types. Apoptosis 1/4/5, necrosis 1, 
necroptosis 2/4, pyroptosis 1/3 and ferroptosis1/2/4 were abnormally regulated in septic patients compared with healthy controls. c-g. The ROC curve analyses of 
NESs of apoptosis (c), necrosis (d), necroptosis (e), pyroptosis (f), and ferroptosis (g) exhibited the NESs of ferroptosis possessed the greatest area under operating 
characteristic curve values. h. Distribution of subjects in the two most important dimensions in k-means clustering analysis based on NESs of ferroptosis1, 2, and 4. i. 
Proportion of disease identity in the two classes generated from the k-means clustering analysis. Two-tailed Student’s t-test was performed in b. Chi-square test was 
performed in i. Abbreviations: PC: principal component, HC: healthy control, S: septic patient, Dim: dimension, ROC: receiver operating characteristic, NES: 
normalized enrichment score. 
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Fig. 3. Association between SLC39A8 expression and ferroptosis NESs in circulating monocytes in sepsis. 
a. The top six pathways with higher NESs in monocytes of the SLC39A8 high-expression group. b. Heatmap of the landscape of ferroptosis NESs of the SLC39A8 high- 
expression and low-expression groups. c. Distribution of the NESs of ferroptosis exhibited an increase of ferroptosis1/2/4 NESs in the SLC39A8 high-expression group 
compared to the SLC39A8 low-expression group. d. Correlation analysis revealed a strong relationship between the expression of SLC39A8 and NESs of ferroptosis1/ 
2/4. Two-tailed Student’s t-test was performed in c. Pearson correlation analysis was performed in d. nsp > 0.05, ****p < 0.0001. Abbreviations: HC: healthy control, 
S: septic patient, NES: normalized enrichment score. 
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CLP model. The CD45high/CD11bhigh/Ly6Gnega-int population was char
acterized as circulating monocytes (Fig. S7). The two main components 
of the key antioxidant GSH system, GPX4 and xCT, and the constituent of 
the major iron storage protein ferritin, FTH1, were used as ferroptosis 
indicators. It is revealed that, at 24 h and 48 h post-CLP, ZIP8 was 
significantly upregulated (Fig. 4a and b), reflected by both the increased 
positive cell fraction and MFI. As for ferroptosis indicators, GPX4 and 
FTH1 were decreased both at 24 h and 48 h post-CLP (Fig. 4c–f). 
However, compared to sham controls, xCT was upregulated at 24 h post- 
CLP (Fig. 4g), and had no differential expression between two groups at 
48 h post-CLP (Fig. 4h). 

3.6. ZIP8 regulates ferroptosis of monocytes under sepsis conditions in 
vitro 

We also verified our in silico analyses with in vitro experiments by 
evaluating the effect of LPS on the expression of ferroptosis markers in 
RAW264.7 monocyte/macrophage cell lines. We examined both native 
and glycosylated ZIP8 as glycosylation is essential for ZIP8 trafficking to 
the plasma membrane. The results showed a peak in partially glycosy
lated ZIP8 (ZIP8-G) expression at 6 h for both concentrations of LPS, 
followed by a time-dependent decrease (Fig. 5a and b). The regulation of 
native ZIP8 (ZIP8-N) showed a similar pattern (Fig. 5a, c). Additionally, 
the ferroptosis indicators, GPX4 and FTH1, notably decreased in 
response to 1 μg/ml LPS at 12 h (Fig. 5a, d, e). However, the expression 
of xCT was not statistically regulated (Fig. 5a, f). These results suggest 
that ZIP8 may be associated with ferroptosis development of circulating 
monocytes during sepsis. 

