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Introduction: Metabolic dysfunction-associated steatotic liver disease (MASLD), characterized by excessive fat accumulation in the 
liver, is the most prevalent cause of chronic liver disease globally. The clinical use of pharmacological agents such as silibinin and 
sorafenib is limited due to poor water solubility, low bioavailability, and potential side effects, necessitating innovative therapeutic 
approaches.
Methods: In this study, we developed self-assembled, carrier-free microparticles of silibinin and sorafenib (SIL-SOR-MPs) using 
magnetic stirring and evaluated their therapeutic effects on MASLD both in vitro and in vivo.
Results: Compared to free SIL and free SOR, SIL-SOR-MPs significantly reduced lipid accumulation in HepG2 cells and effectively 
alleviated hepatic steatosis and liver damage in mice. Mechanistic investigations further showed that SIL-SOR-MPs more effectively 
down-regulated lipid synthesis genes and up-regulated genes involved in lipid oxidation.
Discussion: In summary, our study highlights that carrier-free SIL-SOR-MPs demonstrate the ability to reverse the progression of 
MASLD and present a promising therapeutic strategy.
Keywords: metabolic dysfunction-associated steatotic liver disease, silibinin, sorafenib, self-assembled carrier-free microparticles, 
fatty acid metabolism

Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD), is the most prevalent chronic liver condition globally, 
affecting approximately 38% of the population.1,2 Its incidence continues to rise due to changes in lifestyle and diet, 
making MASLD a growing public health concern.3 This progressive disease is characterized by excessive fat accumula-
tion in the liver, progressing from simple steatosis to metabolic dysfunction-associated steatohepatitis (MASH), liver 
fibrosis, cirrhosis, and potentially hepatocellular carcinoma.4 As a multifactorial disease, MASLD is closely associated 
with metabolic disorders such as obesity, type 2 diabetes, hypertension, and hyperlipidemia.5 Its development is driven 
by mechanisms including lipid accumulation, insulin resistance, endoplasmic reticulum stress, oxidative stress, and 
activation of inflammation.6–8 Despite advancements in understanding MASLD pathogenesis, effective treatment remains 
a significant challenge. Rezdiffra was approved by the US Food and Drug Administration (FDA) for the treatment of 
MASH in March 2024. However, targeted therapies for the broader MASLD spectrum remain unavailable.9 The primary 
treatment strategy for MASLD relies on diet and lifestyle change interventions that are often difficult to implement and 
maintain.10 In clinical practice, the main medications used for MASLD include insulin sensitizers (eg, pioglitazone), 
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antioxidants (eg, vitamin E), and hepatoprotective drugs (eg, silibinin, ursodeoxycholic acid).11 However, these drugs 
offer limited therapeutic benefits and often come with serious side effects due to low bioavailability and poor targeting. 
Furthermore, given the complex pathophysiology of MASLD, single target therapies have shown limited effectiveness. 
A combination of drugs targeting multiple pathways involved in MASLD may improve treatment outcome.

Silibinin possesses a range of pharmacological properties, including antioxidant, anti-inflammatory, antifibrotic 
effects, and the ability to modulate lipid metabolism.12 It is widely used clinically to treat conditions such as liver 
damage, hepatitis, fatty liver, alcoholic or nonalcoholic liver diseases, and cirrhosis.13 Clinical studies have demonstrated 
that silibinin can effectively reduce liver enzyme levels, decrease fat accumulation, and improve liver function. Sorafenib 
primarily used to treat malignancies, including hepatocellular carcinoma and renal cell carcinoma, is a multi-target kinase 
inhibitor with additional anti-inflammatory and antifibrotic properties.14 Research by Jian et al found that low-dose 
sorafenib significantly alleviated the pathological phenotype of MASH by inducing mitochondrial uncoupling and 
activating AMP-activated protein kinase (AMPK) in both mice and rhesus monkey MASH models, without significant 
side effects.15 Therefore, low-dose sorafenib shows strong potential as a therapeutic option for managing MASLD and its 
associated complications.

