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Abstract: Diabetic nephropathy (DN) is one of the most serious microvascular complications of diabetes and may 
lead to end-stage renal disease (ESRD) and chronic renal failure. The aim of this study was to determine whether 
low-molecular-weight fucoidan (LMWF) can reduce harmful transforming growth factor-β (TGF-β)-mediated renal 
fibrosis in DN using in vitro and in vivo experimental models. The experimental results showed that LMWF signifi-
cantly reversed TGF-β1-induced epithelial-mesenchymal transition and dose-dependently inhibited accumulation 
of extracellular matrix proteins, including connective tissue growth factor and fibronectin. It was found that LMWF 
significantly reduced blood urea nitrogen and blood creatinine in both type 1 and type 2 diabetic rat models. H&E, 
PAS and Masson’s trichrome staining of kidney tissue showed LMWF significantly reduced renal interstitial fibrosis. 
Treatment with LMWF significantly increased E-cadherin expression and reduced α-SMA, CTGF and fibronectin ex-
pression in both type 1 and type 2 diabetic models. LMWF also decreased the phosphorylation of Akt, ERK1/2, p38 
and Smad3 in vitro and in vivo. These data suggest that LMWF may protect kidney from dysfunction and fibrogenesis 
by inhibiting TGF-β pathway and have the potential benefit to slow down the progression of DN.

Keywords: Fucoidan, diabetic nephropathy, epithelialto-mesenchymal transition, transforming growth factor-β1, 
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Introduction

Diabetic nephropathy (DN) is one of the most 
serious microvascular complications of diabe-
tes. DN may lead to end-stage renal disease 
(ESRD) and chronic renal failure that makes the 
patients have to receive dialytic treatment or 
kidney replacement therapy [1]. DN is morpho-
logically characterized by thickening of the glo-
merular and tubular basement membrane, 
expanded mesangial extracellular matrix, 
microvascular damage, and fibrotic changes in 
the tubulo interstitium [2, 3]. Tubulointerstitial 
fibrosis (TIF) is a common pathway that leads to 
progressive renal injury in DN.

It is widely accepted that matrix-producing myo-
fibroblasts contribute to the renal fibrosis in DN 

by facilitating deposition of interstitial extracel-
lular matrix (ECM) [2, 4, 5]. However Iwano et al. 
found that up to 36% of all interstitial fibroblasts 
derived from tubular epithelial cells by epitheli-
al-mesenchymal transition (EMT) during tissue 
fibrosis in a TIF model [6]. The increased con-
centrations of transforming growth factor-β1 
(TGF-β1) have been mainly identified as a key 
mediator of the fibrotic response in DN, also for 
EMT [7-10]. Furthermore, it was found that TGF-
β1 acts directly via either Smad-dependent or 
Smad-independent pathways, together with the 
connective tissue growth factor (CTGF) [11]. 
CTGF is well known to regulate ECM related 
gene expression, which is exclusively induced 
by TGF-β1 in fibroblasts, and contributes to 
TGF-β1-dependent renal interstitial fibrosis [12, 
13]. There still is no effective drug and therapy 
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to prevent and treat the patients with renal 
fibrosis.

Fucoidan represents an intriguing group of nat-
ural fucose-enriched sulfated polysaccharides. 
Marine brown algae are one of the richest 
sources of sulfated polysaccharides. A fraction 
of low-molecular-weight fucoidan (LMWF) (~7 
kDa) is obtained by radical depolymerization of 
extracts from brown seaweed. We have previ-
ously reported LMWF could prevent renal isch-
emia reperfusion injury via inhibition of the 
MAPK signaling pathway in in vivo and in vitro 
models [14]. In the literature, fucoidan had 
renoprotective effects in chronic renal failure 
model [15, 16], ameliorated metabolic dysfunc-
tions in db/db mice [17], and inhibited 
α-amylase and α-glucosidase activities [18].  
In recent studies, fucoidan administration 
increased insulin secretion in overweight or 
obese adults [19] and delay the progression of 
diabetic renal complications in STZ rats [20]. 
LMWF improved the action of insulin via AMPK 
stimulation [21], attenuated retinopathy [22] 
and endothelial dysfunction [23] in diabetic ani-
mal models. Therefore, we proposed that 
LMWF might be a possible candidate drug for 
preventing and treating DN. 

