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Abstract

Background and Aims: Steatotic donor livers are highly
susceptible to post-transplant dysfunction; however, the un-
derlying mechanisms remain incompletely understood. This
study aimed to investigate the role of galectin-3 (LGALS3)-
mediated pyroptosis in steatotic liver graft injury and explore
its therapeutic potential. Methods: A mouse model of stea-
totic liver transplantation was established. Graft tissues were
subjected to RNA sequencing to identify key regulators. In
vitro, LGALS3 was modulated in steatotic hepatocytes un-
der ischemia/reperfusion stress to assess its impact on the
NLRP3 inflammasome and pyroptosis. The regulatory mech-
anism by which LGALS3 modulates NLRP3 ubiquitination was
further examined. Finally, the therapeutic efficacy of LGALS3
inhibition was evaluated in an orthotopic liver transplantation
model. Results: Transcriptomic analysis identified LGALS3
as a key upregulated molecule in steatotic grafts, associated
with pyroptosis pathways. In vitro, LGALS3 overexpression
enhanced NLRP3 inflammasome activation and pyroptotic
cell death, whereas LGALS3 knockdown exerted protective
effects. Mechanistically, LGALS3 modulated NLRP3 inflam-
masome activity by regulating its ubiquitination. In vivo,
pharmacological inhibition of LGALS3 significantly improved
graft function, reduced histological injury, suppressed pyrop-
tosis, and prolonged recipient survival. Conclusions: This
study demonstrates that LGALS3 drives steatotic graft injury
by promoting NLRP3-mediated pyroptosis through the regu-
lation of ubiquitination. These findings identify LGALS3 as a
promising therapeutic target for improving the outcomes of
liver transplantation using steatotic donor organs.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has become the
most prevalent chronic liver condition worldwide, encom-
passing a broad disease spectrum ranging from simple he-
patic steatosis with or without mild inflammation (non-alco-
holic fatty liver) to non-alcoholic steatohepatitis (NASH).1:2
Over the past two decades, the global incidence of NAFLD
has risen steadily and is projected to make it one of the lead-
ing causes of end-stage liver disease and hepatic failure in
the coming decades.3-5

Liver transplantation remains the only effective treatment
for end-stage liver disease, and the proportion of NAFLD-
related cirrhosis among transplant indications continues to
rise.6 However, compared with non-steatotic grafts, steatotic
livers are markedly more susceptible to ischemia/reperfusion
(I/R) injury and are at higher risk of developing primary graft
dysfunction after transplantation.” This dysfunction is char-
acterized by an exacerbated early inflammatory response,
hepatocellular necrosis, and delayed functional recovery.8?°
Consequently, graft steatosis has become a major clini-
cal obstacle that compromises post-transplant prognosis in
patients with NAFLD. Although the macroscopic pathologi-
cal features of steatotic liver grafts have been extensively
described, the molecular mechanisms underlying post-trans-
plant dysfunction remain poorly defined. In particular, the
regulatory processes governing cell death pathways and im-
mune-inflammatory responses are incompletely understood.
Therefore, elucidating the key regulatory events during the
functional recovery of steatotic liver grafts is of significant
clinical value for improving graft quality and post-transplant
outcomes.

Programmed cell death, as a central biological process
regulating tissue homeostasis and stress response, plays a
pivotal role in the pathological changes that occur after liver
transplantation.1%.11 Among the various forms of programmed
cell death, pyroptosis has attracted increasing attention un-
der complex stress conditions such as steatotic liver disease,
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I/R injury, and organ transplantation, owing to its highly pro-
inflammatory nature.'213 As an inflammatory form of pro-
grammed cell death, pyroptosis is closely associated with
the initiation and progression of NAFLD, primarily through
the release of pro-inflammatory cytokines (e.g., IL-1p and
IL-18), which further amplify local inflammatory responses
and accelerate pathological progression. During NAFLD de-
velopment, multiple factors, including lipotoxic stress, innate
immune activation, endoplasmic reticulum stress, gut micro-
biota dysbiosis, and oxidative stress, interact synergistically
to drive the transition from simple hepatic steatosis to NASH
and ultimately cirrhosis.!* Pyroptosis is mainly mediated
by the NLRP3 inflammasome, which activates caspase-1 to
cleave gasdermin D (GSDMD), thereby inducing membrane
pore formation, cellular content release, and robust local in-
flammatory responses, accompanied by the secretion of ma-
ture IL-1B and IL-18.1516 Previous studies have shown that
the NLRP3-IL-1B-NF-kB signaling axis is aberrantly activated
during hepatic I/R injury and steatotic liver progression, serv-
ing as a critical pathway that induces hepatocyte pyroptosis,
promotes localized immune inflammation, and impairs tissue
repair.12.17 However, in the context of steatotic liver transplan-
tation, the dynamic regulatory mechanisms of NLRP3 inflam-
masome activity remain unclear. In particular, how upstream
molecules modulate its activation to influence post-transplant
pyroptosis levels and liver function recovery has not been
thoroughly investigated. Defining the spatiotemporal dynam-
ics of pyroptosis in steatotic liver grafts and identifying its
key regulatory factors will provide a theoretical foundation for
developing novel therapeutic strategies.

RNA-binding proteins (RBPs) exert essential post-tran-
scriptional regulatory functions in a wide range of physio-
logical and pathological processes, including mRNA stability,
alternative splicing, and translational control.18:19 In recent
years, certain RBPs have been identified to possess multi-
faceted capabilities in modulating forms of cell death, im-
mune-inflammatory responses, and ubiquitination.2021 Ga-
lectin-3 (LGALS3), a prototypical RBP, is highly expressed in
multiple liver disease models. Beyond its role in modulating
mRNA stability, LGALS3 participates in the activation of in-
flammatory pathways and the regulation of protein ubiquit-
ination.22:23 Evidence has shown that LGALS3 plays a pivotal
role in hepatic I/R injury, steatosis, and fibrosis.24-26 Howev-
er, whether LGALS3 contributes to functional recovery after
steatotic liver graft transplantation by modulating the pyrop-
tosis signaling axis remains unclear. Notably, ubiquitination,
a central mechanism governing protein degradation, signal
transduction, and inflammatory responses, has been shown
to critically regulate both the assembly and inactivation of
the NLRP3 inflammasome.27-29 Previous studies have sug-
gested that LGALS3 may act as a regulatory component of
E3 ligase complexes, thereby influencing the ubiquitination
status of NLRP3 and modulating its activity and downstream
pyroptotic signaling.3%.3! Nevertheless, the molecular link be-
tween LGALS3 and the ubiquitination of NLRP3 has not yet
been systematically elucidated.

Using both a murine steatotic liver transplantation model
and a human hepatocyte steatosis model, combined with
genetic manipulation and small-molecule inhibitors, the role
of LGALS3 in regulating the NLRP3-IL-1B3-NF-kB pyroptosis
pathway was investigated both in vivo and in vitro. This in-
tegrated approach enabled the evaluation of its effects on
postoperative inflammatory responses, liver function recov-
ery, and tissue regeneration. Accordingly, elucidating the
molecular mechanisms by which LGALS3 regulates pyrop-
tosis through ubiquitination provides important mechanistic
insights and holds substantial translational potential.
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This study aimed to systematically investigate the regula-
tory mechanisms of the NLRP3-IL-1B-NF-kB pyroptosis path-
way mediated by the RBP LGALS3 through RNA sequencing
(RNA-seq), with a particular focus on its pivotal role in inflam-
matory pyroptosis following steatotic liver graft transplanta-
tion. Using a murine orthotopic steatotic liver transplantation
model and a human hepatocyte steatosis model, we vali-
dated the molecular mechanism by which LGALS3 modulates
NLRP3 activity and its downstream pyroptotic signaling via
regulation of NLRP3 ubiquitination. We also explored the ef-
fects of LGALS3 inhibition on post-transplant liver function
recovery and assessed its therapeutic potential. The study
is expected to reveal a novel molecular mechanism underly-
ing the regulation of pyroptosis in steatotic liver grafts after
transplantation, thereby identifying LGALS3 as an upstream
modulator of the NLRP3-IL-1B8-NF-kB axis. These findings
provide a theoretical foundation and potential therapeutic
target for improving graft quality and post-transplant prog-
nosis in the context of NAFLD. Moreover, this research ex-
pands the current understanding of RBPs in hepatic stress
responses and offers new insights for the development of
targeted therapeutic strategies.

