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Abstract
Background: Sepsis-induced acute kidney injury (AKI) is a singularly grievous and life-threatening syn-
drome. Its pathogenesis is closely related to inflammatory response, apoptosis, oxidative stress, and 
ferroptosis. Cation transport regulator-like protein 1 (CHAC1), as a proapoptic factor, may be involved 
in apoptosis, oxidative stress, and ferroptosis. This study aimed to explore the role of CHAC1 in the 
lipopolysaccharide (LPS)-induced the human renal proximal tubular epithelial (HK-2) cells.
Methods: HK-2 cells were challenged with LPS to construct a model of sepsis-induced AKI in vitro. The 
role of CHAC1 in the LPS-induced HK-2 cells was explored using Western blot assay, cell counting kit-8 
(CCK-8), flow cytometry, and colorimetric assays. Additionally, N-acetyl cysteine (NAC) was incubated 
with HK-2 cells to define deeply the relation between oxidative stress and apoptosis or ferroptosis.
Results: The expression of CHAC1 was enhanced in the kidney tissues of mice with sepsis-
induced multiple organ dysfunction syndrome (MODS), through the Gene Expression Omnibus 
database (GSE60088 microarray dataset), and in the LPS-induced HK-2 cells. The cell viability 
was significantly reduced by LPS treatment, which was at least partly restored by the trans-
fection of siCHAC1#1 and siCHAC1#2 but not siNC. In addition, down-regulation of CHAC1 coun-
teracted the LPS-induced reactive oxygen species level and malonaldehyde concentrations 
while restored the LPS-induced glutathione concentrations. Meanwhile, interference of CHAC1 
neutralized LPS-induced apoptosis rate, and the relative level of cleaved poly(ADP-ribose) 
polymerase (PARP)/PARP, and cleaved caspase-3/caspase-3. In addition, silencing of CHAC1 
recovered the LPS-induced enhanced protein level of glutathione peroxidase 4 (GPx4) whereas 
antagonized the LPS-induced relative protein level of ACSL4 and that of iron. Moreover, appli-
cation of NAC inverted the effect of CHAC1 on apoptosis and ferroptosis in HK-2 cells.
Conclusion: CHAC1 exacerbated ferroptosis and apoptosis by enhancing oxidative stress in LPS-
induced HK-2 cells.
© 2023 Codon Publications. Published by Codon Publications.
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mechanical ventilation and S. aureus pneumonia (MV+SA), 
four normal tissues from the lung, five liver cases of mice 
induced by MV+SA, three normal tissues from the liver, 
five kidney cases of mice induced by MV+SA (GSM1464844, 
GSM1464845, GSM1464846, GSM1464847, and GSM1464848), 
and five normal tissues from the kidney (GSM1464839, 
GSM1464840, GSM1464841, GSM1464842, and GSM1464843). 
The DEGs in kidney tissues and normal tissues were ana-
lyzed by using the LIMMA package in R language,18 and the 
heat map, including the top 30 up-regulated and the top 30 
down-regulated genes, was also imaged with the thresholds 
of logFC (fold change) of >1.0 and P < 0.01.

Functional enrichment identification

The functional enrichment identification was determined 
by the Metascape platform.19 It integrated the analysis of 
GO biological processes, KEGG pathway, Reactome gene 
sets, CORUM, Wiki pathways, and PANTHER pathway20.

Cell culture

HK-2 cells (CL-0109) were acquired from Procell (Wuhan, 
China) and hatched in minimum essential medium (MEM, 
PM150410; Procell) with 10% fetal bovine serum (FBS, 164210-
50; Procell) and 1% penicillin–streptomycin (PB180120; 
Procell) at 37°C in an incubator with 5% carbon dioxide (CO2).

Cell treatment and transfection

In order to explore the optimal treatment time of LPS 
on HK-2 cells, cells were challenged with 10-μg/mL LPS 
(Escherichia coli 055:B5, L8880; Solarbio, Beijing, China) for 
2, 4, 8, and 12 h.20 Meanwhile, two small interfering (si)
RNAs targeting CHAC1 (siCHAC1#1 and siCHAC1#2) and the 
corresponding negative control (siNC) were obtained from 
GenePharma (Shanghai, China) and transfected in HK-2 
cells with lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA) for 6 h. Then HK-2 cells were challenged with 10-μg/
mL LPS for 8 h. In addition, to further verify the relation 
between oxidative stress and apoptosis or ferroptosis, HK-2 
cells were transfected with plasmid cloning (pc)DNA vector 
plasmids harboring the sequences of CHAC1 (CHAC1) or the 
empty pcDNA vector plasmids (vector) with lipofectamine 
3000; these were consecutively treated with 5-mM N-acetyl 
cysteine (NAC) for 1 h as well as 10-μg/mL LPS for 8 h.

