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the NF-xB signaling pathway in vivo and in vitro
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Abstract. Fucoidan, an extract of the seaweed, Fucus
vesiculosus, has been widely investigated for its antioxidant
effects. However, to date and to the best of our knowledge,
pathological studies on the effects of fucoidan against diabetic
nephropathy (DN) related to spontaneous diabetes have not
been carried out. DN is one of the most serious microvascular
complications of diabetes. Therefore, in the present study, the
effects of fucoidan against DN related to spontaneous diabetes
were investigated in vitro and in vivo. Goto-Kakizaki (GK)
rats were allowed free access to standard rat food with or
without fucoidan for 13 weeks, and Wistar rats were used
as controls. Fucoidan did not show any cytotoxicity on
glomerular mesangial cells (GMCs) which were separated
from rat kidneys. Fasting blood glucose levels were measured
using a blood glucose meter, blood urea nitrogen (BUN) and
serum creatinine (Cr) levels were measured using an automatic
biochemistry analyzer and urine protein levels were measured
using an ELISA kit. Collagen IV levels in the renal cortex were
measured using an ELISA kit, and the expression levels of
transforming growth factor-p1 (TGF-f1) and fibronectin (FN)
in the renal cortex and GMCs, and nuclear factor-kB (NF-kB) in
GMCs were determined by western blot analysis. Fasting blood
glucose, BUN, serum Cr, urine protein and collagen IV levels,
and the expression of TGF-p1 and FN, as well as NF-xB p65
nuclear translocation all significantly increased in the GK
rats compared with the control Wistar rats. The increase in
the fasting blood glucose, BUN, serum Cr, urine protein and
collagen IV levels in the renal cortex was reversed in the GK
rats which were orally administered fucoidan. The oral admin-
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istration of fucoidan also decreased the expression of TGF-f1
and FN in the renal cortex and GMCs, as well as the nuclear
translocation of NF-kB p65 in the GMCs. Taken together, the
data from our in vitro and in vivo experiments indicate that
fucoidan attenuates hyperglycemia and prevents or impedes the
development of DN related to spontaneous diabetes by attenu-
ating the activation of the NF-kB signaling pathway.

Introduction

Diabetic nephropathy (DN) is one of the most serious micro-
vascular complications of diabetes and the leading cause of
end-stage renal failure (1). The early stage of DN is character-
ized by renal hypertrophy, glomerular hypertrophy, glomerular
hyperfiltration and microalbuminuria (2). One of the char-
acteristic pathological changes in DN is the accumulation of
extracellular matrix (ECM) components, including collagens,
fibronectin (FN) and laminin in the glomeruli and the intersti-
tium of the kidneys (3). Hyperglycemia is usually considered
the main determinant factor of the initiation and progression
of DN, which increases the expression of transforming growth
factor-f1 (TGF-f1) (4). The increase in TGF-f1 expression
levels has been recognized as a marker of DN, and TGF-f1 is
the most potent growth factor contributing to ECM accumula-
tion (5). Nuclear factor-kB (NF-kB) is a transcription factor
which, under basal conditions, is sequestered as an inactive
form in the cytoplasm through its interaction with the inhibi-
tory protein, IkB. Under diabetic conditions, activated NF-xB
translocates to the nucleus and triggers the expression of its
target genes, including TGF-p1 and FN, further causing ECM
accumulation (6).

In recent years, interest in the biological activities of
marine organisms has intensified (7,8). Fucoidan, an extract
of the seaweed, Fucus vesiculosus, whose chemical structure
is presented in Fig. 1A, has been widely investigated as an
antioxidant, anticancer and anti-inflammatory agent, and has
been shown to play an important role in cancer and inflamma-
tion (9,10). Thus, in the present study, we sought to determine
whether fucoidan prevents or impedes the development of DN
related to spontaneous diabetes.

The Goto-Kakizaki (GK) rat is a non-obese rat substrain
originally derived by the repeated inbreeding of glucose-intol-
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erant Wistar rats (11). It is a model of spontaneous and moderate
non-insulin-dependent diabetes. Between 3 and 4 weeks of age,
GK rats develop mild hyperglycemia and hyperinsulinemia.
Thus, GK rats were selected for use in the present study and
Wistar rats were used as the controls.