Methods

Ethics statement

This study strictly adhered to all relevant ethical guidelines
and regulations concerning animal experimentation. All pro-
cedures were approved by the Institutional Animal Care and
Use Committee of the Affiliated Hospital of Guizhou Medi-
cal University (2024-729). Animals were housed and han-
dled under humane conditions, and every effort was made to
minimize pain and distress. At the conclusion of the experi-
ments, all animals were humanely euthanized under ether
anesthesia.

The use of human liver samples was approved by the
Ethics Committee of the Affiliated Hospital of Guizhou Medi-
cal University (2022-52). All procedures conformed to the
principles of the Declaration of Helsinki and relevant national
regulations. Written informed consent was obtained from all
organ donors or their legal representatives prior to sample
collection. All donor livers were procured through the China
Organ Transplant Response System, and no organs were ob-
tained from executed prisoners. Donor anonymity was strict-
ly maintained throughout the study, and all samples were
used exclusively for scientific research.

Human liver samples

Pre-reperfusion liver specimens were collected from the cold-
stored left lobe immediately before transplantation. Post-
reperfusion samples were obtained from the same lobe 2 h
after portal vein reperfusion, immediately prior to abdominal
closure. Specimens were either fixed in formalin for histo-
pathological analysis, snap-frozen in liquid nitrogen for im-
munoblotting assays, or preserved in University of Wisconsin
cold storage solution and subsequently transported to the
laboratory for primary hepatocyte isolation. All donor livers
were procured through the China Organ Transplant Response
System between August 2022 and October 2023. Hepatic
steatosis was independently assessed by two experienced
pathologists, with steatosis defined as macrovesicular fat in-
volvement greater than 5%. A total of 45 normal donor livers
and 45 steatotic donor livers from donation after circulatory
death were enrolled in this study. Baseline characteristics of
donors and recipients are provided in Supplementary Tables
1 and 2.
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Animal models and tissue sample collection

Eight- to ten-week-old male BALB/c mice (SPF grade; 20-25
g) were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (License No. SCXK(Beijing)2016-0006).
Animals were housed in an SPF facility under controlled con-
ditions (12 h light/dark cycle, 22 £ 2 °C, 50 £ 5% humidity),
with ad libitum access to food and water. Mice were randomly
assigned to five groups (n = 15 per group): Sham, Fat + Tx,
Fat + Tx + siLGALS3, Fat + Tx + ML265, and Fat + Tx +
ML265 + MCC950. Except for the Sham group, all mice were
fed a high-fat diet (HFD, 60% kcal from fat, Research Diets,
D12492) for 12 consecutive weeks to induce hepatic steato-
sis. At the end of the 12th week, a subset of mice (n = 3)
was randomly selected for euthanasia, and liver tissues were
harvested for hematoxylin and eosin (H&E) staining (Solar-
bio, G1120) and Oil Red O staining (Sigma-Aldrich, 00625)
to confirm steatosis and evaluate morphological alterations.
Following model validation, semi-orthotopic liver transplanta-
tion was performed using standard microvascular anastomo-
sis techniques (Kamada method).32 In donor mice, the portal
vein, hepatic artery, and bile duct were carefully isolated and
anastomosed to corresponding recipient structures to re-
establish vascular and biliary continuity and restore hepatic
perfusion. During surgery, the recipient’s body temperature
and hemodynamic status were continuously monitored using
a small animal heating pad (Harvard Apparatus, 507222F)
to ensure intraoperative stability and postoperative recovery.
Mice in the Sham group underwent laparotomy with expo-
sure of the hepatic hilum without liver transplantation, serv-
ing as surgical controls.

Interventions were administered according to group allo-
cation. In the Fat + Tx + siLGALS3 group, LGALS3 knock-
down (shLGALS3) was achieved by tail vein injection of siL-
GALS3 lentiviral particles (1 x 10° PFU/mouse; GeneChem,
Shanghai; LV-hLGALS3-shRNA) three days before surgery.
Knockdown efficiency was confirmed at the time of trans-
plantation using reverse transcription quantitative PCR (RT-
gPCR). In the Fat + Tx + ML265 group, mice received an
intraperitoneal injection of ML265 (a LGALS3 inhibitor; 10
mg/kg; MedChemExpress, HY-112002, dissolved in saline)
one day before and 6 h after transplantation. In the Fat +
Tx + ML265 + MCC950 group, MCC950 (an NLRP3 inhibitor;
20 mg/kg; MedChemExpress, HY-12815) was additionally
administered via intraperitoneal injection at 6 h post-trans-
plantation to determine whether the effects of LGALS3 were
mediated through the NLRP3 inflammasome pathway. Mice
were euthanized at 24 h, 72 h, and seven days after sur-
gery. Liver grafts and peripheral blood samples were rapidly
collected. Serum levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and total bilirubin (Tbil)
were measured using an automated biochemical analyzer
(Hitachi 7600, Hitachi Ltd.). Inflammatory cytokines, includ-
ing IL-1pB, IL-18, and TNF-a, were quantified using enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems;
M1300, DY912, DY410). Portions of liver tissue were fixed
in 4% paraformaldehyde (Electron Microscopy Sciences,
15710) for histopathological and immunohistochemical (IHC)
analyses, while the remaining samples were snap-frozen in
liquid nitrogen and stored at —80°C for subsequent RNA and
protein extraction.

Establishment and treatment of cell models

The human hepatocellular carcinoma cell line HepG2 (ATCC,
HB-8065) was purchased from the American Type Culture
Collection and routinely cultured in high-glucose DMEM (Gib-
co, 11965-092) supplemented with 10% fetal bovine serum

(Gibco, 10270-106) and 1% penicillin-streptomycin solution
(Gibco, 15140-122). Cells were maintained in a humidified
incubator at 37 °C with 5% CO, (Thermo Scientific, Heracell
VIOS 160i). A steatosis model was established by treating
cells with a mixture of free fatty acids (FFAs),33 consisting of
oleic acid (Sigma-Aldrich, 01008) and palmitic acid (Sigma-
Aldrich, PO500) at a 2:1 ratio. The final working concentra-
tion was 500 uM, and cells were incubated for 24 h to induce
intracellular lipid accumulation, which was confirmed by Oil
Red O staining (Sigma-Aldrich, 00625). For the generation
of shLGALS3 and LGALS3 overexpression (OE-LGALS3) cell
lines, lentiviral transduction was performed using the pLKO.1
vector (Addgene, #8453). Forty-eight hours post-transduc-
tion, cells were subjected to G418 selection (400 pg/mL; In-
vitrogen, 11811031) for 14 consecutive days. To model I/R
stress, cells were first incubated under hypoxic conditions
(1% 0,, 5% CO,, 94% N,) in a tri-gas incubator (Binder,
CB160) for 6 h to simulate the ischemic phase, followed by
reoxygenation under normoxic conditions (21% O,) for 24 h
to induce stress-related injury.

Co-immunoprecipitation

Liver tissue samples were lysed in pre-chilled RIPA buffer
(Beyotime, P0O013B) supplemented with a protease inhibitor
cocktail (Roche, 4693132001) and a phosphatase inhibitor
mixture (Roche, 4906845001). Homogenates were incubat-
ed on a rotator at 4 °C for 30 min, followed by centrifugation
at 12,000 x g for 10 min. The supernatants were collect-
ed, and protein concentrations were quantified using a BCA
Protein Assay Kit (Thermo Fisher Scientific, 23225). Equal
amounts of protein (500-800 pg) were incubated overnight
at 4 °C with either an anti-LGALS3 antibody (1-2 pg; Abcam,
ab2785) or an anti-NLRP3 antibody (1-2 pg; Cell Signaling
Technology, #15101) to form immune complexes. Pre-equil-
ibrated Protein A/G magnetic beads (Thermo Fisher Scien-
tific, 88803) were then added and incubated for an additional
2-4 h under gentle rotation to capture the antigen-antibody
complexes. After incubation, the beads were washed five
times with TBST buffer (Tris-buffered saline containing 0.1%
Tween-20; Sigma-Aldrich, P9416) to remove nonspecific
binding. A portion of the immunoprecipitated samples was
subjected to SDS-PAGE and transferred to membranes for
Western blot (WB) analysis. The membranes were probed
with anti-NLRP3 and anti-LGALS3 antibodies to verify pro-
tein-protein interactions.34