Western blot analysis

As described by Fu et al.,21 total proteins were extracted 
from cells with radioimmunoprecipitation assay (RIPA) buf-
fer (R0010, Solarbio) and quantified with the bicinchoninic 
acid (BCA) protein assay kit (PC0020, Solarbio) by following 
the direction for use. Protein samples, 20 µg, were sep-
arated and electrically transferred onto a polyvinylidene 
fluoride (PVDF) membrane (EMD Millipore, Billerica, 
MA, USA). After sealing with 5% skimmed milk (Anchor, 
Switzerland) at room temperature for 1 h, the mem-
branes were incubated overnight at 4°C with the following 

Introduction

Sepsis caused by infections of bacteria, fungi, or virus is an 
immensely severe and life-threatening syndrome. It leads to 
dysfunctioning of multiple organs and has been the leading 
cause of death in intensive care units (ICUs).1,2 Acute kidney 
injury (AKI) is one of the most common and severe complica-
tions that emerges during the progression of sepsis, account-
ing for more than half of cases of AKI in Intensive care 
units.3 Specifically, sepsis-induced AKI leads a six- to eight-
fold increased risk of deaths among sepsis patients,3,4 and 
also an increased incidence of progression of chronic kidney 
disease  in sepsis survivors.5 The development and progres-
sion of sepsis-induced AKI is an intricate crosstalk of multi-
ple mechanisms, such as inflammatory response, oxidative 
stress, apoptosis, and ferroptosis.6–9 Thus, despite advances 
in treatments, such as renal replacement, blood purification, 
and pharmacologic therapy,10,11 high mortality and down-
the-line outcomes still continue.12 Therefore, exploring the 
potential molecular mechanisms of sepsis-induced AKI and 
seeking underlying targets could contribute to the develop-
ment and improvement of therapies for sepsis-induced AKI.

Cation transport regulator-like protein 1 (CHAC1), situ-
ated in cytosol, has been identified in mammalian cells as 
a novel component of the unfolded protein response (UPR) 
pathway.13 CHAC1 is under the modulation of the Activating 
Transcription Factor 4 (ATF4) arm, ATF3, and C/EBP 
homologous protein (CHOP), thus it is the downstream of 
ATF4–ATF3–CHOP pathway.13 Notably, CHAC1 can promote 
apoptosis cascade via apoptosis-inducing factor (AIF) and 
poly(ADP-ribose) polymerase (PARP); so, it is generally rec-
ognized as a mammalian pro-apoptic factor.13 In addition, 
CHAC1 can degrade glutathione (GSH) in the cytosol of 
mammalian cells through its gamma(γ)-glutamylcyclotrans-
ferase activity.14 GSH is the most abundant non-protein 
thiol present in all mammalian tissues resistant to oxida-
tive stress.15 Moreover, depletion of GSH is demonstrated 
as an early hallmark of apoptosis.16 Furthermore, GSH is the 
reducing substrate of glutathione peroxidase 4 (GPx4).17 
The insufficient activity or missing of GPx4 can lead to fer-
roptosis, indicating that GSH is also essential for ferropto-
sis.17 In this study, we speculate that CHAC1 regulates the 
progress of sepsis-induced AKI through the modulation of 
apoptosis, oxidative stress, and ferroptosis.

In the current study, an in vitro model of sepsis-induced 
AKI was established in the human renal proximal tubular epi-
thelial cells, HK-2 cells, with lipopolysaccharide (LPS) chal-
lenge. Then the role of CHAC1 in apoptosis, oxidative stress, 
and ferroptosis was investigated in LPS-induced HK-2 cells.

Materials and methods

Data extraction and analysis of differentially 
expressed genes (DEGs)

The GSE60088 microarray dataset was accessed from the 
Gene Expression Omnibus (GEO) database, which developed 
from the Affymetrix GPL1261 platform. It contained five 
lung cases of mice with sepsis-induced multiple organ dys-
function syndrome (MODS) challenged by a combination of 
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more than two groups, followed by post hoc Bonferroni test 
by the SPSS 26.0 software (IBM, Armonk, New York, USA). 
P < 0.05 was considered as statistically significant.

Results

CHAC1 was overexpressed in the kidneys of septic 
mice

Through the GEO database, 192 up-regulated genes and 
78 down-regulated genes were identified in the mice with 
sepsis-induced MODS challenged by a combination of MV+SA 
(Supplementary Tables S1 and S2). The top 30 up-regulated 
and 30 down-regulated genes are listed in Figures 1A 
and  1B. Meanwhile, results in Figures 1A and 1C showed 
that the expression of CHAC1 was observably increased 
in the kidney tissues of mice induced with MV+SA with 
logFC  = 3.568785 and FDR (P-value adjusted for multiple 
tests) = 2.65E-07, compared with the kidney tissues of nor-
mal mice. Moreover, the functional enrichment analysis of 
both 192 up-regulated and 78 down-regulated genes was 
executed through the Metascape platform. As displayed 
in Figures 1D and 1E, the up-regulated genes were mainly 
enriched in several pathways, including response to extra-
cellular stimulus, positive regulation of cell death, regula-
tion of DNA-templated transcription in response to stress, 
and apoptotic signaling pathway. The down-regulated 
genes were mainly enriched in metabolism of lipids, cho-
lesterol biosynthesis, and glucose homeostasis.

