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A B S T R A C T   

Chronic liver injury causing liver fibrosis is a major cause of morbidity and mortality worldwide. Targeting the 
suppression of hepatic stellate cell (HSC) activation is recognized as an effective strategy for the treatment of 
liver fibrosis. Ellagic acid (EA), a natural polyphenol product isolated from fruits and vegetables, possesses many 
biological functions. Here, EA exerts its antifibrotic activity by inducing ferroptotic cell death of activated HSCs, 
which is accompanied by redox-active iron accumulation, lipid peroxidation, and GSH depletion in CCl4 mice 
and human LX-2 cells. The specific ferroptosis inhibitor ferrostatin-1 prevented EA-induced ferroptotic cell death. 
Mechanistically, EA impairs the formation of vesicle-associated membrane protein 2 (VAMP2)/syntaxin 4 and 
VAMP2/synaptosome-associated protein 23 complexes by suppressing VAMP2 expression by enhancing its 
degradation in a proteasome-dependent pathway. This leads to the impairment of ferroportin (FPN, an iron 
exporter) translocation and intracellular iron extrusion. Interestingly, VAMP2 overexpression inhibits the role of 
EA in blocking FPN translocation and increasing intracellular ferritin content (an iron storage marker). In 
contrast, VAMP2 knockdown shows a synergistic effect on EA-mediated ferroptotic events in both HSCs. Addi-
tionally, HSC-specific overexpression of VAMP2 impaired EA-induced HSC ferroptosis in mouse liver fibrosis, and 
HSC-specific VAMP2 knockdown increased the inhibitory effect of EA on fibrosis. Taken together, our data 
suggest that the natural product EA exerts its antifibrotic effects by inducing FPN-dependent ferroptosis of HSCs 
by disrupting the formation of SNARE complexes, and EA will hopefully serve as a prospective compound for 
liver fibrosis treatment.   

1. Introduction 

Liver fibrosis is a liver disease with high morbidity and mortality 
worldwide, and current prevention strategies are only temporarily 
effective [1]. Recent approaches to alleviate liver fibrosis have focused 
on reducing activated hepatic stellate cells (HSCs) [2], and it is worth 
noting that ferroptosis is considered a novel and effective method for 
eliminating activated HSCs. A previous study indicated that activation of 
autophagy by regulating beclin1 [3] and inhibition of glutathione 
peroxidase (GPX4) led to iron deposition and reactive oxygen species 
(ROS) accumulation [4], which promoted ferroptosis of HSCs and 

alleviated liver fibrosis [5]. 
Ferroptosis results from dysregulation of iron homeostasis. Iron 

deficiency and acquired and inherited iron overload lead to disturbances 
in iron metabolism [6]. Iron homeostasis is coordinated by a complex 
series of tightly regulated processes, and iron-regulatory proteins at the 
plasma membrane are indispensable in regulating iron metabolism [7]. 
Ferroportin (FPN) is a plasma membrane iron exporter that mediates the 
transport of iron from the cytoplasm to the extracellular environment [8, 
9]. Research shows that increased FPN expression inhibits oxidative 
stress-induced ferroptosis by suppressing the JNK/MTF1 pathway in 
nucleus pulposus cells and alleviates intervertebral disc degeneration 
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[10], while downregulation of FPN expression induces ferroptosis by 
increasing iron concentrations and ROS levels in pancreatic cancer cells 
and attenuates the development of pancreatic cancer [11]. Additionally, 
deletion of FPN induces cognitive deficits by downregulating GPX4, and 
decreasing GSH content triggers ferroptosis in hippocampal neurons of 
APPswe/PS1dE9 mice, whereas restoration of FPN ameliorates ferrop-
tosis and memory impairment, thereby alleviating Alzheimer’s pro-
gression [12]. However, whether FPN regulating ferroptosis in HSCs is 
remain unclear. 

Recently, evidence has indicated that the transport of FPN from the 
phagosome to the plasma membrane is accomplished by soluble NSF 
attachment protein receptor (SNARE)-mediated membrane fusion in 
macrophages, reducing iron overload by removing FPN from early 
phagosomes enhances host nutritional immunity to limit microbial 
growth [13]. SNARE-mediated membrane fusion and protein transport 
are accomplished by the formation of trans-SNARE complexes between 
vesicle (v)-SNAREs (vesicle-associated membrane proteins [VAMPs]) 
and SNARE proteins on target membrane (t)-SNAREs (Syntaxins and the 
SNAP families) [14]. VAMPs are present in distinct post-Golgi vesicular 
compartments, which mediate the fusion of vesicles with the plasma 
membrane, the trans-Golgi network and endosomes, including VAMP1, 
2, 3, 4, 5, 7, and 8 [15]. (t)-SNAREs are localized on the plasma mem-
brane and mainly include syntaxin1, syntaxin4, SNAP23 and SNAP25 
[16]. (v)-SNAREs and (t)-SNAREs form a trans-SNAREs complex that 
drives fusion of vesicles with the plasma membrane [17]. It was found 
that the formation of the syntaxin4/SNAP23/VAMP2 complex promotes 
the transfer of the glucose transporter GLUT4 from intracellular storage 
to the plasma membrane of fat and muscle cells, facilitating the uptake 
of glucose by fat and muscle cells [18]. Disruption of VAMP2/synax-
in4/SNAP23 complex formation in insulin-sensitive cell model 3T3-L1 
adipocytes results in marked inhibition of insulin-dependent GLUT4 
trafficking and glucose uptake [19]. Previous research has revealed that 
SNAP-23 single-gene deletion reduces activated HSC secretion of alpha 
smooth muscle actin (α-SMA) and temporarily delays the development 
of fibrosis in CCl4 mice and the human HSC line hTERT [20]. However, 
whether the SNARE mechanism mediates FPN trafficking in HSCs re-
mains unclear. 

Ellagic acid (EA) is a naturally occurring bioactive and pharmaco-
logically active polyphenolic compound widely found in fruits, vegeta-
bles and herbs [21]. EA has displayed antioxidant, anti-inflammatory 
and antiproliferative properties in some disease models [22–24]. 
Research demonstrated that EA reduces pancreatic stellate cell activa-
tion by suppressing the expression of TGF-β1, which reduces pancreatic 
fibrosis and alleviates the development of chronic pancreatitis [25]. 
Moreover, EA is also able to block HSC activation by altering HSC cell 
morphology and further reducing α-SMA expression, thereby preventing 
hepatocyte degeneration and preventing further fibrosis and scarring 
[26,27]. However, the specific mechanism by which EA alleviates liver 
fibrosis remains unclear. The present study shows that EA attenuates 
CCl4/BDL-induced liver fibrotic injury in mice. Moreover, EA promotes 
FPN-dependent ferroptosis of activated HSCs by disrupting the forma-
tion of SNARE complexes. Therefore, EA is expected to be an effective 
treatment for liver fibrosis. 

2. Materials and methods 

2.1. Animal treatments 

Animal experiments were conducted in accordance with the guide-
lines of the Institutional Animal Care and Use Committee at Taizhou 
University in China. The protocol was approved by the Ethics Committee 
for Medical Laboratory Animals of Taizhou University (The referral 
number for animal ethics: TZXY-2021-20211004). Male C57BL/6 mice 
at 5 weeks of age were purchased from Nanjing Junke Biotechnology 
Corporation, Ltd. (Nanjing, Jiangsu, China). The animals housed at 20 
± 2 ◦C with 12 h light/dark cycles and a relative humidity of 50 ± 5% 

under filtered, pathogen-free air, with food and water available ad libi-
tum. Six-week-old male C57BL/6 mouse was intraperitoneally injected 
with vehicle (olive oil) or 2 ml/kg bodyweight CCl4 (1:9 v/v in olive oil; 
#1601168, Sigma, St. Louis, MO, USA) twice a week for 4 weeks. VA- 
Lip-Control siRNA and VA-Lip-VAMP2-siRNA/plasmid (0.75 mg/kg; 
Shanghai Genechem Co., Ltd, shanghai, China) were administrated 
intravenously 3 times a week for 2 weeks after CCl4 administrated [28]. 
For EA (#E2250, Sigma) treatment, mice were randomized and pre-
treated with EA by gavage at a dose of 50 mg/kg body weight or vehicle 
for 5 days (drug concentration equilibrium) prior to CCl4 administrated, 
and then EA treatment continued for 4 weeks. The vehicle-treated 
control mice received an equal volume of 0.5% carboxymethyl cellu-
lose (CMC, 10 ml/kg bodyweight; #1096611, Sigma). Mice were killed 4 
weeks after the final CCl4 injection, and serum were collected for 
biochemical analysis. A small portion of the liver was removed for his-
topathological and immunohistochemical studies by fixation with 4% 
paraformaldehyde (PFA; #158127, Sigma). The remaining liver was cut 
in pieces and rapidly frozen with liquid nitrogen for extraction of total 
RNA and hepatic proteins. 

