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Purpose: Cholestatic liver diseases, characterized by hepatic bile acid accumulation, often progress to fibrosis through incompletely 
understood mechanisms. While hydrophobic bile acids like glycochenodeoxycholic acid (GCDCA) are known to induce hepatocyte 
apoptosis or necrosis and their role in pyroptosis—a pro-inflammatory programmed cell death—remains unclear. This study investigates 
whether GCDCA drives hepatic stellate cell (HSC) activation via NLRP3 inflammasome-mediated pyroptosis in hepatocytes.
Patients and Methods: Using L02 hepatocytes and LX2 HSCs, we evaluated the effects of GCDCA on NLRP3 inflammasome 
activation, gasdermin D (GSDMD)-dependent pyroptosis, and interleukin-1beta (IL-1β) secretion. Cells were treated with GCDCA 
(25–400 μM) ± lipopolysaccharide (LPS) to simulate cholestatic injury. Caspase-1 inhibition (Ac-YVAD-cmk), GSDMD knockdown 
(shRNA), and IL-1 receptor antagonist (IL-1RA) were employed to dissect mechanistic pathways. Pyroptosis (LDH release, Annexin 
V/PI staining), inflammasome components (NLRP3, ASC, caspase-1), GSDMD cleavage, IL-1β secretion (ELISA), and HSC 
activation (α-SMA, Collagen-I, proliferation/migration assays) were analyzed.
Results: GCDCA alone upregulated NLRP3, pro-caspase-1, and pro-IL-1β in L02 cells but required LPS co-stimulation to trigger caspase- 
1 activation and GSDMD cleavage, indicating a dual-signal mechanism (priming + activation). This led to pyroptotic cell death (dose/time- 
dependent LDH release, Annexin V+/PI+ cells) and IL-1β secretion. GSDMD knockdown abolished pyroptosis and IL-1β release, while 
caspase-1 inhibition suppressed GSDMD-N-terminal (GSDMD-NT) generation. Conditioned media from pyroptotic hepatocytes activated 
LX2 HSCs, upregulating α-SMA and Collagen-I, and enhancing proliferation/migration—effects reversed by IL-1RA.
Conclusion: GCDCA promotes HSC activation via NLRP3 inflammasome-mediated pyroptosis in hepatocytes, driven by caspase- 
1-dependent GSDMD cleavage and IL-1β paracrine signaling. This mechanism bridges bile acid toxicity to fibrogenesis, highlighting 
therapeutic potential for targeting NLRP3-GSDMD-IL-1β signaling in cholestatic liver diseases.

Plain Language Summary: Cholestatic liver diseases, marked by toxic bile acid buildup, often progress to liver scarring (fibrosis), 
but the exact mechanisms are unclear. This study explored how a bile acid (GCDCA) triggers inflammatory cell death (pyroptosis) and 
drives fibrosis. Using lab-grown liver and scar-forming cells, the team exposed liver cells to GCDCA and bacterial toxins (LPS) to 
mimic disease conditions. They blocked key molecules to identify critical pathways. GCDCA activates the NLRP3 inflammasome, 
priming liver cells for pyroptosis. Combined with LPS, GCDCA triggers pyroptosis, releasing IL-1β, a protein that activates scar- 
forming cells. Blocking IL-1β reversed scar cell activity. This reveals how bile acids like GCDCA cause liver scarring through 
pyroptosis and IL-1β signaling. Targeting this pathway—NLRP3, GSDMD (a cell death protein), or IL-1β—could lead to new 
treatments for cholestatic liver diseases. 
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Introduction
Liver fibrosis, a common pathological endpoint of chronic liver diseases (eg, cholestasis, viral hepatitis, metabolic dysfunc
tion-associated steatotic liver disease (MASLD)), is characterized by the excessive extracellular matrix (ECM) deposition 
and impaired repair following hepatic injury.1,2 Cholestatic disorders, such as intrahepatic cholestasis of pregnancy (ICP), 
biliary atresia and primary biliary cholangitis (PBC), act as critical drivers of fibrosis. Globally, cirrhosis due to advanced 
fibrosis affects over 2.4 million people annually, with cholestatic diseases accounting for 15–20% of cases. Primary Biliary 
Cholangitis (PBC) has a prevalence rate of 1.9–4.5 per 100,000 in Western populations, while Intrahepatic Cholestasis of 
Pregnancy (ICP) exhibits regional variations in incidence—Europe (0.3–1.5%) and South America (up to 5.6%)—which can 
induce preterm birth and fetal distress.3 These conditions are marked by persistent bile duct injury and chronic portal 
inflammation, progressing to fibrosis, cirrhosis and ultimately liver failure or transplantation.4–6