Enhancing drug bioavailability and achieving effective concentration in target organs while minimizing systemic side 
effects is a major challenge in drug delivery. In recent years, nanotechnology has been widely applied to overcome the 
limitations of conventional delivery methods, particularly in terms of targeting and controlled release.16 However, 
traditional nano carriers, such as liposomes, polymers and similar substances have several drawbacks, including potential 
systemic toxicity, low drug loading capacity, and limited biocompatibility.17 To address these issues, carrier-free 
nanodrug systems have garnered significant attention due to their simpler preparation process and improved 
biosafety.18 Unlike traditional systems, carrier-free nanodrugs are composed entirely of one or more active drugs, 
which enhances pharmacokinetics, increasing drug loading capacity, and reducing toxicity.19 The self-assembly of two 
or more drugs into carrier-free particles, targeting multiple mechanisms involved in MASLD, offers a promising 
therapeutic approach. This strategy could provide a theoretical foundation and potential treatment for the clinical 
management of MASLD.

In this study, we utilized self-assembled, carrier-free drug delivery technology to design and develop dual-drug 
microparticles of silibinin and sorafenib (SIL-SOR-MPs). These self-assembled, carrier-free microparticles were engi-
neered to enhance the solubility, stability, and targeting of both drugs, while also leveraging their synergistic effects for 
the treatment of MASLD (See Scheme 1).

Material and Methods
Materials
Silibinin and sorafenib were purchased from Merck (Germany) and Aladdin (Shanghai, China), respectively. Dulbecco’s 
modified eagle medium (DMEM), fetal bovine serum (FBS) and penicillin and streptomycin (PS) were from Gibco 
(USA). Sodium oleate (OA) and sodium palmitate (PA) were purchased from Macklin Biochemical Technology Co., Ltd 
(Shanghai, China). Oil red O staining kit and total cholesterol (TC) and triglyceride (TG) analytical kits were obtained 
from Jiancheng Bioengineering Institute (Nanjing, China). TRIzol reagent was provided by Ambion, USA First-strand 
cDNA synthesis kit and SYBR® Green qPCR Premix were acquired from Biology Biotechnology Co., Ltd (Wuhan, 
China). Both the dissolution and characterization of the particles were conducted using ultrapure water as the dispersion 
medium. All other chemical reagents used in this study were purchased from Sinopharm Chemical Reagent Co.,Ltd 
(Beijing, China) and were of analytical grade.

Preparation and Characterization of SIL-SOR-MPs
Silibinin and sorafenib two-drug self-assembled microparticles were prepared by magnetic stirring method. Briefly, 
10 mg/mL silibinin solution and 10 mg/mL sorafenib solution obtained by dissolving SIL and SOR in DMSO were 
dropped into the aqueous phase at a molar feed ratio of 3:1, respectively, and stirred homogeneously for 6 hours with 
magnetic stirring, then centrifuged to remove the organic and aqueous phases, and finally freeze dried to obtain the 
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carrier-free particle powders. Transmission electron microscopy (TEM, Hitachi JEM 1200EX, Japan) was used to 
characterize the morphology of SIL-SOR-MPs. The Malvern particle size analyzer was used to determine the size 
distribution and zeta potential of the prepared particles. All absorbance spectral data were recorded at room temperature 
using a UV/Vis spectrophotometer (PerkinElmer, USA).

Cell Culture and Treatments
Human hepatocellular carcinoma HepG2 cells were purchased from Cell Bank of Shanghai Institute of Biochemistry and 
Cell Biology, Chinese Academy of Sciences (Shanghai, China). HepG2 cells were cultured in DMEM medium 
supplemented with 10% FBS and 1% PS in an incubator at 37 °C, 5% CO2, 95% humidity. To establish an in vitro 
cell model of MASLD, HepG2 cells were stimulated with DMEM medium containing free fat acid (FFA) (oleic acid: 
palmitic acid = 1000 μM: 500 μM) for 18 hours, which induced hepatocyte steatosis.20 After 18 hours, the medium was 
discarded and the cells were treated with DMEM medium containing equal concentrations of free silibinin, free sorafenib 
and SIL-SOR-MPs for 24 hours, and the cells were stained with an Oil red O kit to visualize the lipid content. Cells 
control group was treated with DMEM medium. All cellular experiments were independently repeated at least 3 
times (n≥3).