WB analysis

Western blotting was performed as previously described.3>
Briefly, total protein was extracted using precooled RIPA ly-
sis buffer supplemented with a protease and phosphatase
inhibitor cocktail, and protein concentrations were de-
termined using a BCA Protein Assay Kit. Protein samples
(30-50 pg) were separated by 10%-12% SDS-PAGE (Bio-
Rad, 456-1096) and subsequently transferred onto 0.22 pm
PVDF membranes (Millipore, IPVH00010). Membranes were
blocked with 5% non-fat milk for 1 h at ambient temperature
and incubated with primary antibodies overnight at 4 °C. Af-
ter washing the membranes (3 x 5 min), they were incu-
bated with the corresponding HRP-conjugated secondary an-
tibodies (1:5,000, Jackson ImmunoResearch, 111-035-003).
Protein bands were visualized using an enhanced chemilu-
minescence detection reagent (Bio-Rad, 1705060S) and
imaged with the ChemiDoc MP Imaging System (Bio-Rad,
12003154). Band intensities were quantified using Imagel
software (v1.53c, NIH) and normalized to the internal control
B-actin. All experiments were performed in three independ-
ent replicates, and data are presented as mean % stand-
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ard deviation. The primary antibodies used were as follows:
NLRP3 (1:1,000, Abcam, ab307668), Caspase-1 (1:1,000,
Cell Signaling Technology, #2225), IL-1p (1:500, R&D Sys-
tems, AF-201-NA), phospho-NF-kB p65 (p-NF-kB) (1:1,000,
Cell Signaling Technology, #3033), GSDMD (1:1,000, Ab-
cam, ab209845), ubiquitin (1:2,000, Santa Cruz Biotech-
nology, sc-8017), Ki67 (1:1,000, Abcam, ab16667), PCNA
(1:1,000, Abcam, ab92552), K63-linked ubiquitin (1:1,000,
Abcam, ab179434), LGALS3 (1:1,000, Abcam, ab76245),
and B-actin (1:5,000, Proteintech, 66009-1-1g).

Laser confocal imaging

HepG2 cells were washed three times with PBS (pH 7.4) and
fixed with 4% paraformaldehyde (Electron Microscopy Sci-
ences, 15710) at ambient temperature for 15 min. Cells were
then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,
T9284) for 10 min and blocked with 5% bovine serum al-
bumin (Sigma-Aldrich, A9647) for 1 h to minimize nonspe-
cific binding. Cells were incubated overnight at 4 °C with
primary antibodies: anti-LGALS3 (1:200, Abcam, ab2785)
and anti-NLRP3 (1:200, Cell Signaling Technology, #15101).
After three washes with PBS, Alexa Fluor 488-conjugated
goat anti-rabbit IgG (1:500, Invitrogen, A-11008) and Alexa
Fluor 594-conjugated goat anti-mouse IgG (1:500, Invitro-
gen, A-11005) were added and incubated for 1 h in the dark.
Nuclei were counterstained with DAPI (1 pug/mL, Invitrogen,
D1306) for 5 min, followed by three PBS washes.36 For mito-
chondrial mass analysis, cells were incubated with MitoTrack-
er Green FM (200 nM, Invitrogen, M7514) at 37 °C for 30
min and then washed with PBS. For reactive oxygen species
(ROS) detection, cells were treated with MitoSOX Red (5 uM,
Invitrogen, M36008) at 37 °C for 10 min, followed by PBS
washes. All samples were mounted on glass slides using anti-
fade mounting medium (ProLong Gold, Invitrogen, P36930).
Fluorescence images were acquired using a laser confocal
microscope (Zeiss LSM880, Carl Zeiss, Germany) equipped
with a 63x oil immersion objective. Excitation wavelengths
were set at 405 nm for DAPI, 488 nm for Alexa Fluor 488,
and 561 nm for Alexa Fluor 594 and MitoSOX Red. All im-
ages were captured using identical acquisition parameters.
Image processing and fluorescence co-localization analyses
were performed using ZEN software (Zeiss, v2.6). The Pear-
son correlation coefficient (R-value) was calculated to evalu-
ate the spatial co-localization between LGALS3 and NLRP3.
Signal intensities of MitoTracker and MitoSOX were quantified
in ten randomly selected fields. All experiments were inde-
pendently repeated three times, and mean values were used
for statistical analysis.3”

Histopathological analysis

Liver tissue samples were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, 15710) at 4 °C for 24-48 h,
followed by sequential dehydration, clearing, and paraffin
embedding. Paraffin blocks were sectioned at 5 pm thick-
ness using a microtome (Leica RM2235), and sections were
baked at 65 °C for 1 h. After deparaffinization in xylene and
rehydration through graded ethanol, sections were subjected
to H&E staining (Sigma-Aldrich, H3401), Masson'’s trichrome
staining (Solarbio, G1340), and QOil Red O staining (Sigma-
Aldrich, 00625). All sections were examined and imaged us-
ing an Olympus BX53 light microscope (Olympus, Japan). For
quantitative analysis, five random high-power fields (400x)
were selected per sample. Hepatic inflammation and stea-
tosis were scored according to the modified NAFLD Activity
Score (hereinafter referred to as NAS). Image] (v1.53c, NIH)
and Image-Pro Plus (v6.0, Media Cybernetics) were used to
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quantify lipid area fractions and fibrotic area percentages.
Data represent the mean values of three independent ex-
periments. Histological assessments were performed using a
single-blind approach. Two independent investigators, blind-
ed to group allocation and not involved in animal modeling
or surgical procedures, evaluated NAS scores and quantified
lipid and fibrosis areas. Discrepancies were resolved by con-
sensus, and the averaged values were used for statistical
analysis to minimize subjective bias.38

IHC and immunofluorescence staining

Paraffin-embedded liver tissue sections (5 pm) were baked
at 65 °C for 1 h, deparaffinized in xylene, and rehydrated
through a graded ethanol series. Antigen retrieval was per-
formed by microwave heating in citrate buffer (pH 6.0; Beyo-
time, P0081) for 15 min. After cooling to ambient tempera-
ture, sections were incubated with 3% hydrogen peroxide
(Solarbio, P0100) for 10 min to block endogenous peroxidase
activity, followed by blocking with 5% bovine serum albu-
min for 1 h to minimize nonspecific binding. Sections were
incubated overnight at 4 °C with the following primary anti-
bodies: anti-NLRP3 (1:200, Abcam, ab214185), anti-cleaved
caspase-1 (1:100, Cell Signaling Technology, #89332), anti-
GSDMD (1:200, Abcam, ab209845), and anti-IL-1p (1:100,
R&D Systems, AF-201-NA). After PBS washes, IHC sections
were incubated with HRP-conjugated goat anti-rabbit IgG
secondary antibody (1:500, Jackson ImmunoResearch, 111-
035-003) at ambient temperature for 1 h. Signal develop-
ment was performed using DAB substrate (ZSGB-BIO, ZLI-
9018), followed by hematoxylin counterstaining. Slides were
dehydrated, mounted, and imaged using a Nikon Eclipse Ci
optical microscope. For immunofluorescence staining, sec-
tions were incubated with Alexa Fluor 488- or Alexa Fluor
594-conjugated secondary antibodies (1:500, Invitrogen,
A-11008 and A-11005) for 1 h at ambient temperature in
the dark, followed by PBS washes. Nuclear staining was per-
formed with DAPI (1 pg/mL, Invitrogen, D1306) for 5 min.
Slides were mounted with antifade mounting medium (Pro-
Long Gold, Invitrogen, P36930). Fluorescence images were
acquired using a Nikon Eclipse Ti confocal microscope (Nikon,
Japan) with excitation wavelengths set at 405 nm for DAPI,
488 nm for Alexa Fluor 488, and 561 nm for Alexa Fluor 594.
Image] software (v1.53c, NIH) was used to quantify fluores-
cence intensity in five randomly selected fields. All experi-
ments were repeated at least three times, and mean values
were used for statistical analysis.3°

