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Introduction
Nonalcoholic steatohepatitis (NASH) is a chronic liver disease associated with oxidative stress and ferroptosis, leading to liver injury and fibrosis. Garlic, renowned for its antioxidant and hepatoprotective properties, is commonly used in traditional medicine. Ultrafine powder technology enhances the physicochemical properties of natural products, improving their bioavailability and efficacy. This study explores the protective effects of ultrafine garlic powder (UGP) on NASH and its underlying mechanisms.
Methods
In this study, UGP was prepared by high-speed particle collision technology and compared with traditional garlic powder (TGP).
Results
UGP exhibited a particle size (d(0.5) of approximately 4 μm) that is 30 times smaller than TGP, showing significantly smaller particle size and lower contact angle (UGP=59.775°vs TGP=83.545°). UGP also demonstrated improved solubility and dispersibility, along with an enrichment of key organosulfur compounds such as allicinAllicin, Alliin, SAC, and GSAC. In vitro, UGP significantly reduced palmitic acid-induced ROS production (n=4, p< 0.0001), prevented mitochondrial dysfunction (n=4, p=0.0035), and thereby reduced hepatic stellate cell activation. UGP lowered intracellular Fe2+ levels in hepatocytes from 68.72% to 34.48% (n=4) and significantly protected hepatocytes from erastin-induced ferroptosis (cell viability: UGP treatment 23.46% vs erastin stimulation 53.91%, n = 4, p <0.0001).In the acute liver fibrosis model induced by methionine- and choline-deficient diet supplemented with 60 kcal% fat (CDHF), UGP significantly improved liver histology. Compared to the model group, the liver/body weight ratio of mice was significantly restored (n=4, p<0.0001), and histopathological staining showed a substantial improvement in liver damage. Biochemically, UGP significantly reduced the levels of liver collagen, triglycerides, and cholesterol (n = 6, p < 0.0001). Fibrosis-related mRNA and pro-inflammatory mRNA expression were significantly decreased. Western blot results showed that UGP significantly inhibited the activation of p-ERK signaling. In the chronic liver fibrosis model induced by a diet with 60 kcal% fat (HFD), UGP demonstrated similar therapeutic effects. RNA-seq analysis revealed that UGP modulated key pathways, including fatty acid metabolism and the MAPK signaling pathway, and suppressed ROS production, further highlighting its therapeutic potential in NASH treatment.
Discussion
Taken together, these data suggest that UGP alleviates NASH by inhibiting hepatocyte ferroptosis and modulating ERK-dependent oxidative stress, supporting its potential as a therapeutic agent.
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1 INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disorder with rising global prevalence, driven by environmental, nutritional, metabolic, and genetic factors (Rich et al., 2018; Marjot et al., 2020; Kechagias et al., 2008; Loomba et al., 2015), affecting an estimated 32.4% of adults by 2022 (Riazi et al., 2022). Excessive lipid accumulation in hepatocytes promotes inflammation and liver injury, contributing to NAFLD pathogenesis (Chalasani et al., 2012). About 15%–25% of individuals with NAFLD progress to non-alcoholic steatohepatitis (NASH), which is characterized by vesicular steatosis, hepatic lobular inflammation, hepatocellular lipid accumulation and ballooning, periportal hepatocellular fibrosis, and perisinusoidal fibrosis (Takahashi and Fukusato, 2014). Lipid-laden hepatocytes undergo oxidative stress and lipid peroxidation, releasing pro-fibrotic and pro-inflammatory mediators that activate hepatic stellate cells and recruit immune cells (Cai et al., 2005). Strong associations exist between NAFLD/NASH and obesity, dyslipidemia, type 2 diabetes, or metabolic syndrome (Marjot et al., 2020; Younossi et al., 2018; Targher et al., 2007). Given limited therapeutic options and an incompletely understood pathogenesis, lifestyle interventions-including dietary modification, exercise, and weight reduction-remain the cornerstone of management (Moore et al., 2020). Regular exercise reduces hepatic fat and enhances insulin sensitivity, thereby mitigating NASH progression (Wong et al., 2013; Vilar-Gomez et al., 2015; Winn et al., 2018).
Recently, there has been an intensive attempt to study dietary elements that aid in the prevention and treatment of NAFLD (Yan et al., 2020; Lei et al., 2019; Wei et al., 2023; Choi et al., 2023). Garlic (Allium sativum L.), a perennial herb Angiosperms of the genus Allium (family Amaryllidaceae), is one of the most ancient cultivated plants, has been utilized for both culinary and medical purposes owing to its medicinal properties (Xiao et al., 2013a; Shin et al., 2014; Wu et al., 2015). Empirical research has demonstrated that garlic possesses the capacity to resolve metabolic disorders by enhancing glucose metabolism and lipid distribution. Additionally, the ingredients of garlic have the ability to ameliorate NAFLD and exhibit various biological effects, including reducing oxidative stress, antihyperlipidemic, antibacterial, anti-obesity, hepatoprotective and anti-cancer (Zhang et al., 2017; Ankri and Mirelman, 1999; Ernst, 1997). Preclinical and clinical studies have confirmed the therapeutic potential of garlic as a therapeutic agent for a variety of diseases, such as atherosclerosis (Karagodi et al., 2016), NAFLD (Sangouni et al., 2020) and prevention of viral infections (Rouf et al., 2020). The main bioactive components in garlic are organosulfur compounds, representative of which are: Allicin, Alliin, S-allyl-cysteine (SAC), and γ-glutamyl-S-allyl-cysteine (GSAC) (Shang et al., 2019). Allicin, the most potent compound in garlic with a strong garlic flavor and plays an important role in the treatment of metabolic liver diseases such as obesity and metabolic disorders (Zhan et al., 2020). SAC, another major bioactive compound in garlic, is converted from GSAC and can be converted to Alliin (Utama et al., 2024). Hwang et al. identified SAC as a non-toxic natural product in garlic, exhibits diverse pharmacological properties, including antioxidant and hepatoprotective effects (Hwang et al., 2013). Hence, garlic possesses significant potential as a therapeutic agent for the prevention of NAFLD.
Ferroptosis is a newly recognized type of cell death that, in contrast to other programmed cell death pathways, results in the generation of iron-dependent lipid peroxidation (Jiang et al., 2021). This form of cell death is triggered by the disturbance of internal metabolic pathways, resulting in a substantial buildup of lipid peroxides (Abdel Halim et al., 2024). It is intricately linked to the regulation of iron within the cell and the maintenance of lipid homeostasis (Stockwe et al., 2017). The fundamental processes underlying ferroptosis primarily involve an imbalance in the amino acid antioxidant system, lipid peroxide accumulation, and disruptions in iron metabolism. Among these, the accumulation of lipid peroxides (LPO) serves as the core mechanism of ferroptosis (Yang and Stockwell, 2016). Ferroptosis inducers like erastin exert their effects on glutathione peroxidase through many mechanisms, resulting in a decrease in cellular antioxidant capacity, ROS accumulation, and ultimately oxidative cell death (Xie et al., 2016). Significantly, NAFLD patients with higher levels of circulating iron (defined as more than 1.5 times the upper limit of normal) were found to have a strong association with hepatic iron deposition and tissue inflammation. It was also concluded that elevated iron levels in the blood are an independent risk factor for the progression of NAFLD to NASH and liver fibrosis (Kowdley et al., 2012). Recent studies suggest that ferroptosis is linked to inflammatory episodes of steatohepatitis in the early stages of NASH in mouse models (Tsurusaki et al., 2019). Furthermore, there is compelling evidence indicating that ferroptosis and disruptions in lipid metabolism play a crucial role in the progression of NASH (Li XY. et al., 2020). Thus, interfering with ferroptosis signaling in the liver is emerging as a novel and prospective therapeutic strategy for NASH.
Ultrafine powders are powder materials with particle sizes controlled to be within 10 µm. These powders have garnered more attention compared to conventional powders by virtue of their extensive surface area and enhanced reactivity (Li Y. et al., 2020; Li et al., 2022). The physical and chemical properties of solids undergo substantial changes when they are reduced to micro- or even nano-scale sizes, and exhibit significant alterations in their optical, electrical, magnetic, mechanical, thermodynamic, surface, and interface properties (Muttakin et al., 2015). These changes give rise to a multitude of distinctive characteristics, offering extensive potential applications in catalysis, light filtering, light absorption, medicine, magnetic media, and new materials. An important benefit in the pharmaceutical industry is its ability to improve the absorption of drugs and produce the necessary therapeutic effects using lower doses of expensive and limited herbs (Li Y. et al., 2020; Wang et al., 2023; Zhao et al., 2009). The ultrafine garlic powder (UGP) used in this study is a processed formulation rather than an approved pharmaceutical product; its clinical indications and safety profile remain unestablished, and comprehensive toxicological evaluations are necessary to support potential clinical translation.
