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Low molecular weight fucoidan ameliorates the inflammation
and glomerular filtration function of diabetic nephropathy
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Abstract Diabetic nephropathy (DN) is a type of serious mi-
croangiopathy that is caused by diabetes mellitus (DM). It is
the most common cause of chronic renal failure and end-stage
renal disease, and it severely affects patients’ quality of life.
This work aims to study the effect and mechanism of low
molecular weight fucoidan (LMWF) on streptozotocin
(STZ)-induced DN. The experimental results showed that
LMWEF prevented weight loss in DN rats, significantly re-
duced the levels of biochemical indexes in blood and urine
samples, and also lowered hyaluronic acid (HA) levels and
advanced glycosylation end product-specific receptor
(AGER) levels in DN rats. LMWF maintained the structural
integrity of glomerular basement membrane (GBM) and glo-
merulus, improved the glomerular filtration function,
protected glycosaminoglycan from abnormal degrading,
prevented advanced glycosylation end product (AGE) from
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being generated and accumulating, and also alleviated inflam-
matory response in DN rats. LMWF could obviously amelio-
rate and slow the development and progression of DN in rats.
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Introduction

Diabetes mellitus (DM) is a set of multifactorial metabolic
disorders that is characterized by hyperglycemia (Naylor
et al. 2011). The incidence of DM has increased rapidly and
become a major health problem worldwide (Group IDFDA
2015). According to International Diabetes Federation, the
number of diabetic patients is expected to rise to 592 million
by 2035 (Nyla Nazir et al. 2014). DM is the leading cause of a
number of vascular complications, including renal, cardiovas-
cular, and retinal and many other comorbidities (Vlassara and
Striker 2011). Diabetic nephropathy (DN) is a type of serious
microangiopathy caused by DM. According to World Health
Organization, 25-40 % of type 1 or type 2 diabetic patients
will develop DN within the course of diabetes over 20—
25 years (Remuzzi et al. 2002; Yamagishi and Matsui 2010).
Currently, DN is the major cause of chronic renal failure and
end-stage renal disease (Terami et al. 2014); it severely affects
patients’ quality of life. Long-term hyperglycemia leads to the
formation of advanced glycation end products (AGE) (Singh
etal. 2014), resulting in the thickening of the glomerular base-
ment membranes (GBM), glomerular hardening and fibering,
mesentery expanding, as well as other features (Li et al. 2010).
Many cytokines are related to the onset and progression of
DN. And some inflammatory cytokines, such as vascular en-
dothelial growth factor (VEGF), connective tissue growth fac-
tor (CTGF), interleukin-6 (IL-6), as well as numerous other
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factors, can mediate inflammation in DN (Kanwar et al. 2011;
Matsushita et al. 2011; Lim and Tesch 2012; Kanasaki et al.
2013; Sawa et al. 2014).

Fucoidan is a family of sulfated polysaccharides com-
posed of an «-L-fucose-enriched backbone and exists
extensively in brown algae and a few marine inverte-
brates (Jiao et al. 2011; Cui et al. 2014). Fucoidans
isolated from brown algae have very complicated and
heterogeneous structures, while fucoidans often have a
simple repeat unit structure in marine invertebrates
(Wang et al. 2010b). Fucoidans have a wide range of
biological activities, and because of their complex
heteropolysaccharide structure, the activity of fucoidans
may vary in different species and orders of algae (Costa
et al. 2010; Wang et al. 2010b; Wijesekara et al. 2011).
Saccharina japonica is a prevalent seafood and tradi-
tional Chinese medicine that has been used in Asia for
several centuries (Wang et al. 2012). Fucoidan obtained
from S. japonica is a heteropolysaccharide composed of
fucose, galactose, and sulfate, with a small number of
mannose, glucuronic acid, glucose, rhamnose, arabinose,
and xylose units (Wang et al. 2008). Low molecular
weight fucoidan (LMWF) is a highly sulfated fraction
that is degraded from fucoidan from S. japonica (Wang
et al. 2008; Jin et al. 2013). Studies have demonstrated
that the biological activities of polysaccharides are rela-
tive to the degree of sulfation, molecular weight,
sulfation pattern, and glycosidic branches (Wang et al.
2010a). As a result of these characteristics, LMWF has
strong anticoagulant (Nardella et al. 1996; Durig et al.
1997), anti-inflammatory (Bachelet et al. 2009),
antiangiogenic (Deux et al. 2002; Hlawaty et al.
2011), antiviral (Hemmingson et al. 2006), antithrombus
(Durand et al. 2008; Zhu et al. 2010), antioxidant
(Wang et al. 2011b; Yu et al. 2014), and antitumor
(Anastyuk et al. 2012; Zhang et al. 2013) activities
and modulates cell adhesion (Bachelet et al. 2009) and
growth factor release (Chen et al. 2013).