To verify its involvement in the ferroptosis of monocytes during 
sepsis, we knocked down the expression of ZIP8 by transfecting si- 
Slc39a8 sequences to RAW264.7 cells. As shown in Fig. 5g–i, ZIP8-G and 
ZIP8-N were effectively repressed in the absence of LPS challenge, and 
compared to si-NC group, the expressions of ZIP8-G and ZIP8-N were 
also decreased under LPS treatment in the si- Slc39a8 group. As antici
pated, suppressing ZIP8 attenuated the decreases of GPX4, FTH1 and 
xCT in response to LPS (Fig. 5g, j, k, l). Interestingly, we noticed that, 
even without LPS stimulation, the downregulation of ZIP8 could directly 
cause a slight reduction in GPX4 (Fig. 5g, j). Additionally, knocking 
down ZIP8 remarkably alleviated the LPS-induced upregulations of 
concentrations of MDA and ferrous ions and reversed the decreased GSH 
level (Fig. 5m-o). These results suggest that suppressing ZIP8 could 
protect RAW264.7 cells from LPS-induced ferroptosis. 

4. Discussion 

In this study, we employed both six and four independent mRNA 
profiles of whole blood leukocytes and monocytes from two separate 
databases, respectively [35–44], to explore the predominant cell death 
type of circulating monocytes in sepsis and to further identify the most 
prominent gene with significant regulating capacity in ferroptosis of 
monocytes. The results indicated that ferroptosis may serve as a leading 
factor in the decreased counts of circulating monocytes in sepsis. 
Additionally, we have revealed that ZIP8 could modulate the ferroptosis 
of monocytes in vitro, which might underline the ferroptosis of circu
lating monocytes in septic patients. 

Sepsis is characterized by an imbalance of immune response to 

Fig. 4. ZIP8 is upregulated in monocytes subjected to ferroptosis from mice treated with CLP. 
a-h. Quantification of ZIP8 (a, b), GPX4 (c, d), FTH1 (e, f), and xCT (g, h) in circulating CD45high/CD11bhigh/Ly6Gnega-int monocytes isolated from 8 to 10 weeks old 
male C57BL/6 mice at 24 h (a, c, e, g) and 48 h (b, d, f, h) post-CLP treatment (n = 5/group). Two-tailed Student’s t-test was performed in a-h. **p < 0.01, ***p <
0.001, ****p < 0.0001. Abbreviations: CLP: cecal ligation and puncture, MFI: mean fluorescence intensity. 
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infection, with an exaggerated immune activation and immune paralysis 
or suppression, which could occur either sequentially or synchronously 
[45]. To date, early antimicrobial administration and support of organ 
function remain the mainstay therapeutic strategies against this enig
matic disease [46,47]. Early diagnosis and proper therapies to rectify the 
dysregulated immune response may prove instrumental in improving 
global morbidity and mortality from sepsis. Evidence reveals that the 
dominating driver of sepsis is the dysregulated host response to infec
tion, rather than the invading organisms themselves [48]. Specifically, 

monocytes, which serve as pathogen detectors and pro-inflammatory 
drivers, play a critical role in the defense against both foreign patho
gens and nosocomial opportunistic pathogens associated with secondary 
infections. Dysfunction or depletion of these cells leads to prolonged 
immune dysfunctions and consequent organ failure and mortality. Our 
in silico analyses showed septic patients admitted to ICU had a drastic 
depletion of monocytes when compared to healthy controls. Although 
our study was unable to investigate the association between the decrease 
of monocyte counts and mortality due to the limited counts of accessible 

