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Abstract: The activation of hepatic stellate cells (aHSCs) play a role for the occurrence and 

progression of liver fibrosis. However, effective drugs that can prevent or reverse this 

pathological process remain unavailable. Zanthoxylum bungeanum Maxim. (Rutaceae) is an 

edible and medicinal plant with diverse bioactivities, including antiparasitic, antimicrobial, 

and anti-inflammatory effects. This study investigates the therapeutic potential and 

underlying mechanisms of Zanthoxylum bungeanum-derived extracellular vesicles (ZEVs) in 

liver fibrosis, using the human HSCs LX-2 cells and alcohol-induced mice model of liver 

fibrosis. The results show that ZEVs significantly inhibit the proliferation and migration of 

LX-2 cells, while downregulating the fibrosis-related proteins and genes expression. 

Furthermore, oral administration of ZEVs significantly decreased serum alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) levels in mice with liver 

fibrosis, reducing liver inflammation, collagen deposition, and lipid droplet accumulation. 

Additionally, miR-9 and miR-17 in ZEVs were found to significantly reduce the synthesis of 

fibrosis-related proteins in activated LX-2 cells. Mechanistic studies further revealed that 

ZEVs suppressed the gene levels of TGF-β1, Smad2 and Smad3 in activated LX-2 cells. In 

conclusion, ZEVs are a possible treatment option for liver fibrosis, potentially through 

modulation of the TGF-β1/Smad signaling pathway. 
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1. Introduction 

Accumulation of extracellular matrix (ECM) is characteristic of hepatic fibrosis, 

resulting in the development of fibrous scars that alter liver structure [1]. This 

disruption results in hepatocyte depletion, functional impairments, and eventual liver 

failure [2]. Liver fibrosis can be induced by liver injuries caused by toxic, metabolic 

or viral factors [3]. In China, approximately 300 million people are affected by 

chronic liver diseases, a significant proportion of whom experience varying degrees 

of liver fibrosis [4]. 

Activated hepatic stellate cells (aHSCs) play a significant part in the 

pathogenesis of liver fibrosis [5]. Under normal conditions, HSCs store vitamin A of 

liver in quiescent state (qHSCs) [6]. Following liver injury, inflammatory signals 

activate qHSCs, converting them into myofibroblasts [7]. As a result, aHSCs secrete 
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ECM proteins and matrix metalloproteinases, driving liver tissue remodeling [8,9]. 

Therefore, therapeutic strategies targeting aHSCs are considered effective in slowing 

or potentially reversing liver fibrosis [10]. The progression of liver fibrosis is 

strongly linked to human HSCs LX-2. Both LX-1 and LX-2 cells express α-smooth 

muscle actin (α-SMA), a marker of activated HSCs [11]. In vitro studies have shown 

increased α-SMA and type I collagen (COL I) protein expression in activated LX-2 

cells [12]. 

Extracellular vesicles (EVs), ranging in size from 40 to 100 nm, are natural 

nanoparticles secreted by cells [13]. Studies have demonstrated that plant-derived 

EVs exhibit protective effects against liver injury. For example, in mice with 

alcoholic liver injury, treatment with ginger-derived EVs resulted in a reduction in 

serum triglyceride levels, diminished liver lipid accumulation, and a decrease in liver 

weight [14]. EVs derived from black mulberry (Morus nigra L.) leaves were 

observed to cause cell cycle arrest at the G0/G1 phase, inhibit migration, increase 

intracellular reactive oxygen species (ROS) levels and ultimately promote apoptosis 

in Hepa1-6 liver cancer cells [15]. Additionally, EVs from Asparagus inhibited the 

proliferation of HepG2 liver cancer cells, upregulated apoptosis-related factors and 

induced apoptosis [16]. Furthermore, tea-derived EVs reduced COL I and α-SMA 

proteins expression in LX-2 cells via the TGF-β1/Smad signaling pathway [17]. 