Cytotoxicity Assay
HepG2 cells were seeded in 96-well plates at a density of 1.5×105 cells/mL. After overnight incubation, the cells were 
treated with different concentration particles for 24 hours. Then, 10 μL of MTT (5 mg/mL) was added to each well and 
mixed. After incubation for 4 hours, the medium was discarded and 150 μL of DMSO was added to each well to dissolve 
the precipitate. The absorbance value of each well at 570 nm was measured using an automatic enzyme labeling 

Scheme 1 Schematic illustration of preparation of self-assembled, carrier-free silibinin/sorafenib microparticles and the treatment mechanism on MASLD.
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instrument (Thermo Fisher, USA). Cell viability was expressed as a percentage of the absorbance value of the treated 
cells to the control absorbance value.

Examination of Cellular Lipid Accumulation
Oil red O staining and Nile red staining were used to visualize cellular lipid accumulation. Briefly, FFA-stimulated 
HepG2 cells were dosed, fixed with 4% paraformaldehyde for 10 minutes at room temperature, and stained with Oil red 
O Staining Kit according to the manufacturer’s instructions; or stained with configured 1 μM Nile red solution for 
30 minutes at room temperature protected from light, washed three times with PBS, and then stained the nucleus of the 
cells with DAPI for 10 minutes. The imaging was performed using an upright microscope (Olympus, Japan).

Animals and Treatments
All animal experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and 
Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Jianghan University 
(Wuhan, China, approval number: YXLL2023-005). Eight-week-old male C57BL/6 mice were purchased from Charles 
River (Beijing, China). All mice were placed in a standard environment with a light/dark cycle for 12 hours, free access 
to standard chow and water, and were acclimatized feeding for one week. To establish the MASLD mouse model, mice 
were fed on a normal diet (ND) and a high-fat diet (HFD) containing 60% caloric fat for 10 weeks. Subsequently, the 
high-fat diet-induced mice were randomly assigned to one of four treatment groups: the SIL group, the SOR group, the 
free SIL/SOR group (a non-formulated mixture of silibinin and sorafenib), and the SIL-SOR-MPs group. Treatments 
were administered over a 6-week period, during which MASLD model mice received intraperitoneal injections every 
other day with either 100 mg/kg of silibinin, 20 mg/kg of sorafenib, the free drug mixture, or microparticles containing 
equivalent doses of both silibinin and sorafenib. Mice in the normal diet control group received intraperitoneal injections 
of an equivalent volume of saline. Body weight was monitored and recorded prior to each administration.

In vivo Distribution Evaluation
To compare the enrichment of free SIL, free SOR, and SIL-SOR-MPs in mouse liver tissue, C57BL/6 mice were 
administered SIL-SOR-MPs or equimolar free SIL and SOR via intraperitoneal injection. At 2, 6, 12, 24 and 48 hours, 
mice were euthanized to dissect the liver tissues. Subsequent to tissue homogenization, quantify the specific absorption 
peaks of SIL and SOR in liver tissues utilizing a UV/Vis spectrophotometer. The content of SIL and SOR in tissues were 
calculated using standard curve.

Biochemical Analysis
To determine changes in lipids in vitro, lipids were extracted by ultrasonic disruption of cells, and total cholesterol (TC) 
and triglyceride (TG) levels in the cells were measured using an assay kit according to the manufacturers’ protocol. To 
assess liver function in vivo, the changes in the levels of TC and TG in liver tissue were measured using the assay kit. For 
serum biochemical assess, the plasma was collected after centrifugation at 1150 g for 15 minutes at 4 °C, and the levels 
of alanine aminotransferase (ALT), aspartate aminotransferase (AST), TC, and TG were measured using a fully 
automated chemical analyzer (Rayto Life and Analytical Sciences, China).