Fig. 5. ZIP8 regulates ferroptosis of monocytes under sepsis conditions in vitro. 
a. Representative immunoblots of ZIP8-G, ZIP8-N, GPX4, FTH1 and xCT in RAW264.7 cells treated with different concentrations of LPS and durations. b-f. 
Immunoblot analyses of ZIP8-G (b, n = 4/group), ZIP8-N (c, n = 4/group), GPX4 (d, n = 4/group), FTH1 (e, n = 4/group), and xCT (f, n = 4/group) exhibited a 
sequential pattern of expression changes between ZIP8 (peaked at 6 h post-treatment) and ferroptosis related GPX4 and FTH1 (hit the lowest at 12 h post-treatment). 
g. Representative immunoblots of ZIP8-G, ZIP8-N, GPX4, FTH1 and xCT in RAW264.7 cells with/without decreased Slc39a8 expression and/or LPS treatment. h-l. 
Immunoblot analyses of ZIP8-G (h, n = 5/group), ZIP8-N (i, n = 5/group), GPX4 (j, n = 5/group), FTH1 (k, n = 5/group), and xCT (l, n = 5/group) exhibited that 
suppressing ZIP8 attenuated the decrease of GPX4, FTH1 and xCT in response to LPS. m-o. Quantification analysis showed that decreasing ZIP8 alleviated the LPS- 
induced upregulations of MDA (m, n = 6/group) and ferrous ions (o, n = 6/group) and reversed the decreased GSH level (n, n = 6/group). One-way ANOVA was 
performed in b-f. Two-way ANOVA was performed in h-o. Compared to PBS treated si-NC group: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Compared to 
LPS treated si-NC group: #p < 0.05, ##p < 0.01, ####p < 0.0001. 
Abbreviations: NC: normal control. 
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samples in the public database, numerous studies have reported the 
specific prognostic impact of monocyte absolute numbers on the overall 
survival of septic patients [12–14]. In the in silico analyses, we employed 
both GSEA-based algorithms and complete deconvolution methods to 
investigate the changing counts of monocytes. The GSEA-based methods 
enabled the computation of the ES of monocytes, which is a 
semi-quantitative score describing the enrichment of monocytes in 
certain samples [49]. We used reference gene sets of monocytes 
collected from diverse databases to address potential technical biases. 
Further, the complete deconvolution methods, including quanTIseq and 
the absolute mode of CIBERSORT, enabled us to calculate the relative 
cell fraction of circulating monocytes in whole blood leukocytes [50]. 
The joint application of these two distinct types of methods could pro
vide a more comprehensive view of the specific changing trends of the 
monocyte transcriptome in the sepsis condition. 

After quantifying the number of monocytes, we examined the levels 
of different modes of cell death using ssGSEA method based on reference 
gene sets curated from diverse databases and published studies. Fer
roptosis scores had a much greater discriminating ability between septic 
patients and healthy volunteers rather than the other cell death modes, 
indicating that ferroptosis may play a more prominent role in the 
decrease of circulating monocytes. On the other hand, although the 
monocyte was decreased, the apoptosis related pathways presented a 
counterintuitive downregulation, which might be explained by the 
sampling timing. It has been reported by a previous study investigating 
the role of apoptosis and necrosis in monocyte exhaustion that the 
sampling timing could directly influence the results. The dead mono
cytes had a significant increase only within the first 72 h of the onset of 
sepsis, but not subsequently between day 7 and day 10, nor at discharge 
[14]. The sampling timings of monocyte mRNA profiles included in this 
study were as followed: GSE133822-day 2 to day 7 after ICU admission; 
GSE136200-within 24 h after ICU admission; GSE139913-day 1, day 3, 
and day 7 after ICU admission; GSE65517-upon diagnosis [41–44]. 
Considering the timings of admission and diagnosis were later than 
sepsis onset, the overall sampling time points of datasets used in this 
study were similar to the reported sampling timing, at which the 
apoptosis activity remained unchanged or even decreased. 

In the procedure of hub gene identification, we opted to utilize a 
multivariate approach rather than relying on univariate methods for 
searching sepsis-related genes. Currently used univariate statistical ap
proaches all aim to identify differentially expressed genes with ability to 
discriminate between two or more groups of samples. However, the 
inherent conceptual restriction of univariate methods, which assumes 
genes work independently and neglects the connectivity between 
pathways, can lead to incorrect evaluations regarding gene predictivity. 
Multivariate approaches, which contemplate the interactions between 
genes as they are tested in combinations, have the potential to alleviate 
this limitation to a certain degree. However, the extremely large number 
of combinations cannot be exhaustively evaluated using currently 
available computational resources. To address this issue, we adopted a 
GA method as the variable searching strategy, which could expeditiously 
explore the ‘combination library’ for the optimal set of genes. 