Zanthoxylum bungeanum (ZB), distributing in China, Japan and Korea, contains 

numerous active constituents, including hydroxy-α-sanshool, hydroxy-β-sanshool, 

hydroxy-c-sanshool, skimmianine, nerol, α-pinene, c-sanshool, linalool, 

zanthobungeanine, β-sitosterol, and piperitone [18,19]. Studies have demonstrated 

that ZB possesses antidiabetic, antibacterial, antiparasitic, and anti-inflammatory 

properties [20]. Additionally, ZB extracts have been shown to exert hepatoprotective 

effects. ZB alleviates non-alcoholic fatty liver disease (NAFLD) in mice by 

modulating fatty acid and cholesterol metabolism, as well as the gut microbiota [21]. 

Pericarpium Zanthoxyli extract has been shown to ameliorate mitochondrial 

dysfunction in HepG2 cells and reverse the increase in H2O2 and decrease in 

glutathione, thus alleviating liver tissue damage induced by CCl4 [18]. Researches 

have shown that ZB amide reduces the levels of aspartate aminotransferase (AST), 

alanine aminotransferase (ALT), triglycerides, total cholesterol, and the number of 

lipid droplets in liver tissues of NAFLD mice through the AMPK/Nrf2 signaling 

pathway [22]. However, the effect of Zanthoxylum bungeanum-derived extracellular 

vesicles (ZEVs) on liver fibrosis is currently unclear. 

Thus, this study aims to investigate the therapeutic benefits of ZEVs in liver 

fibrosis and the underlying mechanisms. Our findings demonstrated that ZEVs 

effectively ameliorated liver fibrosis in both activated LX-2 cells and liver fibrosis 

mice. Additionally, we performed sequencing of 18-24 nt microRNAs (miRNAs) in 

ZEVs and identified that two of the most abundant miRNAs, miR-9 and miR-17, 

significantly reduced the levels of fibrosis-related proteins in activated LX-2 cells. 

Further mechanistic studies demonstrated that ZEVs inhibited the mRNA levels of 

TGF-β1, Smad2 and Smad3 in activated LX-2 cells. In conclusion, the results 

demonstrate that ZEVs hold promise as innovative therapeutic biomaterials for liver 

fibrosis. 
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2. Methods 

2.1. Separation and purification of ZEVs 

ZB samples were obtained from Hanyuan County (Sichuan, China) and 

identified by Hanyuan Haoye Food Co., Ltd. The ZB samples were divided into 

three parts: stems of ZB (SZB), green seeds of ZB (GZB) and red seeds of ZB 

(RZB). The samples were subsequently subjected to washing and homogenization 

using cold phosphate-buffered saline (PBS). ZEVs from each part were extracted 

using differential centrifugation and ultrafiltration [23]. In the end, we get three 

kinds of ZEVs from SZB, GZB and RZB. The ZEVs were stored at −80 ℃. 

2.2. ZEVs characterisation 

ZEVs from SZB, GZB, and RZB were negatively stained with 2% 

phosphotungstic acid for 2 min and then analyzed by transmission electron 

microscopy (TEM, JEOL, Japan) for ultrastructural examination. ZEVs’ diameter 

and concentration were assessed using a nanoparticle tracking analyzer (NTA, 

Meerbusch, Germany) with a 488 nm laser. The three ZEVs samples were tested, 

and the results showed that they are double-membrane vesicles with a particle size of 

100–200 nm. 

2.3. Cell culture 

 Zhongqiao Xinzhou Ltd. (Shanghai, China) has improved the LX-2 cells. Cells 

were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, USA) 

containing 10% fetal bovine serum (FBS, Biological Industries, Israel) and 1% 

penicillin-streptomycin. The cells were placed in a 37 ℃ incubator containing 5% 

CO2. 

2.4. Cellular uptake assays 

Incubate LX-2 cells for 24 h after seeding the slides into 12-well plates. SZB, 

GZB, and RZB ZEVs (2 × 1010 particles/mL) were labeled with Dil (AAT Bioquest, 

USA) and subsequently added to the culture medium for a 24-hour incubation. The 

cells were fixed with 4% paraformaldehyde (Wako, Japan) and stained with 4',6-

diamidino-2-phenylindole (DAPI, Biosharp, China). The uptake of ZEVs by LX-2 

cells was observed by fluorescence microscopy (Leica Microsystems, Germany). 

