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ABSTRACT: Background: Nonalcoholic steatohepatitis (NASH) is a liver disease characterized by inflammation and
fibrosis. Oridonin (Ori) exhibits anti-inflammatory and anti-fibrotic properties, but its role in NASH remains unclear.
The study aimed to investigate whether Ori alleviates NASH injury by regulating pyroptosis through the nuclear
factor-kB (NF-kB)/nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) axis. Methods: An in vitro
NASH model was established in HepG2 cells using free fatty acids (FFA), and an in vivo model was induced in mice
using a methionine-choline-deficient (MCD) diet. Biochemical assays, staining, flow cytometry, Western blot, and
immunofluorescence assessed lipid accumulation, oxidative stress, inflammation, pyroptosis, and fibrosis. Results: Ori
treatment (2.5-10 uM) dose-dependently reduced FFA-induced cell injury, lipid accumulation, reactive oxygen species
(ROS) production, and release of interleukin (IL)-13 and IL-18, while decreasing PI and Caspase-1-positive cells and
expression of N-GSDMD (p < 0.05). Ori also suppressed the expression of fibrosis markers alpha smooth muscle actin
(x-SMA), Collagen III, and fibronectin (p < 0.05). In MCD-fed mice, Ori significantly attenuated hepatic steatosis, oxidative
stress, inflammation, pyroptosis, and fibrosis, and alleviated liver enzyme levels and stiffness (p < 0.05). Mechanistically, Ori
inhibited NF-kB activation (p-p65 and p-IkBa) and NLRP3 inflammasome assembly, as confirmed by lipopolysaccharide
(LPS)/adenosine triphosphate (ATP) experiments. Conclusion: Ori can delay NASH progression via suppressing the
NF-«B/NLRP3 pathway, reducing liver cell damage, lipid deposition, inflammation, pyroptosis, and fibrosis.

KEYWORDS: Nonalcoholic steatohepatitis; oridonin; pyroptosis; lipid accumulation; nuclear factor-«xB (NF-«B)/
nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) pathway

1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is projected to become a leading indication for liver transplantation
in the coming decades, posing a major burden on global health [1]. Nonalcoholic steatohepatitis (NASH), a
more serious subtype of NAFLD, is characterized by abnormal lipid metabolism, hepatic steatosis, inflammation,
and fibrosis, which can gradually progress to liver fibrosis, cirrhosis, and even hepatocellular carcinoma [2,3].
In recent decades, urbanization and lifestyle changes have driven a rising incidence of NASH, with liver disease
mortality more than doubling due to population aging [4,5]. The etiology and pathological mechanisms of
NASH are complex. Since the failure of the obeticholic acid phase III trial, no specific therapeutic drugs have
been approved worldwide. Although existing candidate drugs partially improve metabolic disorders, their
reversal effect on liver fibrosis is limited, underscoring the limitations of single-target interventions and raising
concerns about long-term medication safety [6,7]. Thus, exploring NASH pathogenesis and identifying effective
therapeutic targets and preventive measures to block or reverse NASH progression are of major importance.
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Nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome and pyroptosis
are key drivers of NASH development [8-10]. Pyroptosis is primarily triggered through inflammasome
activation, among which the NLRP3 inflammasome is the most extensively studied. NLRP3, a key
pattern recognition receptor, recognizes diverse abnormal signals, such as a high-fat diet and metabolic
stress, and assembles into inflammasomes for activation [11]. Activated NLRP3 further activates cysteinyl
aspartate-specific proteinase-1 (Caspase-1), which hydrolyzes the pro-inflammatory cytokines interleukin
(IL)-1f3 (pro-IL-1f3) and IL-18 (pro-IL-18), and Gasdermin D (GSDMD), thereby forming and releasing
active IL-1f3, IL-18, and N-GSDMD. This triggers inflammatory cascades and induces pyroptosis [12,13],
exacerbating liver inflammation and tissue damage. NLRP3 levels are markedly up-regulated in NASH
patients and mouse models, accompanied by increased Caspase-1 and IL-1[3 expression [14]. Inhibiting
the NLRP3 inflammasome improves liver injury, pyroptosis, and lipid accumulation in NASH [15,16].
NLRP3 inflammasome activation is precisely regulated by nuclear factor-xB (NF-kB) signaling, which
initiates pro-IL-1f3 and pro-IL-18 transcription, driving inflammatory disease progression in association
with NLRP3 activity [17]. Inhibiting the NF-kB/NLRP3 pathway effectively reduces liver inflammation
and lipid accumulation in NASH [18]. Therefore, targeting the NF-kB/NLRP3 signaling axis to regulate
pyroptosis represents a promising strategy for NASH treatment.

Compared with traditional drugs, herbal medicines offer multi-target and multi-pathway advantages for
NASH treatment, comprehensively intervening in complex pathogenesis across hepatocyte steatosis, liver
inflammation, and fibrosis [19]. Oridonin (Ori), a tetracyclic diterpenoid isolated from Rabdosia rubescens,
exhibits anti-inflammatory, antioxidant, and other pharmacological effects [20,21]. Ori specifically inhibits
NLRP3 inflammasome assembly and interferes with NF-kB signal transduction [20,22], suggesting potential
therapeutic value in inflammation-related diseases. Ori also regulates pyroptosis: it inhibits GSDMD-mediated
pyroptosis and reduces myocardial injury through the NF-kB/NLRP3 axis [23] and suppresses the NLRP3
inflammasome to alleviate pyroptosis and inflammation in diabetic retinopathy [24]. However, whether
Ori improves NASH liver injury via the modulation of the NF-kB/NLRP3-mediated pyroptosis pathway
remains unclear.

Accordingly, free fatty acid (FFA)-induced HepG2 cells and methionine-choline-deficient (MCD)
diet-induced NASH served as models. We systematically investigated Ori’s effects on hepatocyte injury,
lipid accumulation, inflammation, and fibrosis, focusing on NF-kB/NLRP3 axis regulation and pyroptosis.
These findings provide an experimental basis for developing natural medicines for NASH therapy and
identifying molecular targets.

2 Methods
2.1 Cell Culture and Treatments

Human hepatoblastoma cell line HepG2 was purchased from Procell (CL-0103, Wuhan, China). The
cell line was authenticated by short tandem repeat (STR) profiling and tested negative for mycoplasma
contamination (MycoBlue Mycoplasma Detector, Vazyme, D101-01, Nanjing, China) before use in all
experiments. Thawed HepG2 cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM,
11965092, Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, 10091148, Gibco)
and 1% penicillin-streptomycin (15140122, Gibco) at 37°C in a humidified atmosphere with 5% CO,. At 80%
confluence, cells were seeded into plates and stimulated with 0, 0.5, 1, 1.5, and 2 mM free fatty acid (FFA, 1%.
DMSO) (a mixture of oleic acid and palmitic acid at a 2:1 ratio; oleic acid: 01008, Sigma-Aldrich, St. Louis,
MO, USA; palmitic acid: P0500, Sigma-Aldrich) for 24 h to establish an in vitro NASH model [25]. Cell
proliferation was assessed using an MTT assay kit (C0009S, Beyotime, Shanghai, China). Optical density
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(OD) was measured at 570 nm using a microplate reader (Infinite M200, TECAN, Ménnedorf, Switzerland),
and cell viability was calculated to determine the optimal FFA induction dose (1 mM).

HepG2 cells were then treated with Ori (CyoH25Os, purity 99.89%, chemical structure shown in Fig. A1A,
HY-N0004, MedChemExpress, Shanghai, China) for 24 h, and cell viability was evaluated by MTT assay
to identify an appropriate intervention dose. Accordingly, cells were exposed to 1 mM FFA plus 2.5, 5, or
10 uM Ori for 24 h and assigned to the following groups: Control, FFA, FFA + Ori-L (low-dose), FFA + Ori-M
(medium-dose), and FFA + Ori-H (high-dose). Additional groups (LPS/ATP and FFA + Ori-H + LPS/ATP) were
incubated with 1 pg/mL lipopolysaccharide (LPS; S1732, Beyotime) for 24 h, followed by 1 mM adenosine
triphosphate (ATP; C19H16N5013P3, purity 99.88%, HY-B2176, MedChemExpress) for 1 h. Cell viability was
then reassessed by MTT assay.

