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Abstract
Background  Cholestatic liver disease, characterized by impaired bile flow, leads to the accumulation of harmful 
metabolites and toxins, resulting in liver damage. Inflammatory cytokines are crucial for the progression of this 
condition. Clusterin is a glycoprotein with roles in cell death, lipid transport, and cellular protection. We previously 
demonstrated that clusterin protects against hepatic steatosis and hepatic fibrosis. This study explored the roles of 
clusterin in cholestatic liver injury induced by a DDC (3,5-diethoxycarbonyl-1,4-dihydrocollidine) diet.

Methods  The study evaluated the impact of clusterin on liver injury in C57BL/6 mice and clusterin-knockout (KO) 
mice fed a DDC diet for 10–20 days. Primary Kupffer cells (KCs) and hepatocytes (HCs) of these mice were analyzed. 
Techniques such as Sirius red staining, immunohistochemistry, real-time RT-PCR, enzyme-linked immunosorbent 
assays, and western blotting were performed to assess the effects of clusterin.

Results  Clusterin expression was upregulated in the cholestatic liver. Clusterin-KO mice exhibited elevated levels 
of alanine aminotransferase, aspartate aminotransferase, collagen, and αSMA upon DDC diet-induced liver injury. 
They also had increased levels of markers of endoplasmic reticulum (ER) stress (CHOP, ATF6, and p-eIF2α) and 
inflammasome activity (NLRP3, ASC, caspase-1, and interleukin 1 beta (IL1β) protein expression, and IL1β and 
interleukin 18 secretion). Thapsigargin, an ER stress inducer, heightened NLRP3 inflammasome activation in primary 
KCs and HCs, which was mitigated by overexpression of clusterin.

Conclusions  The absence of clusterin exacerbates ER stress and NLRP3 inflammasome activation in mice fed a DDC 
diet. Conversely, overexpression of clusterin suppresses these stress responses. Thus, clusterin deficiency is associated 
with an enhanced inflammasome response in the liver that is linked to upregulation of ER stress.
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Introduction
Cholestatic liver disease, including primary biliary chol-
angitis (PBC), is marked by impaired bile flow, leading 
to the buildup of bile acids and toxins in the liver and 
bloodstream. This accumulation results in significant 
liver injury [1]. Inflammation significantly contributes 
to the progression of liver injury and fibrosis in cho-
lestasis. Recent studies have highlighted the critical role 
of inflammatory cytokines in the development of chole-
static liver injury, which is characterized by chronic bile 
duct inflammation [2–4].

The endoplasmic reticulum (ER) is an important organ-
elle responsible for protein synthesis, transport, fold-
ing, and modification. Several studies reported that ER 
stress contributes to the development of liver disease 
[5], and recent studies showed that cholestasis triggers 
an ER stress response [6, 7]. Additionally, ER stress can 
cause liver injury by affecting the NLRP3 inflammasome 
in hepatocytes (HCs) [8–10]. The NLRP3 inflammasome 
is a cytoplasmic multiprotein complex expressed not 
only in innate immune cells like macrophages but also in 
non-immune cells such as HCs and hepatic stellate cells 
(HSCs) [11]. It has been implicated in the pathogenesis 
of liver conditions like non-alcoholic fatty liver disease, 
steatohepatitis, and fibrosis [12–14]. Given this role, both 
ER stress and the NLRP3 inflammasome are currently 
being explored as vital targets to develop treatments for 
liver diseases.

Clusterin, also known as apolipoprotein J, is a secre-
tory glycoprotein and heterodimeric multifunctional 
chaperone molecule [15]. It is expressed in a variety of 
tissues and body fluids, and its expression levels are sig-
nificantly increased in various pathological conditions 
[16]. Clusterin has been reported to protect against insu-
lin resistance and inflammation by regulating signal-
ing pathways such as the phosphoinositide 3-kinase and 
NF-κB pathways, particularly in macrophages [17–20]. 
A recent study reported that clusterin attenuates inflam-
mation induced by cholesterol crystals by inhibiting the 
NLRP3 inflammasome pathway in THP-1 macrophages 
[21]. These results suggest that clusterin also plays an 
important role in regulating inflammation-related con-
ditions; however, few studies have investigated its role in 
regulating bile acid-induced liver injury. In this study, we 
elucidated the mechanisms by which clusterin protects 
against cholestatic liver injury.