In present study, we studied whether LMWF 
exerted a protective role against DN as well as 
its possible protective mechanisms using in 
vitro cell model and in vivo diabetic rat models. 
The experimental results showed LMWF could 
prevent the progression of renal fibrosis in DN, 
which indicates that LMWF may be developed 
as a candidate drug for preventing DN.

Materials and methods

Source of LMWF

As previously described, LMWF was produced 
from the seaweed L. japonica commercially cul-
tured in Qingdao, China, and analyzed as the 
followings: fucose content 29.5%; uronic acid 
content 7.5%; and sulfate content 30.1% [15]. 
Its average molecular weight is about 7000 Da 
determined by high performance steric exclu-
sion chromatography analysis. LMWF was dis-
solved in physiological saline for animal treat-
ment and in PBS for cell incubation.

Cell culture

HK2 cells (human kidney proximal tubular cells) 
were purchased from Cell Culture Centre, 

Institute of Basic Medical Science Chinese 
Academy of Medical Sciences (Beijing, China). 
Briefly, HK2 cells were cultured in DMEM/F12 
containing 10% fetal bovine serum (FBS; 
Hyclone, Logan, UT), 2 mM glutamine, 100 U/
ml penicillin and 100 μg/ml streptomycin, in a 
humidified atmosphere with 5% CO2 at 37°C. 

For TGF-β1 treatments, cells were treated with 
vehicle (PBS) or 10 ng/ml recombinant human 
TGF-β1 (R&D Systems, Minneapolis, MN) for 48 
h to induce cellular fibrogenesis and different 
concentrations of LMWF (1~20 μg/ml) for the 
same duration.

Animal models and drug treatment

Male Goto-Kakizaki (GK) rats (Shanghai SLAC 
laboratory animal Co., LTD.) and age-matched 
control Wistar rats were used. The animals 
were housed with a 12/12 h light/dark cycle, 
food and water available ad libitum. At 12 
weeks of age, fasting blood glucose was deter-
mined in each rat, and they were divided into 
three groups: Wistar rats (control group, n=10); 
untreated GK rats (GK group, n=10); LMWF-
treated GK rats (GK-F group, n=10). In LMWF-
treated groups, 100 mg/kg/day of LMWF was 
administered by gavage for 12 weeks. At 24 
weeks of age, rats were sacrificed under 
anesthesia.

Male Sprague-Dawley rats, weighting 200~220 
g, were purchased from the Animal Center of 
Peking University Health Science Center. 
Experimental diabetes was induced by a single 
intraperitoneal injection of 65 mg/kg body 
weight Streptozotocin (STZ; Amresco, Solon, 
OH) in citrate buffer after a 14 h overnight fast-
ing. Induction of the diabetes was confirmed by 
measuring the blood glucose 3 days after STZ 
administration. The rats with fasting blood glu-
cose concentration > 16.5 mM were classified 
as successful diabetes model and used in the 
study. The rats were randomly divided into 
three groups: Normal control rats (control 
group, n=10), STZ-induced diabetic rats (STZ 
group, n=10); LMWF-treated diabetic rats (STZ-
F group, n=10). Rats in LMWF-treated group 
received 100 mg/kg/day of LMWF by gavage 
for 12 weeks. Rats in control group and STZ 
group received physiological saline.

The study was carried out in strict accordance 
with the recommendations in the Guide for the 
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Care and Use of Laboratory Animals of China 
Association for Laboratory Animal Science. All 
animal care and protocols were approved by 
the Animal Care Committee of Peking University 
Health Science Center. All sacrifice was per-
formed under pentobarbitone anesthesia, and 
every effort was made to minimize animal 
suffering.

