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Abstract: Liver fibrosis is a dynamic reversible pathological process in the development of 

chronic liver disease to cirrhosis. However, the current treatments are not administered for a 

long term due to their various side effects. Autophagy is initiated to decompose damaged or 

excess organelles, which had been found to alter the progression of liver fibrosis. In this article, 

we hypothesized that fucoidan from Fucus vesiculosus may attenuate liver fibrosis in mice 

by inhibition of the extracellular matrix and autophagy in carbon tetrachloride- and bile duct 

ligation-induced animal models of liver fibrosis. The results were determined using enzyme-

linked immunosorbent assay, quantitative real-time polymerase chain reaction, Western blotting, 

and immunohistochemical staining. Fucoidan from F. vesiculosus could inhibit the activation 

of hepatic stellate cells and the formation of extracellular matrix and autophagosomes, and its 

effect may be associated with the downregulation of transforming growth factor beta 1/Smads 

pathways. Fucoidan, as an autophagy and transforming growth factor beta 1 inhibitor, could 

be a promising potential therapeutic agent for liver fibrosis.

Keywords: liver cirrhosis, hepatic stellate cells, bile duct ligation

Introduction
Liver fibrosis, a dynamic reversible pathological process that can cause chronic liver 

disease to develop into cirrhosis (mainly seen in intrahepatic fibrous dysplasia), results 

in the production and deposition of extracellular matrix (ECM) and an imbalance 

between synthesis and degradation.1 Approximately 70% of patients with chronic liver 

disease have associated liver fibrosis. If the process is not stopped, 25% will deteriorate 

further to decompensated cirrhosis accompanied by digestive tract hemorrhage, hepatic 

encephalopathy, and hepatorenal syndrome.2–4 The current treatments to tackle liver 

fibrosis include antiviral, antioxidant, and immune regulation therapies that are not 

administered in the long term due to their various side effects.5,6 Therefore, safe and 

effective screening of drugs used to control liver fibrosis plays an important role in 

cirrhosis and hepatoma prevention.

Hepatic ECM contains bioactive substances. Under normal physiological 

conditions, the ECM provides nutrition and is involved in the immune response. 

When stimulated by various cytokines, the ECM evolves to liver fibrosis due to 

synthesis of its components, including collagen I, fibronectin, laminin (LN), and 

hyaluronic acid, or reduced degradation induced by an imbalance between matrix 
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metalloproteinases (MMPs) and tissue inhibitor of matrix 

metalloproteinases (TIMPs).7,8 A number of studies have 

demonstrated that the activation and proliferation of hepatic 

stellate cells (HSCs) are the key points in the production of 

ECM and includes the participation of other cells such as 

hepatic sinus endothelial cells, Kupffer cells, neutrophils, 

T-cells, and natural killer cells.1,7,9,10 HSCs differentiate 

into myofibroblasts (MFBs) with abundant production of 

α-smooth muscle actin (α-SMA) and ECM following liver 

damage, eventually leading to liver fibrosis.11 The related 

signaling pathways that influence each other in this pro-

cess mainly include the transforming growth factor beta 

(TGF-β), platelet-derived growth factor, Wnt/β-catenin, 

Toll-like receptor, and other important pathways.7,12 The 

establishment of animal models that simulate the pathogenic 

mechanism has always been difficult, and commonly used 

drugs that induce liver fibrosis include carbon tetrachloride 

(CCl
4
) and dimethylnitrosamine. Another liver fibrosis 

model is induced by cholestasis via surgery with bile duct 

ligation (BDL).13–15 CCl
4
 can lead to the degeneration and 

necrosis of hepatic cells by directly dissolving liver cell 

membranes to initiate lipid peroxidation, which is similar to 

human liver fibrosis in morphology and pathophysiology.16 

The CCl
4
-induced liver fibrosis model is widely used due to 

its stable pathological characteristics and good repeatability, 

while BDL-induced disease is akin to the biochemical and 

histological changes in human small nodular cirrhosis.17 

These two animal models were jointly adopted in the present 

study to conduct drug screening for liver fibrosis.