Knockdown of CHAC1 reduced LPS-induced oxida-
tive stress in HK-2 cells

In order to explore the role of CHAC1 in the sepsis-induced 
AKI, an in vitro model was established in HK-2 cells with 
LPS treatment. Following the exposure to LPS for 2, 4, 8, 
and 12 h, the level of CHAC1 was notably enhanced, with 
the CHAC1 expression being highest at 8 h of LPS challenge 
(Figure 2A). As the expression of CHAC1 was up-regulated 
in tissues of both kidneys of mice with sepsis-induced 
MODS and LPS-induced HK-2 cells, two siRNAs targeting 
CHAC1 (siCHAC1#1 and siCHAC1#2) were transfected into 
HK-2 cells to down-regulate the level of CHAC1 (Figure 2B). 
The cell viability was significantly reduced with LPS treat-
ment, which was at least partly restored by the treatment 
of siCHAC1#1 and siCHAC1#2 but not siNC (Figure 2C). 
Additionally, treatment of siCHAC1#1 and siCHAC1#2 prom-
inently decreased the LPS-induced ROS level and the MDA 
concentration, while opposite tendency was indicated in 
the GSH concentration (Figures 2D–F). Thus, the data indi-
cated that silencing of CHAC1 attenuated LPS-induced oxi-
dative stress in HK-2 cells.

Silencing of CHAC1 alleviated LPS-induced apopto-
sis in HK-2 cells

Furthermore, the apoptosis rate of HK-2 cells was prom-
inently enhanced with LPS treatment, which was nota-
bly antagonized with the transfection of siCHAC1#2 

primary antibodies targeted to diverse proteins: CHAC1 
(1:500, ab217808; Abcam, Cambridge, UK), PARP (1:10,000, 
ab227244; Abcam), cleaved PARP (1:1000, ab4830; Abcam), 
caspase-3 (1:500, ab13847; Abcam), cleaved caspase-3 
(1:100, ab2302; Abcam), GPx4 (1:1000, ab231174; Abcam), 
ACSL4 (1:10,000, 22401-1-AP; Proteintech, Wuhan, China) 
and β-actin (1:5000, ab8227; Abcam). The membranes 
were then hatched with goat anti-rabbit IgG H&L (HRP) 
(1:20,000; Abcam) at room temperature for 2 h and visual-
ized by ECL Western blotting substrate (PE0010, Solarbio). 
The gray value was quantified by QUANTITY ONE software 
(Bio-Rad, Hercules, CA, USA).

Cell counting kit-8 (CCK-8) assay

The cell viability of HK-2 cells was assessed by CCK-8 assays 
(Dojindo Laboratories, Kumamoto, Japan) as described pre-
viously.22 The optical density (OD) at 450 nm was detected 
by using a microplate reader (Thermo Fisher Scientific, 
Waltham, MA, USA).

Flow cytometry assay

The level of reactive oxygen species (ROS) in HK-2 cells was 
evaluated with the flow cytometry assay after cells were 
incubated with 5-(and-6)-chloromethyl-2’,7’-dichlorofluorescin 
diacetate (CM-H2DCFH-DA) in the dark at 37°C for 30 min. For 
determining cell apoptosis, HK-2 cells were collected, rinsed 
with phosphate buffer saline (PBS) (P1010, Solarbio), resus-
pended by 0.5- mL bind buffer, and stained with 5-μL Annexin 
V/FITC (Thermo Fisher Scientific) and 5-μL propidium iodide 
(PI; Thermo Fisher Scientific) for 15 min at room tempera-
ture. Then, the relative fluorescence intensities and apopto-
sis of HK-2 cells were examined on a FACScan flow cytometer 
with the CellQuest software (BD Biosciences, NJ, USA).

Measurement of malonaldehyde (MDA) and GSH 
levels

The concentrations of MDA and GSH were detected with the 
MDA test kit (A003-1-1; Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) at 532 nm and the total gluta-
thione/oxidized glutathione assay kit (A061-2-1; Nanjing 
Jiancheng Bioengineering Institute) at 405 nm according to 
the operating manual under a microplate reader (Thermo 
Fisher Scientific).

Iron examination

The level of iron was examined using an iron assay kit 
(MAK025; Sigma, St. Louis, MO, USA) following the operat-
ing instruction manual.

Statistical analysis

Results were expressed as mean ± standard deviation (SD). 
Data were examined by normal distribution, and the dif-
ference was tested with the Student’s t-test between two 
groups or the one-way analysis of variance (ANOVA) between 
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CHAC1 exacerbated ferroptosis and apoptosis by 
promoting oxidative stress

In order to define relation between oxidative stress and 
apoptosis or ferroptosis, NAC, an antagonist of oxida-
tive stress, was incubated with HK-2 cells. Transfection 
of CHAC1 overexpression plasmid markedly accelerated 
the reduction of the relative protein expression of GPx4 
induced by LPS, which was notably improved with the 
application of NAC (Figure 5A). Meanwhile, an opposite 
result was observed in the relative protein expression of 
ACSL4 (Figure 5A). In addition, administration of NAC coun-
teracted the up-regulation of CHAC1-induced MDA con-
centration, while it markedly recovered the up-regulation 
CHAC1-induced GSH concentration in LPS-treated HK-2 
cells (Figure 5B). Moreover, co-transfection of CHAC1 over-
expression plasmid prominently promoted both increased 
level of iron and rate of apoptosis induced by LPS, which 

(Figure  3A). Consistently, transfection of siCHAC1#2 sig-
nificantly decreased the LPS-induced relative protein level 
of Cleaved PARP–PARP and cleaved caspase-3–caspase-3 
(Figure 3B). Therefore, knockdown of CHAC1 relieved LPS-
evoked apoptosis in HK-2 cells.

