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Hepatic fibrosis is a pathological response to persistent liver injury, characterized by activa-
tion of hepatic stellate cells (HSCs) and excessive extracellular matrix (ECM) deposition.
Isoimperatorin (ISOIM), a coumarin derivative isolated from Angelica dahurica, has been re-
ported to possess analgesic and anti-inflammatory properties. This study investigated the
hepatoprotective potential of ISOIM and its underlying mechanisms against hepatic fibrosis.
C57BL/6] mice were intraperitoneally injected with thioacetamide (TAA, 100-200 mg-kg™)
for 5 weeks and received ISOIM (5 or 8 mg-kg™") administration. HSCs and LX-2 were stimu-
lated with transforming growth factor-p (TGF-B, 10 nmol-L™) or conditioned medium from
lipopolysaccharide (LPS)-primed THP-1 (LPS-M@-CM), followed by ISOIM (0.78, 1.56, 3.125
umol-L™") treatment. In TAA-induced mice, ISOIM reduced serum transaminases, attenuated
ECM deposition and histopathological damage, alleviated inflammatory responses, and de-
creased hepatocyte apoptosis. In activated HSCs, ISOIM inhibited ECM accumulation, reduced
inflammatory cytokine expression and promoted apoptotic signaling. Mechanistically, ISOIM
showed a potential interaction with LXRa/, reduced HMGB1-associated inflammatory sig-
naling, and suppressed activation of the HMGB1/NLRP3 signaling, accompanied by enhanced
caspase-3-mediated apoptotic signaling in activated HSCs. These effects were consistent with
those of the LXRa/f3 agonist GW3965 and were markedly attenuated by LXRf or LXRa silen-
cing. In addition, ISOIM regulated LXRa/B and the HMGB1-NLRP3 axis, reduced a-SMA ex-
pression, and promoted apoptotic signaling in LX-2 cultured with LPS-M@-CM. Collectively,
ISOIM exerted hepatoprotective effects by activating LXRa/f, inhibiting HMGB1/NLRP3 sig-
naling, and promoting apoptosis of activated HSCs within the hepatic microenvironment.

1. Introduction

apoptosis of activated HSCs, is considered an important mechan-

ism contributing to fibrosis resolution °. Therefore, elucidating

Hepatic fibrosis is a progressive pathological process arising
from persistent liver injury caused by various etiologies, includ-
ing viral infection, excessive alcohol consumption, autoimmune
disorders, and exposure to hepatotoxic chemicals . It is charac-
terized by chronic inflammation, activation of hepatic stellate
cells (HSCs), and dysregulated extracellular matrix (ECM) remod-
eling, ultimately leading to architectural distortion of liver lob-
ules and hepatic microenvironment remodeling > °. Although
early-stage fibrosis can regress upon removal of the noxious
stimulus, sustained parenchymal injury frequently progresses to
irreversible cirrhosis and hepatocellular carcinoma *. However,
effective clinical therapeutic options for hepatic fibrosis remain
limited, and there remains an urgent need to develop anti-fibrot-
ic agents °. Activated HSCs are the major effector cells respons-
ible for excessive ECM deposition, and their clearance, including

* Corresponding author.
E-mail addresses: ylwu@ybu.edu.cn (YL. Wu); cuizhenyu@ybu.edu.cn (ZY.
Cui); jxnan@ybu.edu.cn (JX. Nan)
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the cellular and molecular mechanisms that regulate HSCs activa-
tion, survival, and apoptosis remains crucial for developing ef-
fective strategies to prevent or attenuate hepatic fibrosis.

During chronic liver injury, HSCs activation is not only driv-
en by direct fibrogenic stimulation, but is also profoundly shaped
by signals derived from neighboring parenchymal and immune
cells within the hepatic microenvironment ’. Injured and apoptot-
ic hepatocytes contribute to the release of damage-associated
molecular patterns (DAMPs), among which high mobility group
box 1 (HMGB1) is a representative pro-inflammatory mediator °.
These danger signals recruit and activate inflammatory cells, par-
ticularly hepatic macrophages, thereby disrupting hepatic mi-
croenvironmental homeostasis and further promoting HSCs ac-
tivation °. In this inflammatory context, activation of the NOD-like
receptor family pyrin domain-containing 3 (NLRP3) inflamma-
some may promote inflammatory mediator maturation, includ-
ing interleukin-1f (IL-1B) and interleukin-18 (IL-18), and may
amplify NLRP3 signaling-associated inflammatory responses un-
der certain pathological conditions . NLRP3 inflammasome ac-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Fig. 1 ISOIM protected against liver injury and ECM accumulation in TAA-induced mice. (A) Chemical structure of ISOIM. (B) Serum ALT and AST levels (n = 6) in TAA-in-
duced mice treated with ISOIM or Cur. (C) Representative western blotting analysis of a-SMA, collagen I, TIMP-1 and MMP-13 in liver tissues of TAA-induced mice. (D) RT-
PCR analysis for expressions of Acta2, Collal, and Timp1 in liver tissues of TAA-induced mice. (E) Representative histological images of liver appearance, liver sections with
H&E staining, Sirius red staining, and immunohistochemical staining for a-SMA (400 x magnification, scale bar = 50 pm) in TAA-induced mice. Protein and mRNA expres-
sions were quantified relative to GAPDH as an internal control. Data were presented as mean * SD (n = 3). Statistical significance was determined by one-way ANOVA with
Tukey’s post-hoc test. *P < 0.05, **P < 0.001 vs normal group; ‘P < 0.05, "'P < 0.001 vs TAA group; ns, no significant difference.
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tivation in HSCs may amplify local inflammation, reinforce com-
munication between macrophages and HSCs, and aggravate ECM
deposition, thereby contributing to the progression of hepatic
fibrosis ''. Therefore, regulation of HMGB1/NLRP3 signaling may
represent an important mechanism for modulating HSCs fate and
fibrogenic progression within the hepatic microenvironment.

