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Background and Purpose: Non-alcoholic fatty liver disease (NAFLD) is prevalent worldwide and lacks effective treatments.
Arctiin (AR), a natural product, has shown promise for NAFLD therapy, due to its antioxidant, anti-inflammatory, and inhibition
adipogenesis properties. However, its therapeutic efficacy is hindered by low water solubility, poor bioavailability, and inadequate liver
targeting. In this study, selenium-based antioxidant nanoparticles were developed to load and deliver AR to the liver for synergistic AR
and selenium effective treatment of NAFLD.

Methods: The therapeutic potential of AR was analyzed by network pharmacology. GA-MSe@AR was synthesized by encapsulating
AR within galactose-modified mesoporous selenium nanoparticles (GA-MSe) for liver-specific targeting. The nanoparticle size,
chemical structure, and elemental composition were explored. The toxicity, cellular uptake, lysosomal escape, and AR release
efficiency of GA-MSe@AR were investigated by in vitro experiments. The liver targeting ability of GA-MSe@AR was evaluated
through live imaging. The lipid-lowering and antioxidant activities of GA-MSe@AR were assessed in both in vitro and in vivo
NAFLD models. Additionally, its effects on inflammation and pancreatic function were analyzed in vivo.

Results: Network pharmacology analysis revealed AR may against NAFLD through regulating metabolism, inflammation, and
oxidative stress. GA-MSe@AR exhibited low toxicity, efficient cellular uptake, remarkable lysosomal escape ability, and high AR
release efficiency in vitro. In both in vitro and in vivo NAFLD models, GA-MSe@AR demonstrated more pronounced lipid-lowering
and antioxidant properties than AR and GA-MSe. Additionally, GA-MSe@AR effectively targeted the liver, resulting in a greater
decrease in blood glucose, lipids, ALT, AST levels, and reduction liver inflammation, as well as improved pancreatic function in high-
fat diet (HFD)-fed mice compared to AR alone.

Conclusion: The GA-specific modification enhanced liver-targeted accumulation of the selenium-based nanoparticles, enabling
precise targeted delivery of AR. GA-MSe@AR demonstrated superior lipid-lowering efficacy and antioxidant activity in a NAFLD
mice model. These findings collectively establish GA-MSe@AR as a promising therapeutic candidate for NAFLD treatment.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has become increasingly prevalent due to modern lifestyle changes, affecting
approximately 25% of the global adult population and representing the most common chronic liver disease-a major
public health concern." Treatment options remain limited, primarily due to the complex pathogenesis of the condition.
Excessive lipid accumulation in the liver is recognized as the primary driver of NAFLD development and progression.’
This lipid overload leads to the overproduction of reactive oxygen species (ROS), which causes hepatocyte damage and
liver tissue injury.* Additionally, elevated ROS levels trigger liver inflammation, further exacerbating tissue damage.’
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This inflammatory response, in turn, amplifies ROS production, creating a cycle that intensifies liver inflammation and
injury, ultimately accelerating NAFLD progression.® Thus, targeting both ROS generation and liver inflammation
concurrently presents a promising approach for the prevention and treatment of NAFLD.

In recent decades, natural products have gained significant attention as potential treatments for NAFLD, owing to
their diverse bioactivities, therapeutic potential, and relatively low side effect profiles.”* Especially arctiin (AR), the
primary active component extracted from traditional Chinese medicine Arctium lappa L., with low toxicity and few side
effects. In addition, modern pharmacological studies have shown that AR exhibited remarkable antioxidant,” anti-
inflammatory,'® metabolic regulatory,'' and immune-boosting properties.'> These properties make AR a promising
natural compound for NAFLD treatment. Network pharmacology analyses have further confirmed the therapeutic
potential of AR against NAFLD. Despite AR showing promising potential for the treatment of NAFLD, its efficacy
has not been fully evaluated due to challenges such as low water solubility, poor bioavailability and insufficient hepatic
targeting.'> Consequently, innovative strategies are needed to address these limitations to enhance the therapeutic
efficacy of AR for NAFLD, facilitating its application into clinical practice.

Nanoparticles have emerged as promising drug carriers due to their high bioavailability, substantial drug-loading
capacity, prolonged circulation time, extended half-life, and ability to deliver drugs to specific organs or lesions.'*"”
Among these, selenium-based nanoparticles (Se NPs) have demonstrated unique advantages for NAFLD treatment.'®
Selenium, the primary metabolite of Se NPs, is an essential trace element that supports human health.'” Moderate
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Scheme | Development of GA-MSe@AR nanoparticles and their therapeutic effect on non-alcoholic fatty liver disease (NAFLD).

selenium supplementation promotes the synthesis of selenium-dependent antioxidant enzymes in the liver, such as
glutathione peroxidase (GPx) and selenocysteine lyase (SCLY), thereby enhancing the antioxidant capacity of the liver
to mitigate NAFLD.?*?! Furthermore, selenium supplementation may attenuate NAFLD by improving the hepatic injury
and insulin resistance.””* Additionally, Se NPs can be synthesized under environmentally friendly conditions in aqueous
solutions at room temperature, further supporting their utility as carriers for loading AR.** Therefore, selenium-based
nanoparticles (Se NPs) are ideal drug carriers for the treatment of NAFLD, due to their antioxidant properties and
metabolic modulation capabilities. To enhance the AR loading ability of Se NPs, mesoporous selenium nanoparticles
(MSe NPs) were developed, offering enhanced drug-loading capacity.”* While MSe@AR nanoparticles exhibit high AR
loading, their liver-targeting capability remains suboptimal. To address this issue, galactose (GA) was identified as
a promising liver-targeting ligand.”> GA exhibits selectivity and high affinity binding to the asialoglycoprotein receptor
(ASGPR), a receptor that is specifically expressed on hepatocytes with minimal expression in non-hepatocytes.’® Upon
GA binds to ASGPR with high affinity, ASGPR initiates internalization via clathrin-mediated endocytosis. Thus, this
endocytosis mechanism not only enhances the bioavailability of hydrophobic drugs but also facilitates targeted drug
delivery to the liver. Therefore, by conjugating GA to the surface of MSe@AR, functionalized GA-MSe@AR nano-
particles were developed, enabling targeted delivery of AR to the liver.