Histological Staining
After all mice were executed, tissues of heart, liver, spleen, lung and kidney were dissected. All tissues were fixed with 
4% paraformaldehyde for 48 hours, then dehydrated in an automatic dehydrator (Leica, German) and paraffin-embedded. 
Sections of 5 μm were taken from the embedded tissues and then stained with hematoxylin and eosin (H&E). A portion 
of liver tissue samples preserved at −80 °C were embedded in optimal cutting temperature (OCT, Sakura, USA) and cut 
into 10-μm-thick frozen sections for Oil red O staining using a frozen microtome (Leica, German) to evaluate hepatic fat 
accumulation. The tissue samples were analyzed under an upright microscope.
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Quantitative Real-Time PCR Analysis
Total RNA was isolated and extracted using TRlzol reagent. The cDNA was reverse transcribed from RNA according to 
the cDNA Reverse Transcription Kit and then analyzed by real-time PCR on a Bio-Rad CFX Connect Real-Time PCR 
Detection System using the SYBR Green qPCR Mix kit. The thermal cycling protocol consisted of 5 minutes at 95 °C, 
40 cycles of 10 seconds at 95 °C, and 60 seconds at 60 °C, complete with a melting curve at 60 °C to 95 °C. The relative 
mRNA expression was analyzed by the 2−ΔΔCT method and normalized to internal control β-actin. All primer sequences 
are shown in Supplementary Tables S1 and S2.

Statistical Analysis
All statistical analyses were based on a minimum of three independent biological replicates and are presented as mean ± 
standard deviation (SD). Statistical analyses were performed using GraphPad prism 9 and statistical significance was 
assessed using Student’s t-test or one-way ANOVA. Statistical significance was indicated by *p < 0.05, **p < 0.001, and 
***p < 0.0001.

Results
Synthesis and Characterization of SIL-SOR-MPs
Carrier-free microparticles were synthesized by the self-assembly of the hydrophobic drugs silibinin and sorafenib at 
a molar feed ratio of 3:1 under magnetic stirring. The synthesis route is illustrated in Figure 1A. Transmission electron 
microscopy (TEM) was used to examine the morphology of the microparticles. As shown in Figure 1B, the SIL-SOR- 
MPs appeared to be relatively regular, exhibiting a uniform spherical shape. The particle size distribution and zeta 
potential of the microparticles were measured using dynamic light scattering (DLS). As shown in Figure 1C, the average 
particle size was approximately 459 ± 4.06 nm. Additionally, the zeta potential of the SIL-SOR-MPs was measured at 
−23.6 mV (Figure 1D), which likely contributes to the prevention of particle aggregation and deposition, reduces protein 
adsorption, and prolongs blood circulation in vivo.21 This stability is inferred to arise from intermolecular interactions 
between silibinin and sorafenib. In order to explore the mechanism of self-assembly, we analyzed the UV/Vis spectral 
changes before and after particle formation. As shown in Figure 1E, the characteristic peaks of the synthesized 
microparticles exhibited significant shifts compared to those of the individual drugs. We further examined the absorption 
spectrum of SIL-SOR-MPs in the presence and absence of NaCl and SDS.22 With increasing concentrations of NaCl, the 
absorption intensity progressively decreased (Figure 1F). Additionally, after co-incubation with the hydrophobic SDS, 
the spectral profile of the microparticles changed markedly (Figure 1G). These findings suggest that NaCl and SDS 
disrupt the electrostatic and hydrophobic interactions between the particle molecules, respectively. Based on these results, 
we propose that the self-assembly of silibinin and sorafenib is driven by intermolecular electrostatic and hydrophobic 
interactions.