Interference of CHAC1 ameliorated LPS-induced 
ferroptosis in HK-2 cells

Moreover, the role of CHAC1 in ferroptosis was also dis-
sected with knockdown of CHAC1 in HK-2 cells. Treatment 
of siCHAC1#2 observably increased the LPS-induced relative 
protein level of GPx4 whereas markedly reduced the LPS-
induced relative level expression of ACSL4 (Figure 4A). In 
addition, administration of siCHAC1#2 significantly neutral-
ized LPS-induced level of iron (Figure 4B). Hence, knockdown 
of CHAC1 improved LPS-induced ferroptosis in HK-2 cells.

Figure 1  Analysis of core genes and functional enrichment about GSE60088. (A) The top 30 up-regulated and 30 down-
regulated genes. (B) Volcanic plot of DEGs involved in the sepsis-induced multiple organ dysfunction syndrome (MODS) induced 
by a combination of MV+SA. (C) The expression level of CHAC1 was identified in the kidney tissues of mice induced with MV+SA, 
compared with that in the kidney tissues of normal mice. The biological process of (D) up-regulated and (E) down-regulated DEGs 
by functional enrichment analysis through Metascape platform.

(A) (B)

(D)

(E)

(C)
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vitro model of sepsis-induced AKI. The CHAC1 level was 
consistently up-regulated in the LPS-induced HK-2 cells. 
Knockdown of CHAC1 dampened LPS-induced oxidative 
stress, apoptosis, and ferroptosis in HK-2 cells. Moreover, 
the application of NAC reversed the effects of CHAC1 on 
the apoptosis and ferroptosis of LPS-induced HK-2 cells. 
Taken together, CHAC1 aggravated LPS-induced ferroptosis 
and apoptosis in HK-2 cells by promoting oxidative stress.

CHAC1 is a novel component of UPR pathway, whose 
dysregulation has been reported in a variety of disease 
models. For instance, upregulation of CHAC1 has been dis-
covered in intraocular (uveal tract) melanoma patients, 
predicting a poor outcome.23 Similar results are also 
reported in breast and ovarian cancer patients.24 In line 
with these findings, we also found that the expression of 
CHAC1 was enhanced in the kidney tissues of mice with 
sepsis-induced MODS based on bioinformatic analysis. 
Moreover, the CHAC1 was consistently expressed highly 
in LPS-induced HK-2 cells. Therefore, CHAC1 was overex-
pressed in sepsis-induced AKI.

were observably reversed with the use of NAC (Figures 5C 
and D). Taken together, CHAC1 aggravated ferroptosis and 
apoptosis by enhancing oxidative stress in LPS-induced 
HK-2 cells.

Discussion

Sepsis-induced AKI is a singularly grievous complication 
during the progression of sepsis, which has caused tremen-
dous load on both patients and the society.3,4 It has been 
demonstrated that the pathogenesis of sepsis-induced AKI 
is closely associated with inflammatory response, apop-
tosis, oxidative stress, and ferroptosis.6–8 CHAC1 is identi-
fied as a mammalian pro-apoptotic factor,13 which may be 
involved in apoptosis, oxidative stress, and ferroptosis. 
In the present study, the level of CHAC1 was found to be 
up-regulated in the kidney tissues of mice with sepsis-
induced MODS according to bioinformatic analysis. The 
HK-2 cells were challenged with LPS to construct an in 

Figure 2  Down-regulation of CHAC1 declined LPS-induced levels of ROS, MDA, and GSH in HK-2 cells. The expression of CHAC1 
was detected by Western blot analysis after HK-2 cells were (A) treated with 10-μg/mL LPS for 2, 4, 8, and 12 h, or (B) transfected 
with siCHAC1#1, siCHAC1#2, and the corresponding siNC. The data were expressed after normalized with β-actin. (C) The cell 
viability of HK-2 cells was examined by CCK-8 assays. (D and E) The ROS level of HK-2 cells was determined by flow cytometry. 
(F) The concentrations of MDA and GSH were measured with commercial kits. (A) *P < 0.05, **P < 0.01, and ***P < 0.001 vs. 0 h. 
(B–F) ***P < 0.001 vs. control; and &P < 0.05, &&P < 0.01, and &&&P < 0.001 vs. LPS.

(A)

(B)

(D)

(E) (F)