In this study, we applied high-speed and energy particle collision equipment to produce UGP, and as compared with TGP, UGP possess a smaller particle size and contact angle, along with increased solubility, dispersibility, and antioxidant capacity. In addition, GC-MS/LC-MS analysis confirmed that the main bioactive components in garlic, including allicin, allicin, SAC and GSAC, were present at higher levels in UGP than in TGP. In our in vitro experiments, we used palmitic acid-laden THLE2 to investigate the beneficial role of UGP in lipid ROS accumulation and mitochondrial function, in comparison to TGP. On the other hand, we stimulated THLE2 cells with erastin to induce ferroptosis in hepatocytes and noticed that UGP significantly reduced cell death, ROS production, and mitochondrial dysfunction, as compared with TGP. For in vivo approaches, we established 2 mouse models of NASH and observed that UGP showed significant therapeutic benefits in interfering with the development of steatosis, hepatocyte ferroptosis, inflammation, and fibrosis. Our findings highlight the protective effects of garlic in the development and progression of NASH through inhibiting hepatocyte lipotoxicity and ferroptosis, shedding new insights into the application of ultrafine powder technology in the development of natural herbal medicine.
2 MATERIALS AND METHODS
2.1 Chemicals and antibodies
Chemicals used in this study: Bovine Serum Albumin (BSA, BS114-100g, Biosharp, Hefei, Anhui, China), 4′,6-diamidino-2-phenylindole (DAPI, D1306, Thermo Fisher Scientific, Waltham, Massachusetts, USA), Erastin (E424821, Aladdin, Shanghai, China), Ferrostatin-1 (Fer-1, F408509, Aladdin, Shanghai, China), Palmitic acid (P815431, Macklin, Shanghai, China), Paraformaldehyde (PFA, 28908; Thermo Fisher Scientific, Waltham, Massachusetts, USA), Triton X-100 (T8787, Sigma,St. Louis, Missouri, USA).
Antibodies used in this study: ACTA2 (ab124964, Abcam, Cambridge, United Kingdom), COL1A1 (ab138492, Abcam, Cambridge, United Kingdom), phospho-ERK1/2 (4370, CST,Danvers, Massachusetts, USA), ERK1/2 (4695, CST,Danvers, Massachusetts, USA), FN (fibronectin, ab268020, Abcam, Cambridge, United Kingdom), GAPDH (2118, CST,Danvers, Massachusetts, USA), rabbit Alexa Fluor 488 secondary antibody (ab150077, Abcam), rabbit HRP (7074, CST,Danvers, Massachusetts, USA).
2.2 Preparation and validation of UGP and TGP
TGP was purchased from VEpiaopiao (Production Number: SC11735062200735). UGP was supplied by MATIFE BIO Ltd., and the garlic used was of the same variety and origin as TGP. Briefly, a high-speed and energy particle collision equipment was used to produce UGP, and the residual moisture in the garlic powder was eliminated by temperature and pressure control, and finally the micro- and nano-powders with smaller sizes were obtained in the organizer. The particle sizes of UGP and TGP were analyzed using an ultra-high-speed smart particle size analyzer (MASTER SIZER 3000, Malvern Instruments Ltd., UK). The morphology of UGP and TGP was studied using scanning electron microscopy (SEM, FEI, Czech Republic). A multifunctional imaging electron spectrometer (XPS, Thermo ESCALAB 250XI, Thermo Fisher Scientific, USA) was used to determine the composition of UGP and TGP. A Fourier Transform Infrared Spectrometer (FT-IR, Nicolet iS5, Thermo Nicolet Corporation, USA) was used to identify functional groups in UGP and TGP. The hydrophilicity of UGP and TGP was investigated using Optical Contact Angle Meter (Theta Flex, Biolin, Sweden). The antioxidant capacity of UGP and TGP was assessed using the DPPH Free Radical Scavenging Capacity Assay Kit (BC4750, Solarbio, Beijing, China), Superoxide Anion Activity Content Assay Kit (BC1290, Solarbio, Beijing, China), and the Hydroxyl Free Radical Scavenging Capacity Assay Kit (BC1320, Solarbio, Beijing, China).
2.3 GC-MS/LC-MS analysis of UGP and TGP
100 mg of the UGP or TGP sample was mixed with 1 mL of dichloromethane in an EP tube, sonicated for 10 min, mixed well and centrifuged, the supernatant was collected through an organic filter membrane. The content of Allicin in UGP and TGP was determined by gas chromatography-mass spectrometry (GC-MS, Xevo TQ-GC, Waters). The separation was conducted on a SUPELCO Discovery DB-5MS column (30 m × 0.25 mm ID) with split ratio of 5:1 and sample volume of 2 µL. Helium was used as the carrier gas at a flow rate of 1 mL/min, and the temperature of the injection port was 260 °C. The heating program was as follows: the initial temperature was 50 °C, held for 2 min, then the temperature was continuously increased to 110 °C at a rate of 10 °C/min, held for 1 min, and then the temperature was continuously increased to 260 °C at a rate of 20 °C/min, held for 0 min, for a total of 16.5 min. MS conditions: ionization was in EI mode, SIR mode was selected for the analysis, scanner ions are 81 and 41, and solvent delaied for 3 min. On the other hand, Alliin, SAC and GSAC were determined by liquid chromatography-quadrupole orbit trap mass spectrometry (LC-MS, Q-Exactive Focus, Thermo Fisher Scientific, Waltham, Massachusetts, USA). The separation was conducted on a ACQUIRE UPLC BEH C18 column (1.7 um, 2.1 × 100 mm) using a binary mobile phase composed of A (water supplemented with 0.1% formic acid) and B (acetonitrile). MS conditions: SIM Scanning Mode, ms2:17500, collision energy: 35, AGC: 2e5, maximum IT: 100 ms; isolation window: 4.0 m/z. The monitored mass numbers (m/z values) of Alliin, SAC and GSAC were 178.05200, 162.05700 and 291.0900, respectively.
2.4 Cell culture
Human normal hepatocytes (THLE2) and hepatic stellate cells (HSCs) (LX-2) were purchased from the American Type Culture Collection (ATCC) and cultured in BEGM kit medium and RPMI medium supplemented with 10% FBS, respectively. Cells were stimulated with palmitate (0.5 mM), erastin (10 μM), Fer-1 (5 mM), UGP (10 mg/mL), or TGP (10 mg/mL) for 24 h as outlined in the main text and/or figure legends.
2.5 Flow cytometry
Cell death analysis was performed by staining cells with Dead Cell Apoptosis Kit with Annexin V FITC and PI (CA1020; Beyotime, Shanghai, China). Lipid Peroxidation was examined by staining cells with Liperfluo dye (L248; Dojindo, Kumamoto, Japan). Cellular Fe2+ levels were examined by staining cells with FerroOrange dye (F374; Dojindo, Kumamoto, Japan). Cells were then quantified with the flow cytometer (Beckman, Brea, California, USA) and analyzed with CtyExpert software: the preliminary FSC/SSC gates of the starting cell population were 10,000 events. Debris (SSC-A vs. FSC-A) and doublets (FSC-H vs. FSC-A) were excluded. Boundaries between “positive” and “negative” staining were set at 104 (Ng et al., 2019).
2.6 ROS detection
Cells were seeded on 24-well plate (6 × 103 cells/well). Twenty-four hours following stimulation of palmitate, erastin, Fer-1, UGP, or TGP, cells were washed, incubated with 10 µM of DCFDA solution (S0033, Beyotime, Shanghai, China) for 45 min at 37 °C in the dark, and rinsed with the dilution buffer according to the manufacturer’s protocol. Live cells with positive DCF staining were imaged with a filter set appropriate for fluorescein (FITC) using a fluorescence microscope (Nikon, Tokyo, Japan) (Lyu et al., 2024).
2.7 Mitochondrial membrane potential detection
Cells were seeded on 24-well plate (6 × 103 cells/well). Twenty-four hours following stimulation of palmitate, erastin, Fer-1, UGP, or TGP, cells were washed, incubated with 200 nM of Mito-Tracker Red CMXRos solution (C-1049B; Beyotime, Shanghai, China) for 30 min at 37 °C in the dark, and rinsed with the dilution buffer according to the manufacturer’s protocol. Mitochondrial membrane potential with positive Mito-Tracker staining were imaged with a filter set appropriate for PE using a fluorescence microscope (Nikon, Tokyo, Japan) (Dong et al., 2023).
2.8 Immunofluorescence (IF)
LX-2 cells were seeded on 24-well plate (6 × 103 cells/well) and incubated with conditional medium for 24 h before staining. Cells were fixed in 4% PFA for 20 min, washed with PBS, and non-specific sites were blocked with 5% BSA in PBS for 2 h. Cells were incubated with COL1A1 or ACTA2 antibody overnight (4 °C), followed by incubation with the appropriate Alexa Fluor 488 secondary antibody for 1 h (RT) and DAPI for 10 min. Positive COL1A1 or ACTA2 staining were imaged with a filter set appropriate for fluorescein (FITC) using a fluorescence microscope (Nikon, Tokyo, Japan) (Ng et al., 2019).