The fluorescence signal intensity was subsequently quantified and analysed using 

ImageJ software. 

2.5. Cell proliferation assay 

LX-2 cells were seeded in a 96-well plate at a density of 5,000 cells per well 

and cultured for 12 h. Subsequently, ethanol (50, 100, 150, 200, 250, 300, 350, and 

400 mmol/L) were added to the culture medium for 48 h. The absorbance 

measurements indicated that 100 mmol/L ethanol was effective in stimulating the 

proliferation of LX-2 cells. 

Next, we evaluated the potential cytotoxic effects of ZEVs at different 

concentrations. LX-2 cells in 96-well plates were grouped into four: control and 
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ZEVs-treated groups using SZB, GZB and RZB. Addition of different concentrations 

of ZEVs (1 × 107, 1 × 108, 1 × 109, 2 × 109 particles/mL) to cells for 48 h. Depending 

on the results, we used ZEVs at a concentration of 2 × 109 particles/mL to treat the 

cells in subsequent experiments. 

Then, cells were divided into 5 groups: negative control, positive control 

(ethanol, 100 mmol/L), and ZEVs of SZB, GZB and RZB. Subsequently, except for 

the negative control group, ethanol (100 mmol/L) and ZEVs (2 × 109 particles/mL) 

were added to the media of the corresponding groups for 48 h of incubation. 

The viability of LX-2 cells was measured by Cell Counting Kit-8 (CCK-8, 

Biosharp, China) at 450 nm. 

2.6. Cell scratching assay 

When the LX-2 cells in 12-well plate have reached 90% density, a scratch was 

made on the monolayer using a 100 µL pipette tip. Serum-free medium was then 

added to prevent further cell proliferation. ZEVs of SZB, GZB, and RZB (2 × 109 

particles/mL) were introduced into the culture medium and incubated for 24 h. 

Scratch images were captured at 0 h and 24 h using an optical microscope (Leica 

Microsystems, Germany). The migration area at 24 h was subtracted from the 

migration area at 0 h to calculate the migration distance. The relative migration rate 

was calculated using the formula: (migration area with ZEVs/migration area with 

PBS) × 100%. 

2.7. Animal experiment 

To investigate the effects of ZEVs in mice, we first assessed the biosafety in 

vivo. Twenty healthy male C57BL/6N mice (Charles River, China, 6–8 weeks old) 

were randomly assigned to four groups: control group and ZEVs of SZB, GZB, RZB 

groups. Previous experiments indicated no effect of 2 × 109 particles/mL ZEVs on 

LX-2 cell growth, considering the need for in vivo demonstration in mice. So, ZEVs 

of SZB, GZB and RZB (2 × 1010 particles/mL, 100 μL/pc) were administered by 

gavage for 7 days. Afterward, serum and visceral tissues (heart, liver, spleen, lung 

and kidney) were collected for liver function analysis, including ALT and AST 

measurements, as well as histological examination by H&E. 

Then, 25 male C57BL/6N mice were used for liver fibrosis study [24–26]. The 

mice were randomly divided into 5 groups: (1) negative control group (control liquid 

diet), (2) positive control group (alcohol liquid diet + 31.5% alcohol gavage + PBS), 

(3) SZB group (alcohol liquid diet + 31.5% alcohol gavage + SZB ZEVs), (4) GZB 

group (alcohol liquid diet + 31.5% alcohol gavage + GZB ZEVs) and (5) RZB group 

(alcohol liquid diet + 31.5% alcohol gavage + RZB ZEVs). The negative control 

group was fed a Lieber-DeCarli control liquid diet (Trophic Animal Feed High-tech 

Co., Ltd, China) for 9 weeks. The remaining groups were fed a gradual transition 

from 1% to 5% (vol/vol) alcohol liquid diet (Trophic Animal Feed High-tech 

Co.,Ltd, China) in the first week and kept 8 weeks. Four groups of mice also 

received 31.5% alcohol (5 g/kg, twice a week) by gavage for 8 weeks. From week 5 

to week 9, mice were gavaged with ZEVs (2 × 1010 particles/mL, 100 μL/pc, four 

times a week). Mice in the negative and positive control group were administered an 
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equivalent volume of PBS. 