The glomerular barrier is one of the most complex and
unique biological membranes and serves as the key com-
ponent in the filtration of water and restricts the passage
of large molecule proteins (Haraldsson et al. 2008). The
GBM plays a central role in the glomerular filtration bar-
rier (Singh et al. 2007; Satchell and Braet 2009), heparan
sulfate proteoglycans (HSPGs) are essential proteoglycans
located in the GBM and other membranes, and they are
composed of a core protein and several heparan sulfate
glycosaminoglycan chains (HS-GAGs) (Bishop et al.
2007). It is generally believed that HS-GAGs are impor-
tant for the charge selectivity function of the barrier be-
cause of the anionic charge of heparan sulfate (HS).
HSPGs establish the charge barrier on the GBM to regu-
late solutes (McCarthy and Wassenhove-McCarthy 2012).
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Therefore, losing of GBM anionic charge contributed by
HS-GAGs will produce proteinuria, which is an important
clinical feature of DN, followed by further effects of DN
(Sakagami et al. 2004; Takahashi et al. 2000).

Because of the composition of LMWF is similar to HS-
GAGs, both LMWF and HS-GAGs have sulfation pattern
and glycosidic branches; LMWF may be contribute to the
restoration of GBM. Moreover, the progression of DN is
related to inflammatory cytokines, and LMWF has strong
and efficacious anti-inflammatory activities. And our pre-
vious study demonstrated that fucoidan (87,000 Da)
showed protective properties to the kidney of DN rats
(Wang et al. 2014).

Various factors contribute to DN, such as renal fibrosis
and inflammation. Inhibition of diabetic renal fibrosis
supports a beneficial effect to DN (Tomita et al. 2012;
Kanasaki et al. 2013). Sulodexide and low molecular
weight heparin which have anticoagulant and antithrom-
botic activities are effective in reducing the early chronic
kidney discase (Rossini et al. 2010; Fan et al. 2012).
AGEs participate in the generation of reactive oxygen
species. And oxidative stress can activate many signal
pathways, such as MAPK pathway; it can injure the renal
tissue seriously (Pal et al. 2014). Therefore, interruption
and inhibition of the signaling pathway leading to the
production of reactive oxygen can ameliorate DN
(Kashihara et al. 2010). Furthermore, LMWF has strong
activities of anticoagulant, antifibrotic, and antioxidant
and so on. As a consequence, it was suggested that
LMWF could be considered a potential anti-diabetic ne-
phropathy candidate.

In this study, we focus on the anti-inflammatory of
LMWF. Because of these properties, we hypothesize that
LMWEF can protect the glomerular filtration function and
modulate the release of inflammatory factors in DN. This
work aims to study the effect and mechanism of LMWF
on DN in vivo experimental models.

Materials and methods

Saccharina japonica were cultured by one of the authors
(D.D.) in Rongcheng, China. Specimens of S. japonica
were collected and identified by one of the authors
(D.D.). LMWFs (molecular weight = 8177 Da) were iso-
lated from S. japonica. The analysis was as follows: fu-
cose content 35.07 %, sulfate content 36.85 %, and uronic
acid content 0.039 %. The polysaccharide was a single
compound authenticated by high-performance liquid chro-
matography and capillary electrophoresis. The structure of
LMWF was determined by monosaccharide composition
analysis, methylation analysis, periodate oxidation, smith
degradation, and many other tests (Wang et al. 2010b).
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Table 1  Primary antibodies used for staining

Antibody Source Company Dilution (IHC/WB)
CTGF Rabbit Proteintech 1:100/1:2000
VEGF Rabbit Proteintech 1:100/1:2000
AGER Rabbit Proteintech 1:100/1:2000
IL-6 Rabbit Proteintech 1:100/1:2000
Icam-1 Rabbit Proteintech 1:100/1:2000
TGF- Rabbit ThermoFisher-Pierce 1:100/1:2000
TNF-x Rabbit ThermoFisher-Pierce 1:100/1:2000
PDGFRf Rabbit ThermoFisher-Pierce 1:100/1:2000
INK Rabbit Proteintech 1:100/1:2000
P-JNK Rabbit Proteintech 1:2000
PKCB Rabbit Proteintech 1:100/1:2000