ZIP8, a member of fourteen zinc import proteins, was predicted to 
have seven transmembrane domains (TMDs), in which the EExxH motif 
located between TMD IV and V, and the histidine-rich cluster (Hx)n 
located between TMD III and IV, have been suggested to confer an ability 
to bind/transport metal ions [51,52]. ZIP8 was found to be able to 
transport several divalent metals, including Zn2+, Mn2+, as well as Fe2+, 
Co2+, and Cd2+ [51,52]. Uptake kinetic studies found Mn2+ and Zn2+ to 
be the best physiological substrate for ZIP8 in comparison with other 
divalent cations [53,54]. In our study, ZIP8 was detected with two 
molecular sizes in western blotting experiments, around 100 kDa and 50 
kDa, corresponding to the partially glycosylated and native forms, 
respectively [52]. ZIP8 was substantially increased in both in vivo and in 
vitro experiments conducted under sepsis conditions, in accordance with 
the results of our in silico analyses. Due to the essential regulation 

function of manganese and zinc in cell responses to infection, the role of 
ZIP8 in the host defense already had been studied in numbers of re
searches. In fact, the discovery of ZIP8 was precisely due to its evident 
induction in monocytes in response to Mycobacteria infection [55]. 
Moreover, a previous clinical study found that the expression of 
SLC39A8 in circulating monocytes was closely associated with the 
severity of sepsis where SLC39A8 expression was highest in patients 
with the lowest plasma zinc concentrations and the highest severity of 
illness [56]. Consistent with that, in our study, ZIP8 of monocytes 
dramatically increased at 24 h and 48 h post-CLP, due to a polymicrobial 
infection. Previous in vitro studies found ZIP8 can be induced by LPS in 
bone marrow derived macrophages in a time-dependent manner, where 
it peaked at 4 h post-treatment then decreased at 24 h. Similar ZIP8 
induction trend was observed in our in vitro experiments, which were 
performed using RAW264.7 monocyte/macrophage cell line, where the 
expression of ZIP8 culminated at 6 h after LPS administration in both 
concentrations, however, instead of decreasing, ZIP8 still underwent a 
slight increase in comparison with the PBS control group at 24 h after 
LPS treatment. 

To detect the ferroptosis induction, we probed the expression of 
ferroptosis indicators, GPX4, FTH1, and xCT with in vivo and in vitro 
experiments. GPX4 and xCT are components of the xc

− -GSH-GPX4 sys
tem, which provides main antioxidant defense against ferroptosis [57]. 
GPX4 is a recognized ferroptosis gatekeeper and plays a central role in 
limiting lipid peroxidation by directly reducing lipid hydroperoxide to 
nontoxic lipid alcohol in the membrane, and its proper function depends 
on the availability of cellular GSH [57]. xCT is one of the two subunits of 
antiporter xc