2.2. Liver function analysis 

Alanine transaminase (ALT, #C009-2-1, Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, PR China), aspartate aminotransferase 
(AST, #C010-1-1, Nanjing Jiancheng Bioengineering Institute) and 
lactate dehydrogenase (LDH, #MAK066, Sigma-Aldrich), and three 
items of liver fiber procollagen type III (PC-III; #ab285003, Abcam, 
Cambridge, UK), laminin (LN, #ab119572, Abcam) and collagen 
(#MAK322, Sigma-Aldrich) in serum of all group mice were determined 
by ELISA kits according to the manufacturer’s instructions. 

2.3. Morphological and immunostaining analyses 

Liver tissues were fixed in 4% PFA for 24 h at room temperature, 
processed and embedded in paraffin, and sectioned at a thickness of 5 
μm. The sections were deparaffinized with xylene, rehydrated in graded 
ethanol, and stained with hematoxylin and eosin (H&E), Sirius red and 
Masson. Sirius Red and Masson-stained areas from 10 random fields 
were quantified with ImageJ software (NIH, Bethesda, MD, USA) ac-
cording to previous reported [29]. For TUNEL assays, TUNEL kit 
(#KGA7051, Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) was 
applied to identify apoptosis cells of fibrotic liver according to the 
manufacture’s instruction. 

2.4. Intracellular ferrous iron (Fe2+) measurements 

The relative iron concentration in cell lysates was determined with 
an Iron Assay kit (#ab83366, Abcam), and the experimental method was 
carried out according to the instructions. 

2.5. Total GSH and GSH/GSSG ratio measurements 

Using a GSH Assay Kit (#BB-4711; BestBio, shanghai, China) to 
detect the intracellular total GSH and glutathione disulphide (GSSG) 
levels according to the manufacturers’ protocols. The relative levels 
were analyzed on the microplate reader (BioRad, Hercules, CA, USA). 

2.6. MDA measurement 

To detect the lipid peroxidation product MDA content in cells using a 
Lipid Oxidation Detection Kit (#BB4709; BestBio) according to the 
manufacturers’ protocols. In addition, we used another C11-BODIPY581/ 

591 probe as a lipid peroxide indicator. After different treatments, cells 
were stained with 5 μM C11-BODIPY581/591 probe (#D3861; Thermo 
Fisher Scientific, Waltham, MA, USA) in accordance with the manu-
facturer’s instructions. Observed of C11-BODIPY581/591 fluorescence 
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was performed by Olympus fluorescence microscope and then evaluated 
with ImageJ (NIH). 

2.7. Hydroxyproline analysis 

Hydroxyproline content was measured according to the manufac-
turer’s protocol (#MAK008, Sigma) in liver tissue from CCl4 and vehicle 
mice. 

2.8. ROS measurement 

2′, 7′-dichlorodihydrofluorescin diacetate (DCFH-DA; #S0033, 
Beyotime Institute of Biotechnology, Beijing, China) was diluted in 
serum-free medium at 1:1000 to a final concentration of 10 mM. The 
cells were seed in a 24-well plate with cover slides at the bottom and 
cultured to adhere to the wall. Remove the cell culture medium and add 
1 ml diluted DCFH-DA for 20 min at 37 ◦C. Then remove the cover slides 
and use Olympus fluorescence microscope to observe and take images. 
Additionally, oxidative stress was also detected by CellROX™ Deep Red 
Reagent (#C10422, Molecular Probes, Life Technologies, Invitrogen, 
Eugene, OR, USA). After different treatment, the cells were stained with 
5 μM CellROX™ Deep Red Reagent and Hoechst 33342 (#14533, Sigma- 
Aldrich) by adding the probe to the complete medium and incubating 
the cells at 37 ◦C for 30 min. The cells were then washed with PBS and 
analyzed on a Cellomics ArrayScan Infinity (Thermo Fisher Scientific). 

2.9. Cell culture conditions and drug treatment 

The human liver stellate cell HSC-LX-2 cells were purchased from the 
Shanghai Institute of Biological Science (Shanghai, China). The cells 
were grown in plastic culture flasks under standard conditions (37 ◦C 
with 5% CO2 in a completely humidified atmosphere) using dulbecco’s 
modified essential medium (DMEM; #11995065, Gibco, Carlsbad, CA, 
USA) supplemented with 10% heat-inactivated FBS and 1% penicillin/ 
streptomycin (#15640055, Gibco). Cells detachment was achieved by 
rinsing with 0.05% trypsin/0.02% EDTA solution. After 24 h of 
attachment, the cells were cultured in serum-free DMEM for 24 h and 
then treated with EA at an IC50 concentration or with TGF-β1 
(#ab50036, Abcam) at dose of 2 ng/ml for 24 h to assay the hepatic 
fibrogenesis genes. EA was dissolved in dimethyl sulfoxide (DMSO; 
#D2650, Sigma) to form a 20 mM stock solution, which was stored at 
− 20 ◦C and diluted to the desired final concentration in DMEM at the 
time of use. Ferrostatin-1 (#HY-100579, MCE, Taiwan, ROC), ZVAD- 
FMK (#HY-16658B, MCE), deferoxamine (#D9533, Sigma), protea-
some inhibitor MG132 (# HY-13259, MCE), protein synthesis inhibitor 
cycloheximide (CHX, #HY-12320, MCE) were dissolved in DMSO at a 
concentration of 10 mM and stored in a dark-colored bottle at − 20 ◦C. 
The stock was diluted to the required concentration with DMSO when 
needed. Cells grown in a medium containing an equivalent amount of 
DMSO without drugs served as a control. 

2.10. Isolation and cultures of primary mouse HSC and hepatocyte 

Primary mouse HSC and hepatocyte were isolated from the liver of 6- 
week-old C57BL/6 male mice. After intubation in the portal vein, the 
livers were perfused in situ with Ca2+-free Hank’s balanced saline so-
lution at 37 ◦C for 15 min and then perfused with the solution containing 
5 mg/ml collagenase IV (#17104019, Gibco) and Ca2+ for 15 min at a 
flow rate of 10 ml/min. After a few minutes of perfusion, the livers were 
removed, and the digested hepatic cells were dispersed in cold DMEM- 
free. The cell suspension generated was filtered through a sterile 70 
μm pore size nylon cell strainer (#CLS431751, Sigma) and spun 3 times 
at 30×g for 4 min. The pellets were suspended in DMEM/F12 medium 
containing 15% FBS and 1% penicillin/streptomycin supplemented with 
insulin, transferrin, selenium and dexamethasone for primary hepato-
cyte culture. 

For primary HSCs isolation, after liver removed, DNase enzymes 
(#D4263, Sigma) were added into the digested hepatic cells to prevent 
filamentous gelatinous material, and the undigested debris was removed 
through a filter. The filtrates were centrifuged at 50×g for 5 min at 4 ◦C. 
The supernatant was collected following gradient centrifugation with 
25% Nycodenz (#D2158, Sigma) to isolate primary HSCs. The number 
of live cells was determined with a cell viability analyzer (Epics XL flow 
cytometer; Beckman Coulter, Brea, CA, USA). Cells were washed and 
seed on 60-mm diameter tissue culture dishes, and cells morphology 
were assessed using an inverted microscope with an Olympus CX40 
system. 

2.11. Hepatocytes treatment and cell viability assay 

Primary hepatocytes were incubated for 24 h in DMEM/F12/10% 
FBS medium. After attachment, the cells were cultured in serum-free 
DMEM/F12 for 24 h and then treated with 20 mM CCl4 (in 0.1% 
DMSO) for 48 h in the presence or absence of EA for the last 24 h. For 
assess for cell viability, the 10 μl CCK8 reagents (#C0042, Beyotime 
Institute of Biotechnology) were added to cells and incubated at 37 ◦C in 
5% CO2 for 4 h, and then the plates were measured at 450 nm using the 
Tecan Safire Multi-detection Microplate Reader (Morrisville, NC, USA). 