Nuclear receptors have attracted increasing attention as
pharmacological targets for regulating hepatic inflammation,
metabolic disturbance, and fibrogenic remodeling ***. Among
them, liver X receptors (LXRs), including liver X receptor alpha
(LXRa) and liver X receptor beta (LXRB), are ligand-activated
transcription factors that maintain lipid homeostasis by regulat-
ing cholesterol efflux, fatty acid metabolism, and phospholipid re-
modeling "> '°. Beyond their metabolic functions, LXRs have also
been recognized as important negative regulators of inflammat-
ory responses . Activation of LXRs signaling has been reported
to suppress macrophage-mediated cytokine production, restrain
NLRP3 inflammasome-associated inflammatory cascades, and al-
leviate liver injury under pathological conditions '*. Conversely,
impaired LXRs signaling is associated with aggravated hepatic in-
flammation, enhanced HSCs activation, and fibrogenic progres-
sion ™. These findings suggest that pharmacological modulation
of LXRs may represent a promising strategy for improving hepat-
ic microenvironment, restraining inflammation-driven injury,
and attenuating hepatic fibrosis.

Traditional Chinese medicines demonstrate multi-target
therapeutic potential and low toxicity in the treatment of hepatic
injury and fibrosis, with Angelica dahurica possessing multiple
pharmacological effects, including analgesic, anti-inflammatory,
hepatoprotective, and anti-hyperlipidemic properties *’. Our pre-
vious study found that Angelica dahurica extract exerted protect-
ive effects against carbon tetrachloride (CCl,)-induced liver in-
jury *'. Isoimperatorin (ISOIM), a major bioactive coumarin isol-
ated from Angelica dahurica, has also shown favorable liver dis-
tribution and anti-inflammatory pharmacological activity *.
addition, ISOIM preferentially accumulates in the liver and upreg-
ulates heme oxygenase-1 (HO-1) expression in hepatocytes,
thereby contributing to the defense against oxidative stress ****,
ISOIM can induce cell cycle arrest and promote apoptosis in hep-
atocellular carcinoma cells *°. These findings suggest that ISOIM
has potential relevance to liver protection and apoptotic signal-
ing regulation.

Therefore, the present study aimed to investigate the pro-
tective effect of ISOIM against hepatic fibrosis and associated in-
flammation in thioacetamide (TAA)-induced mice and activated
HSCs. Specifically, we examined whether ISOIM promotes apop-
tosis of activated HSCs while suppressing HMGB1/NLRP3 signal-
ing through modulation of LXRa/B within the hepatic microenvir-
onment. We further examined the involvement of crosstalk
between macrophages and HSCs in this process, aiming to
provide mechanistic evidence for ISOIM as a potential natural
product-derived candidate for anti-fibrotic intervention.

In

2. Materials and methods

2.1. Materials and reagents

ISOIM (CAS No.:482-45-1; Molecular Formula: C;gH;404
Fig. 1A; purity > 97%) was supplied by Derick Biotechnology Co.,
Ltd. (Chengdu, China). Primary antibodies against glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; ab8245), tissue inhibitor of
metalloproteinase-1 (TIMP-1; ab61224), matrix metallopro-
teinase-13 (MMP-13; ab75606), HMGB1 (ab79823), NLRP3
(ab4207), myeloperoxidase (MPO; ab45977), and F4/80
(ab6640) were obtained from Abcam (Cambridge, MA, USA).
Primary antibodies against alpha-smooth muscle actin (a-SMA;
bs10196R) and Type I collagen (collagen I; bs0578R) were ob-
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tained from Bioss Antibodies (Beijing, China). Primary antibod-
ies against LXRa/f (sc-377260), apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC; sc-
514414), cysteine-aspartic protease-1 (caspase-1; sc-5140), B-
cell lymphoma 2 (Bcl-2; sc-7382), Bcl-2-associated X protein
(Bax; sc-7480), cysteine-aspartic protease-3 (caspase-3; sc-
56053), and interleukin-1 receptor type 1 (IL1R1; sc-393998)
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Anti-IL-1p (AF-401NA) was purchased from R&D Sys-
tems (Minneapolis, MN, USA). Primary antibody against gasder-
min D (GSDMD; AF4012) was obtained from Affinity Biosciences
(Cincinnati, OH, USA). Anti-IL-18 (K110408P), dimethyl sulfox-
ide (DMSO), and radioimmunoprecipitation assay (RIPA) buffer
were purchased from Solarbio (Beijing, China). Dulbecco’s modi-
fied Eagle medium (DMEM) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased
from Gibco (Grand Island, NY, USA). The immunohistochemistry
kit was purchased from Maixin-Bio (Fuzhou, China).