2.9 Experimental animals and housing conditions
The study was conducted in mice because murine models have well-established pathophysiological relevance to human NASH and allow mechanistic exploration of ferroptosis-related injury. Male mice were used to minimize hormonal variability associated with the estrous cycle, which may affect hepatic lipid metabolism and oxidative stress responses. Animal experiments were approved by the Animal Ethics Committee of the Tianjin University Laboratory Animal Center (Tianjin, China) (Approval No. TJUE-2024–127). All procedures complied with national and institutional animal care guidelines. Male C57BL/6J mice (6–8 weeks, 22–25 g; Beijing Vition Technology Co., Ltd. for Laboratory Animal Services) were acclimated for ≥7 days and housed 5 per cage in individually ventilated polycarbonate cages with standard bedding, enrichment, 12 h light/dark cycle, 22 °C ± 2 °C, and 50% ± 10% humidity. Standard chow and water were provided ad libitum; experimental groups received specific diets (high-fat or choline-deficient high-fat). Painful procedures were performed under anesthesia (isoflurane), and euthanasia followed approved methods (e.g., CO2), with predefined humane endpoints. Animals were randomly assigned to groups, and all analyses were performed by investigators blinded to group assignment.
2.10 Study design and experimental groups
In this study, 60 C57BL/6N male mice (6–8 weeks old) were randomly assigned to different experimental groups, with 6 mice per group. The groups were as follows:
Acute Liver Fibrosis Model (CDHF): Mice were fed a methionine- and choline-deficient diet supplemented with 60 kcal% fat (CDHF, A06071301B, Research Diets) for 4 weeks. The control group was fed normal chow (NC, Specialty Feeds). Treatment regimens for the groups were as follows (Jiang et al., 2022): NC (normal chow), CDHF (acute liver fibrosis model), CDHF + Fer-1: 2.5 μmol/kg via intraperitoneal injection (IP) 3 times per week for 4 weeks, CDHF + UGP: 500 mg/kg administered orally (oral) 3 times per week for 4 weeks, CDHF + TGP: 500 mg/kg administered orally (oral) 3 times per week for 4 weeks.
Chronic Liver Fibrosis Model (HFD): Mice were fed a rodent diet with 60 kcal% fat (HFD, D12492, Research Diets) for 12 weeks. The control group was fed normal chow (NC, Specialty Feeds). Treatment regimens for the groups were as follows (Jiang et al., 2022): NC (normal chow), HFD (chronic liver fibrosis model), HFD + Fer-1: 2.5 μmol/kg via intraperitoneal injection (IP) 3 times per week for 12 weeks, HFD + UGP: 500 mg/kg administered orally (oral) 3 times per week for 12 weeks, HFD + TGP: 500 mg/kg administered orally (oral) 3 times per week for 12 weeks.
At the end of each treatment period, blood and liver tissues were collected for subsequent analyses.
2.11 Colorimetric assays
Cell viability and LDH activity were quantified using CCK8 Activity Assay Kit (CA1210, Solarbio, Beijing, China) and LDH activity Assay Kit (BC0685, Solarbio, Beijing, China). Alanine transaminase (ALT) activity in cell culture supernatants and mouse serum was determined using ALT/GPT Assay Kit (C009-2-1, Njjcbio, Nanjing, Jiangsu Province, China). Liver Collagen, GSH, triglyceride and cholesterol levels were measured using HYP Assay Kit (A03021, Njjcbio, Nanjing, Jiangsu Province, China), GSH Assay Kit (A00621, Njjcbio, Nanjing, Jiangsu Province, China), Triglyceride Content Assay Kit (A110-1-1, Njjcbio, Nanjing, Jiangsu Province, China) and Total Cholesterol Assay Kit (BC1980, Solarbio, Beijing, China), respectively. Serum levels of aspartate aminotransferase (AST), iron, malondialdehyde (MDA) and superoxide dismutase (SOD) were evaluated using AST/GOT Kit (C010-2-1, Njjcbio, Nanjing, Jiangsu Province, China), Serum Iron (Fe3++Fe2+) Assay Kit (A039-1-1, Njjcbio, Nanjing, Jiangsu Province, China) and SOD Assay Kit (A001-3, Njjcbio, Nanjing, Jiangsu Province, China), respectively. Liver iron (Fe3++Fe2+) and LPO levels were quantified using Tissue Iron (Fe3++Fe2+) Assay Kit (A039-2-1, Njjcbio, Nanjing, Jiangsu Province, China) and LPO Assay kit (A106-1, Njjcbio, Nanjing, Jiangsu Province, China), respectively. All colourimetric assays were performed according to the manufacturer’s protocol.
2.12 Liver tissue processing and histological analysis
Mouse livers were fixed in 4% PFA, embedded in paraffin, and cut into 6 µm-thick slices. Sections were stained with hematoxylin and eosin (H&E), Masson’s Trichrome (MT), or Prussian blue (PB) staining according to standard protocol and examined by light microscopy (Nikon, Tokyo, Japan). For each animal, ten representative microscopic fields were captured for each section under the same magnification and exposure conditions.
2.13 RT-qPCR
The RNAeasy™ Animal RNA Isolation Kit with Spin Column (R0027, Beyotime, Shanghai, China) was used to extract total RNA from snap-frozen liver tissues. PCR amplifications were performed using cDNA Synthesis Master Mix (D7185, Beyotime, Shanghai, China). Gene expression was analyzed in duplicate by SYBR green (D7260, Beyotime, Shanghai, China) technology using CFX96 (Bio-rad,Hercules, California, United States) over 40 cycles. Expression data were normalized to Gapdh mRNA expression and fold change was calculated using 2−ΔΔCT method (Dong et al., 2021). The primer sequences are listed in Table 1.
TABLE 1 | Primer sequences for RT-qPCR.	Gene	Forward primer sequence (5′-3′)	Reverse primer sequence (3′-5′)
	Ms Tnfα	ATG​AGA​AGT​TCC​CAA​ATG​GC	CTC​CAC​TTG​GTG​GTT​TGC​TA
	Ms Il1β	TGC​CAC​CTT​TTG​ACA​GTG​ATG	ATG​TGC​TGC​TGC​GAG​ATT​TG
	Ms Il6	CTC​TGG​GAA​ATC​GTG​GAA​AT	CCA​GTT​TGG​TAG​CAT​CCA​TC
	Ms Il8	ACCCGCTCGCTTCTCTGT	AAG​GGA​GCT​TCA​GGG​TCA​AG
	Ms Col1a1	GGG​GCA​AGA​CAG​TCA​TCG​AA	GTC​CGA​ATT​CCT​GGT​CTG​GG
	Ms Col3a1	GTC​CAG​GGA​TAC​GGG​GTA​TG	GAG​CAC​CGA​CTT​CAC​CCT​TT
	Ms Acta2	TGG​AGA​AGC​CCA​GCC​AGT​CG	CCA​GCG​AAG​CCG​GCC​TTA​CA
	Ms Fn1	ATA​AGC​CTC​TGC​TCT​TGG​GG	CTC​ACA​CCC​TGG​GCT​CCT​TT
	Ms Acsl4	GCA​CCT​TCG​ACT​CAG​ATC​ACA	GAA​GCC​AGC​AAT​AAA​GTA​CAC​AGA
	Ms Ncoa4	TAT​CCA​GGT​GCC​AGA​GCA​GA	GGC​ATC​GCT​GAA​GAA​ACT​GC
	Ms Gpx4	CCG​TCT​GAG​CCG​CTT​ACT​TA	GTG​ACG​ATG​CAC​ACG​AAA​CC
	Ms Slc7a11	AAT​ACG​GAG​CCT​TCC​ACG​AG	CTC​CAG​GGG​CAG​TCA​GTT​AG
	Ms Fsp1	ACT​TCC​TCT​CTC​TTG​GTC​TGG​T	ACT​TGT​CAC​CCT​CTT​TGC​CT
	Ms Gapdh	CTG​GAA​AGC​TGT​GGC​GTG​AT	GAC​GGA​CAC​ATT​GGG​GGT​AG


2.14 Immunoblotting
Mouse liver samples were lysed using a 100:1 mixture of RIPA buffer and PMSF from (R0020,Solarbio, Beijing, China), followed by quantification of each protein concentration using the BCA Protein Assay Kit (PC0020, Solarbio, Beijing, China). The protein samples were separated via SDS-PAGE and transferred to PVDF membranes. These membranes were covered with 5% skimmed milk powder, left overnight at 4 °C with a primary antibody and washed with 1% Tween 20 in TBS afterwards. Anti-rabbit HRP secondary antibody was used to incubate the membranes for 2 hours at room temperature before visualizing the protein bands using the ECL detection system (Dong et al., 2021).
2.15 RNA-seq analysis
The RNAeasy™ Animal RNA Isolation Kit with Spin Column (R0027, Beyotime, Shanghai, China) was used to extract total RNA from snap-frozen liver tissues. The Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA) served to evaluate library quality and RNA integrity using the RNA Nano 6000 Assay Kit. Following cluster creation, 150 bp paired-end reads were produced from the library preparations sequencing using an Illumina Novaseq platform. Using Hisat2 (v2.0.5, accessed on 1 March 2025), an index of the reference genome was constructed, and paired-end clean reads were aligned to the reference genome. Using a reference-based methodology, the mapped reads of every sample were constructed using StringTie (v1.3.3b, accessed on 1 March 2025) (Pertea et al., 2015). The read counts that were mapped to each gene were counted using FeatureCounts (v1.5.0-p3, accessed on 1 March 2025). Next, each gene’s FPKM was computed using its length and the number of reads that were mapped to it. The DESeq2 R package (v1.20.0, accessed on 1 March 2025) was utilized to identify differentially expressed genes (DEGs) based on a corrected p value of less than 0.05. Gene Ontology (GO) enrichment analysis of DEGs was conducted using the clusterProfiler R package (v3.8.1, accessed on 1 March 2025), with correction for gene length bias. GO terms with adjusted p-values <0.05 were deemed significantly enriched. KEGG pathway enrichment analysis was also performed using clusterProfiler, while gene set enrichment analysis (GSEA) was conducted with the local GSEA software tool (v4.3.2, Broad Institute, accessed on 1 March 2025), applying GO and KEGG datasets independently.