Materials and methods
Materials
Thapsigargin (Tg, Escherichia coli 055, B5) and an anti-
αSMA (A2547) antibody were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Antibodies against 
clusterin (SC6420), CHOP (SC7351), ATF6 (SC166659), 
CTGF (SC365970) and ASC (SC514414) were purchased 

from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-
bodies against interleukin 1 beta (IL1β, ab9722) and gas-
dermin D (GSDMD, ab219800) were purchased from 
Abcam (Cambridge, UK). Antibodies against collagen 
(PA529569) and T-eIF2α (AH00802) were purchased 
from Thermo Fisher Scientific (Waltham, MA, USA). 
Antibodies against NLRP3 (CS1510), cleaved caspase 1 
(CS89332), GAPDH (CS2118), tubulin (CS2146), cas-
pase 1 (CS2225), cleaved caspase 1 (CS89332), p- eIF2α 
(CS9721), BIP (CS3183), p-STAT3 (CS9138), and STAT3 
(CS4904), as well as anti-rabbit (7074P2) and anti-mouse 
(7076P2) secondary antibodies, were purchased from 
Cell Signaling Technology (Beverly, MA, USA).

Animals and diets
In vivo experiments were conducted using 8-week-
old male C57BL/6 mice (Central Lab Animal, Seoul, 
Korea). To generate clusterin-knockout (KO) mice on 
the C57BL/6 genetic background, clusterin-deficient 
mice that were originally generated using a Black Swiss 
genetic background were backcrossed with the C57BL/6 
strain for at least seven generations. All experiments 
were approved by the Institutional Animal Care and Use 
Committee of Keimyung University (KM-2023-32). All 
animal procedures were carried out in accordance with 
institutional guidelines for animal research. C57BL/6 
and clusterin-KO mice were fed a DDC (3,5-diethioxy-
carbonyl-1,4-dihydrocollidine) diet (0.1% wt/wt) for 10 
or 20 days and then sacrificed (n = 4 per group). Control 
animals were fed a control diet. The liver and blood were 
collected for subsequent analyses.

Bile duct ligation (BDL)
Mice were assigned to four groups: sham-operated wild-
type (WT) mice (n = 2), sham-operated clusterin-KO 
mice (n = 2), WT mice subjected to BDL for 3 days (n = 2), 
and clusterin-KO mice subjected to BDL for 3 days 
(n = 3). Animals in the BDL groups were anesthetized 
with pentobarbital (50 mg/kg) and underwent a midline 
laparotomy. The common bile duct was doubly ligated 
with 5 − 0 silk and then transected between the ligatures. 
For sham-operated mice, the procedure was identical 
except the ligation step was omitted.

Patients and specimens
Liver tissues were obtained from 12 patients with PBC 
who underwent biopsy at Keimyung University, Dong-
san Medical Center, between January 2002 and Decem-
ber 2018. Six normal adjacent liver tissues biopsied for 
non-inflammatory or neoplastic diseases were used 
as a control. The study was conducted in accordance 
with the Declaration of Helsinki, and the protocol was 
reviewed and approved by the Institutional Review 
Board of Keimyung University Dongsan Hospital (IRB 
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No. 2023-11-020). Immunohistochemical staining was 
performed using an anti-clusterin antibody (Santa Cruz 
Biotechnology) and an automatic staining device (Bench-
mark XT; Ventana Medical Systems, Mountain View, CA, 
USA) in accordance with the manufacturers’ protocols.

Immunohistochemical analysis
Livers were isolated from mice, fixed in 4% formaldehyde, 
and then paraffin-embedded. Histochemical staining was 
performed using hematoxylin and eosin and Sirius red. 
Immunohistochemical staining was performed by incu-
bation with primary antibodies against clusterin (1:200), 
NLRP3 (1:200), IL1β (1:200), ATF6 (1:200) and CHOP 
(1:200) followed by horseradish peroxidase-conjugated 
anti-rabbit and anti-mouse (Dako, Glostrup, Denmark), 
and anti-goat (Abcam) IgG secondary antibodies. All 
data were normalized against the equivalent data in mice 
fed chow (control).