2.2 Lactate Dehydrogenase (LDH) Release Assay

After modeling and drug administration, the cell culture supernatant of each group was collected and
assayed for LDH release using the LDH detection kit (C0018S, Beyotime) according to the manufacturer’s
instructions. Briefly, 60 pL supernatant was mixed with 30 pL. LDH detection working solution, incubated
in the dark for 30 min with gentle shaking, and the OD4gp nm was measured. LDH release rate = OD
sample-OD control well/OD standard-OD control well x 100%.

2.3 Calcein AM/PI Staining

For calcein AM/PI staining, HepG2 cells were detached using 0.25% trypsin-EDTA (25200056, Gibco) for
2 min at 37°C, and digestion was terminated by adding complete DMEM containing 10% FBS. Cells were then
seeded at 2 x 10° cells/well in 24-well plates and cultured under the above-mentioned conditions. 1 mL of
live/dead staining reagent (containing 1 uL Calcein AM and 1 pL PI, C2015M, Beyotime) was added to each
well and incubated for 30 min. The staining solution was then removed, and wells were washed once with
phosphate-buffered saline (PBS, pH 7.4, 0.01 M, 10010023, Gibco), and slides were observed and photographed
under a fluorescence microscope (IX71, OLYMPUS, Tokyo, Japan). Cell survival rates were quantified using
Image] software (version 1.53, National Institutes of Health, Bethesda, MD, USA).

2.4 Flow Cytometry

HepG2 cells were seeded in 6-well plates at a density of 2 x 10° cells/well and cultured for 24 h. Each
well received 5 pL. Annexin V-APC and PI staining solution (C1062M, Beyotime, Shanghai, China), followed
by 15-min incubation. Apoptosis was immediately quantified by flow cytometry (Attune NxT, Thermo
Fisher, Waltham, MA, USA).

Caspase-17/PI" cells are generally considered to be pyroptotic. Pyroptosis was detected using the
FAM-FLICA Caspase-1 YVAD Kit (ICT-97, AmyJet Scientific Inc., Wuhan, China). HepG2 cells were
incubated with FLICA Caspase-1 probe for 30 min before the culture endpoint, protected from light during
a further 30-min incubation. Cells were then washed with ice-cold PBS (pH 7.4, 0.01 M) to remove unbound
probe. PI solution was added, and samples were analyzed immediately by flow cytometry.

2.5 Oil Red O Staining of Cells

After culture, the cells were fixed with 4% paraformaldehyde for 15 min. After washing with PBS, the
cells were stained with 0.5% oil red O (01391, Sigma-Aldrich, St. Louis, MO, USA) at room temperature
for 20 min to clearly show the lipid droplets in the cells. Images were collected under a light microscope
(CKX1, OLYMPUS).
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2.6 Hoechst33342/PI Staining

HepG2 cells were washed after intervention, and the Hoechst33342/PI double-staining working solution
(CA1120, Solarbio, Beijing, China) was added. The staining solution was prepared with a ratio of cell staining
buffer: Hoechst33342: PI = 1 mL:5 uL:5 uL. The cells were incubated on ice at 4°C for 20 min. The stained
cells were observed and photographed under a fluorescence microscope.

2.7 Scratch Healing Test

HepG2 cells were seeded (5 x 10° cells/well). When the cell confluence reached more than 80%, a uniform
straight line was drawn in each well with a 100 pL tip, and the cells under the tip were washed. Then, HepG2
cells were grouped for administration. The cells were photographed under a microscope at 0, 24, and 48 h,
and the cell migration ability was evaluated using Image] software.

2.8 Animal Grouping and Processing

All animal experiments were approved by the Third Affiliated Hospital of Southern Medical University
Ethics Committee (Approval No.: 202409-007). Forty-five specific pathogen-free (SPF) C57BL/6] male mice
(8 weeks old; weighing 18-22 g) were purchased from Jicui Yaokang Biotechnology Co., Ltd. (Jiangsu,
China). Mice were housed in an SPF animal facility maintained at 22°C and 50% relative humidity under
a normal circadian rhythm, with free access to food and water, regular bedding changes, and routine
cage cleaning. All procedures adhered strictly to the 3R principles. The health status of the animals was
monitored daily, and no unexpected deaths occurred during the study.

Mice were randomly divided into 5 groups (n = 9/group) based on body weights using a random number
generator: Sham group, methionine-choline-deficient (MCD) diet model, MCD + Ori-L (Ori-L), MCD + Ori-M
(Ori-M), and MCD + Ori-H (Ori-H). Sample size was calculated using G*Power software (version 3.1, Heinrich
Heine University Diisseldorf, Diisseldorf, Germany). Based on preliminary experiment data on key indicators
such as liver inflammation-related cytokines, the required sample size was estimated with a significance
level () of 0.05 and a power (1 — 3) of 0.8 to detect a large effect size (Cohen’s d > 0.8). The calculation
indicated that n = 9 mice per group was sufficient to achieve statistically significant differences between
treatment groups and controls. The Sham group received standard chow, while the remaining mice were
fed an MCD diet (XSYT-020111, Xiaoshu Youtai Biotechnology Co., Ltd., Beijing, China) to induce NASH.
Ori groups received daily intraperitoneal injections of 2, 4, or 6 mg/kg Ori [26,27], while control groups
received equivalent volumes of normal saline. Treatment continued for 4 weeks, followed by a 24-h fast. The
person administering the injections and those conducting the outcome assessments (e.g., histological analysis,
biochemical assays) were blinded to the group allocation.

At the end of the treatment period, mice were fasted for 24 h and then anesthetized via intraperitoneal
injection of sodium pentobarbital (50 mg/kg, P3761, Sigma-Aldrich). The adequacy of anesthesia was
confirmed by the absence of a pedal withdrawal reflex. Mice were then weighed using an electronic balance.
Blood was collected by retro-orbital puncture and allowed to clot at 4°C for 1.5 h. Serum was separated by
centrifugation and stored at —20°C. Following blood collection, mice were euthanized by cervical dislocation
while still under deep anesthesia. Death was confirmed by cessation of respiration, absence of heartbeat
(via digital palpation of the thorax), and lack of pedal and corneal reflexes. The livers were harvested. Liver
tissues were rinsed repeatedly in ice-cold normal saline to remove residual blood, blotted dry with filter
paper, and weighed to calculate the liver index (liver weight/body weight). Each liver was divided into two
parts: one was fixed in 4% paraformaldehyde, and the other was stored at —80°C.
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2.9 Histopathological Staining of Liver Tissue

Mouse liver tissue was fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 4 um thickness,
and mounted on slides. Sections were deparaffinized in xylene (twice, 10 min each) and rehydrated through
a graded ethanol series (100%, 95%, 85%, and 75% ethanol, 5 min each), followed by washing in running tap
water for 5 min. The sections were stained with hematoxylin (H3136, Sigma-Aldrich) at a concentration of
0.5% (w/v) for 5 min at room temperature, then rinsed in tap water for 5 min. Differentiation was performed
using 0.3% acid-alcohol (0.3% HCl in 70% ethanol) for 3 s. The sections were then stained with eosin (E4009,
Sigma-Aldrich) at a concentration of 0.5% (w/v) for 3 min at room temperature. After dehydration, the
sections were imaged under a microscope to observe the nuclear staining, hepatic lobule structure, and liver
cell arrangement. The results of HE staining were evaluated by the NAFLD activity score (NAS) (Table 1).

Table 1: NAS score for HE staining.

Score Hepatocyte Steatosis (%) Intralobular Inflammation Hepatocyte Ballooning
0 <5 No lesions No
1 5-33 <2 A small number of ballooning changes
2 34-66 2-4 Significant ballooning change
3 >66 >4 —

Note: — indicated not applicable (the maximum score for hepatocyte ballooning was 2).

