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Abstract. Sepsis‑induced liver injury (SLI) is a life‑threatening 
complication of sepsis characterized by microcirculatory 
dysfunction, oxidative stress, excessive inflammation, and 
immune dysregulation. However, the role of ErbB2 inter‑
acting protein (Erbin) in SLI remains unclear. In the present 
study, the functional role and underlying mechanism of 
Erbin were investigated in a cecal ligation and puncture 
(CLP)‑induced mouse model of SLI using wild‑type and 
Erbin‑knockout (Erbin‑/‑) mice, together with lipopolysac‑
charide (LPS)/adenosine triphosphate (ATP)‑stimulated 
bone marrow‑derived macrophages (BMDMs). Liver histo‑
pathology, mitochondrial ultrastructure, oxidative stress, 
inflammatory cytokine production, and pyroptosis‑related 
signaling were assessed using H&E staining, transmission 
electron microscopy, biochemical assays, ELISA, quantitative 
PCR, immunohistochemistry, and western blotting. Erbin 

deficiency markedly aggravated CLP‑induced liver injury, as 
evidenced by more severe histopathological damage, mito‑
chondrial disruption, oxidative stress, NOD‑like receptor 
family pyrin domain containing 3 (NLRP3) inflammasome 
activation, and pro‑inflammatory cytokine production. 
Mechanistically, Erbin deficiency promoted mitochondrial 
ROS accumulation, enhanced thioredoxin‑interacting protein 
(TXNIP)‑NLRP3 interactions, and intensified inflamma‑
tory activation and pyroptotic responses. Mitochondrial 
ROS scavenging with MitoQ substantially attenuated the 
pro‑pyroptotic and pro‑inflammatory effects of Erbin defi‑
ciency in LPS/ATP‑stimulated BMDMs. Collectively, these 
findings identify Erbin as an endogenous protective regulator 
that mitigates SLI by suppressing mitochondrial ROS‑driven 
TXNIP/NLRP3 inflammasome activation and inflammatory 
responses.

Introduction

Sepsis is a life‑threatening condition caused by a dysregu‑
lated host response to infection that triggers systemic 
inflammation and frequently culminates in multiorgan 
dysfunction and death  (1,2). In this pathophysiological 
context, the liver serves as both a major metabolic center 
and an immune organ, which is essential for maintaining 
metabolic‑immune homeostasis  (3‑5). Clinical evidence 
increasingly identifies sepsis‑induced liver injury (SLI) 
as a notable determinant of prognosis, as the extent of 
hepatic damage is associated with disease severity and 
clinical outcomes (6,7). SLI arises from complex interac‑
tions among multiple hepatic cell populations, including 
hepatocytes and hepatic macrophages (8). Hepatic macro‑
phages comprise tissue‑resident Kupffer cells and recruited 
monocyte‑derived macrophages, which have distinct 
functions during liver injury  (9,10). Emerging evidence 
indicates that monocyte‑derived macrophages shape the 
inflammatory microenvironment in SLI by acquiring a 
pro‑inflammatory phenotype characterized by increased 
cytokine production and inflammasome activation, thereby 
amplifying inflammation and tissue injury (11). Elucidating 
the molecular mechanisms that regulate macrophage acti‑
vation and inflammatory responses is therefore essential for 
developing effective treatments for SLI.

Erbin deficiency exacerbates sepsis‑induced liver injury through 
mitochondrial ROS/NLRP3‑mediated inflammatory responses

JING ZUO1*,  XING WANG2*,  GUOQING JING2,  XIAOJING WU1  and  XUEMIN SONG2,3

1Department of Anesthesiology, Renmin Hospital of Wuhan University, Wuhan, Hubei 430060, P.R. China; 
2Research Centre of Anesthesiology and Critical Care Medicine, Zhongnan Hospital Affiliated with Wuhan University, Wuhan, 

Hubei 430071, P.R. China; 3Department of Anesthesiology, Hainan General Hospital, Haikou, Hainan 570311, P.R. China

Received May 22, 2026;  Accepted September 29, 2026

DOI: 10.3892/mmr.2026.14045

Correspondence to: Professor Xiaojing Wu, Department of 
Anesthesiology, Renmin Hospital of Wuhan University, 238 
Liberation Road, Wuchang, Wuhan, Hubei 430060, P.R. China
E‑mail: rm000851@whu.edu.cn

Professor Xuemin Song, Department of Anesthesiology, Hainan 
General Hospital, 19 Xiuhua Road, Xiuying, Haikou, Hainan 570311, 
P.R. China
E‑mail: xueminsong@whu.edu.cn

*Contributed equally

Abbreviations: Erbin, ErbB2 interacting protein; SLI, 
sepsis‑induced liver injury; CLP, cecal ligation and puncture; LPS, 
lipopolysaccharide; ATP, adenosine triphosphate; BMDMs, bone 
marrow‑derived macrophages; ROS, reactive oxygen species; 
mtROS, mitochondrial ROS; NLRP3, NOD‑like receptor family 
pyrin domain containing 3; TXNIP, thioredoxin‑interacting protein; 
IL‑1β, interleukin‑1 β; IL‑18, interleukin‑18; IL‑6, interleukin‑6; 
TNF‑α, tumor necrosis factor‑alpha; GSDMD, gasdermin D; qPCR, 
quantitative PCR; WT, wild type

Key words: erbin, sepsis‑induced liver injury, inflammation, 
oxidative stress, NLRP3 inflammasome

https://www.spandidos-publications.com/10.3892/mmr.2026.14045


ZUO et al:  ERBIN DEFICIENCY EXACERBATES SEPSIS-INDUCED LIVER INJURY2

Excessive reactive oxygen species (ROS) production 
contributes substantially to sepsis‑induced multiorgan 
dysfunction and is closely associated with NLRP3 inflamma‑
some activation and subsequent pyroptotic cell death (12‑14). 
Pyroptosis is characterized by inflammasome assembly, 
proteolytic activation of inflammatory caspases, particu‑
larly caspase‑1 and cleavage of gasdermin family proteins, 
culminating in membrane pore formation and the release of 
cellular contents and pro‑inflammatory mediators, including 
IL‑1β and IL‑18 (15‑17). The NOD‑like receptor family pyrin 
domain containing 3 (NLRP3) inflammasome is a cyto‑
plasmic multiprotein complex comprising NLRP3, the adaptor 
apoptosis‑associated speck‑like protein containing a CARD 
(ASC) and pro‑caspase‑1 (18). Chen et al (19) reported that 
administration of the caspase‑1 inhibitor Ac‑YVAD‑CMK 
inhibited hepatocyte pyroptosis and alleviated CLP‑induced 
SLI.