Autophagy, defined by Ashford and Porter18 using an 

electron microscope when observing human liver cells, 

is a naturally occurring physiological process in which 

damaged or excess organelles are destroyed, to allow the 

synthesis of new organelles in the absence of nutrients 

and energy.18–21 Programmed cell death plays an essential 

role in acute liver damage, ischemia reperfusion, and other 

systemic diseases; however, less research has been carried 

out on liver fibrosis.22–27 In recent years, numerous studies 

have found that autophagy can alter the progression of liver 

fibrosis. Hernandez-Gea et al found that cells gained energy 

to supply materials for the activation of HSCs following lipid 

autophagic degradation.28 Liu et al showed that the autophagy 

inhibitor 3-methyladenine affected the proliferation and acti-

vation of HSCs to alleviate fibrosis.29 Therefore, autophagy 

could be regarded as a target in the prevention of liver 

fibrosis. Fucoidan, a polysaccharide extracted from brown 

seaweed, was reported to have many benefits, such as anti-

inflammation and anticancer activities, and it affects oxidative 

stress and vascular physiology.30–32 In 2008, Hayashi et al33  

demonstrated the protective effect of fucoidan on CCl
4
-

induced liver fibrosis, while Hong et al15 reported that 

fucoidan could protect against liver fibrogenesis induced 

by dimethylnitrosamine through the inhibition of oxidative 

stress and inflammatory cytokine release.13,15 However, 

it is unclear whether fucoidan can ameliorate CCl
4
- and 

BDL-induced liver fibrosis as autophagy-targeting drugs, and 

its relationship with the TGF-β/Smad pathway is unknown.

In the present study, we hypothesized that fucoidan from 

Fucus vesiculosus may attenuate liver fibrosis in mice by inhi-

bition of the ECM and autophagy in CCl
4
- and BDL-induced 

animal models of liver fibrosis. The potential mechanism of 

action of fucoidan was also investigated.

Materials and methods
Mice and fibrosis induction
Male C57 mice weighing 20–22  g were purchased from 

Shanghai Laboratory Animal Co., Ltd. (Shanghai, People’s 

Republic of China). All animals were housed in an air-

conditioned room at a temperature of 25°C with a 12-hour 

alternating light and dark cycle and permitted free access 

to food and water. In the liver fibrosis models, mice were 

injected intraperitoneally with 1 mL/kg body weight of CCl
4
 

(1:10 v/v; Sigma-Aldrich Co., St Louis, MO, USA) in olive 

oil twice a week for 8 weeks.33 Fucoidan (Sigma-Aldrich Co.) 

was diluted in saline and was administered orally at daily 

doses of 10 mg/kg, 25 mg/kg, and 50 mg/kg once a day. In 

BDL-induced liver fibrosis, all mice were anesthetized with 

1.25% Nembutal (Sigma-Aldrich Co.) after a 24-hour fast. 

When the reflection and pain stimulation disappeared, the 

abdominal cavity was opened along the linea alba. A wet 

swab was used to expose the diaphragm and umbilical region 

and separate them from the bile duct, flank portal vein, and 

hepatic artery. The bile duct was ligated with two surgical 

knots using 5-0 suture and cut in between the two knots.

The abdominal cavity was washed with saline, and the 

two abdominal layers and skin were closed.17 The mice were 

fed in a warm and humid environment until fully awake and 

active and treated with and without drugs for 2 weeks. All 

animal experiments were performed in accordance with 

legal regulations and approved by the Animal Care and Use 

Committee of Shanghai Tongji University. Serum and liver 

tissues were obtained for the following determinations:

Mice with CCl
4
-induced liver fibrosis were randomly 

divided into six groups (eight mice per group) as follows:

1.	 control (CCl
4
) group: saline by gavage;

2.	 fucoidan (CCl
4
) group: fucoidan (50  mg/kg) daily by 

gavage;

3.	 CCl
4
 group: CCl

4
 injected intraperitoneally;
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4.	 CCl
4
 + fucoidan (10) group: CCl

4
 injected intraperitone-

ally with fucoidan (10 mg/kg) daily by gavage;

5.	 CCl
4
 + fucoidan (25) group: CCl

4
 injected intraperitone-

ally with fucoidan (25 mg/kg) daily by gavage; and

6.	 CCl
4
 + fucoidan (50) group: CCl

4
 injected intraperitone-

ally with fucoidan (50 mg/kg) daily by gavage.