Although the precise mechanisms remain incompletely elucidated, the systemic and intrahepatic accumulation of 
hydrophobic bile salts has been recognized as a key unifying pathogenic hallmark.7 Bile acid accumulation directly 
inflicts hepatocyte injury by inducing mitochondrial dysfunction and excessive generation of reactive oxygen species 
(ROS), depleting antioxidant defense systems including glutathione and activating oxidative stress-sensing pathways 
such as KEAP1-Nrf2. Impaired Nrf2 signaling further exacerbates intracellular redox imbalance.8 The ensuing oxidative 
stress triggers inflammatory responses: ROS activate NF-κB and MAPK signaling pathways, promoting the expression of 
pro-inflammatory factors such as TNF-α and IL-6 and recruiting/activating immune cells.9 Concurrently, ROS can 
activate the NLRP3 inflammasome by inducing mitochondrial DNA release and K+ efflux.5,10 Sustained inflammatory 
microenvironments ultimately drive hepatic fibrogenesis, primarily through the activation and transdifferentiation of 
hepatic stellate cells (HSCs) into collagen-secreting myofibroblasts. Activated HSCs further secrete TIMP-1, inhibiting 
the degradation of the extracellular matrix (ECM).2

Central to linking bile acid toxicity with inflammation is NLRP3 inflammasome-mediated pyroptosis. During the 
priming phase, hydrophobic bile acids (eg, GCDCA) and gut dysbiosis-derived LPS activate TLR4/NF-κB signaling to 
upregulate NLRP3, pro-caspase-1 and pro-IL-1β.11 In the activation phase, bile acid-induced ROS and lysosomal rupture 
provide the second signal for NLRP3 oligomerization, recruiting ASC adaptor protein to activate caspase-1. Activated 
caspase-1 cleaves gasdermin D (GSDMD) to form plasma membrane pores that induce pyroptotic cell death, while 
concurrently processing pro-IL-1β into mature IL-1β for extracellular release through GSDMD pores.12 This pyroptotic 
cascade significantly amplifies fibrogenesis: Hepatocyte-derived IL-1β activates PI3K/AKT and JAK/STAT signaling in 
HSCs via IL-1 receptor binding, inducing α-smooth muscle actin (α-SMA) and type I collagen expression to establish 
a self-perpetuating pyroptosis-fibrosis cycle.13

Ursodeoxycholic acid (UDCA) and obeticholic acid (OCA), first-line therapeutics for cholestatic disorders, exhibit 
constrained clinical efficacy: approximately 40% of ICP patients demonstrate refractoriness to UDCA, while pharmacologic 
FXR agonism (OCA) paradoxically exacerbates fibrogenesis via hepatic stellate cell (HSC) activation in decompensated 
cirrhosis.14 Consequently, delineating the dynamic interactome of hydrophobic bile salt metabolism and its crosstalk with the 
immune microenvironment holds transformative potential for developing precision antifibrotic therapies.