ErbB2 interacting protein (Erbin) is a PDZ domain-
containing adaptor protein that interacts with ERBB2/HER2 
receptors and contains 16 N‑terminal leucine‑rich repeats and 
a C‑terminal PDZ domain (20). Beyond its role in epithelial 
signaling, Erbin regulates inflammation by binding to NOD2 
and modulating NOD2‑dependent NF‑κB activation and 
cytokine production (21). Consistently, Erbin‑deficient mice 
exhibit increased susceptibility to experimental colitis and 
more severe intestinal barrier impairment (22). Xie et al (23) 
further demonstrated that Erbin degradation activates 
the SAG‑dependent RAS‑RAF pathway, leading to ROS 
accumulation, autophagy and cellular senescence. NLRP3 
inflammasome activators can also increase ROS production, 
whereas ROS inhibition suppresses caspase‑1 activation and 
IL‑1β release in alveolar macrophages (24). These findings 
support a broader role for Erbin in oxidative and inflamma‑
tory signaling. Nevertheless, its contribution to sepsis‑induced 
hepatic dysfunction remains unclear.

The aim of the present study was to determine the role of Erbin 
in SLI and to investigate whether Erbin regulates mitochon‑
drial ROS (mtROS) accumulation and NLRP3 inflammasome 
activation, with a specific focus on macrophage‑intrinsic 
inflammatory mechanisms. Given the complexity of hepatic 
cellular interactions, bone marrow‑derived macrophages 
(BMDMs) were employed to examine macrophage‑intrinsic 
inflammatory mechanisms. The findings indicate that Erbin 
deficiency exacerbates mtROS‑dependent NLRP3 activation 
and inflammatory responses, thereby contributing to SLI 
progression.

Materials and methods

Ethics approval. All animal experiments were approved by 
the Animal Experimentation Committee of Wuhan University 
(Wuhan, China; approval no. WQ20210298). All procedures 
were performed in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals (25) 
and the ARRIVE 2.0 guidelines (26).

Animal experiments. Male C57BL/6 mice aged 6‑8 weeks 
were housed under specific pathogen‑free conditions with a 
12‑h light/dark cycle and ad libitum access to food and water. 
Experimental and control mice underwent the same fasting 

protocol before cecal ligation and puncture (CLP) surgery. 
A total of two genetically modified mouse models were used 
for distinct experimental purposes. Global Erbin‑knockout 
(Erbin‑/‑) mice, obtained from Wuhan Xianran Biological 
Technology Co., Ltd., were used exclusively in the in vivo CLP 
model to evaluate the overall effect of Erbin deficiency on 
SLI. Macrophage‑specific Erbin conditional‑knockout mice 
(Erbinfl/fl/Lyz2‑Cre) were generated by crossing Erbinfl/fl mice 
with Lyz2‑Cre mice (both Cyagen Biosciences, Inc.). BMDMs 
isolated from Erbinfl/fl/Lyz2‑Cre mice and Erbinfl/fl littermate 
controls were used exclusively for in vitro mechanistic experi‑
ments examining the macrophage‑intrinsic role of Erbin in 
inflammatory signaling. Primers used to confirm the genotype 
can be found in Table I. A schematic of how the mice were 
used across experiments is presented in Fig. S1.

Sepsis model. General anesthesia was induced by intraperito‑
neal administration of pentobarbital sodium (50 mg/kg). The 
mice were placed in the supine position, and a 1‑cm midline 
abdominal incision was made to expose the cecum. The cecum 
was ligated with 3‑0 silk and punctured with a 21‑gauge 
needle. It was then returned to the abdominal cavity, and the 
incision was closed. Subsequently, 1 ml of prewarmed 0.9% 
saline was administered subcutaneously for fluid resuscitation. 
Sham‑operated mice underwent the same surgical procedure 
without cecal ligation or puncture (27). Following sepsis induc‑
tion, the mice were monitored at least twice daily. Humane 
endpoints included >20% loss of body weight, inability to 
eat or drink, persistent recumbency or markedly reduced 
responsiveness, severe respiratory distress or cyanosis, severe 
dehydration, seizures, paralysis, coma or other signs of a mori‑
bund condition. Animals reaching any of these endpoints were 
immediately euthanized.

Histological analysis. Mice were euthanized by CO2 inhala‑
tion in accordance with GB/T 39760‑2021. CO2 was delivered 
at a flow rate of 9  l/min, which corresponds to a volume 
displacement rate of 30% per minute for the 30‑L euthanasia 
chamber, until respiration ceased, followed by cervical dislo‑
cation as a secondary method. Death was confirmed by the 
absence of respiration, heartbeat and pedal withdrawal reflex 
before tissue collection. Hepatic tissues were collected 24 h 
after CLP for histological evaluation. The right liver lobe was 
rinsed with PBS, fixed in 4% paraformaldehyde at 4˚C for 24 h, 
embedded in paraffin, sectioned at 4 µm. The sections were 
then stained with hematoxylin at room temperature for 4 min 
and eosin at room temperature for 1 min. Histopathological 
changes were examined by light microscopy and digi‑
tally imaged. Liver injury was scored semi‑quantitatively 
according to six parameters: Cytoplasmic pallor, vacuoliza‑
tion, nuclear condensation, nuclear fragmentation, chromatin 
dissolution and sinusoidal erythrocyte accumulation. Each 
parameter was graded from 0 to 3, yielding a total score of 
0‑18 per microscopic field (28).

Survival analysis. After CLP surgery, mice were monitored 
every 12 h for 7 days, and survival was recorded throughout 
the observation period. Mice that failed to respond to external 
stimuli were considered dead. The sample size was comparable 
to those commonly used in survival analyses of CLP‑induced 
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sepsis models (29,30). Survival curves were generated using 
the Kaplan‑Meier method and compared using the log‑rank 
(Mantel‑Cox) test in GraphPad Prism (version 10.6.1; 
Dotmatics).