2.2. Animal procedures and treatments

Male C57BL/6 mice (6-8 weeks old, body weight 20 * 2 g)
were provided by the Changchun Yisi Laboratory Animal Techno-
logy Co., Ltd. (Jilin, China). All mice were housed in a specific
pathogen-free (SPF) facility under standard environmental condi-
tions (25 °C, 12 h/12 h light/dark cycle) with free access to wa-
ter and food. All animals received humane care in accordance
with the U.K. Animals (Scientific Procedures) Act, 1986 and asso-
ciated guidelines. All experiments complied with the ARRIVE
guidelines and were approved by the Institutional Animal Ethics
Care and Use Committee of Yanbian University (Ethical Approval
No.YD20250122009).

All mice were randomly assigned into 6 groups (n = 6): nor-
mal group, TAA group, TAA + ISOIM (5 or 8 mgkg™) groups,
TAA + curcumin (Cur, 10 mg-kg™) group and ISOIM single admin-
istration (8 mg-kg™") group, using simple unrestricted randomiza-
tion. The dosages of ISOIM were selected according to our previ-
ous experiments and other studies *”*"*°. TAA (100 mg-kg™") was
injected intraperitoneally 3 times in 1" week, and TAA (200
mg-kg™') was injected twice per week from 2™ to 5" weeks to in-
duce hepatic fibrosis. Mice in ISOIM or Cur groups were admin-
istered ISOIM (5 or 8 mg-kg™) or Cur (10 mg-kg™") by gavage da-
ily from 2" to 5™ week. Mice in normal group were given an equal
volume of saline. Six hours after the last administration, the mice
were euthanized after anesthetization with an intraperitoneal in-
jection of pentobarbital sodium (1%, 50 mg-kg™"). The serum and
liver tissues were collected for subsequent experimental analysis.

2.3. Serum biochemical analysis

After blood collection from mice, the samples were centri-
fuged to obtain serum. Serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels were measured ac-
cording to the manufacturer’s instructions using commercial kits
purchased from Changchun Huili Bioengineering Institute
(Changchun, China).

2.4. Histopathological analysis

Liver tissues were fixed in 10% formalin, embedded in par-
affin, and cut into 5-pm sections. The liver sections were subjec-
ted to hematoxylin and eosin (H&E) staining, Sirius Red staining,
and immunohistochemical staining, and then observed under a
light microscope (Nikon, Japan).

2.5. Network pharmacology analysis and molecular docking

Potential targets of ISOIM were obtained from TCMSP and
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STITCH databases, and STITCH targets with a confidence score >
0.7 were retained. Hepatic fibrosis-related targets were collected
from OMIM, GeneCards, and DisGeNET databases. The overlap-
ping targets were subjected to protein-protein interaction (PPI)
analysis using STRING and visualized using Cytoscape v3.10.0.
Core targets were identified based on node degree. Gene Onto-
logy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed using DAVID.

The chemical structure of ISOIM was obtained from Pub-
Chem, and the structures of target proteins were obtained from
the RCSB Protein Data Bank. After structural preprocessing using
PyMOL 2.6.0, molecular docking was performed using AutoDock
Vina 1.1.2. Docking results were evaluated based on binding affin-
ity and visualized using PyMOL.

2.6. Cell culture and treatment

HSC-T6 (rat hepatic stellate cell line, CVCL_0315), LX-2 (hu-
man hepatic stellate cell line, CVCL_5792) and the THP-1 cell line
(immortalized human monocytic-leukemia cells, CVCL_0006)
were generously provided by Professor Jung Joon Lee (Korea In-
stitute of Bioscience and Biotechnology, Daejeon, Korea). Cells
(passage ranging from 3 to 10) were cultured in DMEM or
Roswell Park Memorial Institute 1640 medium (RPMI-1640) sup-
plemented with 10% FBS, 100 U-mL™ penicillin and 100 pg-mL™
streptomycin, under the conditions of 5% CO, and 37 °C.

HSC-T6 was stimulated by transforming growth factor-f
(TGF-B, 10 nmol-L™), then was treated with ISOIM (0.78, 1.56,
3.125 pmol-L™), GW3965 (1 umol-L™") or SR9243 (10 umol-L™).
THP-1 was differentiated into macrophages by using phorbol es-
ter (PMA, 100 nmol-L™"), then exposed to lipopolysaccharide
(LPS, 1 pg-mL™) for 4 h. Conditioned medium from LPS-primed
THP-1 (LPS-M@-CM) was collected and applied to LX-2 with or
without ISOIM (3.125 pmol-L™).

2.7. Cell viability assay

HSC-T6 or AML12 was incubated with ISOIM (0-100
umol-L™") for 24 h. Subsequently, 3-(4, 5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) was added, and the form-
azan crystals were dissolved in DMSO. The absorbance was meas-
ured at 570 nm using a multi-mode microplate reader (BioTek
Synergy HTX, VT, USA).

2.8. Co-immunoprecipitation assay (Co-IP assay)

Co-IP assay was performed to detect the interaction among
LXRB, HMGB1, and NLRP3. Briefly, cell lysates were precleared
and then incubated with anti-HMGB1 antibody or IgG as a negat-
ive control. The immune complexes were captured using protein
A/G agarose beads according to the manufacturer’s instructions.
The precipitated proteins were then subjected to western blot-
ting analysis.

2.9. Small interfering RNA transfection

LX-2 was transfected with negative control small interfering
RNA (sicontrol), LXRB-targeting siRNA (siLXRf) and LXRa-tar-
geting siRNA (siLXRa) using Lipofectamine RNAIMAX (Thermo
Fisher Scientific Inc., Waltham, MA, USA) according to the manu-
facturer’s instructions.