(C)
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to the remission of sepsis-induced AKI.31 Methyl jasmonate, 
a bioactive oxylipid, attenuates apoptosis and inflammation 
in LPS-induced HK-2 cells.32 Similarly, surfactant protein D, 
an innate immune molecule, mitigates sepsis-induced AKI 
by reducing apoptosis.33 Ibrutinib, an inhibitor of Bruton’s 
tyrosine kinase, attenuates oxidative stress in the kidney 
of AKI-associated dysfunction.34 Al-Harbi et al. reported 
that spleen tyrosine kinase signaling relieves sepsis-induced 
AKI by inhibiting inflammation and oxidative stress.35 In 
addition, the study conducted by Guo et al. revealed that 
ginsenoside Rg1, belonging to the class of steroid glyco-
sides, suppressed ferroptosis to improve sepsis-induced 
AKI.6 Moreover, ferroptosis was involved in LPS-induced 
AKI through mitochondria-derived ROS.36 In this study, our 
results also demonstrated that LPS treatment enhanced 
cell apoptosis, oxidative stress, and ferroptosis in HK-2 cells 
that were notably attenuated by the knockdown of CHAC1. 
CHAC1 acts as a proapoptotic factor,13 and promotes apop-
tosis in temozolomide-induced glioma cytotoxicity.37 More 
importantly, CHAC1 mediates the degradation of GSH,14 
which is strongly related to oxidative stress,15 apoptosis,16 
and ferroptosis.17 Taken together, these results demon-
strated that silencing of CHAC1 attenuated LPS-induced 
oxidative stress, apoptosis, and ferroptosis in HK-2 cells.

Owing to harmful stimulation of external and internal 
conditions, oxidative stress generates superfluous ROS, 
which can assault cell DNA, protein, and lipid, eventually 
resulting in a series of pathogenies, such as apoptosis and 
ferroptosis.38,39 Cui et al. showed that alfalfa saponins, a 
natural extract of Alfalfa (Medicago sativa), suppressed 
oxidative stress-mediated apoptosis in piglet cells.40 

Molecular mechanisms, such as apoptosis, oxidative 
stress, and ferroptosis, have been revealed to participate 
in the progression of a variety of diseases.25–30 In sepsis-
induced AKI, Huang et al. demonstrated that suppressing 
pannexin-1 inhibited cell apoptosis, which could contribute 

Figure 4  Silencing of CHAC1-mitigated LPS-induced ferroptosis 
in HK-2 cells. (A) The relative protein expressions of GPx4 and 
ACSL4 were determined by Western blot analysis. The data 
were expressed after normalized with β-actin. (B) The level 
of iron was measured with an iron assay kit. **P < 0.01 and 
***P < 0.001 vs. control; &P < 0.05 and &&P < 0.01 vs. LPS.

Figure 3  Knockdown of CHAC1-mitigated LPS-induced apoptosis in HK-2 cells. (A) The apoptosis rate of HK-2 cells was examined 
by flow cytometry. (B) The relative protein expressions of cleaved PARP–PARP and cleaved caspase-3–caspase-3 were determined 
by Western blot analysis. The data were expressed after normalized with β-actin. ***P < 0.001 vs. control; &&P < 0.01, and 
&&&P < 0.001 vs. LPS.

(A)

(A)

(B)

(B)
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cells. Furthermore, the application of NAC reversed the 
effects of CHAC1 on the apoptosis and ferroptosis of LPS-
induced HK-2 cells. Taken together, these findings illus-
trated that CHAC1 exacerbated ferroptosis and apoptosis 
by enhancing oxidative stress in LPS-induced HK-2 cells. 
However, an in vivo validation is essential in the present 
study. In brief, our study contributes to understand the 
molecular mechanisms for sepsis-induced AKI, which could 
further provide a potential target for AKI therapy.
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Bardoxolone methyl, a semi-synthetic triterpenoid, miti-
gates osteoarthritis by preventing oxidative stress-induced 
apoptosis.41 Similarly, Zhu et al. summarized the molecular 
mechanisms of modulating oxidative stress-induced fer-
roptosis, and its potential therapeutic value in cancer.28 
In addition, oxidative stress-induced ferroptosis is also 
involved in the progression of intervertebral disc degener-
ation.42 Similar these previous findings, NAC, an inhibitor of 
oxidative stress, reversed the effect of CHAC1 on apopto-
sis and ferroptosis in LPS-induced HK-2 cells in the current 
study, indicating that the role of CHAC1 in the pathogenies 
of LPS-induced HK-2 cells was associated with oxidative 
stress-induced apoptosis and ferroptosis.

Conclusion

The expression of CHAC1 was up-regulated in the kidney 
tissues of mice with sepsis-induced MODS and LPS-induced 
HK-2 cells. Overexpression of CHAC1 promoted the apop-
tosis, oxidative stress, and ferroptosis of LPS-induced HK-2 

Figure 5  CHAC1 promoted ferroptosis and apoptosis by accelerating oxidative stress in LPS-induced HK-2 cells. (A) The relative 
protein expressions of GPx4 and ACSL4 were determined by Western blot analysis. The data were expressed after normalized with 
β-actin. (B) The concentrations of MDA and GSH were measured with commercial kits. (C) The level of iron was measured with 
an iron assay kit. (D) The apoptosis rate of HK-2 cells was examined by flow cytometry. *P < 0.05 and ***P < 0.001 vs. control; 
&P < 0.05 and &&P < 0.01 vs. LPS+vector; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. LPS+CHAC1.

(A)

(B)

(D)

(C)
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Supplementary

Table S1  192 up-regulated genes identified in the mice 
with sepsis-induced multiple organ dysfunction syndrome 
(MODS) challenged by a combination of MV+SA through the 
GEO database.