Serum biochemical analysis. Commercial assay kits were 
used to measure serum alanine aminotransferase (ALT; cat. 
no. C009‑2‑1; Nanjing Jiancheng Bioengineering Institute), 
aspartate aminotransferase (AST; cat. no. C010‑2‑1; Nanjing 
Jiancheng Bioengineering Institute) and lactate dehydrogenase 
(LDH; cat. no. A020‑2‑2; Nanjing Jiancheng Bioengineering 
Institute) levels according to the manufacturer's instructions.

Immunohistochemistry. Liver tissues were fixed in 10% 
neutral buffered formalin (NBF) at 4˚C for 24 h, embedded 
in paraffin, sectioned at 4 µm thickness and then incubated 
overnight at 4˚C with an anti‑NLRP3 antibody (1:200; cat. 
no. GB114320‑50; Wuhan Servicebio Technology Co., Ltd.). 
After three 5‑min washes with PBS, the sections were incu‑
bated with the appropriate secondary antibody (1:200; cat. 
no. G1312; Wuhan Servicebio Technology Co., Ltd.) at 37˚C 
for 30 min and developed using 3,3'‑diaminobenzidine. The 
sections were counterstained with hematoxylin at room 
temperature for 4 min, dehydrated, mounted and examined by 
light microscopy. NLRP3‑positive areas were quantified using 
ImageJ 1.54j software (National Institutes of Health).

Transmission electron microscopy. Liver samples were fixed 
with 2.5% glutaraldehyde at 4˚C for 1 h and then with 1% 
osmium tetroxide at room temperature for 2 h. After dehydra‑
tion, the samples were infiltrated with epoxy resin at 37˚C for 
8 h and embedded in epoxy resin at 60˚C for 48 h. Ultrathin 
sections (80 nm) were cut and stained with 2% uranyl acetate 
at room temperature for 10 min and then with lead citrate at 
room temperature for 5 min, followed by examination under 
a Hitachi H‑600 transmission electron microscope (Hitachi, 
Ltd.). Abnormal mitochondria were identified as previously 
described (31).

Cell culture and treatments. Consistent with previous 
studies investigating macrophage‑mediated inflamma‑
tory mechanisms in liver disease  (32‑34), BMDMs from 
macrophage‑specific Erbin conditional‑knockout mice 
(Erbinfl/fl/Lyz2‑Cre) and Erbinfl/fl littermate controls were used to 
examine the macrophage‑intrinsic effects of Erbin deficiency. 
Following euthanasia, the femurs and tibiae were dissected, 
cleared of soft tissue and immersed in 75% ethanol for 5 min. 

Bone marrow was flushed with PBS, passed through a 70‑µm 
cell strainer, and centrifuged at 300 x g for 10 min. Erythrocytes 
were lysed using ACK buffer (cat. no. R1013; Beijing Solarbio 
Science & Technology Co., Ltd.). The remaining cells were 
cultured in high‑glucose DMEM (cat. no.  11995; Beijing 
Solarbio Science & Technology Co., Ltd.) supplemented with 
10% FBS (Procell Life Science & Technology Co., Ltd.) and 
25  ng/ml macrophage colony‑stimulating factor (M‑CSF; 
MedChemExpress) at 37˚C in 5% CO2 for 7 days to generate 
mature adherent BMDMs. To activate the inflammasome, 
BMDMs were primed with lipopolysaccharide (LPS; 1 µg/ml; 
MilliporeSigma) for 4 h and subsequently stimulated with ATP 
(5 mM; MedChemExpress) for 30 min at 37˚C (35). For MitoQ 
experiments, BMDMs were pretreated with 1  µM MitoQ 
(HY‑100116A; MedChemExpress; dissolved in 0.02% DMSO) 
for 2 h at 37˚C before LPS/ATP stimulation. A concentration 
of 0.02% DMSO was used as the vehicle control in the corre‑
sponding groups.

Cell death assays. For the cell counting kit (CCK)‑8 assay, 
BMDMs were seeded in 96‑well plates at 1x104 cells/well 
and subjected to the indicated treatments. CCK‑8 reagent 
(10 µl; Biosharp Life Sciences) was then added to each well, 
followed by incubation at 37˚C for 30 min, and cell viability 
was measured using a microplate reader.

For the lactate dehydrogenase (LDH) assay, culture super‑
natants were collected and centrifuged at 500 x g for 10 min 
at 4˚C. LDH release was measured using a commercial kit 
(cat. no. A020‑2‑2; Beyotime Biotechnology) according to the 
manufacturer's instructions.

For Calcein‑AM/propidium iodide (PI) staining, BMDMs 
were seeded in 24‑well plates at 1x105 cells/well and subjected 
to LPS/ATP stimulation with or without MitoQ. Cells were 
stained using a Calcein‑AM/PI kit (cat. no. BB‑4126; Bebo 
Biotech). Briefly, cells were incubated with Calcein‑AM 
working solution at 37˚C in the dark for 30 min, washed twice 
with PBS, and then incubated with PI working solution under 
the same conditions for an additional 30 min. Following PBS 
washes, fluorescence images were acquired by microscopy, 
and cell death was quantified using ImageJ software.

ROS measurement. At 24 h after CLP, liver sections were 
prepared for dihydroethidium (DHE) staining as previously 
described  (36). Intracellular ROS in LPS/ATP‑stimulated 
BMDMs was assessed using a commercial ROS assay kit 
(cat. no. BL3157A; Biosharp Life Sciences) according to the 
manufacturer's instructions. Briefly, cells were incubated with 

Table I. Primers used for mouse genotyping.

Mouse model	 Primer	 Sequence (5'‑3')	 Expected amplicon

Erbin floxed allele	 Erbin‑F1	 ACACTGATGCTGTGATTGTAGTGT	 Floxed allele: 226 bp; WT allele: 158 bp
	 Erbin‑R1	 CATCTCTCTTTTACAGGCCTCCAG	
Lyz2‑Cre transgene	 Cre‑F	 CATATTGGCAGAACGAAAACGC	 Cre‑positive allele: 400 bp
	 Cre‑R	 CCTGTTTCACTATCCAGGTTACGG	

WT, wild type.
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10 µM DCFH‑DA at 37˚C for 30 min in the dark. Fluorescence 
images were acquired by microscopy, and fluorescence inten‑
sity was quantified using ImageJ software.