2.12. Quantitative PCR (qPCR) analysis 

Total RNA was extracted from liver tissue or primary HSCs by ho-
mogenization in TRIzol reagent (#15596018, Thermo, Fisher Scienti-
fic). cDNA was synthesized by Revert Aid reverse transcriptase 
(#K1691, Thermo, Fisher Scientific). Realtime PCR was performed on a 
Bio-Rad CFX384™ real-time PCR detection system using iTaq™ Uni-
versal SYBR® Green Super mix (#1725125, Bio-Rad Laboratories, 
Shanghai, China). The following genes were probed with quantitative 
PCR using β-actin gene as loading control: α-Sma, Col1a1, Tgf-β1, Mmp- 
2, Mmp-9, hepcidin, VAMP2, VAMP3 and VAMP8. Primer sequences were 
as follows: (Human) β-actin, 5ʹ-CTCTTCCAGCCTTCCTTCCTG-3ʹ and 5ʹ- 
CAGCACTGTGTTGGCGTACAG; α-Sma, 5ʹ-GACTCCGACATCTCTAGC 
TCTT-3ʹ and 5ʹ-TGCCTTTTCCTGCACATCTGTC; Col1a1, 5ʹ-AACAT-
GACCAAAAACCAAAAGTG-3ʹ and 5ʹ-CATTGTTTCCTGTGTCTTCTGG; 
Tgf-β1, 5ʹ-GGCAGTGGTTGAGCCGTGGA-3ʹ and 5ʹ-TGTTGGACAGCTGC 
TCCACCT; Mmp-2, 5ʹ-GTATTTGATGGCATCGCTCA-3ʹ and 5ʹ-CATTCC 
CTGCAAAGAACACA; Mmp-9, 5ʹ-CACTGTCCACCCCTCAGAGC-3ʹ and 5ʹ- 
GCCACTTGTCGGCGATAAGG; hepcidin, 5ʹ-AGCTGGATGCCCATGTTC- 
3ʹ and 5ʹ-CAGCACATCCCACACTTTGA; VAMP2, 5ʹ-ATGAGGGTGAAC 
GTGGACAA-3ʹ and 5ʹ-CGGGGATTTAAGTGCTGAAGTA, VAMP3, 5ʹ- 
GAAAGAAAACAGGCAAGGAGG-3ʹ and 5ʹ-CATTTCAGCGATGTTAAGG 
GA, VAMP8, 5ʹ-TGGAACATCTCCGCAACAAG-3ʹ and 5ʹ-GTGGCAAA-
GAGCACAATGAAG; (Mouse) β-actin, 5′-TGTTACCAACTGGGACGA‘CA- 
3′ and 5′-GGGGTGTTGAAGGTCTCAAA-3′; α-Sma, 5′-GCGTGGCTA 
TTCCTTCGTTA C-3′ and 5′-CATAGTGGTGCCCCCTGATAG -3′; Col1a1, 
5′-ATTCCAGTTCGAGTATGGCGG -3′ and 5′-GTTGCTTGTCTGTTT 
CCGGGT -3′; Tgf-β1, 5ʹ-GCCCTGGATACCAACTATTGC-3ʹ and 5ʹ-GCAG-
GAGCGCACAATCATGTT-3ʹ; Mmp-2, 5ʹ-TGAAGGTCGGTGTGAACGGA- 
3ʹ and 5ʹ-CATGTAGCCATGAGGTCCACCAC; Mmp-9, 5ʹ-TTGACAGCGA-
CAAGAAGTGG-3ʹ and 5ʹ-GGCACAGTAGTGGCCGTAG; hepcidin, 5ʹ- 
CTCCTGCTTCTCCTCCTTGC-3ʹ and 5ʹ-GCAATGTCTGCCCTGCTTTC-3ʹ; 
VAMP2, 5ʹ-CTGCACCTCCTCCAAACCTTAC-3ʹ and 5ʹ-CCACCAG-
TATTTGCGCTTGAG-3ʹ; VAMP3, 5ʹ-GGCAGTAATCGAAGACTCCAGC-3ʹ 
and 5ʹ-GACACTGATCCCTATCGCCCA-3ʹ; VAMP8, 5ʹ-CCGAGTTAG-
GAACCTGCAGAGT-3ʹ and 5ʹ-ACCTTCTGGGACGTTGTCTTGA-3ʹ. β-actin 
was used as a reference gene. Results are reported as normalized and 
calibrated ratios calculated using the 2− ΔΔCT method. 

2.13. Western blot analysis and immunoprecipitation 

The liver tissue of mice or primary HSC was extracted using RIPA 
Lysis and Extraction Buffer (#89901; Thermo Fisher Scientific) and 
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protein concentration was determined by BCA. Samples containing 
equal amounts of protein (15–20 μg) were separated by 8–12% SDS- 
PAGE and transferred to PVDF membranes. Membranes were blocked 
with 5% BSA for 2 h at room temperature and incubated overnight at 
4 ◦C with primary antibodies against Desmin (#5332, CST; 1:1000), 
Col1a1(#72026, CST; 1:2000), glutathione peroxidase 4 (GPX4; 
#52455, CST; 1:1000), transferrin (TFN; #ab278498, Abcam; 1:1000), 
divalent metal ion transporter (DMT1; #15083, CST; 1:1000), ferro-
portin (FPN; #NBP1-21502, Novus, Minneapolis, MN, USA; 1:1000), 
ferritin (FTH1; #4393, CST; 1:1000), hepcidin (#MAB9505, R&D; 
1:1000), syntaxin 4 (sc-101301, Santa Cruz Biotechnology, CA, USA; 
1:1000), synaptosome-associated protein of 23 kDa (SNAP23; sc- 
166244, Santa Cruz Biotechnology; 1:1000), VAMP2 ((#13508, CST; 
1:1000), VAMP3 (#13640, CST; 1:1000), VAMP8 (#13060, CST; 
1:1000), α-SMA (#ab7817, Abcam; 1:1000), TGF-β (#ab215715, 
Abcam; 1:1000), and GAPDH (#10494-1-AP, Proteintech; 1:2000). 
Secondary horseradish peroxidaseconjugated anti-rabbit (#ab6721, 
Abcam; 1:2000) or anti-mouse antibody (#ab6728, Abcam; 1:2000) was 
applied. Enhanced chemiluminescence (#1705060, Bio-Rad, Hercules, 
CA, USA) was used to visualize bands, which were quantified by Image J 
5.0 software. 

For immunoprecipitation, cells were lysed with RIPA buffer for 30 
min on ice. Then cell lysates were adjusted to equal amounts of protein 
(500 μg) and immunoprecipitated with VAMP2, syntaxin 4, SNAP23 
antibodies at 4 ◦C overnight. Rabbit IgG control antibody (#3423, CST; 
1:50) was used as a negative control. Immunoprecipitates were pulled 
down with Protein PLUS A/G Agarose (#sc-2003, Santa Cruz Biotech-
nology) followed by western blot analysis. 

2.14. Plasmid transfection and adenovirus infection 

Cells were infected with recombinant adenovirus expressing a Flag- 
tagged full-length mouse VAMP2 gene (AdVAMP2) or a shRNA target-
ing VAMP2 (AdshVAMP2; Shanghai GeneChem Co., Ltd) (MOI 20-50) 
for 24 h. The Lacz adenovirus (AdLacz) was used as negative control. 
Additionally, in EA regulates FPN translocation experiment, FPN 
shRNA, Control shRNA, FPN plasmid and Control vector were ordered 
from Shanghai GeneChem Co., Ltd. Subsequent Western blot was per-
formed to analyze transfection efficiency. 

2.15. Statistical analyses 

All experiments and analyses were conducted with the experimenter 
blinded to the drug treatment and were performed in triplicate. All data 
in this study were expressed as mean ± standard error of the mean 
(SEM). Significant differences were determined by t-test or one-way 
analysis of variance (ANOVA). All statistical analyses were performed 
using GraphPad Prism software (Version 6.0; GraphPad Software, San 
Diego, CA, USA). P < 0.05 was considered significant throughout this 
study. 