SIL-SOR-MPs Effectively Attenuate Lipid Deposition in an in Vitro Cell Model of 
MASLD
An in vitro MASLD cell model was established using FFA-stimulated HepG2 to evaluate the effects of SIL-SOR-MPs on 
lipid deposition in hepatocytes. First, the cytotoxicity of the microparticles was assessed using MTT assay. As shown in 
Figure 2A, co-incubation of SIL-SOR-MPs with HepG2 cells led to a concentration-dependent inhibition of cell viability. 
When the concentrations of silibinin and sorafenib in SIL-SOR-MPs were below 50 μM and 10 μM, respectively, the cell 
survival rate remained above 70%, indicating satisfactory biocompatibility of the particles. Next, HepG2 cells were 
treated with FFA alone or in combination with free silibinin, free sorafenib and SIL-SOR-MPs. Figure 2B and C show 
that FFA treatment significantly increased intracellular TC and TG levels. With both silibinin and sorafenib individually 
reduced TC and TG levels, SIL-SOR-MPs exhibited a more pronounced reduction in these lipid markers. Furthermore, as 
shown in Figure 2D, Oil red O staining and Nile red staining consistently demonstrated that lipid droplet formation in 
HepG2 cells was reduced following treatment with silibinin, sorafenib, and most notably, SIL-SOR-MPs demonstrated 
the most potent inhibition of cytosolic lipid droplet accumulation induced by FFA exposure. To investigate the 
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underlying mechanisms, the expression of key genes involved in fatty acid synthesis and oxidation was analyzed using 
qRT-PCR. As shown in Figure 2E and F, SIL-SOR-MPs significantly down-regulated the expression of sterol regulatory 
element binding protein-1c (SREBP-1c), fatty acid synthase (FAS), and acetyl-coenzyme A carboxylase1 (ACC1), while 
up-regulated the expression of peroxisome proliferator-activated receptor α (PPAR-α), peroxisome proliferator-activated 
receptor γ (PPAR-γ) and carnitine palmitoyltransferase 1α (CPT1α) expression. These findings suggest that SIL-SOR- 
MPs may reduce lipid accumulation by modulating lipid metabolic reprogramming.

Biodistribution of SIL-SOR-MPs in C57BL/6 Mice
To assess the liver-targeting capacity of SIL-SOR-MPs, C57BL/6 mice were divided into two groups and administered either 
intraperitoneal injections of SIL-SOR-MPs or equimolar doses of free SIL/SOR. Liver samples were collected at various time 
points (2, 6, 12, 24 and 48 hours), homogenized, and analyzed to quantify drug levels using a UV/Vis spectrophotometer. As 
shown in Figure 3A and B, drug concentrations in the group treated with free SIL/SOR peaked at 6 hours and gradually 
decreased over time. In contrast, the group receiving SIL-SOR-MPs showed a steady increase in drug levels throughout the 
48-hour period. Notably, at 48 hours post-administration, the hepatic concentrations of SIL and SOR in the SIL-SOR-MPs 

Figure 1 Preparation and characterization of SIL-SOR-MPs. (A) Schematic illustration of the synthesis process of SIL-SOR-MPs. (B) TEM image showing the morphology of 
SIL-SOR-MPs. (C) Particle size distribution of SIL-SOR-MPs as measured by dynamic light scattering. (D) Zeta potentials values of SIL-SOR-MPs, indicating the surface 
charge. (E) UV/Vis spectra of SIL, SOR and SIL-SOR-MPs in double distilled H2O or DMSO, showing the characteristic absorption peaks. (F) UV/Vis spectra of SIL-SOR-MPs 
in varying concentrations of NaCl, illustrating the effect of electrostatic interactions on the particle absorption. (G) UV/Vis spectra comparing 2% SDS, SIL-SOR-MPs alone, 
SIL-SOR-MPs with 2% SDS, highlighting changes in spectral behavior upon interaction with SDS.
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group were 18.2-fold and 7.4-fold higher, respectively, compared to those in the free SIL/SOR group. These results 
demonstrate that SIL-SOR-MPs enhance hepatic drug accumulation and extend systemic circulation time.

SIL-SOR-MPs Inhibit the Progression of Steatosis in HFD Mice
To evaluate the in vivo efficacy of SIL-SOR-MPs, we used a high-fat diet (HFD)-fed C57BL/6 mouse model. After 
10 weeks on the HFD, severe hepatic steatosis was induced, confirming the successful establishment of a MASLD 
model. Then, the mice were then randomized into four groups for drug treatments over a 6-week period, while continuing 
the HFD. The treatment protocol is shown in Figure 4A. Representative images of mice from each group were taken after 
the treatment (Figure 4B). The body weight was measured throughout the treatment phase. As shown in Figure 4C, mice 
in the HFD group gained significantly more weight compared to the other groups. However, mice treated with free SIL, 
free SOR, or free SIL/SOR showed a reduction in body weight, with the SIL-SOR-MPs treated group demonstrating the 
most substantial weight loss, comparable to mice on a standard chow diet. Analysis of liver weights (Figure 4D) revealed 
that the HFD group had significantly heavier livers than the normal-diet group. Treatments with free SIL, free SOR, free 