In this study, the therapeutic potential of AR for NAFLD was validated. Based on this, a novel liver-targeted
functional selenium nanoparticle GA-MSe@AR was successfully developed as a therapeutic agent for NAFLD by
combining the antioxidant properties of selenium and the therapeutic effects of AR. As illustrated in Scheme 1, MSe was
prepared to enable effective loading of AR, resulting in the formulation of MSe@AR. Subsequently, galactose (GA) was
conjugated to the surface of MSe@AR to construct liver-targeted nanoparticles, GA-MSe@AR. The antioxidant and
lipid-lowering properties of GA-MSe@AR were investigated in NAFLD cells models. The liver-targeting ability of GA-
MSe@AR was investigated using a live imaging system. The effect of GA-MSe@AR in reduced hepatic steatosis,
oxidative stress, and improved pancreatic function were evaluated in a high-fat diet (HFD) mouse model.

Materials and Methods

Reagents
Cetyltrimethyl ammonium bromide (CTAB), NaOH, Na,SeOs3, L-ascorbic acid, and galactose were sourced from Sigma
Aldrich Co. (MO, USA). Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle Medium (DMEM)/high glucose
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medium were obtained from Gibco (MA, USA). Arctiin, palmitic acid (PA), and oleic acid (OA) were purchased from
Macklin (Shanghai, China). Hoechst 33342, dialysis bags, DCFH-DA, and Cell Counting Kit-8 (CCKS8) were gained
from Solarbio Technology Co., Ltd. (Beijing, China). The assay kits for aspartate aminotransferase (AST), triglycerides
(TG), alanine aminotransferase (ALT), and total cholesterol (TC) were provided by Nanjing Jiancheng Bioengineering
Research Institute (Nanjing, China). Additionally, BODIPY 493/503, LysoTracker Red, JC-1 staining kit, GSH/GSSG
assay kit, and Malondialdehyde (MDA) test kit were procured from Beyotime Biotechnology (Shanghai, China). Oil Red
O dye solution was obtained from M&C Gene Technology Ltd. (Beijing, China). For protein analysis, BCA Protein
Concentration Assay Kit, RIPA lysis buffer, phenylmethanesulfonyl fluoride (PMSF), horseradish peroxidase (HRP)-
linked secondary antibodies, anti-F4/80, anti-B-actin, anti-p-PI3K, anti-p-AKT, and anti-IGF1 were sourced from
Servicebio Biotechnology (Wuhan, China). Antibodies specific to SREBP-1¢, FAS, PPAR-y, NOX4, SOD, and CAT
were purchased from Proteintech (Wuhan, China).

Network Pharmacology
The metabolites present in Arctium lappa L. were identified using the Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP; https://old.tcmsp-e.com/tcmsp.php).>’ Compounds with drug-

likeness (DL) scores > 0.18 and oral bioavailability (OB) > 30% were selected as potential active ingredients.
Subsequently, the targets of AR were obtained from the Swiss Target Prediction database (http://www.swisstargetpredic

tion.ch/),”® ChEMBL database (https://www.ebi.ac.uk/chembl/),”® and the PharmMapper database (http://www.lilab-

ecust.cn/pharmmapper/).>° “Non-alcoholic Fatty Liver Disease” was used as a keyword to search the OMIM database

(https://www.omim),’’ GeneCards (https://www.gene-(cards.org/),*> and TTD database (http:/bidd.nus.edu.sg/group/

cjttd/)33 for NAFLD-related targets. To ensure consistency, all target names were standardized using the UniProt database
(https://www.uniprot.org/).** Shared targets between NAFLD and AR were identified using a Venn diagram generated

through the bioinformatics tool (https://bioinfogp.cnb.csic.es/). A protein-protein interaction (PPI) network was con-
structed using the STRING database (http:/string-db.org/)*> and visualized in Cytoscape version 3.10.2. Additionally,
Cytoscape was used to create a drug-target-disease network. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analyses were performed using the DAVID database (https:/david.ncifcrf.gov/)**

to explore the biological functions and pathways associated with the identified targets.

Molecular Docking

Molecular docking studies were performed to evaluate the binding affinity between AR and potential targets. X-ray
crystallographic data for the proteins were obtained from the Protein Data Bank (PDB, https://www.rcsb.org/).>” The CB-
DOCK2 (https://cadd.labshare.cn/cb-dock2/php/index.php)*® was used for molecular docking, and the binding affinity
was assessed using the Vina score. To visualize the docking results, PyMOL (version 2.5.5) and Discovery Studio 2024

software were employed.

Preparation of GA-MSe@AR

A solution of CTAB (4 mg) was added to sodium hydroxide (NaOH, 0.2 mol/L) and stirred thoroughly until the
temperature reached 80°C. Next, 2 mL of L-ascorbic acid (VC, 20 mM) and 2 mL of sodium selenite (Na,SeO3, 5 mM)
were added to the mixture, which was stirred for 2 hours at pH 8.0. The solution was centrifuged at 8000 rpm for
5 minutes and washed three times each with water and ethanol. The resulting specimen was dispersed in 30 mL of
ethanol, stirred at 800 rpm, and refluxed at 80°C for 24 hours to remove CTAB, yielding MSe. Then, the MSe solution
was mixed with 2 mL of AR (4 mM) solution and stirred for 1 hour to prepare MSe@AR. Following this, the MSe@AR
solution was mixed with 10 mg of GA and stirred at 800 rpm, pH 7.8, and 37°C for 2 hours. Free AR and GA were then
removed through dialysis (3.5 kDa MWCO) with ultrapure water for 36 hours at 4°C. The dialyzed mixture was
centrifuged at 8000 rpm for 10 minutes, washed three times with water, and freeze-dried for 12 hours to obtain GA-MSe
@AR. The amount of AR in the GA-MSe@AR was calculated using high-performance liquid chromatography (Thermo
Fisher Scientific, MA, USA).
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For the preparation of Coumarin 6- or Sulfo-Cyanine 3 (Cy3)-labeled GA-MSe@AR, a procedure similar to GA-MSe
@AR synthesis was followed. Briefly, 5 pg of either Coumarin 6 or Cy3 was added to the GA-MSe@AR solution and
stirred at 800 rpm for 2 hours. Dialysis was then performed using a dialysis bag with a 3.5 kDa cutoff filled with
ultrapure water to remove free coumarin 6 or Cy3; subsequently, the solution was centrifuged, washed, and freeze-dried
to obtain the final Coumarin 6- or Cy3-labeled GA-MSe@AR.