Commercial biochemical assay kits were used to measure 
malondialdehyde (MDA; cat. no. A003‑1‑2; Nanjing Jiancheng 
Bioengineering Institute) levels and superoxide dismutase 
(SOD; cat. no. A001‑1‑2; Nanjing Jiancheng Bioengineering 
Institute) activity in liver and BMDM protein homogenates 
according to the manufacturer's instructions.

mtROS measurement. mtROS production was assessed using 
MitoSOX Red (40778ES50; Shanghai Yeasen Biotechnology 
Co., Ltd.). BMDMs were seeded in 12‑well plates, subjected 
to the indicated treatments, and incubated with 500 nmol/l 
MitoSOX Red in HBSS containing calcium and magnesium at 
37˚C for 30 min in the dark. After two washes with prewarmed 
PBS, fluorescence images were acquired by microscopy and 
analyzed using ImageJ software.

Mitochondrial membrane potent ial measurement. 
Mitochondrial membrane potential was assessed using a 
JC‑1 Mitochondrial Membrane Potential Assay Kit (C2006; 
Beyotime Biotechnology) according to the manufacturer's 
instructions. BMDMs were seeded in six‑well plates and 
subjected to the indicated treatments, followed by incubation 
with JC‑1 working solution for 20 min at 37˚C. The cells were 
then collected and analyzed by flow cytometry (Beckman 
Coulter, Inc.).

Cytokine quantification. Liver tissue (100 mg) was rinsed with 
ice‑cold PBS and homogenized on ice in 900 µl PBS (pH 7.4) 
containing 1x protease inhibitor cocktail (Roche Applied 
Science). Homogenates were centrifuged at 12,000 x g for 
15 min at 4˚C, and the supernatants were aliquoted and stored 
at ‑80˚C until analysis. Cytokine concentrations were normal‑
ized to total protein concentrations determined using a BCA 
assay. TNF‑α (cat. no. RK00027), IL‑18 (cat. no. RK00104), 
IL‑1β (cat. no. RK04878) and IL‑6 (cat. no. RK00008) levels in 
liver homogenate supernatants (37) and BMDM culture super‑
natants were measured using ELISA kits (all from ABclonal 
Biotech Co., Ltd.) according to the manufacturer's instruc‑
tions. Absorbance was measured at 450 nm using a microplate 
reader (BioTek; Agilent Technologies, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using TRIzol reagent (Beijing Solarbio 
Science & Technology Co., Ltd.), and reverse transcription 
was performed using ABScript III RT Mix (ABclonal Biotech 
Co., Ltd.) under the following conditions: 37˚C for 2 min, 55˚C 
for 15 min, 85˚C for 5 min and then held at 4˚C. qPCR was 
performed using 2X Universal SYBR Green Fast qPCR Mix 
(ABclonal Biotech Co., Ltd.) with the following thermocycling 
conditions: Initial denaturation at 95˚C for 3 min, followed by 
42 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Relative gene 
expression was calculated using the 2‑ΔΔCq method (38), with 
β‑actin as the internal control. Primer sequences are listed in 
Table II.

Co‑immunoprecipitation (Co‑IP). Whole‑cell lysates were 
prepared in NP‑40 lysis buffer (Beijing Solarbio Science & 

Technology Co., Ltd.) supplemented with freshly prepared 
protease inhibitor cocktail and centrifuged at 14,000  x  g 
for 10 min at 4˚C to remove insoluble material. For each 
sample 1 ml supernatant was collected, of which 100 µl was 
retained as the input and the remaining 900 µl was used for 
co‑immunoprecipitation. For each co‑immunoprecipitation 
reaction, 900 µl of lysate containing ~3 mg total protein was 
incubated overnight at 4˚C with 4.5  µg anti‑NLRP3 anti‑
body (1.5 µg/mg protein; cat. no. A5652; ABclonal Biotech 
Co., Ltd.) or 4.5 µg species‑matched normal IgG (1.5 µg/mg 
protein; cat. no. 30000‑0‑AP; Proteintech Group, Inc.) under 
gentle agitation. A volume of 30  µl Protein A/G agarose 
beads (MedChemExpress) were then added and incubated 
for an additional 2‑4 h with rotation at 4˚C. The beads were 
extensively washed three times with ice‑cold immunopre‑
cipitation buffer, and the immunoprecipitated proteins were 
eluted by heating in SDS‑PAGE loading buffer at 95‑100˚C 
for 5‑10 min. Eluted proteins were separated by SDS‑PAGE 
and analyzed by western blotting. Normal IgG was used as the 
negative immunoprecipitation control.

Western blotting. Total proteins were extracted from liver 
tissues and BMDMs using RIPA lysis buffer (Beyotime 
Biotechnology) supplemented with protease inhibitors 
(BioSharp Life Sciences). Protein concentrations were deter‑
mined using a BCA assay kit (Beyotime Biotechnology). 
A total of 20 µg protein per lane was separated on 8‑12% 
SDS‑PAGE gels and transferred to polyvinylidene difluoride 
membranes (MilliporeSigma). Membranes were blocked with 
5% non‑fat milk and incubated overnight at 4˚C with primary 
antibodies against Erbin (1:1,000; cat. no. NBP2‑56104; Novus 
Biologicals, LLC), thioredoxin‑interacting protein (TXNIP; 
1:1,000; 14715; Cell Signaling Technology, Inc.), NLRP3 
(1:2,000; A5652; ABclonal Biotech Co., Ltd.), GSDMD 
(1:1,000; A10164; ABclonal Biotech Co., Ltd.), caspase‑1 
(1:500; AG‑20B‑0042; AdipoGen Life Sciences) and β‑actin 
(1:10,000; AC006; ABclonal Biotech Co., Ltd.). Membranes 
were subsequently incubated with species‑matched horse‑
radish peroxidase‑conjugated secondary antibodies (1:10,000; 
cat. nos. SA00001‑1 and SA00001‑2; Proteintech Group, Inc.). 
Protein bands were visualized using an enhanced chemilumi‑
nescence detection system (Tanon Science and Technology 
Co., Ltd.) and quantified using ImageJ software.