Isolation of primary Kupffer cells (KCs) and hepatocytes 
(HCs)
All experiments were approved by the Institutional Ani-
mal Care and Use Committee of Keimyung University 
(KM-2023-32). All animal procedures were performed in 
strict accordance with institutional guidelines for animal 
research. All surgeries were performed under sodium 
pentobarbital anesthesia, and every effort was made to 
minimize pain. Mouse KCs and HCs were obtained by 
perfusion of EGTA solution and collagenase solution 
(collagenase type I; Worthington Biochemical Corp., 
Lakewood, NJ, USA) through the portal vein of C57BL/6 
mice. The liver was then incubated at 37  °C for 20 min, 
filtered through a 70 μm nylon mesh, and centrifuged at 
500 rpm for 5 min to separate the HC pellet and superna-
tant containing KCs. HCs were resuspended in Williams’ 
medium E (Sigma-Aldrich), cultured in type I collagen-
coated dishes (IWAKI Scitech Kiv, Tokyo, Japan) for 
1–2  h, and then cultured with medium 199 (Sigma-
Aldrich). The HC pellet and separated supernatant were 
centrifuged at 1600 rpm for 10 min, and then the pellet 
was subjected to OptiPrep (Sigma-Aldrich) density-gra-
dient centrifugation to isolate KCs. The isolated KCs were 
plated in RPMI 1640 medium (Gibco-BRL, Grand Island, 
NY, USA) containing 10% fetal bovine serum (FBS) and 
incubated for 30 min. The medium was then replaced to 
obtain purified KCs. KCs and HCs were pretreated with 
compounds in the presence of 0.5% FBS with or without 
adenovirus clusterin infection for 2  h and then treated 
with Tg for 24 h.

Isolation of primary hepatic stellate cells (HSCs)
HSCs were isolated from WT C57BL/6 and clusterin-KO 
mice by perfusing the liver through the inferior vena cava. 
The liver was perfused with EGTA buffer (136.89 mmol/L 

NaCl, 5.37 mmol/L KCl, 0.64 mmol/L NaH2PO4.H2O, 
0.85 mmol/L Na2HPO4, 9.99 mmol/L HEPES, 4.17 
mmol/L NaHCO3, 0.5 mmol/L EGTA, and 5 mmol/L 
glucose [pH 7.35–7.4]) at a rate of 5 mL/min for 2 min, 
followed by Enzyme buffer (136.89 mmol/L NaCl, 5.37 
mmol/L KCl, 0.64 mmol/L NaH2PO4.H2O, 0.85 mmol/L 
Na2HPO4, 9.99 mmol/L HEPES, 4.17 mmol/L NaHCO3, 
and 3.81 mmol/L CaCl2.2H2O [pH 7.35–7.4]) containing 
0.4 mg/mL pronase (Roche Diagnostics, Indianapolis, IN, 
USA) at a rate of 5 mL/min for 5 min and then Enzyme 
buffer containing 0.193 U/mg collagenase (Roche Diag-
nostics) at a rate of 5 mL/min for 7  min. After perfu-
sion, the liver was shaken for 25  min at 37 ℃, filtered 
through a 70  μm nylon mesh, and centrifuged at 580 × 
g for 10  min at 4 ℃. Pelleted HSCs were resuspended 
in Gey’s Balanced Salt Solution (GBSS, Sigma-Aldrich), 
gently overlaid with a gradient of Cell-OptiPrep™ (Sigma-
Aldrich) prepared with GBSS using a pipette, and then 
centrifuged at 1380 × g for 17 min at 4 °C without brak-
ing. HSCs present in a thin white layer at the interface 
between Cell-OptiPrep™ and GBSS were harvested and 
washed with Hank’s Balanced Salt Solution. The cells 
were plated in DMEM (Gibco-BRL) containing 10% FBS, 
and the medium was changed every 2 days.

Cell culture
The human monocytic cell line THP-1 (Korean Cell Line 
Bank, Seoul, Korea) and the human HSC line LX2 were 
cultured in DMEM (Gibco-BRL) supplemented with 
10% FBS (Hyclone, Logan, UT, USA) and antibiotics in 
5% CO2/95% air at 37  °C. The cells were serum-starved 
in medium containing 0.5% FBS and then treated as indi-
cated in the main text.

Generation of a recombinant adenovirus
cDNA encoding rat clusterin was inserted into the pAd-
Track-CMV shuttle vector. To produce the recombinant 
adenoviral plasmid, the resultant shuttle vector was 
electroporated into BJ5138 cells containing the AdEasy 
adenoviral vector. Recombinant adenoviral plasmids 
were transfected, and adenoviruses expressing clusterin 
were amplified in human embryonic kidney-293 cells 
and purified using CsCl density centrifugation (Sigma-
Aldrich). The viruses were collected and desalted, and the 
titers were determined using an Adeno-X Rapid Titer Kit 
(BD Bioscience, San Jose, CA, USA).