2.16 Statistical analysis
All statistical analyses were conducted using GraphPad Prism software (version 10.0). Normal distribution was confirmed by the Kolmogorov-Smirnov test. Simple two-tailed Student’s t-tests were used for experimental setups comparing two conditions. For comparisons between more than two conditions, one-way ANOVA with Tukey’s correction (when several conditions were compared to each other) were used. The criterion for statistical significance was set at P < 0.05. We have ensured that all relevant intergroup comparisons were considered and reported in the Statistical Analysis section.
3 RESULTS
3.1 Characterization of UGP and TGP
UGP was produced by a high-speed and energy particle collision equipment (Figure 1A). We first compared the particle sizes of UGP and TGP, and d (0.5) for UGP was approximately 4 μm, which was more than 30 times smaller than that of TGP (Figure 1B). Additionally, SEM images displayed a marked reduction in particle size in UGP, as compared with TGP. The particle angles became indiscernible, and the borders became less distinct for UGP (Figure 1C). UGP is more soluble and dispersed in H2O, PBS and DMSO than TGP in a dose-dependent manner (Figure 1D; Supplementary Figure S1). XPS assay was conducted to confirm that both UGP and TGP belonged to the same species possessing the same elements, as shown in Figure 1E. Furthermore, FT-IR demonstrated that UGP would exhibit hydroxyl functional groups, which would greatly enhance its biological and pharmacological effects (Figure 1F). The combined effects of reduced particle size and abundant surface hydroxyl groups increase the effective specific surface area and improve wettability, thereby promoting faster dissolution and greater molecular release in aqueous environments compared with TGP. These physicochemical modifications are expected to enhance interactions with biological interfaces and increase the bioavailable fraction of active compounds. The contact angle measurements suggest that both UGP and TGP exhibit hydrophilic properties. UGP has higher hydrophilicity compared to TGP, resulting in a decreased rate of drug loss (Figure 1G). The increased hydrophilicity and reduced contact angle of UGP enhance its dispersibility and minimize aggregation in physiological media, providing a physicochemical basis for more efficient cellular interaction and reduced extracellular sequestration. Upon evaluating the scavenging potential of UGP and TGP against DPPH, O2−, and OH− radicals, it was observed that UGP exhibits a higher antioxidant capacity (DPPH radical scavenging, O2− radical scavenging, and OH− radical scavenging) compared to TGP (Figure 1H). The enhanced radical-scavenging activity of UGP aligns with its higher content of biologically active sulfur-containing compounds, suggesting an increased capacity to mediate redox-dependent biological effects in cellular systems. The GC-MS/LC-MS method was successfully used to quantify the four major bioactive components in TGP and UGP, with the four compounds in UGP being more abundant than those in TGP (Figure 1I). Despite the complexity of the garlic matrix, the high selectivity and sensitivity of the method effectively minimized the interference of non-target components, resulting in clear SRM peaks for allicin, allicin, SAC and GSAC at the expected retention times (Figure 2). Quantitative analyses (GC-MS and LC-MS) confirmed that key organosulfur constituents, including allicin and SAC, are enriched in UGP relative to TGP, providing direct evidence of compositional alterations underlying its enhanced bioactivity. Collectively, the reduced particle size, improved solubility and hydrophilicity, surface hydroxylation, and higher abundance of active organosulfur compounds offer a coherent mechanistic explanation for the superior therapeutic effects of UGP compared with TGP, as these features are expected to enhance dissolution, promote cellular adhesion and contact, and increase the local concentration of active molecules available for uptake.
[image: The composite image consists of several panels depicting the production and analysis of ultrafine garlic powder. Panel A shows a diagram of the garlic particle processing system, including components like a particle accelerator and aggregate chamber. Panel B displays a graph comparing particle size distributions for TGP and UGP. Panel C shows microscopic images of TGP and UGP. Panel D features test tubes with varying concentrations of TGP and UGP. Panel E presents an energy spectrum analysis. Panel F is a transmittance spectrum graph. Panel G compares contact angles for TGP and UGP. Panel H shows bar graphs of radical scavenging capabilities. Panel I includes box plots of various compounds in TGP and UGP.]FIGURE 1 | Characterization of TGP and UGP. (A) Schematic of the production of UGP by a high-speed and energy particle collision equipment. (B) Particle size distribution of TGP and UGP. (C) SEM images of TGP and UGP (scale bar = 100 μm). (D) Solubility and dispersibility of TGP and UGP in H2O. (E) XPS spectra of TGP and UGP. (F) FT-IR spectra of TGP and UGP. (G) Contact angle measurement of TGP and UGP (n = 6). (H) Antioxidant capacity (DPPH radical scavenging, O2− radical scavenging, and OH− radical scavenging) analyses of TGP and UGP (n = 4). (TGP: Traditional garlic powder; UGP: Ultrafine garlic powder.).[image: Chromatograms and box plots compare garlic powder samples (TGP and UGP) for allicin, alliin, SAC, and GSAC contents. Panels A to D display chromatograms of standards, TGP, and UGP. Box plots show significant differences in compound concentrations between TGP and UGP, with UGP exhibiting higher levels across all compounds.]FIGURE 2 | SRM chromatograms and quantification of four standard compounds including Allicin (A) Alliin (B) SAC (C) and GSAC (D) in TGP and UGP (n = 4), respectively. (GSAC: γ-Garlic S-allyl cysteine; SAC: S-allyl cysteine; TGP: Traditional garlic powder; UGP: Ultrafine garlic powder).3.2 UGP significantly ameliorates palmitate-induced lipotoxic hepatocyte injury
In order to investigate the role of UGP in fatty liver, we simulated hepatic lipotoxicity, a well-known initial factor in NAFLD that is linked to the production of pro-inflammatory and fibrosis markers (Friedman et al., 2018). To achieve this objective, we loaded normal human hepatocyte THLE2 cells with palmitate, a saturated fatty acid found elevated in the serum of NAFLD patients (Kleinfeld et al., 1996). UGP significantly improved palmitate-induced cell death, LDH activity, and ALT levels, as compared with TGP (Figures 3A–C). Annexin V-FITC/PI staining further confirmed that UGP significantly ameliorated palmitate-induced cell death in THLE2 cells (Figure 3D). In addition, palmitate-loaded THLE2 cells treated with UGP exhibited less ROS production and restored mitochondrial membrane potential, indicating a beneficial role of UGP in ROS-induced mitochondrial dysfunction and cell death as compared with TGP (Figures 3E,F). Flow analysis confirmed that UGP inhibited palmitate-induced lipid peroxidation, as evidenced by Liperfluo staining (Figure 3G). Human HSC LX-2 cells were exposed to conditioned media obtained from hepatocytes treated with either BSA control or palmitate. Our results demonstrate that media from lipotoxic hepatocytes significantly stimulated the expression of COL1A1 and ACTA2 in HSCs (Figure 3H). The addition of UGP to the conditioned media significantly blocked the expression of COL1A1 and ACTA2, in comparison to TGP (Figure 3H; Supplementary Figures S2A,B). These data demonstrated that UGP was able to ameliorate the lipotoxicity of hepatocytes and downstream activation of HSCs. Importantly, we employed Fer-1, an ferroptosis inhibitor, in our study and noted marked amelioration of the lipotoxic hepatocyte injury induced by palmitate. In addition, we have discovered that palmitate-loaded hepatocytes had significantly elevated levels of Fe2+, which were significantly reduced by UGP (Supplementary Figure S2C). All the above results indicated the potential role of ferroptosis in hepatocyte lipotoxicity.