Bioinformatics analysis. Publicly available transcriptomic 
datasets GSE294059 (39), GSE228541 (40) and GSE28750 (41) 
were obtained from the Gene Expression Omnibus (GEO; 
https://www.ncbi.nlm.nih.gov/geo/) database and analyzed 
using R software (version 4.5.2; RStudio, Inc.). Samples were 
classified according to the phenotype information provided in 
GEO. For GSE294059, sepsis and non‑septic control samples 
were included; for GSE228541, sepsis and healthy control 
samples were included; and for GSE28750, only sepsis and 
healthy control samples were retained, whereas post‑surgical 
samples were excluded. Each dataset was analyzed indepen‑
dently without cross‑dataset normalization or batch correction.

For the RNA‑sequencing datasets GSE294059 and 
GSE228541, gene‑level count matrices were imported into 
R and matched with the corresponding sample informa‑
tion using GEO accession identifiers. Gene identifiers were 
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converted to official gene symbols using the AnnotationDbi 
(https://bioconductor.org/packages/AnnotationDbi/) and org.
Hs.eg.db (https://bioconductor.org/packages/org.Hs.eg.db/) 
packages. ERBIN was identified using the official symbol 
ERBIN, its previous symbol ERBB2IP, and Entrez Gene ID 
55914, whereas NLRP3 was identified using its official symbol 
and Entrez Gene ID 114548. Library sizes were normalized 
using the trimmed mean of M‑values method implemented in 
the edgeR package (https://bioconductor.org/packages/edgeR/), 
and normalized expression was expressed as log2 counts 
per million (log2‑CPM; prior.count=1). For the microarray 
dataset GSE28750, the GEO‑provided RMA‑normalized 
expression matrix was used. Probe sets were annotated using 
the hgu133plus2.db package (https://bioconductor.org/pack‑
ages/hgu133plus2.db/.), and multiple probes mapping to the 
same target gene were averaged to obtain gene‑level expression 
values. ERBIN expression was compared between sepsis and 
corresponding control groups using a two‑sided Wilcoxon 
rank‑sum test, with Welch's t‑test additionally performed as a 
sensitivity analysis. Associations between ERBIN and NLRP3 
expression were evaluated within the sepsis group using 
Spearman's rank correlation as the primary analysis, with 
Pearson's correlation additionally reported. A two‑sided P<0.05 
was considered to indicate a statistically significant difference.

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism version 8.0.1 (Dotmatics). Data are 
presented as the mean  ±  SD unless otherwise indicated. 
Normality was assessed using the Shapiro‑Wilk test before 
analysis. Comparisons between two unpaired groups with 
normally distributed data were performed using an unpaired 
Student's t‑test, whereas multiple‑group comparisons were 
performed using one‑way ANOVA followed by Tukey's post 
hoc test. For experiments involving genotype and treatment 
as two independent factors, statistical differences were 
analyzed using ordinary two‑way ANOVA, followed by 
Šídák's multiple‑comparisons test for prespecified biologically 
relevant comparisons. Non‑normally distributed data were 
analyzed using the Mann‑Whitney U test. Survival curves 
were generated using the Kaplan‑Meier method and compared 
using the log‑rank (Mantel‑Cox) test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Erbin deficiency aggravates sepsis‑induced liver injury. To 
investigate the role of Erbin in SLI, liver tissue and serum 
samples were collected 24 h after CLP. Histological analysis 
showed that CLP induced hepatocyte death, inflammatory 
cell infiltration, disruption of the hepatic vasculature and 
disorganization of hepatic cords. These pathological changes 
were more notable in Erbin‑/‑+CLP mice than in WT+CLP 
mice (Fig. 1A and B). Consistently, serum AST, ALT and LDH 
levels were markedly higher in Erbin‑deficient mice after CLP 
(Fig. 1C and D). The 7‑day survival was lower in Erbin‑/‑+CLP 
mice than in WT+CLP mice [20.0% (4/20) vs. 55.6% (10/18)], 
respectively; Fig. 1E). In addition, liver homogenates from 
Erbin‑/‑+CLP mice contained significantly higher levels of 
the pro‑inflammatory cytokines TNF‑α, IL‑1β, IL‑18, and 
IL‑6 than those from WT+CLP mice (Fig. 1F). Collectively, 
these findings indicate that Erbin deficiency exacerbates 
sepsis‑induced liver injury.

Erbin deficiency enhances NLRP3 inflammasome activation 
during sepsis‑induced liver injury. To determine whether 
Erbin regulates pyroptosis‑associated signaling during SLI, 
NLRP3, caspase‑1 p20 and GSDMD‑N expression was exam‑
ined by western blotting. CLP markedly activated the NLRP3 
inflammasome pathway, and this activation was further 
enhanced in Erbin‑/‑ mice (Fig. 2C and D). Consistently, immu‑
nohistochemical analysis showed increased hepatic NLRP3 
expression after CLP, with a greater increase in Erbin‑deficient 
mice (Fig. 2A and B). These findings indicate that Erbin defi‑
ciency promotes NLRP3 inflammasome activation during SLI.

Erbin deficiency enhances pyroptosis and inflammation in 
BMDMs. Macrophage‑hepatocyte crosstalk is increasingly 
recognized as a notable contributor to SLI progression (42). To 
investigate the macrophage‑intrinsic role of Erbin, BMDMs 
were stimulated with LPS and ATP to activate the NLRP3 
inflammasome and induce pyroptosis (43,44). Erbin deficiency 
markedly enhanced LPS/ATP‑induced expression of NLRP3, 
caspase‑1 p20, and GSDMD‑N (Fig. 3A and B). CCK‑8 assays, 
LDH release measurements and Calcein‑AM/PI staining 
further showed reduced cell viability and increased cell 

Table II. Primer sequences for PCR analyses.