For Masson staining (G1006, Servicebio, Wuhan, China), the liver sections were mordanted in Bouin’s
solution at room temperature for 1 h, then washed in running tap water until the yellow color disappeared.
Nuclei were stained with Weigert’s iron hematoxylin for 10 min, followed by washing in tap water. Sections
were then stained with ponceau-acid fuchsin solution for 10 min, rinsed in distilled water, and differentiated
in 1% phosphomolybdic acid for 5 min. Collagen fibers were stained with aniline blue solution for 5 min.
After differentiation in 0.2% acetic acid, sections were mounted with neutral resin. Collagen fibers appeared
blue, while cytoplasm and muscle fibers appeared red. Images were captured using a light microscope
(CKX1, OLYMPUS, Tokyo, Japan).

Fresh liver tissues were embedded in optimal cutting temperature (OCT) compound (G6059, Servicebio)
and frozen at —20°C. Sections were cut at 8 um thickness using a cryostat (CM1950, Leica Biosystems,
Wetzlar, Germany), mounted on slides, and air-dried at room temperature for 10 min. Sections were fixed
in 4% paraformaldehyde for 10 min, rinsed with distilled water, and then incubated in 60% isopropanol
for 5 min. Sections were stained with 0.5% oil red O solution (01391, Sigma-Aldrich) for 10 min at room
temperature, then differentiated in 60% isopropanol for 2-3 s, and rinsed with distilled water. Nuclei were
counterstained with hematoxylin (H3136, Sigma-Aldrich) for 2 min. Oil red O staining was used to visualize
liver lipid deposition. The deposition of orange lipid droplets in liver tissue was observed under the light
microscope (CKX1, OLYMPUS) to reflect liver lipid deposition.

2.10 Bodipy Fluorescence Staining

For cell staining, HepG2 cells were incubated with C11 Bodipy probe (10 pmol/L, HY-D1301,
MedChemExpress) in DMEM medium for 1 h. Diluted C11 Bodipy working solution (5 nmol/L) was added to the
frozen liver sections and incubated for 30 min. The cells were stained with 1 pg/mL 4,6-diamidino-2-phenylindole
(DAPI, D9542, Sigma-Aldrich) at room temperature for 10 min in the dark to show the nucleus. Fluorescence
intensity was quantified using Image]J software.
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2.11 Detection of Biochemical Indicators

Triglyceride (TG), total cholesterol (TC), superoxide dismutase (SOD), malondialdehyde (MDA),
aspartate aminotransferase (AST), and alanine aminotransferase (ALT) kits were purchased from Solarbio
(BC0625, BC1985, BC0175, BC0025, BC6435, BC6425, Beijing, China). The supernatant of HepG2 cells was
discarded by centrifugation at 1000x g for 5 min at 4°C (Centrifuge 5424R, Eppendorf, Hamburg, Germany).
The supernatant was removed, and 1 mL of extraction buffer was added. Cells were resuspended and
subjected to ultrasonic disruption using an ultrasonic cell crusher (JY92-IIN, Scientz Biotechnology, Ningbo,
China) under the following conditions: power 20%, ultrasonic pulse of 2 s on and 1 s off, total duration
1 min, performed in an ice bath. The homogenate was then centrifuged at 8000x g for 10 min at 4°C, and the
supernatant was collected. 0.1 g of mouse liver tissue was homogenized in 1 mL of extract, homogenized in
an ice bath, and the supernatant was taken by centrifugation at 8000x g for 10 min at 4°C. At the same time,
the serum of mice in each group was collected. The OD values were detected using a microplate reader. A
standard curve was constructed using standard concentrations, and sample concentrations were calculated
based on the OD values of each group.

IL-1f3, IL-18, and tumor necrosis factor-& (TNF-o) enzyme-linked immunosorbent assay (ELISA) kits
were purchased from MEIMIAN (MM-0181H2 (human kit for IL-13), MM-0040M1 (mouse kit for IL-1f3),
MM-0139H2 (human kit for IL-18), MM-0169M1 (mouse kit for IL-18), MM-0122H2 (human kit for TNF-«),
MM-0132M2 (mouse kit for TNF-«), Jiangsu, China). The culture medium of HepG2 cells in each group was
collected, and the supernatant was collected after centrifugation (1000x g, 4°C) for 5 min. 0.1 g of mouse
liver was homogenized in 0.9 mL PBS and thoroughly ground on ice, and the supernatant was taken after
centrifugation (3000x g, 4°C) for 10 min. The experimental procedure was strictly followed according to
the ELISA kit instructions. The standard curve was obtained by taking the standard concentration as the
abscissa and the OD value as the ordinate, and the sample concentrations were calculated by taking the OD
value of each group.

2.12 Detection of Reactive Oxygen Species (ROS) Content

HepG2 cells from each treatment group were incubated with 1 mL of pre-diluted 2,7-dichlorofluorescein
diacetate (DCFH-DA, S1105S, Beyotime) probe solution (final concentration 10 pmol/L) to fully cover the
cells. Cells were incubated for 30 min in the dark. At the same time, frozen liver sections were immersed in
diluted DCFH-DA working solution and incubated under the same conditions. Cells were then washed
thoroughly with PBS to remove the extracellular probe. Images were analyzed by Image] software, and the
relative fluorescence intensity of ROS was calculated to evaluate the level of ROS.

2.13 TUNEL Assay

Apoptosis was detected using a TUNEL assay kit (G1501, Servicebio, Wuhan, China). Liver tissue
sections were dewaxed, treated with proteinase K solution, and permeabilized with membrane-breaking
solution. Reagent 1 (TdT), reagent 2 (FITC-12-dUTP), and equilibrium buffer were mixed at a ratio of 2:5:50
and incubated with the sections for 1 h at 37°C. 1 pg/mL DAPI working solution was added, and samples
were incubated in the dark for 8 min. Then, the sections were sealed with an anti-fluorescence quencher,
and the staining results were observed with a fluorescence microscope (Nikon Eclipse C1, Nikon, Tokyo,

Japan). Nuclei appeared blue with DAPI staining, while apoptotic cells showed green fluorescence due to
FITC labeling.
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2.14 Ultrasonic Shear Wave Elastography

Liver stiffness was measured by a liver shear wave quantitative ultrasound diagnostic instrument
(FibroScan 502, Echosens, Paris, France). Of note, this device is originally designed for clinical use in
humans, and its application in mice is exploratory without a well-established standardized protocol. Mice
were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal injection) and placed in the supine
position on a heated platform (37°C). The abdomen was shaved, and ultrasound coupling gel was applied to
the skin. The M-type probe (3.5 MHz) was placed on the right upper abdomen over the liver area. For each
mouse, 10 consecutive valid measurements were acquired. Measurements with a success rate > 60% and an
interquartile range (IQR)/median stiffness ratio < 30% were considered valid, and the median liver stiffness
value was calculated for each mouse.

2.15 Immunofluorescence

HepG2 cells and mouse liver were fixed with 4% paraformaldehyde and blocked with 10% goat serum
for 30 min. Alpha smooth muscle actin («-SMA, BF9212, 1:200, Affinity, Jiangsu, China), Collagen IIT (Col-1I,
AF5457, 1:500, Affinity), NF-«B p65 (p65, AF5006, 1:200, Affinity), NLRP3 (DF7438, 1:500, Affinity) antibodies
were added and incubated overnight at 4°C. After that, fluorescent antibody IgG (Goat Anti-Rabbit IgG
H&L, ab150077, 1:500, Abcam, Cambridge, UK) was added and incubated for 2 h. Finally, 1 ug/mL DAPI
staining solution was added for nuclear staining. The slides were dried and sealed with an anti-fluorescence
quencher. Finally, the slides were observed under a fluorescence microscope, and the images were collected.