In the present study, to the best of our knowledge, the
protective effects of fucoidan against DN related to sponta-
neous diabetes were examined in vitro and in vivo for the first
time. Our results revealed that fasting blood glucose, blood
urea nitrogen (BUN), serum creatinine (Cr), urine protein and
collagen IV levels, and the expression of TGF-f1 and FN, as
well as the NF-kB p65 nuclear translocation all significantly
increased in the GK rats compared with the control Wistar
rats. These effects were all reversed in the GK rats which were
orally administered fucoidan. Our observations prove that
fucoidan prevents or impedes the development of DN related
to spontaneous diabetes by inhibiting the NF-xB signaling
pathway, suggesting that fucoidan may be a novel therapeutic
agent for the treatment of DN.

Materials and methods

Animals. The experiments were carried out at the Animal
Experimental Center of Harbin Medical University (Harbin,
China). Animal care and the protocols were in accordance
with the Animal Experiment Guidelines of Harbin Medical
University and ethical approval was obtained from the Harbin
Medical University. Male GK rats and Wistar rats were obtained
from CLEA Japan, Inc. (Tokyo, Japan). The rats were housed
in a controlled environment at a temperature of 24+1°C and
under a 12-h light:dark lighting cycle with the lights turned on
at 7 a.m. At 6 weeks of age, the rats were allowed free access to
standard rat food and water with or without the recommended
concentrations of fucoidan (Sigma-Aldrich, Shanghai, China;
50 and 75 mg/kg body weight), as previously described (12) for
13 weeks.

Cell culture. Rats glomerular mesangial cells (GMCs) were
separated from the glomeruli of the GK rats and the control
Wistar rats and characterized as previously described (13).
Briefly, primary cultures were established from freshly isolated
glomeruli, which were mechanically sieved and harvested by
iterative selection on specific mesh sizes (200, 100 and final
80 um). Those retained on the sieve were collected and washed
by centrifugation at 1,000 rpm for 5 min, and incubated with
250 units/ml collagenase (type I) for 30 min at 37°C. The GMCs
were kept in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 20% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin (Sigma-Aldrich) under
standard conditions with 5% CO, at 37°C (Sanyo, Tokyo, Japan)
for experimental use.

Cytotoxicity assay. The CellTiter 96® AQueous One Solution
Cell Proliferation assay (Promega, Madison, WI, USA), which
has been reported to be an effective assay for determining
cytotoxicity and the number of viable cells (14), was used to
determine the cytotoxicity of fucoidan. GMCs from the Wistar
rats were inoculated at a concentration of 2x10* cells/well and
incubated in 96-well plates with conditioned DMEM medium
at 37°C under a 5% CO, atmosphere for 2 days. The GMCs were
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treated with various concentrations of fucoidan (0, 10, 50, 100,
500 and 1,000 pg/ml) followed by a further 24 h of incubation.
Subsequently, 20 ul of the CellTiter 96 AQueous One Solution
Cell Proliferation assay solution was pipetted into all 96-wells
and the GMCs were further incubated for 1 h. The absorbance
at 490 nm was measured using an MTP-800 microplate reader
(Corona Electric Co., Ltd., Ibaraki, Japan).

Measurement of fasting blood glucose, BUN, serum Cr and
urine protein levels. Fasting blood glucose was measured using
a blood glucose meter (OneTouch UltraEasy, Edina, MN, USA).
The 24-h urinary albumin levels were measured using an
ELISA kit (R&D Systems, Minneapolis, MN, USA). BUN and
serum Cr levels were determined using an automatic biochem-
istry analyzer (Olympus-2000; Olympus, Tokyo, Japan).