− , which is a cystine/glutamate antiporter and contributes to 
the synthesis of GSH through importing extracellular cystine [58]. The 
decrease of GPX4 and xCT indicates an impairment of antioxidant ca
pacity, which is a marker event in ferroptosis [57]. On the other hand, 
FTH1 is a constituent of ferritin, which is the main iron storage protein. 
The abundance of FTH1 is closely associated with the concentration of 
intracellular irons. The decrease of FTH1 is normally a consequence of 
autophagy (defined as ferritinophagy), which indicates an iron release 
leading to a sharp increase of intracellular iron concentration [57]. In 
our in vivo study, GPX4 and FTH1 presented a significant decreasing 
pattern in circulating monocytes both at 24 h and 48 h post-CLP, re
flected by the decrease of both positive cell percentage and MFI. Besides, 
our in vitro results showed that GPX4 and FTH1 were decreased under 
LPS treatment regardless of concentrations and stimulation durations, 
which was consistent with published studies [59–61], indicating an in
duction of ferroptosis in RAW264.7 cells. On the other hand, the 
expression of xCT under sepsis conditions was not decreased from 
beginning. Our in vivo results showed that, at 24 h post-CLP, xCT in 
circulating monocytes was significantly induced, while at 48 h post-CLP, 
this induction was weakened and there was no difference of xCT 
expression between two groups. In our in vitro study, under conditions of 
0.1 μg⋅ml− 1/6 h, 0.1 μg⋅ml− 1/12 h, 0.1 μg⋅ml− 1/24 h, 1 μg⋅ml− 1/6 h and 
1 μg⋅ml− 1/24 h, xCT abundance had no difference between groups; 
however, under the condition of 1 μg⋅ml− 1/12 h, xCT was decreased. 
Previous published studies showed both up and down regulation pat
terns of xCT in monocytes under LPS treatment [62–64]. These seem
ingly contradictory results might be explained by the complicated 
regulation mechanisms involving transcription and degradation activ
ities and variance of experimental conditions. Firstly, under sepsis 
conditions, or in a broader sense, stress conditions, the positive and 
negative transcription factors (TFs) of xCT could be both induced, 
mainly including activating transcription factor 4 (ATF4) and NFE2 like 
bZIP transcription factor 2 (NFE2L2) (positive), tumor protein p53 
(TP53) and activating transcription factor 3 (ATF3) (negative) [65]. The 
proteasomal degradation may also take part in the regulation, reflected 
by the contrary regulations of xCT mRNA and protein under the stim
ulation of 1 μg⋅ml− 1 LPS/24 h, in which mRNA of xCT was upregulated 
while protein was decreased [63,66]. On the other hand, the treatment 
conditions may be another factor. In previous studies, the upregulation 
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of xCT was induced under a low concentration of LPS (50 ng⋅ml− 1), 
while at concentrations of 1 μg⋅ml− 1 and 10 μg⋅ml− 1, expression of xCT 
was significantly inhibited [62–64]. Considering the reported inconsis
tency in mRNA and protein levels of xCT, we speculated the specific 
mechanism of xCT expression may be associated with the balance be
tween transcription and degradation regulations. And the expression 
patterns of xCT may reflect the changing states of activation to collapse 
of the antioxidant system reacted to a stress stimulation. 

In our in vitro experiments, we also found that the GPX4 and FTH1 
levels had a significant decrease at 12 h after 1 μg/ml LPS administra
tion, which was later than the timing of obvious increase of ZIP8. 
Combined with our GSEA results, the sequential presentation of ZIP8 
upregulation and ferroptosis induction wondered us whether there 
existed a causal relationship between them. Actually, the critical roles of 
ZIP8 in modulating cellular processes in immunocytes have been widely 
studied. Loss of ZIP8 could lead to impaired phagocytosis of macro
phages in bacterial pneumonia [67]. Additionally, under inflammatory 
conditions, ZIP8 could dampen LPS-induced pro-inflammatory cytokine 
production and block IL-10 release in macrophages by a zinc-dependent 
manner [68,69]. In adaptive immunity, the zinc-dependent T cell acti
vation is also regulated by ZIP8 [70]. In terms of controlling cell death, it 
was revealed that ZIP8-mediated Zn2+ transport into primary human 
lung epithelia could protect against apoptosis [71]. Interestingly, con
trary to impairing cellular viability by promoting apoptotic cell death, 
knocking down ZIP8 was identified as inhibiting ferroptosis in our in 
vitro study, indicated by the reversals of increased MDA and intracellular 
ferrous ions. Considering the critical functions of ZIP8 in the uptake of 
several metal ions, its regulation capacity of ferroptosis might be asso
ciated with the intracellular ion dyshomeostasis. Although zinc at 
physiological levels can work as an antioxidant [72], an excessive 
amount of zinc or ‘iron-free’ zinc oxide nanoparticles could boost gen
eration of mitochondrial reactive oxygen species and induce lipid per
oxidation [73–75]. Moreover, a recent study illustrated that, in the 
presence of iron chelators, zinc could still trigger ferroptosis [76]. 
Likewise, excessive manganese could induce ferroptosis in a type-I 
IFN-dependent manner [77]. We observed that reducing ZIP8 could 
reverse the decreases of xCT, GSH, GPX4, and FTH1, and decrease the 
intracellular iron, which suggested that ferroptosis induced by ZIP8 may 
be associated with both the impairment of antioxidant GSH system and 
the boost of iron overload. Considering the critical roles of ZIP8 in ion 
transport, these dysregulations may be induced by the intracellular ion 
disturbance. The abundance of GPX4, xCT and FTH1 embodies a 
competition of their transcription and degradation, which could be both 
regulated by ions to a great extent. The expression of the main TFs of 
GPX4, ATF4 and NFE2L2, both could be increased by the metal ions 
transported by ZIP8, including Zn2+, Mn2+, Fe2+, Cd2+, and Co2+