Characterization of GA-MSe@AR

Transmission Electron Microscopy (TEM) and Energy-Dispersive X-Ray (EDX) Analysis

The GA-MSe@AR samples were diluted and placed on a copper grid covered with nitrocellulose. Phosphotungstic acid
was used to perform negative staining, after which the samples were left to dry. The morphology and elemental
composition of GA-MSe@AR were analysed by standard bright field and energy dispersive X-ray of TEM (HT7700,
Hitachi, Japan).

Fourier Transform Infrared (FTIR) Spectroscopy
In the analysis of functional groups, the samples (MSe, GA-MSe, GA, AR, and GA-MSe@AR) were compressed into
potassium bromide (KBr) pellets. Thereafter, the pellets were examined using an FTIR spectrometer (Thermo Fisher,

USA) with a wavelength ranging from 500 to 4000 cm ' at 4 cm ™' resolution for 128 scans.

Dynamic Light Scattering (DLS) Analysis

DLS studies were used to measure the size distribution of GA-MSe@AR using Zetasizer Nano PRO instruments
(Malvern Panalytical, UK). The instrument contains a 4 mW He-Ne laser operating at a wavelength of 632.8 nm with
175° detection. Samples were dissolved in pure water, loaded into measuring tubes and the measurements were repeated
three times at 25°C.

Cells Culture

The human and mouse normal hepatocyte cell line (LO2 cells and AMLI12 cells) were purchased from American Type
Culture Collection (ATCC, Manassas, USA). All the cell lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1% streptomycin and penicillin at 37 °C in 5% CO..

Cellular Uptake of GA-MSe@AR

To evaluate cellular uptake, LO2 and AMLI12 cells (2 x 10°) were cultured in 24-well plates and incubated with coumarin
6-labeled GA-MSe@AR (5 pg/mL) for varying durations (1, 2, and 4 hours). After incubation, the nuclei of the cells
were stained with Hoechst 33342 (10 pM) for 10 minutes. Fluorescence microscopy (Leica Microsystems, Wetzlar,
Germany) was then employed to observe the internalization of GA-MSe@AR.

Lysosomal Escape of GA-MSe@AR

To examine the escape process of GA-MSe@AR from lysosomes, LO2 cells and AML12 cells were treated with
coumarin 6-labeled GA-MSe@AR (5 pg/mL) for 0.25, 0.5, 1, 2, and 4 hours in 12-well plates. Cells were then stained
with Lysotracker Red to label lysosomes (75 nM) and Hoechst 33342 (10 uM) to label nuclei. The location of GA-MSe
@AR and lysosomes was visualized by fluorescence microscopy (Leica Microsystems, Wetzlar, Germany).

Lipid Deposition Assay

Lipid deposition in LO2 and AMLI12 cells was evaluated using Oil Red O and BODIPY fluorescence staining. Cellular
lipid accumulation was induced with free fatty acids (FFA, palmitate/oleate = 1/2, 1 mM), while untreated cells served
as negative controls. After induction, cells were treated overnight with GA-MSe@AR, GA-MSe, or AR (each at 5 pg/
mL) and fixed with 4% paraformaldehyde. The fixed cells were stained with BODIPY 493/503 (10 uM) for 30 minutes
or Oil Red O for 15 minutes. Lipid droplets were visualized using fluorescence microscopy (Leica Microsystems,
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Wetzlar, Germany) for BODIPY staining and light microscopy (Olympus Corporation, Tokyo, Japan) for Oil Red
O staining.

DCFH-DA Staining for ROS

ROS generation in LO2 cells and AML12 cells was induced by treatment with PA (0.5 mM). The cells were then
treated separately with GA-MSe@AR, GA-MSe, or AR (each at 5 pg/mL). Following this, the cells were stained with
DCFH-DA (10 puM) for 10 minutes. ROS production was visualized using fluorescence microscopy (Leica
Microsystems, Wetzlar, Germany) by detecting the green fluorescence emitted from DCFH-DA, which indicates
ROS generation.

Mitochondrial Membrane Potential (MMP) Measurement

MMP was assessed using the JC-1 staining kit. LO2 and AML12 cells (5 x 10° per well) were cultured overnight in 12-
well plates and exposed to 0.5 mM palmitic acid (PA) alone or in combination with 5 pg/mL of GA-MSe@AR, GA-MSe,
or AR for 24 hours. The cells were then stained with JC-1 and observed under fluorescence microscopy (Leica
Microsystems, Wetzlar, Germany).

Mice and Intervention

Four-week-old male C57BL/6J mice, housed in a controlled environment (22-24°C, 60% humidity) with a 12-hour light-
dark cycle, were acclimated for 2 weeks. The mice were then randomly assigned to five groups (n = 6). The mice
received either a low-fat diet (LFD, 10% kcal fat) with saline, or a high-fat diet (HFD, 60% kcal fat) supplemented with
saline, GA-MSe, AR, or GA-MSe@AR (all at 5 mg/kg, administered twice weekly, i.v). Weekly body weights were
recorded. Following 16 weeks of treatment, the mice were fasted overnight, anesthetized, and then euthanized. Blood
samples were collected via cardiac puncture, and the livers were excised, separated by immersion in 4% paraformalde-
hyde, and snap-frozen in liquid nitrogen. All procedures were conducted following the Guide for the Care and Use of
Experimental Animals, as approved by the Ethics Committee of Guangdong Medical Laboratory Animal Center
(Certificate No. D202408-10).

In vivo Biodistribution of GA-MSe@AR

The C57BL/6J mice were injected with a single dose of Sulfo-Cyanine 3 (Cy3)-labeled GA-MSe@AR (5 mg/kg) via the
tail vein. Untreated mice served as controls. After 15, 30, and 60 minutes of injection, the organs including the heart,
liver, spleen, lungs, and kidneys were harvested and placed in cell culture dishes. These organs were then imaged using
the IVIS Spectrum in vivo imaging system (PerkinElmer, Boston, USA).

Determination of Oxidative Stress

The levels of glutathione (GSH) and malondialdehyde (MDA) were measured as indicators of antioxidants and oxidative
products, respectively, in the liver of mice. Liver tissues were homogenized in RIPA lysate (Servicebio, Wuhan, China)
after harvesting and washing. The supernatant was collected by centrifugation at 12,000 rpm for 15 minutes. The
concentrations of GSH and MDA were then determined using commercial assay kits (Beyotime, Shanghai, China)
according to the manufacturer’s instructions.