Western blot analysis. Electrophoresis was performed
using a vertical slab gel with 12% polyacrylamide content
according to a previously described method (15). The transfer
of proteins from the SDS polyacrylamide gel to a membrane
was performed electrophoretically according to a previously
described method (16) with certain modifications using a
Semi-Dry Electroblotter (Sartorius AG, Goettingen, Germany)
for 90 min with an electric current of 15 V. The membrane was
treated with Block Ace™ (4%) for 30 min at 22°C. The first
reaction was performed using rabbit immunoglobulin (IgG)
antibodies against TGF-f1 (SAB4502954), FN (AV41490)
and NF-kB (SAB4502610; Sigma-Aldrich) in PBS containing
0.03% Tween-20 for 1 h at 22°C. Following washing in the same
buffer, the second reaction was performed using horseradish
peroxidase (HRP)-conjugated anti-rabbit goat IgG (20 ng/ml)
for 30 min at 22°C. Following washing, the Enhanced chemi-
luminescence (ECL) reaction was performed on the membrane
using the ECL Plus Western Blotting Detection System™
(GE Healthcare Life Sciences, Tokyo, Japan).

Measurement of collagen IV levels. The kidney tissue was
minced and a homogenate was prepared with 10% phosphate-
buffered saline (PBS; 0.1 mol/l, pH 7.4) using a homogenizer
(UH-50; SMT Cao., Ltd., Tokyo, Japan). The kidney homog-
enate was centrifuged at 15,000 rpm for 15 min at 4°C. The
supernatant was collected and the quantity of type I'V collagen
in the renal cortex was determined using an ELISA kit
(R&D Systems).

Histopathological analysis. For histopathological analysis,
the kidneys from the GK and Wistar rats were fixed in
10% neutral-buffered formalin and subsequently embedded in
paraffin. Sections (4-um-thick) of paraffin-embedded tissues
were stained with hematoxylin and eosin (H&E) solution for
the determination of the histopathological characteristics,
as previously described (17). The cross-section yielding the
maximum diameter of the glomerulus was photographed and
converted into a digital image by an examiner blinded to the
tissue source using a light microscope equipped with a camera
(Olympus BX-50; Olympus Optical, Tokyo, Japan).

Laser scanning confocal microscopy (LSCM). GMCs from
the kidneys of the GK and Wistar rats were grown on glass
coverslips. The GMCs were washed with PBS, fixed with



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 35: 1067-1073, 2015

0SO;~ H

Viability of GMCs treated with

1069

120 -
lm.%
&
=
)
2
=
L)
=
=
20 -
0 L L] L L]

0 10 50 100 500 1000
Concentration of fucoidan (pg/ml)

Figure 1. (A) The structure of fucoidan, an extract of the seaweed, Fucus vesiculosus. (B) Fucoidan exerts no cytotoxic effects on glomerular mesangial cells
(GMCs). GMCs separated from Wistar rats were treated with various concentrations of fucoidan (0, 10, 50, 100, 500 and 1,000 yg/ml) for 24 h, and then the cyto-
toxicity of fucoidan was analyzed. Fucoidan did not exert any obvious cytotoxic effects on GMCs. Data are expressed as the means + standard deviation (n=8).

P<0.05 was considered to indicate a statistically significant difference.

4% paraformaldehyde in PBS for 20 min, and permeabilized
with 0.1% Triton X-100 for 5 min at room temperature. After
further washing, the cells were blocked with 10% goat serum
for 30 min at room temperature. The cells were then incubated
with anti-rat p65 (dilution 1:100) antibody (sc-8008; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) at room temperature for
2 h followed by incubation with the secondary antibody (Alexa
Fluor® 488-conjuaged goat anti-mouse IgG, dilution 1:1,000)
(A-11029; Invitrogen, Carlsbad, CA, USA) for 1 h. Nucleus
were counterstained with Hoechst 33342 solution (5 xg/ml in
PBS) for 10 min.The coverslips were mounted on glass lides
with anti-fade mounting medium (Invitrogen), and images were
acquired using the Carl Zeiss LSM 710 laser confocal fluores-
cence microscope (Carl Zeiss AG, Jena, Germany).

Statistical analysis. Data are expressed as the means =+ standard
deviation. Each experiment was repeated at least 3 times. The
Student's t-test was used and a value of P<0.05 was considered
to indicate a statistically significant difference.