The BDL-induced liver fibrosis mice were randomly 

divided into groups as described earlier, including the control 

(BDL) group, fucoidan (BDL) group, BDL group, BDL + 

fucoidan (10) group, BDL + fucoidan (25) group, and BDL + 

fucoidan (50) group (eight mice per group).

Serum analysis
Serum alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) were determined using an auto-

mated chemistry analyzer (Olympus AU1000; Olympus 

Corporation, Tokyo, Japan). Hydroxyproline and LN were 

determined using kits according to the manufacturers’ 

instructions.

Hematoxylin and eosin staining and 
Masson’s trichrome staining
Fresh liver samples were embedded in paraffin for histological 

examination using hematoxylin and eosin (H&E) and 

Masson’s trichrome staining. Sections (5 μm thick) were cut 

and prepared for further experiments. Collagen fiber stained 

blue, cytoplasm stained red, and nucleus stained blue-violet 

by Masson dye were observed under a light microscope with 

a digital camera (Leica Microsystems, Wetzlar, Germany).

Real-time polymerase chain reaction
Total RNA was extracted from frozen liver tissue by the 

pyrolysis of Trizol, chloroform, isopropyl alcohol, and 

ethanol (Thermo Fisher Scientific, Waltham, MA, USA) 

and transcribed into cDNA using the reverse transcription 

kit (TaKaRa Biotechnology, Dalian, People’s Republic of 

China). Real-time polymerase reaction (PCR) was carried 

out according to the protocols described by SYBR Premix 

EX Taq (TaKaRa Biotechnology) using a 7900HT Fast 

Real-Time PCR system (Thermo Fisher Scientific). The 

ratio of target genes and β-actin was calculated on the basis 

of the solubility curve. All primers used in the experiments 

are shown in Table 1.

Western blotting analysis
The total tissue protein was extracted by radio immunopre-

cipitation assay lysis buffer with phenylmethanesulfonyl 

fluoride, and the concentration was calculated using the 

bicinchoninic acid protein assay (Kaiji, People’s Republic 

of China). Equal amounts of samples were added to 

8%–12.5% sodium dodecyl sulfate-polyacrylamide gels and 

transferred onto polyvinylidene fluoride membranes that 

were sequentially blocked with defatted milk and incubated 

with specific primary and secondary antibodies. The primary 

antibodies used were as follows: α-SMA, TIMP1, MMP-9, 

Co-I, Beclin-1, P62 (1:500, all from Proteintech Group, Inc., 

Chicago, IL, USA); TGF-β1, smad2, p-smad2, LC3, β-actin 

(1:1,000, all from Cell Signaling Technology, Danvers, MA, 

USA); and smad3, p-smad3 (1:500, both from ABclonal, 

Cambridge, MA, USA). The Odyssey two-color infrared laser 

imaging system (LI-COR Biosciences, Lincoln, NE, USA) 

was used to scan the membranes for image acquisition.

Immunohistochemical staining
The prepared paraffin sections were dewaxed and rehydrated 

with different concentrations of alcohol. After washing with 

phosphate-buffered saline solution, the sections were pretreated 

using a microwave antigen retrieval technique with heating to 

95°C and cooling to room temperature (four cycles). Antibod-

ies, including α-SMA (1:100), TIMP1 (1:100), MMP-9 (1:100), 

Co-I (1:100), Beclin-1 (1:100), TGF-β1 (1:200), p-smad2 

(1:100), LC3 (1:50), and p-smad3 (1:100), were added to the 

slices and then incubated at 4°C overnight. Following incuba-

tion with secondary antibody, a DAB kit was used and positive 

areas were observed by a microscope with a digital camera.