Genes logFC FDR
Increased/
Decreased

Asns 2.7287764 1.25E-08 Increased
Aqp2 1.1250556 1.64E-08 Increased
Mthfd2 1.477257 5.97E-08 Increased
Grem2 2.1696646 1.18E-07 Increased
Pde3b 1.1349672 1.21E-07 Increased
Chac1 3.568785 2.65E-07 Increased
Ankrd44 1.2494606 3.36E-07 Increased
Eif4ebp1 1.3095008 3.83E-07 Increased
N4bp2l1 1.5183226 3.92E-07 Increased
Gem 2.338981 4.22E-07 Increased
BC057675 3.432074 6.54E-07 Increased
Ccrn4l 2.1009266 7.13E-07 Increased
Impact 1.1077478 7.46E-07 Increased
3930401B19Rik 2.998726 8.42E-07 Increased
Epc2 1.0347294 9.31E-07 Increased
Lox 1.1324036 1.68E-06 Increased
Abca1 1.7352976 1.68E-06 Increased
Slc4a7 1.1404486 1.78E-06 Increased
Iars 1.0323458 2.04E-06 Increased
Crebrf 1.0356382 2.71E-06 Increased
Pappa 1.927339 2.84E-06 Increased
LOC102641248 1.1901196 3.05E-06 Increased
Samd4 1.082359 8.33E-06 Increased
Fam129a 1.8203192 8.45E-06 Increased
Ntmt1 1.767826 8.46E-06 Increased
Dusp1 1.8535356 8.65E-06 Increased
Herpud1 1.0497682 9.83E-06 Increased
Hivep2 1.7611584 1.00E-05 Increased
Slc38a2 2.018034 1.46E-05 Increased
Mt1 1.7616932 1.69E-05 Increased
Tmem252 2.1276938 1.70E-05 Increased
Jun 3.138722 2.05E-05 Increased
Mt2 2.8267536 2.66E-05 Increased
Acot1 1.3914928 2.67E-05 Increased
Gadd45a 2.6541128 2.73E-05 Increased
Ddit3 2.2931718 3.59E-05 Increased
Bmp6 1.1014484 3.75E-05 Increased
Igfbp1 2.9998852 4.05E-05 Increased
1200003I10Rik 2.0742244 4.93E-05 Increased
Rsf1 1.0732624 5.02E-05 Increased
Sik3 1.1873406 5.49E-05 Increased
Gdf15 3.4121128 6.08E-05 Increased
Defb42 1.5317554 6.14E-05 Increased
Pknox1 1.014099 6.17E-05 Increased

Genes logFC FDR
Increased/
Decreased

Tsc22d1 1.6451374 6.49E-05 Increased
Cebpd 2.5979444 7.10E-05 Increased
Heca 1.1014634 7.19E-05 Increased
Acot2 1.4940364 7.87E-05 Increased
Cxcr4 1.263346 8.05E-05 Increased
4833417J20Rik 1.0451108 8.07E-05 Increased
Wsb1 1.2036194 8.35E-05 Increased
Acot1 1.2403522 9.67E-05 Increased
Slc10a6 1.0297598 0.000106911 Increased
Trib3 2.0300574 0.000107329 Increased
Sirt1 1.245763 0.000112285 Increased
F3 2.3296726 0.000120095 Increased
Tmem140 1.0298026 0.00012365 Increased
Bhlhe40 1.4578478 0.000126589 Increased
Taf15 2.065017 0.000127136 Increased
Klf4 1.138702 0.000130674 Increased
Snhg12 1.227534 0.000131197 Increased
Slc25a30 1.1044906 0.000132551 Increased
Sowahb 1.0507164 0.000141701 Increased
Slc25a25 1.1656498 0.000142668 Increased
Med13l 1.1541654 0.000154594 Increased
Nr4a1 2.069733 0.000158245 Increased
Ago2 1.0669838 0.000159114 Increased
Ncl 1.1364296 0.00016705 Increased
Clk4 1.1363582 0.000167724 Increased
Psap 1.1172824 0.000180131 Increased
Ppp1r15a 1.4149256 0.000181969 Increased
Bach2 1.100139 0.000198691 Increased
Ier3 1.9481224 0.000211141 Increased
Ino80d 1.0164334 0.00022642 Increased
Plk3 2.99106 0.000227415 Increased
Gp49a 1.1075492 0.000231396 Increased
Kctd15 1.0742292 0.000288198 Increased
Pdk4 3.6035404 0.000296854 Increased
Hipk3 1.2016954 0.000302348 Increased
Nop58 1.561047 0.000321979 Increased
Ch25h 2.1043216 0.000338813 Increased
Pald1 1.7935816 0.000339677 Increased
Eif4a1 1.292454 0.000368958 Increased
Osmr 1.6761746 0.000370069 Increased
Ddit4 1.7510882 0.000376546 Increased
Brd2 1.29639 0.000378891 Increased
1200015M12Rik 1.593734 0.000392613 Increased
Hmgcs2 2.4088166 0.000411512 Increased
Rhob 1.3249034 0.000411894 Increased
Paxbp1 1.0157174 0.000415804 Increased
Csrp1 1.2047214 0.000428473 Increased
Klf11 1.3090526 0.000429472 Increased

Tables S1  Continued.
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Genes logFC FDR
Increased/
Decreased