Morphological analysis

Kidneys were harvested and fixed with 4% 
formaldehyde for paraffin embedding. 

After being embedded in paraffin, several sec-
tions of 7 μm were obtained and stained with 
hematoxylin and eosin and periodic acid-Schiff 
(PAS) for histological evaluation, and also 
stained with Masson’s trichrome to demon-
strate fibrosis in kidney tissues.

The tubulointerstitial fibrosis index (TFI) was 
assessed in Masson’s trichrome-stained sec-
tions in 10 randomly selected fields of view at 
400× magnification using alight microscope. 
The degree of fibrosis was graded using a semi-
quantitative scoring method. The degree of 

Figure 1. LMWF reversed TGF-β1-induced epithelial-mesenchymal transition in HK2 cells. HK2 cells were incubated 
with 10 ng/ml of TGF-β1 and different concentrations of LMWF (5, 10, 20 μM) for 48 h. A. Morphology of the HK2 
cells cultured in indicated conditions. B. Expression levels of E-cadherin, α-SMA, vimentin, CTGF, fibronectin, β-actin 
of HK2 cells incubated with 10 ng/ml of TGF-β1 and 0, 5, 10, 20 μg/ml LMWF for 48 h was detected by Western blot 
analysis. Representative blotting (left) and quantification of protein levels (right) are shown. Mean ± SEM. n=3; #P 
< 0.05, ##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01 vs. TGF-β1 group.
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fibrosis was on a scale of 0-3 (grade 0, normal; 
grade 1, lesion area < 25%; grade 2, lesion 
area 25-50%; grade 3, lesion area > 50%).

Measurement of blood creatinine and urea 
concentration

Renal function was monitored by measuring 
blood creatinine and urea nitrogen (BUN). Blood 
samples were collected for determination of 
urea and creatinine. Blood creatinine concen-
tration was measured with a commercial kit 
(NJJC Bio, Nanjing, China), according to the 
manufacturer’s instructions. BUN concentra-
tion was measured using the QuantiChrom 
Urea Assay Kit (DIUR-500; BioAssay Systems, 
Hayward, CA).

Western blot analysis

Tissues or cells were homogenized in RIPA lysis 
buffer containing protease inhibitor cocktail 
(Roche, Indianapolis, IN). Total protein was 
measured by BCA (Pierce, Rockford, IL) and 
size separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. Proteins were 
blotted to polyvinylidene difluoride membranes 
(Amersham Biosciences, Piscataway, NJ). Blots 
were incubated with antibodies against 

p-ERK1/2, ERK2, p-Akt1/2/3, Akt1, α-SMA, 
CTGF and β-actin (Santa Cruz Biotechnology, 
Santa Cruz, CA), p-p38, p38, Smad3, vimentin, 
Snail, ZEB1 (Cell Signaling Technology, Beverly, 
MA), E-cadherin, TGF-β1, p-Smad3 (Bioworld 
Technology, Louis Park, MN), fibronectin 
(Abcam, Cambridge, MA). Goat anti-rabbit IgG 
and goat anti-mouse IgG (Santa Cruz 
Biotechnology) were added and the blots were 
developed with ECL plus kit (Amersham 
Biosciences). 

Statistical analyses

All results are expressed as mean ± SEM. For 
multiple comparisons, the statistical analysis 
was performed by using one-way ANOVA fol-
lowed by the Tukey’s multiple comparison tests. 
P-values < 0.05 were considered statistically 
significant.