Quantitative real-time RT-PCR
Total RNA was extracted using TRIzol reagent (Life 
Technologies, Grand Island, NY, USA). Reverse tran-
scription was performed using a Maxima First Strand 
cDNA Synthesis Kit (Thermo Scientific, Rockford, IL, 
USA). Quantitative real-time RT-PCR was performed 
using SYBR Green Master Mix (Roche Diagnostics) and 
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the CFX Connect Real-Time PCR System (Bio-Rad, Rich-
mond, CA, USA). The primer sequences are listed in 
Supplementary Table 1.

Western blotting
Liver tissue and cells were lysed with RIPA lysis buffer 
(Thermo Fisher Scientific) supplemented with a cocktail 
of protease/phosphatase inhibitors (genDEPOT, Katy, 
TX, USA). Proteins were separated by SDS-PAGE and 
then electrophoretically transferred to a polyvinyl difluo-
ride membrane (Millipore, Burlington, MA, USA). The 
membranes were sequentially incubated with primary 
antibodies and appropriate horseradish peroxidase-con-
jugated secondary antibodies. Signals were visualized 
using a Clarity™ Western ECL Substrate Kit (Bio-Rad). 
Signal intensities were quantitated by densitometry using 
ImageJ software (version 1.52a) (NIH, Bethesda, MD, 
USA), with protein bands normalized to GAPDH for 
quantitative comparisons.

Measurement of cytokine levels
Mouse serum and cell culture medium were stored at 
− 80  °C. Levels of IL1β and interleukin 18 (IL18) were 
measured using enzyme-linked immunosorbent assay 
(ELISA) kits (R&D Systems, Abingdon, UK), following 
the manufacturer’s instructions.

Statistical analysis
Experimental results were statistically analyzed by a 
one-way analysis of variance with the Bonferroni cor-
rection or the two-tailed Student’s t test (GraphPad, 
Prism version 9.5.1). P < 0.05, P < 0.01 and P < 0.001 were 
considered statistically significant. Data are presented 
as mean ± standard error of the mean (SEM). All experi-
ments were performed at least three times.

Results
Expression of clusterin is increased in the cholestatic liver
First, we investigated whether the expression level of 
clusterin is altered in cholestatic liver disease model. 
To investigate the potential involvement of clusterin in 
cholestatic liver injury, we employed mice fed a DDC 
(3,5-diethoxycarbonyl-1,4-dihydrocollidine) diet as an 
experimental model. Immunohistochemical (IH) analyses 
of liver tissues after feeding C57BL/6 a DDC diet for 10 
and 20 days, showed clusterin expression exhibited eleva-
tion compared to control mice (Fig. 1A). Protein expres-
sion of liver tissue in DDC diet mice were also increased 
compared to those of control mice (Fig.  1B). The DDC 
diet causes liver injury due to cholestasis, which lead to 
bile acid accumulation in the liver. Therefore, we treated 
primary hepatocytes with the bile acids TCA, CDCA and 
CA and confirmed the expression of clusterin (Fig. 1C), 
and when we further studied the time course of clusterin 

expression by CA and CDCA (100  μM), both signifi-
cantly increased clusterin expression in a time dependent 
manner (Figrue S1A). Clusterin was also elevated in liver 
sections from patients with primary biliary cholangitis, 
which showed an enhanced peritubular pattern in zone 
1 hepatocytes and weak cytoplasmic expression in non-
lesional parenchymal hepatocytes in patients with PBC 
(Fig. 1E). However, DDC fed mice and bile acids had no 
effect on the mRNA expression of clusterin (Figure S1B, 
C). These results suggest that clusterin is post-transcrip-
tionally regulated by bile acids.