Figure 2 Cytotoxicity and lipid-lowering effects of SIL-SOR-MPs on HepG2 cells in vitro. (A) Cytotoxicity assessment of SIL-SOR-MPs in HepG2 cells. (B) Quantitative 
analysis of TC contents in cells. (C) Quantitative analysis of TG levels in cells. (D) Oil red O and Nile Red staining showing lipid accumulation in different treatment groups. 
(E) Quantitative analysis of fatty acid synthesis gene expression (SREBP-1c, FAS, ACC1). (F) Quantitative analysis of fatty acid oxidation gene expression (PPAR-α, PPAR-γ, 
CPT1α). *P < 0.05, **P < 0.001, ***P < 0.0001 (FFA vs others). Scale bar: 20 μm.
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SIL/SOR, and SIL-SOR-MPs reduced liver weight in the MASLD mice, with SIL-SOR-MPs showing the most 
pronounced effect. Morphological examination of the livers at the end of the treatment period revealed substantial 
differences between the groups (Figure 4E). Livers from the normal-diet group were chocolate-colored, firm, and small, 
whereas those from the HFD model group were pale yellow, rough and considerably larger. All treatment groups showed 
some degree of improvement, with the livers of the SIL-SOR-MPs group being dark red, smaller in size, and almost fully 
restored to the appearance of livers from the normal-diet group. Histological analysis using H&E and Oil red O staining 
was performed on the liver tissues from all groups (Figure 4E). H&E staining showed that hepatocytes from mice on 
a normal diet were tightly packed and well organized. In contrast, hepatocytes from HFD mice were distorted and 
contained numerous droplet vacuoles. Treatment with free SIL, free SOR, free SIL/SOR alleviated lipid accumulation to 
some extent, but the livers of mice treated with SIL-SOR-MPs closely resembled those of normal-diet mice, demonstrat-
ing a significant reduction in fat accumulation. Oil red O staining further confirmed these findings, highlighting 
substantial lipid accumulation in the livers of HFD mice, while SIL-SOR-MPs treatment markedly reduced these 
accumulation, consistent with the H&E results.

SIL-SOR-MPs Regulate Lipid Metabolism During HFD Feeding
To investigate the therapeutic effects of various treatments groups on fatty liver in mice, we quantified TC and TG levels 
in both hepatic tissue and serum. As shown in Figure 5A and B, TC and TG levels in the livers of HFD-fed mice were 
significantly elevated compared to the normal-diet group. However, in the SIL-SOR-MPs group, these levels were 
substantially reduced, approaching those observed in normal mice. We also assessed the impact of the treatments on 
overall lipid profiles and liver function. Figure 5C–F show that serum levels of TC, TG, alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were significantly higher in the model group than in the normal-diet group, 
indicating dyslipidemia and impaired liver function. At the end of the treatment period, the SIL-SOR-MPs group 
demonstrated the most effective reduction in HFD-induced elevated levels of TC, TG, AST and ALT, reflecting the 
best recovery among the treatment groups. These findings suggest that SIL-SOR-MPs provide strong protection against 
steatosis and liver injury.

To further explore the mechanism by which SIL-SOR-MPs reduce lipid accumulation in vivo, we examined the 
expression of key genes involved in lipid metabolism. As shown in Figure 5G, consistent with the in vivo results, the 
expression of lipid synthesis genes (SREBP-1c, FAS, ACC1) was significantly up-regulated in the HFD group, but most 
notably reversed in the SIL-SOR-MPs group. Additionally, microparticle treatment significantly upregulated the expres-
sion of genes related to fatty acid oxidation, including PPAR-α, CPT1α, and acyl coenzyme A oxidase 1 (ACOX1). In 

Figure 3 The distribution of SIL-SOR-MPs in the liver. Quantitative analysis was conducted to assess the distribution of SIL (A) and SOR (B) in mice following 
intraperitoneal injection. Drug content was measured in both the free SIL/SOR and SIL-SOR-MPs groups at 2, 6, 12, 24, and 48 hours post-administration. Each group 
consisted of 3 mice (n=3). *p < 0.05, ***p < 0.0001 (Free SIL/SOR vs SIL-SOR-MPs).
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conclusion, SIL-SOR-MPs effectively reduce intrahepatic lipid deposition and improve lipid metabolism in HFD-fed 
mice, offering significant protection against MASLD-induced liver damage.

