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Abstract: The therapeutic options for pulmonary fibrosis (PF), a progressive interstitial disease of the lung, are ex-
tremely limited. Studies have shown that transforming growth factor-β1 (TGF-β1)-induced epithelial-mesenchymal 
transition (EMT) functions as a central mediating process that contributes to PF. Also, low-molecular-weight fucoidan 
(LMWF), a sulfated polysaccharide extracted from brown seaweed, has been reported to have antifibrotic charac-
teristics that can help to alleviate kidney fibrosis by inhibiting TGF-β1-mediated EMT. Thus we hypothesized that 
LMWF might be an attractive candidate for alleviating PF. Eighty C57BL/6 mice and A549 cells were respectively 
involved in our vivo and vitro experiments. The lung fibrosis was primarily assessed by hematoxylin and eosin (H&E), 
Masson’s trichrome stain, lung wet-to-dry weight ratio and hydroxyproline content. TGF-β1 levels were determined 
by enzyme-linked immunosorbent assay (ELISA) and immunofluorescence, and the expression of EMT markers and 
extracellular signal-regulated kinase (ERK) signaling were mainly based on immunostaining, real-time PCR and 
Western blot. As expected, our vivo models showed that LMWF was associated with improved lung fibrotic histopa-
thology and significantly reduced lung hydroxyproline content. Levels of TGF-β1 expression in bronchoalveolar la-
vage fluid (BALF) and lung tissue decreased than it had been before treatment. Immunostaining, real-time PCR, and 
Western blot demonstrated that the lung EMT phenotype was attenuated and ERK signaling downregulated after 
LMWF administration. The vitro experiments resulted in a similar pharmacologic inhibitory effect of TGF-β1-induced 
EMT with downregulated ERK signaling. Collectively, our results preliminary suggested that LMWF could attenuate 
bleomycin-induced PF by inhibiting TGF-β1-induced EMT through ERK signaling.
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Introduction

Pulmonary fibrosis (PF) is a chronic, progres-
sive, irreversible sequela of lung injury of vari-
ous known and unknown etiologies. It causes a 
permanent fibrotic “scar” mainly involving the 
lung parenchyma (alveolar and interstitial pa- 
renchyma as well as bronchioles) and is charac-
terized by airway remodeling, inflammation, 
alveolar destruction, and the deposition of an 
abnormal extracellular matrix (ECM) [1].

Studies have shown that many factors contrib-
ute to the pathogenesis of PF. These could 

include, for example, a serious connective tis-
sue disease (CTD), granulomatous diseases, or 
other rare conditions such as eosinophilic pul-
monary disease, lymphangioleiomyomatosis, or 
Langerhans histiocytosis of the lung. PF is also 
an environmental and aging-associated pulmo-
nary lesion. A number of experimental and clini-
cal trials have demonstrated that certain envi-
ronmental exposures, such as cigarette smoke 
and suspended particulate matters, can target 
the pulmonary epithelium and increase the risk 
of PF. An increased risk has also been linked 
with occupational exposures, as may occur in 
agricultural work, farming, working with live-
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stock, and in persons exposed to wood dust, 
metal dust, stone dust, or silica [2]. However, 
the vast majority of patients with PF are diag-
nosed with idiopathic interstitial pneumonia 
(IIP), a particularly severe form of interstitial 
lung disease for which the treatment options 
are extremely limited [3]. Therefore PF has 
emerged as an important public health prob-
lem that carries significant morbidity and mor-
tality, especially since IIP may have a more dis-
mal prognosis than many cancers [4].

Currently dysfunction of alveolar epithelial cells 
(AECs) is thought to be the major factor leading 
to honeycomb lungs. The activated epithelium, 
either directly or indirectly, releases a plethora 
of mediators through its activated neutrophils 
and macrophages, the abundant inducers that 
drive the activation, migration, proliferation, 
and differentiation of fibroblasts and myofibro-
blasts, which eventually contribute to abnormal 
tissue repair, the persistent production of extra-
cellular matrix (ECM) components, and destruc-
tion of the pulmonary architecture [5]. Trans- 
forming growth factor-β1 (TGF-β1) is consid-
ered to be the central mediator in the patho-
genesis of fibrotic disorders; it not only plays an 
important role in the activation, proliferation, 
and differentiation of fibroblasts and myofibro-
blasts but also functions as the main inducer of 
EMT in normal pulmonary epithelial cells, thus 
contributing to pulmonary fibrogenesis [6].