2.10. Apoptosis staining
The culture medium of cells was replaced with DMEM con-

taining Annexin V-mCherry and SYTOX Green at the recommen-
ded working concentrations. Apoptotic cells were observed by
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fluorescence microscopy, and the apoptotic rate was quantified
by flow cytometry.

2.11. Immunofluorescence staining assay

Cultured cells or frozen sections were fixed with 4% para-
formaldehyde, permeabilized with 0.1% Triton X-100, and
blocked with 5% goat serum. The samples were incubated with
primary antibodies, followed by incubation with secondary anti-
bodies. Finally, nuclei were counterstained with aqueous Flu-
oroshield mounting medium containing 4',6-diamidino-2-
phenylindole (DAPI).

2.12. Western blotting experiment

Total protein was extracted from cells and liver tissues using
RIPA lysis buffer. Briefly, protein concentrations were determ-
ined using a bicinchoninic acid (BCA) protein assay Kkit
(Beyotime, China). Equal amounts of protein samples were separ-
ated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvinylidene diflu-
oride (PVDF) membranes. The membranes were blocked and in-
cubated with primary antibodies, followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies.
Protein bands were visualized using enhanced chemilumines-
cence (ECL) reagent (Beyotime, China) and quantified using
Quantity One software (Bio-Rad, CA, USA).

2.13. Cellular thermal shift assay (CETSA)

To evaluate the thermal stabilization of LXRa/(3 by ISOIM,
protein concentrations of the cell lysates were determined using
a BCA assay, and equal amounts of protein samples were heated
in a real-time PCR machine from 37 to 61 °C. After centrifugation,
the supernatant was collected and analyzed by western blotting
analysis.

2.14. RT-PCR analysis

Total RNA from animals and cells was isolated by using East-
ep Super Total RNA Extraction Kit (Promega Biological Products
Ltd., Shanghai, China) according to the manufacturer’s instruc-
tions. The amplified products were separated by agarose gel elec-
trophoresis and visualized with ethidium bromide staining. RT-
PCR was performed using the primers listed in Table 1.

2.15. Statistical analysis

All data were expressed as the mean + SD. The normality of
data was tested by the Shapiro-Wilk test and evaluated by a one-
way analysis of variance (ANOVA) and Tukey’s multiple compar-
ison tests by using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). P < 0.05 was considered statistically significant.

3. Results

3.1. ISOIM protected against liver injury and ECM accumulation in
TAA-induced mice

Serum ALT and AST levels were elevated in TAA group com-
pared with normal group, and were significantly reduced by
ISOIM or Cur (Fig. 1B). TAA up-regulated the expressions of a-
SMA, collagen I, and TIMP-1, while down-regulating MMP-13 ex-
pression. ISOIM or Cur inhibited a-SMA, collagen I, and TIMP-1
expressions, while simultaneously up-regulating MMP-13 expres-
sion (Figs. 1C and 1D). Livers from normal mice exhibited a
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Table 1 The primer sequences for RT-PCR.

Target Primer Primer sequences (5’-3")
Forward CTTGTGCAGTGCCAGCC
Gapdh
Reverse GCCCAATACGGCCAAATCC
Forward CATCAGGGAGTAATGGTTGG
Acta2
Reverse CACAATACCAGTTGTACGTC
Forward TGAGTCAGCAGATTGAGAAC
Collal
Reverse TACTCGAACGGGAATCCATC
Forward GGAAAGCCTCTGTGGATATG
Timp1
Reverse AACAGGAAACACTGTGC
Forward TCACACTCAGATCATCTTCTC
Tnfa
Reverse AGACTCCTCCCAGGTATATG
Forward GATCAAAGTGCCAGTGAACC
118
Reverse AACTCCATCTTGTTGTGTCC
Forward GTACATCAGCACCTCACAAG
11b
Reverse CACAGGCTCTCTTTGAACAG

smooth surface, whereas TAA caused rough and discolored liver
surfaces. ISOIM or Cur markedly improved these gross morpholo-
gical abnormalities (Fig. 1E). H&E staining revealed extensive
hepatocyte degeneration and damage to liver lobules in TAA-in-
duced mice, while these pathological alterations were amelior-
ated with ISOIM or Cur (Fig. 1E).Sirius Red staining demon-
strated marked collagen deposition in liver tissues from TAA
group, which was reduced by ISOIM or Cur (Fig. 1E). Immunohis-
tochemical staining also showed enhanced a-SMA-positive stain-
ing in TAA-induced mice, which was reduced by ISOIM or Cur
(Fig. 1E). Notably, the effects of ISOIM on serum transaminases,
fibrotic markers, collagen deposition, and histopathological im-
provement were generally comparable to those of Cur. These
findings suggested that ISOIM exerted hepatoprotective effects by
attenuating liver injury and reducing ECM accumulation in hepat-
ic fibrosis.