Captopril tablets were purchased from the Harbin
Pharmaceutical Group. All primary antibodies are summa-
rized in Table 1. The Polink-2 plus polymer horseradish per-
oxidase (HRP) detection system kit and DAB protein assay kit
were from GBI, USA. The urinary albumin (uAlb) and urinary
creatinine (uCr) enzyme-linked immuno sorbent assay
(ELISA) kits were from Bo Maide Co., Ltd., Shanghai,
China. Streptozotocin (STZ) was from Sigma-Aldrich,
China. All drugs were dissolved in normal saline, unless
otherwise noted.

Animals

Wistar male rats, weighting approximately 180-220 g, were
from the Laboratory Animal Center, Shandong University,
China, and reared in a standard conditions for experimental
animals: room temperature = 22 + 1 °C, humidity = 60 + 5 %
and a 12-h light/12-h dark cycle. The animals were fed with
normal food and water ad libitum.

All of the rats were fed adaptively for 1 week, and then
the DM model was induced by STZ (50 mg kg™ ' day ")
and administered by intraperitoneal injection. Forty-eight
hours later, the blood glucose levels from the caudal vein
were detected for 3 days. Rats with blood levels
>16.7 mmol L™' were considered as successful DM
models. Model rats were randomly divided into five
groups (18 rats per group): (1) the normal group (Wistar
normal rats); (2) the LMWF (100 mg) group, rats were
treated with LMWF 100 mg kg ' day™'; (3) the LMWF
(200 mg) group, rats were treated with LMWF
200 mg kg ' day™'; (4) the captopril (10 mg) group, rats
were treated with captopril 10 mg kg ™' day™' (Yamagishi
and Matsui 2010; Zhang et al. 2012; Pan et al. 2014); and
(5) the model group (DM model rats). All of the groups
were orally administered the drug between 08:00 and
10:00 h for 70 days. Meanwhile, the rats in the normal

and model groups were treated with equal volumes of
saline.

Body weights were measured approximately every
5 days, and 24-h urine samples of all rats were collected
on the 35th day and 1 day before sacrifice by metabolism
cages. The blood samples of all rats were drawn from
orbit on 35th day and 1 day before sacrifice. All rats were
sacrificed on the 70th day. The rats were anesthetized
with 0.3 mL (100 g) ' 10 % chloral hydrate. Kidneys of
all rats were removed and frozen by liquid nitrogen and
fixed in 4 % paraformaldehyde respectively for the fol-
lowing tests.

The analysis of urinary M-TP

Twenty-four-hour urine samples of all groups were col-
lected and centrifuged, and the supernatants were trans-
ferred to clear collection tubes. Then, the total volumes of
the 24-h urine samples were measured and recorded.
Afterwards, supernatants of 24-h urine sample were sent
for detection. The micrototal protein (M-TP) was detected
by an automatic biochemistry analyzer AUS5800
(Beckman Coulter, USA).

UAIb and uCr levels assessed by ELISA

Twenty-four-hour urine samples from all groups were collect-
ed by sterile tubes. The specimens were centrifuged at
3000 rpm for 20 min at room temperature. The supernatants
were removed into rat uAlb and uCr ELISA kit plates respec-
tively in accordance with the manufacturers’ protocols. The
OD values of the uAlb and uCr levels from of all groups were
determined at 450 nm by an automatic microplate reader
(BioTek Instruments Inc., USA).

The analysis of the serum biochemical index

Blood samples were taken from the orbit and collected
into different type of tubes to detect blood biochemical
indices, including blood glucose (GLU), urea nitrogen
(UREA), serum creatinine (CREA), total cholesterol
(CHOL), triglyceride (TRIG), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), and glycated serum protein (FRUC). All blood
samples were assessed with an automatic biochemistry
analyzer AU5800 (Beckman Coulter, USA).