Experimental studies have examined a vast 
array of natural drugs in search of a therapeutic 
agent that could counteract the profibrotic 
activity of TGF-β1. For example, Wang et al. [7] 
demonstrated that corilagin, a member of the 
tannin family found in medicinal plants such as 
Phyllanthus amarusare and Geranium carolini-
anum, could attenuate lung fibrosis induced 
experimentally by aerosolized bleomycin (BLM) 
and TGF-β1 signaling. Wei ZF and his coworkers 
[8] found that paeoniflorin, a pinane monoter-
pene glucoside found in the root of Paeonia lac-
tiflora Pall, could play a protective role in the 
lung and alleviate BLM-induced pulmonary 
fibrosis through a Smad-dependent pathway. In 
our study, we aimed to investigate the potential 
role of low-molecular-weight fucoidan (LMWF) 
in ameliorating PF. LMWF, molecular weight at 8 
to 10 kDa, is a sulfated polysaccharide extract-
ed from Laminaria japonica and degraded by 
the free radical [9]. Previous studies have 
shown that LMWF has a variety of therapeutic 

properties, including anti-inflammatory, antioxi-
dant, anti-angiogenesis and immune regulating 
effects [10]. In the past, LMWF has been used 
in the treatment of kidney diseases, such as 
chronic nephritis and chronic kidney injury. 
Most importantly, accumulating evidence indi-
cates that this monomer has a strong inhibitory 
effect on renal fibrosis by alleviating the TGF-
β1-induced EMT phenotype in renal tubular epi-
thelial cells [11]. These researches indicate 
that LMWF may also be a potential choice for 
improving PF on account of the common mech-
anisms or targets of different types of organ 
fibrosis. Therefore we increased our efforts to 
establish a well-defined and standard BLM-
induced PF mouse model and in vitro experi-
ment to determine whether LMWF could ame-
liorate pulmonary fibrosis by inhibition of TGF-
β1-induced EMT. We hoped that our results 
would provide new perspectives on promising 
options for the treatment of PF.

Materials and methods

Animal protocols

Eighty male C57BL/6 mice weighing 26 to 30 g 
were purchased from the Institute of Laboratory 
Animal Sciences (CAMS and PUMC, Beijing, 
China) and housed in specific pathogen-free 
(SPF) conditions with free access to food and 
water. The animals were randomly placed into 4 
groups of 20 mice each: (1) Sham-operated 
group, (2) BLM group, (3) BLM+LMWF group, 
and (4) LMWF group. Briefly, mice in BLM+LMWF 
groups and BLM group were respectively 
received 100 mg/kg per day of LWMF by intra-
peritoneal injection and the same vehicle con-
trols from the 7th, followed by a single slow 
intratracheal instillation of 3.5 mg/kg of bleo-
mycin sulfate (S1214, Selleck, Japan) [11, 12]. 
The LMWF group received the same volume of 
LMWF as the BLM+LMWF group, and sham 
controls only underwent the same intubation 
procedures as the BLM group except that saline 
was administered instead of bleomycin. On day 
28, all the mice were sacrificed with an over-an over-
dose of anesthesia. The bronchoalveolar lavage 
fluid (BALF) was collected with 3 separated 
washings. The left lung tissues were weighed, 
dried in an oven (60°C for 72 h), and weighted 
again to get the lung wet-to-dry weight ratio 
(W/D) [13]. The remaining tissues were isolated 
for histologic evaluation, hydroxyproline quanti-
fication, and analysis of gene and protein ex- 
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pression, respectively. The study was approved 
and guided by the Animal Care Review Com- 
mittee of the China-Japan Friendship Hospital.

Lung histopathology

After the remaining blood was rinsed off, the 
left lung was fixed in 10% neutral formalin for at 
least 72 h, dehydrated, embedded in paraffin, 
and processed for hematoxylin and eosin (H&E) 
and Masson’s trichrome stain. The following 
semiquantitative grades of lung fibrosis were 
counted double blindly by two collaborators 
according to the scoring system described by 
Ashcroft et al. [14], and the collagen deposition 
areas were calculated by Image-Pro Plus 6.0 
software (Media Cybernetics, Silver Spring, 
MD, US). For immunohistochemistry (IHC), the 
fixed, embedded and sliced sections were inm-
munostained with antibodies against E-ca- 
dherin (1:100 diluted, ab76055, Abcam, Cam- 
bridge, UK), vimentin (1:50 diluted, 10366-1-
AP, Proteintech, Chicago, IL, US) and α-SMA 
(1:100 diluted, A2547, Sigma-Aldrich, St. Louis, 
MO, US). All immunostained images were also 
analyzed using Image Pro-Plus software in a 
method of the mean density of the positive 
areas in the sections.