Glycochenodeoxycholic acid (GCDCA), a core hydrophobic bile acid, serves as a sensitive diagnostic biomarker for 
ICP, with elevated concentrations strongly correlating with disease severity and adverse fetal outcomes.15 However, the 
mechanistic role of GCDCA in hepatic injury and fibrogenesis remains incompletely elucidated. This study aims to 
delineate the molecular mechanisms by which GCDCA activates hepatocyte pyroptosis to drive HSC activation. By 
unraveling the bile acid toxicity-pyroptosis-fibrosis regulatory cascade network, this study provides novel therapeutic 
targets to overcome the clinical challenge of currently irreversible fibrosis in cholestasis treatment.

Materials and Methods
Cell Culture
L02 cells (Cellverse) and LX2 cells (Procell) were cultured in RPMI 1640 medium (Gibco) and DMEM (Gibco), 
respectively, both supplemented with 10% FBS (VivaCell). Cells were cultured under standard conditions (37°C, 5% 
CO2 humidified atmosphere) and restricted to ≤20 passages to preserve genomic integrity.
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L02 and LX2 cells were synchronized in serum-free medium for 12 h. L02 cells were exposed to graded GCDCA 
concentrations (25–400 μM, HY-N2334, MCE) for 24 h or 200 μM GCDCA for 6–72 h to establish dose/time-response 
profiles.3 For LPS (L8880, Solarbio) co-stimulation, cells were pre-treated with 1 μg/mL LPS (4 h) followed by GCDCA 
(50–400 μM, 24 h) or combined LPS+200 μM GCDCA (LG200) for 12–72 h. To investigate NLRP3-specific mechanisms, 
cells were pretreated with LPS (1 μg/mL) for 4 h, followed by incubation with the selective NLRP3 inhibitor MCC950 
(10 μM, HY-12815, MCE) for 2 h prior to GCDCA exposure (200 μM, 24 h). Caspase-1 was pharmacologically inhibited by 
pre-incubating with Ac-YVAD-cmk (50 μM, HY-16990; MCE) for 2 h prior to stimulation, with DMSO and LPS serving as 
negative and positive controls, respectively.11 Conditioned media from treated L02 cells were co-cultured with LX2 cells in 
the presence/absence of Interleukin-1 receptor antagonist (IL-1RA) (200 ng/mL, HY-P7029A, MCE).

For lentivirus-mediated GSDMD knockdown, recombinant lentiviruses expressing short hairpin RNA (shRNA) 
targeting human GSDMD or non-targeting control (Genechem) were generated using a three-plasmid packaging system 
(psPAX2/pMD2.G/shRNA plasmid). Viral supernatants were concentrated to titers ≥1×108 TU/mL (System Biosciences). 
L02 cells at 40% confluence were transduced with lentivirus at a multiplicity of infection (MOI) of 10 in the presence of 
8 μg/mL polybrene and transduction enhancer A for 20 h. After replacing virus-containing medium with fresh complete 
medium, stable cell lines were selected with 1 μg/mL puromycin for 7 days. Knockdown efficiency was confirmed by 
Western blot prior to experiments.

LDH Assay
L02 cells were seeded in 96-well plates and stratified into experimental groups. LDH release reagent was introduced 
1 h prior to analysis. Supernatants (120 μL) were combined with LDH working solution (60 μL) and subjected to dark- 
phase incubation (30 min, 25°C). Absorbance was quantified via dual-wavelength detection (490 nm, 600 nm) using 
a microplate reader. LDH release rates were calculated using standardized calibration curves.

Flow Cytometry
L02 cells were co-stained with Annexin V-FITC/PI (5 μL and 10 μL, respectively) and analyzed via NAVIOS™ 
(Beckman Coulter), ≥10,000 events collected per sample. FlowJo v10.7 was used for quadrant analysis, distinguishing 
viable (Annexin V−/PI−), early pyroptotic (Annexin V+/PI−) and late pyroptotic/necrotic (Annexin V+/PI+) populations.