Results

Effect of LMWF on EMT induced by TGF-β1 in 
HK2 cells

As shown in Figure 1A, HK2 cells displayed 
epithelial-like appearance in the control group. 
Following stimulation with 10 ng/ml of TGF-β1, 

Figure 2. LMWF inhibited downstream pathways of TGF-β1 in HK2 cells. Expression and phosphorylation levels of 
p-Akt, Akt, p-ERK1/2, ERK2, p-p38, p38, p-Smad3, Smad3, Snail, ZEB1 and β-actin of HK2 cells incubated with 10 
ng/ml TGF-β1 and 0, 5, 10, 20 μg/ml LMWF for 48 h were detected by Western blot analysis. Representative blotting 
(left) and quantification of protein levels (right) are shown. Mean ± SEM. n=3; ##P < 0.01, ###P < 0.001 vs. control 
group; *P < 0.05 vs. TGF-β1 group.
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cells demonstrated a decrease in cell-cell con-
tact and adopted a spindle-shaped, fibroblastic 
appearance. These changes were significantly 
apparent with TGF-β1 treatment for 48 h. LMWF 
(5, 10, 20 μg/ml) significantly attenuated the 
morphological changes.

The expression of epithelial phenotypic marker, 
E-cadherin, as well as the mesenchymal pheno-
typic markers, α-SMA and vimentin, were 
detected by Western blot analysis (Figure 1B). 
In TGF-β1 group, 10 ng/ml of TGF-β1 resulted in 
a significant increase in α-SMA and vimentin 
expression, and a decrease in E-cadherin 
expression. Furthermore, the expression of 
CTGF and fibronectin was also altered, indicat-
ing a switch to an EMT phenotype in HK2 cells 
(Figure 1B). Those changes in protein expres-

model. The physiological metabolic parameters 
in GK and control groups were observed at 24 
weeks of age. The GK rats had reduced body 
weight (418.6 ± 7.0 vs. 629.8 ± 8.1 g, P < 0.01), 
increased the blood glucose (16.2 ± 1.2 vs. 6.5 
± 0.1 mM, P < 0.01), increased kidney index 
(KW/BW; 4.17 ± 0.04 vs. 2.59 ± 0.05 mg/g, P < 
0.01), proteinuria (460.3 ± 42.1 vs. 84.6 ± 
16.3 mg/24 h/kg body weight, P < 0.001) com-
pared to control rats, indicating a successful 
DN rat model. Treatment of LMWF significantly 
decreased kidney index and urine total protein 
compared with those in GK group (3.70 ± 0.07 
vs. 4.17 ± 0.04 mg/g and 265.6 ± 30.3 vs. 
460.3 ± 42.1 mg/24 h/kg body weight, P < 
0.01), but had no effect on body weight change 
(400.3 ± 6.4 g) and blood glucose (17.7 ± 1.4 
mM). 

Figure 3. LMWF attenuated renal functional defect and tissue damage in GK 
rats. GK rats were administered with vehicle or LMWF daily for 12 weeks from 
12 weeks of age. Serum and kidneys were collected for renal function test and 
histological examination. A. Serum BUN. B. Serum creatinine concentration. C. 
Representative images of H&E, periodic acid-Schiff and Masson’s trichrome 
staining of kidney (original magnification ×400). Data are presented as mean ± 
SEM. n=5-8 for each group. *P < 0.05; **P < 0.01.

sion were inhibited by treat-
ment with LMWF in a dose-
dependent manner (Figure 
1B).

Effect of LMWF on down-
stream pathways of TGF-β1 
in HK2 cells

Next, we investigated whe- 
ther the Akt, ERK, p38 and 
Smad3 pathways (crucial 
downstream pathways of 
TGF-β1) were affected by 
LMWF in the cell model. 
Figure 2 shows that the 
phosphorylation of Akt, 
ERK1/2, p38, Smad3 and 
the expression of Snail, 
ZEB1 were significantly 
increased in HK2 cells  
incubated with TGF-β1 for 
48 h. LMWF significantly 
decreased the phosphory-
lation of Akt, ERK1/2, p38, 
Smad3 and the expression 
of Snail, ZEB1 in a dose 
dependent manner.