Glycosaminoglycan measurements using the 1, 9-dimethyl
methylene blue assay

The glycosaminoglycan levels of the urine samples were

measured by ELISA assay. One hundred-microliter sam-
ples were added to 96-well plates; 200 puL 1, 9-dimethyl
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methylene blue (DMMB) solution (Sigma-Aldrich) was
also added into the wells to bind to the sulfated glycos-
aminoglycan in the samples. The hyaluronic acid (HA)
and chondroitin sulfate (CHS) levels were determined
using the DMMB dye method (Wang et al. 2011a). CHS
from shark cartilage and HA from Streptococcus equi
(Sigma-Aldrich) were used as the standard. The OD
values of the CHS and HA from all groups were detected
at 520 nm using an automatic microplate reader.

The histological analysis of sections of renal pathological
changes

Kidneys from all groups were removed and fixed in 4 % para-
formaldehyde. The fixed kidneys were dehydrated using grad-
ed saccharose at 4 °C. After complete dehydration, all kidneys
were frozen in liquid nitrogen and embedded with OCT com-
pound (Sakura, USA). The embedded tissues were formed
into 10 pm thick frozen sections for the following tests.

Histological evaluations were performed with hematoxylin
and eosin (HE) staining. Frozen sections from all groups were
stained using HE methods, with hematoxylin for 5 min and
eosin for 1 min. The histological analysis and the areas of
inflammatory infiltration of the kidneys were assessed with
an optical microscope.

The sub-microstructure analysis of the GBM

Parts of the renal cortices were trimmed into 1 mm® bars and
fixed in 2.5 % glutaraldehyde at 4 °C. Ultrathin sections of the
renal cortex were made and double stained with uranyl acetate
and sodium citrate at the Medical College of Qingdao
University. Glomerulus-centered sub-microstructure was ob-
served by transmission electron microscope (TEM). GBM
thickness of the different groups was measured.

Immunohistochemistry examination

Frozen sections were washed for 5 min with Tris-HCI buffer
solution (TBS), and preprocessed for 10 min with a 3 % hy-
drogen peroxide solution to inactivate endogenous peroxi-
dase. The primary antibodies (CTGF, VEGF, advanced glyco-
sylation end product-specific receptor (AGER), IL-6, intercel-
lular adhesion molecule-1 (Icam-1), transforming growth
factor-3 (TGF-f3), tumor necrosis factor-a (TNF-«),
platelet-derived growth factor 3 (PDGFRf3), c-Jun amino ter-
minal kinase (JNK), and protein kinase Cf3 (PKCf)) are de-
scribed in Table 1) were added onto sections respectively for
12 h at 4 °C and then washed twice for 5 min with TBS. A
HRP-labeled secondary antibody polymer was attached onto
sections in accordance with the kit’s protocol. The stained
sections were dehydrated in a series of decreasing concentra-
tions of ethanol solutions and were mounted with neutral
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balsam. The immunoreactivity of all antibodies and the num-
bers of positive cells in all groups were measured by Image-
Pro Plus 6.0 software.

Western blotting

Kidney tissue was lysed on ice in RIPA buffer contain
phenylmethanesulfonyl fluoride for 20 min and total protein
content was quantified using a BCA assay kit. Lysates were
separated by 12 % sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and carried out in triplicate. Proteins on the gel
were blotted to polyvinylidene difluoride membranes
(Solarbio Science & Technology Co., Ltd., China). Blotted
membranes were incubated overnight with primary antibody
at4 °C (see CTGF, VEGF, INK, and P-JNK in Table 1). Then,
peroxidase-conjugated goat anti-rabbit secondary antibody
(Proteintech Group Inc., China) was added to the
immunoblotted membranes for 2 h. Blotted bands were re-
vealed using an ECL kit and the bands was analyzed.

Data analysis and statistics

All data are expressed as the means + S.D. The images were
processed by Image-Pro Plus 6.0 software. Multiple compar-
isons between treatment groups and the statistical significance
of the differences were estimated with ANOVA method using
SPSS 13.0 software, and values of P < 0.05 were considered
to be statistically significant.

Results
Evaluation of rats weight alteration in two terms

Body weight changes of all rats were examined in both stages
(Fig. 1). Significant changes in body weight were observed
between the normal and other groups during the treatment
period. The body weight of the normal group was significantly
higher (P < 0.01), while the body weight of the model group
was significantly lower compared to other treatment groups.
In addition, the body weight of the LMWF (200 mg) group
was higher than the that of captopril (10 mg) and LMWF
(100 mg) groups. Compared to the model group, the body
weight of LMWF (200 mg) group showed a noticeable rise.
The result indicates that LMWF may maintain body weight
more stable during the onset of DN in rats.