Electron microscopy
The liver tissues were prefixed with 3% glutaraldehyde buff-

ered with 0.2 mmol/L cacodylate for 4 hours and postfixed 

in 1% osmium tetroxide for 1 hour. Autophagosomes were 

viewed by electron microscopy (JEM-1230; JEOL, Tokyo, 

Japan), and images were acquired.

Table 1 Nucleotide sequences of the primers used for qRT-PCR

Gene Primer sequence (5′–3′)

LC3-II Forward GACCGCTGTAAGGAGGTGC
Reverse AGAAGCCGAAGGTTTCTTGGG

Beclin-1 Forward ATGGAGGGGTCTAAGGCGTC
Reverse TGGGCTGTGGTAAGTAATGGA

α-SMA Forward CCCAGACATCAGGGAGTAATGG
Reverse TCTATCGGATACTTCAGCGTCA

TGF-β1 Forward CCCCTGCAAGACCATCGAC
Reverse CTGGCGAGCCTTAGTTTGGAC

CoI 1α1 Forward CAATGGCACGGCTGTGTGCG
Reverse AGCACTCGCCCTCCCGTCTT

CoI 1α2 Forward CTCATACAGCCGCGCCCAGG
Reverse AGCAGGCGCATGAAGGCGAG

β-actin Forward CTGGAACGGTGAAGGTGACA
Reverse AAGGGACTTCCTGTAACAATGCA

Abbreviations: qRT-PCR, quantitative real-time polymerase chain reaction; 
α-SMA, α-smooth muscle actin; TGF-β1, transforming growth factor beta 1.
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Statistical analysis
The statistical analysis was performed using the SPSS 20.0 

software package (IBM Corporation, Armonk, NY, USA). 

All data were compared by calculating the mean ± standard 

deviation using the Student–Newman–Keuls test or one-way 

analysis of variance. A P-value ,0.05 was considered statisti-

cally significant. The positively stained areas were evaluated 

by integrated optical density and analyzed using Image-Pro 

Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA).

Results
Fucoidan improved the liver function in 
liver fibrosis
ALT and AST are important indices for reflecting the status of 

liver function. We conducted a series of experiments to clar-

ify the effect of fucoidan on liver enzyme levels. The serum 

levels of liver enzymes in the CCl
4
 and BDL groups were 

significantly elevated, which indicated serious liver damage. 

With increasing fucoidan dose (10 mg/kg, 25 mg/kg, and 

50 mg/kg), the levels of ALT and AST declined gradually. 

However, 10 mg/kg of fucoidan had no obvious influence 

on the fibrosis caused by CCl
4
. Hydroxyproline, which can 

reflect the severity of liver fibrosis, is a characteristic amino 

acid in the synthesis of collagens. The hydroxyproline levels 

in liver tissue were higher in the model groups (both BDL 

and CCl
4
 groups) and decreased with increasing fucoidan 

concentration (Figure 1A). H&E and Masson staining were 

used to determine general morphology and collagen fibers 

in liver tissues. According to the results of H&E staining, 

the model groups showed inflammatory infiltrates, degenera-

tion and necrosis in liver cells around the central vein, and 

connective tissue hyperplasia. The degree of damage in the 

fucoidan treatment groups was reduced. Consistent with the 

changes in liver enzymes and H&E staining, Masson staining 

of liver sections showed blue areas of collagen fiber and red 

areas of cytoplasm. Collagen fiber in the fucoidan groups 

showed a decreasing trend relative to the model groups 

(Figure 1B). These results indicated that different concentra-

tions of fucoidan significantly alleviated liver fibrosis in a 

dose-dependent manner.