Results

Fucoidan is not cytotoxic to GMCs. GMCs separated
from the Wistar rats were inoculated at a concentration of
2x10* cells/well and incubated in 96-well plates with condi-
tioned DMEM medium at 37°C under a 5% CO, atmosphere
for 2 days. The GMCs were treated with various concen-
trations of fucoidan (0, 10, 50, 100, 500 and 1,000 pg/ml)
for 24 h, and then 20 ul of the CellTiter 96 AQueous One
Solution Cell Proliferation assay solution was pipetted into
all 96-wells and the GMCs were further incubated for 1 h.
Fucoidan did not exert any obvious cytotoxic effects on the
GMC:s (Fig. 1B).

Fucoidan decreases the high fasting blood glucose, BUN,
serum Cr and urine protein levels in the GK rats. Male GK
and Wistar rats were housed in a controlled environment at a
temperature of 24+1°C and under a 12-h light:dark lighting cycle

with the lights turned on at 7 a.m. At 6 weeks of age, the rats were
allowed free access to standard rat food and water with or without
fucoidan (50 and 75 mg/kg body weight) for 13 weeks. Fasting
blood glucose (Fig. 2A), BUN (Fig. 2B), serum Cr (Fig. 2C) and
urine protein (Fig. 2D) levels were measured using different
methods, as described in the Materials and methods. The fasting
blood glucose, BUN, serum Cr and urine protein levels were
significantly increased in the GK rats (diabetes) compared with
the control Wistar rats (normal; P<0.01). The increased fasting
blood glucose, BUN, serum Cr and urine protein levels were
significantly decreased in the GK rats which were orally admin-
istered fucoidan (50 mg/kg body weight, P<0.05; 75 mg/kg body
weight; P<0.01). There were no significant differences observed
between the Wistar rats treated with fucoidan and the control
(untreated) Wistar rats (data not shown).

Fucoidan decreases the increased collagen 1V levels in the
renal cortex of GK rats. Male GK and Wistar rats were housed
in a controlled environment at a temperature of 24+1°C and
under a 12-h light:dark lighting cycle and allowed free access
to standard rat food and water with or without fucoidan for
13 weeks from 6 weeks of age. The collagen IV content in
the renal cortex was significantly increased in the GK rats
(diabetes) compared with the control Wistar rats (Fig. 3C,
normal; P<0.01). The increased collagen IV content was
significantly decreased in the GK rats which were orally
administered fucoidan (P<0.01).

Oral administration of fucoidan decreases the expression of
TGF-p1 and FN in the renal cortex of rats and GMCs. At
6 weeks of age, male GK and Wistar rats were housed in a
controlled environment at a temperature of 24+1°C and under
a 12-h light:dark lighting cycle with the lights turned on at
7 a.m. and allowed free access to standard rat food and water
with or without fucoidan for 13 weeks. The expression levels
of TGF-p1 (Fig. 3A) and FN (Fig. 3B) were determined by
western blot analysis. The expression levels of TGF-f1 and
FN were significantly increased in the GK rats (diabetes)
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Figure 2. Fucoidan reduces the high fasting blood glucose, blood urea nitrogen (BUN), serum creatinine (Cr) and urine protein levels in Goto-Kakizaki (GK) rats.
Male GK and Wistar rats were allowed free access to standard rat food and water with or without fucoidan (50 and 75 mg/kg body weight) from 6 weeks of age
for 13 weeks. Fasting blood glucose, BUN, serum Cr and urine protein levels were measured using different methods as described in the Materials and methods.
(A) Fasting blood glucose, (B) BUN, (C) serum Cr and (D) urine protein levels were significantly increased in the GK rats compared with control Wistar rats.
The increased fasting blood glucose, BUN, serum Cr and urine protein levels were significantly reduced in the GK rats which were orally administered fucoidan.
Data are expressed as the means + standard deviation (n=8). P<0.05 was considered to indicate a statistically significant difference [“P<0.01, GK rats (diabetes)
vs. control Wistar rats (normal); “P<0.05, GK rats administered fucoidan vs. untreated GK rats; #P<0.01, GK rats administered fucoidan vs. untreated GK rats].

compared with the control Wistar rats (normal). The oral
administration of fucoidan significantly reduced the increased
expression levels of TGF-f1 and FN in the GK rats (P<0.01).