[image: A multi-part scientific figure displays various experimental results. Panels A, B, and C feature box plots comparing cell viability and enzyme activity levels across different treatments, including BSA, PAL, and combinations with Fer-1, UGP, and TGP. Panel D presents flow cytometry data showing cell death percentages. Panel E shows fluorescence microscopy images for ROS detection, with intensity analysis. Panel F includes mitochondrial tracker images with corresponding intensity box plots. Panel G features histograms of lipid ROS detection. Panel H outlines the experimental setup flowchart and displays immunofluorescence staining images for ACTA2 and COL1A1. Statistical significance values are indicated throughout.]FIGURE 3 | UGP ameliorates palmitatic acid-induced lipotoxic hepatocyte injury. Effects of palmitatic acid stimulation and Fer-1, UGP and TGP treatment of on human normal hepatocyte THLE2 cell viability was examined using CCK8 assay (A) and LDH assay (B) (n = 4). (C) Effects of palmitatic acid stimulation and Fer-1, UGP and TGP treatment of on THLE2 cell damage was determined by ALT assay (n = 4). (D) Cell death assay was performed using Annexin V/PI staining (n = 4). Annexin V+PI−, Annexin V+PI−, and Annexin V+PI+ cells were considered dead cells. Representative fluorescent images and quantification of DCFDA (2′,7′-dichlorofluorescein diacetate) (E) and Mito-Tracker Red CMXRos (F) staining for ROS and mitochondrial membrane potential detection (scale bar = 100 μm, n = 4). (G) Flow cytometry analysis of lipid peroxidation by Liperfluo staining on THLE2 cells. (H) Representative immunofluorescent images of ACTA2+ve and COL1A1+ve cells (scale bar = 100 μm). Data are shown as box-and whisker with median (middle line), 25th–75th percentiles (box), and min-max values (whiskers), one-way ANOVA with Tukey’s correction. (ALT: Alanine transaminase; BSA:Bovine serum albumin; Fer-1: Ferrostatin-1; PAL: Palmitic acid; ROS: Reactive oxygen species; TGP: Traditional garlic powder; UGP:Ultrafine garlic powder).3.3 UGP significantly ameliorates erastin-induced hepatocyte ferroptosis
Subsequently, we instigated the process of hepatocyte ferroptosis by employing erastin, a compound that induces ferroptosis. After being exposed to erastin, there was a notable rise in cytotoxicity and hepatocyte damage (Figures 4A–C). To examine the potential inhibition effects of garlic powder on ferroptosis, cells were treated with UGP and TGP, whereas Fer-1 was used as a positive control for the inhibition. UGP significantly improved erastin-induced cell death, LDH activity, and ALT release, as compared with TGP (Figures 4A–D). FerroOrange is a small-molecule probe that is specific for measuring cellular Fe2+ levels, and by using FACS analysis, we confirmed that erastin-induced Fe2+ levels in hepatocytes were significantly elevated, which were further reduced by garlic powder (Figure 4E). ROS production results in GSH depletion and disruption of mitochondrial membrane structure, which respond to the degree of cellular damage. As compared with TGP, UGP significantly reduced ROS production, elevated mitochondrial membrane potential, and inhibited lipid peroxidation in erastin-stimulated THLE2 cells by fluorescent microscopy and flow cytometry examinations (Figures 4F–H). These data suggest the potential role of garlic powder in regulating ferroptosis signaling, which requires further study.
[image: Various charts and panels depict experimental data in a scientific study. Panels A-C show box plots comparing cell viability, LDH, and ALT levels across different treatments. Panel D displays scatter plots analyzing apoptosis and necrosis in cells using Annexin V and PI staining. Panel E shows histograms of cell counts stained with FerroOrange, along with an overlay. Panels F and G are fluorescence microscopy images showing ROS and mitochondria, with intensity box plots. Panel H includes histograms and an overlay for Liperfluo staining, indicating oxidative stress. Statistical significance is annotated above comparisons.]FIGURE 4 | UGP significantly ameliorates erastin-induced hepatocyte ferroptosis. Effects of erastin stimulation and Fer-1, UGP and TGP treatment of on THLE2 cell viability was examined using CCK8 assay (A) and LDH assay (B) (n = 4). (C) Effects of erastin stimulation and Fer-1, UGP and TGP treatment of on THLE2 cell damage was determined by ALT assay (n = 4). (D) Cell death assay was performed using Annexin V/PI staining (n = 4). Annexin V+PI−, Annexin V+PI−, and Annexin V+PI+ cells were considered dead cells. (E) Flow cytometry analysis of cellular Fe2+ levels by FerroOrange staining on THLE2 cells. Representative fluorescent images and quantification of DCFDA (2′,7′-dichlorofluorescein diacetate) (F) and Mito-Tracker Red CMXRos (G) staining for ROS and mitochondrial membrane potential detection (scale bar = 100 μm, n = 4). (H) Flow cytometry analysis of lipid peroxidation by Liperfluo staining on THLE2 cells. Data are shown as box-and whisker with median (middle line), 25th-75th percentiles (box), and min-max values (whiskers), one-way ANOVA with Tukey’s correction. (ALT: Alanine transaminase; ERA: Erastin; Fer-1: Ferrostatin-1; ROS: Reactive oxygen species; TGP: Traditional garlic powder; UGP: Ultrafine garlic powder).3.4 UGP protects against liver inflammation and fibrosis in CDHF-induced acute liver injury model
We then established 2 mouse models of NASH in order to evaluate the efficacy of UGP as both preventative and therapeutic interventions. Mice fed with CDHF diet induced hepatocyte damage due to excessive fat accumulation, leading to weight loss in the absence of insulin resistance, thus developing acute and severe onset NASH. CDHF mice were intraperitoneally injected with Fer-1 three times per week, while UGP and TGP were administered intragastrically (Figure 5A). CDHF resulted in a significant reduction in the mice body weight (P < 0.0001) and a significant increase in the mice liver-to-body weight ratio (P < 0.0001) (Figures 5B,C). The observed characteristics were alleviated in mice treated with UGP and Fer-1. The healthy liver undergoes a gradual color transformation from dark brown to orange due to the accumulation of lipids, as indicated by gross anatomy (Figure 5D). Histological analysis of H&E-stained mice liver and elevated serum ALT, AST, γ-GT and ALP levels confirmed steatosis and liver damage in CDHF mice, which were further improved by UGP and Fer-1 treatment (Figures 5E–G; Supplementary Figure S3). Collagen deposition in pericortical and mesenchymal regions was detected by MT staining, and UGP and Fer-1 could significantly reduce CDHF-induced collagen deposition in mice liver (Figure 5H). There was also a significant suppression of markers of fibrosis (Collagen and hepatic triglyceride) in mice treated with UGP and Fer-1 (Figures 5I,J). The upregulation of pro-inflammatory (Tnfα, Il1β, Ccl2, and Ccl5) and fibrosis (Col1a1, Col3a1, Acta2, and Fn1) genes in CDHF mice was substantially reduced by UGP and Fer-1 (Figure 5K; Supplementary Figure S4). Consistent with the above histological and molecular analyses, ACTA2 and FN proteins were greatly elevated in the liver of CDHF mice, which were further abated by UGP and Fer-1 treatment (Figure 5L). At the signaling level, CDHF diet stimulated the activation of ERK, which was prevented by UGP and Fer-1 (Figure 5L). UGP and Fer-1 have a tendency to reduce liver fat, in other words, lowering cholesterol levels in the liver (Figure 5M). All these indicators suggest that UGP is more preventive than TGP.
[image: A composite image of multiple panels showing a study on C57BL/6 mice. Panel A details the experimental design comparing normal chow (NC) and CDHF diets with different treatments. Panel B displays a line graph of body weight changes over four weeks. Panel C shows a box plot of liver/body weight ratios. Panel D features photographs of liver anatomy across different conditions. Panels E and H present histological images with H&E and Masson's trichrome staining, respectively. Panels F, G, I, J, and M illustrate box plots of ALT, AST, collagen, triglyceride, and cholesterol levels. Panel K provides heatmaps of gene expression for pro-inflammatory and fibrosis markers. Panel L includes Western blot analyses of FN, ACTA2, GAPDH, p-ERK, and ERK.]FIGURE 5 | UGP protects against liver inflammation and fibrosis in CDHF-induced acute liver injury model. (A) Schematic of CDHF feeding in mice treated with Fer-1, UGP and TGP. (B) Mice body weight (shown as a percentage (%) of initial body weight) (n = 6). (C) Liver to body weight ratio (n = 6). (D) Representative gross anatomy images of livers (n = 6). (E) H&E-stained images of livers (scale bar = 100 μm, 100X, n = 6). (F) Serum ALT levels (n = 6). (G) Serum AST levels (n = 6). (H) MT images of livers (scale bar = 100 μm, 100X, n = 6). (I) Hepatic Collagen content (n = 6). (J) Hepatic Triglyceride content (n = 6). (K) Hepatic mRNA expression of pro-inflammatory markers (Tnfα, Il1β, Ccl2, and Ccl5) and fibrotic markers (Col1a1, Col3a1, Acta2, and Fn1) shown in heatmap (n = 6). (L) Western blots showing hepatic levels of FN, ACTA2, p-ERK, ERK and GAPDH as internal control (n = 6). (M) Liver Cholesterol content (n = 6). (B) Data are shown as mean ± SD, one-way ANOVA with Tukey’s correction, statistical significance (P values) are shown for comparison between CDHF and CDHF + Fer-1, CDHF + UGP, or CDHF + TGP; (C,F,G,I,J,M) Data are shown as box-and-whisker with median (middle line), 25th-75th percentiles (box) and min-max values (whiskers); one-way ANOVA with Tukey’s correction. (ACTA2: Actin alpha cardiac muscle 2; ALT: Alanine transaminase; AST: aspartate aminotransferase; CCL2: C-C motif chemokine ligand 2; CCL5: C-C motif chemokine ligand 5; CDHF: methionine- and choline-deficient diet supplemented with 60 kcal% fat; COL1A1: Collagen type I alpha 1 chain; COL3A1: Collagen type III alpha 1 chain; ERK: Extracellular signal-regulated kinase; FN: Fibronectin; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; P-ERK: Phosphorylated extracellular signal-regulated kinase; IL-1β: Interleukin 1 beta; TGP: Traditional garlic powder; TNF-α: Tumor necrosis factor alpha; UGP: Ultrafine garlic powder).3.5 UGP protects against ferroptosis in CDHF-induced acute liver injury model
Our in vitro experiments had demonstrated the lipid peroxide and cellular Fe2+ accumulation in palmitate-induced hepatocyte lipotoxicity and confirmed the potential role of UGP in ameliorating erastin-induced hepatocyte ferroptosis. To further verify our hypothesis, we examined ferroptosis markers in CDHF-fed mice. NAFLD patients possessed higher levels of circulating iron, and we also observed increased serum iron level in CDHF-induced mice acute liver injury model. MDA and SOD levels reflect the degree of lipid peroxidation in the body, with the former reflecting the severity of free radical attack on human cells while the latter reflecting the body’s ability to scavenge oxygen free radicals. UGP treatment significantly reduced serum iron and MDA levels and restored serum SOD levels compared to TGP (Figures 6A–C). In mice administered UGP and Fer-1, the upregulated genes responsible for ferroptosis (Acsl4 and Ncoa4) were drastically reduced, while the downregulated genes (Gpx4, Slc7a11, and Fsp1) were considerably restored (Figure 6D; Supplementary Figure S5). Ferroptosis status was assessed using PB staining (Figure 6E) while TUNEL staining was conducted to detect cell death (Figure 6F). Hepatic iron deposition was detected by histological PB staining and colorimetric tissue iron analysis, and UGP could greatly prevent the iron accumulation in CDHF-fed mice liver (Figures 6E,G). GSH depletion and GPX4 inactivation are thought to be necessary to promote lipid peroxidation reactions during ferroptosis. UGP treatment restored hepatic GSH level and suppressed LPO levels to a greater extent than TGP, indicating that CDHF-induced lipid peroxidation was greatly improved (Figures 6H,I). Overall, these data suggest a significant improvement of liver ferroptosis by UPG in CDHF mice, in keeping with our finding that UGP inhibited lipid peroxidation and ferroptosis in lipotoxic hepatocytes.