Measurement of hydroxyproline content

Total lung hydroxyproline content was meas-
ured with a standard hydroxyproline assay kit 
(A030-2, Nanjing Jiancheng Bioengineering In- 
stitute, Nan Jing, China). Briefly, samples were 
homogenized in NaOH solution with 400 rpm 
mechanical shaking for 20 min at 99°C. 
Following neutralization in HCl, the diluted sam-
ples were centrifuged at 3000 rpm for 20 min 
and the supernatants were detected in the 
Synergy4 plate reader (BioTek, Winooski, VT, 
US) at 550 nm absorbance. The data were 
expressed as micrograms of hydroxyproline per 
gram of wet lung tissue.

TGF-β1 measurement

The concentrations of TGF-β1 in the serum, BAL 
cell-free supernatant were measured via an 
enzyme-linked immunosorbent assay (ELISA) 
kit (R&D Systems, Minneapolis, MN, US) accord-
ing to the manufacturer’s instructions.

Cell culture and treatment

A549 cells (CCL-185, ATCC, Rockville, MD, US) 
were cultured in low glucose Dulbecco’s modi-

fied Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (Gibco, Rockville, 
MD, US) and 1% antibiotics (Sigma-Aldrich) in a 
humidified atmosphere with 5% CO2. In our vitro 
experiment, cells were seeded into 6-well 
plates at a density of 6 × 104 cells per well and 
allowed to grow for 2 to 3 days until they 
reached 70% to 80% confluence; they were 
then treated with TGF-β1 (10 ng/mL, 96-100-
21-10, PeproTech,  Rocky Hill, NJ, US) [15] or 
co-treated with a predefined concentration of 
LMWF for 48 or 72 h for morphologic analysis 
(Nikon Eclipse Ti, Tokyo, Japan) and subsequent 
gene and protein analyses [9].

Cell viability assay

Cell viability and cytotoxicity were determined 
using the Cell Counting Kit-8 assay (CCK-8, 
Dojindo Laboratories, Kumamoto, Japan). 
Briefly, cells were seeded into 96-well plates at 
a concentration of 3 × 103 cells per well; after 
being starved overnight in serum-free medium, 
the cells were treated with 10 ng/mL TGF-β1 
and/or indicated concentrations of LMWF 
(6.25, 12.5, 25, 50, 100, or 200 μg/mL) for 72 
h [16]. Then 10 µL of CCK-8 solution was added 
and the cells were cultured for another hour. 
Optical density (OD) value of the culture medi-
um was read at 450 nm by using the Synergy4 
plate reader.

Immunofluorescence (IF)

For immunofluorescence, fresh tissue slides 
and cells were fixed in 4% paraformaldehyde 
for 30 min and then blocked, permeated, and 
incubated with specific antibodies. The primary 
antibodies used were as follows: rabbit anti-
TGF-β1 (1:100 diluted, ab92486, Abcam), 
mouse anti-E-cadherin (1:100 diluted, Abcam), 
rabbit anti-vimentin (1:50 diluted, Proteintech), 
rabbit anti-phosphospecific ERK1/2 (1:100 
diluted, 4370, CST, Boston, MA, US), rabbit 
anti-ERK1/2 (1:400 diluted, 4695, CST). 
Images were taken by the confocal laser scan-
ning microscope (Leica Microsystems, Wetzlar, 
Germany).

Real-time quantitative PCR

Total RNA of the lung tissue and cells were iso-
lated by using TrIzol reagent (15596026, 
Invitrogen, Carlsbad, CA, US) and reversed to 
cDNA by using a standard Kit (High-Capacity 
cDNA Reverse Transcription Kit, 4368814, 
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Invitrogen). Finally, the PCR reaction was per-
formed in a Bio-Rad system for 44 cycles. Each 
cycle consisted of denaturation at 95°C for 45 
s, annealing at 60°C for 60 s, and an extension 
at 72°C for 1 min. The quantification of each 
gene was normalized to that of 18S mRNA, and 
the fold change was calculated as 2-ΔΔCT. Pri- 
mers are as follows, human α-SMA 5’-GAA- 
GAAGAGGACAGCACTG-3’ (F) and 5’-TCCCATT- 
CCCACCATGAC-3’ (R); human fibronectin 5’- 
GCTGAAGAGACTTGCTTTGACAAG-3’ (F) and 5’- 
GGTGTCACCAATCTTGTAGGACTG-3’ (R); human 
18S: 5’-GAGCAATAACAGGTCTGTGATGC-3’ (F) 
and 5’-CACTTACTGGGAATTCCTCGTTC-3’ (R); 
mouse α-SMA 5’-GCTGGTGATGATGCTCCCA-3’ 
(F) and 5’-GCCCATTCCAACCATTACTCC-3’; mo- 
use fibronectin 5’-GAGACCAGTGCATCGTTGATG- 
AC-3’ (F) and 5’-G GTCTCTGAATCTTGGCACTG- 
GTC-3’ (R); mouse 18S: 5’-CACGGACAGGATTG- 
ACAGATTG-3’ (F) and 5’-GCGTAACTAGTTAGCAT- 
GCCAGAG-3’ (R).