2.16 Western Blot (WB)

Mouse liver tissue was quickly thawed, and HepG2 cells were collected. RIPA lysis buffer (G2002,
Servicebio) containing a protease inhibitor was added for homogenization. After lysis and centrifugation,
the supernatant containing total protein was collected. Protein concentrations were quantified using BCA
assay kits (G2026, Servicebio), and equal amounts of protein were prepared for analysis. Samples were
denatured, resolved by SDS-PAGE, and transferred to PVDF membranes at constant current (250 mA) for
60 min at 4°C. The membranes were blocked with 5% skim milk in TBST for 90 min, then incubated overnight
at 4°C with gentle shaking with primary antibodies (Table 2). Membranes were washed three times with
TBST and incubated with HRP-conjugated Goat Anti-Rabbit IgG (H + L) (ab205718, 1:50,000, Abcam) for
rabbit-derived primary antibodies, or HRP-conjugated Goat Anti-Mouse IgG (H + L) (ab6789, 1:10,000, Abcam)
for mouse-derived primary antibodies for 2 h at room temperature. Enhanced chemiluminescence (ECL)
substrate (G2161, Servicebio) was applied, and protein bands were visualized using a ChemiDoc XRS+ imaging
system (Bio-Rad, Hercules, CA, USA). Band intensities were quantified by densitometry.

2.17 Statistical Analysis

Statistical analysis was conducted using SPSS version 27.0 (IBM Corp., Armonk, NY, USA). Normality of
data distribution was assessed using the Shapiro-Wilk test, and homogeneity of variances was evaluated using
Levene’s test. All data met the assumptions of normality and homogeneity of variance before parametric
analysis. For in vitro experiments, each independent experiment was repeated six times (biological replicates,
n = 6), and each treatment group within an experiment contained three technical replicates. For in vivo
experiments, n represents the number of mice per group (n = 9). One-way ANOVA was utilized, followed
by Dunnett’s post hoc test for group comparisons. Data for each group were presented as mean =+ standard
deviation, with p < 0.05 deemed statistically significant.
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Table 2: The primary antibodies used for the Western blot.

Protein Name Dilution Ratio  Catalog Number Producer
®-SMA 1: 1000 BF9212 Affinity
Col-1II 1: 2000 AF5457 Affinity
Fibronectin 1: 1000 AF5335 Affinity
P65 1: 2000 AF5006 Affinity
NLRP3 1: 2000 DF7438 Affinity
p-p65 1: 2000 AF2006 Affinity
IkBx 1: 2000 AF6239 Affinity
p-IkBx 1: 2000 AF2002 Affinity
Sterol regulatory element-binding protein-1c (SREBP-1c) 1: 2000 AF6283 Affinity
Fatty acid synthase (FASN) 1: 2000 DF6106 Affinity
Cluster of differentiation 36 (CD36) 1: 1000 ab252923 Abcam
Carnitine palmitoyltransferase 1A (CPT1A) 1: 1000 ab128568 Abcam
apoptosis-associated speck-like protein containing CARD (ASC) 1: 1000 ab309497 Abcam
F-GSDMD 1: 1000 ab219800 Abcam
N-GSDMD 1: 1000 ab215203 Abcam
Caspase-3 1: 1000 ab13585 Abcam
Caspase-1 1: 2000 DF6148 Affinity
Cl-Caspase-3 1: 2000 AF7022 Affinity
Cl-Caspase-1 1: 2000 AF4005 Affinity
B-cell lymphoma 2 (Bcl-2) 1: 2000 AF6139 Affinity
Bcl-2-associated X protein (Bax) 1: 3000 AF0120 Abcam
GAPDH 1: 50000 AF0911 Affinity

3 Results
3.1 Ori Treatment Alleviated FFA-Induced HepG2 Cell Injury

HepG2 cells share homology with primary human hepatocytes and exhibit similar metabolic
phenotypes, making them a widely used model for studying energy metabolism and drug effects. Prior
studies confirm that FFA induces steatosis in HepG2 cells, comparable to fatty liver hepatocytes [28]; thus,
this strategy was used here to construct an FFA-induced liver injury model. HepG2 cells were exposed to
FFA (0-2 mM) for 24 h. MTT results showed that 0.5, 1, 1.5, and 2 mM FFA significantly reduced cell viability,
and the cell viability of 1, 1.5, and 2 mM FFA groups was not significantly different (Fig. 1A). Balancing
modeling efficiency and cell condition, 1 mM FFA was selected as the induction concentration. The cells
were co-cultured with 1 mM FFA and different concentrations of Ori (0-20 uM). Ori reversed the decrease
in HepG2 cell viability induced by FFA (Fig. 1B), and 2.5 uM (Ori-L), 5 uM (Ori-M), and 10 pM (Ori-H)
were selected as the low, medium, and high dose groups for subsequent experiments. FFA significantly
reduced the viability of HepGz2 cells, while it was significantly increased after Ori treatment (Fig. 1C).
After FFA induction, the LDH release rate was significantly enhanced (Fig. 1D), the number of green living
cells in Calcein AM/PI staining was markedly reduced, and the number of red dead cells was significantly
raised (Fig. 1E,F), and the apoptosis rate in flow cytometry was also significantly increased (Fig. 1G,H). The
expression levels of Bax and Cl-Caspase-3 proteins were markedly enhanced, and the level of Bcl-2 protein
was notably lessened (Fig. 1I-L), indicating that FFA successfully induced the injury and apoptosis of liver
cells. After Ori treatment, the above indices were significantly reversed (Fig. 1D-L). Ori effectively reduced
FFA-induced HepGz2 cell damage.
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Figure 1: Ori treatment alleviated FFA-induced HepG2 cell injury. (A) HepG2 cells were exposed to FFA for
24 h. The viability of HepG2 cells was detected through the MTT experiment. (B) HepG2 cells were co-cultured with
1 mM FFA and different concentrations of Ori for 24 h. The viability of HepG2 cells was assessed by the MTT experiment.
(C) HepG2 cells were exposed to FFA and Ori. The MTT assay assessed the viability of HepG2 cells. (D) The LDH release
rate of HepG2 cells was detected using a kit. (E,F) Calcein AM/PI staining detected cell death (x40, 50 pm). (G,H) Flow
cytometry assessed the apoptosis rate. (I-L) WB detected the expression levels of apoptosis proteins Bcl-2, Bax, and
Cl-Caspase-3. n = 6, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

3.2 Ori Treatment Alleviated FFA-Induced Lipid Accumulation

Excessive intracellular lipid accumulation impairs cell function. Oil Red O staining revealed increased
orange lipid droplets and deposition in FFA-treated HepG2 cells, which were significantly reduced following
Ori intervention (Fig. 2A,B). To elucidate the lipid-lowering and antioxidant effects of Ori, we measured
key lipid components and oxidative stress markers. Quantitative analysis showed that FFA significantly
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elevated the levels of TG, TC, and MDA while suppressing the activity of SOD; Ori treatment reversed these
changes in a dose-dependent manner, boosting SOD and lowering TG, TC, and MDA (Fig. 2C-F). Bodipy
staining further confirmed these findings: FFA markedly enhanced green fluorescence indicative of neutral
lipid accumulation, which Ori attenuated (Fig. 2G,H). Subsequently, we further examined the expression of
lipid metabolism-related proteins. WB results showed that FFA treatment significantly up-regulated the
expression of lipid synthesis key proteins SREBP-1c and FASN, up-regulated the expression of fatty acid
transporter CD36, and down-regulated the expression of fatty acid oxidation key protein CPT1A. After
Ori intervention, the protein levels of SREBP-1c, FASN, and CD36 decreased in a concentration-dependent
manner, and the expression of CPT1A increased significantly (Fig. 2I-M). The above results suggested that
Ori might attenuate FFA-induced lipid deposition in HepG2 cells. Hepatocyte damage was further assessed
via ALT and AST levels—established biomarkers released extracellularly upon injury [29]. Both enzymes
increased significantly post-FFA induction but decreased markedly with Ori treatment (Fig. 2N,O). Thus,
Ori effectively alleviated FFA-induced lipid accumulation, oxidative damage, and liver cell damage.
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Figure 2: Ori treatment alleviated FFA-induced lipid accumulation. (A,B): Oil red O staining of HepG2 cells
representative images and histograms (x20, 100 pm). (C-F): The levels of lipid compositions (TG and TC) and oxidative
stress indicators (SOD and MDA) were detected by the kits. (G,H): Bodipy fluorescence staining of HepG2 cells
representative images and quantitative analysis (x40, 50 pm). (I-M): WB was used to detect the expression levels of lipid
metabolism-related proteins SREBP-1c, FASN, CPT1A, and CD36. (N,0): The contents of ALT and AST were detected
by the kit, which were significantly decreased after Ori treatment. n = 6, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