Biochemical Analysis

Serum was collected from mouse blood samples by centrifugation at 3000 rpm for 20 minutes. The concentrations of
AST, ALT, TC, and TG were measured using commercial assay kits, following the protocols provided by Nanjing
Jiancheng Bioengineering Research Institute (Nanjing, China).

Insulin Tolerance Tests (ITT) and Glucose Tolerance Tests (GTT)
The ITT and GTT experiments were conducted to assess insulin and glucose tolerance. After a 6-hour fast, mice received
intraperitoneal injections of either insulin (0.75 U/kg) or glucose (1.5 g/kg). Blood glucose levels were measured at 0, 15,
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30, 60, 90, and 120 minutes post-injection using a blood glucometer (CVS Advanced Health) via tail snipping. The area
under the curve (AUC) for both ITT and GTT was calculated using Prism GraphPad 8 software.

Histological Staining and Oil Red O Staining

For histological analysis, liver samples were fixed in neutral formalin, embedded in paraffin, and sectioned into 6 pm
slices. The paraffin sections were deparaffinized, rehydrated through graded ethanol/water solutions, and stained with
hematoxylin and eosin (H&E). Alternatively, liver specimens were fixed with 4% paraformaldehyde, dehydrated in 20%
sucrose, embedded in optimal cutting temperature (OCT) compound, and cryosectioned at 7 pm. These cryosections were
stained with Oil Red O after immersion in 60% isopropanol for 10 minutes, followed by hematoxylin counterstaining of
the nuclei.

Immunofluorescence Staining

Liver sections were prepared according to a standard procedure and subsequently blocked in a 10% bovine serum
albumin (BSA) solution (Solarbio Life Science, Beijing, China). The sections were then coated with anti-F4/80 primary
antibodies (Servicebio, Wuhan, China) and incubated at 4°C overnight. After removing the unbound primary antibody,
the sections were incubated at room temperature for one hour with a secondary antibody conjugated to FITC (Servicebio,
Wuhan, China). The slides were sealed with an anti-fluorescence quenching solution containing DAPI (Servicebio,
Wuhan, China) and images were captured using fluorescence microscopy (Leica Microsystems, Wetzlar, Germany).

Western Blotting

Liver tissues were lysed using RIPA buffer (Servicebio, China) to obtain protein samples. Equal amounts of protein were
separated by SDS-PAGE (Servicebio, China) and transferred to PVDF membranes (Millipore, USA). The membranes
were blocked with 5% skim milk and incubated overnight at 4°C with the following primary antibodies: anti-FASN, anti-
PPARYy, anti-SREBPIc, anti-SOD2, anti-CAT, anti-NOX4, anti-IGF1, anti-p-AKT, and anti-p-PI3K (all from Proteintech,
China, and Servicebio, China). B-actin (Servicebio, China) was used as the endogenous control. The membranes were
then incubated with a secondary antibody conjugated to HRP (Servicebio, China) for one hour. Inmunoreactive bands
were visualized using the ChemiDoc™ imaging system (Bio-Rad, CA, USA).

Statistical Analysis

The data are presented as mean + SD and were analyzed using Prism GraphPad 8 (San Diego, USA). ANOVA, followed
by Tukey’s test, was adopted to compare the experimental groups. Statistical significance was defined as *p < 0.05, **p <
0.01, or ***p < (0.001.

Results and Discussion
Bioinformatic Analysis Between AR and NAFLD

Arctium lappa L., a traditional Chinese medicine (TCM), possesses metabolic regulatory, hepatoprotective, and anti-
inflammatory properties,>’ making it a potential candidate for the treatment of NAFLD. AR, identified as the main active
component through the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform, exhibited
the highest drug-likeness (0.84) (Table 1). The therapeutic potential of AR in NAFLD treatment was further explored
through network pharmacology. A total of 258 AR-related targets were retrieved from online databases based on the
chemical structure of AR (Figure 1A). In parallel, 4997 disease-associated targets related to NAFLD were identified.
A total of 55 shared targets between AR and NAFLD were then analyzed through Protein-Protein Interaction (PPI)
network analysis using the STRING database (Figure 1B and C). Based on the network’s degree, betweenness, and
closeness centrality metrics (Table S1), the following hub targets were identified as key players in AR’s therapeutic
effects on NAFLD: HSP90AA1, EGFR, GSK3p, IGF1, and CDC42 (Figure 1D). GO enrichment analysis showed that
AR may mitigate NAFLD through negative regulation of the apoptotic process, inflammatory response, and involvement
in ATP binding (Figure 1E). KEGG enrichment analysis revealed that AR predominantly influences the metabolic

International Journal of Nanomedicine 2025:20 hetps: 5023


https://www.dovepress.com/article/supplementary_file/510577/510577+Supplementary+Material.docx

Lei et al

Table | The Top 8 Active Ingredients of Arctium lappa L

Molecule Identification | Chemical Name Molecule Weight | Oral Bioavailability (%) | Drug Likeness
MOL000522 Arctiin 534.61 34.45 0.84
MOL000358 Beta-sitosterol 414.79 3691 0.75
MOL007326 Cynarin(e) 516.49 31.76 0.68
MOL002773 Beta-carotene 536.96 37.18 0.58
MOL003290 Arctigenin methyl ether | 386.48 52.3 0.48
MOLO001506 Supraene 410.8 33.55 0.42
MOLO010868 Neoarctin A 742.88 39.99 0.27
MOL000422 Kaempferol 286.25 41.88 0.24

Notes: Identification criteria: drug-likeness 2 0.18 and oral bioavailability 2 30%.

pathways, the PI3K-Akt signaling pathway, the FoxO signaling pathway, the MAPK signaling pathway, and lipid and
atherosclerosis (Figure 1F). These pathways are well-known for their roles in regulating metabolism, inflammation, and
oxidative stress in NAFLD.*’ Collectively, these findings suggest that AR holds significant potential as a small molecule
therapeutic for NAFLD.

Preparation and Characterization of GA-MSe@AR
Despite the promising potential of AR for the treatment of NAFLD, its therapeutic efficacy is limited by low water
solubility, poor bioavailability, and non-liver-targeting specificity. To enhance the therapeutic efficacy of AR, MSe NPs
with numerous microporous structures and optimal particle size were synthesized using CTAB template method. AR was
subsequently loaded onto the surface of the MSe NPs to fabricate MSe@AR. To enable liver-targeted delivery, the
surface of MSe@AR was modified with GA, resulting in the construction of GA-MSe@AR. This modification leverages
the specific binding interaction between GA and ASGPR, which is highly expressed in hepatocytes.