Western blot

Fresh tissues and cells were homogenized in 
Radio-Immunoprecipitation Assay (RIPA) lysis 
buffer supplemented with 25 × protease inhibi-
tor cocktail (04693132001, Roche, Ct. Bern, 
Switzerland) and 10 × phosphatase inhibitor 
cocktail (4906845001, Roche) with subse-
quent protein quantification by a bicinchoninic 
acid (BCA) protein assay (23227, Thermo Sci- 
entific, Rockford, IL, US). After 4 × loading buf-
fer was added, the proteins were boiled at 99°C 
for 5 min and then resolved on 12% SDS-PAGE 
gels and electrotransferred to polyvinylidene 
difluoride (PVDF) membranes. After blocking, 
the membranes were incubated with primary 
antibodies as follows: mouse anti-E-cadherin 
(1:1000 diluted, Abcam), rabbit anti-vimentin 
(1:2000 diluted, Proteintech), rabbit anti-fibro-
nectin (1:2000 diluted, Proteintech), mouse 
anti-α-SMA (1:3000 diluted, Sigma-Aldrich), 
rabbit anti-TGF-β1 (1:500 diluted, ab92486, 
Abcam), rabbit anti-phosphospecific ERK1/2 
(1:500 diluted, CST), rabbit anti-ERK1/2 
(1:1000 diluted, CST), mouse anti-GAPDH 
(1:5000, 60004-1-Ig, Proteintech) and mouse 
anti-β-actin (1:5000, 60008-1-Ig, Proteintech) 
at 4°C overnight. Species-specific secondary 
antibodies were added the next day; then pro-
tein intensities were detected with the ECL 
Advanced Western Blot Detection Kit (Amer- 
sham Biosciences, Waltham, UK) and subse-

quently quantitated with Image Lab 6.0 soft-
ware (Bio-Rad Laboratories, Hercules, CA, US).

Statistical analysis

All data are expressed as mean ± standard 
deviation (SD). Comparisons between 2 groups 
were made using the student’s t-test, and those 
among multiple groups were made using one-
way analysis of variance (ANOVA). Statistical 
analysis was performed and is presented by 
using commercial statistical software Graph 
Pad Prism 7.0 (GraphPad, San Diego, CA, US). P 
value ˂ 0.05 was considered significant.

Results

LMWF alleviated lung fibrogenesis and TGF-β1 
expression in the BLM-induced PF mouse 
model