3.3 Ori Treatment Alleviated FFA-Induced Inflammation and Pyroptosis in HepG2 Cells

The uncontrolled inflammatory response and abnormal activation of pyroptosis are the core pathological
mechanisms of NASH [30,31]. After FFA induction, the DCFH-DA fluorescence intensity of HepG2 cells was
notably enhanced, and the ROS level was markedly raised, while Ori reduced the ROS level (Fig. 3A,B).
The results of ELISA showed that the contents of IL-18, IL-13, and TNF-o¢ were markedly increased
after FFA stimulation. Ori intervention effectively inhibited the release of these inflammatory factors
(Fig. 3C-E). Pyroptosis was accompanied by the destruction of cell membrane integrity. PI/Hoechst 33342
immunofluorescence staining showed that a large number of PI red-positive cells appeared in the FFA group.
Ori significantly reduced PI-positive cells (Fig. 3F,G), indicating that Ori could protect cell membrane integrity
and reduce FFA-induced cell death. The specific detection of pyroptosis further confirmed that the proportion
of Caspase-1" cells was markedly enhanced after FFA induction, while Ori treatment significantly reduced
the proportion of Caspase-1" pyroptosis cells (Fig. 3H,I). Consistent with the WB results, FFA promoted
the activation of pyroptosis execution protein GSDMD (increased N-GSDMD expression) and Caspase-1
(increased Cl-Caspase-1 expression). Ori treatment inhibited the production of N-GSDMD and CI-Caspase-1
(Fig. 3J-L). In conclusion, Ori could effectively alleviate FFA-induced hepatocyte inflammation and pyroptosis.
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Figure 3: Ori treatment alleviated FFA-induced inflammation and pyroptosis. (A,B) DCFH-DA fluorescence
staining was used to evaluate ROS levels (x20, 100 um). (C-E): The contents of IL-18, IL-1f3, and TNF-« were detected
using ELISA. (F,G): PI/Hoechst 33342 immunofluorescence staining representative images and quantitative analysis
(x40, 50 pm). (HLI) The proportion of Caspase-1* pyroptosis cells was assessed through flow cytometry. (J-L) The
expression of the pyroptosis proteins N-GSDMD, F-GSDMD, Cl-Caspase-1, and Caspase-1 was assessed through WB.
n=6,nsp>0.05 *p<0.05 **p< 001, **p < 0.001.

3.4 Ori Treatment Ameliorated FFA-Induced Upregulation of Fibrosis-Related Markers in HepG2 Cells

We therefore examined the effect of Ori on the expression of fibrosis-related markers in FFA-treated
HepG2 cells. Immunofluorescence revealed significantly enhanced a-SMA and Col-III fluorescence intensity
in FFA-treated HepG2 cells. Ori treatment dose-dependently reduced «-SMA and Col-III fluorescence
(Fig. 4A-D). WB results further confirmed that FFA stimulation significantly up-regulated the expression
of fibrosis key proteins «-SMA, Col-1II, and Fibronectin, while Ori intervention effectively reversed this
abnormal up-regulation trend, and the inhibitory effect of the high-dose group on fibrosis-related proteins
was particularly significant (Fig. 4E-H). Scratch assay further demonstrated that FFA treatment enhanced
the migration rate of HepG2 cells, while Ori markedly inhibited this migration ability in a dose-dependent
manner (Fig. 41]). To confirm that the Ori concentrations used in the scratch assay were non-cytotoxic
over the 24-48 h observation period, MTT assays were performed. Ori treatment did not compromise cell
viability; instead, it significantly increased cell viability at both 24 h and 48 h (Fig. A1B,C). These results
supported that the effects observed in the scratch assay reflected genuine regulation of cell migration
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by Ori rather than off-target cytotoxicity. In conclusion, Ori could effectively inhibit fibrosis-related
proteins and reduce hepatocyte migration activity. It should be noted that these observations are limited to
cell-based molecular marker expression and migratory behavior; no direct evidence of fibrosis phenotype
was demonstrated in this in vitro setting.

A Control

FFA+Ori-L

FFA+Ori-M FFA+Ori-H an

o
o

10 s

Relative mean intensity
of a-SMA

< &‘o Q:d\ 0‘&0‘&
& Q"‘vQ«v
C Control FFA FFA+Ori-L  FFA+Ori-M  FFA+Ori-H D
> by T
E_°
X
s
o ©
2 2
g
g o
0\50 QQVO(\ <\‘§°¢
[¢)
FELE
E & F G
% N ' . o
o\ > Vo‘ & N S v g P
& v & 8| .= 2
& & & &« f. £
> x
a-SMA | es o wm 42 KD <, =,
7] -]
Col-lll - e = 138KD 3 S
Fibronectin — e e w170 KD §° g“
X o
GADPH el SNED Sw = sw 36 KD SLERER & ER g
- [¢)

& QQY' ‘(Q?'

0° ¥
&&& &

J

I

FA+Ori-M FFA+Ori-H

ok
T

= Control == FFA FFA+Ori-L

47 aex X

=3 FFA+Ori-M 3 FFA+Ori-H

rk

N
S

©
3

Relative Fibronectin expression
™
@
8

Scratch closure rate (%)
P
3

o" QQ 0‘\ ‘\éd\&
v
& QQY QQY

°

Figure 4: Ori treatment ameliorated FFA-induced upregulation of fibrosis-related markers in HepG2 cells.
(A-D): Immunofluorescence assessment of x-SMA and Col-III levels (x40, 50 wm). (E-H) WB detected the expression
levels of «-SMA, Col-III, and Fibronectin proteins. (IJ) The cell migration rate was detected by scratch healing assay
(x10, 200 wm). n = 6, **p < 0.01, ***p < 0.001.

3.5 Ori Inhibited the Expressions of NF-k B and NLRP3 and Alleviated FFA-Induced HepG2 Cell Injury

The NF-kB/NLRP3 axis represents a central pathway mediating pyroptosis and inflammatory responses.
To further elucidate the mechanisms by which Ori ameliorates FFA-induced HepG2 cell injury, we specifically
examined the activation of the NF-kB/NLRP3 axis. Immunofluorescence results showed that FFA induction
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significantly promoted the nuclear translocation of the p65 subunit and enhanced the fluorescence intensity
of NLRP3 (Fig. 5A-D). Ori treatment inhibited the nuclear translocation of p65 and the fluorescence intensity
of NLRP3. WB experiments further confirmed that FFA induction could significantly increase the expression
levels of NF-kB activation markers p-p65, p-IkBa, and NLRP3 inflammasome-related proteins NLRP3
and ASC (Fig. 5E-I). Ori intervention effectively reversed the abnormal activation of these key proteins,
indicating that Ori could simultaneously inhibit NF-«B and NLRP3 activation.