Caspase-1/4 Activity Analysis
Caspase-1/4 activity was quantified via enzymatic kinetic assays using a commercial Caspase-1/4 Activity Kit 
(Beyotime). Whole-cell lysates were prepared and incubated with caspase-specific substrates, which release chromogenic 
products upon cleavage by activated caspases. Absorbance at 405 nm was measured to determine enzymatic activity.

ELISA
Supernatants were subjected to IL-1β quantification using a sandwich ELISA kit. Absorbance at 450 nm was measured to 
determine cytokine concentration.

Western Blot
Cellular proteins were extracted using RIPA lysis buffer (R0010, Solarbio) supplemented with 1 mM PMSF, with 
150–250 μL of lysis buffer added per 106 cells. The mixture was incubated on ice for 30 minutes, followed by 
centrifugation at 12,000 × g for 15 minutes at 4°C. The middle clear supernatant was carefully aspirated and quantified 
via NanoDrop 3000 (Thermo Scientific), with samples adjusted to a concentration of 25 μg protein per 15 μL loading 
volume. Following blocking with 5% nonfat milk, membranes were incubated overnight at 4°C with primary antibodies 
targeting specific proteins (listed in Table 1). HRP-conjugated secondary antibodies (1:7,000) were applied at room 
temperature for 1 h. Protein bands were visualized with ECL substrate. Pre-stained protein molecular weight markers 
(Yeasen, 20352ES) were used as references.
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Wound Healing Assay
LX2 cells were plated in 6-well plates and cultured to full confluency. Uniform scratches were generated using a 200 μL 
pipette tip, followed by gentle PBS washing to remove debris. Conditioned medium from L02 hepatocytes (with or 
without IL-1RA) was mixed with fresh complete medium at a 1:1 volume ratio for co-culture with LX2 cell for 48 h and 
wound closure was documented at fixed positions (0, 12, 24, 48 h) under standardized imaging conditions.

CCK-8 Assay
LX2 cells were plated in 96-well plates and co-cultured with L02 cell supernatant (1:1volume ratio in 10% FBS medium) 
for 1–7 days. Post-incubation, 20 µL CCK-8 reagent was added per well, followed by a standardized incubation. 
Absorbance at 450 nm was quantified using a microplate reader.

Statistical Analysis
All experimental data were analyzed using GraphPad Prism 9.0. Group comparisons were performed via Student’s t-test 
(two-group analysis), or one-way ANOVA followed by Tukey’s post hoc test (multi-group analysis). All experiments 
were independently repeated three times (n = 3), with data expressed as mean ± standard deviation (SD). Statistical 
significance was defined as P < 0.05.

Results
GCDCA Activates the NLRP3 Inflammasome in Hepatocytes
To investigate the effect of GCDCA on hepatocyte pyroptosis, we examined the NLRP3 inflammasome signaling 
pathway. The results showed that treatment of L02 cells with varying concentrations of GCDCA significantly upregu
lated the protein expression of NLRP3, pro-caspase-1 and pro-IL-1β in a dose-dependent manner (Figure 1A). When L02 
cells were treated with a fixed concentration of GCDCA for different durations, the expression of these proteins increased 
over time (Figure 1B). However, the levels of the adaptor protein ASC and activated cleaved caspase-1 remained 
unchanged, suggesting that GCDCA alone is insufficient to trigger inflammasome assembly or caspase-1 activation.

To simulate the canonical activation pathway of the NLRP3 inflammasome, L02 cells were pretreated with LPS (a 
“Signal 1” priming stimulus) before exposure to GCDCA. Combined treatment synergistically enhanced the expression 
of NLRP3, pro caspase-1 and IL-1β in both time- and dose-dependent manners (Figures 1C and D). Furthermore, co- 
treatment with GCDCA and LPS further amplified NLRP3 inflammasome signaling, indicating a bile acid-specific 
potentiation of LPS-driven inflammasome activation (Figures 1E).