[78–87]. However, several inducers of the degradation pathways of 
GPX4 could also be increased. Specifically, Mn2+ could enhance the 
expression of NEDD4 like E3 ubiquitin protein ligase (NEDD4L) [88], an 
E3 ligase, which was recently found to mediate GPX4 degradation 
through ubiquitin proteasome system (UPS) [89]. Heat shock protein 
family A (Hsp70) member 8 (HSPA8), lysosomal associated membrane 
protein 2 (LAMP2A), and heat shock protein 90 (HSP90), promoting 
chaperone-mediated autophagy (CMA)-mediated GPX4 degradation, all 
could be increased by ZIP8 transported ions [90–97]. The increases of 
ATF4 and NFE2L2 could also promote the expression of xCT; however, 
through ATF3 and TP53, ZIP8 transported ions can induce the tran
scription inhibition of xCT as well [98–104]. Besides, the decrease of 
xCT may be caused by the UPS-mediated degradation. Fascin 
actin-bundling protein 1 (FSCN1) was recently found to promote xCT 
degradation in a UPS-dependent way [105], and OTU deubiquitinase, 
ubiquitin aldehyde binding 1 (OTUB1) could deubiquitinate and stabi
lize xCT [106]. The above two UPS activator and inhibitor could be 
increased and decreased by Co2+ and Zn2+, respectively [107,108]. The 
xCT disturbance could inhibit the synthesis of GSH, which could further 
lead to the dysfunction of GPX4. Finally, the decrease of FTH1 may be a 

result of enhanced ferritinophagy activity, which could be induced by 
excess intracellular Zn2+ and Cd2+ [83,109]. And the released iron by 
ferritinophagy, together with the iron directly transported by ZIP8 could 
boost the concentration of intracellular irons, excessively promoting 
ferroptosis. The future work aiming to figure out the occurrence and 
importance orders of the mechanisms concerning ZIP8 induced 
xCT/GSH/GPX4 dysregulation and iron overload could be better for 
learning the roles of ZIP8 in ferroptosis. Besides, we observed that 
decreased ZIP8 expression in PBS-treated RAW264.7 cells could directly 
induce a down-regulation of GPX4, which may be explained by the 
inhibited expression of ATF4 and NFE2L2 caused by zinc deficiency. 

Our manuscript has limitations that need to be mentioned. Due to the 
limited accessible resources and our inclusion criteria, only 78 monocyte 
samples were included, which was not quite wealthier compared to the 
sample size of whole blood leukocyte samples. However, genes capable 
to distinguish between sepsis and control samples and gene modules 
associated with ferroptosis were exactly identified from respective 
feature selection and WGCNA analysis, and responding results had 
robust statistical significance. This might be interpreted by the small 
sample threshold allowed in both analyses [30,31]. Actually, the 
GA-based feature selection was designed to dispose the ‘big data’ 
problems [30], where the number of variables commonly far exceeds 
that of the observations. Besides, although we used reference gene sets 
of cell death curated from distinct sources to minimize the technical 
bias, the estimation of cell death implemented by the computational 
methods requires further experimental validation. We also acknowledge 
that the in vitro validation of the regulation ability of ZIP8 on ferroptosis, 
conducted using a murine monocyte/macrophage cell line, may not fully 
recapitulate human primary monocytes, and more work with primary 
monocytes should be implemented in future study. 

In conclusion, through computational approaches, we identified 
ferroptosis as the major contributor to the decrease of circulating 
monocytes in sepsis. The raised ZIP8 played an essential role in the 
ferroptosis induction of monocytes in vitro. However, experimental 
validations are needed to verify the role of ferroptosis in monocyte 
depletion, and the mechanisms underlining ZIP8 functions require 
further investigations to be explored. Overall, we provided supplemen
tary information that ZIP8 induced ferroptosis could potentially serve as 
a therapeutic target for the monocyte exhaustion in sepsis. 
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