To validate this mechanism, LPS/ATP was used to robustly activate NLRP3, partially reversing the
protective effects of Ori against FFA-induced damage. Compared to Control and FFA + Ori-H groups,
LPS/ATP treatment markedly increased PI-positive (red) cells in PI/Hoechst 33342 immunofluorescence
staining (Fig. 6A,B) and reactivated the NF-«kB/NLRP3 pathway (Fig. 6C-G), while significantly reducing the
viability of HepG2 cells (Fig. 6H). Notably, LPS/ATP had no significant effect on the number of intracellular
lipid droplets and orange-red positive area in oil red O staining (Fig. 61]), suggesting that Ori’s regulation of
lipid metabolism may be independent of the NF-kB/NLRP3 axis. Additionally, LPS/ATP notably promoted
the release of IL-18, IL-1f3, and TNF-« (Fig. 6K-M) and increased the expression of x-SMA, Col-1II, and
Fibronectin (Fig. 6N—-Q), which further confirmed that activating the NF-kB/NLRP3 axis was associated
with inflammation and fibrosis processes. The results showed that Ori alleviated FFA-induced hepatocyte
pyroptosis, inflammation, and fibrosis via suppressing the NF-kB/NLRP3 signaling.
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Figure 6: Ori inhibited the expressions of NF-kB and NLRP3 and alleviated FFA-induced HepG2 cell injury.
(A,B): PI/Hoechst 33342 immunofluorescence staining representative images and quantitative analysis (x40, 50 pm).
(C-G): WB detected the expression levels of the NF-kB/NLRP3 signaling pathway marker proteins p65, p-p65, IkB«x,
p-IkBa, NLRP3, and ASC. (H) The MTT assay detected the viability of HepG2 cells. (L) Oil red O staining representative
images and histograms (x20, 100 pm). (K—-M) The contents of IL-18, IL-13, and TNF-o were detected using ELISA. (N-Q) WB
detected the levels of a-SMA, Col-III, and Fibronectin proteins. n = 6, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

3.6 Ori Alleviated Liver Injury and Steatosis in NASH Mice

Given Ori’s ability to ameliorate FFA-induced HepG2 cell injury in vitro, we next evaluated its
therapeutic efficacy in MCD diet-induced NASH mice (in vivo). The NASH model was established via MCD
feeding, with Ori administered by daily intraperitoneal injection for 4 weeks. The specific experimental
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procedure was shown in Fig. 7A. Macroscopic observation showed that the liver surface of normal mice was
smooth, dark red in color, soft and elastic in texture, and the edge of the liver lobe was sharp. The liver volume
of NASH mice increased, and the color became lighter, showing typical lesion characteristics. The liver color
was slightly red, and the liver lesions were relieved to a certain extent in each dose group of Ori (Fig. 7B).
The hepatic lobules of normal mice were intact, the hepatocytes were arranged neatly, and the liver plates
were radially arranged with the central vein as the center, without obvious pathological changes. NASH
mice showed extensive hepatocyte vacuolar degeneration, hepatocyte necrosis around the central vein
and portal area, infiltration of inflammatory cells between lobules, destruction of hepatic lobule structure,
balloon-like degeneration of more hepatocytes, and a significant increase in scores. Ori significantly reduced
the degree of inflammatory cell infiltration and hepatocyte ballooning in the lobules and significantly
reduced the HE staining score (Fig. 7C,D). No stained lipid droplets were observed in the liver tissue of
normal mice. The orange-red lipid droplets in NASH mice increased significantly, and the lipid droplets
were diffusely and granularly accumulated, fused into sheets, and the orange-red lipid deposition area
increased significantly. Ori markedly reduced lipid droplets and orange lipid deposition area in hepatocytes,
and the volume of lipid droplets was relatively small (Fig. 7E,F). The results of biochemical indicators were
consistent with the pathological features. MCD diet feeding resulted in significant body weight loss and a
reduction in absolute liver weight, consistent with the well-documented metabolic characteristics of the
MCD-induced NASH model. Despite the decrease in absolute liver weight, the liver index was markedly
elevated due to a proportionally greater reduction in body weight. Following Ori treatment, body weight
was partially restored, while absolute liver weight showed no significant change compared to the MCD
group. Consequently, the liver index was significantly reduced (Fig. 7G-I). Bodipy fluorescence staining
found that green fluorescence intensity in liver tissue was markedly enhanced (Fig. 7].K). The contents of
TG and TC were significantly increased (Fig. 7L,M); the levels of lipid metabolism-related proteins SREBP-1c,
FASN, and CD36 were significantly increased, the expression of CPT1A protein was significantly decreased
(Fig. 7N-R), and the contents of AST and ALT were also markedly enhanced (Fig. 7S,T), indicating that the
MCD diet successfully induced liver damage and abnormal lipid deposition in mice. After the Ori treatment,
the above abnormal indicators were significantly alleviated, and the degree of lipid deposition and liver
injury was reduced. These results indicated that Ori might partially alleviate MCD-induced liver steatosis
and injury in the NASH.
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Figure 7: Ori alleviated liver injury and steatosis. (A): Flow chart of NASH mouse model construction. (B): The
representative image of the macroscopic morphology of the mouse liver. (C,D) HE staining of the liver representative
images and scoring statistics (x20, 100 um). (E,F) Liver oil red O staining represents the images and histograms (x40,
50 um). (G-I) The body weight curve, absolute liver weight, and liver index of mice in each group were measured.
(J.K): Liver Bodipy fluorescence staining represents the image and quantitative analysis (x40, 50 um). (L,M) The
contents of TG and TC were measured by the kits. (N-R) WB was used to detect the expression levels of lipid
metabolism-related proteins SREBP-1c, FASN, CPT1A, and CD36 in liver tissue. (S,T) The contents of ALT and AST
were detected by the kits. n = 9, ns p > 0.05, **p < 0.01, ***p < 0.001.

3.7 Ori Alleviated Oxidative Stress, Inflammation, Pyroptosis, and Fibrosis in the Liver Cells of
NASH Mice

The detection of oxidative stress and inflammation markers showed that the activity of SOD of NASH
mice was markedly decreased, while the content of MDA was significantly increased (Fig. 8A,B), and
inflammatory factors were notably up-regulated (Fig. 8C-E). DCFH-DA fluorescence staining further
confirmed that the ROS level of NASH mice was significantly increased (Fig. 8F,G). This suggested that liver
inflammation and oxidative damage were serious, and oxidative stress and inflammatory response were
synergistically activated. TUNEL staining revealed a remarkable increase in the number of TUNEL" cells
of NASH mice, suggesting an increase in cell apoptosis (Fig. 8H.I). Further histological analysis showed
that blue collagen fibers proliferated in the lobules and around the portal area of NASH mice, and the area
of collagen deposition increased significantly (Fig. 8],K). The Fibroscan test showed that liver stiffness
increased significantly (Fig. 8L), consistent with the aggravated liver fibrosis indicated by histological and
protein analyses. Immunofluorescence revealed that the fluorescence intensities of x-SMA and Col-III
were significantly enhanced (Fig. S8M-P). WB also found that the expression levels of N-GSDMD and
Cl-Caspase-1 proteins in NASH mice increased, and the levels of fibrosis markers «-SMA, Col-III, and
Fibronectin proteins also increased significantly (Fig. 8Q-V). These findings confirmed pyroptosis activation
and fibrosis progression. Intervention with different Ori doses significantly alleviated the aforementioned
pathological indices. These results fully demonstrated that Ori effectively alleviated liver oxidative damage,

inflammatory response, pyroptosis, and fibrosis in NASH mice.
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Figure 8: Ori alleviated oxidative stress, inflammation, pyroptosis, and fibrosis in the liver cells of NASH
mice. (A,B) The oxidative stress indices SOD and MDA were detected by the kits. (C—E): The contents of IL-18,
IL-1f3, and TNF-& were detected using ELISA. (F,G): DCFH-DA fluorescence staining assessed the levels of ROS (x40,
50 pm). (H,I) TUNEL staining detected apoptosis in liver tissue (x40, 50 pm). (J.K): Liver Masson staining representative
images and collagen area statistics (x20, 100 pm). (L) Liver stiffness was measured by the FibroScan instrument.
(M-P): Immunofluorescence assessment of the levels of liver «-SMA and Col-III (x40, 50 um). (Q—-V): The expression
levels of pyroptosis (N-GSDMD, F-GSDMD, Cl-Caspase-1, and Caspase-1) and fibrotic («-SMA, Col-III, and Fibronectin)
proteins were detected by WB. n = 9, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

3.8 Ori Attenuates NASH Injury by Inhibiting the NF-x B/NLRP3 Pathway

The nuclear translocation of the p65 subunit and the fluorescence intensity of NLRP3 were also detected
in the liver of NASH mice (Fig. 9A-D). Ori inhibited the nuclear translocation of p65 and the fluorescence
intensity of NLRP3, indicating that Ori also suppressed the NF-kB/NLRP3 pathway in vivo. The expression
levels of p-p65, p-IkBx, NLRP3, and ASC proteins were also significantly increased in NASH mice and
significantly decreased after Ori intervention (Fig. 9E-I). In summary, Ori could inhibit the NF-«kB/NLRP3
signaling and alleviate NASH injury.
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Figure 9: Ori attenuated NASH injury via suppressing the NF-kB/NLRP3 pathway. (A-D): The nuclear
translocation of p65 and the level of NLRP3 were detected by immunofluorescence (x40, 50 um). (E-I) WB was used
to detect the expression levels of the NF-kB/NLRP3 marker proteins p65, p-p65, IkBe, p-IkBa, NLRP3, and ASC.n =9,
*p < 0.05, **p < 0.01, ***p < 0.001.