Intratracheal instillation of bleomycin is the 
classic method for establishing a well-defined 
mouse model of PF. H&E stain and Masson’s 
trichrome stain were respectively used for 
model identification and pharmacodynamic 
evaluation of LMWF. In animals treated with 
bleomycin alone, we observed extensive lung 
injury with alveolar and interstitial edema, hem-
orrhage, and inflammatory cellular infiltration 
on the 3rd day, which gradually resolved after 1 
week with early fibroproliferation. By the 14th 
day, tissue sections showed a significant de- 
cline in pulmonary inflammatory response; on 
the other hand, serious fibrotic lesions devel-
oped, mainly characterized by considerable cell 
proliferation and obvious thickened alveolar 
septum. By the 28th day, fibrous foci and bullae 
were diffusely distributed in the lung intersti-
tium, with significant cell proliferation and dis-
ruption of the lung architecture. Based on these 
preliminary experimental results, we extended 
our treatment from the 7th day after administra-
tion of bleomycin to 28 days in order to investi-
gate the role of LMWF in PF. As shown in Figure 
1A, the pathologic changes in the lung had 
improved after LMWF treatment. There was 
less cell proliferation, a less destroyed alveolar 
septum and lung structure. Masson staining 
clearly indicated that collagen deposition had 
decreased in mice subjected to LMWF com-
pared with that in the BLM group (Figure 1B). 
Semiquantitative grading of fibrosis score, as 
well as collagen deposition areas (%) were sig-
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Figure 1. LMWF alleviated lung fibrogenesis and TGF-β1 expression in a BLM-induced PF mouse model. (A) Representative micrographs of hematoxylin and eosin 
(H&E) stain for each group on day 28. (B) Masson’s trichrome staining for each group. The blue regions indicated the collagen deposition, which widely distributed 
in lung interstitial space. Outer original images are × 200 magnification, scale bar = 100 μm; inner original images are × 40 magnification, scale bar = 50 μm. (C 
and D) Ashcroft score and the collagen deposition area (%) for each group. Data were analyzed using one-way analysis of variance (ANOVA) and 5-7 animals were 
quantified in each group. (E) Lung hydroxyproline content. (F) Level of expression of TGF-β1 in bronchoalveolar lavage fluid (BALF). (G) Level of expression of TGF-β1 
in the serum. (H) Lung wet-to-dry weight ratio (W/D) in each group. The data of (E-H) were analyzed by using ANOVA and are here presented as the mean value ± SD 
for 8-12 individuals in each group. Significance level was labeled as *P < 0.05, **P < 0.01, ***P < 0.001.
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nificantly declined after treatment of LMWF 
administration (Figure 1C and 1D). As expect-
ed, treatment with LMWF also rendered the 
level of lung hydroxyproline and BALF TGF-β1 
lower than in the BLM group (Figure 1E and 1F). 
However, there were no obvious differences in 
serum TGF-β1 level (Figure 1G) or lung W/D 
(Figure 1H) between the BLM+LMWF and BLM 
groups.

LMWF attenuated lung EMT phenotype in the 
BLM-induced PF mouse model

Consistent with our histologic findings in Figure 
1, a marked EMT phenotype was observed in 
the bleomycin administrated alveolar cells. As 
shown in Figure 2A, the epithelial marker of 
E-cadherin in BLM group was significantly 
reduced as opposed to the dramatically elevat-
ed mesenchymal phenotype markers of vimen-
tin and α-SMA, compared to the controls. Mice 
given LMWF continued to show higher expres-
sion levels of E-cadherin and lower expression 
levels of vimentin and α-SMA than models. The 
results of real-time PCR suggested that the 
mice subjected to both bleomycin and LMWF 
had lower expression of α-SMA and fibronectin 
than those treated only with bleomycin (Figure 
2B). Western blot also demonstrated similar 
expression trends of E-cadherin, α-SMA, and 
fibronectin in mice of BLM groups, which could 
partly be reversed with LMWF treatment 
(Figures 2C, S1). Collectively, these findings 
strongly indicate that LMWF plays a role in 
inhibiting EMT in the lungs during lung fibrogen-
esis in the mouse model of BLM-induced PF.

LMWF inhibited the cell morphologic al-
terations and proliferation in TGF-β1-induced 
A549 cells

To further explore the potential mechanism of 
LMWF in TGF-β1-induced EMT, A549 cells were 
incubated with LMWF in the absence or pres-
ence of TGF-β1 (10 ng/mL). Morphologic altera-
tions were observed under a phase-contrast 
microscope (Figure 3A). In short, we clearly 
found that TGF-β1-driven A549 cells exhibited a 
signature morphologic lesion of fibroblastic 
appearance with an elongated spindle-like 
shape and markedly decreased cell-cell con-
tacts, whereas untreated cells still maintained 
their normal epithelial-like appearance with 
close cell-to-cell contacts. Low concentrations 
of 6.25, 12.5, or 25 μg/mL LMWF were not 
associated with any obvious morphologic alter-

ations, and relatively higher doses of LMWF 
(50, 100, or 200 μg/mL) produced slight chang-
es; however, changes were especially pro-
nounced with 200 μg/mL. The cytotoxicity of 
LMWF was observed by the means of a CCK-8 
assay. Figure 3B showed the growth curve of 
cells that were cultured with different concen-
trations of LMWF (50, 100, and 200 μg /mL) up 
to 72 h. It indicated that cells treated with 
either low or high doses of LMWF displayed 
similar cell viability to that of the untreated nor-
mal cells over the indicated time spans (12, 24, 
48, and 72 h), suggesting that there was no 
concentration- or time-dependent cytotoxic 
effect of LMWF on A549 cells [17]. Figure 3C 
reflected the cell viability of groups of cells that 
were cultured with TGF-β1 and/or LMWF for 72 
h. We found that at 48 h cell viability was 
enhanced by co-culture with TGF-β1 compared 
to with normal cells, and that these values 
could return to normal levels when cells were 
cocultured with LMWF at relative higher dose of 
100 or 200 μg/mL. Like the cells treated with 
TGF-β1 only, the cells in TGF-β1 and 200 μg/mL 
LMWF co-administrated group also showed 
decreased cell viability at 72 h; however, under 
other conditions, no detectable differences in 
the cell viability of each group were found.