Similar effects were observed in our in vitro experi-
ments with the GMCs. The GMCs obtained from the GK
rats (diabetes) showed increased levels of TGF-p1 and FN
compared with the GMCs obtained from the Wistar rats
(normal). However, in the GMCs treated with fucoidan, these
levels were decreased (Fig. 3D and E).

Fucoidan attenautes the histopathological changes in the
kidneys of GK rats. The kidneys from the GK and Wistar
rats were fixed in 10% neutral-buffered formalin and subse-
quently embedded in paraffin. Sections (4-um-thick) of
paraffin-embedded tissues were stained with H&E solution
for the determination of the histopathological characteristics.
Vacuolation and the regeneration of renal tubular epithelial
cells, and inflammatory cell infiltration in the renal intersti-
tium were evident in the kidneys from the GK rats (diabetes)
compared with those from the control Wistar rats (normal).
Fucoidan significantly attenuated these histopathological
changes in the kidneys of GK rats (Fig. 4A).

Oral administration of fucoidan attenuates the nuclear
translocation of NF-kB p65 in GMCs. At 6 weeks of age, male
GK and Wistar rats were allowed free access to standard rat
food and water with or without fucoidan for 13 weeks, and

the GMCs were then separated from the glomeruli of the GK
rats and the control Wistar rats. The results of LSCM (Fig. 4B)
and western blot analysis (Fig. 5) revealed that the expression
of NF-«B was significantly increased in the GMCs from the
GK rats (diabetes) compared with the GMCs from the control
Wistar rats (control). The nuclear translocation of NF-kB p65
was significantly attenuated by the oral administration of
fucoidan (Fig. 5B; P<0.01).

Discussion

To the best of our knowledge, the present study demonstrates
in vitro and in vivo, for the first time, that fucoidan reduces
hyperglycemia and prevents or impedes the development of
DN related to spontaneous diabetes. DN is one of the most
serious microvascular complications of diabetes and the
leading cause of end-stage renal failure (1). The early stage of
DN is characterized by renal hypertrophy, glomerular hyper-
trophy, glomerular hyperfiltration and microalbuminuria (2).
These changes are related to the subsequent development of
glomerular morphological abnormalities and the prognosis
of DN (18). Inflammation has emerged as a key pathophysi-
ological mechanism for DN (19). One of the characteristic
pathological changes in DN is the accumulation of ECM
components, including collagens, FN and laminin in the glom-
eruli and the interstitium of the kidneys (3). Hyperglycemia
is usually considered as the main determinant factor of the
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Figure 3. Male Goto-Kakizaki (GK) and Wistar rats were treated with or with
forming growth factor (TGF)-$1, (B) fibronectin (FN) and (C) collagen IV

+Fucoidan

out fucoidan for 13 weeks from 6 weeks of age. The expression of levels (A) trans-
in the renal cortex and the expression levels of (D) TGF-p1 and (E) (FN) in the

glomerular mesangial cells (GMCs) were significantly increased in the GK rats (diabetes) compared with the control Wistar rats (normal). The increased
TGF-f1, FN and collagen IV levels were significantly reduced in the GK rats which were orally administered fucoidan. 3-actin was used for normalization.
(A-2) Quantification of (A-1), (B-2) quantification of (B-1), (D-2) quantification of (D-1) and (E-2) quantification of (E-1). Data are expressed as the means + stan-

dard deviation (n=8). P<0.05 was considered to indicate a statistically signific
with fucoidan vs. untreated GK rats).

initiation and progression of DN which increases the expres-
sion of TGF-B1 (4). The increase in the TGF-f1 expression
level is recognized as a marker of DN and TGF-f1 is the
most potent growth factor contributing to ECM accumula-
tion (5). In accordance with these data, the present study
confirmed that the expression of TGF-31, and the levels of FN
and collagen IV were significantly increased in the GK rats
compared with the control Wistar rats (Fig. 3). These factors
lead to the acceleration of the pathogenesis of glomeruloscle-
rosis and tubulointerstitial fibrosis (20) and an increase in
BUN, serum Cr and urine protein levels (Fig. 2).