Loss of clusterin accelerates DDC diet-induced liver injury
Next, to determine the effect of clusterin on cholestatic 
liver disease, clusterin-KO mice were fed a DDC diet for 
10 or 20 days. Hematoxylin and eosin staining detected 
significant structural distortion of lobular structures in 
mice with DDC-induced liver injury, which was further 
exacerbated in clusterin-KO mice (Fig.  2A). Sirius red 
staining revealed that fibrosis was more severe in clus-
terin-KO mice than in WT mice fed a DDC diet (Fig. 2B). 
Immunohistochemical staining showed that expression of 
collagen and αSMA was higher in clusterin-KO mice fed 
a DDC diet for 20 days (Fig. 2C, D). In addition, real-time 
RT-PCR and western blot analyses revealed that expres-
sion of type I collagen and αSMA was higher in clusterin-
KO mice fed a DDC diet for 20 days than in WT mice 
fed a DDC diet for 20 days (Fig.  3A, B). Serum alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) levels were also significantly higher in DDC-fed 
mice than in controls, and were further increased in clus-
terin-KO mice fed a DDC diet for 20 days (Fig. 3C, D). In 
addition, serum levels of the pro-inflammatory cytokines 
IL1β and IL18 were increased in DDC-fed mice and were 
significantly higher in clusterin-KO mice fed a DDC diet 
than in WT mice fed a DDC diet (Fig.  3E, F). We pre-
viously reported that clusterin expression is increased in 
a BDL model [25]. Building on this finding, we further 
investigated the role of clusterin upon BDL. Trichrome 
staining and αSMA protein expression analysis revealed 
that fibrosis was significantly more severe in clusterin-
KO mice subjected to BDL than in WT mice subjected to 
BDL (Fig. S2A, B). Serum analysis indicated the levels of 
ALT, AST, and IL1β were elevated in clusterin-KO mice 
subjected to BDL (Fig. S2C, D), indicative of more severe 
liver damage and inflammation. These results emphasize 
the crucial role of clusterin in modulating responses to 
liver disease and highlight its potential as a therapeutic 
target to manage cholestatic liver diseases characterized 
by fibrosis.
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Clusterin deficiency promotes NLRP3 inflammasome 
activation upon DDC diet-induced liver injury
Inflammasomes are reportedly activated in the livers of 
cholestatic patients, and upregulation of IL1β and IL18 
is associated with inflammasomes; therefore, we inves-
tigated whether loss of clusterin in mice fed a DDC diet 
is associated with NLPR3 inflammasome activation. 
Immunohistochemical staining showed that expression 
of NLRP3 and IL1β was increased in clusterin-KO mice 
fed a DDC diet for 20 days (Fig. 4A, B). In addition, west-
ern blot analysis showed that protein expression of the 

NLRP3 inflammasome markers NLRP3, ASC, caspase-1, 
IL1β, and GSDMD was significantly higher in clusterin-
KO mice fed a DDC diet for 20 days than in WT mice 
fed a DDC diet for 20 days (Fig. 4C). Protein expression 
of NLRP3 was also higher in clusterin-KO mice subjected 
to BDL than in WT mice subjected to BDL (Fig. S2E). 
These results suggest that clusterin deficiency promotes 
NLRP3 inflammasome activation during cholestasis and 
exacerbates NLRP3 inflammasome activation upon BDL, 
highlighting the key role of clusterin in modulating liver 
disease responses in different models of liver injury.

Fig. 1  Clusterin expression in response to a DDC diet and bile acids. (A) Representative immunohistochemical images of clusterin expression in liver tis-
sues of C57BL/6 mice fed a DDC diet for 10 (n = 4) and 20 days (n = 4) compared with controls (n = 4). Data in the bar graph are means ± SEM. ***p < 0.001. 
Scale bars indicate 100 μm. (B) Representative western blot analysis of clusterin expression in liver tissues of mice fed a DDC diet. Data in the bar graph 
are means ± SEM. *p < 0.05, **p < 0.01. (C) Representative western blot analysis of clusterin expression in lysates of primary HCs treated with TCA, CA, and 
CDCA. (D) Immunohistochemical analysis of clusterin in liver sections from patients with PBC compared with control liver tissues. Scale bars indicate 
100 μm. p: portal tract
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Clusterin deficiency enhances ER stress-induced NLRP3 
inflammasome activation
ER stress has been implicated in liver injury and NLRP3 
inflammasome activation. Therefore, we examined the 
status of various ER stress markers in the liver of DDC 

diet-fed mice. Immunohistochemical staining showed 
that expression of ATF6 and CHOP was increased in 
clusterin-KO mice fed a DDC diet for 20 days (Fig. 5A, 
B). Protein expression of p-eIF2α, ATF6, and CHOP, 
which are ER stress markers, was also increased in these 