Critically, to confirm the essential role of NLRP3 in this process, we employed the selective NLRP3 inhibitor MCC950. As 
shown in Figure 1F, compared to the GCDCA+LPS co-treatment group, additional MCC950 treatment significantly suppressed 
the expression of NLRP3 and completely abolished the downstream activation events, specifically caspase-1 cleavage (p20 
subunit) and GSDMD processing (GSDMD-NT formation). Concurrently, MCC950 treatment led to the accumulation of the 

Table 1 Antibodies List

Antibodies Manufacturer

GAPDH 1:800, AB-P-R 001, GOOD HERE
NLRP3 1:500, 199,771-1-AP, Proteintech

Caspase-1/P20 1:1000, 22,915-1-AP, Proteintech

ASC 1:600, 10,500-1-AP, Proteintech
Collagen I 1:1000, bs-10423R, Bioss

α-SMA 1:1000, bs-10196R, Bioss

IL-1β 1:1000, bs-0812R, Bioss
GSDMD 1:5000, 20770–1AP, Proteintech

GSDMD-NT 1:1000, P30823F, Abmart, China
Goat anti-rabbit IgG 1:7000, SA00001-2, Proteintech
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precursor forms pro-caspase-1 and full-length GSDMD, indicating effective blockade of proteolytic activation. This demon
strates that NLRP3 inhibition not only affects upstream expression but also completely blocks downstream execution, confirming 
that GCDCA-induced pyroptosis is specifically mediated through the NLRP3 inflammasome pathway.

GCDCA Induces GSDMD-Mediated Pyroptosis in Hepatocytes
As the terminal executor of NLRP3 inflammasome signaling, GSDMD facilitates pyroptosis by forming transmembrane 
pores upon caspase-1/4-mediated cleavage.11 To validate GSDMD-dependent pyroptosis in GCDCA/LPS-treated 
L02 hepatocytes, we assessed LDH release and GSDMD proteolytic activation. GCDCA induced time- and dose- 
dependent LDH release, indicative of progressive plasma membrane rupture (Figure 2A and B). Concurrently, Western 
blot analysis revealed kinetic GSDMD-N-terminal (GSDMD-NT) accumulation (activated pore-forming N-terminal 
fragment) with full-length GSDMD depletion, confirming caspase-1-dependent GSDMD cleavage (Figure 2C and D).

GSDMD knockdown attenuated GCDCA-induced cytotoxicity, with reduction in LDH release and decrease in 
pyroptotic cell ratio (Annexin V+/PI+ subpopulation) compared to scrambled controls (Figure 2E–H). These data 
conclusively demonstrate that GCDCA triggers GSDMD-mediated pyroptosis in hepatocytes through NLRP3 inflamma
some activation.

Figure 1 GCDCA activates the NLRP3 inflammasome in hepatocytes. (A) Dose-dependent effects of GCDCA (25–400 μM, 24 h) on protein levels effects of NLRP3, ASC, 
pro-caspase-1, caspase-1 P20, pro-IL-1β and GAPDH. (B) Time-dependent effects of these proteins in L02 cells treated with 200 μM GCDCA. (C and D) Synergistic priming 
by LPS (1 μg/mL, 4 h pre-treatment): GCDCA (50–400 μM, 24 h) (C) or time-dependent (12–72 h) (D) enhancement of NLRP3, pro-caspase-1, and pro-IL-1β expression in 
LPS-primed cells. (E) Comparative analysis of NLRP3 inflammasome activationin L02 cells treated with GCDCA (200 μM, 24 h) with/without LPS co-stimulation. (F) 
Essential role of NLRP3 in GCDCA-induced pyroptosis. L02 cells were pretreated with/without LPS (1 μg/mL, 4 h) and MCC950 (10 μM, 2 h) prior to GCDCA (200 μM, 
24 h) exposure. Whole cell lysates were examined by Western Blot analysis. Molecular weight markers (kDa) are indicated. n ≥ 3 for each group. (LG200: LPS+200 μM 
GCDCA; G200: GCDCA 200 μM).