TUNEL and propidium iodide (PI)/Hoechst double
staining

Paraffin-embedded liver sections (5 pm) were deparaffinized
in xylene and rehydrated through graded ethanol. Antigen
retrieval was performed by microwave heating in citrate
buffer (pH 6.0; Beyotime, P0081). After cooling to ambient
temperature, sections were permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich, T9284) for 10 min. DNA fragmenta-
tion was detected using the In Situ Cell Death Detection Kit
(Roche, 11684817910), and the TUNEL reaction was carried
out according to the manufacturer’s instructions.49 Sections
were incubated for 1 h at ambient temperature in the dark,
washed with PBS, and counterstained with DAPI (1 ug/mL,
Invitrogen, D1306) for 5 min. Combined detection of pyrop-
tosis and apoptosis was performed using PI/Hoechst double
staining.#! Sections were incubated with a staining solution
containing PI (5 pg/mL, Sigma-Aldrich, P4170) and Hoechst
33342 (10 pg/mL, Invitrogen, H3570) at 37 °C for 15 min
in the dark. Following PBS washes, sections were mounted
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with antifade mounting medium (ProLong Gold, Invitrogen,
P36930). Fluorescence images were acquired using an Olym-
pus IX73 fluorescence microscope (Olympus, Japan), with
excitation wavelengths set at 405 nm (DAPI), 535 nm (PI),
and 350 nm (Hoechst). TUNEL-positive cells exhibited green
fluorescence, PI-positive cells displayed red fluorescence,
and Hoechst-positive nuclei appeared blue. Five random
high-power fields (400x) were selected per section to calcu-
late the proportion of TUNEL- and PI-positive cells. Quantita-
tive image analysis was performed using Image] software
(v1.53c, NIH). All experiments were conducted in three in-
dependent replicates, and mean values were used for subse-
quent statistical analyses.

Liver function assessment and inflammatory cy-
tokine measurement

At designated time points post-surgery, mouse blood was
collected via retro-orbital venipuncture and transferred into
non-anticoagulant centrifuge tubes. Serum was separat-
ed by centrifugation at 3,000 x g for 10 min at 4 °C and
then immediately stored at —80°C for subsequent analysis.
Liver function tests were performed after the samples were
thawed to ambient temperature. Serum levels of ALT, AST,
and Thil were measured using an automated biochemical an-
alyzer (Hitachi 7600, Hitachi High-Technologies, Japan).4? In-
flammatory cytokines, including mouse IL-13 (R&D Systems,
M1300), IL-18 (R&D Systems, DY912), and TNF-a (R&D Sys-
tems, DY410), were quantified using ELISA kits. Standard
curves were prepared according to the instructions, and both
samples and standards were incubated in 96-well plates un-
der light-protected conditions at ambient temperature. After
adding the stop solution, absorbance was measured at 450
nm using a microplate reader (BioTek Epoch 2, Agilent Tech-
nologies, USA) for quantitative analysis. All measurements
were performed in duplicate, with a minimum of six samples
per group, and each experiment was repeated three times to
ensure data reliability.43

Prediction of NLRP3 ubiquitination sites

The protein sequence of human NLRP3 (NCBI Reference Se-
quence: NP_004886.3) was retrieved from the NCBI data-
base (https://www.ncbi.nim.nih.gov/). Using this FASTA se-
quence as input, ubiquitination site prediction was performed
with the MusiteDeep online tool (https://www.musite.net/),
applying a score threshold of 0.5 to identify putative modifi-
cation sites. Predicted ubiquitination sites with scores > 0.5
were considered potential PTM sites, in accordance with pre-
vious computational proteomics approaches.44

RNA-seq and data analysis

In a semi-orthotopic liver transplantation model established
using steatotic livers induced by an HFD, graft tissues were
collected 24 h post-transplantation from the Fat + Tx group
(n = 3), along with normal liver tissues from the Sham
group (n = 3), for RNA-seq analysis. Total RNA was extract-
ed from mouse liver tissues using TRIzol reagent (T9424,
Sigma, USA). RNA purity was assessed by measuring the
0D260/280 ratio using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA), and RNA integrity was eval-
uated with an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, USA), with samples showing an RNA Integrity Number
> 7.0 considered acceptable. Library construction was per-
formed using the TruSeq Stranded mRNA Library Prep Kit
(20020594, Illumina, USA). mRNA was enriched by poly-A
selection, fragmented, reverse-transcribed into cDNA, end-
repaired, and adapter-ligated. The final libraries were se-

quenced on an Illumina NovaSeq 6000 platform to generate
150 bp paired-end reads.

Raw sequencing data were subjected to quality control
using FastQC (v0.11.9) to remove low-quality reads and
adapter contamination. Clean reads were aligned to the
mouse reference genome (GRCm38/mm10) using HISAT2
(v2.1.0), with alignment rates > 95% considered satisfac-
tory. Gene-level read counts were obtained using feature-
Counts (Subread v2.0.1), and transcript abundance was
normalized as fragments per kilobase of transcript per mil-
lion mapped reads. Differential expression analysis was per-
formed using the limma package (v3.64.3) in R. Genes with
|log, fold change| > 1 and adjusted P-value (adj.P.Val) <
0.05 were defined as differentially expressed genes (DEGS).
This threshold is widely used in transcriptomic studies as a
high-confidence criterion, ensuring biologically meaningful
expression changes of at least twofold while controlling the
false discovery rate using the Benjamini—-Hochberg method,
which is particularly suitable for small-sample animal experi-
ments (n = 3 per group). DEG results were visualized using
volcano plots and heatmaps generated with the pheatmap
package (v1.0.12). Functional annotation and pathway en-
richment analyses were conducted using the clusterProfiler
package (v4.4.0), based on the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databas-
es. Significantly enriched pathways were visualized as bubble
plots. To identify key regulatory genes, DEGs were further
subjected to least absolute shrinkage and selection operator
(LASSO) regression using the glmnet package (v4.1-10) and
to support vector machine recursive feature elimination anal-
ysis using the caret package (v7.0-1). Venn diagram analysis
was performed using the VennDiagram package (v1.7.3) to
identify overlapping candidate genes.*>:46

Statistical analysis

All data were derived from at least three independent ex-
periments and are presented as mean * standard deviation.
Comparisons between two groups were conducted using
an independent-samples t-test. For comparisons involving
three or more groups, one-way analysis of variance was
employed. If analysis of variance indicated significant differ-
ences, Tukey’s HSD test was subsequently applied for pair-
wise group comparisons. For datasets that did not meet the
assumptions of normality or homogeneity of variance, non-
parametric tests, including the Mann-Whitney U test and the
Kruskal-Wallis H test, were used as appropriate. Postopera-
tive survival was analyzed using the Kaplan-Meier method,
with death defined as the event of interest and postoperative
observation time (0-14 days) as the time variable. Mice that
survived until the end of the observation period were treated
as censored cases. Survival curves among the five groups
(Sham, Fat + Tx, Fat + Tx + siLGALS3, Fat + Tx + ML265,
and Fat + Tx + ML265 + MCC950) were compared using the
log-rank (Mantel-Cox) test to evaluate the effects of differ-
ent interventions on 14-day postoperative survival. All sta-
tistical analyses were performed using GraphPad Prism 9.5.0
(GraphPad Software, Inc.) and R version 4.2.1 (R Foundation
for Statistical Computing). A two-tailed P-value < 0.05 was
considered statistically significant.

Results

LGALS3 may play a critical role in postoperative
injury of steatotic liver grafts by regulating inflam-
masome activation

A semi-orthotopic liver transplantation model was estab-
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lished in mice with hepatic steatosis induced by an HFD.
At 24 h post-transplantation, graft tissues from the Fat +
Tx group (n = 3) and normal liver tissues from the Sham
group (n = 3) were collected for RNA-seq analysis (Fig. 1A).
Differential expression analysis revealed 143 DEGs between
the Fat + Tx and Sham groups (|log,FC| > 1, adjusted P-
value < 0.05), with 121 genes upregulated and 22 genes
downregulated (Fig. 1B). The expression patterns of the 22
downregulated genes and the top 40 upregulated genes are
shown in Figure 1C. In addition, we compared the DEGs
identified in this study with those reported in previous tran-
scriptomic studies of steatotic liver injury and I/R. Consist-
ent with earlier reports, genes involved in inflammasome
activation and pyroptosis, such as Nirp3, Il1b, Casp1, Gs-
dmd, Ccl2, S100a8, S100a9, and Tnf, were consistently
and significantly upregulated in NAFLD/NASH and steatotic
transplantation models.4’-50 These expression patterns
closely mirrored those observed in the Fat + Tx group in
the present study.