Biosafety Analysis of SIL-SOR-MPs
To evaluate the systemic toxicity of SIL-SOR-MPs in mice, major organs including the heart, spleen, lung and kidney 
were collected at the end of experiment for histological analysis. As shown in Figure 6, no significant pathological 
damage was observed in any of the organs from the treatment groups, demonstrating the excellent biocompatibility of the 
SIL-SOR-MPs. These results confirm their safety for therapeutic application.

Discussion
MASLD has become a significant global health challenge.23 Its development is driven by the excessive accumulation of 
lipids in the liver, leading to impaired hepatocellular function.24,25 Over time, this lipid accumulation triggers oxidative 

Figure 4 SIL-SOR-MPs inhibit HFD-induced MASLD progression. (A) Schematic representation of the animal experiment design. The drug treatments of the animals were 
divided into 6 groups: ND, HFD, HFD+SIL, HFD+SOR, HFD+Free SIL/SOR and HFD+SIL-SOR-MPs. (B) Photographs of MASLD mice following different treatment 
interventions. (C) Changes in body weight of mice throughout the treatment period. (D) Measurement of liver weight at the end point of experiments. (E) After 6 weeks of 
treatment, liver morphology (top panel), H&E staining (middle panel), and Oil red O staining (bottom panel) were analyzed for each group of mice. *p < 0.05, **p < 0.001, 
***p < 0.0001 (HFD vs others). ND: normal-diet, HFD: high-fat diet. Scale bar: 20 μm, 400× magnification.
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stress and inflammation, causing hepatocyte injury and fibrosis, which can progress to liver cirrhosis or hepatocellular 
carcinoma.26,27 Thus, reducing hepatic lipid accumulation is critical for preventing the progression of MASLD. While 
lipid-modulating drugs, such as peroxisome proliferator-activated receptor (PPAR) and farnesoid X receptor (FXR) 
agonists are being explored in clinical trials, they are still in early stages of development. Despite some promising 
results, these drugs have not yet achieved the required hepatic histologic endpoints for FDA approval, and further clinical 
trials are needed to confirm their long-term safety and efficacy.28–31

Figure 5 Regulatory effects of SIL-SOR-MPs on lipid metabolism. (A) TC levels in liver tissue across experimental groups. (B) TG levels in liver tissue across experimental 
groups. (C–F) Serum levels of TC, TG, ALT and AST in each experimental group. (G) Quantitative analysis of genes expression related to lipid synthesis and oxidation 
(SREBP-1c, FAS, ACC1, PPAR-α, ACOX1, CPT1α). *p < 0.05, **p < 0.001, ***p < 0.0001 (HFD vs others).
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Silibinin, a hepatoprotective agent derived from natural sources, has been widely used in the clinical management of 
liver disorders.32 Numerous studies have shown that silibinin acts as a potent antioxidant, reducing oxidative stress in the 
liver and decreasing lipid accumulation. However, its therapeutic potential is limited by poor water solubility and low 
bioavailability. Sorafenib, a multi-targeted anticancer drug, is the first-line treatment for advanced hepatocellular 
carcinoma (HCC), though its therapeutic efficacy remains suboptimal.33 Interesting, at about one-tenth of its clinical 
dose for HCC, sorafenib has shown beneficial effects on steatosis, inflammation, and fibrosis. Nonetheless, overcoming 
the high hydrophobicity, low bioavailability, and off-target toxicity of these clinical drugs remains a significant challenge 
in medical application.