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S532042                                                                                                                                                                                                                                                                                                                                                                                                 15433

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



GCDCA Triggers Caspase-1-Dependent Pyroptosis in Hepatocytes
GSDMD mediates pyroptosis through two distinct pathways: the canonical caspase-1-dependent pathway16 and the non- 
canonical caspase-4/5/11-dependent pathway.17 To elucidate the mechanism of GCDCA-induced pyroptosis in hepato
cytes, we examined caspase-1 and caspase-4 activity in L02 cells. The results demonstrated significant upregulation of 
caspase-1 activity with no notable change in caspase-4 activity, confirming caspase-1 as the dominant pathway in this 
context (Figure 3A and B).

Subsequently, we investigated whether the caspase-1 inhibitor Ac-YVAD-CMK (AC) could reverse GCDCA-mediated 
pyroptosis. The results demonstrated a significant reduction in LDH release and pyroptotic cell ratio in AC-pretreated L02 
cells compared to GCDCA-alone groups (Figure 3C–E). Western blot analysis further corroborated these findings, revealing 
suppressed pro-caspase-1, diminished caspase-1 P20 subunit activation and attenuated GSDMD-NT accumulation, alongside 

Figure 2 GCDCA induces GSDMD-mediated pyroptosis in hepatocytes. (A and B) Time- and dose-dependent LDH release in LPS-primed L02 cells treated with GCDCA: (A) 
Dose-response (50–400 μM GCDCA, 24 h); (B) Time-course (200 μM GCDCA, 12–72 h). (C) Dose-dependent GSDMD proteolysis in LPS-primed cells treated with GCDCA 
(50–400 μM, 24 h); (D) Time-dependent GSDMD proteolysis (200 μM GCDCA, 12–72 h). GAPDH serves as loading control. (E) Validation of GSDMD knockdown efficiency in 
L02 cells. (F) LDH release in lentiviruses-transfected L02 cells treated with GCDCA (200 μM, 24 h). (G) Representative flow plots showing Annexin V/PI staining in lentiviruses- 
transfected L02 cells. (H) Flow cytometry quantification of pyroptotic cells (Annexin V+/PI+). n ≥ 3 for each group. aP < 0.005, bP < 0.05, cP < 0.0001. 
Abbreviation: GV, Empty Vector Control.
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restored full-length GSDMD expression (Figure 3F). These data mechanistically validate caspase-1 as the dominant executor 
of GCDCA-induced pyroptosis, excluding contributions from non-canonical pathways.

GCDCA Drives IL-1β Secretion Through GSDMD-Dependent Activation
Pro-IL-1β, a downstream substrate of caspase-1, undergoes proteolytic cleavage to generate the mature IL-1β P17 subunit, 
which is subsequently secreted extracellularly to exert its biological functions.18 To investigate this process, we quantified 
mature IL-1β levels in the supernatant of L02 hepatocytes. ELISA results demonstrated a significant elevation of extracellular 
IL-1β in GCDCA-treated cells, exhibiting both time-dependent and dose-dependent dynamics (Figure 4A and B).

To establish GSDMD’s essential role in IL-1β secretion, we genetically silenced GSDMD in L02 cells. Western blot 
analysis revealed marked reduction of full-length GSDMD and its activated GSDMD-NT, concomitant with diminished 
mature IL-1β levels in the supernatant (Figure 4C). This observation was corroborated by ELISA, which showed 
decrease in extracellular IL-1β in GSDMD-knockdown cells compared to controls (Figure 4D).