3.2. ISOIM attenuated immune cell recruitment, cytokine release
and hepatocyte apoptosis in TAA-induced mice

TAA significantly up-regulated the mRNA expressions of Tnfa
and I11b compared with normal mice, which were suppressed
with ISOIM or Cur (Fig. 2A). TAA also promoted the expressions
of MPO and F4/80 compared with normal group, while ISOIM or
Cur inhibited their expressions (Figs. 2B and 2C). TAA also up-
regulated the protein expressions of IL1R1, mature-IL-1f and pro-
GSDMD compared with normal group, which were reduced by
ISOIM (Fig. 2B). Moreover, the Bax/Bcl-2 ratio was significantly
enhanced in TAA-induced mice compared with normal group, in-
dicating hepatocyte apoptosis (Fig. 2B).ISOIM or Cur signific-
antly reduced the ratio of Bax/Bcl-2. Notably, ISOIM showed a
protective tendency comparable to Cur in suppressing inflammat-
ory gene expression, reducing MPO and F4/80 expression, and
lowering the Bax/Bcl-2 ratio. These results suggested that I[SOIM
effectively inhibited the recruitment of macrophages and neutro-
phils, reduced the release of inflammatory cytokines, and allevi-
ated hepatocyte apoptosis in TAA-induced mice.

3.3. [SOIM regulated ECM homeostasis and inflammatory re-
sponses in activated HSCs

MTT assays showed that ISOIM (6.25-100 pmol-L™) signific-
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antly reduced HSCs viability and ISOIM (25-100 umol-L™) signi-
ficantly reduced AML12 viability (Fig. 3A). Next, ISOIM (0.78,
1.56, 3.125 pmol-L™") was chosen for subsequent experiments.
TGF-B increased the protein and mRNA expressions of a-SMA,
collagen I, and TIMP-1 compared with untreated HSCs, while
these increases were reduced by ISOIM (Figs. 3B and 3C). The
TIMP-1/MMP-13 ratio was also elevated in activated HSCs com-
pared with untreated HSCs, while ISOIM decreased this ratio (Fig.
3C). Immunofluorescence staining further showed that a-SMA-
positive staining was enhanced by TGF-f stimulation compared
with untreated HSCs and was reduced by ISOIM (Fig. 3D). In addi-
tion, ISOIM could significantly reduce the mRNA expressions of
1118 and I11b in activated HSCs (Fig. 3E). The protein expressions
of IL1R1, mature-IL-1 and pro-GSDMD were significantly in-
creased in TGF-B group compared to untreated HSCs, while
ISOIM could decrease these inflammatory cytokines expressions
(Fig. 3F). Moreover, we found that ISOIM significantly increased
the Bax/Bcl-2 ratio compared to TGF-B-stimulated HSCs, which
indicated that ISOIM could induce apoptosis of activated HSCs
(Fig. 3F). These results suggested that ISOIM reduced excessive
ECM accumulation, suppressed inflammatory responses, and pro-
moted apoptotic signaling in activated HSCs.

3.4.ISOIM activated LXRa/f and regulated the HMGB1-NLRP3
pathway in TAA-induced mice

Network pharmacology analysis was performed to prelimin-
arily explore the potential mechanisms of ISOIM against hepatic
fibrosis. PPI analysis indicated that the predicted targets were as-
sociated with inflammation, apoptosis, and nuclear receptor-re-
lated regulation, with caspase-3, NR3C2, and NR1I2 identified as
important nodes (Figs. 4A and 4C). KEGG analysis revealed en-
richment in apoptosis-, immune-, and metabolism-related path-
ways (Fig. 4B). GO enrichment analysis showed that these targets
were mainly involved in growth factor-related signaling, recept-
or complex formation, nuclear localization, ATP binding, and pro-
tein kinase activity (Fig. 4D). Based on these results and our pre-
vious findings, we next examined the effects of ISOIM on LXRa/[3
expression, NLRP3 inflammasome-related signaling, and caspase-
3-associated apoptosis. In this study, LXRa and LXR[3 expressions
were significantly decreased in TAA-induced mice compared with
normal group, which were restored with ISOIM or Cur (Figs. 4E
and 4F). TAA also significantly promoted HMGB1, NLRP3, ASC ex-
pressions and cleavage of caspase-1 compared with normal
group, which were down-regulated by ISOIM or Cur (Figs. 4E and
4F). Notably, ISOIM showed a regulatory tendency comparable to
Cur in restoring LXRa/B expression and suppressing HMGB1,
NLRP3, ASC expression and caspase-1 cleavage. These findings
suggested that ISOIM activated LXRa/f and modulated the
HMGB1/NLRP3 inflammasome, thereby alleviating fibrosis and
inflammation in TAA-induced mice.

3.5. ISOIM regulated LXRa/f to inhibit HMGB1-NLRP3 signaling
and promoted apoptosis in activated HSCs

Molecular docking and CETSA suggested a potential interac-
tion between ISOIM and LXRa/f and indicated increased thermal
stability of LXRa/f after ISOIM treatment (Figs. 5A and 5B). In
TGF-B-stimulated HSCs, the expressions of LXRa and LXR were
markedly suppressed, while HMGB1, NLRP3, ASC and caspase-1
expressions were up-regulated. ISOIM treatment restored LXRa
and LXRp expressions, while inhibiting HMGB1, NLRP3 and ASC
expressions, and further prevented the cleavage of caspase-1
(Figs. 5C and 5F). In addition, in TGF-B-stimulated HSCs, HMGB1
was predominantly associated with NLRP3 rather than LXR.
ISOIM treatment appeared to block HMGB1-NLRP3 complex
formation, enhancing the binding of HMGB1 to LXR (Fig. 5D).
Moreover, both MCC950 (an NLRP3 inhibitor) and ISOIM
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markedly suppressed NLRP3 expression (Fig. 5F). Interestingly,
ISOIM and MCC950 reduced GSDMD cleavage and IL-18 expres-
sion, while promoting caspase-3 expression and increasing the
Bax/Bcl-2 ratio (Fig. 5E). ISOIM also significantly enhanced the
apoptosis of HSCs compared with TGF-B group as shown by
SYTOX/Annexin V staining (Fig. 5G). Collectively, these data in-
dicated that ISOIM activated LXRa/f signaling to suppress the
HMGB1-NLRP3 signaling, accompanied by reduced GSDMD-N-as-
sociated inflammatory signaling and enhanced caspase-3-associ-
ated apoptosis in activated HSCs.