In recent years, interest in the biological activities of
marine organisms has intensified (7,8). Fucoidan, an extract of
the seaweed, Fucus vesiculosus, has been widely investigated
as an antioxidant, anticancer and anti-inflammatory agent,
and has been shown to play an important role in cancer and
inflammation (9,10). Fucoidan can suppress various inflam-
matory cytokines, such as interleukin-1f (IL-1f), tumor
necrosis factor-a (TNF-a), interferon-y (IFN-y) and cyclo-

ant difference ("P<0.01, GK rats vs. control Wistar rats; #P<0.01, GK rats treated

oxygenase-2 (COX-2) (21). In the present study, the effects
of fucoidan against DN related to spontaneous diabetes were
investigated in vitro and in vivo. Fucoidan did not exert any
cytotoxic effects on GMCs separated from Wistar rats, and
there were no significant differences observed between the
Wistar rats administered fucoidan and the control (untreated)
Wistar rats (data not shown). Following the oral administration
of fucoidan for 13 weeks, the increased fasting blood glucose,
BUN, serum Cr, urine protein and collagen IV levels in the
renal cortex, and the expression levels of TGF-f1 and FN in
the renal cortex and GMCs from GK rats were all signifi-
cantly reduced (Figs. 2 and 3). Histopathological analysis also
revealed that histopathological changes, such as vacuolation
and the regeneration of renal tubular epithelial cells, and
inflammatory cell infiltration into the renal interstitium in the
kidneys of GK rats were attenuated by the oral administration
of fucoidan (Fig. 4).

NF-«B is a transcription factor (6). The nuclear NF-xB
family of transcription factors regulates the induction and
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Figure 4. (A) Fucoidan attenuates the histopathological changes in the kidneys of Goto-Kakizaki (GK) rats. The kidney tissues were stained with H&E solution
for the determination of the histopathological characteristics. Vacuolation and the regeneration of renal tubular epithelial cell, and inflammatory cell infiltration
in the renal interstitium were evident in the kidneys of GK rats (diabetes) compared with the control Wistar rats (normal). Fucoidan significantly attenuated the
histopathological changes in the kidneys of GK rats. (B) Nuclear factor (NF)-«xB staining in the nucleus of glomerular mesangial cells (GMCs). GMCs were
separated from the glomeruli of GK rats and control Wistar rats. NF-kB p65 nuclear translocation of GMCs was examined by immunofluorescent staining using
laser scanning confocal microscopy. NF-kB p65 nuclear translocation was increased in the GMCs from GK rats. Fucoidan significantly attenuated NF-xB p65
nuclear translocation in the GMCs (magnification, x400).
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Figure 5. Oral administration of fucoidan decreases the expression of nuclear factor (NF)-xB p65 in the nuclei of glomerular mesangial cells (GMCs). GMCs
were separated from the glomeruli of Goto-Kakizaki (GK) rats treated with or without fucoidan and control Wistar rats. The expression of NF-xB was signifi-
cantly increased in the GMCs from GK rats (diabetes) compared with the GMCs from the control Wistar rats (normal). The increased expression of NF-«xB in the
nuclei was decreased significantly by the oral administration of fucoidan (P<0.01). (B) Quantification of (A). Histone H1.4 was used for normalization. Data are
expressed as the means = standard deviation (n=8). P<0.05 was considered to indicate a statistically significant difference (“P<0.01, GK rats vs. control Wistar
rats; “P<0.01 GK rats treated with fucoidan vs. untreated GK rats).