Figure 3 GCDCA triggers caspase-1-dependent pyroptosis in hepatocytes. (A and B) Caspase-1/4 activity in LPS-primed L02 cells treated with GCDCA. (C and D) Flow cytometry 
quantification of pyroptotic cells (Annexin V+/PI+) in L02 cells with caspase-1 inhibitor Ac-YVAD-cmk (AC, 50 μM) followed by LPS + GCDCA (200 μM, 24 h). (E) LDH release in L02 
cells with AC pretreatment. (F)Western blot analysis of pyroptosis-related proteins in L02 cells with AC pretreatment. n ≥ 3 for each group. aP < 0.005, bP < 0.0001.
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GCDCA-Mediated Hepatocyte IL-1β Secretion Activates HSCs
To delineate the profibrotic effects of IL-1β secreted during hepatocyte pyroptosis, conditioned media from pyroptotic 
L02 hepatocytes were applied to LX2 HSCs. This intervention markedly upregulated the expression of α-smooth muscle 
actin (α-SMA) and collagen type I (Collagen-I) in LX2 cells (Figure 5A), consistent with their activation into 
myofibroblasts-a hallmark of fibrogenesis driven by hepatocyte-derived inflammatory mediators.

Subsequent co-treatment with the IL-1 receptor antagonist (IL-1RA) significantly suppressed α-SMA and Collagen-I 
expression (Figure 5B), unequivocally establishing IL-1β as a critical mediator in orchestrating HSC activation and 
extracellular matrix (ECM) deposition. Functional assays further revealed that IL-1RA attenuated LX2 cell proliferation 
and impaired migratory capacity (Figure 5C–E).

Discussion
This study reveals that GCDCA, a core cytotoxic bile acid in cholestatic diseases, activates the NLRP3 inflammasome in 
hepatocytes, thereby inducing GSDMD-dependent pyroptosis and subsequent IL-1β release, which drives HSC activation 
and fibrogenesis. These findings unveil a novel molecular bridge linking bile acid metabolic dysregulation to hepatic 
fibrogenesis, offering groundbreaking insights into the pathological progression of cholestatic liver diseases.

While hydrophobic bile acids like GCDCA are traditionally recognized for inducing hepatocyte apoptosis or necrosis 
via Fas-dependent pathways and mitochondrial permeability transition pore opening,19–21 their role in pyroptosis remains 
underexplored. This study unveils GCDCA’s dual regulatory role in pyroptosis: it primes the NLRP3 inflammasome by 

Figure 4 GCDCA drives IL-1β secretion through GSDMD-dependent activation. (A) Dose-dependent IL-1β secretion in LPS-primed L02 cells treated with GCDCA 
(50–400 μM, 24 h). (B)Time-dependent IL-1β secretion (200 μM GCDCA, 12–72 h). (C) Western blot analysis of GSDMD-NT and GSDMD in L02 cells and mature IL-1β in 
cell supernatant. (D) ELISA quantification of extracellular IL-1β. n ≥ 3 for each group. aP < 0.01.
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Figure 5 GCDCA-mediated hepatocyte IL-1β secretion activates HSCs. (A) Western blot analysis ofα-SMA and Collagen-I in LX2 cells treated with conditioned medium 
(CM) from GCDCA/LPS-stimulated L02 hepatocytes. (B) The protein levels of α-SMA and Collagen-I in LX2 cells with treatment of IL-1 receptor antagonist (IL-1RA, 200 
ng/mL) upon CM exposure. (C and D) Representative images and quantification of LX2 migration upon CM exposure detected by wound healing assay. (E) CCK-8 assay of 
LX2 proliferation by CM treatment. n ≥ 3 for each group. aP < 0.05.
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upregulating NLRP3, pro-caspase-1 and pro-IL-1β expression, yet requires a secondary signal (eg, LPS, mimicking gut- 
derived endotoxin translocation in cholestasis) to trigger caspase-1 activation, GSDMD cleavage and IL-1β maturation. 
The dual regulatory role of GCDCA aligns with the classical “two-signal” model of NLRP3 inflammasome activation. 
Given documented evidence that bile acids induce mitochondrial stress,22 we propose that GCDCA likely promotes NLRP3 
oligomerization by triggering “Signal 2”-associated events (eg, ROS generation or ion channel perturbation). However, 
GCDCA inherently lacks the capacity to initiate TLR4/NF-κB-mediated “Signal 1” – the priming signal essential for 
transcriptional upregulation of inflammasome components.This mechanistic framework explains the clinical observation 
that cholestatic patients exhibit gut dysbiosis and systemic inflammation,23 where GCDCA accumulation synergizes with 
LPS to amplify hepatic injury. Therapeutically, targeting the “Signal 2” pathway may specifically block bile acid-induced 
inflammasome activation while preserving host defense functions. This study establishes GCDCA as a critical driver of 
pyroptosis-dependent inflammation, offering a mechanistic rationale for targeting NLRP3-GSDMD-IL-1β signaling in 
cholestatic liver disease.