Effects of LMWF on M-TP, uAlb, and uCr in DN rats

Proteinuria is the most outstanding feature of DN. We detected
the M-TP, uAlb, and uCr levels of all groups. The urinary M-
TP content was significantly lower (P < 0.01) in the normal
group and was higher (P < 0.01) in the model group in both
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Fig. 1 Body weight of different treated groups after 70 days. Data are

expressed as means + S.D. Double asterisk P < 0.01 (vs normal group);
hash P < 0.05, double hash P < 0.01 (vs model group)

stages (Fig. 2a). The M-TP content of the LMWF (100 mg)
and LMWF (200 mg) groups was reduced compared to the
model group at 35 days, and the M-TP content of the LMWF
and captopril (10 mg) treatment groups were nearly the same
and ameliorated compared to that of the model group at
69 days. The 24-h urine volumes of LMWF (100 mg),
LMWF (200 mg), captopril (10 mg), and model groups were
significantly increased compared to those of the normal group
(Fig. 2b), and the 24-h urine volume of LMWF (200 mg)
group was obviously reduced compared to the model group
at 35 days. LMWEF, especially for the LMWF (200 mg) group,
can reduce urine volume at the onset of DM in rats compared
to the model group.

Next, we determined the uAlb and uCr levels to further
verify the effect of LMWF on the glomerular filtration
function (Fig. 3) at two stages. The uAlb level was signif-
icantly lower (P < 0.01) in the normal group and higher
(P < 0.01) in the model group. LMWF obviously reduced
the uAlb levels compared to those of the model group at
35 days, but there were no statistical differences among
groups at 69 days. And LMWF had no evident influence
on the uCr levels. The results demonstrated that LMWF can
alleviate the M-TP content and uAlb levels in DN rats,
especially in early stage of DN.

Fig. 2 LMWF reduced urinary
M-TP level in 70 days. a The
content of 24-h M-TP in all
groups. b The volume of 24-h
urine in all groups. Data are
expressed as means + S.D. Asterisk
P <0.05, double asterisk P < 0.01
vs (normal group); hash

P < 0.05, double hash

a i
2590 1035t day

W69th day
20.00 |

15.00

10.00

Content (mg)

Effects of LMWF on the serum biochemical indexes
in diabetic rats

The serum biochemical analysis showed that LMWF did not
affect most indices, such as CHOL, TRIG, CREA, HDL-C,
and LDL-C. There were no significantly differences in these
indices compared to the normal groups. However, GLU,
UREA, and FRUC, the main signs of DN, obvious intergroup
differences were observed, regardless of the comparison with
the normal or model group.

The GLU level was significantly lower (P < 0.01) in the
normal group and higher (P < 0.01) in other groups
(Fig. 4a). The GLU levels of the LMWF (200 mg) and
captopril (10 mg) group were basically the same, lower than
that of the model group.

The UREA level was significantly lower (P < 0.01) in the
normal group and was higher (P < 0.01) in the model group
(Fig. 4b). The UREA level of the LMWF (200 mg) group was
more ameliorated (P < 0.05) than that of the captopril (10 mg)
and model groups. The effect of LMWF at 35 days was more
remarkable than that at 69 days.

The FRUC level was also significantly lower (P < 0.01) in
the normal group compared to that of the other groups
(Fig. 4c). At 35 days, the FRUC level of the LMWF
(200 mg) group was ameliorated (P < 0.01) obviously com-
pared to that of the model group. However, at 69 days, the
UREA levels were ameliorated in the LMWF (200 mg) and
captopril (10 mg) groups. Moreover, the effect of LMWF
(100 mg) on the GLU, UREA, and FRUC levels were not
significant compared to the model group. The results indicated
that LMWF (200 mg) could effectively reduce the UREA and
FRUC levels in DN rats. And those significant differences
between the normal and model group meant the DM models
were established successfully.