LMWF attenuated TGF-β1-induced EMT in 
A549 cells

In the TGF-β1-induced cells, a significant EMT 
phenotype was observed. The result of dual IF 
of E-cadherin and vimentin suggested an inter-
mediate transitional stage of EMT (Figure 4A). 
In the cells cocultured with both TGF-β1 and 
LMWF, mainly the cells treated with 200 μg/mL 
LMWF, the expression of vimentin was dramati-
cally decreased with the higher expression of 
E-cadherin. The results of real-time PCR indi-
cated that cells treated with TGF-β1 had signifi-
cantly less expression of α-SMA and fibronectin 
than controls. However, the cells incubated 
with both TGF-β1 and LMWF showed less 
expression of α-SMA and fibronectin mRNA 
compared to those only treated with TGF-β1 
(Figure 4B). As determined by Western blot 
analysis, results showed that TGF-β1 adminis-
tration also resulted in reduced expression of 
E-cadherin and raised expression levels of 
vimentin and fibronectin, whereas the expres-
sion of corresponding proteins was reversed 
with the treatment of LMWF. As expected, the 
changes were most pronounced when LMWF 
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Figure 2. LMWF attenuated lung EMT phenotype in a BLM-induced PF mouse model. A. Lung immunocytochemistry (IHC) staining of E-cadherin, vimentin, and 
α-SMA that performed on paraffin-embedded sections (upper panel, brown identify regions of positive staining). Original images are × 200 magnification. n = 5; 
scale bar = 100 μm. The mean density of E-cadherin, vimentin and α-SMA for each group (lower panel); values were analyzed by using ANOVA and expressed by 
fold-changes of sham. B. Real-time PCR for analysis the expression of α-SMA and fibronectin on the transcriptional level on the 28th day, 18S served as an internal 
control. Values were analyzed by using student’s t-test and expressed by fold-changes of sham. C. Western blot analysis for E-cadherin, α-SMA and fibronectin with 
each experimental group (upper panel), and the ratio of corresponding protein in lung homogenate (lower panel). Data are determined using the student’s t-test 
and are presented as mean value ± SD. Significance was set at *P < 0.05, **P < 0.01, and ***P < 0.001.
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was administered at a dose of 200 μg/mL 
(Figures 4C, S2).

LMWF downregulated TGF-β1/ERK signaling 
both in vivo and in vitro

ERK signaling is an important mechanism impli-
cated in the process of TGF-β1-induced EMT 
during the lung fibrogenesis. As shown in Figure 
5A and 5B, we determined the relative expres-
sion of TGF-β1 and p-ERK1/2 by IF and IHC, 
respectively. Results showed that LMWF treat-
ment could inhibit the expression of TGF-β1 
and p-ERK1/2 in mice given bleomycin. In our 
Western blot analysis, we also found the level 
of expression of TGF-β1 was increased in lung 
homogenates, accompanied with higher ex- 
pression levels of p-ERK1/2. As predicted, 
expression of both agents was downregulated 
after treatment of LMWF (Figures 5C, S1). We 
also performed in vitro experiments. As shown 
in Figure 5D, we found the relative expression 
level of p-ERK1/2 to be significantly higher in 
cells with exogenous TGF-β1, which could be 
effectively inhibited with the treatment of 

LMWF. Accordingly, Western blot (Figures 5E, 
S2) results also suggested that the cells treat-
ed with LMWF, mainly at doses of 100 and 200 
μg/mL LMWF, were associated with the down-
regulation of ERK1/2 signaling.