GSDMD, as the central executor of pyroptosis, exhibits dual functionalities in cholestatic liver injury.24 On one hand, 
GSDMD-NT forms transmembrane pores on hepatocyte membranes, leading to LDH release and cell lysis, a process 
strictly dependent on caspase-1-mediated cleavage.25 On the other hand, sublytic GSDMD pores allow selective release 
of inflammatory cytokines such as IL-1β while transiently preserving membrane integrity during early disease stages.26 

This dynamic regulation explains the spatiotemporal progression from localized inflammation to widespread hepatocyte 
necrosis in advanced cholestasis. Our experiments confirmed that GCDCA-induced hepatocyte pyroptosis promotes 
hepatocyte injury and fibrosis through the dual function of GSDMD. Importantly, GSDMD knockdown not only 
abolishes pyroptosis but also completely blocks IL-1β secretion, highlighting its pivotal role in amplifying bile acid- 
induced inflammatory signals. This finding aligns with recent therapeutic breakthroughs, such as paeoniflorin, a bioactive 
compound derived from Paeonia species, which directly targets GSDMD to inhibit pyroptosis and significantly alleviates 
cholestatic liver injury.27 These results validate GSDMD as a therapeutic linchpin for cholestatic disorders.

IL-1β, a key effector of pyroptosis, was identified as a central driver of HSCs activation in this study.27 Hepatocyte- 
derived IL-1β upregulating α-SMA and type I collagen expression while enhancing HSC proliferation and migration. 
These findings align with clinical evidence showing a significant positive correlation between serum IL-1β levels and 
liver fibrosis staging in patients with PBC and ICP.3,28 Notably, pharmacological blockade of IL-1β signaling using an 
IL-1 receptor antagonist effectively reversed the pro-fibrotic phenotype of activated HSCs, suggesting therapeutic 
potential for targeting this axis in fibrotic liver diseases.

While this study systematically elucidates the pro-fibrotic mechanisms of GCDCA in cellular models, clinical 
translation faces challenges: (1) the regulatory effects of the NLRP3/GSDMD pathway in cholestatic liver disease 
models (eg, bile duct ligation or DDC-induced models) require validation; (2) the involvement of other hepatic cell types 
(eg, Kupffer cells, cholangiocytes) via similar pyroptosis-driven mechanisms remains unclarified; (3) long-term safety 
profiles of pyroptosis inhibitors (eg, MCC950, disulfiram) in chronic liver diseases need rigorous evaluation. Future 
studies should integrate single cell sequencing and spatial transcriptomics to map spatiotemporal pyroptosis signaling 
patterns across hepatic zones and develop personalized therapeutic strategies targeting this axis.

Conclusion
This study reveals that GCDCA drives hepatic fibrosis through the NLRP3/GSDMD/IL-1β axis, challenging the 
conventional view that bile acids solely induce liver injury via apoptosis or necrosis. These findings not only redefine 
GCDCA’s pathogenic role but also provide a mechanistic foundation for developing precision therapies targeting 
pyroptosis-dependent fibrotic progression
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