Effects of LMWF on glycosaminoglycan levels in DN rats

To confirm the protective effects of LMWF on rat kidneys, the
HA and CHS levels, which are two typical glycosaminoglycans

b ) -
12000 T35t day .
sk % 100.00 _l69th day LR o
o 2
i o
= 80.00
£
o 60.00
S 4000 |

* * .
H#
##
## ##
P <0.01 (vs model group) 5.00 #
20.00 | ## #
0.00 . . . . 0.00 i : ; ‘

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)
24-hour M-TP

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)
24-hour urine
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Fig. 3 Effects of LMWF on a ¢ - b 350 -
uAlb and uCr in 70 days. a The ' DO35th day - O35th day
content of 24-h uAlb and b the 5.00 |-MO69th day sk RR R 3.00 + m69th day sk »
content of 24-h uCr were *ok o l sk ®%
measured respectively. Data are 400 # N 230 F
expressed as means + S.D. & # 2 200 +
Double asterisk P < 0.01 (vs Z 300 z # # o
normal group); hash 2 2 150 |
P < 0.05, double hash g 200F S 100l
P < 0.01 (vs model group) 100 |
: oy W 0.50 P
0.00 LML, : ' ' 0.00 Lo ' : :

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)

24-hour uAlb

in the urine were inspected (Fig. 5). The HA at two stages
remained statistically lower in the normal group (P < 0.01)
compared to the other groups, while the level in the model
group remained higher (P < 0.01). And the LMWF-treated
groups reduced the HA levels compared to the model group
(P < 0.05). However, for CHS, no significant regularity was
found between the different groups. These results illustrated
that LMWF could lower HA levels in DN rats.

Renal function and the histopathological analysis
Representative histopathological sections of all groups are

presented in Fig. 6. Normal and compact structured glomeru-
lus and tubules were observed in rats in the normal group.

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)
24-hour uCr

Both the glomerulus and tubules exhibited severe structural
damage in the model groups; rats in the LMWF (200 mg)
group had relatively normal and complete glomerulus and
tubules structure; and partially dilated glomerulus were found
in the captopril (10 mg) group accompanied by mild kidney
damage (P < 0.01); however, almost all of the glomerulus
were dilated and the epithelial cells were denudated in the
LMWF (100 mg) group. Compared to the model group, the
area of the inflammatory infiltration of LMWF-treated groups
was much less and showed a return to basal level. These re-
sults revealed that LMWF could inhibit and improve patho-
logical changes in the kidneys of DN rats.

To further clarify the effect of LMWF on glomerulus, we
measured GBM thickness by transmission electron microscope
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Fig. 5 Effect of LMWF on A 1400.00 -
urinary glycosaminoglycan levels 035th day
by DMMB assay in DN rats in 1200.00 | mg9th day
70 days. a The 24-h urinary HA 1000.00
levels and b the 24-h urinary CHS o
levels were measured respectively. E 800.00
P y. =
Data are expressed as means + S.D. § 600.00
Double asterisk P < 0.01 (vs 5 400.00
normal group); hash P < 0.05, 200,00
double hash P < 0.01 (vs model '

group) 0.00

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)

24-hour urinary HA

(Fig. 7). The GBM was significantly thinner (P < 0.01) in the
normal group and thicker (P < 0.01) in the model group. The
LMWEF (200 mg) (P < 0.05) groups had notably inhibited GBM
widening and restrained mesentery proliferating, compared to
the model group. Additionally, the GBM in the LMWF
(100 mg) and captopril (10 mg) groups were modified, com-
pared to the model group. These results suggested that
LMWEF could inhibit GBM thickening and relieve patho-
logical changes in the kidneys of DN rats to improve the
glomerular filtration function.

Effects of LMWF on AGER in DN rats

AGER, a multiligand receptor of AGE, is an important factor
in DN. Our results showed that LMWF could effectively re-
duce the AGER levels in the kidneys of DN rats (Fig. 8). The
AGER level of the normal group remained significantly lower
(P < 0.01), and the level were higher (P < 0.01) in the model

Fig. 6 LMWEF improves
glomerulus pathological change of
DN rat kidneys. a (A)
Representative images of the
normal group by H&E staining,
(B, C) groups administered with
LMWF at doses of 100 and

200 mg kg ! day ! respectively,
(D) captopril (10 mg) group, and
(F) model group. Black arrows
indicate glomerulus has clearly
morphological characteristics
(original magnification x800).
Scale bar =25 pm in each panel. b
Areas of inflammatory infiltration
were estimated in five visual fields
in one section. Data are expressed
as means + S.D. Asterisk P < 0.05,
double asterisk P < 0.01 (vs

b 1400.00
0O35th day

s 1200.00 - @ 69th day
1000.00 F
800.00
600.00
400.00 -
200.00 | 4y 44

0.00 Le==—mim L L L

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)

24-hour urinary CHS

Content (mg)

group, while LMWF treatment suppressed the elevated
AGER expression in DN rats compared to the model group
(P < 0.01). These results indicated that LMWF could
suppress the generation and depositing of AGER in the
kidneys of DN rats.