4 Discussion

The pathological process of NASH involves the dynamic imbalance of lipid metabolism disorders, oxidation,
inflammation, pyroptosis, and fibrosis. Among them, NLRP3-mediated pyroptosis is a key node connecting
inflammation and liver injury [6,14,32]. This study systematically confirmed that Ori can significantly attenuate
hepatocyte injury, lipid accumulation, inflammatory response, and fibrosis in NASH. Its core mechanism is
associated with inhibiting the NF-«B/NLRP3 axis and the mediated pyroptosis, which provides experimental
support for its clinical transformation.

Abnormal lipid accumulation in liver tissue is a typical feature of the early stage of NASH. Widespread
lipid deposition can further lead to excessive liver inflammation, induce liver fibrosis, and even cirrhosis.
Modulating hepatic lipid metabolism represents a key strategy for ameliorating NASH-associated lipid
accumulation and indirectly mitigating inflammation-induced hepatocyte damage [33]. TC and TG are
components of blood lipids and important indicators of lipid metabolism [34]. At the same time, it has
been reported that oxidation is a vital driver of lipid metabolism disorders. Oxidative stress promotes ROS
overproduction, triggering lipid peroxidation and thereby exacerbating lipid metabolism disorders [35,36].
As a core biomarker of lipid peroxidation, the increase in MDA level directly reflects the degree of oxidative
stress, and it is also positively correlated with the severity of NAFLD [36,37]. First, we observed that Ori
treatment significantly increased cell viability, reduced LDH release, and inhibited apoptosis, indicating
that Ori has a direct protective effect on hepatocytes. In addition, in vitro experiments showed that Ori
reduced lipid droplet accumulation and the content of TG and TC, which was highly consistent with the
intervention needs of early lipid metabolism disorders in NASH. At the same time, Ori can reduce the
levels of ROS and MDA, restore SOD activity, and alleviate oxidative stress injury. Oxidative stress is a
classic cause of NLRP3 inflammasome activation [38,39]; its inhibition may block pyroptosis initiation from
upstream. Histopathological evaluation of MCD-fed mice is the gold standard for assessing NASH-related
liver injury. In vivo experiments showed that Ori not only significantly reduced serum ALT and AST activity
and liver hardness values but also improved pathological parameters, as assessed by HE staining and Oil
Red O staining. The results showed that the ballooning degeneration, inflammatory infiltration, and lipid
accumulation of hepatocytes were alleviated in a dose-dependent manner after Ori intervention, and the
remission trend of histological damage was highly consistent with the downward trend of biochemical
indexes such as ALT, AST, and liver hardness. This good ‘biochemical-pathological’ correspondence
provides sufficient evidence for Ori to reverse NASH-related pathological damage, suggesting that the
improvement of biochemical indicators does reflect substantial histological repair.
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Inflammatory response is an important part of the development of NASH. Pro-inflammatory cytokines can
activate liver cells, thereby promoting collagen deposition and ultimately leading to fiber formation [40]. Liver
fibrosis is a key histopathological characteristic of patients with NASH, indicating significant and advancing
liver damage in these individuals [41]. Ori could significantly reduce x-SMA and Col-III protein levels in
HepG2 cells and the liver of NASH mice, and Ori also inhibited the proliferation of collagen fibers and the
increase in liver hardness in liver tissue, suggesting that Ori may alleviate NASH by reducing liver fibrosis.

NASH is characterized by hepatic inflammatory responses. Certain inflammatory cytokines act directly
on liver tissue to trigger local inflammation, thereby promoting hepatocyte apoptosis and liver fibrosis [42].
TNF-« is produced by immune cells such as macrophages, which can directly promote lipid increase,
accelerate other inflammatory factor release, and ultimately cause liver tissue damage [43]. Pyroptosis
is a form of cell death that amplifies inflammation. Pyroptosis is associated with NASH occurrence [31].
Pyroptosis is defined by the creation of pores in the cell membrane and the secretion of IL-1(3 and IL-18,
which intensifies the inflammation [12,42]. Inhibition of hepatocyte pyroptosis can effectively reduce liver
fat deposition and alleviate liver inflammation [44]. Our data showed similar results. Ori significantly
reduced inflammatory factor levels, reduced FFA and MCD feed-induced Caspase-1 activation, N-GSDMD
production, and pyroptosis key indicators, PI positive cell rate, and Caspase-1 positive cell rate. These
results indicate that inhibiting hepatocyte pyroptosis and reducing inflammatory injury are important ways
for Ori to alleviate NASH liver injury.

The activation of NLRP3 is an inflammatory link in the NASH process. After activation of NLRP3,
Caspase-1 and GSDMD are further activated, leading to the formation of N-GSDMD, which inserts into
the cell membrane, disrupting its integrity. Meanwhile, it can activate inflammatory factors IL-1(3 and
IL-18, forming an amplified inflammation to accelerate NASH occurrence [45]. NF-kB is an important
pathway engaged in inflammation, which can promote the expression of inflammatory factors and cause a
series of inflammatory reactions. The NF-kB pathway is associated with NASH pathogenesis. Suppressing
NF-kB effectively alleviates the production of inflammatory factors in mouse hepatocytes [46]. Studies
have shown that hyperuricemia can induce NLRP3/Caspase-1/GSDMD-mediated pyroptosis in the liver
of mice, thereby aggravating the inflammatory response of NASH [47]. Piperine can reduce NASH
by inhibiting NF-kB-mediated hepatocyte pyroptosis, reducing NLRP3, Caspase-1, ASC, and GSDMD
expressions, and reducing IL-13 and LDH contents [48]. Kinsenoside can inhibit the NF-kB/NLRP3 axis
to alleviate inflammation and fibrosis in NASH mice [49]. In this study, FFA induction and MCD diet
intervention significantly promoted p65 nuclear translocation, p-IkBa phosphorylation, and up-regulated
NLRP3, ASC, and IL-1f3 expressions, confirming that the NF-kB/NLRP3 axis was continuously activated in
the NASH model. Ori inhibited the NF-kB/NLRP3 axis. More importantly, the callback experiment confirmed
that the reactivation of the NF-kB/NLRP3 axis by the exogenous agonist LPS/ATP could significantly reverse
the protective effect of Ori on pyroptosis and liver injury, thus verifying that the NF-«kB/NLRP3 axis was
the core target for Ori to exert its effect.

Notably, this study observed that Ori significantly reduced ROS levels in FFA-induced HepG2 cells and
MCD diet-induced mouse livers, while reducing lipid peroxidation product MDA content and restoring
antioxidant enzyme SOD activity. This result suggests that in addition to the clarified inhibition of the
NF-kB/NLRP3 inflammasome pathway, Ori may also exert a direct antioxidant effect through a pathway
independent of the inflammasome. Oxidative stress is not only a classic upstream cause of NLRP3
inflammasome activation but also an independent driver of hepatocyte injury and lipid metabolism disorders.
Therefore, the dual mechanism of Ori, that is, direct scavenging of ROS/enhancing antioxidant defense
system and indirect inhibition of inflammasome activation, may synergistically exert hepatoprotective
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effects. It should be noted that this study has not yet systematically elucidated the specific molecular
mechanism of Ori’s direct antioxidant effect. Existing studies have shown that natural terpenoids often
enhance endogenous antioxidant capacity by regulating the nuclear factor E2-related factor 2 (Nrf2)/heme
oxygenase-1 (HO-1) pathway [50,51]. Based on this, we speculate that Ori may reduce oxidative stress
injury by activating the Nrf2/HO-1 signaling axis and up-regulating the expression of antioxidant enzymes
such as SOD. Nevertheless, our study has not directly tested this pathway, and the observed effects on
oxidative stress markers could also be secondary to the overall improvement in cellular health. Therefore,
the possibility of a direct antioxidant effect should be considered preliminary and requires dedicated future
investigation. Subsequent studies will verify this hypothesis by the following experiments: detecting
the effect of Ori on the activation of the Nrf2/HO-1 pathway; using Nrf2 inhibitors or gene knockdown
techniques to verify whether the antioxidant effect of Ori is dependent on Nrf2. The above research will
help to elucidate the dual protection mechanism of Ori’s ‘anti-inflammatory + anti-oxidation’ and provide
more comprehensive theoretical support for its clinical transformation.