Fucoidan inhibited the formation of ECM
Hyaluronic acid, fibronectin, LN, collagen I, α-SMA, MMPs, 

and TIMPs are involved in the synthesis of ECM. Enzyme-

linked immunosorbent assay kits were used to detect serum 

hyaluronic acid and LN, and the results were consistent 

with those for ALT and AST. Increased serum levels in 

both model groups indicated severe fibrosis, and decreased 

levels in the fucoidan groups indicated attenuation of liver 

lesions (Figures 1A and 2A). PCR and Western blot were 

used to determine changes in the gene and protein levels of 

ECM components in liver tissues in the different treatment 

groups, respectively (Figure 2B and C). The results showed 

increased expression of collagen I, α-SMA, and TIMP1 in 

the model groups, and fucoidan inhibited this increase. Simi-

larly, immunohistochemical staining of liver biopsies showed 

that the changes in these components in liver tissues were 

consistent with the results for gene and protein expression 

(Figure 2D). These results demonstrate that the production 

of ECM was inhibited by fucoidan to block the progression 

of liver fibrosis.

Fucoidan decreased the formation of 
autophagosomes by downregulation of 
Beclin-1 and LC3
Autophagy can provide energy for the acceleration of liver 

fibrosis via the degradation of cell protein. Beclin-1, LC3, 

and P62 are important markers of autophagosome formation. 

To assess autophagy levels in liver tissues after fucoidan 

treatment, PCR, Western blot, and immunohistochemical 

staining were used to show the gene and protein tissue lev-

els of these indices, respectively. The results showed that 

proteins, such as Beclin-1 and LC3, promoted autophagy 

and were significantly increased in the model groups with 

fibrosis (BDL and CCl
4
 groups). Fucoidan decreased cell 

damage induced by autophagy; thus, Beclin-1 and LC3 

levels in the fucoidan-treated groups (10 mg/kg, 25 mg/kg,  

and 50  mg/kg) gradually decreased in a dose-dependent 

manner. P62 – an autophagy-related transporter – decreased 

in the model groups and increased following fucoidan 

treatment (Figure 3). All markers showed the formation of 

autophagosomes detected by electron microscopy, includ-

ing the observation of microstructure. Compared with the 

control group, the number of autophagosomes in the BDL 

and CCl
4
 groups increased, and following fucoidan admin-

istration, the agglutinated chromatin in mitochondria and 

autophagy corpuscles was not easily seen. In summary, 

fucoidan mitigated the injury induced by autophagy via the 

inhibition of autophagosome formation by downregulating 

Beclin-1 and LC3.

Fucoidan prevented the activation of 
HSCs via the TGF-β1/Smads signaling 
pathway
TGF-β1 is mainly found in HSCs, hepatic sinus endothelial 

cells, and inflammatory cells during liver fibrosis and plays an 
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Figure 1 Effect of fucoidan on liver cytolysis.
Notes: (A) Fucoidan decreased the level of ALT, AST and hydroxyproline content in a dose-dependent manner. Data are expressed as mean ± SD (n=8, *P,0.05 for CCl4 
[BDL] versus control, #P,0.05 for CCl4 [BDL] + fucoidan versus CCl4 [BDL], ^P,0.05 for CCl4 [BDL] + fucoidan [25 mg/kg] versus CCl4 [BDL] + fucoidan [10 mg/kg], 
+P,0.05 for CCl4 [BDL] + fucoidan [50 mg/kg] versus CCl4 [BDL] + fucoidan [25 mg/kg]). (B and C) Fucoidan ameliorated pathological change, showed by H&E and Masson’s 
trichrome (original magnification: ×200).
Abbreviations: AST, aspartate aminotransferase; SD, standard deviation; CCl4, carbon tetrachloride; BDL, bile duct ligation; H&E, hematoxylin and eosin; ALT, alanine 
aminotransferase.

Figure 2 (Continued)
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Figure 2 Effect of fucoidan on ECM in liver fibrosis.
Notes: (A) Fucoidan decreased the level of HA and LN. (B) The analysis of Western blotting showed that fucoidan obviously changed the expression of collagen I, α-SMA, 
MMP-9, and TIMP1. (C) The mRNA levels of collagen 1α1, α-SMA were significantly downregulated by fucoidan. Data are expressed as mean ± SD (n=8, *P,0.05 for CCl4 
[BDL] versus control, #P,0.05 for CCl4 [BDL] + fucoidan versus CCl4 [BDL], ^P,0.05 for CCl4 [BDL] + fucoidan [25 mg/kg] versus CCl4 [BDL] + fucoidan [10 mg/kg], 
+P,0.05 for CCl4 [BDL] + fucoidan [50 mg/kg] versus CCl4 [BDL] + fucoidan [25 mg/kg]). (D) The areas of positive cells of collagen I and α-SMA were diminished by fucoidan 
as shown by immunohistochemistry staining (original magnification: ×200).
Abbreviations: ECM, extracellular matrix; HA, hyaluronic acid; LN, laminin; α-SMA, α-smooth muscle actin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of 
matrix metalloproteinase; mRNA, messenger ribonucleic acid; SD, standard deviation; CCl4, carbon tetrachloride; BDL, bile duct ligation.
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β