Discussion

Fucoidan comprises an intriguing group of natu-
ral fucose-enriched sulfated polysaccharides 
that are extracted from brown seeds. LMWF is 
obtained through the radical degradation of 
fucoidan [17]. Previous studies showed that 
LMWF has a range of bioactivities, having anti-
inflammatory and antioxidant properties and 
promoting wound healing, as well as a signifi-
cant role in regulating the circulation and the 
immune system [18, 19]. It has therefore 
offered a supplementary option for the clinical 
management of patients with cardiovascular 
and kidney disease. In our study we described 
a novel role for LMWF in that it could effectively 
alleviate experimental BLM-induced PF as com-
pared with controls. By inhibiting the process  
of TGF-β1-induced EMT, we also demonstrated 

Figure 3. Cell morphology and cell viability of A549 up to 72 h. A. Representative microscopic images of A549 cells 
incubated with different concentrations of LMWF (6.25, 12.5, 25, 50, 100, and 200 μg/mL) in the presence and 
absence of TGF-β1 (10 ng/mL) for up to 72 h. Original images are × 200 magnification; scale bar = 100 μm. B and 
C. Cell cytotoxic assay and cell proliferation test. A549 cells were cultured with different concentrations of LMWF 
(50, 100, and 200 μg/mL) and/or TGF-β1 up to 72 h. This shows there to be no concentration- or time-dependent 
cytotoxic effect of LMWF on A549 cells, and LMWF at relatively high dose of 100 or 200 μg/mL could inhibited the 
proliferation of A549 cells caused by TGF-β1 at 48 and 72 h effectively. Data were analyzed using the student’s 
t-test and are presented as mean value ± SD of three independent experiments. Significance was set at *P < 0.05 
and ***P < 0.001 relative to the control at a same time.
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Figure 4. LMWF attenuated TGF-β1-induced EMT in A549 cells. A. Dual-immunofluorescence of E-cadherin and vimentin in A549 cells incubated with TGF-β1 and/
or LMWF at 72 h; Ctrl: cells treated with vehicle; T: cells treated with 10 ng/mL TGF-β1; T+L: cells treated with 10 ng/mL TGF-β1 plus 200 μg/mL LMWF. Original 
images are × 400 magnification. B. Real time PCR for analysis of the relative expression levels of α-SMA and fibronectin in each group. C. Western blot analysis for E-
cadherin, fibronectin and vimentin in A549 cells that cultured with TGF-β1 and/or LMWF (50, 100, and 200 μg/mL) at 72 h. Data were analyzed using the student’s 
t-test and are presented as mean value ± SD of three independent experiments. Significance was set to *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5. LMWF downregulated TGF-β1/ERKs pathway both in vivo and in vitro. A. IHC staining for p-ERK1/2 for each 
animal group at 28th day, Original images are × 200 magnification. n = 4-5; scale bar = 100 μm. The mean density of 
p-ERK1/2 was analyzed by using ANOVA and expressed by fold-changes of sham. B. Immunofluorescence (IF) stain-
ing of TGF-β1 in lung tissue sections. Original images are × 400 magnification. scale bar = 50 μm. C. Representative 
blots of TGF-β1, ERK1/2, p-ERK1/2 on day 28 (upper panel) and the ratio of specific protein in lung homogenate 
(lower panel). D. IF staining for p-ERK1/2 and ERK1/2 in A549 cells that incubated with TGF-β1 and/or LMWF up to 
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the downregulation of ERK signaling behind the 
LMWF-attenuated fibrotic response.

Fibroblasts and myofibroblasts are the effector 
cells responsible for the production of lung 
matrix components. They can be derived from 
3 potential sources, as follows: the expansion 
and differentiation of local mesenchymal cells, 
the recruitment and differentiation of circulat-
ing bone marrow progenitors known as fibro-
cytes, or via a process called EMT [20, 21]. The 
overall importance of each fibroblast popula-
tion remains unclear; however, EMT is well rec-
ognized to be the most important factor related 
to the dysfunction of AECs. Specifically, EMT 
refer to the transdifferentiation of epithelial 
cells into fibroblast-like cells, including morpho-
logic transformation, phenotype marker transi-
tion, cytoskeletal rearrangements, and the acti-
vation of cell signaling pathways, which would 
eventually lead to excessive collagen secretion 
and ECM deposition [22, 23]. It is an important 
process that is involved not only in embryonic 
development, tumor metastasis but also signifi-
cantly participates in the pathogenesis of PF. In 
general, the epithelial markers include sur- 
face active protein (SP-A, SP-B), protein (ZO-1, 
E-cad), cytokeratins, and β-catenin; whereas 
N-cadherin, vimentin, fibronectin, α-smooth mu- 
scle actin (α-SMA), connective tissue growth 
factor (CTGF) and matrix metalloproteinases 
(MMPs) are the classic mesenchymal markers 
[15, 24]. In our experiment, we found strong evi-
dence for a possible intermediate transitional 
stage of EMT in BLM-induced mice and TGF-β1-
stimulated cells. In the samples treated with 
LMWF, these alterations were partly alleviated 
or even completely abrogated in some areas.