3. Results 

3.1. EA ameliorates CCl4-induced hepatic fibrotic injury in mice 

Fig. 1A shows the chemical structure of EA. In our preliminary study, 
EA was used at doses of 25, 50, and 100 mg/kg body weight for daily 
oral administration in mice for 8 weeks. No changes in sizes, gross 
anatomical features or body weights were observed. Moreover, 

Fig. 1. EA treatment attenuated hepatic injury and 
fibrosis induced by CCl4 in mice 
(A) The chemical structure of EA. (B) Body weights of 
mice receiving either control treatment or EA treat-
ment with EA at doses of 25, 50 and 100 mg/kg body 
weight for 8 weeks (n = 40), and liver sections were 
subjected to H&E staining (n = 10). (C) Representa-
tive photographs show the pathological changes in 
the livers observed by macroscopic examination; liver 
sections were stained with H&E, Masson and Sirius 
Red. The liver fibrosis stage was scored in a double- 
blind method. The Masson and Sirius red staining 
areas of the mice and the liver/body weight ratio (D) 
were calculated. n = 10. (E) Liver function was 
assessed by ALT, AST and LDH activities, and (F) 
three items of liver fiber (PC-III, LN and collagen) in 
the serum of mice were measured by commercial kits 
or ELISA kits. n = 10. (G) Western blot and (H) qPCR 
assays were used to detect the protein and mRNA 
expression levels of α-SMA, Col1a1, TGF-β1 and des-
min in isolated primary HSCs from liver tissue and 
quantify them. n = 5. (I) Collagen content was 
measured by biochemical determination of hydroxy-
proline (per mg of liver) in the livers of mice. n = 10. 
(J) Immunohistochemical staining of α-SMA and TGF- 
β1 was determined in liver sections. Brown arrow 
indicates positive area. n = 5. Data are expressed as 
the mean ± SEM of three independent experiments; 
*P < 0.05, **P < 0.01 between the indicated groups. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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hematoxylin and eosin (H&E) staining showed normal liver morphology 
in mice treated with EA at three doses for 8 weeks (Fig. 1B), suggesting 
that EA had little toxicity in normal mice. As such, the dose of 50 mg/kg 
body weight EA was used for our studies, and this dose was considered 
one tenth of the proposed oral LD50 mg/kg body weight. EA, as a natural 
polyphenolic compound, has a hepatoprotective effect [30]. We evalu-
ated the impact of EA on hepatic injury in an animal model induced by 
CCl4 with intraperitoneal injection. Macroscopic examination showed 
that pathological morphological changes occurred in the livers of CCl4 
mice compared with the control livers, but EA treatment significantly 
improved the pathological changes in the livers (Fig. 1C). The liver index 
(liver weight/body weight) was positively associated with the degree of 
liver damage. As expected, EA treatment reduced the liver index 
compared to CCl4 treatment alone (Fig. 1D). H&E staining was used to 
perform histological pathological examinations in mouse livers. EA 
treatment markedly improved the CCl4-induced disordered arrangement 
of hepatocytes and decreased the false leaves of the livers, fiber con-
nective tissue and inflammatory cell infiltration (Fig. 1C). In addition, in 
blood biochemistry analyses, alanine aminotransferase (ALT), aspartate 
aminotransferase (AST) and lactate dehydrogenase (LDH) activities 
were all significantly diminished by EA treatment, indicative of 
improvement of liver function in CCl4 mice (Fig. 1E). Collectively, EA 
exerted a hepatoprotective effect. 

Then, the role of EA in liver fibrosis was examined. The levels of 
serum liver fibrosis indicators, including PC-III, LN, and collagen, were 
detected using ELISA kits. EA treatment greatly decreased these indices 
of liver fibrosis in CCl4 mice (Fig. 1F). The excessive accumulation of 
ECM is the main cause of hepatic fibrogenesis [31]. Sirius Red and 
Masson’s trichrome staining revealed that EA treatment reduced the 
CCl4-induced degree of collagen deposition in mouse livers (Fig. 1C). 
Consistently, EA treatment notably attenuated increases in the levels of 
α-SMA, collagen type 1 (Col1a1) and TGF-β1, the most abundant ECM 
proteins in fibrotic liver tissue, and HSC activation-associated proteins, 

including desmin (Fig. 1G). Similarly, α-Sma, Col1a1 and Tgf-β1 mRNA 
levels were decreased in CCl4 mice treated with EA (Fig. 1H). EA 
treatment also prevented the increase in hydroxyproline content 
(Fig. 1I). We further determined the regulatory effects of EA on key 
proteins in the fibrotic pathway. Immunostaining of mouse livers 
showed that the protein levels of α-SMA and TGF-β1 were significantly 
decreased by EA treatment (Fig. 1J). 

To further assess the antifibrotic effect of EA, we generated a bile 
duct ligation (BDL) mouse model, another classical murine liver fibrosis 
model. EA treatment mitigated the development of liver fibrosis in the 
BDL mice at 4 weeks, as evidenced by histopathological improvement 
and the changes in Sirius Red staining (Fig. 2A). Repression of α-SMA 
and TGF-β1 gene expression was verified by the results of immunohis-
tochemistry, western blot and qPCR assays (Fig. 2A–C). Similarly, he-
patic hydroxyproline content was lessened by EA treatment (Fig. 2D). 
The above results demonstrate that EA has the capability to inhibit liver 
fibrosis development and progression. 

3.2. EA treatment suppresses the activation of HSCs in vitro 

On the basis of the decrease in hepatic fibrosis induced by treatment 
with EA in CCl4 mice, we next assessed whether the same antifibrotic 
effects could be seen in vitro. It is well known that the activation of HSCs 
plays an important role in fibrogenesis. TGF-β1 is the key profibrogenic 
cytokine in HSC activation and liver fibrogenesis [32]. In the present 
study, TGF-β1 (2 ng/ml) was used to stimulate HSC activation. LX-2, a 
human HSC line, and mouse primary HSCs isolated from wild-type 
C57BL/6 mouse livers were incubated with EA at doses of 40 or 45 
μM (LX-2 cells: IC50 ~ 37 μM, primary HSCs: IC50 ~ 44 μM) and TGF-β1 
for 24 h. As expected, EA prevented LX-2 cells and primary HSCs from 
TGF-β1-induced α-SMA, col1a1 and desmin expression (Fig. 2E). The 
same results could be seen in qPCR analysis (Fig. 2F). Moreover, EA 
treatment significantly lessened the levels of TGF-β1-induced target 

Fig. 2. EA treatment suppresses BDL-induced liver 
fibrosis and inhibits the activation of HSCs 
(A) Representative images of liver sections from 
control and BDL mice treated with or without EA are 
shown. Liver sections (4 μm) were stained with H&E 
and Sirius Red for histopathological study and IHC for 
α-SMA or TGF-β1 were performed on the liver sec-
tions of mice. The Sirius Red, α-SMA and TGF-β1 
staining areas of the mice were calculated. n = 10. (B) 
Western blot and (C) qPCR assays were used to detect 
the protein and mRNA expression levels of α-SMA and 
TGF-β1 in isolated primary HSCs from liver tissue and 
quantify them. n = 5. (D) Liver hydroxyproline levels 
were determined using a hydroxyproline assay kit in 
mice. n = 10. (E) Western blot and (F) qPCR assays 
were used to detect the protein and mRNA expression 
levels of α-SMA, Col1a1 and desmin in primary HSCs 
and LX-2 cells treated with TGF-β1 or/with EA and 
quantify them. n = 5. (G) qPCR assays were used to 
detect the mRNA expression levels of Mmp-2 and 
Mmp-9 in cells as described above. n = 5. (H) The 
inhibition ratio of cell growth was calculated in pri-
mary HSCs and LX-2 cells treated with EA and the 
apoptosis inhibitor ZVAD-FMK for 24 h n = 5. Data 
are expressed as the mean ± SEM of three indepen-
dent experiments; *P < 0.05, **P < 0.01 between the 
indicated groups. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   
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gene transcripts, including matrix metalloproteinase (MMP)-2 and 
MMP-9 (Fig. 2G). Interestingly, the treatment of activated HSCs with EA 
and the apoptosis inhibitor ZVAD-FMK (10 μM) for 24 h showed that EA 
can induce activated HSC death but not through inducing cell apoptosis 
(Fig. 2H), indicating that another factor is involved in the suppression of 
HSC activation. These results confirmed the inhibitory effect of EA on 
fibrosis in mice. 