To further characterize the biological significance of the
upregulated DEGs, GO and KEGG enrichment analyses were
performed. GO analysis revealed significant enrichment in
biological processes related to pyroptosis, inflammasome
complex assembly, and cytokine receptor binding, sug-
gesting enhanced activation of pyroptotic signaling follow-
ing steatotic liver transplantation (Fig. 1D). KEGG pathway
analysis further revealed significant activation of the NOD-
like receptor signaling pathway, alcoholic liver disease path-
way, and NF-kB signaling pathway in the Fat + Tx group
(Fig. 1E). Furthermore, accumulating transcriptomic evi-
dence from steatotic grafts and I/R-related hepatic injury
models consistently indicates enrichment of inflammatory
pathways, including NF-kB, NOD-like receptor, and IL-1B/IL-
18-associated signaling cascades. These pathways showed
a high degree of concordance with those identified in the
present study.>1->% This cross-study consistency supports
the robustness of our transcriptomic analysis and suggests
that steatotic liver grafts undergo a canonical, pyroptosis-
dominated inflammatory injury process during the early
post-transplant period, centered on the NLRP3-caspase-
1-GSDMD axis.

To identify key genes mediating postoperative injury in
steatotic liver grafts, two machine learning algorithms were
employed. The LASSO algorithm identified six candidate
genes (Fig. 1F), while the support vector machine recursive
feature elimination algorithm yielded 40 candidates (Fig.
1G). Intersection of these two gene sets revealed Lgals3 as
the most prominent overlapping candidate (Fig. 1H), with
significantly higher expression in the Fat + Tx group com-
pared to the Sham group (Fig. 1I). Furthermore, WB analy-
sis of clinical liver samples was performed to examine the
expression of LGALS3 and NLRP3 in different donor livers
before and after perfusion. The results confirmed that both
LGALS3 and NLRP3 were markedly upregulated in steatotic
donor livers (Fig. 1J). These findings suggest that LGALS3
may play a pivotal role in postoperative injury of steatotic
liver grafts by modulating inflammasome activation.

LGALS3 promotes activation of the NLRP3-IL-1B-NF-
kB signaling axis and pyroptosis in the HepG2-FFA
I/R model

shLGALS3 and OE-LGALS3 cell lines were established in a
human steatotic hepatocyte model (HepG2 cells induced with
FFA). Under I/R stress, pyroptosis levels and the expression
of key signaling molecules were assessed (Fig. 2A). Lactate
dehydrogenase release assays indicated that I/R stress in-
duced substantial cell damage. Compared with the control
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group, lactate dehydrogenase release decreased in the sh-
LGALS3 group (P = 0.003) but markedly increased in the
OE-LGALS3 group (P = 0.001) (Fig. 2B). Consistently, WB
analysis demonstrated that protein levels of NLRP3, cleaved
caspase-1, IL-1B, and phosphorylated NF-kB p65 were sig-
nificantly elevated in the OE-LGALS3 group, whereas these
pyroptosis-related proteins were markedly downregulated in
the shLGALS3 group (P < 0.01, Fig. 2C).

To further investigate NLRP3 inflammasome assembly and
its colocalization with LGALS3, laser confocal microscopy was
performed. Strong colocalization between NLRP3 and LGALS3
was observed in the OE-LGALS3 group (Pearson’s R = 0.81, P
< 0.001), whereas this interaction was markedly attenuated
in the shLGALS3 group (Fig. 2D). MitoTracker and MitoSOX
assays demonstrated a significant decrease in mitochondrial
membrane potential and an increase in ROS production in
the OE-LGALS3 group, while the shLGALS3 group maintained
mitochondrial homeostasis with reduced ROS levels (Fig. 2E
and F).

These findings suggest that LGALS3 promotes activation
of the NLRP3-IL-1B-NF-kB signaling axis and enhances py-
roptosis in the HepG2-FFA I/R model.

LGALS3 promotes NLRP3 activation by suppressing
site-specific ubiquitination

To systematically investigate the molecular mechanism by
which LGALS3 regulates the ubiquitination of NLRP3, an
HA-ubiquitin expression plasmid was constructed. Under
treatment with the proteasome inhibitor MG132, the level
of NLRP3 ubiquitination was assessed using co-immunopre-
cipitation assays. In the OE-LGALS3 group, ubiquitination
of NLRP3 was reduced (P = 0.008), suggesting that OE-
LGALS3 suppresses NLRP3 ubiquitination. Conversely, in the
shLGALS3 group, NLRP3 ubiquitination was enhanced (P =
0.001) (Fig. 3A and B). Following K63-linked ubiquitin over-
expression, we demonstrated that the K63 ubiquitination
level of NLRP3 was significantly reduced in the OE-LGALS3
group, whereas it was markedly increased in the shLGALS3
group (Fig. 3A and B).

To identify potential ubiquitination sites, MusiteDeep was
used to predict PTMs on NLRP3, with sites scoring above 0.5
shown in Figure 3C. Based on these results, lysine 192 (K192),
which exhibited the highest PTM score, was selected for site-
directed mutagenesis to generate a ubiquitination-deficient
NLRP3 K—R mutant (Fig. 3D). This mutant was used to as-
sess the functional relevance of site-specific ubiquitination.
In the OE-LGALS3 group, the K—»R mutant of NLRP3 failed
to induce the upregulation of pyroptosis-associated proteins
such as IL-1B, Caspase-1, and GSDMD-N. Compared with
the wild type, IL-1B expression in the mutant condition was
significantly reduced (P < 0.01), with markedly lower levels
of Caspase-1 and GSDMD-N as well (Fig. 3E).

Taken together, these results indicate that LGALS3 nega-
tively regulates NLRP3 activation and its downstream pyrop-
tosis signaling axis by modulating site-specific ubiquitination
of NLRP3.

Functional evaluation of LGALS3 intervention in an
orthotopic steatotic liver transplantation model

In a BALB/c mouse orthotopic liver transplantation model, an
HFD was used to successfully induce steatotic donor livers
(Fig. 4A). Specifically, mice were divided into five groups:
Sham, Fat + Tx, Fat + Tx + siLGALS3, Fat + Tx + ML265,
and Fat + Tx + ML265 + MCC950 (n = 15 per group) to
comprehensively evaluate the role of LGALS3 intervention in
post-transplant liver function recovery and inflammatory re-
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sponse. Serum biochemical analysis revealed significantly el-
evated levels of ALT (350 £+ 28 U/L), AST (420 + 35 U/L), and
Thil (3.2 £ 0.3 mg/dL) in the Fat + Tx group compared with
the Sham group (P < 0.001) (Fig. 4B-D). siLGALS3 group
led to @ marked reduction in ALT to 190 + 15 U/L (P < 0.001
vs. Fat + Tx), a decrease in AST (P < 0.001), and a signifi-
cant improvement in Tbil levels. The ML265 group exhibited
a similar trend to that observed in the siLGALS3 group.

ELISA was performed to quantify the levels of IL-1B8 and
IL-18 in each group. The results showed that, compared with
the Sham group, both cytokines were significantly elevated
in the Fat + Tx group (P < 0.001). In contrast, siLGALS3
knockdown or ML265 treatment markedly reduced the levels
of these inflammatory mediators (P < 0.01). In the rescue
experiment, the ML265 + MCC950 group exhibited a further
reduction in IL-1B and IL-18 levels (P < 0.01), indicating that
inhibition of NLRP3 inflammasome activity synergistically en-
hanced the anti-inflammatory effects mediated by LGALS3
targeting (Fig. 4E and F).

ROS measurements revealed that hepatic ROS levels in the
Fat + Tx group were elevated compared to the Sham group
(P < 0.001), while siLGALS3 treatment significantly reduced
ROS levels to near-normal (P = 0.002) (Fig. 4G and H). IHC
analysis showed marked upregulation of LGALS3 expression
in the Fat + Tx group, which was effectively suppressed by

both siLGALS3 and ML265 treatment (Fig. 41). WB analysis of
LGALS3 expression across the different groups was consist-
ent with the IHC findings (Fig. 4J).