Fig. 2  Clusterin deficiency promotes fibrosis upon DDC diet-induced liver injury. (A, B) Representative images of hematoxylin and eosin (A) and Sirius 
red (B) staining in WT and clusterin-KO mice fed a DDC diet (n = 4). **p < 0.01, ***p < 0.001. (C, D) Immunohistochemical analysis of collagen (C) and αSMA 
(D) expression in WT and clusterin-KO mice fed a DDC diet. Data in the bar graph are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars indicate 
100 μm
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mice (Fig.  5C). To determine if NLRP3 inflammasomes 
are generated in response to ER stress in various types 
of liver cells, we induced ER stress in primary HCs and 
KCs. Induction of ER stress activated NLRP3 inflam-
masomes in both HCs and KCs (Fig. S3). Next, we iso-
lated primary HCs and KCs from clusterin-KO mice to 
investigate the role of clusterin in ER stress-induced 

NLRP3 inflammasome activation. The ER stress inducer 
Tg increased mRNA expression of NLRP3, IL1β, tumor 
necrosis factor alpha (TNFα), and interleukin 6 (IL6) in 
HCs and KCs, and these increases were exacerbated in 
HCs and KCs isolated from clusterin-KO mice (Fig. 6A, 
B). In addition, Tg further increased IL1β secretion and 
protein expression of NLRP3 and IL1β in HCs and KCs 

Fig. 3  Effects of clusterin deficiency on DDC diet-induced liver injury. (A, B) Representative real-time RT-PCR (A) and western blot (B) analyses of type I 
collagen and αSMA expression in WT and clusterin-KO mice fed a DDC diet for 20 days. *p < 0.05, **p < 0.01. (C, D) ELISAs of ALT (C) and AST (D) levels in 
serum of WT and clusterin-KO mice fed a DDC diet for 10 and 20 days. (E, F) ELISAs of IL1β (E) and IL18 (F) levels in serum of WT and clusterin-KO mice fed 
a DDC diet for 10 and 20 days. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4  NLRP3 inflammasome activation in clusterin-KO mice fed a DDC diet. (A, B) Immunohistochemical analysis of NLRP3 (A) and IL1β (B) expression in 
WT and clusterin-KO mice fed a DDC diet for 20 days. Data in the bar graph are means ± SEM. ***p < 0.001. Scale bars indicate 100 μm. (C) Representative 
western blot analysis of NLRP3 inflammasome markers in WT and clusterin-KO mice fed a DDC diet for 20 days. *p < 0.05, **p < 0.01, ***p < 0.001
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isolated from clusterin-KO mice (Fig.  6C, D). These 
results suggest that clusterin deficiency promotes ER 
stress-induced NLRP3 inflammasome activation in both 
HCs and KCs.

Clusterin inhibits ER stress-induced NLRP3 inflammasome 
activation
To further evaluate the inhibitory effect of clusterin on 
ER stress-induced NLRP3 inflammasome activation, 
clusterin was overexpressed using a clusterin-containing 

adenovirus. Clusterin inhibited Tg-induced NLRP3, IL1β, 
and TNFα mRNA expression and p-eIF2α, NLRP3, and 
IL1β protein expression in KCs and HCs (Fig.  7A–D). 
Consistently, clusterin inhibited ER stress-induced 
NLRP3 inflammasome activation in the human mono-
cyte cell line THP-1 (Fig.  7E, F). These results suggest 
that clusterin inhibits NLRP3 inflammasome activation 
by suppressing ER stress.

Fig. 5  ER stress response in clusterin-KO mice fed a DDC diet. (A, B) Immunohistochemical analysis of ATF6 (A) and CHOP (B) expression in WT and 
clusterin-KO mice fed a DDC diet for 20 days. Data in the bar graph are means ± SEM. **p < 0.01, ***p < 0.001. Scale bars indicate 100 μm. (C) Representative 
western blot analysis of ER stress markers in WT and clusterin-KO mice fed a DDC diet for 20 days. *p < 0.05, **p < 0.01, ***p < 0.001
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Discussion
The present study demonstrated that clusterin deficiency 
promotes cholestatic liver disease by inducing ER stress 
and NLRP3 inflammasome activation and that clus-
terin inhibits ER stress-induced NLRP3 inflammasome 
activation.