3.3. EA treatment induces ferroptosis in activated HSCs 

We then investigated the mechanism of fibrosis inhibition by EA 
treatment. The effect of EA on global gene expression patterns of CCl4 
mice was assessed at the transcriptome level using RNA sequencing 
(RNA-seq) experiments. Primary HSCs were isolated from CCl4 mice 
treated with or without EA, and total RNA was extracted for sequencing 
(RNA-Seq). Using >1.5-fold change for upregulation and <0.5-fold 
change for downregulation as cutoffs, 419 mRNAs were upregulated and 
286 mRNAs were downregulated in CCl4 mice treated with EA, as shown 
in the heatmap (Fig. 3A) and volcano plot (Fig. 3B). As expected, some 
established fibrosis-related genes, such as COL1A1 (0.71-fold), MMP9 
(0.82-fold), FN1 (0.54-fold), TIMP1 (0.62-fold) and MMP2 (0.65-fold), 
were found among these downregulated genes. Notably, several recog-
nized ferroptosis-related genes, such as PTGS2 (3.77-fold), GPX4 (2.51- 
fold) and ferritin1 (FTH1) (4.73-fold), were found among these upre-
gulated genes. Gene set enrichment analysis (GSEA) was further 

performed to determine the effects of EA-induced transcriptomic 
changes on biological functions and pathways. Bioinformatics analysis 
predicted ferroptosis regulators whose activities were positively related 
to EA treatment in CCl4 mice (Fig. 3C). The data indicate that ferroptosis 
is induced in activated HSCs. 

Reports have shown that targeting HSCs activated by ferroptosis can 
inhibit hepatic fibrosis [33], and whether EA treatment can induce 
ferroptosis in activated HSCs was investigated. Ferroptosis is charac-
terized by redox-active iron accumulation, glutathione (GSH) depletion, 
and lipid peroxidation. Thus, we examined the levels of intracellular 
redox-active iron, total GSH, GSH/GSSG ratio, malondialdehyde (MDA) 
and the fluorescence intensity of C11-BODIPY581/591 in isolated primary 
HSCs from control and CCl4 mice. Consistent with the in vitro results, EA 
treatment induced ferroptotic events, including GSH depletion (Fig. 3D), 
redox-active iron accumulation (Fig. 3E), and lipid peroxidation 
(Fig. 3F–G), in CCl4 mice. Moreover, we also detected the protein levels 
of the ferroptosis markers prostaglandin-endoperoxide synthase 2 
(PTGS2) and glutathione peroxidase 4 (GPX4, a central regulator of 
ferroptosis) by western blotting. The results showed that EA treatment 
significantly increased the expression of PTGS2 while decreasing GPX4 
expression in CCl4 mouse livers (Fig. 3H). In addition, immunostaining 
for PTGS2 and the activated HSC marker α-SMA showed that EA treat-
ment induced the expression of PTGS2 in activated HSCs (Fig. 3I). 
Moreover, electron microscopy observation showed that CCl4-treated 
primary HSCs exhibited more swollen mitochondria and a reduced 

Fig. 3. EA treatment suppresses fibrosis via ferroptosis induced by the activated HSC pathway. Primary HSCs were further isolated from CCl4 mice treated with or 
without EA, and total RNA was extracted for RNA-Seq. 
(A) Microarray heatmap illustrating genes with at least a 2-fold change in transcript levels between isolated primary HSCs treated with EA and control cells. Bright 
blue, underexpression; gray, no change; bright red, overexpression (CCl4, n = 3; CCl4+EA, n = 3). (B) Volcano plot demonstrates clustering of isolated primary HSCs. 
Hierarchical cluster analysis of significantly differentially expressed mRNAs: bright blue, underexpression; gray, no change; bright red, overexpression (CCl4, n = 3; 
CCl4+EA, n = 3). (C) Gene set enrichment analysis (GSEA) indicated a significant change in ferroptosis signaling induced by EA treatment. NES, normalized 
enrichment score. (D) The levels of total GSH, GSH/GSSG ratio, (E) intracellular ferrous iron, (F) MDA and (G) the fluorescence intensity of C11-BODIPY581/591 were 
assayed in isolated primary HSCs from control and CCl4 mice treated with or without EA (n = 8–10). (H) Representative western blot and summary data of PTGS2 
and GPX4 in control and CCl4 mice. Data were normalized to GAPDH. n = 5. (I) Representative images of PTGS2 (green) and α-SMA (red) costained liver sections 
from control and CCl4 mice collected at 4 weeks. Cell nuclei were stained with DAPI (blue). (J) The morphological mitochondrial changes in control and CCl4 mice 
treated with or without EA were determined by transmission electron microscopy analysis. Representative photographs are shown. n = 3. The black arrow indicates 
mitochondria. Data are expressed as the mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 between the indicated groups. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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number of cristae with a more lamellar phenotype than control HSCs. 
However, these changes were significantly alleviated by EA treatment 
(Fig. 3J). Additionally, we also examined if EA treatment reduced HSCs 
activation was through induced apoptosis of HSCs. We preformed 
co-immunostaining for apoptosis and activated HSCs using TUNEL and 
α-SMA antibody in CCl4 mice liver. Results showed that EA treatment 
greatly inhibited activation of HSCs induced by CCl4. Moreover, CCl4 
greatly increased the number of TUNEL-positive cells compared with 
control mice, but EA treatment did not significantly change the increase 
TUNEL-positive cells (Fig. S1), suggesting that EA is not involved in 
inducing apoptosis of HSCs during fibrosis. 

Next, we further observed the impact of EA on ferroptosis in HSCs. 
The results showed that EA-mediated growth inhibition in isolated pri-
mary HSCs and LX2 cells by TGF-β1 stimulants was prevented by the 
ferroptosis inhibitor ferrostatin-1 (1 μM) but not the apoptosis inhibitor 
ZVAD-FMK (Fig. 4A). Moreover, propidium iodide (PI) staining showed 
that EA treatment resulted in a reduction in live cells and an increase in 
dead cells compared with the control cells, whereas ferrostain-1, but not 
ZVAD-FMK, completely reversed the effect of EA on cell death (Fig. 4B). 
Moreover, we examined the levels of intracellular redox-active iron, 
total GSH, GSH/GSSG ratio, MDA and C11-BODIPY581/591 in HSCs and 
LX-2 cells. As expected, EA treatment induced ferroptotic events, 
including GSH depletion (Fig. 4C), redox-active iron accumulation 
(Fig. 4D), and lipid peroxidation (Fig. 4E–F), in HSCs. Ferrostain-1 
completely blocked GSH depletion, MDA production and redox-active 
iron accumulation in the induction of ferroptosis (Fig. 4C–F). Addi-
tionally, the cytotoxic effect of EA on HSCs was also assessed. HSCs were 
incubated with EA (20, 40, 80 μM in primary HSCs; 22.5, 45, 90 μM in 
LX-2 cells) without TGF-β1 for 24 and 48 h. The results showed that the 
growth of primary HSCs and LX-2 cells was not inhibited by EA treat-
ment, suggesting that EA was safe and nontoxic for HSCs, not activated 
HSCs (Fig. 4G). 

Additionally, we also examined whether EA had a similar effect on 
hepatocytes. Mouse primary hepatocytes were isolated from C57BL/6 
mouse livers and incubated with EA (IC50 ~ 64 μM) at doses of 32.5, 65 

and 130 μM or/and TGF-β1 for 24 and 48 h. However, the cell viability 
analysis showed that EA treatment could not suppress the growth and 
viability of the hepatocytes. Furthermore, to assess whether EA treat-
ment affect hepatocyte growth in injured condition, in vitro experiments 
were first conducted on primary hepatocytes that had been exposed to 
CCl4 (20 mM) or/and EA at doses of 32.5, 65 and 130 μM for 48 h. 
Whereas hepatocyte growth was inhibited by CCl4, this outcome was not 
reversed in cells to which EA at any dose was added for the final 24 h 
(Fig. S2). Moreover, treatment with EA did not trigger GSH depletion, 
redox-active iron overload or MDA production in primary hepatocytes 
(Fig. 4C–F) or HepG2 cells (data not shown), suggesting that EA has a 
selective effect on HSC growth inhibition and ferroptosis induction. 

These data suggest that EA treatment activates HSCs to undergo 
ferroptosis. 

3.4. EA prevents iron extrusion and FPN translocation in HSCs 

Iron overload can trigger ferroptosis in HSCs. To unveil the mecha-
nism behind EA-enhanced iron accumulation in activated HSCs, we 
measured iron regulatory proteins, including transferrin (TFN), divalent 
metal ion transporter (DMT1) and FPN, in activated HSCs. Consistent 
with previous studies, reduced expression of TFN and DMT1 and 
increased FPN expression were seen in primary HSCs isolated from CCl4 
mouse livers; however, although there was no significant alteration in 
the total protein level of FPN by EA treatment, a marked decrease was 
seen in plasma membrane FPN levels in isolated HSCs, and no change 
was observed in TFN and DMT1 levels in either the total or plasma 
membrane (Fig. 5A). Similarly, EA treatment also reduced the FPN level 
of the plasma membrane in TGF-β1-treated primary HSCs and LX-2 cells 
(Fig. 5B). These data indicate that EA may regulate FPN trafficking. 