The successful synthesis of GA-MSe@AR was confirmed through various characterization techniques. TEM revealed
a spherical morphology (Figure 2A). Particle size analysis showed that GA-MSe@AR had a diameter range of 2040
nm, with an average diameter of approximately 30 nm (Figure 2B). The EDX analysis identified the elemental
composition of GA-MSe@AR, displaying classical selenium signal peaks from MSe NPs, along with carbon and oxygen
peaks derived from GA and/or AR (Figure 2C). This confirmed the successful loading of GA and AR onto the surface of
MSe NPs. Furthermore, FTIR spectroscopy was used to characterize the chemical structure of GA-MSe@AR. The FTIR
spectrum (Figure 2D) revealed peaks similar to those of MSe, a typical lactone bond peak at 1765 cm ™' from AR, and
hydroxyl peaks between 3650 cm ™' and 3150 cm™! from GA, further confirming the successful functionalization of MSe
with GA and AR.

Toxicity of GA-MSe@AR

The biosafety of nanoparticles is a critical consideration for their therapeutic application. To evaluate the cytotoxicity of
GA-MSe@AR, a CCK-8 assay was performed in vitro. As shown in Figure S1, GA-MSe@AR exhibited minimal impact
on hepatocyte viability at concentrations below 400 ng/mL in LO2 cells and 800 ng/mL in AML12 cells. Even at the
highest tested concentration of 1600 ng/mL, the majority of hepatocytes in both cell lines remained viable. These findings
suggest that GA-MSe@AR possesses low cytotoxicity, supporting its potential as a safe therapeutic agent for NAFLD

treatment.
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Figure 2 Characterization of GA-MSe@AR. (A) Representative transmission electron microscopy (TEM) image of GA-MSe@AR, scale bar = 50 nm. (B) Size distribution of
GA-MSe@AR. (C) The elemental analysis of GA-MSe@AR by Energy-dispersive X-ray (EDX). (D) The chemical structure of GA-MSe@AR was characterized by Fourier
transform infrared (FTIR).

Notes: MSeNPs (Mesoporous selenium nanoparticles), GA (galactose), AR (arctiin), and GA-MSe@AR (GA-modified MSeNPs loaded with AR).

Cellular Uptake of GA-MSe@AR

Effective cellular uptake of GA-MSe@AR is critical for its biological effects. To visualize this process, coumarin
6-labeled GA-MSe@AR was employed. As shown in Figure S2, a faint green fluorescence (coumarin 6-labeled GA-MSe
@AR) was observed in both LO2 and AMLI12 cells after 1 hour of co-incubation, indicating the initial uptake of GA-
MSe@AR. The fluorescence intensity increased notably after 2 hours, demonstrating enhanced cellular internalization.
By 4 hours, GA-MSe@AR had permeated significantly throughout the cytoplasmic region. These results demonstrate
that GA-MSe@AR is taken up effectively by cells in a time-dependent manner.

Furthermore, to verify whether GA-MSe@AR targets the liver by binding to ASGPR on hepatocytes through GA, we
evaluated the uptake efficiency of GA-MSe@AR in AMLI12 cells (with high ASGPR expression) and DU145 cells (with
low ASGPR expression). As shown in Figure S3, AMLI12 cells exhibited significantly higher uptake rates and greater
amounts of GA-MSe@AR compared to DU145 cells in 1-4 hours of co-incubation. The superior uptake efficiency of
GA-MSe@AR in hepatocytes is likely due to the binding of the GA ligand to ASGPR on the hepatocyte surface, which
promotes the uptake of GA-MSe@AR by hepatocytes. Collectively, these findings validate the ASGPR-dependent
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targeting strategy of GA-MSe@AR, establishing its potential for selective hepatocyte delivery and subsequent thera-
peutic applications in liver-targeted therapy.

AR Release Efficiency from GA-MSe@AR

Following cellular uptake, the release of AR from GA-MSe@AR is essential for its biological activity. To evaluate the
release efficiency of AR under different pH conditions (pH 5.4 versus 7.4), high-performance liquid chromatography
(HPLC) was employed. GA-MSe@AR slowly released 45% of AR after 16 hours of incubation at pH 7.4 (mimicking the
physiological environment) (Figure S4). In contrast, at pH 5.4 (the analogous lysosomal environment), AR was rapidly
released, reaching about 60% within the first 1 hour and 70% cumulative release after 16 hours. The results revealed
a notably higher release efficiency of AR at pH 5.4 (70%) compared to pH 7.4 (45%) (**p < 0.01), suggesting that the
acidic environment facilitates the release of AR from the GA-MSe@AR. This acid-dependent release of GA-MSe@AR
may be attributed to the occurrence of an acid hydrolysis reaction within an acidic environment, which subsequently
facilitated the dissociation of AR from GA-MSe@AR.

Lysosomal Escape Capacity of GA-MSe@AR

Upon entering the cell, GA-MSe@AR initially accumulates in the lysosomes before escaping to the cytoplasm. To
observe the lysosomal escape dynamics of GA-MSe@AR in LO2 and AMLI12 cells, fluorescence microscopy was
employed. In LO2 cells, a brief 0.25-hour incubation with coumarin 6-labeled GA-MSe@AR (green fluorescence)
showed limited uptake and colocalization with lysosomes (red fluorescence) (Figure 3A). After 0.5 hours of incubation,
an increase in GA-MSe@AR accumulation within lysosomes was noted, with the green and red fluorescence largely

LO2 cells AML12 cells

A Hoechst 33342 Lysotracker GA-MSe@AR Merged B Hoechst 33342 Lysotracker GA-MSe@AR Merged

Figure 3 Lysosomal escape of GA-MSe@AR. The lysosomes were labeled with LysoTracker (75 nM, red fluorescence), and nuclei were stained with Hoechst 33342 (10 uM,
blue fluorescence). Subsequently, coumarin 6-labeled GA-MSe@AR (5 pg/mL, green fluorescence) was co-cultured with LO2 cells (A) and AMLI?2 cells (B) for 0.25, 0.5, I,
2, and 4 hours. Scale bar = 50 ym.
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overlapping. Notably, GA-MSe@AR escaped from lysosomes after 1 hour of incubation, marked by the emergence of
non-overlapping green fluorescence. Furthermore, the lysosomal escape effect became more pronounced after 2 and
4 hours of incubation, evidenced by the green fluorescence dispersed throughout the cytoplasm. Additionally, a similar
lysosomal escape process of GA-MSe@AR was also observed in AMLI12 cells (Figure 3B), further demonstrating that
GA-MSe@AR could efficiently escape from the lysosomal region into the cytoplasm. This lysosomal escape capability
enhances the potential of GA-MSe@AR to exert its biological effects within hepatocytes.