3.6. LXRa/3-mediated HMGBI1-NLRP3 signaling might be indis-
pensable for the anti-fibrotic effects of ISOIM

In activated HSCs, ISOIM or GW3965 up-regulated LXRf and
LXRa, and further inhibited the expressions of a-SMA, mature-IL-
18, HMGB1, NLRP3, ASC and caspase-1, and enhanced the
Bax/Bcl-2 ratio compared to TGF-$ group, while SR9243 (an
LXRa/B inhibitor) exerted opposite regulatory effects on these
protein expressions (Fig. 6A). In addition, immunofluorescence
staining also showed that ISOIM or GW3965 enhanced LXRa/(3-
positive expression, and decreased the positive expressions of a-
SMA, HMGB1 and NLRP3 (Fig. 6B). Moreover, LX-2 was cultured

Fig. 2 ISOIM attenuated immune cell recruitment, cytokine release and hepatocyte apoptosis in TAA-induced mice. (A) RT-PCR analysis for expressions of Tnfa and Il1b in
liver tissues of TAA-induced mice. (B) Representative western blotting analysis of MPO, F4/80, IL1R1, pro-IL-1f, mature-IL-1p, pro-GSDMD, Bax and Bcl-2 in liver tissues of
TAA-induced mice. (C) Representative histological images of liver sections with immunofluorescence staining for MPO and F4/80 (600 x magnification, scale bar = 50 pm).

Protein and mRNA expressions were quantified relative to GAPDH as an mternal control Data were presented as mean * SD (n = 3). Statistical significance was determined

P <0.001 vs normal group; P < 0.01,

1371

50 pm

“P<0.001 vs TAA group; ns, no significant difference.

with siLXRp or siLXRa. LXRB knockdown caused a significant de-
crease in LXRfB and LXRa, accompanied by up-regulation of a-
SMA, mature-IL-13, GSDMD-N, HMGB1, NLRP3, ASC and cleaved-
caspase-1 expressions and down-regulation of the Bax/Bcl-2 ra-
tio compared with sicontrol group, and further inhibited the ef-
fects of ISOIM on these proteins (Fig. 6C). Similarly, LXRa knock-
down also caused a significant decrease in LXRa and LXRp, ac-
companied by up-regulation of a-SMA, mature-IL-13, GSDMD-N,
HMGB1, NLRP3, and cleaved-caspase-1 expressions and down-
regulation of the Bax/Bcl-2 ratio compared with sicontrol group,
and further attenuated the effects of ISOIM on these proteins (Fig.
6D). These results suggested that ISOIM could inhibit ECM accu-
mulation, HMGB1/NLRP3-mediated inflammation and promote
HSCs apoptosis by activating LXRa/f.

3.7. ISOIM modulated the crosstalk of HSCs and macrophages via
LXRa/B-mediated HMGB1-NLRP3 axis

Given the significance of the hepatic microenvironment and
intercellular communication, we next established a crosstalk
model between macrophages and HSCs. Flow cytometry showed
that ISOIM significantly increased the proportion of apoptotic LX-
2 compared with LPS-M@-CM group (Fig. 7A). LPS-M@-CM also
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Fig. 3 ISOIM regulated ECM homeostasis and inflammatory response in activated HSCs. (A) MTT assay on cell viability of HSCs and AML12 with ISOIM (0-100 pmol-L™). (B,
F) Representative western blotting analysis of a-SMA, collagen I, TIMP-1, MMP-13, IL1R1, pro-IL-1pB, mature-IL-1pB, pro-GSDMD, Bax and Bcl-2 in TGF-f-stimulated HSCs. (C,
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increased the protein expressions of a-SMA and mature-1L-1f3,
and decreased the ratio of Bax/Bcl-2 (Fig. 7B).ISOIM signific-
antly down-regulated o-SMA and mature-IL-1f, and up-regu-
lated the Bax/Bcl-2 ratio (Fig. 7B). These effects were likely due
to inhibition of LXRB and LXRa expressions and promotion of
NLRP3 inflammasome assembly by LPS-M@-CM compared with
untreated LX-2 (Fig. 7B). ISOIM significantly increased LXRf and
LXRa expressions, and decreased HMGB1, NLRP3, ASC and
cleaved-caspase-1 expressions (Figs. 7B and 7C). Moreover, in
LPS-M@-CM-stimulated LX-2, ISOIM or GW3965 promoted LXRf
and LXRa expressions, and further inhibited the expressions of a-
SMA, mature-IL-1f, pro-GSDMD, HMGB1, NLRP3 and caspase-1,
and enhanced the Bax/Bcl-2 ratio, in contrast to the effects on
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these proteins of SR9243 (Fig. 7D). These observations sugges-
ted that ISOIM could regulate the crosstalk between macro-
phages and HSCs through LXRoa/f-mediated HMGB1-NLRP3
pathway.