Figure 3 Effect of fucoidan on the process of autophagy in liver fibrosis.
Notes: (A) The mRNA levels of Beclin-1 and LC3-11 were decreased by fucoidan in a dose-dependent manner. Data are expressed as mean ± SD (n=8, *P,0.05 for CC 
[BDL] versus control, #P,0.05 for CCl4 [BDL] + fucoidan versus CCl4 [BDL], ^P,0.05 for CCl4 [BDL] + fucoidan [25 mg/kg] versus CCl4 [BDL] + fucoidan [10 mg/kg], 
+P,0.05 for CCl4 [BDL] + fucoidan [50 mg/kg] versus CCl4 [BDL] + fucoidan [25 mg/kg]). (B) The analysis of Western blotting showed that fucoidan obviously changed the 
expression of Beclin-1, LC3, and P62. (C) The areas of positive cells of Beclin-1 and LC3 were diminished by fucoidan as shown by immunohistochemistry staining (original 
magnification: 200×). (D) The amount of autophagosome significantly decreased as shown by TEM (original magnification: ×20,000). The red arrows indicate autophagosomes 
detected in liver tissue.
Abbreviations: mRNA, messenger ribonucleic acid; SD, standard deviation; BDL, bile duct ligation; CCl4, carbon tetrachloride; TEM, transmission electron microscopy.
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Figure 4 Effect of fucoidan on the TGF-β1/Smads pathways in liver fibrosis.
Notes: (A) The serum and mRNA levels of TGF-β1 were decreased by fucoidan in a dose-dependent manner. Data are expressed as mean ± SD (n=8, *P,0.05 for CCl4 
[BDL] versus control, #P,0.05 for CCl4 [BDL] + fucoidan versus CCl4 [BDL], ̂ P,0.05 for CCl4 [BDL] + fucoidan [25 mg/kg] versus CCl4 [BDL] + fucoidan [10 mg/kg], +P,0.05 
for CCl4 [BDL] + fucoidan [50 mg/kg] versus CCl4 [BDL] + fucoidan [25 mg/kg]). (B) The analysis of Western blotting showed that fucoidan obviously reduced the expression 
of TGF-β1, p-Smad2, and p-Smad3. (C) The areas of positive cells of TGF-β1, p-Smad2, and p-Smad3 were diminished by fucoidan as shown by immunohistochemistry staining 
(original magnification: ×200).
Abbreviations: TGF-β1, transforming growth factor beta 1; mRNA, messenger ribonucleic acid; SD, standard deviation; CCl4, carbon tetrachloride; BDL, bile duct 
ligation.
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important role in tissues and organs. As an important factor 

in improving liver fibrosis, TGF-β1 can mediate necrosis and 

autophagy by the activation of smads, which are phosphory-

lated in the nuclear region. In order to confirm the conduc-

tion pathway, we determined the levels of TGF-β1 in serum 

and tissues and its gene and protein expression (Figure 4A). 

The results showed that the levels of these factors were 

upregulated in the model groups with liver fibrosis induced 

by BDL and CCl
4
 and declined after fucoidan treatment with 

statistically significant differences observed. We also focused 

on the phosphorylation of smads, such as smad2 and smad3, 

and found a significant increase in the BDL and CCl
4
 groups 

and a dose-dependent decrease following fucoidan treatment. 