Cholestasis refers to the accumulation of bile acids in 
the liver, leading to liver injury. DDC-fed animals are 
the most widely used animal models to study xenobi-
otic-induced liver injury. Feeding mice DDC induces 

cholestatic liver disease with perihepatic fibrosis and 
massive portal/periportal inflammatory infiltrate. Nota-
bly, cholestatic liver injury induced by a DDC diet is asso-
ciated with an increased level of cytokeratin 19 (CK19), a 
marker of bile duct cells (Fig. S4). The increased level of 
CK19 indicates that proliferation of biliary epithelial cells 
continues, which is a key feature of biliary injury [22].

Clusterin plays an important role in the diagnosis and 
prognosis of various liver diseases, such as biliary atre-
sia and hepatocellular carcinoma, and differentiation 

Fig. 6  ER stress enhances NLRP3 inflammasome activation in clusterin-KO primary HCs and KCs (A, B) Representative real-time RT-PCR analysis of NLRP3, 
IL1β, TNFα, and IL6 mRNA levels in clusterin-KO primary KCs (A) and HCs (B) treated with Tg (1 μM, 24 h). *p < 0.05, **p < 0.01, ***p < 0.001. (C) ELISA of 
IL1β levels in clusterin-KO primary HCs and KCs treated with Tg (1 μM, 24 h). *p < 0.05, ***p < 0.001. (D) Representative western blot analysis of NLRP3 and 
IL1β protein expression in lysates of clusterin-KO primary HCs and KCs treated with Tg

 



Page 11 of 14Seo et al. Cell & Bioscience           (2025) 15:36 

between liver and non-liver cancers. Upregulation of 
clusterin is a protective mechanism to prevent dis-
ease [23–26]. In our study, expression of clusterin was 
increased by feeding a DDC diet or treatment with bile 
acids, and was also increased in the livers of patients with 
PBC. In addition, clusterin-KO mice fed a DDC diet had 
elevated serum levels of ALT, AST, IL1β, and IL18, and 
more severe fibrosis, indicating that the liver was more 
vulnerable to cholestatic injury. We also reported that 
clusterin expression is increased in a BDL model [25], 
and liver damage was significantly more pronounced in 
clusterin-KO mice subjected to BDL, highlighting the 
important protective role of clusterin in cholestatic liver 
disease characterized by severe fibrosis.

The NLRP3 inflammasome is an important compo-
nent of the innate immune system and is composed of 
the sensor molecules NLRP3 (NOD-, LRR-, and pyrin 
domain-containing protein 3), the adaptor protein ASC 
(apoptosis-associated speck-like protein containing 
CARD), and the effector molecule pro-caspase-1 [27]. 
NLRP3 inflammasome activation induces the secretion 
of cytokines such as IL1β [28, 29], which plays a role in 
inducing liver inflammation and fibrosis [28, 30]. Recent 
studies also highlighted the important role of another 
inflammasome cytokine, IL18, in liver damage. Elevated 
levels of IL18 have been observed in plasma and liver tis-
sue of patients with cholestatic disorders, further sup-
porting the involvement of the NLRP3 inflammasome in 

Fig. 7  Clusterin attenuates ER stress-induced NLRP3 inflammasome activation. (A, B) Real-time RT-PCR analysis of the effects of clusterin on Tg-induced 
(1 µM, 24 h) mRNA expression of NLRP3, IL1β, and TNFα in primary HCs (A) and KCs (B). *p < 0.05, **p < 0.01, ***p < 0.001. (C, D) Western blot analysis of the 
effects of clusterin on Tg-induced protein expression of NLRP3 and IL1β in lysates of primary HCs (C) and KCs (D). (E, F) Real-time RT-PCR (E) and western 
blot (F) analyses of the effects of clusterin on Tg-induced NLRP3 and IL1β expression in THP-1 cells. *p < 0.05, **p < 0.01
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liver disease [31–33]. In our study, secretion of IL1β and 
IL18 was increased and NLRP3, ASC, and caspase-1 were 
upregulated in clusterin-KO mice fed a DDC diet. This 
upregulation triggered expression of GSDMD, which is 
associated with inflammatory cell death [34]. Moreover, 
the level of CHOP, which mediates ER stress-induced 
cell death, was elevated in clusterin-KO mice fed a DDC 
diet. These findings suggest there is a complex relation-
ship between clusterin deficiency, NLRP3 inflammasome 
activity, and ER stress, which contributes to the exacer-
bation of liver injury. The ER stress response is associ-
ated with several metabolic and liver diseases, including 
fatty liver disease and cholestatic liver disease [5, 35]. It 
has also been reported that ER stress activates NLRP3 
inflammasomes in HCs, leading to liver injury, inducing 
fever and cell death, and contributing to non-alcoholic 
steatohepatitis [10, 36]. Our findings clearly show that 
clusterin deficiency significantly upregulates ER stress 
and NLRP3 inflammasome activation upon choles-
tatic liver injury. Activation of NLRP3 inflammasomes 
induced by ER stress was enhanced in clusterin-KO HCs. 
These results suggest that clusterin deficiency also plays a 
role in promoting fibrosis and liver injury.