Hepcidin, the master regulator of iron homeostasis, mediates iron 
through the internalization and degradation of FPN [34]. We next 
considered the possibility that EA treatment decreased the expression of 
FPN on the plasma membrane through a hepcidin-dependent pathway. 
To address this possibility, hepcidin expression levels were detected. In 

Fig. 4. EA treatment induces ferroptosis in activated HSCs. 
(A) Cell viability of primary HSCs, LX-2 cells and primary hepatocytes was assayed. n = 5. (B) Primary HSCs and LX-2 cells were treated with EA (LX-2 cells: 40 μM; 
primary HSCs: 45 μM), ferrostatin-1 (1 μM) and ZVAD-FMK (10 μM), and cells were stained with PI (red fluorescence) to examine the dead cells. (C) Total GSH, GSH/ 
GSSG ratio, (D) intracellular ferrous iron, (E) MDA and (F) C11-BODIPY581/591 levels were assayed in primary HSCs, LX-2 cells and primary hepatocytes treated with 
TGF-β1 and/or EA. n = 5. (G) The cytotoxicity of EA was observed in primary HSCs and LX-2 cells using a cell viability assay. Primary HSCs and LX-2 cells were 
treated with EA (20, 40, 80 μM in primary HSCs; 22.5, 45, 90 μM in LX-2 cells) for 24 and 48 h n = 5. Data are expressed as the mean ± SEM of three independent 
experiments; *P < 0.05, **P < 0.01 between the indicated groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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CCl4 mice, hepcidin protein and mRNA levels were both decreased in 
primary HSCs. However, EA treatment did not alter the level of hepcidin 
expression (Fig. 5C), and a similar result was observed in TGF-β1-treated 
HSCs, suggesting that EA regulates the levels of FPN on the plasma 
membrane independent of the ability of FPN to bind hepcidin. 

We then determined whether the EA-induced reduction in FPN 
expression in the plasma membrane was responsible for ferroptosis in 
activated HSCs. Since FPN acts as an iron exporter, if reduced in the 
plasma membrane could lead to iron accumulation in the cytoplasm, the 
iron content in HSCs was assessed. EA treatment greatly increased the 
intracellular ferritin FTH1 content (a main iron storage protein) in 
activated HSCs isolated from CCl4 mice (Fig. 5D). Excess iron produces a 
large amount of ROS, and intracellular ROS are the ultimate cause of 
ferroptosis. We examined the level of ROS in activated HSCs. ROS probe 
DCFH-DA staining showed that the fluorescence intensity was signifi-
cantly enhanced by EA treatment in TGF-β1-treated primary HSCs and 
LX-2 cells (Fig. 5E). Additionally, we used CellROX™ Deep Red Reagent 
as oxidative stress indicator to detect ROS level. The results we observed 
were consistent with DCFH-DA staining (Fig. 5G). However, deferox-
amine (DFO), an iron chelating agent, rescued the potentiated effect of 
EA treatment on ROS levels (Fig. 5E–G). Similar results were observed in 
the ROS content analysis (Fig. 5F, H). 

Next, to directly examine if EA-induced ferroptosis is associated with 
FPN in activated HSCs, primary HSCs and LX-2 cells were pretreated 
with FPN shRNA or FPN plasmid, followed TGF-β1 or/and EA treatment. 
Western blot analysis confirmed that FPN shRNA significantly decreased 

FPN protein level in primary HSCs and LX-2 cells whereas FPN plasmid 
markedly increased it (Fig. S3A). Then we examined the levels of 
intracellular redox-active iron, total GSH, GSH/GSSG ratio, MDA and 
C11-BODIPY581/591by assay kits and fluorescence probe. As expected, 
FPN knockdown greatly increased in GSH depletion, redox-active iron 
accumulation, lipid peroxidation in TGF-β1-treated HSCs. The similar 
results were seen in EA treatment combined with FPN shRNA. In 
contrast, FPN plasmid suppressed ferroptosis events (Fig. S3B). Inter-
estingly, the effect of FPN plasmid on ferroptosis events was blocked by 
EA treatment (Fig. S3B). Additionally, intracellular iron content was also 
assessed the in HSCs treated with FPN shRNA or FPN plasmid. Western 
blot analysis showed that knockdown of FPN significant increased the 
FTH1 level compared to control shRNA in activated HSCs (Fig. S3C). EA 
treatment did not alter the effect of FPN shRNA on increased of FTH1 
level. However, EA treatment greatly abolished the effect of FPN 
plasmid on the FTH1 expression (Fig. S3C), suggesting that EA inducing 
ferroptosis is FPN dependent. 

These data suggest that EA treatment regulates FPN trafficking and 
iron transport in HSCs. 

3.5. VAMP2 is involved in EA-regulated FPN translocation 

The membrane fusion machinery is involved in the exocytosis of 
activated HSCs and integral membrane protein FPN translocation in 
macrophages [13]. To determine whether SNAREs are involved in 
EA-regulated FPN translocation, we first examined the vesicle 

Fig. 5. EA prevents iron extrusion and FPN trans-
location in HSCs 
(A) Representative western blots and summary data 
showing the expression of the iron transport-related 
proteins DMT1, TFN and FPN in total protein and 
membrane protein extracts of isolated primary HSCs 
from control and CCl4 mice treated with or without 
EA. Data were normalized to GAPDH. n = 5. (B) 
Representative western blots and summary data 
showing the expression of the iron transport proteins 
DMT1, TFN and FPN in total protein and membrane 
protein extracts of primary HSCs and LX-2 cells 
treated with or without TGF-β1 and/or EA. Data were 
normalized to GAPDH. n = 5. (C) Hepatic hepcidin 
mRNA and protein levels in primary HSCs of control 
and CCl4 mice treated with or without EA for 4 weeks. 
Data were normalized to β-actin or GAPDH. n = 3–5. 
(D) Representative western blots and summary data 
showing the expression of FTH1 in isolated primary 
HSCs from control and CCl4 mice treated with or 
without EA. Data were normalized to GAPDH. n = 5. 
(E) Representative image of ROS probe labeling with 
DCFH-DA, (F) ROS content analysis and (G) Cell-
ROX™ Deep Red staining in primary HSCs and LX-2 
cells treated with TGF-β1 or/and EA and an iron 
chelating agent, DFO. Cell nuclei were stained with 
Hoechst 33342 (blue). (H) Quantitation and statisti-
cal analysis of oxidative stress based on CellROX™ 
Deep Red Reagent staining. Data are expressed as the 
mean ± SEM of three independent experiments; *P <
0.05, **P < 0.01 between the indicated groups. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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(v)-SNAREs (vesicle-associated membrane proteins, VAMPs) and target 
membrane (t)-SNAREs (syntaxin4, synaptosome-associated protein of 
23 kDa [SNAP23] and SNAP25) levels. We found that Vamp2, 3, 8, 
syntaxin4 and Snap23 mRNA levels were expressed in primary HSCs, but 
we did not find SNAP25 expression. Similar results were observed in 
LX-2 cells (Fig. 6A). TGF-β1 stimulation greatly increased the expression 
of VAMP2 and VAMP3 in activated HSCs. However, EA treatment sup-
pressed only the increase in VAMP2 expression but not the increase in 
VAMP3 expression at the protein level (Fig. 6B). Notably, EA treatment 
did not change the TGF-β1-induced increase in Vamp2 and Vamp3 mRNA 
levels (Fig. 6A). In addition, EA treatment did not affect the expression 
of VAMP8, syntaxin4 or SNAP23 at the mRNA and protein levels 
(Fig. 6A, B). Additionally, the inhibitory effect of EA on VAMP2 protein 
expression was reversed by the proteasome inhibitor MG-132 but not the 
lysosome blocker chloroquine (Fig. 6C). By using the protein synthesis 
inhibitor cycloheximide (CHX), the degradation of VAMP2 was mark-
edly enhanced by EA treatment (Fig. 6D), suggesting that the attenua-
tion of VAMP2 is a posttranslational modification and that EA inhibits 
VAMP2 expression by enhancing VAMP2 degradation through a 
proteasome-dependent pathway. We further examined the role of EA in 
SNARE assembly in activated HSCs. EA treatment markedly limited the 
formation of VAMP2/syntaxin4 and VAMP2/SNAP23 complexes, as 
shown by the immunoprecipitation assay (Fig. 6E), suggesting that 
degradation of VAMP2 by EA contributes to the impairment of SNARE 
formation. 