Comparing Ori in a broader NASH therapeutic drug pattern will help to more clearly assess its clinical
transformation potential. In recent years, a variety of inhibitors targeting the NLRP3 inflammasome
pathway have shown therapeutic potential in NASH models. MCC950 (a selective NLRP3 inhibitor) can
effectively improve liver inflammation and fibrosis induced by MCD diet [52]; CY-09 (NLRP3-specific
inhibitor) attenuates NAFLD-related metabolic disorders by blocking NLRP3 ATPase activity [53]. In
clinical research, FGF21 analogue Pegozafermin has shown a good anti-fibrotic effect in phase IIb clinical
trials and can effectively alleviate NASH [54]. GLP-1 receptor agonist Semaglutide also showed significant
efficacy in phase III clinical trials: at 72 weeks, 62.9% of patients achieved steatohepatitis remission without
fibrosis deterioration, and 36.8% of patients achieved fibrosis improvement [55]. In addition, the thyroid
hormone receptor-f3 agonist Resmetirom has been approved by the FDA for the treatment of NASH with
fibrosis, which also achieved the dual primary endpoint of NASH remission and fibrosis improvement in
the phase II MAESTRO-NASH study [56].

Existing studies have shown that the pharmacokinetic characteristics of Ori in mice are as follows:
rapid absorption after intravenous injection, rapid distribution, rapid onset, and rapid elimination [57]. In
addition, the oral bioavailability of Ori is low (about 5%-10%), which limits the convenience of its clinical
application. In the future, its pharmacokinetic characteristics can be improved by structural modification
or new preparations (such as nano-delivery systems) [58,59]. However, as a candidate drug for treatment,
the long-term safety of Ori has not been confirmed by experiments, and the evaluation of chronic toxicity,
organ damage, and genetic toxicity still needs to be carried out in the follow-up research system. We will
focus on the above-mentioned experimental exploration in the follow-up study to improve the scientific
basis of Ori’s clinical transformation.

Although this study has clarified the core mechanism of Ori’s anti-NASH, there are still some limitations.
First, regarding the mechanistic depth of the NF-kB/NLRP3 pathway, the current evidence is mainly
associative rather than definitive. Although LPS/ATP stimulation can partially reverse the protective
effect of Ori, it is still necessary to specifically inhibit this pathway through genetics (such as NLRP3
or p65 siRNA/knockout) or pharmacology (such as MCC950 or BAY 11-7082) to further verify that it is
the key mediating mechanism for Ori to play a protective role. Secondly, the HepG2 single-cell model
was used for in vitro experiments. Although it can simulate the characteristics of lipid metabolism in
hepatocytes, it lacks the participation of non-parenchymal cells (hepatic stellate cells and Kupffer cells),
and it is difficult to fully reflect the complex intercellular interaction in the course of NASH. In the future,
key results can be verified in models closer to physiological state, such as primary hepatocytes and hepatic
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stellate cells. In this study, only one animal model was involved, and the efficacy of the drug can be
observed through different animal models and cell models in subsequent studies. Thirdly, regarding the
dose-effect relationship of Ori in vivo, although three dose groups of low (2 mg/kg), medium (4 mg/kg),
and high (6 mg/kg) were set up in this study, and dose-dependent protective effects were observed, it
was not clear whether there was an optimal therapeutic range or plateau effect. Subsequent studies
will further clarify the optimal therapeutic range and dose-effect characteristics of Ori in NASH mice
through more detailed dose gradient experiments, providing a more reliable pharmacological basis for
clinical transformation. Fourth, this study mainly focuses on NLRP3 inflammasome-mediated pyroptosis, but
pyroptosis is a multifaceted process. AIM2, caspase-11, and other inflammasomes or non-classical pyroptosis
pathways may also be involved in the pathogenesis of NASH [60,61]. This study did not systematically
explore the role of the above pathways, so whether the AIM2 or caspase-11 pathway is involved in the
protective effect of Ori remains to be further verified. In the future, through more comprehensive molecular
screening and functional verification, the cross-regulation mechanism of multiple pyroptosis pathways
will be systematically analyzed, which will provide a more sufficient basis for elucidating the complete
network of Ori. In addition, the long-term safety and potential off-target effects of Ori have not been fully
evaluated in this study. Ori has multi-target action characteristics, which may cause chronic toxicity to
major organs such as the liver and kidney during long-term administration, or trigger off-target effects
through non-specific target regulation. Therefore, it is of great significance to carry out systematic chronic
drug administration research, long-term toxicity evaluation (including general toxicity, genetic toxicity,
and reproductive toxicity), and off-target effect screening (such as kinase spectrum screening and safety
pharmacology research) before clinical transformation in the future.

5 Conclusion

In summary, this study demonstrated that Ori ameliorated hepatocyte pyroptosis, inflammation, and
fibrosis by suppressing the NF-kB/NLRP3 pathway, thereby improving NASH pathological injury through
multiple mechanisms. These findings provide essential theoretical and experimental support for developing
Ori as a potential novel NASH therapeutic agent. Future research should identify Ori’s direct molecular targets
and evaluate its long-term efficacy and safety across diverse NASH models to facilitate its clinical translation.

Acknowledgement: None.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: Methodology, Shumin Pan; validation, Qiangian Peng, Fengjian He; formal analysis, Yinghua Ou;
data curation, Qianqian Peng; writing—original draft preparation, Qiangian Peng; writing—review and editing, Fengjian

He; supervision, Qiangian Peng, Fengjian He; All authors reviewed and approved the final version of the manuscript.

Availability of Data and Materials: The data supporting the findings of this study can be obtained from the
corresponding author upon request.

Ethics Approval: This study was approved by the Third Affiliated Hospital of Southern Medical University Ethics
Committee (Approval No.: 202409-007).

Conflicts of Interest: The authors declare no conflicts of interest.



Biocell. 2026;50(9):12 25

Abbreviations

Ori oridonin

NASH nonalcoholic steatohepatitis

FFA free fatty acid

MCD methionine-choline-deficient

NAFLD nonalcoholic fatty liver disease

NLRP3 nucleotide-binding oligomerization domain-like receptor protein 3
Caspase-1 cysteinyl aspartate-specific proteinase-1
pro-IL-1f3 pro-inflammatory cytokine IL-1f3
pro-IL-18 pro-inflammatory cytokine IL-18
GSDMD gasdermin D

NF-«B nuclear factor-xB

LDH lactate dehydrogenase

TG triglyceride

TC total cholesterol

SOD superoxide dismutase

MDA malondialdehyde

AST aspartate aminotransferase

ALT alanine aminotransferase

TNF-o tumor necrosis factor-o

IL interleukin

ROS reactive oxygen species

Col-1II collagen III

x-SMA alpha smooth muscle actin

WB western blot

ASC apoptosis-associated speck-like protein containing CARD
Bcl-2 B-cell lymphoma 2

Bax Bcl-2-associated X protein
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Figure A1: Ori treatment increased HepGz2 cell viability at 24 h and 48 h. (A): The chemical structure of Ori.
(B,C) HepG2 cells were cultured with different concentrations of Ori for 24 h and 48 h, respectively. The viability of
HepG2 cells was assessed by the MTT experiment. n = 6, *p < 0.05, **p < 0.01, ***p < 0.001.
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