Primer name	 Primer sequences

Mouse‑TNF‑α forward primer	 GGCATGGATCTCAAAGACAAC
Mouse‑TNF‑α reverse primer	 CAAATCGGCTGACGGTGTG
Mouse‑IL‑1β forward primer	 GAAATGCCACCTTTTGACAGTG
Mouse‑IL‑1β reverse primer	 TGGATGCTCTCATCAGGACAG
Mouse‑Il‑6 forward primer	 CATGTTCTCTGGGAAAT.CGTGG
Mouse‑Il‑6 reverse primer	 GTACTCCAGGTAGCTATGGTAC
Mouse‑Il‑18 forward primer	 GACTCTTGCGTCAACTTCAAGG
Mouse‑Il‑18 reverse primer	 CAGGCTGTCTTTTGTCAACGA
β‑actin forward primer	 AGACCTTCAACACCCCAG
β‑actin reverse primer	 CACGATTTCCCTCTCAGC
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death in Erbin‑deficient BMDMs after LPS/ATP stimulation 
(Fig.  3C‑F). In addition, LPS/ATP increased IL‑6, IL‑18, 
TNF‑α and IL‑1β mRNA expression, and these increases were 
further amplified by Erbin deficiency (Fig. 3G). Collectively, 
these findings indicate that Erbin negatively regulates pyrop‑
totic and inflammatory responses in macrophages.

Erbin deficiency aggravates oxidative stress in  vivo and 
in vitro. To evaluate the role of Erbin in mitochondrial injury 
and oxidative stress during SLI, mitochondrial ultrastructure 
and ROS production were examined in  vivo and in  vitro. 
Transmission electron microscopy revealed that CLP‑induced 
mitochondrial abnormalities, including swelling, loss of cristae 
and matrix clearing, were more severe in Erbin‑/‑ mice than in 
WT mice (Fig. 4A and C). This mitochondrial damage was 
accompanied by increased hepatic ROS production, as indi‑
cated by DHE staining (Fig. 4B and D). Biochemical assays 
further showed higher MDA levels and lower SOD activity 
in Erbin‑/‑+CLP mice than in WT+CLP mice (Fig. 4E and F). 

Consistent results were obtained in vitro, where Erbin‑deficient 
BMDMs exhibited greater intracellular ROS accumulation 
after LPS/ATP stimulation (Fig. 4G and H), together with 
higher MDA levels and lower SOD activity (Fig. 4I and J).

Erbin deficiency promotes TXNIP/NLRP3 pathway acti‑
vation in  vivo and in  vitro. Excessive ROS promotes the 
interaction of TXNIP with NLRP3 and thereby activates 
the inflammasome (45). Because Erbin deficiency exacer‑
bated sepsis‑induced oxidative stress, TXNIP expression 
and its interaction with NLRP3 were examined. TXNIP and 
NLRP3 protein levels were increased after CLP and were 
further elevated in Erbin‑/‑ mice (Fig. 5A and B). Similarly, 
LPS/ATP increased TXNIP and NLRP3 expression in 
BMDMs, with greater increases observed in Erbin‑deficient 
cells (Fig. 5C and D). Co‑immunoprecipitation further showed 
that LPS/ATP enhanced the TXNIP‑NLRP3 interaction and 
that Erbin deficiency further strengthened this association 
(Fig. 5E).

Figure 1. Erbin deficiency aggravates sepsis‑induced liver injury. (A) Representative H&E‑stained liver sections from WT and Erbin‑/‑ mice subjected to sham 
or CLP surgery. Black arrowheads indicate swollen hepatocytes. Scale bar, 50 µm. (B) Liver injury scores (n=5). (C and D) Serum AST, ALT and LDH levels 
(n=6). (E) 7‑day survival after CLP (WT+Sham, n=10; WT+CLP, n=18; Erbin‑/‑+Sham, n=10; Erbin‑/‑+CLP, n=20). (F) TNF‑α, IL‑6, IL‑1β and IL‑18 levels 
in liver homogenate supernatants (n=4). Data are presented as the mean ± SD. **P<0.01, ***P<0.001 and ****P<0.001. WT, wild type; ALT, alanine aminotrans‑
ferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CLP, cecal ligation and puncture.
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Erbin regulates pyroptosis through the mitochondrial 
ROS/TXNIP axis. To determine whether mtROS mediates the 
enhanced pyroptotic response associated with Erbin deficiency, 
MitoQ, a mitochondria‑targeted antioxidant, was used to 
reduce mtROS. LPS/ATP stimulation increased mtROS levels 
in BMDMs, and this increase was further amplified by Erbin 
deficiency; MitoQ pretreatment markedly reduced mtROS 
accumulation in Erbin‑deficient BMDMs (Fig. 6A and B). 
Mitochondrial membrane potential was subsequently assessed 
using JC‑1 staining. LPS/ATP induced mitochondrial depolar‑
ization, which was exacerbated by Erbin deficiency, whereas 
MitoQ partially restored mitochondrial membrane potential 
in Erbin‑deficient BMDMs (Fig. 6C and D). MitoQ did not 
alter Erbin expression (Fig. 6E and G), indicating that it acted 
downstream of Erbin. However, MitoQ partially reduced 

TXNIP, NLRP3 and GSDMD‑N expression in Erbin‑deficient 
BMDMs after LPS/ATP stimulation (Fig.  6F  and  H). 
Consistently, Calcein‑AM/PI staining and cytokine assays 
showed that MitoQ attenuated LPS/ATP‑induced cell death 
and inflammatory cytokine production (IL‑1β, TNF‑α, and 
IL‑18) (Fig. 6I‑K). Collectively, these results support a role 
for mtROS in Erbin deficiency‑associated TXNIP/NLRP3 
inflammasome activation and pyroptosis.