Effect of LMWF on renal 
function and injury of GK 
rats

To confirm the protective 
effects of LMWF on EMT 
found in in vitro model, GK 
rats were used as a DN 
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GK rats had the renal dysfunction at 24 weeks 
of age, and LMWF significantly protected renal 
function, as demonstrated by changes of BUN 
and blood creatinine levels in different groups 
(Figure 3A and 3B). 

The kidney injury was determined using hema-
toxylin and eosin, PAS and Masson’s trichrome 
staining of the renal tissue (Figure 3C). The 
renal tissue appeared normal in controls. In 
contrast, it was observed that diabetes-induced 
histopathological changes in the renal tissues, 
including the expanded mesangial matrix and 
thicken glomerular basement. LMWF could pre-
vent the glomerulosclerosis as demonstrated 
by reduced mesangial expansion and extracel-
lular matrix deposition. Treatment with LMWF 
also reduced the tubulointerstitial fibrosis com-
pared with GK group (TFI: 0.21 ± 0.02 vs. 0.68 
± 0.17, P < 0.05).

Effect of LMWF on renal fibrosis in GK rats

We detected the expression of TGF-β1 by 
Western blot analysis (Figure 4). GK rats at  

by LMWF treatment. The result was consistent 
with the reduced TGF-β1 in LMWF group.

Effect of LMWF on DN of STZ rats

To confirm the effects of LMWF on DN found in 
GK rats, we used another in vivo DN model 
induced by STZ. We detected physiological 
metabolic parameters in STZ rats after 12 
weeks of induced experimental diabetes. 
Compared with control rats, STZ rats had 
reduced body weight (503.3 ± 16.2 vs. 275.5 ± 
12.1 g, P < 0.01), increased the blood glucose 
(7.56 ± 0.13 vs. 26.70 ± 0.91 mM, P < 0.01), 
renal dysfunction with significant increases in 
blood creatinine and BUN (Figure 6A and 6B), 
indicating a successful diabetic model with DN. 
Treatment of LMWF protected renal function, 
as demonstrated by reduced BUN and blood 
creatinine, but had no effect on body weight 
change (315.3 ± 12.3 g) and blood glucose 
(23.23 ± 1.63 mM) compared with STZ group.

We also detected renal fibrosis in STZ rats. As 
shown in Figure 6C, STZ rats had increased 

Figure 4. LMWF reduced renal interstitial fibrosis in GK rats. Expression of 
TGF-β1, E-cadherin, α-SMA, CTGF, fibronectin and β-actin of kidneys at 24 weeks 
of age was detected by Western blot analysis. Representative blotting (up) and 
quantification of protein levels (down) are shown. Mean ± SEM. n=3; #P < 0.05, 
##P <0.01, ###P < 0.001 vs. control group; *P < 0.05, ***P < 0.001 vs. GK 
group.

24 weeks of age had 
increased TGF-β1 protein 
expression that was atten-
uated by LMWF. α-SMA 
protein expression increas- 
ed significantly, whereas 
E-cadherin protein expres-
sion decreased significant-
ly. The expression of CTGF 
and fibronectin increased 
significantly in diabetic kid-
neys, suggesting increased 
ECM. These results indi-
cate that EMT may occur in 
GK rat kidneys. Treatment 
with LMWF effectively re- 
duced α-SMA, CTGF and 
fibronectin expression and 
increased E-cadherin ex- 
pression.

We also investigated whe- 
ther the Akt, ERK, p38, 
Smad pathways were af- 
fected by LMWF in diabetic 
kidneys. As shown in 
Figure 5, the GK rats at  
24 weeks of age had 
increased phosphorylation 
of Akt, ERK1/2, p38 and 
Smad3 in kidneys, which 
was significantly reduced 
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TGF-β1 expression, which was attenuated by 
LMWF. The α-SMA expression increased signifi-
cantly, whereas the E-cadherin expression 
decreased significantly in kidneys after 12 
weeks of STZ administration. Treatment with 
LMWF significantly enhanced E-cadherin 
expression and reduced α-SMA, CTGF and 
fibronectin expression. As we predicted, the 
Akt, ERK, p38, Smad pathways were also 
affected by LMWF in diabetic kidneys. Figure 
6C shows that the STZ rats had increased 
phosphorylation of Akt, ERK1/2, p38 and 
Smad3 in kidneys, which was significantly 
reduced by LMWF treatment.