resolution of inflammation. NF-kB regulates the expression  basal conditions, NF-kB is sequestered as an inactive form
of numerous genes that play a key role in the inflammatory  in the cytoplasm through its interaction with the inhibitory
response during human and experimental kidney injury (22).  protein, IxB (6). Under diabetic conditions, following the phos-
It is believed that the activation of NF-«B and chronic inflam-  phorylation and degradation of IxB-a, NF-xB p65 translocates
mation play pivotal roles in the pathogenesis of DN (23). Under  to the nucleus and binds to a specific DNA sequence to activate
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the transcription of target genes, including TGF-f1 and FN,
further causing ECM accumulation (24,25). To better under-
stand the mechanisms of action of fucoidan in the prevention
of the development of DN related to spontaneous diabetes,
we investigated the nuclear translocation of NF-xB p65. Our
results revealed that the increased NF-«kB nuclear translocation
and NF-kB p65 expression in the GMCs were significantly
attenuated in the GK rats orally administered fucoidan (Figs. 4
and 5), suggesting that the NF-kB signaling pathway plays an
important role in the development of DN. However, fucoidan
attenuated the NF-«xB nuclear translocation in the GMCs from
the GK rats, but did not completely block it, suggesting that
other mechanisms are involved in this process. It has been
reported that the NF-kB nuclear translocation is also regulated
by reactive oxygen species (ROS) and protein kinase C in
GMCs, and phosphoinositide 3-kinase has also reported to be
involved in this event (26). The complex process and mecha-
nisms involved require further investigation.

In the present study, to the best of our knowledge, the
protective effects of fucoidan against DN related to sponta-
neous diabetes were determined in vitro and in vivo for the first
time. Our observations prove that fucoidan prevents or impedes
the development of DN related to spontaneous diabetes by
inhibiting the activation of the NF-«xB signaling pathway; thus,
fucoidan may be considered as a novel therapeutic agent for the
treatment of DN.

References

1. Fang Y, Tian X, Bai S, Fan J,Hou W, Tong H and Li D: Autologous
transplantation of adipose-derived mesenchymal stem cells
ameliorates streptozotocin-induced diabetic nephropathy in rats
by inhibiting oxidative stress, pro-inflammatory cytokines and
the p38 MAPK signaling pathway. Int J] Mol Med 30: 85-92,
2012.

2. Raptis AE and Viberti G: Pathogenesis of diabetic nephropathy.
Exp Clin Endocrinol Diabetes 109: S424-S437, 2001.

3. Kanwar YS, Wada J, Sun L, Xie P, Wallner EI, Chen S, Chugh S
and Danesh FR: Diabetic nephropathy: mechanisms of renal
disease progression. Exp Biol Med 233: 4-11, 2008.

4. Gagliardini E and Benigni A: Role of anti-TGF-beta antibodies
in the treatment of renal injury. Cytokine Growth Factor Rev 17:
89-96,2006.

5. Mogyorosi A, Kapoor A, IsonoM, Kapoor S, Sharma K and
Ziyadeh FN: Utility of serum and urinary transforming growth
factor-beta levels as markers of diabetic nephropathy. Nephron
86: 234-235, 2000.

6. Kurihara Y and Furue M: Interferon-y enhances phorbol
myristate acetate-induced cell attachment and tumor necrosis
factor production via the NF-kB pathway in THP-1 human
monocytic cells. Mol Med Rep 7: 1739-1744, 2013.

7. Fukahori S, Yano H, AkibaJ, Ogasawara S, Momosaki S, Sanada S,
Kuratomi K, Ishizaki Y, Moriya F, Yagi M and Kojiro M: Fucoidan,
a major component of brown seaweed, prohibits the growth of
human cancer cell lines in vitro. Mol Med Rep 1: 537-542, 2008.

8. Marudhupandi T, Ajith Kumar TT, Lakshmanasenthil S, Suja G
and Vinothkumar T: In vitro anticancer activity of fucoidan from
Turbinaria conoides against A549 cell lines. Int J Biol Macromol
72: 919-923, 2015.

9. Myers SP, O'Connor J, Fitton JH, Brooks L, Rolfe M, Connellan P,
‘Wohlmuth H, Cheras PA and Morris C: A combined Phase I and
IT open-label study on the immunomodulatory effects of seaweed
extract nutrient complex. Biologics 5: 45-60, 2011.

1073

10. Li C, Gao Y, Xing Y, Zhu H, Shen J and Tian J: Fucoidan, a
sulfated polysaccharide from brown algae, against myocardial
ischemia-reperfusion injury in rats via regulating the inflamma-
tion response. Food Chem Toxicol 49: 2090-2095, 2011.

11. Kim CS, Sohn EJ, Kim YS, Jung DH, Jang DS, Lee YM,
Kim DH and Kim JS: Effects of KIOM-79 on hyperglycemia and
diabetic nephropathy in type 2 diabetic Goto-Kakizaki rats. J
Ethnopharmacol 111: 240-247,2007.