4. Discussion

Although considerable progress has been made in under-
standing the mechanisms underlying hepatic fibrosis, effective
anti-fibrotic drugs remain limited, partly because fibrogenesis is
driven by interconnected inflammatory, fibrogenic, and cell death-
related pathways ", In the present study, we demonstrated that
ISOIM, a bioactive furanocoumarin derived from Angelica dahur-
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no significant difference.

ica, attenuated TAA-induced hepatic fibrosis in mice,

enced by decreased ECM deposition, suppressed inflammatory
responses, and ameliorated fibrosis-related histopathological

as evid-
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[

P < 0.001 vs normal group; P < 0.001 vs TAA group; ns,

changes. Mechanistically, our results suggest that ISOIM exerts
anti-fibrotic effects through activation of LXRa/f signaling and
subsequent modulation of HMGB1/NLRP3 signaling, accompan-
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MCC950 group; ns, no significant difference.

ied by reduced downstream inflammatory signaling and en-
hanced apoptotic signaling.

Promoting apoptosis of activated HSCs has been considered
an effective strategy for attenuating hepatic fibrosis, because ac-
tivated HSCs are the major source of excessive ECM during fibro-
genesis *>*, Notably, previous studies using sorafenib and its de-
rivative SC-1 have provided important evidence that induction of
apoptosis in activated HSCs can contribute to the attenuation of
hepatic fibrosis, supporting the therapeutic relevance of target-
ing activated HSCs survival in anti-fibrotic intervention ***. In
apoptosis regulation, Bax promotes mitochondrial apoptotic sig-
naling, whereas Bcl-2 counteracts apoptosis by maintaining mito-
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“P < 0.001 vs TGF-B group; “*“P < 0.001 vs TGF-B +

chondrial integrity *°. In the present study, ISOIM increased cas-
pase-3 activation and elevated the Bax/Bcl-2 ratio in activated
HSCs, further supporting its apoptosis-promoting effect.
However, the therapeutic application of apoptosis-based anti-
fibrotic strategies targeting HSCs remains challenged by the need
to selectively eliminate fibrogenic HSCs while minimizing off-tar-
get cytotoxicity toward hepatocytes and other non-fibrogenic
cells **. Our results provided preliminary evidence that ISOIM
exhibited differential cytotoxicity toward hepatocytes and HSCs.
In addition, administration of ISOIM alone at 8 mg-kg™" did not in-
duce apparent hepatotoxicity in vivo, as supported by serum
transaminase levels and liver histopathological assessment.
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Fig. 6 LXRa/B-mediated HMGB1-NLRP3 axis might be indispensable for the anti-fibrotic effects of ISOIM. (A) Representative western blotting analysis of LXRf, LXRa, a-
SMA, mature-IL-1f, Bax, Bcl-2, HMGB1, NLRP3, ASC and cleaved-caspase-1 in TGF-B-stimulated HSCs. (B) Immunofluorescence staining of a-SMA, LXRa/B, HMGB1 and
NLRP3 (600 x magnification, scale bar = 50 pm) in TGF-f-stimulated HSCs. (C) Representative western blotting analysis of LXRf, LXRa, a-SMA, mature-IL-1f3, GSDMD-N,
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ternal control. Data were presented as mean + SD gn = 3). Statistical significance was determined by one-way ANOVA with Tukey’s post-hoc test. P < 0.05, "P < 0.01, """
P < 0.001 vs TGF-B + ISOIM group or sicontrol + TGF- + ISOIM group; “““P < 0.001 vs siLXRB or siLXRa + TGF-B group.

0.001 vs TGF-B group or sicontrol + TGF-B group;
ns, no significant difference.
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Fig. 7 ISOIM modulated the crosstalk of HSCs and macrophages via LXRa/B-mediated HMGB1-NLRP3 axis. (A) Flow cytometry of apoptotic staining in Annexin V-mCherry
and SYTOX Green. (B) Representative western blotting analysis of a-SMA, mature-IL-1, Bax, Bcl-2, LXRB, LXRa, HMGB1, NLRP3, ASC and cleaved-caspase-1 in LPS-M@-CM-
stimulated LX-2. (C) Immunofluorescence staining of NLRP3 and ASC in LX-2 (600 x magnification, scale bar = 50 pm). (D) Representative western blotting analysis of a-
SMA, mature-IL-1p, pro-GSDMD, Bax, Bcl-2, LXRB, LXRa, HMGB1, NLRP3 and cleaved-caspase-1 in LPS-M@-CM-stimulated LX-2 treated with ISOIM, SR9243 or GW3965.
Protein expressions were quantified relative to GAPDH as an internal control. Data were presented asmean * SD (n = 3). Statlstlcal 51gmf1cance was determined by one-way
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ns, no significant difference.