[image: The image is a composite of multiple panels (A-I) depicting data related to liver function. Panels A-C show box plots for serum iron, MDA, and SOD levels, respectively, with significance values indicated. Panel D displays a heatmap of gene expression for Acsl4, Ncoa4, Gpx4, Slc7a11, and Fsp1. Panels E and F show liver tissue stained with Prussian blue and TUNEL, respectively, with certain areas marked with arrows. Panels G-I present box plots for liver iron, GSH, and LPO levels, with significance values noted. Each panel compares treatments including NC, CDHF, and CDHF with Fer-1, UGP, or TGP.]FIGURE 6 | UGP protects against ferroptosis in CDHF-induced acute liver injury model. (A) Serum Iron (Fe3++Fe2+) levels (n = 6). (B) Serum MDA levels (n = 6). (C) Serum SOD levels (n = 6). (D) Hepatic mRNA expression of ferroptosis markers (Acsl4, Ncoa4, Gpx4, Slc7a11, and Fsp1) shown in heatmap (n = 6). (E) PB-stained images of livers (scale bar = 100 μm, 100X, n = 6). (F) TUNEL stained iamges of Livers (scale bar = 50 μm, 200X, n = 6). (G) Liver Iron (Fe3++Fe2+) levels (n = 6). (H) Liver GSH content (n = 6). (I) Liver LPO content (n = 6). (A–C) and (G–I) Data are shown as box-and-whisker with median (middle line), 25th-75th percentiles (box) and min-max values (whiskers); one-way ANOVA with Tukey’s correction. (CDHF: metionine- and choline-deficient diet supplemented with 60 kcal% fat; MDA: malondialdehyde; SOD: Superoxide dismutase; TGP: Traditional garlic powder; UGP:Ultrafine garlic powder).3.6 UGP protects against liver inflammation and fibrosis in HFD-induced chronic liver injury model
In a subsequent experiment, HFD was utilized to induce NASH. The HFD model correlates with obesity, hyperlipidemia, elevated glucose levels, and insulin resistance, replicating typical forms of NASH observed in humans with diabetes. Six weeks after starting the HFD diet, mice were treated with UGP and TGP, and Fer-1 for another 6 weeks (Figure 7A). Mice fed HFD for 12 weeks exhibit obesity and elevated blood glucose levels due to the synthesis of excess fat, which could be greatly improved by UGP and Fer-1 treatment (Figures 7B,C). Through gross morphological, histological, and molecular analyses, mice fed with HFD diet exhibited severe steatosis and fibrosis, which were reversed by the treatment of UGP and Fer-1, and the therapeutic efficacy of UGP was superior to TGP (Figures 7D–M). Mice fed an HFD diet showed significant elevated indications of hepatocyte injury, including rising ALT, AST, γ-GT and ALP levels, and massive tissue vacuolization by H&E staining of liver tissue sections, which were further reversed by treating with UGP and Fer-1 (Figures 7E–G; Supplementary Figure S6). The initial presentation of fibrosis in NASH involves early perisinusoidal fibrosis, marked by balloon-like degeneration of the hepatocytes surrounded by the production of collagen strands. This progresses to progressive perisinusoidal fibrosis and then to bridging fibrosis, ultimately leading to cirrhosis. The ameliorating of fibrosis in UGP and Fer-1 treated mice was confirmed by MT staining and quantitative analysis of hepatic collagen and triglycerides (Figures 7H–J). Additionally, similar to CDHF, HFD also caused dysregulated expression of pro-inflammatory (Tnfα, Il1β, Ccl2, and Ccl5) and fibrotic (Col1a1, Col3a1, Acta2, and Fn1) genes and proteins, with both molecular phenotypes returning to baseline levels following UGP administration (Figures 7K,L; Supplementary Figure S7). The phosphorylation of ERK signaling induced by HFD was restored by UGP and Fer-1 treatment, indicating consistent signaling alterations (Figure 7L). Moreover, liver cholesterol was also reduced by UGP and Fer-1 (Figure 7M). HFD mice treated with UGP exhibited superior capability in abating liver damage and fibrosis when comparing to TGP. Taken together, these data suggest that UGP improved liver metabolism and reversed the established inflammation and fibrosis in NASH mice.
[image: Scientific figure depicting various data and analyses on the effects of different treatments on mice. Panel A shows the experimental timeline. Panel B presents a line graph of body weight changes over weeks. Panel C shows box plots of fasting blood glucose levels. Panel D displays liver anatomy images. Panels E and H show histological images with H&E and Masson's trichrome staining, respectively. Panels F and G show ALT and AST levels with box plots. Panels I and J present collagen and triglyceride content. Panel K contains heat maps for pro-inflammatory and fibrosis markers. Panel L displays Western blot results for protein expression. Panel M shows cholesterol levels with a box plot.]FIGURE 7 | UGP protects against liver inflammation and fibrosis in HFD-induced chronic liver injury model. (A) Schematic of HFD feeding in mice treated with Fer-1, UGP and TGP. (B) Mice body weight (shown as a percentage (%) of initial body weight) (n = 6). (C) Fasting blood glucose level (n = 6). (D) Representative gross anatomy images of livers (n = 6). (E) H&E-stained images of livers (scale bar = 100 μm, 100X, n = 6). (F) Serum ALT levels (n = 6). (G) Serum AST levels (n = 6). (H) MT images of livers (scale bar = 100 μm, 100X, n = 6). (I) Hepatic Collagen content (n = 6). (J) Hepatic Triglyceride content (n = 6). (K) Hepatic mRNA expression of pro-inflammatory markers (Tnfα, Il1β, Ccl2, and Ccl5) and fibrotic markers (Col1a1, Col3a1, Acta2, and Fn1) shown in heatmap (n = 6). (L) Western blots showing hepatic levels of FN, ACTA2, p-ERK, ERK and GAPDH as internal control (n = 6). (M) Liver Cholesterol content (n = 6). (B) Data are shown as mean ± SD, one-way ANOVA with Tukey’s correction, statistical significance (P values) are shown for comparison between HFD and HFD + Fer-1, HFD + UGP, or HFD + TGP; (C,F,G,I,J,M) Data are shown as box-and-whisker with median (middle line), 25th-75th percentiles (box) and min-max values (whiskers); one-way ANOVA with Tukey’s correction. (ACTA2: Actin alpha cardiac muscle 2; ALT: Alanine transaminase; AST: aspartate aminotransferase; CCL2: C-C motif chemokine ligand 2; CCL5: C-C motif chemokine ligand 5; COL1A1: Collagen type I alpha 1 chain; COL3A1: Collagen type III alpha 1 chain; ERK: Extracellular signal-regulated kinase; FN: Fibronectin; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HFD: diet with 60 kcal% fat; P-ERK: Phosphorylated extracellular signal-regulated kinase; IL-1β: Interleukin 1 beta; TGP: Traditional garlic powder; TNF-α: Tumor necrosis factor alpha; UGP:Ultrafine garlic powder).3.7 Transcriptomics analysis of mice liver for the role of UGP in HFD-induced chronic liver injury
To systematically elucidate the underlying mechanism of the beneficial role of UGP in NASH, transcriptome RNA-seq was performed on the livers of NC, HFD, and UGP-treated HFD mice. First, a quantitative analysis was performed on each group’s gene expression. A Venn map was used to depict the number of genes that were uniquely expressed in each group. This map revealed 6873 genes that crossovered between NC, HFD, and HFD + UGP groups (Figure 8A). Next, the entire set of DEGs between NC, HFD, and HFD + UGP groups was displayed on the volcano plot. When compared to NC, 1037 genes were upregulated and 1197 genes were downregulated in HFD group (Figure 8B). While as compared to HFD, 136 genes were upregulated and 204 were downregulated in HFD + UGP group (Figure 8C). The heatmap displayed the genetic similarities between the NC and HFD + UGP groups, which are different from HFD group (Figure 8D). GO analysis indicated that UGP treatment in HFD mice led to specific enrichment of DEGs in biological process including response to metal ion and cholesterol homeostasis, and molecular functions including iron ion binding, arachidonic acid epoxygenase activity and arachidonic acid monooxygenase activity, as compared with NC controls (Figures 8E,F). Subsequent KEGG enrichment analysis revealed that fatty acid metabolism, ferroptosis, pentose and glucuronate interconversions, MAPK signaling pathway and ROS were upregulated in HFD group (Figure 8G). On the other hand, UGP treatment significantly suppressed the activation of MAPK signaling pathway and ROS production, in line with the aforesaid molecular analysis (Figure 8H). To further explain the above results, we proofread the GO and KEGG enrichment analyses by GSEA tool. And the therapeutic role of UGP in HFD-induced mice with NASH was evidenced by regulating lipid biosynthesis process and fatty acid metabolism (Figure 8I).