It is well known that a variety of cytokines, che-
mokines, and growth factors are significantly 
involved in the process of EMT, such as CXC 
chemokines CXCL1 (KC), platelet-derived grow- 
th factor (PDGF), basic fibroblast growth factor 
(bFGF), TGF-β1, and others [25, 26]. TGF-β1 is 
considered to be the most central mediator in 
the pathogenesis of PF and for the activation, 
proliferation, and differentiation of epithelial 
cells and collagen-producing myofibroblasts 
[21]. Studies have shown, as an upstream fac-

tor, that once overexpressed TGF-β1 is bound 
to TGF-β ligands, type II TGF-β receptors (TβRII) 
form heterodimers with TβRI and excessively 
activate regulatory Smad2/3 signaling, thus ini-
tiating abnormal ECM accumulation and tissue 
repair. An important transcriptional pathway is 
the Smad-independent pathway [27, 28]. Apart 
from this canonical signaling, the non-Smad 
pathway is also significantly involved in the 
development of PF, as has been reported with a 
synergistic reaction in regulating TGF-β1 signal-
ing with MAPK, EGFR, p53, and Notch signaling 
[29, 30]. ERK, a member of the MAPK family, 
has been established as major participants in 
the regulation of cell growth and differentiation. 
When improperly activated, however, it contrib-
utes to malignant transformation. ERK1 and 2 
are central components of the MAPK cascade. 
Once activated, ERK can translocate to the 
nucleus to phosphorylate and activate tran-
scription factors while other pools of activated 
ERK phosphorylate a number of cytoplasmic 
targets. Upon phosphorylation, nuclear translo-
cation of ERK1 and ERK2 is critical for both 
gene expression and DNA replication induced 
by growth factors [31]. Studies have shown that 
the ERK1/2 signaling pathways are essential 
for EMT, as well as fibroblast-to-myofibroblast 
differentiation induced by TGF-β1, which even-
tually contributes to the pathobiology of fibrosis 
[32, 33]. Here, we preliminarily explored the 
role of LMWF in regulation of ERK signaling dur-
ing the process of TGF-β1-induced EMT. As 
expected, we found that the expression levels 
of TGF-β1 were raised in BLM-treated mice and 
decreased in mice treated with LMWF. We also 
found that the protein levels of p-ERK1/2 were 
increased in BLM-induced mice and decreased 
after LMWF treatment.

In order to better clarify the mechanisms in- 
volved, a further test on the cellular level was 
performed. Recombinant TGF-β1 at a concen-
tration of 10 ng/mL was used to stimulate 
A549 cells. As a result, the cells’ morphology 
and ability to proliferate were altered to make 
them more like mesenchymal cells; the associ-
ated EMT markers were also dysregulated at 
the transcriptional and protein level. Most 

72 h. Original images are × 400 magnification. E. Western blot analysis for ERK1/2, p-ERK1/2 at 72 h (left panel) 
and the densitometry values of p-ERK1/2 normalized to ERK1/2 (right panel). Data are determined using the stu-
dent’s t-test and are presented as mean ± SD of three independent experiments. Significance level was set at *P < 
0.05, **P < 0.01, and ***P < 0.001.
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importantly, in the TGF-β1-overexpressed cells, 
we observed a significantly higher expression 
of p-ERK1/2, consistently with the results of 
our in vivo research. All these alterations were 
alleviated in the cells treated with LMWF, point-
ing to the important role of LMWF in ameliorat-
ing the TGF-β1-induced EMT phenotype via inhi-
bition of ERK signaling during the lung fib- 
rogenesis.

This study has several limitations. For instance, 
even if the mouse model used for BLM-induced 
PF is validated, it is not fully representative of 
the complexity of conditions seen in humans. 
Additionally, the A549 cell was a lung adenocar-
cinoma epithelial cell. It may differ from the pri-
mary epithelial cells, thus bias may have been 
created. Our study marks only the preliminary 
stage of pharmacodynamic and pharmacologic 
research on this issue; further studies at multi-
ple levels may be needed in future.

In conclusion, our study preliminarily demon-
strated that LMWF can ameliorate TGF-β1-
induced EMT in both vivo and in vitro models of 
PF by downregulating ERK signaling. This sug-
gests that it may be a promising therapeutic 
option for the treatment of PF and other fibrotic 
disorders in the future. 
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Figure S1. Uncropped western blot images for vivo study.

Figure S2. Uncropped western blot images for vitro study.