A wide variety of drug delivery systems have been explored for biomedical applications. However, conventional drug 
carriers often present challenges such as triggering immune responses, causing toxicity, and difficulties in controlling 
drug release, which hinder the clinical translation of carrier-based nanomedicines.34 In recent years, the integration of 
nano-delivery and self-assembly technologies has enabled the development of self-delivery drugs.35 In this approach, two 
or more drugs are self-assembled without the need for excipients through a simple synthesis process, resulting in stable, 
carrier-free nanomedicines. This strategy has been shown to enhance therapeutic efficacy, reduce drug toxicity, and offer 
passive targeting to the liver.36 Our study aligns with these findings, demonstrating increased accumulation of nanome-
dicine in liver tissue, and supporting the potential of silibinin and sorafenib carrier-free microparticles for targeted 
treatment of MASLD.

In this study, we developed self-assembled silibinin and sorafenib microparticles and investigated their therapeutic potential 
for MASLD at both cellular and animal levels. In vitro experiments demonstrated that treatment with SIL-SOR-MPs significantly 
reduced intracellular lipid accumulation in FFA-stimulated cells, indicating a potent lipid-lowering effect. Previous studies have 
shown that silibinin specifically activates PPAR-α and up-regulates CPT1α to promote fatty acid β-oxidation, while concurrently 
inhibits SREBP-1c to reduce fatty acid synthesis.37,38 Our qRT-PCR results were consistent with these findings, treatment with 
SIL-SOR-MPs down-regulated lipogenic gene expression and upregulated genes involved in fatty acid oxidation, supporting the 
hypothesis that the microparticles modulate lipid metabolism to achieve lipid-lowering effect.

Particle size is known to influence in vivo metabolism and biodistribution. Nanoparticles smaller than 200 nm are 
typically administered intravenously (i.v.) to exploit the enhanced permeability and retention (EPR) effect and prolong 

Figure 6 In vivo safety analysis. After 6 weeks of drug treatment, histological analysis of the heart, spleen, lung, and kidney were performed using H&E staining to assess 
potential toxicity. Scale bar: 20 μm.
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systemic circulation.39 In contrast, particles larger than 400 nm are rapidly cleared by the mononuclear phagocyte system 
(MPS) following i.v. administration, limiting their systemic availability.40,41 However, larger particles can access the 
liver directly via the portal circulation when administered intraperitoneally (i.p.), thereby enhancing hepatic targeting. 
Additionally, the lower protein concentration in the intraperitoneal cavity reduces opsonization by serum proteins, 
enabling more efficient recognition and uptake by MPS.42 Therefore, in our study, SIL-SOR-MPs were administered 
via i.p. injection, which significantly increased hepatic accumulation and enhanced the bioavailability of both drugs.

Mechanistic studies suggest that silibinin exerts hepatoprotective effects by mitigating mitochondrial dysfunction and 
oxidative stress through the activation of the AMPK signaling pathway. Meanwhile, low-dose sorafenib induces 
mitochondrial uncoupling, which subsequently activates AMPK, promoting fatty acid β-oxidation and accelerating 
lipid catabolism.15,43,44 In our in vivo experiments, mice treated with SIL-SOR-MPs exhibited significant reductions in 
body weight and intrahepatic lipid accumulation compared with those treated with silibinin alone, sorafenib alone or the 
unformulated free SIL/SOR mixture. These results may be attributed to both the liver-targeted delivery of the micro-
particles and the synergistic lipid-lowering effects of the two drugs. The precise molecular mechanisms underlying this 
synergy will be further investigated in future studies.

Conclusion
In this study, we systematically evaluated the potential of carrier-free silibinin/sorafenib microparticles in the treatment of 
MASLD. The results showed that the particles significantly ameliorated lipid metabolism abnormalities and attenuated 
hepatic fat deposition in a MASLD model, and exhibit the effects of inhibiting key genes involved in fatty acid synthesis 
and promoting key genes related to fatty acid oxidation. This regulatory effect contributed to the restoration of hepatic 
lipid metabolic homeostasis, yet the precise molecular mechanisms remain incompletely understood. Moreover, the 
microparticles enhanced the bioavailability of both silibinin and sorafenib, thereby enabling a synergistic therapeutic 
effect in therapy and improving hepatic efficacy. However, further investigations are required to evaluate the long-term 
safety profile of the microparticles formulation. In conclusion, the self-assembled carrier-free silibinin/sorafenib micro-
particles may represent a promising therapeutic strategy for the improving of MASLD treatment.
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