Discussion

Renal fibrosis is the pivotal process underlying 
the progression of CKD to ESRD. It is character-

with LMWF remarkably preserved the epitheli-
al-like morphology, restored the expression of 
EMT marker protein. These results suggest that 
LMWF may exert negative regulation on TGF-β 
induced EMT. 

It is recognized that TGF-β/Smad signaling 
plays an essential role in renal fibrosis by stim-
ulating fibrogenic cells to produce ECM proteins 
and inducing transformation of tubular epithe-
lial cells to myofibroblasts through EMT. TGF-β 
binds to the receptor, which interacts with 
Smad2 and Smad3, and then forms a complex 
with Co-Smad4. The complex binds to the pro-
moters of TGF-β target genes and regulates 
their transcription [26]. In addition to activating 
Smad signals, TGF-β signaling can regulate 
activity of a number of downstream signaling 
molecules, such as mitogen activated protein 

Figure 5. LMWF inhibited Akt, ERK, p38, Smad signaling pathway in kidney of 
GK rats. Expression of p-Akt, p-ERK1/2, p-p38, p-Smad3 of kidneys at 24 weeks 
of age was detected by Western blotting, and then normalized versus nonphos-
phorylated forms (total forms). Representative blotting (up) and quantification of 
protein levels (down) are shown. Mean ± SEM. n=3; #P < 0.05, ##P < 0.01 vs. 
control group; *P < 0.05 vs. GK group.

ized by a series of respons-
es involving glomeruloscle-
rosis, TIF and alterations  
in renal vasculature. Of 
these, TIF is a manifesta-
tion of ESRD and is an 
important determinant of 
progressive renal injury. 
EMT is thought to be a crit-
ical event in the pathogen-
esis of TIF. So, the current 
study aimed to investigate 
the possible protective 
effects of LMWF against 
DN, especially TIF and EMT 
using different in vitro  
and in vivo experimental 
models.

HK2 cells are a proximal 
tubular cell line derived 
from a normal kidney. It 
has been reported that the 
activation of TGF-β signal-
ing is sufficient to induce 
EMT and several signaling 
pathways have been impli-
cated in TGF-β-induced 
EMT in HK2 cells [24, 25].
In present study, TGF-β1 
decreased expression of 
E-cadherin, and increased 
expression of α-SMA, vi- 
mentin and synthesized 
extracellular matrix mole-
cules, such as fibronectin 
in HK2 cells. Treatment 
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kinases (MAPKs) and PI3K-Akt [27]. In addition, 
these non-canonical signals can crosstalk with 
the Smad pathways. MAPKs involved in hyper-
glycemia-induced TGF-β signaling include extra-

cellular signal regulated kinases (ERK1 and 2, 
p44/p42 MAPKs) and p38 MAP kinase. 
Activation of Akt pathway is required for induc-
tion of TGF-β-dependent EMT [28]. Akt can 

Figure 6. LMWF alleviated DN of STZ rats. Rats were treated for 12 weeks with LMWF daily. A. Serum BUN. B. Se-
rum creatinine. Data are presented as mean ± SEM. n=8 for each group. *P < 0.05, **P < 0.01. C. Representative 
images of H&E, periodic acid-Schiff (PAS) and Masson’s trichrome staining of kidney (original magnification ×400, 
scale bar: 100 mm). D. Expression of TGF-β1, α-SMA, E-cadherin, CTGF, fibronectin, β-actin, p-Akt, Akt, p-ERK1/2, 
ERK2, p-p38, p38, p-Smad3, Smad3 in kidneys treated for 12 weeks were detected by Western blot analysis. Rep-
resentative blotting (left) and quantification of protein levels (right) are shown. Mean ± SEM, n=3; #P < 0.05, ##P < 
0.01, ###P < 0.001 vs control group; *P < 0.05 vs STZ group.
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increase Snail expression and induce EMT 
through phosphorylation of IKKα [29] and inhi-
bition of GSK-3β that has been characterized 
as a main kinase responsible for the subcellu-
lar location and protein stability of Snail [30, 
31].