To clarify the pathophysiological relevance of VAMP2 in EA- 
regulated FPN translocation, HSCs were infected with VAMP2 shRNA 
adenovirus (AdshVAMP2) or VAMP2 adenovirus (AdVAMP2) and their 
respective control adenovirus (Fig. 6F). EA and VAMP2 shRNA markedly 
decreased the plasma membrane FPN level in primary HSCs and LX2 
cells following TGF-β1 stimulation, whereas the VAMP2 plasmid abro-
gated the inhibitory effect of EA treatment on the plasma membrane 
FPN level (Fig. 6G). Since FPN acts as an iron exporter, the effect of iron 
content on SNARE assembly in HSCs was assessed. EA and VAMP2 
shRNA treatment increased the intracellular ferritin content (an iron 
storage marker) in primary HSCs and LX2 cells, while the VAMP2 

plasmid had the opposite effect (Fig. 6H), reflecting the ability of EA to 
regulate intracellular iron. Collectively, these findings indicate that EA 
treatment blocks FPN translocation, leading to ferroptosis of HSCs by 
promoting VAMP2 degradation and the subsequent impairment of 
SNARE formation. 

3.6. VAMP2 is indispensable due to the role of EA on ferroptosis induced 
in liver fibrosis 

To investigate whether VAMP2 is required for the regulatory effect of 
EA on ferroptosis, we examined ferroptosis-associated indicators in TGF- 
β1-treated primary HSCs and LX2 cells treated with AdshVAMP2 or 
AdVAMP2. VAMP2 knockdown markedly potentiated the EA-induced 
increase in redox-active iron accumulation, lipid peroxidation, GSH 
depletion, and ROS content in TGF-β1-treated HSCs, while the enhanced 
effect of EA on ferroptosis was blocked by AdVAMP2 (Fig. 7A–D). 
Additionally, knockdown of VAMP2 further enhanced the reduction in 
EA-induced α-Sma and col1a1 expression and Mmp-2 and Mmp-9 mRNA 
levels. However, VAMP2 upregulation offset the effects of EA treatment 
on the inhibition of collagen deposition (Fig. 7E). 

To further prove the important role of VAMP2 in EA-mediated anti- 
hepatic fibrosis, according to a reported method [28], vitamin 
A-coupled liposomes carrying VAMP2 siRNA/plasmid (VA-Lip-VAMP--
siRNA/plasmid) were constructed to knock down/infect VAMP2 
expression in HSCs. We assessed the impact of HSC-specific VAMP2 
knockdown and overexpression on liver fibrosis in vivo. H&E, Masson, 
and Sirius red staining showed that although VAMP2 knockdown 
reduced liver fibrosis, EA treatment combined with 
VA-Lip-VAMP2-siRNA significantly alleviated hepatic fibrosis charac-
terized by decreased collagen deposition compared with CCl4 mice, 
whereas the improvement of EA treatment on liver fibrosis was 
completely abrogated by overexpression of VAMP2 (Fig. 7F–G). More-
over, immunohistochemistry revealed that EA treatment combined with 
VAMP2-siRNA greatly reduced the expression of α-SMA and TGF-β1, 
whereas overexpression of VAMP2 almost completely abolished the 
inhibitory effect of EA on α-SMA and TGF-β1 expression (Fig. 7H). qPCR 

Fig. 6. VAMP2 is involved in EA-regulated FPN 
translocation. 
(A) mRNA expression levels of Vamp (Vamp2, Vamp8 
and Vamp8), SNAP23 and syntaxin 4 in primary HSCs 
from C57BL/6 mice and LX-2 cells. n = 4. (B) Protein 
expression of VAMP2, VAMP3, VAMP8, syntaxin 4, 
and SNAP23 in primary HSCs and LX-2 cells treated 
with TGF-β1 and/or EA. n = 5. (C) VAMP2 expression 
in primary HSCs and LX2 cells pretreated with MG- 
132 (10 μM) or CQ (1 μM) for 30 min followed by 
TGF-β1 and/or EA treatment. n = 5. (D) Following 
TGF-β1 treatment, VAMP2 expression was analyzed 
in primary HSCs and LX2 cells pretreated with CHX 
(100 μg/mL) for the indicated durations. n = 5. (E) 
Immunoblotting analysis of syntaxin 4 and SNAP23 in 
VAMP2 immunoprecipitates from primary HSCs and 
LX2 cells treated with TGF-β1 and/or EA. n = 4. (F) 
Primary HSCs and LX-2 cells were infected with 
different concentrations of AdshVAMP2, AdVAMP2 
or control adenovirus (AdLacz) for 24 h. VAMP2 
protein expression was examined. n = 5. (G) After 
HSCs were infected with AdshVAMP2 or AdVAMP2 
followed by TGF-β1 treatment, the cells were incu-
bated in EA for 24 h, and then the distribution of FPN 
and (H) FTH1 expression in those cells was examined 
by western blotting. n = 5. Data were normalized to 
GAPDH and are expressed as the mean ± SEM of 
three independent experiments. *P < 0.05, **P <
0.01 between the indicated groups.   
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also showed that EA treatment combined with VAMP2-siRNA caused a 
decrease in α-Sma and Tgf-β1 mRNA expression, whereas overexpression 
of VAMP2 abrogated the effects of EA treatment on α-Sma and Tgf-β1 
mRNA expression (Fig. 7I). Taken together, these results show that 
suppression of VAMP2 enhances EA-induced HSC ferroptosis in mouse 
liver fibrosis. 

4. Discussion 

In this study, we used EA to evaluate the protection against liver 
fibrosis in classical mouse models. The main manifestations are as fol-
lows: 1) EA mitigated liver fibrotic injury by inducing ferroptosis of 
activated HSCs in CCl4 and BDL mice and primary HSCs and human LX2 
cells; 2) EA prevented FPN translocation of the plasma membrane, 
leading to disordered intercellular iron homeostasis in HSCs; and 3) EA 
reduced VAMP2 expression in a posttranslational modification manner 
and promoted VAMP2 degradation through a proteasome-dependent 
pathway, which impaired assembly of the SNARE complex (VAMP2/ 
Syntaxin4 and VAMP2/SNAP23), ultimately blocking FPN trafficking. 

EA, as a natural polyphenolic compound, has been shown to have 
many biological functions in various animal disease models [35–37]. 

Moreover, in vivo and in vitro studies in rodents show that EA is safe and 
nontoxic [37]. This was consistent with our result. In a recent study, EA 
was considered to have anti-fibrotic effects due to its ability to inhibit 
the transformation of HSCs into myofibroblasts [26] and can reduce the 
secretion of MMPs and TIMP of HSC activation in an alcohol-induced 
liver disease model [38]. Here, EA treatment also significantly 
improved liver injury both in CCl4 and BDL mice and mitigated liver 
fibrosis by inhibiting HSC activation and collagen deposition. Likewise, 
EA showed a similar antifibrotic effect in vitro. This result is consistent 
with other reports [36]. However, the further mechanism by which EA 
inhibits liver fibrosis is unclear. 

A growing number of recent studies suggest that ferroptosis may be 
an attractive strategy for the prevention and treatment of liver fibrosis. 
In BDL-induced hepatic fibrosis, the activated BRD7/p53/SLC25A28 
axis promotes mitochondrial iron accumulation and lipid peroxidation, 
resulting in HSC ferroptosis [39]. Upregulation of NCOA4 expression 
triggers HSC ferroptosis through the autophagy pathway to alleviate 
liver fibrosis [40]. To further explore the mechanism by which EA re-
duces liver fibrosis, we performed whole-transcriptome sequencing 
analysis using HSCs from CCl4 mice. Bioinformatics analysis showed 
that EA downregulated fibrotic-related genes and upregulated 