Western blot and immunohistochemical staining showed 

consistent findings (Figure 4B and C). These results sug-

gest that fucoidan reduced the expression of TGF-β1, which 

mediated negative activation of downstream smads signaling 

pathways, which may be an essential pathway in the induction 

of necrosis and autophagy during liver fibrosis.

Discussion
Liver fibrosis is a scar formation induced by a compensa-

tory response to a variety of chronic liver injuries. As the 

common pathological process in many liver diseases, liver 

fibrosis also leads to cirrhosis.34 It is important to identify 

new, safe, and effective drug therapies due to the lack of sur-

gical procedures as a result of diffuse pathological changes. 

Fucoidan, a polysaccharide based on fucose, has attracted the 

attention of scientists.30,35,36 In the present study, two animal 

models of liver fibrosis (CCl
4
 and BDL) were established to 

determine the protective effect and mechanism of action of 

fucoidan by analyzing biochemical indicators (ALT, AST, 

and hydroxyproline), ECM components (collagenase I,  

MMPs, and TIMPs), and other key proteins located in signal-

ing pathways (TGF-β1 and Smads).

The study by Senties-Gomez et al confirmed that 

increased synthesis and insufficient degradation of the 

ECM, which leads to excess deposition and interactions with 

other cytokines, occur in the initiation and development of 

liver fibrosis.37 Collagen type I, found in late pathological 

changes, is an important component of the ECM. As the 

characteristic amino acid of collagen type I is hydroxypro-

line, the serum level of this amino acid may be an important 

indicator of fibrosis. MMPs, a group of enzymes that contain 

Ca2+ and Zn2+, could play a role in ECM degradation, and 

TIMPs, secreted by activated HSCs, are specific inhibitors 

of MMPs.11 ECM metabolism is dependent on the balance 

between MMPs and TIMPs, mainly MMP-9/TIMP1.38,39 

As the key cells in ECM production, HSCs can transform into 

MFBs, which express the unique molecular marker protein 

α-SMA.10 Hong et al and Moon et al verified that fucoidan 

increased MMP-9 secretion in the monocytic cell line U937 

and downregulated type I procollagen and α-SMA synthesis 

in human skin fibroblasts.15,40 In our experiments, the expres-

sion of collagen type I and α-SMA detected by PCR, Western 

blot, and immunohistochemical staining in the CCl
4
 and BDL 

model groups showed an upward trend with TIMP1 regarded 

as an ECM metabolic inhibitory enzyme but decreased in 

a dose-dependent manner in the fucoidan-treated groups 

(10 mg/kg, 25 mg/kg, and 50 mg/kg). In contrast, MMP-9, 

the enzyme that promotes the metabolism of ECM, decreased 

in the model groups and increased after fucoidan treatment. 

These results showed that fucoidan can protect against liver 

injury induced by CCl
4
 and BDL through the effective inhi-

bition of ECM production and preventing the change from 

HSCs to MFBs, resulting in reduced liver fibrosis. Based 

on detection of the above indicators, measurement of ALT, 

AST, and hydroxyproline suggested that liver function 

changed with ECM formation. Compared with the model 

groups, liver biopsy pathology in the fucoidan-treated groups 

showed less collagen fiber formation and focal necrosis that 

was dose dependent. In summary, fucoidan inhibited HSCs 

and reduced ECM formation and α-SMA release to protect 

against liver fibrosis.

Autophagy, referred to as type II programmed cell death 

widely exists in eukaryotic cell biology, occurs less frequently 

under normal circumstances but can be induced to maintain 

the balance between proteins and organelles under stress. 

However, excess activation of autophagy can also increase 

cell damage and death.41,42 In recent years, an increasing num-

ber of studies have verified the role of autophagy in chronic 

liver damage, such as nonalcoholic and alcoholic fatty liver 

disease, viral hepatitis, and cirrhosis.43–46 During liver fibrosis, 

the occurrence of autophagy is associated with the activa-

tion of HSCs acting on the TGF-β, platelet-derived growth 

factor, Wnt/β-catenin, and Toll-like receptor pathways.47–51 

Therefore, we hypothesize that inhibition of autophagy 

may be a new drug target in the prevention of liver fibrosis. 