Previous studies suggested fucoidan could 
have an anti-fibrotic effect through the TGF-β1/
Smad3 pathway on DMN-induced liver fibrosis 
[32] and on CCl4-inducedliverfibrosis in rats 
[33]. A recent study found that fucoidan could 
suppress proliferation of breast cancer cells 
and expression of EMT biomarkers [34]. Our 
results show that all these pathways, Smad, 
ERK, p38 and Akt, were activated in both renal 
tissues of diabetic animal models and HK2 
cells incubated with TGF-β1. However, the 
changes of these signaling pathways were all 
attenuated by LMWF. Interestingly, LMWF 
reduced the expression of transcription factor 
snail and ZEB1 induced by TGF-β1. The snail 
zinc-finger protein is related to the numerous 
transcription factors regulating EMT [35], and 
ZEB1 is able to initiate EMT by binding to 
E-boxes within the E-cadherin promoter and 
repressing its transcription [36]. Together, 
these results indicate that LMWF might sup-
press EMT and TIF by blocking TGF-β activated 
downstream signals.

Numerous studies have shown that TGF-β is a 
key mediator of fibrosis in both experimental 
and clinical CKD. Thus, in vitro results prompt-
ed us further to evaluate the efficacy of LMWF 
by using in vivo diabetic models. Unlike other 
diabetic models, the GK rat has been claimed 
to be a model of genetic non-obese type 2 dia-
betes mellitus that exhibits mild hyperglycemia, 
known to develop DN, and has been widely 
used in diabetes research [37, 38]. In this 
study, the untreated 24-week-old GK rats 
showed several signs of DN. LMWF did not influ-
ence blood glucose. However, urinary protein, 
kidney index, blood creatinine and BUN were 
decreased in LMWF treated GK rats compared 
with untreated GK rats. LMWF treatment sig-
nificantly decreased fibronectin, TGF-β1 and 
CTGF expression in the kidney of GK rats. In 
addition, the activation of renal Akt, ERK, p38, 
Smad pathways was significantly inhibited by 
LMWF treatment. STZ rats are another classi-
cal diabetic model used for studying the phar-
macological activities of drugs on DN and relat-
ed mechanisms. The present study shows that 
LMWF treatment also attenuated progressive 

diabetic renal injury in STZ rats, consistent with 
the results obtained in GK rats. However, there 
was no effect of LWMF on existing diabetic 
renal injury in GK rats and STZ rats treated with 
LMWF after DN occurring (data not shown).

Considering the complex pathogenic factors 
contributing to renal damage in DN, as well as 
the various pharmacological effects of LMWF, it 
is possible that other factors or pathways might 
mediate the renal beneficial effects of LMWF.
LMWF may, therefore, be able to modulate 
endothelial cell function to attenuate inflamma-
tion, fibrosis, and further injury in DN. Moreover, 
fucoidan [17, 19, 20] and LMWF [21] were pre-
viously reported to improve glucose homeosta-
sis and lipid profiles in some experimental mod-
els. In our study, LMWF did not reduce plasma 
glucose concentration in two diabetic animal 
models.

In conclusion, our results demonstrate that 
LMWF treatment attenuated renal dysfunction 
and fibrogenesis in kidneys of type 1 and type 2 
diabetic rats. The renal beneficial effect of 
LMWF might be associated with its blockage of 
TIF via repressing TGF-β1 and the downstream 
pathways, which was proved by both in vivo and 
in vitro models. The present study suggests 
that LMWF may be developed as a candidate 
drug to prevent or inhibit fibrotic progression in 
DN.
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