GA-MSe@AR Inhibits Cellular Lipid Deposition in Cells

Excessive lipid accumulation in hepatocytes leads to NAFLD. To evaluate the lipid level-lowering effects of GA-MSe@AR,
FFA (palmitate/oleate =1/2)-induced lipid deposition models were established in LO2 and AML12 cells. After FFA treatment
for 24 hours, abundant lipid droplets (red droplets) were observed in both LO2 cells (Figure 4A) and AMLI12 cells
(Figure 4B) by Oil Red O staining, in comparison to the control group. Subsequent 24-hour treatments with GA-MSe,
AR, or GA-MSe@AR demonstrated a dose-dependent reduction in lipid accumulation. Notably, the GA-MSe@AR group
exhibited the most pronounced decrease in lipid droplets, outperforming the groups treated with GA-MSe or AR alone. To
further investigate the lipid-lowering effect of GA-MSe@AR, BODIPY fluorescence dye was used. Consistent with the Oil
Red O staining results, GA-MSe@AR demonstrated the most pronounced reduction in lipid droplets (green fluorescence) in
both LO2 cells and AMLI12 cells, followed by AR and GA-MSe (Figure 4C and D). These results indicate that GA-MSe
@AR effectively reduces lipid accumulation in hepatocytes, probably through synergistic action of GA-MSe and AR.

GA-MSe@AR Reduced Oxidative Stress in Cells

Abnormal lipid deposition in hepatocytes initiates a cascade of oxidative stress, which causes hepatocyte damage and
exacerbates the progression of NAFLD. To evaluate the antioxidant potential of GA-MSe@AR, oxidative stress cell
models were established by exposing LO2 cells and AML12 cells to PA. DCFH-DA was then employed to measure ROS
levels, reflecting the oxidative stress status of cells. As depicted in Figure SA and B, the PA treatment significantly
increased ROS levels (green fluorescence) in both LO2 cells and AMLI12 cells. Subsequently, the ROS levels were
slightly reduced by GA-MSe treatment, probably due to the selenium element promoting the synthesis of the selenium-
dependent enzyme selenocysteine lyase (SCLY), which is an antioxidant enzyme. Furthermore, AR treatment signifi-
cantly reduced ROS levels. As anticipated, GA-MSe@AR resulted in the most pronounced ROS reduction, possibly due
to the combined antioxidant activity of AR and GA-MSe.
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Figure 4 Lipid-lowering effect of GA-MSe@AR in vitro. Lipid deposition cell models were established by exposing LO2 cells and AMLI2 cells to FFA (I mM). The cells were
subsequently incubated with GA-MSe@AR, GA-MSe, or AR (each at 5 pg/mL) overnight. Untreated cells were served as controls. Lipid deposition in LO2 cells (A) and
AMLI2 cells (B) was detected using Oil Red O staining and captured using a light microscope, scale bar = 100 pum. In addition, lipid droplets in LO2 cells (C) and AMLI2 cells
(D) were visualized using BODIPY fluorescent staining (10 uM, green fluorescence), nuclei were stained with Hoechst 33342 (10 uM, blue fluorescence), scale bar = 50 um.
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Figure 5 GA-MSe@AR reduced ROS production and protected against mitochondrial damage in cells. Oxidative stress cell models were established by exposing LO2 cells
and AMLI2 cells to 0.5 mM PA. Subsequently, the cells were treated with 5 ng/mL GA-MSe@AR, GA-MSe, or AR for 24 hours. Untreated cells served as controls. ROS
levels were assessed using DCFH-DA fluorescence staining in LO2 cells (A) and AMLI2 cells (B). Scale bar = 100 um. MMP changes in LO2 cells (C) and AMLI2 cells (D)
were detected to monitor mitochondrial status using JC-1 fluorescence staining. Scale bar = 50 um.

Given that mitochondria are primary sites of ROS production and play a critical role in cellular oxidative stress
responses,”’ MMP was measured as an indicator of mitochondrial health. MMP was assessed using JC-1 staining, with
red fluorescence (JC-1 aggregates) indicating healthy mitochondria and green fluorescence (JC-1 monomers) signifying
damaged mitochondria. Compared to control cells, PA-treated LO2 (Figure 5C) and AMLI12 cells (Figure 5D) displayed
increased green fluorescence and diminished red fluorescence, indicating mitochondrial dysfunction. However, treat-
ments with GA-MSe, AR, and GA-MSe@AR mitigated mitochondrial damage to varying extents, with GA-MSe@AR
exhibiting the strongest protective effect. These findings suggest that GA-MSe@AR not only reduces ROS production
but also protects mitochondrial integrity, highlighting its potent antioxidant properties.

In vivo Biodistribution of GA-MSe@AR

Although GA-MSe@AR has demonstrated potent lipid-lowering and antioxidant properties in vitro, its ability to specifically
target the liver for effective NAFLD treatment remains uncertain. To evaluate its liver-targeting capability, sulfo-cyanine 3
(Cy3)-labeled GA-MSe@AR (5 mg/kg) was injected into mice, and fluorescence signals were visualized using a live imaging
system. As depicted in Figure 6, no fluorescent signals were observed in any organ of the control group. However, after
15 minutes of GA-MSe@AR injection, a distinct red fluorescence appeared exclusively in the livers of the mice, indicating initial
accumulation of GA-MSe@AR in the liver. At 30 and 60 minutes post-injection, the fluorescence signal in the liver became even
more intense, suggesting a substantial accumulation of GA-MSe@AR in this organ. Additionally, a faint fluorescence was
observed in the kidneys, possibly due to the metabolism and excretion of GA-MSe@AR by the kidneys, while no fluorescence
was observed in other organs. These findings indicate that GA-MSe@AR predominantly accumulates in the liver, likely due to
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Figure 6 In vivo biodistribution of GA-MSe@AR. Mice were injected with 5 mg/kg of sulfo-cyanine 3 (Cy3)-labeled GA-MSe@AR via the tail vein. Untreated mice were
used as controls. The mice were euthanized at 15, 30, and 60 minutes post-injection, then the hearts (H), livers, spleens (S), lungs (L), and kidneys (K) were harvested
immediately for biodistribution analysis of GA-MSe@AR using a living imaging system.

the specific binding between GA and ASGPR. This targeted delivery property underscores the potential of GA-MSe@AR for
in vivo treatment of NAFLD.