Inhibition of LGALS3 and the NLRP3 signaling path-
way significantly attenuates hepatocyte pyroptosis
and tissue injury following steatotic liver graft trans-
plantation

H&E staining revealed that hepatocytes in the Sham group
maintained intact cellular architecture without evident patho-
logical alterations. In contrast, the Fat + Tx group showed
pronounced hepatocellular ballooning degeneration accom-
panied by extensive inflammatory cell infiltration, resulting
in a significantly elevated inflammation score. Following silL-
GALS3 intervention, the inflammatory response was mark-
edly attenuated compared with the Fat + Tx group, as evi-
denced by a significant reduction in the inflammation score
(P < 0.001). Similar improvements were observed in the
ML265-treated group (P < 0.001). Notably, combined treat-
ment with the NLRP3 inhibitor MCC950 further reduced the
inflammation score (P < 0.001) (Fig. 5A-C).

Masson'’s trichrome staining demonstrated a significant in-
crease in collagen deposition in the Fat + Tx group relative to
the Sham group (P < 0.001). Treatment with siLGALS3 and
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ML265 reduced the fibrosis area (P < 0.01), while the ML265
+ MCC950 combination showed the most substantial reduc-
tion (P < 0.001) (Fig. 5D and E).

QOil Red O staining demonstrated a marked increase in in-
tracellular lipid droplet accumulation in the Fat + Tx group
(P < 0.001). Both siLGALS3 and ML265 interventions sig-
nificantly decreased lipid burden, with the ML265 + MCC950
group exhibiting the greatest improvement (Fig. 5F).

IHC revealed significantly elevated expression of NLRP3,
cleaved caspase-1, GSDMD, and IL-1B proteins in the Fat +
Tx group compared to the Sham group (P < 0.001). All thera-
peutic interventions, including siLGALS3, ML265, and ML265
+ MCC950, significantly suppressed the expression of these
pyroptosis-associated proteins (P < 0.001) (Fig. 6A and B).
WB analysis confirmed the findings from IHC (Fig. 6C).

TUNEL staining and PI/Hoechst dual staining further dem-
onstrated a significant increase in pyroptosis-positive cells in
the Fat + Tx group, whereas siLGALS3 knockdown or ML265
treatment markedly reduced the percentage of pyroptotic
cells (P < 0.001). Notably, the ML265 + MCC950 group ex-
hibited the lowest proportion of pyroptosis-positive cells (P
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< 0.001) (Fig. 6D-G). These findings indicate that inhibition
of LGALS3 and the NLRP3 signaling pathway markedly at-
tenuates hepatocyte pyroptosis and tissue injury following
steatotic liver graft transplantation.

Systematic evaluation of liver function recovery and
survival prognosis

To systematically evaluate the effects of each intervention
on graft regeneration and postoperative prognosis (Fig. 7A),
we first assessed the expression of hepatocyte proliferation
markers Ki67 and PCNA (Fig. 7B and E). In the Fat + Tx
group, the proportion of Ki67-positive cells in liver tissue
was significantly reduced relative to the Sham group, indi-
cating impaired regenerative capacity. In contrast, siLGALS3
and ML265 treatments markedly increased the Ki67-positive
rates (P < 0.001), while the combination of ML265 with
MCC950 partially attenuated this improvement (P < 0.01 vs.
ML265 group). The IHC findings for PCNA were consistent
with those for Ki67 (Fig. 7C and F). WB analysis further con-
firmed that the expression levels of Ki67 and PCNA exhibited
trends consistent with the IHC findings (Fig. 7D and G).
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Fig. 4. Effects of LGALS3 intervention in a steatotic liver transplantation model. (A) Schematic illustration of the experimental design for the orthotopic liver
transplantation mouse model. (B-D) Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total bilirubin (Tbil) measured on post-
operative day 3 in each group. (E-F) Serum concentrations of interleukin-18 (IL-1B) and interleukin-18 (IL-18) determined by ELISA. (G) Detection of reactive oxygen
species (ROS) levels in transplanted liver tissues using a fluorescent probe. (H) Quantification of relative ROS fluorescence intensity. (I) Immunohistochemical staining
of LGALS3 expression in mouse liver tissues (original magnification, 200x). (J) Western blot analysis of LGALS3 expression in liver grafts. Data are presented as mean
+ SD (n = 15). ****P < 0.0001.ALT, alanine aminotransferase; AST, aspartate aminotransferase; Tbil, total bilirubin; IL-1B, interleukin-1 beta; IL-18, interleukin-18;

ROS, reactive oxygen species; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation; LGALS3, galectin-3.

Doppler ultrasound analysis showed that hepatic hemo-
dynamic parameters, including portal vein flow velocity and
hepatic artery resistance index, were significantly decreased
in the Fat + Tx group relative to the Sham group, whereas
both siLGALS3 and ML265 interventions improved hepatic
blood flow dynamics (Fig. 7H and I). The ML265 + MCC950
group exhibited a less pronounced improvement compared
to the ML265 group alone (P < 0.05). Postoperative survival
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analysis revealed that the 7-day and 14-day survival rates in
the Fat + Tx group were 40% and 25%, respectively, rela-
tive to the Sham group. In contrast, siLGALS3 knockdown or
ML265 treatment significantly improved postoperative sur-
vival compared with the Fat + Tx group (P < 0.001). Notably,
the group receiving combined ML265 and MCC950 treatment
showed a lower survival rate than the ML265 group (Fig. 7J).

To further assess neurological outcomes associated with
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Fig. 5. Histopathological and lipid deposition analyses of liver grafts following LGALS3 and NLRP3 pathway modulation. (A) Schematic overview of the
experimental workflow for histopathological analyses. (B) Representative hematoxylin and eosin (H&E) staining of liver grafts in each group. (C) Quantitative analysis of
hepatic inflammation scores based on the modified NAFLD activity score (NAS). (D) Masson'’s trichrome staining of liver tissues. (E) Quantification of fibrotic area in liver
grafts. (F) Oil Red O staining showing lipid accumulation in liver tissues. Data are presented as mean + SD (n = 15). ****P < 0.0001. H&E, hematoxylin and eosin; NAS,
NAFLD activity score; NAFLD, nonalcoholic fatty liver disease; SD, standard deviation; LGALS3, galectin-3; NLRP3, NOD-like receptor pyrin domain-containing protein 3.

encephalopathic inflammation, cognitive function was evalu-
ated using the Y-maze test. The Fat + Tx group exhibited
a significant reduction in spontaneous alternation rate com-
pared with the Sham group (P < 0.01), suggesting cognitive
impairment. siLGALS3 intervention or ML265 treatment sig-
nificantly improved this deficit (P < 0.01 vs. Fat + Tx group),
whereas the ML265 + MCC950 group showed only limited
improvement (Fig. 7K).

Discussion

This study systematically elucidated the molecular mecha-
nisms underlying pyroptosis activation following steatotic
liver graft transplantation and identified LGALS3 as a key
regulator of the NLRP3 inflammasome and its ubiquitination.
These findings not only deepen the current understanding
of the pathogenesis of post-transplant complications asso-
ciated with steatotic grafts but also highlight LGALS3 as a
promising therapeutic target for improving clinical outcomes
in recipients of steatotic donor livers. Notably, the proportion
of steatotic donor livers used in clinical transplantation has
steadily increased and now constitutes a major limiting factor
for transplant success.55:5¢ Although previous studies have
linked the vulnerability of steatotic donor livers to microcir-
culatory dysfunction, oxidative stress, and metabolic dis-
turbances, the contribution of programmed cell death, par-
ticularly pyroptosis, to post-transplant graft injury remains
underexplored.>’-5% By performing transcriptomic profiling,
we observed marked upregulation of inflammation- and py-
roptosis-related genes in steatotic grafts at 24 h post-trans-
plantation, indicating that pyroptosis may serve as a central
driver of early graft injury.