[image: A collection of visual data representations comparing three conditions: NC, HFD, and HFD+UGP. Panel A shows a Venn diagram of shared and unique elements among the groups. Panels B and C are volcano plots displaying the distribution of gene expression changes. Panel D is a heatmap illustrating expression levels across conditions. Panels E and F show GO enrichment scores in bar graphs. Panels G and H present dot plots highlighting KEGG pathways alterations. Panel I consists of line graphs indicating GO and KEGG pathway enrichment analysis results, focusing on lipid biosynthesis and fatty acid metabolism.]FIGURE 8 | Transcriptomics analysis of mice liver for the role of UGP in HFD-induced chronic liver injury. (A) Venn diagram illustrating the number of genes co-expressed in NC, HFD, and HFD + UGP groups. The volcano map displaying DEGs between NC and HFD (B), or HFD and HFD + UGP (C) groups. (D) The heatmap showing DEGs among NC, HFD and HFD + UGP groups. (E) GO enrichment analysis of DEGs between NC and HFD groups. (F) GO enrichment analysis of DEGs between HFD and HFD + UGP groups. (G) KEGG enrichment analysis of upregulated pathways in HFD compared to NC in accordance with DEGs. (H) KEGG enrichment analysis of downregulated pathways in HFD + UGP compared to HFD in accordance with DEGs. (I) GSEA enrichment analysis identified the potential GO or KEEG pathways. (CDHF: methionine- and choline-deficient diet supplemented with 60 kcal% fat; HFD: diet with 60 kcal% fat; TGP: Traditional garlic powder; UGP:Ultrafine garlic powder).3.8 UGP protects against ferroptosis in HFD-induced chronic liver injury model
Based on the previous in vivo and in vitro experiments, it was concluded that UGP can improve lipotoxic hepatocyte injury by inhibiting ferroptosis. In HFD-induced chronic liver injury model, we also measured the ferroptosis parameters. In comparison to NC, HFD diet can induce ferroptosis in mice, as can be detected by molecular and histological assays. UGP could greatly decrease the extent of ferroptosis in mice, comparable to Fer-1 (Figure 9; Supplementary Figure S8). In mice fed with HFD diet, circulating levels of iron and MDA were significantly increased, accompanied by a notable decrease in SOD, and all explained the ROS production in NASH mice (Figures 9A–C). As expected, UGP and Fer-1 restored the increasing (Acsl4 and Ncoa4) and decreasing (Gpx4 and Slc7a11) of genes associated with ferroptosis (Figure 9D; Supplementary Figure S8). Besides, TUNEL staining showed the occurrence of apoptosis in the livers of HFD mice, PB staining of liver sections and quantitative analysis of iron content in liver tissues also reflected the large amount of iron deposition in the liver of HFD mice (Figures 9E–G). All the changes in these parameters gradually returned to normal under the intervention of Fer-1 and UGP, and TGP was not as effective as UGP treatment (Figures 9A–G). Furthermore, the accumulation of excess fat in hepatocytes triggered oxidative stress and generated a significant amount of ROS, impeding the cellular redox process and the decrease in GSH levels, which were normalized by UGP and Fer-1 (Figure 9H). Liver LPO levels were also reduced by UGP, indicating the amelioration of lipid peroxidation (Figure 9I). These data overall demonstrated that ferroptosis plays an important role in the development of NASH, and UGP can prevent or even reverse the development and progression of NASH by inhibiting hepatocyte ferroptosis-induced liver steatosis, inflammation and fibrosis.
[image: Graphs and images showing the effects of different treatments on serum and liver parameters. Panels A, B, and C display box plots of serum iron, MDA, and SOD levels under various conditions. Panel D presents a heatmap indicating gene expression levels across different treatments. Panels E and F show histological images with Prussian blue and TUNEL staining, respectively, with arrows indicating significant observations. Panels G, H, and I feature box plots illustrating liver iron, GSH, and LPO levels. Statistical significance is noted for specific comparisons.]FIGURE 9 | UGP protects against ferroptosis in HFD-induced chronic liver injury model. (A) Serum Iron (Fe3++Fe2+) levels (n = 6). (B) Serum MDA levels (n = 6). (C) Serum SOD levels (n = 6). (D) Hepatic mRNA expression of ferroptosis markers (Acsl4, Ncoa4, Gpx4, and Slc7a11) shown in heatmap (n = 6). (E) PB-stained images of livers (scale bar = 100 μm, 100X, n = 6). (F) TUNEL-stained iamges of Livers (scale bar = 50 μm, 200X, n = 6). (G) Liver Iron (Fe3++Fe2+) levels (n = 6). (H) Liver GSH content (n = 6). (I) Liver LPO content (n = 6). (A–C) and (G–I) Data are shown as box-and-whisker with median (middle line), 25th-75th percentiles (box) and min-max values (whiskers); one-way ANOVA with Tukey’s correction. (HFD: diet with 60 kcal% fat; MDA: malondialdehyde; SOD: Superoxide dismutase; TGP: Traditional garlic powder; UGP:Ultrafine garlic powder).4 DISCUSSION
Iron overload is a prominent characteristic of ferroptosis, which promotes the accumulation of lipid ROS by generating hydroxyl and alkoxyl radicals via the Fenton reaction, hence increasing oxidative damage (Dixon et al., 2012). Ferroptotic cell death can be blocked by regulating genes related to iron overload or using iron-chelating agents, indicating a central role of iron in the regulation and execution of ferroptosis (Tang et al., 2021). Numerous studies have demonstrated the significance of iron overload and ferroptosis in various liver disease models, such as hemochromatosis, alcohol-related liver disease (ALD), hepatitis C virus (HCV) infection, NASH (Qi et al., 2020), and hepatocellular carcinoma (HCC). Ferroptosis has recently been identified as a potential therapeutic target for patients with NASH (Shu et al., 2022; Nelson et al., 2011; Wei et al., 2020), and inhibiting hepatic iron accumulation has demonstrated notable effectiveness in ameliorating insulin resistance, promoting insulin secretion, and recovering abnormal liver enzyme levels (Mou et al., 2019). Evidence has demonstrated that ferroptosis serves as a trigger for the initiation of inflammation in steatohepatosis, and therefore inhibiting ferroptosis is a goal for the prevention and treatment of NASH. Qi et al. (Qi et al., 2020) discovered that DFO, an iron chelating agent, was able to alleviate the progression of NASH in mice by inhibiting GPX4 activation. They also confirmed that the regulation of ferroptosis had an impact on palmitic acid-induced hepatocyte death.
Our data show a central importance of ferroptosis in hepatocytes for multiple NASH pathologies. This effect was confirmed by establishing a palmitic acid-induced hepatic lipotoxicity model and two types of high fat diet-induced mouse NASH models. Fer-1 significantly improved lipotoxic hepatocyte injury induced by palmitic acid in THLE2, as evidenced by increased cell viability and decreased levels of ROS and lipid peroxidation. Meanwhile, Fer-1 treatment significantly reduced hepatic iron overload, inflammation, fibrosis, and ferroptosis in CDHF and HFD diet-fed mice. Fer-1 has been reported to improve inflammation, fibrosis, and hepatic injury in NASH mice fed with MCD diet (Li XY. et al., 2020). Mohs et al. proved that Fer-1 was able to increase GPX4 levels, reduce lipid peroxidation, and improve antioxidant capacity, particularly by increasing the levels of CAT, NQO1, and HO1. NQO1 and HO1 are downstream of the Nrf2 antioxidant genes, regulating lipid metabolism and protecting mice from lipotoxicity. They also control fibrogenesis and carcinogenesis during steatohepatitis (Mohs et al., 2021). Additionally, Fer-1 treatment could activate peptide tyrosine tyrosine (PYY) and elevate Pparg mRNA expression, regulating glucose and lipid homeostasis (Janani and Ranjitha Kumari, 2015).