Thbs1 1.7627576 0.000438951 Increased
Plat 1.0781324 0.000469502 Increased
Larp4 1.0081838 0.000474823 Increased
Angptl4 1.633707 0.000501922 Increased
Xrn2 1.0825716 0.000502888 Increased
Btg1 1.0037486 0.000518656 Increased
Dusp16 1.0504146 0.000525374 Increased
Gnl3 1.2077108 0.000530417 Increased
Ptpn12 1.1616296 0.000536581 Increased
Cyp4a10 1.0490442 0.000544744 Increased
Per1 1.466827 0.00055608 Increased
Apold1 1.5332164 0.000560097 Increased
Cyp4a14 2.620728 0.000570015 Increased
Tnfrsf12a 2.1595102 0.000621801 Increased
Akap12 1.7042044 0.000629186 Increased
BC027231 1.0250722 0.000660047 Increased
Rcan1 1.8326622 0.000701774 Increased
2410006H16Rik 1.5384626 0.000768415 Increased
Atf4 1.8051294 0.000783052 Increased
Atf3 3.1230954 0.000800625 Increased
Cyr61 2.256633 0.000814701 Increased
Maff 2.580911 0.000846273 Increased
Snhg5 1.1219932 0.00085587 Increased
Ier2 2.1315404 0.000880867 Increased
Aldh1a7 1.010667 0.000915946 Increased
Arpc1b 1.093803 0.000921596 Increased
Ifrd1 2.1264298 0.000933786 Increased
Adamts1 2.5678714 0.000952816 Increased
Cebpb 2.0909562 0.000954369 Increased
Inhbb 2.6247878 0.00095606 Increased
Btg2 2.6888518 0.000971343 Increased
Phip 1.3366428 0.001008023 Increased
Rasd1 1.4004466 0.001080442 Increased
Hoxd9 1.2812082 0.001099639 Increased
Suco 1.0709064 0.001123889 Increased
Ccnl1 1.102146 0.001137327 Increased
Zfp36 1.7037412 0.001152773 Increased
Dnajc7 1.0049556 0.001155786 Increased
Dusp5 1.7167594 0.001178172 Increased
Nab2 1.0497334 0.001267394 Increased
Smad1 1.0319196 0.001277789 Increased
Nbeal1 1.0334836 0.00129925 Increased
F2rl1 1.1391472 0.001455435 Increased
9930031P18Rik 1.470792 0.001491304 Increased
Slc20a1 1.3082052 0.001499575 Increased
Rora 1.106054 0.001556606 Increased
B230214O09Rik 1.1353122 0.001598764 Increased
Arg2 1.7022884 0.001609175 Increased
Chka 1.5028956 0.001641978 Increased
Cyp27b1 1.9070534 0.001764286 Increased
Klf6 2.657135 0.001789096 Increased

Genes logFC FDR
Increased/
Decreased

Junb 2.4238854 0.001825288 Increased
Rela 1.0284526 0.001911428 Increased
Egr1 3.0782512 0.001967699 Increased
Zswim6 1.188642 0.002013913 Increased
Crim1 1.2947338 0.002096038 Increased
Aqp3 1.0719644 0.002179831 Increased
Brd4 1.283438 0.0022164 Increased
Bptf 1.1691922 0.002252835 Increased
Lgals3 1.1449486 0.002414167 Increased
Myc 2.480122 0.002443814 Increased
Irgm2 1.171169 0.002478475 Increased
Hbegf 2.2599608 0.002511907 Increased
AI314760 1.0038576 0.002629705 Increased
G0s2 1.256166 0.002677562 Increased
Pnrc1 1.3827078 0.002706595 Increased
Icam1 1.2722854 0.002822266 Increased
Thbd 1.1385316 0.002853051 Increased
Cldn4 1.2054326 0.002923268 Increased
Ccdc120 1.4132008 0.003066196 Increased
Itgav 1.076574 0.003087785 Increased
Gm19773 1.0925602 0.003127049 Increased
Fos 3.1534654 0.003280223 Increased
Pvr 1.7510692 0.00335116 Increased
Litaf 1.0853182 0.003372327 Increased
Bex1 1.1034186 0.0034641 Increased
Thrap3 1.0113736 0.003494435 Increased
Hmox1 2.063318 0.003528065 Increased
Crem 1.5370458 0.003541576 Increased
Gm3579 1.0411418 0.003591769 Increased
Snhg1 1.4227578 0.003771076 Increased
Prmt1 1.4056124 0.003850531 Increased
Adamts4 1.690825 0.003975197 Increased
Rnd3 1.5486354 0.004377426 Increased
Pmaip1 1.9273834 0.004671617 Increased
Taok1 1.0564312 0.004982616 Increased
AI503316 1.1067044 0.005080755 Increased
Nfkbiz 1.7581112 0.005119188 Increased
Dusp4 1.0591436 0.005253556 Increased
Ndfip2 1.4412588 0.005384564 Increased
Ptgs2 1.2432524 0.006559699 Increased
Lcn2 2.6595044 0.006875947 Increased
Gm13889 1.030244 0.006933953 Increased
Akt1s1 1.1719748 0.007121395 Increased
Pprc1 1.2706394 0.007164684 Increased
Baz1a 1.1241786 0.007478517 Increased
Sh3d19 1.0091054 0.007607386 Increased
5330406M23Rik 1.327714 0.008128809 Increased
Gm13363 1.3315994 0.009302486 Increased
AI845619 1.1630614 0.009626343 Increased

logFC: logarithmic fold change; FDR: false discovery rate 
(P-value adjusted for multiple tests).
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Table S2  78 down-regulated genes identified in the mice 
with sepsis-induced multiple organ dysfunction syndrome 
(MODS) challenged by a combination of MV+SA through the 
GEO database.