Historically, research on post-transplant graft dysfunction

has focused predominantly on apoptosis and necrosis. How-
ever, pyroptosis, a form of programmed cell death dependent
on inflammasome activation, has received little attention in
the context of steatotic liver grafts .60.61 Our RNA-seq anal-
ysis revealed significant enrichment of pyroptosis-related
genes, as well as components of the NOD-like receptor and
NF-kB signaling pathways. By integrating machine learning
algorithms, LGALS3 was identified as a potential key regu-
latory factor. These findings suggest that LGALS3 may in-
fluence graft injury by modulating inflammasome assembly
and activation, consistent with its previously reported roles
in hepatic fibrosis and regulation of the tumor microenviron-
ment.26:62 Notably, this study is the first to implicate LGALS3
in the regulation of pyroptosis following steatotic liver graft
transplantation. Current strategies aimed at improving out-
comes after steatotic liver transplantation have predomi-
nantly focused on donor management, including enhanced
donor assessment to avoid severe hepatic steatosis®3 and
the development of advanced organ preservation technolo-
gies for steatotic grafts.>> However, in the present study, we
primarily propose novel therapeutic strategies targeting the
recipient, which may be more forward-looking, given that
donor liver steatosis is now widely reported and increas-
ingly unavoidable in clinical liver transplantation.®* Previ-
ous studies have demonstrated that berberine can protect
transplanted steatotic livers by inhibiting endoplasmic reticu-
lum stress,®> and that liver regeneration-enhancing agents
can alleviate I/R injury in fatty livers.66 Consistent with and
extending these findings, our results provide a novel thera-
peutic perspective for mitigating complications associated
with steatotic liver transplantation, highlighting the potential
value of recipient-oriented interventions in improving post-
transplant outcomes.
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Fig. 6. Assessment of pyroptosis-associated markers and cell death in liver grafts after transplantation. (A) Representative immunohistochemical staining
of NLRP3, cleaved caspase-1, GSDMD, and IL-1p in liver grafts. (B) Quantitative analysis of immunohistochemical staining intensity and corresponding mRNA expression
levels. (C) Western blot analysis of NLRP3, cleaved caspase-1, GSDMD, and IL-1B expression. (D-E) TUNEL staining of liver tissues and quantification of TUNEL-positive
cells (original magnification, 200x). (F) PI/Hoechst double staining of liver tissues. (G) Quantitative analysis of the percentage of PI/Hoechst double-positive cells. Data
are presented as mean £+ SD (n = 15). *P < 0.05, ****P < 0.0001. TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; PI, propidium

iodide; SD, standard deviation; mRNA, messenger RNA.

Notably, LGALS3 exhibits a context-dependent dual regu-
latory role in inflammation. On the one hand, it promotes tis-
sue repair by enhancing macrophage chemotaxis and activat-
ing TGF-B signaling; on the other hand, its upregulation can
exacerbate inflammatory responses and contribute to tissue
injury.67.68 In the human HepG2-FFA I/R model, we observed
that OE-LGALS3 markedly enhanced NLRP3 inflammasome
activity and upregulated downstream pyroptosis-associated
proteins, including IL-1B and Caspase-1. Conversely, sh-
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LGALS3 significantly suppressed inflammatory signaling and
ROS production, thereby preserving mitochondrial homeo-
stasis. These findings indicate that LGALS3 facilitated pyrop-
tosis and aggravated I/R injury by forming a positive feed-
back loop through the ROS-NLRP3 signaling axis.

In this study, LGALS3 was silenced using siRNA, and
ML265 (an LGALS3-related inhibitor), together with MCC950
(a selective NLRP3 inhibitor), were employed as pharmaco-
logical interventions to validate the critical roles of LGALS3
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Fig. 7. Assessment of liver regeneration, hemodynamic parameters, and survival after transplantation. (A) Experimental timeline for postoperative func-
tional assessment. (B, E) Immunohistochemical staining of Ki67 in liver tissues and quantification of Ki67-positive cells. (C, F) Immunohistochemical staining of PCNA
and corresponding quantitative analysis. (D, G) Western blot analysis of Ki67 and PCNA expression. (H-I) Doppler ultrasound analysis of portal vein flow velocity and
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nuclear antigen; SD, standard deviation; Y-maze, Y-shaped maze behavioral test.

and NLRP3 in steatotic liver transplantation. Mechanistically,
LGALS3 maintains PKM2 at a high protein level by inhibiting
PKM2 degradation, whereas ML265 is a specific activator of
PKM2. LGALS3 expression is highly dependent on the inflam-
matory microenvironment, and activation of PKM2 by ML265
suppresses the release of inflammatory mediators, thereby
indirectly reducing the inducible expression of LGALS3.69.70
Thus, ML265 is not a direct LGALS3 inhibitor but rather an in-
direct suppressor of LGALS3 expression via PKM2 activation.
In parallel, MCC950 was used as a comparator intervention.
Multiple studies have demonstrated that MCC950 is a selec-
tive inhibitor of the NLRP3 inflammasome, capable of effec-
tively blocking NLRP3 activation under inflammatory condi-
tions both in vivo and in vitro, and consequently reducing
downstream IL-1B production.”t72 Accordingly, the combined
use of ML265 and MCC950 enabled targeted modulation of
the LGALS3-PKM2 axis and the NLRP3 inflammasome, pro-
viding mechanistic validation of their roles in post-transplant
injury of steatotic liver grafts.

Notably, our experimental results revealed a phenomenon
in which ML265 or MCC950 alone significantly promoted
hepatocyte regeneration, whereas their combined adminis-
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tration resulted in an attenuated effect. The role of NLRP3 in
liver regeneration remains controversial. Some studies have
reported that inhibition of NLRP3 inflammasome activation
enhances liver regeneration in acute liver failure,’3 whereas
others have shown that complete genetic deletion of NLRP3
impairs liver regenerative capacity in mice.”* Emerging evi-
dence suggests that NLRP3 regulates not only IL-1B but also
IL-18 expression, and IL-18 has been shown to promote the
proliferation of normal human hepatocytes (LO-2 cells).”>
Based on these findings, we speculate that although com-
bined ML265 and MCC950 treatment effectively suppresses
inflammatory cytokine production, it may simultaneously
disrupt NLRP3-dependent signaling pathways that are essen-
tial for liver regeneration, thereby failing to further enhance
regenerative capacity. This effect may be partly mediated by
altered IL-18 signaling, although additional mechanistic stud-
ies are required to validate this hypothesis.

Furthermore, through a series of in vitro and in vivo ex-
periments, this study is the first to uncover a novel mech-
anism by which LGALS3 regulates NLRP3 ubiquitination. In
the OE-LGALS3 group, the level of NLRP3 ubiquitination was
significantly reduced, suggesting that LGALS3 may inhibit
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ubiquitin-mediated degradation of NLRP3, thereby prolonging
its half-life and enhancing its activity. In contrast, shLGALS3
increased NLRP3 ubiquitination levels, limiting excessive in-
flammasome activation. By constructing a site-specific NLRP3
ubiquitination mutant, we further confirmed that this modifi-
cation site was essential for NLRP3 function; the mutant lost
its ability to activate pyroptotic signaling under OE-LGALS3.
This discovery expanded our understanding of NLRP3 regula-
tory mechanisms and highlighted a novel direction for target-
ing NLRP3 through its ubiquitination status. Using the Mus-
iteDeep database, we predicted ubiquitination sites on the
NLRP3 protein and identified five high-confidence candidate
lysine residues (corresponding to Fig. 3C). Among these can-
didates, the K192 residue was selected for site-directed mu-
tagenesis based on the following considerations. First, K192
exhibited the highest PTM score (0.631) among all predicted
sites, indicating a substantially higher probability of ubiquit-
ination compared with the other candidates. Second, integrat-
ing our experimental findings with current knowledge in the
field, we consider K192 not to be the sole ubiquitination site of
NLRP3 but rather a key site specifically regulated by LGALS3.
Consistent with this notion, mutational analysis revealed that
LGALS3 overexpression-induced ubiquitination of NLRP3 was
significantly reduced, but not completely abolished, in the
K192 mutant compared with the wild-type protein (Fig. 3B).
This observation indirectly suggests that additional lysine
residues may contribute to the basal ubiquitination of NLRP3,
whereas ubiquitination at K192 is selectively modulated by
LGALS3. As a central regulator of inflammatory responses,
NLRP3 activity is known to be finely controlled through mul-
tiple modification sites and signaling pathways rather than a
single regulatory node.2” From an evolutionary perspective, a
regulatory architecture characterized by one core regulatory
site accompanied by multiple auxiliary sites is more consist-
ent with the requirements of biological robustness. In this
context, K192 may serve as the principal LGALS3-responsive
ubiquitination site, ensuring pathway specificity, while the
presence of additional ubiquitination sites prevents complete
functional inactivation of NLRP3 upon mutation of a single
residue, thereby preserving basal inflammatory responsive-
ness. Although the present study is limited by the lack of
mutational validation for all high-scoring candidate sites,
the selection of K192 was guided by a three-tiered ration-
ale encompassing prediction confidence, structure-function
relevance, and supporting evidence from prior studies. This
strategy was sufficient to elucidate the core mechanism by
which LGALS3 regulates NLRP3 ubiquitination.