Following anesthesia, the mice were euthanized. The liver was excised and 

fixed in 4% formaldehyde for subsequent sectioning and staining. Serum samples 

were collected for biochemical analysis. 

2.8. AST and ALT measurement 

Automatic biochemical analyzer (Au5800, Beckman, USA) was used to 

measure the ALT and AST in mice serum to assess changes in liver function in mice 

from both experiments. 

2.9. Hematoxylin-eosin (H&E), Masson and Oil Red O staining 

Mice tissues were taken, fixed, dehydrated, embedded and made into 3μm 

sections for H&E and Masson. Fresh liver tissues were cut into 6μm thick slices by 

frozen sectioning and stored at −80 ℃ for Oil Red O. H&E (Biosharp, China), 

Masson (Solarbio, China) and Oil Red O (Biosharp, China) were performed 

according to the instructions. Then, light microscope (Nexcope, China) was used to 

observe morphological changes. 

2.10. Western blotting 

Cell or liver tissues total proteins were extracted with RIPA reagent, and BCA 

assay was used to measure the protein concentration. After the proteins were 

separated using SDS-PAGE, the proteins were transferred to a PVDF membranes 

(Millipore, USA) for detection. Subsequently, the PVDF membranes was closed in 

5% non-fat milk for 1 h. They were then incubated overnight using primary 

antibodies, including diluted mouse anti-GAPDH (1: 5000; proteintech, China), 

mouse anti-β-tubulin (1: 2000; proteintech, China), mouse anti-COL I (1: 1000; 

proteintech, China), rabbit anti-α-SMA (1: 500; proteintech, China). Incubate the 

membranes with species-specific secondary antibodies (1: 5000; proteintech, China) 

conjugated to horseradish peroxidase for 2 h. Visualization was performed using a 

chemiluminescent substrate (Millipore, USA). 

2.11. Real-time PCR assays 

LX-2 cells in 6-well plates were divided into 5 groups: negative control, 

positive control, and ZEVs of SZB, GZB and RZB. After the cells have stabilized, 

ethanol (200 mmol/L) and ZEVs of SZB, GZB and RZB (2 × 109 particles/mL) were 

added to the culture medium for co-cultivation for 48 h. 

LX-2 cells were lysed by Trizol reagent (Vazyme, China) to extract total RNA, 

followed by reverse transcription of total RNA to cDNA using the vazyme RT 

SuperMix Kit (Vazyme, China). cDNA obtained was added to the SYBR 

quantitative PCR (qPCR) mix and real-time PCR was performed on a qPCR 

instrument (Roche, Switzerland). The primers used are shown in Supplementary 

Table S1. The following cycling conditions were used: initial denaturation at 94 ℃ 

for 3 min, followed by 40 cycles at 94 ℃ for 15 s, and 60 ℃ for 30 s. Using 

GAPDH as the internal reference, the 2−ΔΔCt method was used to calculate the 

expression levels of target genes. 
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2.12. Sequencing and preparation of the ZEVs miRNA library 

RNA extracted from ZEVs of SZB, GZB and RZB using HiPure Exosome 

RNA Kit (Magen, China). The miRNA Kit (Bio Scientific Corporation, USA) was 

used to prepare a library from 10 ng of miRNA. In an unbiased reaction, adaptors are 

coupled to the miRNA’s 3’ and 5’ ends. The cDNAs were produced by reverse 

transcription of miRNAs with an adapter. Huayin Ltd. (Guangzhou, China) built and 

sequenced the cDNA library. 

2.13. Cell transfection 

LX-2 cells were divided into 5 groups: negative control, positive control, miR-

NC (a miR for control), miR-9 and miR-17. Mixed transfection reagents (Transgen, 

China) and miR-NC, miR-9 or miR-17 were added and cultured for 8 h, then the 

cells were incubated with DMEM containing ethanol (200 mmol/L) for 48 h. After 

that, cellular proteins were measured by western blotting. 