GA-MSe@AR Suppressed Body Weight Gain and Decreased the Levels of Biomarkers

in Mice

To further evaluate the potential of GA-MSe@AR against NAFLD in vivo, an NAFLD mouse model was established
using an HFD, while control mice were fed an LFD. As described in Figure 7A, the mice were injected with GA-MSe,
AR, or GA-MSe@AR at 5 mg/kg via the tail vein twice weekly for 16 weeks. An equal volume of saline was injected
into the control mice following the same schedule. Compared to the LFD group, the body weight of mice in the HFD
group was rapidly increased (Figure 7B). This HFD-induced weight gain was significantly inhibited by GA-MSe@AR,
followed by AR and GA-MSe.

Furthermore, blood glucose, serum TC, and TG levels were measured to reflect the metabolic status in different groups
of mice. As shown in Figure 7C—E, the blood glucose levels (***p<0.001), TC (***p<0.001), and TG (***p<0.001) in the
GA-MSe@AR group were significantly reduced compared to the HFD group, followed by AR and GA-MSe group,
indicating that GA-MSe@AR possesses superior hypoglycemic and lipid-lowering properties compared to AR and GA-
MSe. In addition, the impact of GA-MSe@AR on hepatocyte damage was evaluated. Liver damage markers, ALT and AST,
were significantly elevated in HFD-fed mice compared to the LFD group (Figure 7F and G). However, treatment with GA-
MSe@AR markedly reduced ALT (***p<0.001) and AST (***p<0.001) levels, while the AR and GA-MSe groups
exhibited lesser reductions. These results suggest that GA-MSe@AR offers superior hepatocyte protection compared to
AR and GA-MSe, likely through its potent blood glucose- and lipid-lowering effects.

GA-MSe@AR Reduced Hepatic Lipid Deposition and Improved Pancreatic Function in
Mice

To further evaluate the lipid-lowering effects of GA-MSe@AR, liver sections from treated mice were subjected to
hematoxylin and eosin (H&E) staining. In the control group, liver lobules were well-organized, with minimal vacuole
formation (Figure 8A). Conversely, the HFD group exhibited substantial hepatic lipid deposition, as indicated by the
presence of extensive white vacuoles and disrupted liver lobule structures. Notably, the GA-MSe, AR, and GA-MSe
@AR groups showed a gradual reduction in lipid deposition, as shown by the number and size of white vacuoles.
Furthermore, Oil Red O staining was performed to more accurately and visually analyze lipid deposition in mice liver.
The LFD group showed almost no lipid accumulation (Figure 8B), whereas abundant lipid accumulation (red dots) was
observed in the HFD group. In contrast, a marked decrease in lipid accumulation was observed in GA-MSe, AR, and
GA-MSe@AR treatment groups compared to the HFD group, with GA-MSe@AR exhibiting the strongest lipid reduction
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Figure 7 GA-MSe@AR reduced body weight and blood biochemical parameters in mice. (A) Scheme of the mouse experiment. C57BL/6] mice were randomly divided into
five groups (n = 6). The mice received either a low-fat diet (LFD, 10% kcal fat) with saline, or a high-fat diet (HFD, 60% kcal fat) supplemented with saline, GA-MSe, AR, or
GA-MSe@AR (all at 5 mg/kg, administered twice weekly, i.v.) for 16 weeks. (B) Body weight changes of mice in each group during the experiment. Blood glucose (C), serum
total cholesterol (TC) (D), and serum triglycerides (TG) (E) were measured to evaluate the metabolic status of the mice. Liver injury markers alanine aminotransferase
(ALT) (F) and aspartate aminotransferase (AST) (G) were measured to assess the extent of hepatocyte injury in each group of mice. *p<0.05, *¥p<0.01, ***p<0.001.
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Figure 8 GA-MSe@AR reduced hepatic lipid deposition and improved pancreatic function in mice. H&E (A) and Oil red O (B) staining of mouse liver were performed to
monitor lipid deposition, scale bar = 100 um and 50 um. The mouse glucose tolerance test (GTT) (C) and the corresponding area under the curve (AUC) (D) in each group,
and the mouse insulin tolerance test (ITT) (E) and the corresponding AUC (F) were performed to reflect the mouse pancreatic function in different groups. *p<0.05,
*#p<0.01, **p<0.001.

effect. These results indicated that GA-MSe@AR exhibited a significantly greater lipid-lowering effect than AR and GA-
MSe.

In addition, pancreatic function plays a pivotal role in mediating lipid deposition in vivo.** Therefore, the GTT and
ITT experiments were conducted to monitor pancreatic function in mice. Notably, the continuous HFD diet impaired
glucose tolerance (Figure 8C and D) and reduced insulin sensitivity (Figure 8E and F) in mice. As expected, GA-MSe
@AR reversed HFD-induced pancreatic dysfunction, thereby ameliorating insulin resistance in HFD-fed mice to
a greater extent than AR and GA-MSe. These findings suggest that GA-MSe@AR reduces hepatic lipid deposition by
improving pancreatic function in vivo.

GA-MSe@AR Exhibited Antioxidant and Anti-Inflammatory Effect in Mice

Increased oxidative stress damages hepatocytes and accelerates the progression of NAFLD.? To assess the oxidative
stress status, hepatic levels of MDA and glutathione disulfide (GSSG) (oxidative stress markers) were measured, along
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with GSH levels and the GSH/GSSG ratio (antioxidant indicators). In the HFD group, hepatic MDA and GSSG levels
were significantly elevated (Figure 9A and B), while GSH levels and the GSH/GSSG ratio were markedly reduced
(Figure 9C and D) compared to the LFD group. As anticipated, GA-MSe@AR significantly reduced the hepatic oxidative
stress levels and increased the antioxidative levels, followed by AR and GA-MSe. The potent antioxidant activity of GA-
MSe@AR was probably due to the combined antioxidant properties of GA-MSe and AR.