Genes logFC FDR
Increased/
Decreased

Slc51a -1.4491248 1.62E-08 Decreased
Nmrk1 -1.6789106 4.17E-08 Decreased
Mvd -1.0804706 6.04E-08 Decreased
Marcks -1.172523 3.15E-07 Decreased
Ldlr -1.0914734 4.50E-07 Decreased
Afap1l1 -1.4388484 5.32E-07 Decreased
Trim63 -1.2807764 6.58E-07 Decreased
Col3a1 -1.3282152 9.05E-07 Decreased
Unkl -1.0738096 1.05E-06 Decreased
Odc1 -1.4488874 1.54E-06 Decreased
Adamts5 -1.3067766 2.29E-06 Decreased
Fam69b -1.004822 2.40E-06 Decreased
Cdh11 -1.646756 2.98E-06 Decreased
Zfp810 -1.0189208 2.99E-06 Decreased
Rbp1 -1.214556 3.00E-06 Decreased
Msmo1 -1.2658008 4.19E-06 Decreased
3110045C21Rik -2.5692332 4.63E-06 Decreased
Col1a2 -1.4424306 5.14E-06 Decreased
Nxpe3 -1.194199 5.19E-06 Decreased
Dapk2 -1.1036162 5.31E-06 Decreased
2610528J11Rik -1.0541544 5.92E-06 Decreased
0610005C13Rik -1.1833912 6.27E-06 Decreased
Hpgd -1.6374138 7.15E-06 Decreased
Vps8 -1.2304456 7.45E-06 Decreased
G6pc -1.0782976 7.74E-06 Decreased
Ubiad1 -1.0369176 7.76E-06 Decreased
Cckar -1.8822404 1.47E-05 Decreased
Cks2 -1.2827302 1.47E-05 Decreased
Pecr -2.079669 1.57E-05 Decreased
Hsf2bp -1.9302552 2.09E-05 Decreased
Bend5 -1.139385 2.35E-05 Decreased
Gmpr -1.0197738 2.41E-05 Decreased
Myo5a -1.1152384 5.16E-05 Decreased
Dleu7 -1.2230426 5.27E-05 Decreased
Tril -1.3450622 7.38E-05 Decreased
Olfml1 -1.060529 7.54E-05 Decreased
Coa6 -1.2035438 8.58E-05 Decreased
Idi1 -1.7319858 9.34E-05 Decreased

Genes logFC FDR
Increased/
Decreased

4-Sep -1.078486 9.48E-05 Decreased
Slc46a3 -1.0572402 0.000105196 Decreased
Cdc42ep3 -1.0124138 0.000113824 Decreased
Ifi27l2a -2.0243114 0.000165752 Decreased
Susd3 -1.0266302 0.000175497 Decreased
Slc7a13 -3.1806752 0.000188152 Decreased
Aacs -1.4309022 0.000204064 Decreased
Hsd3b3 -1.0192154 0.000221846 Decreased
Fabp5 -1.1857218 0.000240987 Decreased
Cyp51 -1.0703666 0.000267356 Decreased
Car3 -1.4492312 0.000269619 Decreased
Lyrm2 -1.0627742 0.000312609 Decreased
Tmem25 -1.2281368 0.000379814 Decreased
Ube2u -1.1370918 0.000413694 Decreased
Cenpj -1.6242876 0.000421312 Decreased
Neu2 -1.0125656 0.000425471 Decreased
Pdp2 -1.0850616 0.00046105 Decreased
Mfsd2a -1.8991474 0.000503334 Decreased
Sucnr1 -1.49824 0.000566494 Decreased
Cml1 -1.372691 0.000591407 Decreased
Eaf2 -1.267748 0.000621227 Decreased
D630023F18Rik -1.4505818 0.001005148 Decreased
Bco2 -1.0205224 0.001205673 Decreased
Mrpl41 -1.0636954 0.001271703 Decreased
Mep1b -1.00948 0.00128632 Decreased
Cela1 -1.0258084 0.001306119 Decreased
Fasn -1.1051652 0.001353295 Decreased
Pycard -1.0108376 0.00136777 Decreased
Amacr -1.0071228 0.001816507 Decreased
D630024D03Rik -1.0181288 0.002022474 Decreased
Thrsp -1.7790314 0.002055292 Decreased
Med21 -1.1545338 0.002340529 Decreased
Tfec -1.1726196 0.002392658 Decreased
Rpa3 -1.0741986 0.002539066 Decreased
Glyctk -1.0188016 0.003235218 Decreased
Hsd3b2 -1.0027694 0.004173248 Decreased
Gm17750 -1.2178012 0.004852504 Decreased
Slc22a29 -1.0227594 0.00656575 Decreased
Adipoq -1.589558 0.007925012 Decreased
D4Ertd298e -1.1072004 0.009602492 Decreased

logFC: logarithmic fold change; FDR: false discovery rate 
(P-value adjusted for multiple tests).
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