In a murine model of steatotic liver transplantation,
LGALS3 was inhibited using siRNA-mediated knockdown
or the small-molecule inhibitor ML265. Both interventions
markedly improved graft function, as evidenced by reduced
serum levels of ALT, AST, and Tbil, attenuation of inflamma-
tory and fibrotic responses, and significant suppression of
hepatic expression of pyroptosis-associated proteins, includ-
ing NLRP3, caspase-1, and GSDMD. In addition, co-admin-
istration of the NLRP3 inhibitor MCC950 further enhanced
the anti-inflammatory effect, as reflected by a pronounced
decrease in IL-1B and IL-18 levels, suggesting a synergis-
tic benefit from dual-targeted inhibition. However, we also
observed that the combined treatment was slightly less ef-
fective than ML265 monotherapy in promoting hepatocyte
regeneration and maintaining hemodynamic stability, indi-
cating that excessive suppression of inflammatory signaling
may impair graft regeneration. This phenomenon warrants
further investigation.

The novelty of this study lies in the establishment of a new
mechanistic model for post-transplant pyroptosis activation

Yang X. et al: LGALS3 in steatotic liver transplantation

in steatotic liver grafts. We demonstrate that LGALS3 modu-
lates inflammasome activity by regulating the ubiquitination
of NLRP3 and, for the first time, propose dual targeting of the
LGALS3/NLRP3 axis as a potential therapeutic strategy to im-
prove the prognosis of steatotic liver grafts. This conceptual
model advances the understanding of the immunometabolic
regulatory network following liver transplantation and pro-
vides a theoretical basis for the development of optimized,
mechanism-driven clinical intervention strategies.

The experimental design combined HFD-induced hepatic
steatosis with Kamada’s semi-orthotopic liver transplantation
model, thereby accurately recapitulating the core pathologi-
cal features of clinical steatotic donor liver transplantation.
Specifically, a 12-week HFD was used to establish a steatosis
model closely resembling human NAFLD, while standardized
microsurgical vascular anastomosis techniques were applied
to simulate post-transplant I/R injury. This integrated in vivo
model is highly consistent with the central aim of investigat-
ing post-transplant pyroptosis in steatotic liver grafts, provid-
ing a clinically relevant physiological context for mechanistic
exploration.”6:77 In addition, with regard to the choice of cel-
lular models, HepG2 cells were selected as a widely used
and well-characterized hepatocyte-derived cell line. HepG2
cells offer several advantages, including ease of steatosis
induction, retention of key hepatocellular functions, high
amenability to genetic manipulation, and stable culture with
relatively low cost. Consequently, they are frequently em-
ployed in studies investigating the molecular mechanisms of
NAFLD.3! These characteristics make HepG2 cells suitable for
addressing the fundamental mechanistic questions related to
LGALS3 in steatotic liver graft injury, thereby fulfilling the
requirements of the present study’s in vitro experiments.”8

Although this study elucidated the critical role of LGALS3
in steatotic liver graft injury, several limitations remain.
First, the BALB/c mouse model of liver injury used in this
study, while capable of reproducing the core pathological
features of liver disease, cannot fully recapitulate the com-
plex microenvironment of human disease nor the substantial
inter-individual heterogeneity observed in clinical patients.
These differences may introduce bias when translating the
findings to clinical settings. Second, in the in vitro experi-
ments, HepG2 cells were employed as a hepatocyte model.
However, HepG2 cells harbor TERT promoter mutations and
chromosomal abnormalities, resulting in altered cell-cycle
regulation and apoptosis/pyroptosis signaling pathways
compared with normal hepatocytes.”® Moreover, their phase
I/II metabolic enzyme activities are markedly lower than
those of primary human hepatocytes.”® In addition, mono-
culture systems cannot simulate key post-transplant pro-
cesses such as cell-cell communication, vascular regenera-
tion, and immune cell infiltration. Consequently, reliance on
HepG2 cells alone may lead to discrepancies between in vitro
drug sensitivity and the true in vivo or clinical context, limit-
ing the extent to which the observed LGALS3-NLRP3 signal-
ing axis can fully mirror the in vivo pathological state. Third,
regarding the choice of small-molecule and genetic interven-
tions, siRNA-based approaches face substantial translational
challenges. The stability of siRNA-lipid nanoparticle formula-
tions remains a major hurdle, and unresolved issues related
to immunogenicity and toxicity continue to impede clinical
application.8® Thus, comprehensive preclinical drug-drug
interaction and safety studies are required before clinical
translation. At present, LGALS3 inhibitors and related small-
molecule compounds remain largely confined to preclinical
research, and their pharmacokinetic and pharmacodynamic
properties have not yet been validated in clinical trials. In
this study, LGALS3 inhibitors were administered intraperito-
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neally to recipient mice one day before surgery and 6 h after
transplantation. Through molecular and functional analyses,
we demonstrated that LGALS3 acts as an upstream regula-
tor of the NLRP3-IL-1B-NF-kB axis, modulating post-trans-
plant pyroptosis and thereby influencing functional recovery
of steatotic liver grafts. Based on these findings, we specu-
late that targeted LGALS3 therapy administered before and
after transplantation may be a feasible strategy in future
clinical studies. However, the optimal timing, dosage, and
frequency of administration remain to be determined and
warrant further investigation. Finally, with respect to drug
delivery strategies, our animal experiments confirmed that
intraperitoneal administration of LGALS3 inhibitors achieves
favorable therapeutic effects. Advances in nanocarrier- and
vesicle-based drug delivery systems offer promising oppor-
tunities to enable targeted delivery and prolonged drug re-
tention. Accordingly, future studies will focus on engineering
optimized delivery systems for LGALS3 inhibitors, along with
rigorous evaluation of their safety, stability, and therapeutic
efficacy, to facilitate eventual clinical translation.

Future studies may benefit from employing cell models
that more closely reflect physiological conditions, such as
HepaRG cells or primary human hepatocytes, to systemati-
cally evaluate the consistency of LGALS3-mediated regula-
tion of pyroptosis across different cellular contexts. In ad-
dition, the integration of three-dimensional (3D) culture
systems, including spheroid co-culture models composed
of HepG2 cells and liver sinusoidal endothelial cells, would
enable simulation of the native hepatic architecture and in-
tercellular interactions, thereby facilitating assessment of
how the microenvironment modulates the LGALS3-NLRP3
signaling axis.2’:3° Moreover, further validation using clini-
cal specimens, in combination with hepatic organoid models
and spatial transcriptomics technologies, will be essential to
strengthen the translational relevance of these findings and
to more comprehensively elucidate the spatial and cellular
dynamics of LGALS3-NLRP3-mediated regulation in stea-
totic liver graft injury. Additionally, future studies integrat-
ing patient cohort analyses, organoid-based modeling, and
spatial transcriptomics will be essential for further validating
these findings and enabling the development of more precise
therapeutic strategies. These approaches may facilitate the
translation of these mechanistic insights into effective clini-
cal interventions for managing complications associated with
steatotic donor liver transplantation.

Conclusions

This study systematically demonstrated that LGALS3 pro-
motes inflammasome activation and pyroptosis after stea-
totic liver transplantation by regulating the ubiquitination
of NLRP3, thereby exacerbating graft injury. Targeted inhi-
bition of LGALS3 and its downstream NLRP3 signaling axis
significantly improved liver function and survival outcomes
in steatotic liver transplantation models. These findings not
only expand our understanding of the molecular mechanisms
underlying complications in steatotic liver transplantation but
also provide a theoretical and experimental basis for devel-
oping novel anti-pyroptotic therapies, with substantial sci-
entific and clinical implications for liver transplantation and
other I/R-associated liver diseases.
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