Oxidative stress is also known to initiate and exacerbate inflammation, further damaging liver tissue and worsening
NAFLD.® To evaluate the inflammatory status, the mouse macrophage marker F4/80 was used for immunofluorescence
staining. The HFD group exhibited severe liver inflammation, evidenced by increased macrophage fluorescence intensity
and number (Figure 9E) compared to the LFD group. Treatment with GA-MSe, AR, and GA-MSe@AR progressively
decreased liver inflammation, with GA-MSe@AR showing the most pronounced anti-inflammatory effect. These findings
suggest that GA-MSe@AR exerts hepatoprotective effects by mitigating hepatic oxidative stress and inflammation,
demonstrating its potential as a superior therapeutic agent for NAFLD.

GA-MSe@AR Regulated Adipogenesis- and Oxidative Stress-Related Proteins in Mice

Liver
To investigate how GA-MSe@AR exhibits lipid-lowering and antioxidant properties, protein levels relative to adipogenesis
and oxidative stress in mice liver were examined by Western blotting analysis. In comparison to the LFD group, key
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Figure 9 GA-MSe@AR exhibited antioxidant and anti-inflammatory effects in mice. The oxidative stress markers, malondialdehyde (MDA) (A) and glutathione disulfide
(GSSG) (B), alongside antioxidant indicators glutathione (GSH) (C) and GSH/GSSG ratio (D), were measured to assess the oxidative stress status of the mice liver. ¥p<0.05,
*#p<0.01, ¥*p<0.001. (E) Inflammatory status of the liver was monitored by F4/80 immunofluorescence staining, with nuclei and F4/80 stained blue and green, respectively.
Scale bar = 50 um.
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Figure 10 GA-MSe@AR inhibited the IGFI/PI3K/Akt pathway. (A-D). Western blotting analysis of the fatty acid synthase (FASN), peroxisome proliferator-activated
receptor-y (PPARy), and sterol regulatory element binding protein-lc (SREBP-Ic) proteins and their quantitative measurements in mice liver. (E-H). Expression of
superoxide dismutase 2 (SOD2), catalase (CAT), and NADPH Oxidase 4 (NOX4) in the liver of the mice. (I). Drug-target-pathway-disease networks were constructed
to explore the potential mechanism of AR in the treatment of NAFLD. The binding capability of AR with insulin-like growth factor | (IGFI) (J), phosphatidylinositol-3-kinase
(PI3K) (K), and protein kinase B (Akt) (L) was investigated by molecular docking. (M-P). The protein expression of IGFI, p-PI3K, and p-Akt in the liver of the mice. *p <

0.05, #p < 0.01, #¥p < 0.001.
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adipogenesis proteins, including the fatty acid synthase (FASN), peroxisome proliferator-activated receptor-y (PPAR-y), and
sterol regulatory element binding protein-1c (SREBP-1c), were markedly elevated in the HFD group (Figure 10A-D). In
contrast, GA-MSe@AR significantly downregulated the expression levels of those adipogenesis proteins. Concurrently, the
protein levels of the antioxidant enzymes, superoxide dismutase 2 (SOD2) and catalase (CAT), were significantly reduced in
the HFD group compared to the LFD group. This reduction was accompanied by elevated expression of NADPH oxidase 4
(NOX4), a key marker of oxidative stress (Figure 10E-H). Remarkably, these alterations were effectively reversed by GA-
MSe@AR intervention. These findings suggest that GA-MSe@AR exerts lipid-lowering and antioxidant effects by inhibiting
adipogenesis protein expression, suppressing oxidative stress markers, and upregulating antioxidant protein levels.

GA-MSe@AR Inhibited IGFI/PI3K/AKT Pathway

To explore the underlying mechanism of GA-MSe@AR in treating NAFLD, drug-target-pathway-disease (DTPD)
networks were constructed. Analysis of the DTPD network (Figure 10I) suggested that AR may treat NAFLD by
modulating insulin-like growth factor 1 (IGF1) to regulate the PI3K-Akt pathway. Additionally, IGF1 was identified as
a promising target for NAFLD therapy,** and the PI3K-Akt pathway has been reported to regulate lipid synthesis** and
oxidative stress.*> Furthermore, molecular docking revealed that AR could strongly bind to IGF1 (Figure 10J), PI3K
(Figure 10K), and Akt (Figure 10L) (Table S2). Thus, we inferred that GA-MSe@AR could reduce lipid deposition and
oxidation through the IGF1/PI3K/Akt pathway. Consistent with the predicted result, the IGF1, p-PI3K, and p-Akt protein
expression in the liver of HFD-fed mice were significantly increased compared to LFD-fed mice. Treatment with GA-
MSe@AR reversed these changes (Figure 10M—P). These results demonstrate that GA-MSe@AR exerts its dual lipid-
lowering and antioxidant activity by inhibiting the IGF1-PI3K-Akt signaling pathway, and thus represents a promising
approach for the treatment of NAFLD.

Conclusion

In this study, AR was identified as a potential therapeutic natural product for NAFLD, owing to its antioxidant, anti-
inflammatory, and metabolic regulatory properties. To improve the therapeutic efficacy of AR, a novel liver-targeting
selenium nanoparticle GA-MSe@AR was successfully synthesized for delivery AR to treat NAFLD. GA-MSe@AR
demonstrated low toxicity, acid-dependent release, good lysosomal escape ability, marked cellular uptake in vitro. Living
imaging analysis revealed that GA-MSe@AR showed liver-targeting ability in mice. GA-MSe@AR exhibited more
pronounced antioxidant and lipid-lowering activity than AR alone both in vitro and in vivo. This was paralleled by
a more effective reduction in the blood biochemical index, hepatic inflammation, and an improvement in pancreatic
function in HFD mice. Furthermore, GA-MSe@AR reduced the protein expression of adipogenesis and oxidative stress
by inhibiting the IGF1/PI3K/Akt pathway. In conclusion, GA-MSe@AR emerges as a promising multi-targeted ther-
apeutic agent for NAFLD, leveraging the combination of selenium and AR with targeted delivery to the liver. This
innovative selenium-based nanotherapeutic agent exhibits potent antioxidant, lipid-lowering, anti-inflammatory, and
insulin resistance reducing properties. Notably, even GA-MSe demonstrates mild anti-NAFLD effects, offering a novel
perspective for advancing drug development strategies in NAFLD.
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