As one of the oldest herbs, the medicinal value of garlic has been widely recognized in several civilizations (Rivlin, 2001). Because of its ability to move qi and blood, warm the spleen and stomach, eliminate stagnation and dissipate stagnation, detoxify and kill worms, as well as being used to repel worms and anti-infection (Agarwal, 1996). Garlic has been shown to have therapeutic effects on metabolic disorders such as dyslipidemia and diabetes, exhibiting significant antioxidant activity. In a recent clinical experiment conducted by Soleimani et al., it was demonstrated that the use of garlic powder led to a notable enhancement in hepatic steatosis and the associated comorbidities in NAFLD patients (Soleimani et al., 2021). In addition, Kim et al. (Kim et al., 2017) reported a positive effect on ALT levels in individuals with moderate liver dysfunction who received fermented garlic extract in a double-blind randomized controlled experiment. S-allymercaptocysteine (SAMC), the main bioactive compound found in garlic, is a precursor compound of SAC responsible for its therapeutic effects, has the ability to reduce fibrogenic factors such as transforming growth factor-β1 (TGF-β1), α-smooth muscle actin (α-SMA), and inflammatory cytokines that activate HSCs, resulting in the accumulation of collagen (Xiao et al., 2013b). Additionally, SAMC can reduce inflammatory responses by targeting NF-κB, and improve lipid homeostasis and insulin resistance through regulating AMPK and IRS-1/PI3K/Akt pathways (Xiao et al., 2013a). Garlic essential oil (GEO) and its principal active compound (diallyl disulfide, DADS) exhibited a hepatoprotective effect in HFD-fed obese mice with NAFLD. The impact was dependent on the dosage of the substances. GEO and DADS decreased the weight of adipose tissue generated by HFD and ameliorated insulin abnormalities by reducing blood glucose levels (Lai et al., 2014). As one of the major compounds in garlic, Alliin has been shown to be effective in preventing triglyceride accumulation and hepatic steatosis in HepG2 cells and C57BL/6N mice induced by endoplasmic reticulum stress (Yun and Lee, 2022). Hwang et al. demonstrated that SAC can prevent lipid accumulation and lipotoxicity caused by free fatty acids (FFA), reactive oxygen species (ROS) production, and subsequent cell death of hepatocytes (Hwang et al., 2013). In this study, in vitro experiments showed that garlic powder effectively prevented palmitic acid- or erastin-induced hepatocyte lipotoxicity and ferroptosis, through reducing ROS and lipid peroxidation, and repairing mitochondrial damage. By establishing in vivo NASH models, we have confirmed that garlic powder could improve hepatic steatosis, inflammation, and fibrosis in mice that were fed with CDHF and HFD diets.
Modern advanced technology has the capability to transform traditional Chinese medicines into powders of extremely small size, known as micron-sized ultrafine powders. Ultrafine powder has notable attributes such as extensive surface area, heightened surface reactivity, rapid chemical kinetics, and distinctive thermal, mechanical, optical, and magnetic properties. This formulation also exhibits high water solubility, little loss of functional components, and a substantial level of utilization (Li Y. et al., 2020; Muttakin et al., 2015; Wang et al., 2023). Consequently, it has the potential to enhance the efficacy of medications at the cellular and molecular levels. Previous study discovered that ultrafine Dendrobium officinale powder was more efficient than the traditional Dendrobium officinale decoction in maintaining the equilibrium of intestinal microbiota and intestinal enzyme activity in mice with spleen deficiency and constipation (Cao et al., 2014). In this study, we used UGP produced by a high-speed and energy particle collision equipment, which was distinct from TGP. Smaller particle size was confirmed by particle size analyzer and SEM images. In addition, ultrafine powder technology also improved solubility and dispersibility in distinct solvents with hydroxyl functional groups and excellent hydrophilic properties, and enhanced the ex vivo antioxidant capability of garlic. Although this study did not directly quantify cellular uptake or intracellular exposure of UGP and TGP, multiple lines of indirect evidence—including markedly reduced particle size, surface hydroxylation, decreased contact angle, improved solubility and dispersibility, and GC-MS/LC-MS confirmed enrichment of key organosulfur constituents-collectively support the inference that UGP exhibits greater bioavailability than TGP. Our in vitro experiments have confirmed that UGP was more effective than TGP in inhibiting lipid peroxidation, ROS production, lipotoxicity, and ferroptosis in THLE2 cells and subsequent activation of HSCs. In addition, UGP also significantly reduced liver damage and collagen deposition in CDHF- and HFD-fed NASH mice, as compared with TGP.
To further investigate the underlying mechanism of UGP against HFD-induced mouse NASH model, we conducted RNA-seq analysis. It has been suggested that the disruption of metal detoxification processes in the liver may be associated with the development of NAFLD through oxidative stress (Feldman et al., 2015). Excess iron in the body increases oxidative stress in the endoplasmic reticulum, triggering liver damage through the formation of hydroxyl radicals via the Fenton reaction. This is in line with our GO enrichment analysis, which showed significant changes in the response to metal ion and the binding of iron ion between NC and HFD groups. Our findings indicate that UGP potentially exerts its effects via the MAPK signaling pathway and ROS production. The MAPK signaling pathway is primarily involved in regulating inflammation and fatty acid metabolism (Kyriakis and Avruch, 2012). Research has demonstrated that suppressing the MAPK signaling pathway in NASH rats can alleviate liver fibrosis and hepatocyte apoptosis (Shen et al., 2019). Further analysis of Western blot images revealed that UGP effectively hindered the phosphorylation of ERK, thereby reducing the progression of NASH. Our previous study has shown the key role of ERK signaling in the pathophysiology of NASH (Dong et al., 2021). Other signaling pathways, including JNK/p38 MAPK, PI3K–AKT, NF-κB, and TGF-β/Smad, also contribute to the pathogenesis of NASH. These pathways merit systematic investigation in future studies. Potential approaches include time-resolved phosphorylation profiling, pathway-specific perturbation experiments, and tissue-resolved analyses to delineate their dynamic and spatial regulatory roles. TGF-β1 and its downstream SMAD and ERK signaling pathways are markedly activated when liver damage progresses to HCC. Prolonged ERK phosphorylation is frequently associated with oxidative damage and inflammation (Yan et al., 2017). Moreover, excessive ROS and dysregulated cholesterol homeostasis can initiate a persistent and uncontrolled inflammatory response, which is accompanied by the release of pro-inflammatory cytokines from immune cells. According to our model, UGP has the potential to improve high blood sugar levels and lipid metabolism in mice by blocking the MAPK/ERK pathway, which in turn reduces liver damage.
This study did not directly confirm a physical interaction between individual UGP constituents and ERK. To address this limitation, a complementary strategy involving targeted identification and functional validation is recommended. First, candidate compounds identified by GC-MS or LC-MS can be prioritized through in silico approaches, including molecular docking and molecular dynamics simulations. Direct binding can then be assessed using cellular thermal shift assays, differential scanning fluorimetry, or biophysical techniques such as surface plasmon resonance and isothermal titration calorimetry, followed by functional validation using in vitro kinase assays with purified ERK. Where appropriate, affinity-based pull-down proteomics may be employed to identify additional binding partners. Indirect mechanisms should also be considered, such as modulation of ERK activity via upstream kinases or phosphatases, or through changes in the cellular redox state. Together, these studies would help differentiate direct ligand–kinase interactions from indirect regulatory effects, providing more definitive molecular evidence for the ERK-related phenotypes observed in this work.
5 CONCLUSION
In conclusion, our study suggests that UGP reduces ROS production by inhibiting ferroptosis, which is achieved by restoring GSH depletion and reducing Fe2+ production, thereby inhibiting the activation of MAPK/ERK pathway, regulating lipid metabolism, and preventing excessive lipid accumulation, which in turn reduces HSC activation and immune cell recruitment, suppressing the development and progression of inflammation and fibrosis, and ultimately ameliorating NASH. This research demonstrates the promising therapeutic role of UGP in NASH and gives insights and research directions for the future development of new strategies for prevention and treatment of NASH with natural herbs from the perspective of ultrafine powder technology.
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a- SMA a-smooth muscle actin
ALD alcohol-related liver disease
ALT alanine transaminase
AST aspartate aminotransferase
ALP alkaline phosphatase
DADS diallyl disulfide
FFA free fatty acids
FN fibronectin
Fer-1 ferrostatin-1
γ-GT γ-Glutamyltransferase
GSH glutathione
GEO garlic essential oil
GSAC g-glutamyl-S-allyl-cysteine
HSCs hepatic stellate cells
H&E hematoxylin and eosin
HCV hepatitis C virus
HCC hepatocellular carcinoma
LPO lipid peroxides
MDA malondialdehyde
MT masson’s trichrome
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
PFA paraformaldehyde
PB prussian blue
ROS reactive oxygen species
SOD superoxide dismutase
SAC S-Allyl cysteine
SAMC S-allymercaptocysteine
TGP traditional garlic powder
TEM transmission electron microscopy
TGF-β1 transforming growth factor-β1
UGP ultrafine garlic powder.
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