12. Meenakshi S, Umayaparvathi S, Saravanan R, Manivasagam T
and Balasubramanian T: Hepatoprotective effect of fucoidan
isolated from the seaweed Turbinaria decurrens in ethanol
intoxicated rats. Int J Biol Macromol 67: 367-372,2014.

13. Geoffroy K, Wiernsperger N, Lagarde M and El Bawab S:
Bimodal effect of advanced glycation end products on mesangial
cell proliferation is mediated by neutral ceramidase regulation
and endogenous sphingolipids. J Biol Chem 279: 34343-34352,
2004.

14. Zhang D, Fujii I, Lin C, Ito K, Guan H, Zhao J, Shinohara M
and Matsukura M: The stimulatory activities of polysaccharide
compounds derived from algae extracts on insulin secretion
in vitro. Biol Pharm Bull 31: 921-924,2008.

15. Laemmli UK: Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-685,
1970.

16. Kyhse-Andersen J: Electroblotting of multiple gels: a simple
apparatus without buffer tank for rapid transfer of proteins from
polyacrylamide to nitrocellulose. J Biochem Biophys Methods
10: 203-209, 1984.

17. Lan T, Shen X, Liu P, Liu W, Xu S, Xie X, Jiang Q, Li W and
Huang H: Berberine ameliorates renal injury in diabetic C57BL/6
mice: involvement of suppression of SphK-S1P signaling
pathway. Arch Biochem Biophys 502: 112-120, 2010.

18. Ritz E, Rychlik I, Locatelli F and Halimi S: End-stage renal
failure in type 2 diabetes: a medical catastrophe of worldwide
dimensions. Am J Kidney Dis 34: 795-808, 1999.

19. Navarro-Gonzalez JF, Mora-Fernandez C, de Fuentes MM
and Garcia-Perez J: Inflammatory molecules and pathways in
the pathogenesis of diabetic nephropathy. Nat Rev Nephrol 7:
327-340, 2011.

20. Bondar IA, Klimontov VV and Nadeev AP: Urinary excretion of
proinflammatory cytokines and transforming growth factor beta
at early stages of diabetic nephropathy. Ter Arkh 80: 52-56, 2008
(In Russian).

21. Fukahori S, Yano H, Akiba J, Ogasawara S, Momosaki S,
Sanada S, Kuratomi K, Ishizaki Y, Moriya F, Yagi M and
Kojiro M: Fucoidan, a major component of brown seaweed,
prohibits the growth of human cancer cell lines in vitro. Mol Med
Rep 1: 537-542,2008.

22.Sanz AB, Sanchez-Nino MD, Ramos AM, Moreno JA,
Santamaria B, Ruiz-Ortega M, Egido J and Ortiz A: NF-kappa B
in renal inflammation. J Am Soc Nephrol 21: 1254-1262, 2010.

23. Navarro JF and Mora C: Diabetes, inflammation, proinflamma-
tory cytokines, and diabetic nephropathy. ScientificWorldJournal
6: 908-917, 2006.

24. Ohga S, Shikata K, Yozai K, Okada S, Ogawa D, Usui H, Wada J,
Shikata Y and Makino H: Thiazolidinedione ameliorates renal
injury in experimental diabetic rats through anti-inflammatory
effects mediated by inhibition of NF-kappa B activation. Am J
Physiol Renal Physiol 292: F1141-F1150, 2007.

25. Romzova M, Hohenadel D, Kolostova K, Pinterova D,
Fojtikova M, Ruzickova S, Dostal C, Bosak V, Rychlik I and
Cerna M: NF-kappa B and its inhibitor Ikappa B inrelation to
type 2 diabetes and its microvascular and atherosclerotic compli-
cations. Hum Immunol 67: 706-713, 2006.

26. Ha HJ, Yu MR, Choi YJ, Kitamura M and Lee HB: Role of high
glucose induced nuclear factor-kappa B activation in monocyte
chemoattractant protein-1 expression by mesangial cells. J] Am
Soc Nephrol 13: 894-902, 2002.