2.14. Quantification and statistical analysis 

The analysis of all data was performed using GraphPad Prism 8.0.2 software, 

employing One-way ANOVA. A P-value of less than 0.05 was deemed statistically 

significant. The results are derived from three independent experiments. 

3. Results 

3.1. Characterization of ZEVs 

 

Figure 1. Characterization of ZEVs (A) Three different parts of ZB; (B) TEM of ZEVs. representative ZEVs are 

shown by black arrows. Scale bar = 100 nm. Magnification: 120000X; (C) NTA of ZEVs. 
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We isolated ZEVs from three components of ZB, namely SZB, GZB and RZB, 

using a combination of differential centrifugation and ultrafiltration (Figure 1A). 

TEM analysis revealed that ZEVs were double-membrane vesicles with sizes 

ranging from 100 to 200 nm (Figure 1B). NTA was then employed to assess the size 

distribution of ZEVs. The average sizes of ZEVs derived from SZB, GZB, and RZB 

were 173.8 nm, 176.9 nm, and 161.6 nm, respectively (Figure 1C). 

3.2. Cellular uptake assays 

After co-incubation of LX-2 cells with Dil-labeled ZEVs, it was observed that 

ZEVs from all three sources accumulated in the cytoplasm of the cells (Figure 

2A,B), confirming successful uptake of ZEVs by LX-2 cells. (Error bar represents 

SD; n = 3; **P < 0.01, indicating a significant difference from the control group). 

 

Figure 2. LX-2 cells intake of ZEVs (A) Fluorescence microscope pictures of ZEVs being taken up by cells. Scale 

bars = 50 µm. Magnification: 200X; (B) Quantification of fluorescence intensity. 

3.3. Effects of ethanol on LX-2 cells proliferation and protein expression 

Acetaldehyde, the primary active metabolite of ethanol, has been shown to 

activate rat HSCs and increase the expression of fibrosis-associated proteins, 

including α-SMA and COL I [27]. Based on this, we hypothesized that ethanol could 

similarly activate LX-2 cells. To verify this, we examined LX-2 cells viability with 

CCK-8 after 48 h of action with ethanol. The results indicated that 50, 100, 150, and 

200 mmol/L ethanol concentrations promoted LX-2 cells proliferation, with the most 

significant effect observed at 100 mmol/L (Figure 3A). Furthermore, cellular protein 

was analyzed under the influence of ethanol. The results revealed that the use of 200 

mmol/L ethanol induced COL I and α-SMA expression in LX-2 cells (Figure 3B). 

(Error bar represents SD; n = 3; **P < 0.01, indicating a significant difference from 

the control group). 
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3.4. Suppression of LX-2 cells proliferation by ZEVs 

We assessed the effects of SZB, GZB, and RZB ZEVs on cell proliferation. LX-

2 cells were exposed to each ZEV types (1 × 107, 1 × 108, 1 × 109, 2 × 109 

particles/mL). The results indicated that none of the ZEVs concentrations affected 

cell growth (Figure 3C–E). Additionally, treatment with 2 × 109 particles/mL ZEVs 

had no impact on LX-2 cell growth and showed no cytotoxic effects (Figure 3F). 

Consequently, we selected 2 × 109 particles/mL ZEVs for subsequent experiments. 

Absorbance at 450 nm was measured after addition of ZEVS and ethanol to the cells 

for 48 h. The results indicated that ethanol induced LX-2 cells proliferation, whereas 

ZEVs significantly reduced the proliferation of ethanol-activated LX-2 cells (Figure 

3G). (Error bar represents SD; n = 3; nsP > 0.05, indicating no significant difference 

from the control group. **P < 0.01, indicating a significant difference from the 

positive control group).  