Clinical relevance of Erbin expression in human sepsis. To 
further examine the clinical relevance of Erbin, three inde‑
pendent GEO datasets containing samples from patients with 
sepsis and healthy controls were analyzed. Erbin expres‑
sion was significantly decreased in patients with sepsis 
in GSE294059, whereas no significant differences were 

Figure 2. Erbin def﻿iciency enhances NLRP3 inflammasome activation during sepsis‑induced liver injury. (A) Representative immunohistochemical staining of 
hepatic NLRP3. Black arrows indicate NLRP3‑positive staining. Scale bar, 50 µm. (B) Quantification of NLRP3‑positive areas (n=5). (C and D) Western blot 
analysis and quantification of Erbin, NLRP3, caspase‑1 and GSDMD in liver tissues (n=3). Data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001 

and ****P<0.001. WT, wild type; CLP, cecal ligation and puncture.
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observed in GSE228541 or GSE28750 (Fig. S2A, C and E). 
Next, the correlation between Erbin and NLRP3 expression 
in sepsis samples was examined. No significant correlation 

was detected in GSE294059 (Pearson r=0.499, P=0.392; 
Spearman ρ=0.400, P=0.505), GSE228541 (Spearman 
ρ=0.332, P=0.246) or GSE28750 (Pearson r=‑0.431, P=0.213; 

Figure 3. Erbin deficiency enhances pyroptosis and inflammation in BMDMs. (A and B) Western blot analysis and quantification of Erbin, NLRP3, caspase‑1 
and GSDMD in BMDMs (n=3). (C) Cell viability measured using the cell counting kit‑8 assay (n=6). (D) Relative LDH release (n=5). (E and F) Representative 
Calcein‑AM/PI staining and quantification of cell death (n=5). Calcein‑AM and PI indicate live and dead cells, respectively. Scale bar, 100 µm. (G) Relative 
mRNA levels of IL‑6, IL‑18, TNF‑α and IL‑1β measured by RT‑qPCR (n=3). Data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.001. 
BMDMs, bone marrow‑derived macrophages; LDH, lactate dehydrogenase.
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Figure 4. Erbin deficiency aggravates oxidative injury in vivo and in vitro. (A and C) Representative transmission electron microscopy images of liver mitochondria 
and quantification of damaged mitochondria (n=3). Arrows indicate damaged mitochondria. Scale bar, 1 µm. (B and D) Representative DHE staining of liver 
sections and fluorescence quantification (n=5). Scale bar, 50 µm. (E) Hepatic MDA levels and (F) SOD activity (n=5). (G and H) Representative DCFH‑DA 
staining of BMDMs and fluorescence quantification (n=5). White arrows indicate ROS‑positive cells. Scale bar, 50 µm. (I and J) MDA levels and SOD activity in 
BMDMs (n=5). Data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.001. MDA, malondialdehyde; SOD, superoxide dismutase; WT, wild 
type; CLP, cecal ligation and puncture; ROS, reactive oxygen species; BMDMs, bone marrow‑derived macrophages; LPS, lipopolysaccharide.
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Spearman ρ=‑0.358, P=0.310) (Fig. S2B, D and F). These data 
indicate that Erbin expression is altered in at least one human 
sepsis cohort, although this change and its association with 
NLRP3 expression were not consistent across datasets.

Discussion

Sepsis is a life‑threatening syndrome characterized by 
systemic inflammation and organ dysfunction. Liver dysfunc‑
tion is notably associated with poor outcomes in patients 
with sepsis (46), yet effective therapeutic strategies remain 
limited. In the present study, a murine CLP model was used 
to investigate the role of Erbin in SLI (19). Our previous work 
identified Erbin as a regulator of pyroptosis in sepsis‑induced 
acute kidney injury and LPS‑stimulated HK‑2 cells, although 
the underlying mechanism remained unclear (47). Extending 
these observations, the present findings demonstrate that Erbin 
deficiency aggravates CLP‑induced liver injury and enhances 
NLRP3 inflammasome activation. Notably, the present study 
extends previous observations by examining the contribution 
of Erbin to macrophage inflammatory responses during SLI. 
Specifically, the present findings show that Erbin deficiency 
aggravates sepsis‑induced liver injury and enhances mito‑
chondrial ROS/NLRP3‑associated inflammatory responses, 

while the BMDM experiments further support a macro‑
phage‑intrinsic contribution to this process.

During sepsis, pattern‑recognition receptors detect 
pathogen‑associated and damage‑associated molecular 
patterns, promoting NLRP3 inf lammasome assembly. 
Activated NLRP3 recruits ASC and pro‑caspase‑1, leading 
to caspase‑1 activation and cleavage of pro‑IL‑1β, pro‑IL‑18 
and GSDMD, thereby inducing cytokine release and pyrop‑
tosis (48). NLRP3 inflammasome activation has a notable 
role in SLI. BATF‑mediated transcriptional activation of 
GBP5 aggravates SLI by promoting NLRP3 inflamma‑
some activation  (49), whereas maresin 1 alleviates SLI 
by suppressing NLRP3‑mediated macrophage pyroptosis 
and inflammation (50). Consistent with these studies, CLP 
activated hepatic pyroptosis in the present study, and Erbin 
deficiency further enhanced inflammasome activation and 
inflammatory responses. Excessive pro‑inflammatory cyto‑
kine production by activated hepatic macrophages, including 
Kupffer cells and infiltrating monocyte‑derived macro‑
phages, contributes to sepsis‑induced hepatic injury  (51). 
Therefore, BMDMs were used in the present study as an 
in vitro model to investigate the macrophage‑intrinsic role of 
Erbin under inflammatory stimulation. The in vitro studies 
with BMDMs consistently showed that Erbin depletion 

Figure 5. Erbin deficiency activates the TXNIP/NLRP3 inflammasome axis. (A and B) Western blot analysis and quantification of Erbin, TXNIP and NLRP3 
in liver tissues (n=3). (C and D) Western blot analysis and quantification of Erbin, TXNIP and NLRP3 in BMDMs (n=3). (E) Co‑immunoprecipitation analysis 
of the association between TXNIP and NLRP3 in BMDMs under the indicated conditions. Species‑matched normal IgG was used as a representative negative 
IP control, and the corresponding input lysates are shown. The results support an association between TXNIP and NLRP3 under the experimental conditions 
examined. Data are presented as the mean ± SD. *P<0.05, ***P<0.001  and ****P<0.001. WT, wild type; LPS, lipopolysaccharide; CLP, cecal ligation puncture; 
IB, immunoblotting; IP, immunoprecipitation.