To directly test the regulatory role of clusterin in these 
enhanced stress responses, we performed additional 
experiments in which clusterin was overexpressed in HCs 
isolated from clusterin-KO mice. Clusterin overexpres-
sion significantly attenuated the Tg-induced increases 
of the NLRP3 and IL1β levels in clusterin-KO HCs, sug-
gesting that clusterin mitigates inflammasome activation 
under stress conditions (Fig. S5A). In addition, treatment 
of HCs isolated from clusterin-KO mice with MCC950, 
a specific inhibitor of the NLRP3 inflammasome, also 
attenuated the Tg-induced increases of NLRP3 and IL1β 
(Fig. S5B). These results provide compelling evidence 
that decreasing NLRP3 activity by upregulating clusterin 
can effectively reduce the inflammatory response in HCs 
and confirm the therapeutic potential of modulating 
this pathway in liver diseases associated with increased 
inflammasome activity.

Phorbol 12-myristate 13-acetate-treated THP-1 mac-
rophages release a variety of inflammatory mediators 
and serve as a cellular model of inflammatory diseases. 
THP-1 cells also play an important role in liver inflam-
mation in response to a variety of stimuli. In chronic 
hepatitis C [37], THP-1 macrophages contribute to 
liver inflammation and disease progression. Similarly, in 
obesity-associated non-alcoholic fatty liver disease [38], 
inflammation induced by THP-1 macrophages plays a 
crucial role in liver injury and fibrosis, highlighting the 
importance of these cells in the mechanisms underlying 
liver inflammation. Clusterin inhibits ER stress-induced 
NLRP3 inflammasome activation in THP-1 cells, demon-
strating that its anti-inflammatory effects are not limited 

to HCs but extend to other cell types involved in chronic 
inflammatory diseases. This highlights the potential of 
modulating clusterin as a therapeutic strategy target-
ing multiple components of the inflammatory pathway, 
including macrophages. Further studies of clusterin in 
biliary epithelial cells (cholangiocytes) are needed to fully 
understand its effects on bile duct and liver injury.

HSCs are crucial for liver fibrosis, primarily through 
their activation and transdifferentiation from quiescent 
cells into fibrotic myofibroblasts, which significantly con-
tribute to the initiation and development of liver fibrosis 
[39, 40]. HCs, the main parenchymal cells of the liver, 
along with HSCs, drive the fibrotic response. Addition-
ally, as part of the immune system, KCs also play a role in 
promoting liver fibrosis. Activation of NLRP3 inflamma-
somes in both HCs and KCs further stimulates activation 
of HSCs, leading to fibrosis and liver damage. Therefore, 
NLRP3 inhibitors can be used to prevent liver injury 
[41]. In this study, primary HSCs of clusterin-KO mice 
that were cultured for 7 days after isolation displayed 
higher levels of αSMA, NLRP3, and IL1β than those iso-
lated from WT mice. Additionally, clusterin inhibited 
expression of NLRP3 and IL1β, as well as collagen and 
αSMA (Fig. S6A, B). In addition, clusterin inhibited Tg-
induced mRNA expression of IL1β and protein expres-
sion of NLRP3, collagen, and αSMA in LX2 human HSCs 
(Fig. S6C, D). We previously demonstrated that clus-
terin inhibits liver fibrosis. This study provides further 
evidence that clusterin effectively reduces liver fibrosis 
under various experimental conditions.

Conclusions
In conclusion, this study shows that upregulation of 
clusterin in the cholestatic liver may be protective. The 
absence of clusterin exacerbates ER stress and NLRP3 
inflammasome activation in mice fed a DDC diet. Con-
versely, overexpression of clusterin suppresses ER stress 
and NLRP3 inflammasome activation. Therefore, clus-
terin deficiency is linked to an increased inflammatory 
response in the liver, which is associated with upregula-
tion of ER stress.
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