Beclin-1, LC3, and P62 were assessed to demonstrate the 

expression of autophagy in this study. The results showed 

that autophagy was upregulated in the CCl
4
 and BDL model 

groups and decreased with increased fucoidan concentration. 

Abundant autophagosomes and autophagolysosomes were 

seen in liver tissues of the model groups but were rarely seen 

following treatment with fucoidan. These findings show that 

fucoidan can effectively inhibit autophagy, which provides 
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the energy for the activation of HSCs and thus slows down 

the process of liver fibrosis.

How does fucoidan regulate the formation of ECM and 

autophagy in liver fibrosis? Shen et al, He et al, and Ghavami 

et al found that autophagy is a regulator of the TGF-β1 

pathway in atrial MFBs and HSCs, and these findings were 

verified by other researchers.12,23,28,29,45,47,48,50 The TGF-β 

family, which includes various functional cytokines, can 

regulate cell growth, proliferation, differentiation, migra-

tion, and apoptosis. Research evidence shows that TGF-β, 

mainly TGF-β1 with the highest biological activity located in 

intrahepatic cells, is highly expressed in HSCs, hepatic sinus, 

endothelial cells, and the inflammatory cells that affect liver 

fibrosis.52,53 HSCs were activated by CCl
4
 and cholestasis and 

transformed into MFBs, which secreted TGF-β1. TGF-β1 

can expedite the processes of collagen, and TIMP1 in the 

ECM and TGFR1 on the surface of cell membranes can 

combine with TGF-β1 to stimulate Smad2/3 located in 

the cytoplasm.54–56 The examination of signal molecules in 

the TGF-β1/Smads pathway showed an increased trend in 

the model groups compared with the normal group, which 

declined following fucoidan treatment. The gene and protein 

expression results indicated that fucoidan effectively reduced 

secreted TGF-β1, thus inhibiting the downstream pathway. 

In summary, fucoidan inhibited the activation of HSCs, the 

formation of the ECM, and the release of TGF-β1. Insuffi-

cient TGF-β1 formed complexes with its receptor, which led 

to reduced phosphorylation of Smad2/3. Smad2/3 cannot be 

transferred from the pulp to the nucleus to combine with spe-

cific DNA sequences to promote Beclin-1 transcription due 

to its unphosphorylated state.51 Beclin-1 usually promotes the 

occurrence of autophagy through an interaction with PI3K, 

which induces the conversion of LC3-I to LC3-II.19,57 Follow-

ing fucoidan treatment, the inhibition of TGF-β1 hindered 

the formation of autophagosomes, which degraded organelles 

to protect liver cells via the downregulated TGF-β1/Smad 

signaling pathways (Figure 5).

Conclusion
In conclusion, we preliminarily found that the activation 

of HSCs to secrete TGF-β1, which induced formation 

of the ECM and autophagy, was inhibited by fucoidan 

α

β

β β

β

Figure 5 Mechanism of fucoidan action.
Notes: Fucoidan inhibited HSCs activation that could secrete TGF-β1, thus inhibiting the downstream TGF-β1/Smads pathway. Smad2/3 cannot be transferred from pulp 
to the nucleus to combine with specific DNA sequences to promote Beclin-1 transcription so that fucoidan hindered the formation of autophagosomes. The autophagy 
associated with cracked organelles was then activated to induce cell death.
Abbreviations: HSCs, hepatic stellate cells; TGF-β1, transforming growth factor beta 1; DNA, deoxyribose nucleic acid; CCl4, carbon tetrachloride; BDL, bile duct ligation; 
MFBs, myofibroblasts; ECM, extracellular matrix; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitor of matrix metalloproteinases; α-SMA, α-smooth muscle actin; 
SEC, sinusoidal endothelial cells. CRE, c-AMP response element.
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from F. vesiculosus during liver fibrosis in mice. As new 

drug targets, autophagy and TGF-β1 inhibitors could be 

promising potential therapeutic agents for liver fibrosis. 

Of course, the safety and other related mechanisms of 

fucoidan require further investigation prior to clinical 

application.
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