MOLECULAR MEDICINE REPORTS  34:  334,  2026 11

Figure 6. Erbin regulates pyroptosis through the mitochondrial ROS/TXNIP axis. (A and B) Representative MitoSOX Red staining and quantification of mito‑
chondrial reactive oxygen species in BMDMs (n=4). Scale bar, 50 µm. (C) Representative flow cytometry plots of JC‑1 staining. (D) Quantification of the JC‑1 
red/green fluorescence ratio (n=4). (E and G) Western blot analysis and quantification of Erbin in BMDMs (n=3). (F and H) Western blot analysis and quantifica‑
tion of TXNIP, NLRP3 and GSDMD in BMDMs (n=3). (I and J) Representative Calcein‑AM/PI staining and quantification of cell death (n=5). Calcein‑AM 
and PI indicate live and dead cells, respectively. Scale bar, 100 µm. (K) TNF‑α, IL‑6 and IL‑1β levels in BMDM culture supernatants (n=4). Data are presented 
as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.001. BMDMs, bone marrow‑derived macrophages; LPS, lipopolysaccharide; ns, not significant.

https://www.spandidos-publications.com/10.3892/mmr.2026.14045


ZUO et al:  ERBIN DEFICIENCY EXACERBATES SEPSIS-INDUCED LIVER INJURY12

enhanced LPS/ATP‑induced inflammation and pyroptosis 
activation. These findings support a negative regulatory role 
of Erbin in macrophage pyroptotic responses.

Oxidative stress is a major contributor to sepsis‑induced 
organ dysfunction  (52,53). Accumulated ROS can activate 
the NLRP3 inflammasome and thereby amplify inflamma‑
tory injury (54). Erbin, an endogenous inhibitor of RAS‑RAF 
signaling, has previously been implicated in ROS regula‑
tion (23). Consistent with the present study, Erbin deficiency 
increased ROS production and promoted TXNIP/NLRP3 
inflammasome activation in both CLP‑challenged mice and 
LPS/ATP‑stimulated BMDMs. The ROS/TXNIP/NLRP3 
axis is an established mechanism of inflammatory injury, and 
inhibition of ROS accumulation can suppress this pathway 
activation and reduce tissue damage  (55,56). In line with 
this concept, loss of Erbin disrupted redox homeostasis and 
enhanced TXNIP/NLRP3 inflammasome activation and 
pyroptotic responses. Furthermore, Co‑IP analysis showed that 
Erbin deficiency increased the interaction between TXNIP 
and NLRP3, a key event that promotes caspase‑1 activation 
and IL‑1β maturation (57).

To further examine the causal contribution of mtROS, 
BMDMs were treated with MitoQ, a mitochondria‑targeted 
antioxidant previously shown to suppress mtROS accumula‑
tion and NLRP3 inflammasome activation (58). MitoQ reduced 
mtROS accumulation and partially restored mitochondrial 
membrane potential in LPS/ATP‑stimulated Erbin‑deficient 
BMDMs. These changes were accompanied by reduced 
TXNIP expression and decreased NLRP3 and GSDMD‑N 
levels. Because TXNIP links oxidative stress to NLRP3 
inflammasome activation  (56,59), these findings support 
mtROS as an upstream mediator of TXNIP/NLRP3 signaling 
in Erbin‑deficient macrophages. MitoQ also attenuated cell 
death and inflammatory cytokine production, consistent with 
its reported anti‑inflammatory effects (60). Notably, MitoQ 
did not alter Erbin expression, indicating that its protective 
effects occurred downstream of Erbin; however, the absence 
of a MitoQ‑only control group limits assessment of its basal 
effects. Collectively, the present findings support a model in 
which Erbin deficiency aggravates SLI, at least in part, by 
enhancing mitochondrial ROS/TXNIP/NLRP3 signaling, 
while MitoQ attenuates this inflammatory response (Fig. 7).

Figure 7. Proposed mechanism by which Erbin negatively regulates the mitochondrial ROS/TXNIP/NLRP3 signaling pathway during sepsis‑induced liver 
injury. ROS, reactive oxygen species; GSDMD, gasdermin D; LPS, lipopolysaccharide.
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Analysis of three independent human sepsis data‑
sets showed significantly reduced Erbin expression in 
GSE294059, whereas no significant difference was observed 
in GSE228541 or GSE28750. In addition, Erbin expression 
was not significantly correlated with NLRP3 expression in 
the analyzed sepsis samples. The variability among clinical 
cohorts may be related to differences in disease stage, 
patient characteristics, treatment and sample composition. 
Moreover, NLRP3 inflammasome activation is regulated at 
both transcriptional and post‑transcriptional levels and there‑
fore may not be directly reflected by the correlation between 
Erbin and NLRP3 mRNA abundance. Further validation in 
well‑characterized clinical cohorts, particularly measure‑
ments of circulating Erbin together with IL‑1β and IL‑18, 
will be necessary to determine the clinical relevance of this 
pathway.

Several limitations should be considered. First, the use 
of global Erbin‑knockout mice in vivo and BMDMs derived 
from macrophage‑specific conditional‑knockout mice 
in vitro limits cell type‑specific interpretation. Although the 
in vivo findings demonstrate that Erbin deficiency aggravates 
SLI, the relative contributions of hepatocytes, Kupffer cells, 
recruited macrophages and other hepatic cell populations 
cannot be distinguished. Furthermore, BMDMs do not fully 
reproduce the heterogeneity and tissue‑specific functions 
of hepatic macrophages, particularly resident Kupffer cells. 
Cell type‑specific Erbin‑knockout models and primary 
hepatic macrophages will therefore be required to define the 
contributions of individual hepatic cell populations. Second, 
although the survival difference was statistically significant, 
the relatively small sample size warrants validation in larger 
cohorts. Third, analysis of three independent human sepsis 
datasets showed significantly decreased Erbin expression in 
GSE294059, whereas no significant difference was observed 
in GSE228541 or GSE28750. In addition, Erbin expression 
was not significantly correlated with NLRP3 expression in 
the analyzed sepsis samples. These findings suggest that 
alterations in Erbin expression may occur in human sepsis, 
but they are not consistent across different clinical cohorts. 
The present study also lacks direct validation using clinical 
samples. Serum Erbin levels and their associations with 
inflammatory markers and disease severity remain to be 
investigated in future clinical cohorts.

In summary, the present findings support a protective role 
of Erbin in experimental SLI, associated with suppression of 
mitochondrial ROS accumulation and TXNIP/NLRP3 inflam‑
masome activation. Further studies using cell type‑specific 
models and clinical samples are needed to establish the trans‑
lational relevance of Erbin and to determine whether it may 
represent a therapeutic target for SLI.
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