 

Figure 3. Effects of ethanol or ZEVs in LX-2 cells (A) Absorbance at 450 nm of LX-2 cells; (B) Western blotting 

analysis of COL I and α-SMA; (C–E) Effect of SZB, GZB and RZB concentration gradient on non-activated LX-2 

cells; (F) Proliferative effects of ZEVs on non-activated LX-2 cells; (G) Inhibitory effect of ZEVs on proliferation of 

activated LX-2 cells.  
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3.5. Effect of ZEVs on fibrotic proteins in activated LX-2 cells 

COL I and α-SMA, hallmark proteins of fibrosis, were detected in LX-2 cells 

[28]. As shown in Figure 4A–F, compared to negative control, ethanol was able to 

significantly elevate the gene and protein levels of COL I and α-SMA in LX-2 cells. 

However, upon treatment with ZEVs, the elevated gene and protein levels were 

partially reduced. These results suggest that ZEVs can decrease the content of 

fibrotic proteins in activated LX-2 cells, indicating their potential anti-fibrotic effect. 

(Error bar represents SD; n = 3; **P < 0.01, indicating significantly different from 

positive control group). 

 

Figure 4. Effect of ZEVs on fibrotic proteins in activated LX-2 cells (A–B) Real-time PCR analysis of COL I and α-

SMA; (C) Western blotting analysis of COL I; (D) Quantification of COL I; (E) Western blotting analysis of α-SMA; 

(F) Quantification of α-SMA. 
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3.6. Effect of ZEVs on cell migration 

The migration of LX-2 cells is a key event in the progression of hepatic fibrosis 

[29]. To assess the potential of SZB, GZB and RZB ZEVs in inhibiting cell motility, 

scratch wound healing test was used to explore. Serum-free medium was added at 0 

h to inhibit cell proliferation [30]. The results show that ZEVs were able to reduce 

the migratory area of LX-2 cells (Figure 5A,B). Furthermore, compared to the 

control group, the gene expression of MMP-9, a member of the matrix 

metalloproteinase (MMP) family implicated in cell migration and invasion [31], was 

significantly reduced following ZEVs treatment (Figure 5C). These results show 

that ZEVs may exert antifibrotic effects by inhibiting LX-2 cells migration. (Error 

bar represents SD; n = 3; **P < 0.01, indicating significantly different from control 

group).  

 

Figure 5. Effect of ZEVs on cell migration (A) The edges of the scratches are marked with a black line. Scale bar = 

100 µm. Magnification: 40X; (B) Quantification of wound area shown in (A); (C) Real-time PCR analysis of MMP-9.  

3.7. Biosafety of ZEVs in vivo 

To assess the safety of orally administered SZB, GZB and RZB ZEVs, serum 

sample and major organs (heart, liver, spleen, lung and kidney) were collected from 

mice that were administered 2 × 1010 particles/mL (100 µL/pc) of ZEVs for 7 days 

(Figure 6A). There were no significant changes in ALT and AST levels between the 

control group and the ZEVs-treated group (Figure 6B,C). In addition, histological 
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examination of the major organs by H&E revealed that there were no obvious signs 

of abnormality or damage in the organs of the mice in the ZEVs-treated group 

(Figure 6D). (Error bar represents SD; n = 3; nsP > 0.05, indicating no significantly 

different from control group).  

Figure 6. Biosafety of ZEVs in mice (A) Schematic handling of in vivo biosafety assessment; (B,C) ALT and AST 

levels in the serum of mice; (D) H&E of major organs. Scale bar = 500 µm. Magnification: 400X. 

3.8. ZEVs alleviate liver fibrosis in mice 

To investigate the treatment effect of ZEVs on liver fibrosis, we established 

mice model of alcoholic liver fibrosis (Figure 7A). H&E revealed that the alcohol 



Molecular & Cellular Biomechanics 2025, 22(3), 1357.  

12 

liquid diet and alcohol treatment induced inflammatory cell infiltration and 

morphological changes in liver lobules, which were significantly improved following 

oral ZEVs administration (Figure 7B). Masson showed that, compared to the 

positive control group, ZEVs treatment markedly reduced collagen deposition 

around the central veins and portal areas of liver tissue (Figure 7C). Oil red O 

showed that ZEVs was able to reduce lipid droplet deposition in liver tissue of 

hepatic fibrosis mice (Figure 7D). Furthermore, compared with the positive control 

group, oral administration of ZEVs reduced serum levels of ALT and AST (Figure 

7E,F), as well as, COL I and α-SMA protein expression in liver tissues (Figure 7G–

J). (Error bar represents SD; n = 3; **P < 0.01, indicating significantly different 

from positive control group). 