These findings suggest that ISOIM may preferentially modulate
the survival of activated HSCs while exhibiting relatively low hep-
atocyte toxicity, thereby supporting its potential value as an anti-

fibrotic candidate.
In addition to apoptosis, NLRP3 inflammasome activation
has been increasingly recognized as an important contributor to
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hepatic inflammation and fibrosis *’. In particular, NLRP3 inflam-
masome activation has been widely implicated in hepatocyte in-
jury, macrophage activation, inflammatory amplification, and
fibrogenic progression *>*'. In the present study, we found that
ISOIM suppressed NLRP3 signaling in activated HSCs. However,
the relationship between NLRP3 inflammasome signaling and ap-
optosis in activated HSCs remains insufficiently clarified, particu-
larly in the context of pharmacological intervention. Notably, our
results showed that NLRP3 signaling-related markers and apop-
totic markers changed in opposite directions during fibrosis pro-
gression and ISOIM intervention. ISOIM enhanced caspase-3-de-
pendent apoptotic signaling while reducing GSDMD-N-associated
inflammatory signaling in activated HSCs. Specifically, pharmaco-
logical inhibition of NLRP3 by MCC950 reduced the levels of
NLRP3 and GSDMD-N in activated HSCs, confirming the involve-
ment of NLRP3 inflammasome signaling in this process. NLRP3
inhibition also increased caspase-3 activation and elevated the
Bax/Bcl-2 ratio, suggesting a potential link between suppression
of NLRP3 signaling and enhancement of apoptotic signaling in ac-
tivated HSCs. Similar regulatory patterns were observed after
ISOIM intervention, indicating that ISOIM may regulate the rela-
tionship between NLRP3 signaling and apoptotic signaling partly
through inhibition of the NLRP3 inflammasome pathway. These
findings suggest that suppression of NLRP3 signaling may be
closely associated with the enhancement of apoptotic signaling in
activated HSCs, and that ISOIM may exert its anti-fibrotic effects
by suppressing NLRP3 inflammasome activation while enhan-
cing apoptotic signaling.

Liver X receptors, including LXRa and LXRf, are ligand-activ-
ated nuclear receptors with important roles in lipid metabolism,
inflammatory regulation, and hepatic homeostasis '*"’. Ginsenos-
ide 25-OCH3-PPD was reported to promote LXR activity and at-
tenuate P2X7R-mediated NLRP3 inflammasome activation in TAA-
induced hepatic fibrosis, while acanthoic acid ameliorated CCly-
induced liver fibrosis through LXRa/B signaling and inhibited
HSCs activation mainly through LXRp activation ‘> *’. Despite
these findings, the potential reciprocal regulation between LXRa
and LXRp in activated HSCs remains insufficiently understood. In
the present study, ISOIM increased both LXRa and LXR expres-
sions in fibrotic liver tissues and activated HSCs, and its effects
were similar to those of the LXR agonist GW3965. Notably, LXRa
knockdown reduced not only LXRa but also LXRB expression,
whereas LXRB knockdown similarly decreased LXRa expression,
suggesting a coordinated regulatory relationship between these
two LXR isoforms in activated HSCs. Moreover, ISOIM restored
LXRa/B expression and subsequently modulated HMGB1/NLRP3
signaling. These findings suggest that ISOIM might exert its anti-
fibrotic effects through regulation of LXRa/B signaling, thereby
contributing to the control of HMGB1/NLRP3 signaling and en-
hancing the apoptosis of activated HSCs.

Inflammation and inflammatory signaling are also closely in-
volved in hepatic fibrosis progression, and inflammatory commu-
nication within the hepatic microenvironment can further pro-
mote HSCs activation. Increasing pharmacological studies sug-
gest that natural products and small molecules can suppress in-
flammatory injury by targeting macrophage activation or inflam-
matory signaling “**". In addition, a recent study demonstrated
that macrophage GHSR-Foxol signaling promoted CCl,-induced
liver fibrosis by enhancing inflammatory responses and TGF-(3-
mediated HSCs activation, highlighting the importance of
crosstalk between macrophages and HSCs in fibrosis develop-
ment *°. These studies suggest that inflammatory cell-mediated
responses and natural product-based anti-inflammatory regula-
tion are closely related to the progression and intervention of
fibrotic diseases. In the present study, we further explored
crosstalk between macrophages and HSCs using LPS-M@-CM. Our
results showed that macrophage-derived inflammatory stimula-
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tion promoted LX-2 activation and enhanced HMGB1/NLRP3 sig-
naling. ISOIM attenuated these changes through activation of
LXRa/B signaling, with effects similar to those of GW3965,
thereby suppressing HMGB1/NLRP3 inflammatory signaling
while enhancing activated LX-2 apoptosis. These findings suggest
that ISOIM may interfere with macrophage-driven inflammatory
and fibrogenic communication within the hepatic microenviron-
ment via the LXRa/B-mediated HMGB1/NLRP3 signaling.
However, several limitations should be considered, includ-
ing the limited evidence regarding the cell type-specific cytotox-
icity, in vivo metabolism, and clinical translational potential of
ISOIM. Future studies are needed to clarify the metabolism,
bioavailability, and safety profile of ISOIM, as well as to validate
its anti-fibrotic efficacy in hepatic fibrosis and related liver injury.

5. Conclusion

Taken together, the present study demonstrated that ISOIM
attenuated hepatic fibrosis by reducing ECM accumulation, sup-
pressing inflammatory responses, and promoting apoptotic sig-
naling in activated HSCs. Mechanistically, ISOIM exerted these ef-
fects through LXRo/B-mediated regulation of the HMGB1/NLRP3
signaling. ISOIM also modulated crosstalk between macrophages
and HSCs, thereby contributing to the improvement of the inflam-
matory hepatic microenvironment during fibrogenesis. These
findings suggest that ISOIM has promising anti-fibrotic potential
and provide a mechanistic foundation for its further develop-
ment as a natural compound targeting hepatic fibrosis.
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