Fig. 7. VAMP2 is indispensable for the role of EA on ferroptosis induced in liver fibrosis. 
(A) Intracellular ferrous iron, (B) MDA, the relative fluorescence intensity of C11-BODIPY581/591, (C) Total GSH, GSH/GSSG ratio and (D) ROS content with DCFH-DA 
and CellROX™ Deep Red staining were assayed in AdshVAMP2- and/or AdVAMP2-infected primary HSCs and LX-2 cells treated with TGF-β1 and/or EA. n = 5. (E) 
The expression of the fibrosis-related genes α-Sma, Col1a1, Mmp2 and Mmp9 were analyzed in AdshVAMP2- and/or AdVAMP2-infected primary HSCs and LX-2 cells 
treated with TGF-β1 and/or EA. n = 5. (F) Representative images of liver sections from control and CCl4 mice injected with VA-Lip-VAMP-siRNA/plasmid are shown. 
Thin sections (4 μm) were stained with H&E, Sirius Red, and Masson for histopathological study. The liver fibrosis stage was scored in a double-blind method. n = 10. 
(G) Liver hydroxyproline levels were determined using a hydroxyproline assay kit in mice as described above. n = 10. (H) IHC for α-SMA or TGF-β1 was performed on 
the liver sections of mice as described above. (I) α-Sma and Tgf-β1 mRNA expression was assayed in liver tissues of mice as described above. n = 3–5. Data are 
expressed as the mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 between the indicated groups. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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ferroptotic-related genes, indicating that EA mitigated fibrosis by 
inducing HSC ferroptosis. As we expected, EA treatment triggered fer-
ropotic events, as evidenced by iron overload, GSH depletion, and MDA 
accumulation in HSCs. Moreover, immunofluorescence costaining veri-
fied that α-SMA-positive cells undergo ferroptotic processes. A study 
revealed that EA can inhibit colon cancer and esophageal cancer 
development by inducing cell cycle arrest and apoptosis [41,42]. In our 
studies, the ferroptosis inhibitor ferrostatin-1 relieved the growth inhi-
bition of HSCs induced by EA, while ZVAD-FMK (an apoptosis inhibitor) 
could not. Moreover, EA treatment could not further increase the 
CCl4-induced cell apoptosis, clearly illustrating that EA enhanced the 
death of activated HSCs via the ferroptotic pathway rather than the 
apoptosis pathway. Interestingly, EA-induced HSC ferroptosis has a se-
lective effect; EA neither inhibited growth nor induced ferroptotic 
events in both primary hepatocytes and human HepG2 cells in normal 
condition or under injury condition, which is consistent with previous 
findings that no growth inhibition was observed when hepatocytes and 
HepG2 cells were treated with 50 μM EA [43,44], suggesting that EA has 
a selective effect on ferroptosis induction. 

The iron regulatory system involves multiple proteins coregulating 
iron import, neutralization, storage, and export, including TFN, DMT1, 
ferritin, and FPN [45]. TFN-mediated iron transport into cells is the most 
common iron uptake pathway; it decreases TFN expression via endo-
cytosis, reduces iron uptake, and blocks mitochondrial ROS formation to 
protect neuronal cells from ferroptosis [46]. Additionally, DMT1 has 
been shown to be involved in the iron absorption process. Targeting 
DMT1 expression can induce ferroptosis of glioblastoma cells, whereas 
inhibition of DMT1 reduces cellular ROS levels, iron deposition, and 
MDA levels and thus inhibits ferroptosis [47]. In contrast, in our study, 
EA did not affect the expression of TFN or DMT1 in either the total or the 
plasma membrane. This finding revealed that EA-induced HSC ferrop-
tosis may not be mediated by iron import disorder. Evidence reveals that 
ferroptosis can be induced by FPN but not TFN or DMT1 in human nu-
cleus pulposus cells treated with TBHP [48]. FPN is indispensable in iron 
output, and downregulating FPN expression induces iron accumulation 
in breast cancer cells, leading to ferroptosis and delaying the develop-
ment of breast cancer, while FPN overexpression reduces ROS levels and 
inhibits ferroptosis [49]. Here, EA only downregulated the FPN 
expression level of the plasma membrane, but the total expression level 
and mRNA level did not change. This suggests that FPN did not undergo 
posttranscriptional and translational modification, which might be a 
barrier to trafficking. Evidence has shown that knockdown of FPN 

triggers ferroptosis by increasing the accumulation of iron and lipid ROS 
in neuroblastoma cells [50]. Consistently, EA-induced reduction of 
plasma membrane FPN resulted in the accumulation of intracellular 
ferritin and further increased ROS levels in activated HSCs. As expect, 
DFO (an iron chelator) almost completely blocked the enhancing effect 
of EA on ROS levels. Moreover, our experiments also confirmed that FPN 
knockdown induced ferroptosis events of activated HSCs, whereas FPN 
overexpression could inhibit them. However, EA treatment blocked the 
effect of FPN plasmid on ferroptosis events. This finding suggests that 
FPN-regulated iron transport is involved in EA-induced ferroptosis of 
HSCs. The plasma membrane expression of FPN is negatively regulated 
by the hepatic iron-regulating hormone hepcidin, and inhibition of 
hepcidin increases FPN expression to reduce intracellular free iron levels 
in macrophages, thereby reducing atherosclerosis [51,52]. However, in 
our studies, EA did not affect the expression of hepcidin, suggesting that 
the EA-induced reduction in plasma membrane FPN was independent of 
hepcidin. This allows us to focus on FPN trafficking. FPN trafficking may 
be related to the vesicular transport network in the macrophage mem-
brane [53], but it is unknown whether FPN transport is also regulated by 
vesicle trafficking in HSCs. 

Evidence has revealed that SNARE-mediated membrane fusion and 
trafficking are involved in FPN transport, and NSF, an inhibitor of 
SNARE, prevents FPN transport to the plasma membrane, but the exact 
mechanism remains unknown [13]. SNAP23, SNAP25, syntaxin4 and 
VAMP2 are considered major components of the SNARE protein com-
plex. Notably, we found that SNAP25 is not expressed in primary HSCs, 
which is consistent with previous studies [20]. The SNAP23/Syntax-
in4/VAMP2 complex is involved in mediating cAMP-stimulated renin 
release and paraglomerular exocytosis [54] and can also improve insulin 
resistance by regulating glucose receptor transport [55]. Moreover, 
SNAP23/VAMP2 mediates exocytosis in circulating vesicles containing 
transferrin receptors, whereas reduced VAMP2 expression affects com-
plex assembly and directly inhibits exocytosis [56]. We reveal that EA 
reduces VAMP2 expression at the protein level, not the mRNA level, 
suggesting that EA affects the posttranslational modification of VAMP2. 
However, EA has no regulatory role in the expression of VAMP3 and 
VAMP8 in HSCs. Protein ubiquitination is a mechanism of VAMP2 
degradation [57]. However, here, the downregulation of VAMP2 protein 
expression by EA was reversed by MG-132, a proteasome inhibitor, but 
not by the lysosomal blocker chloroquine. This suggests that EA reduced 
VAMP2 expression by enhancing VAMP2 degradation through a 
proteasome-dependent pathway. Iron treatment can reduce VAMP2 

Fig. 8. Schematic regulatory mechanism of EA action 
EA suppressed FPN-dependent vesicle trafficking to plasma membrane to blocked formation SNARE complexes through induced VAMP2 degradation. This process led 
to FPN translocation and intercellular iron extrusion impairment. Subsequently, excessive iron produced a large amount of ROS, ultimate caused ferroptosis of HSC. 
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levels in hippocampal neurons, leading to iron-induced memory 
impairment by affecting synaptic transmission and vesicle fusion [58]. 
Similarly, EA blocked the formation of the VAMP2/Syntaxin4 and 
VAMP2/SNAP23 complexes by reducing VAMP2 expression. Disruption 
of the SNARE complex affects FPN transport [13], and knockdown of 
VAMP2 results in further downregulation of FPN. This finding suggests 
that EA impairs FPN translocation by inhibiting VAMP2 and further 
blocking the assembly of the SNARE complex. A study showed that the 
downregulation of FPN increases the cellular ferritin concentration and 
oxidative stress response and activates ferroptosis in a rat model of 
LPS-induced endotoxemia [48]. Consistent with this, we revealed that 
ferritin was significantly increased in HSCs after combined treatment 
with EA and VAMP2 knockdown. This finding suggests that VAMP2 
inhibition by EA leads to intercellular iron overload by regulating FPN 
trafficking. In addition, VAMP2 knockdown enhanced the inhibition of 
liver fibrosis by EA in vivo and in vitro. This finding indicates that 
VAMP2 is indispensable in EA-induced HSC ferroptosis and suppression 
of liver fibrosis. 

In conclusion, we demonstrate that EA exerts an antifibrotic effect by 
inducing FPN-dependent ferroptosis of activated HSCs by promoting 
VAMP2 degradation and blocking the formation of SNARE complexes in 
CCl4 mice (Fig. 8). Thus, EA will hopefully serve as a prospective com-
pound for liver fibrosis treatment. 
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