 
 

Figure 7. The effect of ZEVs on liver fibrosis mice (A) Process of treating mice; (B) H&E of livers. Scale bar = 500 

µm. Magnification: 400X; (C) Masson of livers. Scale bar = 1000 µm. Magnification: 100X; (D) Oil Red O of livers. 

Scale bar = 500 µm. Magnification: 400X; (E,F) ALT and AST levels in the serum; (G) Western blotting analysis of 

COL I; (H) Quantification of COL I; (I) Western blotting analysis of α-SMA; (J) Quantification of α-SMA. 

3.9. ZEVs regulate the TGF-β1/Smad signaling pathway in activated LX-

2 cells 

Activation of HSCs is an important factor in the process of liver fibrosis, and 

TGF-β1/Smad is the main signalling pathway that stimulates HSCs activation [32]. 

According to real-time PCR analysis, ZEVs can significantly reduce the expression 

of TGF-β1, Smad2, and Smad3 in activated LX-2 cells compared to the positive 

control (Figure 8A–C). These observations demonstrated that ZEVs could 

effectively disrupt the TGF-β1/Smad signaling pathway. (Error bar represents SD; n = 

3; *P < 0.05, **P < 0.01, indicating significantly different from positive control group). 
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3.10. MiR-9 and miR-17 in ZEVs were shown to decrease liver fibrosis 

EVs contain a wide array of components, including proteins, lipids, nucleic 

acids, and other compounds, with miRNAs garnering significant attention due to 

their functional and therapeutic relevance. For instance, miR-44 in tea has been 

shown to reduces COL I and α-SMA expression levels in LX-2 cells [17]. 

Furthermore, miRNAs generated from ginger extracellular vesicle-like nanoparticles 

were discovered to block the expression of SARS-CoV-2 genes [33]. To investigate 

whether miRNAs from ZEVs exert an anti-fibrotic effect, we identified 28, 103, and 

31 miRNAs with lengths ranging from 18 to 24 nt in SZB, GZB and RZB ZEVs, 

respectively. Notably, miR-9 and miR-17 were highly expressed in all three ZEVs, 

and were selected for further investigation (Supplementary Table S2). MiR-NC, 

miR-9 and miR-17 were transfected into LX-2 cells, which were subsequently 

cultured in ethanol-containing (200 mmol/L) DMEM for 48 h. Western blotting 

results demonstrated a reduction in COL I and α-SMA levels in the transfected cells 

compared to the positive control (Figure 8D,E). These results demonstrated that 

miR-9 and miR-17 have potential anti-fibrotic effects in liver fibrosis. 

 

Figure 8. The effects of ZEVs or miRNAs in activated LX-2 cells (A–C) Real-time PCR analysis of TGF-β1, Smad2 

and Smad3; (D) The effect of miRNAs on cellular COL I protein; (E) The effect of miRNAs on cellular α-SMA 

protein.  

4. Discussion 

Liver fibrosis is a wound-healing reaction against chronic liver damage, 

resulting from the disruption of ECM [34]. In the progression of liver fibrosis, 

aHSCs differentiate into myofibroblasts, which are the main driving factor of liver 

fibrosis [5]. Upon activation, qHSCs lose their characteristic cytoplasmic lipid 

droplets and transform into aHSCs. These aHSCs then differentiate into 

myofibroblasts, which are responsible for synthesizing collagen and ECM structural 
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glycoproteins [35]. Therefore, the main target of treating liver fibrosis is to inhibit 

the activation of HSCs. 

ZB, a plant with both medicinal and culinary uses, has a history of millennia in 

China. Researches have revealed that ZB contains a diversity of bioactive 

compounds with antiparasitic, antibacterial, anti-inflammatory, and antioxidant 

properties [20]. To explore the potential anti-liver fibrosis effects of ZB, we first 

extracted ZEVs from ZB, which upon characterization displayed a double-membrane 

structure and a size ranging from 100 to 200 nm. Next, we assessed the cellular 

uptake of ZEVs and their potential cytotoxicity. The findings revealed that LX-2 

cells efficiently internalized the ZEVs with no significant toxicity. Subsequently, we 

examined the treatment efficacy of ZEVs for hepatic fibrosis. In vitro, ZEVs 

inhibited the propliferation of activated LX-2 cells, suppressed the cell migration 

capacity in serum-free medium, and reduced COL I and α-SMA in LX-2 cells. In 

vivo, we first investigated the biosafety of ZEVs in normal mice, and the H&E 

results showed that ZEVs no damage to the heart, liver, spleen, lung and kidney of 

mice. Furthermore, ZEVs reduced the ALT and AST levels in liver fibrosis mice, 

decreased lipid droplet accumulation and collagen deposition in liver tissues, and 

lowered the α-SMA and COL I protein. Animal models do not fully reflect human 

disease, so ZEVs need to be explored for a long time before they can be used in the 

clinic [36]. In summary, these findings suggest that ZEVs possess anti-fibrotic 

effects.  

We delved into the specific mechanisms of ZEVs against liver fibrosis. 

Researchers have found that platelet-derived growth factor (PDGF), transforming 

growth factor-beta (TGF-β), WNT/β-catenin signaling, and the NLRP3-Caspase1 

pathway are important pathways associated with HSC activation and fibrosis [37–

39]. Moreover, the development of liver fibrosis in both alcoholic fatty liver disease 

(ALD) and NAFLD shares common mechanisms. In the context of fatty acid 

oxidation, downstream signaling events of transcription factor-regulated genes 

involved in lipid synthesis and endoplasmic reticulum (ER) stress response are 

present in both NAFLD and ALD [40]. Among these, TGF-β1 is the most effective 

cytokine in promoting HSC activation and proliferation [41]. The “SMAD” protein 

family, as downstream signaling molecules of TGF-β1, also plays a significant 

function in the progression of liver fibrosis. Upon binding of TGF-β1 to its receptor, 

it activates downstream signaling pathways, promoting the phosphorylation of 

Smad2 and Smad3, which then bind to Smad4 and enter the nucleus to mediate 

fibrosis, whereas Smad7 negatively regulates signaling through the ubiquitin-

proteasome degradation pathway [42,43]. Finally, we observed a decrease in gene 

expression levels of TGF-β1, Smad2 and Smad3 in activated LX-2 cells after 

treatment with ZEVs. These observations demonstrate that ZEVs can regulate the 

TGF-β1/Smad pathway. 

To identify specific active components in ZEVs responsible for anti-hepatic 

fibrosis effects, we performed miRNA sequencing on ZEVs. The results showed that 

ZEVs were enriched in miR-9 and miR-17. We then synthesized these miRNAs and 

transfected them into activated LX-2 cells. Protein analysis showed that transfection 

of miR-9 and miR-17 into LX-2 cells significantly reduced the expression of COL I 

and α-SMA. These results suggest that miR-9 and miR-17 possess anti-liver fibrosis 
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activity. Future studies should investigate whether miRNAs from ZEVs are absorbed 

by the intestine and exert protective effects against liver fibrosis in consumers. 

5. Conclusion 

In this study, we confirmed that ZEVs were not significantly toxic to LX-2 cells 

and mice. ZEVs inhibited the proliferation and migration of LX-2 cells, while 

modulating the levels of fibrosis-related proteins and regulating the TGF-β1/Smad 

pathway. Furthermore, ZEVs mitigated liver damage in mice with hepatic fibrosis by 

reducing inflammatory cell infiltration, collagen deposition, and lipid droplet 

accumulation, as well as downregulating the expression of fibrosis-related proteins. 

Collectively, our findings suggest that ZEVs exhibit therapeutic effects in the 

treatment of liver fibrosis. 

Supplementary materials: Supplementary Table S1 shows the primer sequences 

used for LX-2 cells. Supplementary Table S2 shows the sequencing results of 

microRNAs in ZEVs. 
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