Effects of LMWEF on inflammatory cytokines in DN rats

Several cytokines were examined by immunohistochemistry
to investigate the effects of LMWF on inflammatory cytokines
(Fig. 9). No statistical alterations were observed in the Icam-1,
TNF-o, PDGFRf3, TGF-f3, and PKC{3 expression. However,
compared to the model group, LMWF significantly alleviated
the positive expression of INK, IL-6 and VEGF in the kidneys
of DN rats. LMWF (100 mg) reduced the positive expression
of INK and IL-6 (P < 0.01) lower than LMWF (200 mg); both
LMWF (100 mg) and LMWF (200 mg) suppressed the

normal group); hash P < 0.05, b Areas of ]
double hash P < 0.01 (vs model inflammatory Normal LMWF LMWF Captopril Model
group) infiltration (un?) (100 mg) (200 mg) (10 mg)
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Fig. 7 LMWEF inhibits GBM
thickening in DN rat kidneys. a
Representative images of all
groups by TEM. (A) Normal
group, (B, C) groups administered
with LMWF at doses of 100 and
200 mg kg ' day ', (D) captopril
(10 mg) group, and (£) model
group. Black arrows indicate
GBM has clearly morphological
characteristics. Scale

bar = 500 nm in panels A and D.
Scale bar = 200 nm in panels B
and C. Scale bar = 1 pm in panel
E. b GBM thickness of different
groups. Data are expressed as
means + S.D. Asterisk P < 0.05,
double asterisk P < 0.01 (vs
normal group); hash P < 0.05,

Model -

ek,

© o (omg |

double hash P < 0.01 (vs model
group)

LMWF  LMWF  Captopril

Group Normal (100mg) (100mg) (10 mg) Model
Thickness (nm)  225+5"  300x13 233+9" 320£18°  500+217

positive expression of VEGF (P < 0.01). These results dem-
onstrated that LMWF could ameliorate cytokine expression.

To further confirm the effect of LMWF on the key mole-
cules, we detected the protein expression levels of CTGF,
VEGEF, JNK, and P-JNK by western blot (Fig. 10). Results
showed the expressions of CTGF, VEGF, JNK, and P-JNK
in model group were much higher than that of normal group.
LMWF obviously reduced the expression of those key factors
compared to model group.

CTGF was restained with hematoxylin after immunohisto-
chemistry, and positive cells were counted to determine the
CTGF expression level (Fig. 11). Compared to the other
groups, the number of positive cells was much lower in the
normal group and was much higher in the model group. The
number of positive cells in the LMWF (200 mg) groups was
significantly lower, and in LMWF (100 mg) group, the num-
ber was also statistical lower compared to the model group.
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Fig. 8 LMWEF reduced AGER level on kidney of DN rats. Data are
expressed as means = S.D. Asterisk P < 0.05, double asterisk P < 0.01
(vs normal group); hash P < 0.05, double hash P < 0.01 (vs model group)
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These results showed that LMWF could ameliorate the CTGF
level in the kidneys of DN rats.

Discussion

The results reported in the present work demonstrated the
influence of LMWF in DN rats induced by STZ, and proposed
a possible method to illustrate the mechanism of the effect of
LMWF on DN; it may be a potential therapy in the future.
Currently, M-TP and uAlb are the only noninvasive hall-
marks of early diabetic nephropathy; uCr is a marker of mid-
to-late disease (Papale et al. 2010). These markers reflect the
progression of DN. Clinically, uAlb reflects the loss of the glo-
merular filtration function and podocyte injury (Ma et al. 2014)
and shows a set of changes, such as basement membrane thick-
ening, loss of endothelial cell fenestration and mesangial cell
hypertrophy, coupled with tubulointerstitial changes, such as
myofibroblast accumulation and fibrosis (Weil et al. 2012). In
our study, we detected the levels of all three indices in both blood
and urine samples of all rats. Compared to normal group, there
were significant changes in model group; it means the DM mod-
el were established successfully. LMWF could decrease the con-
tent of M-TP and uAlb in the urine (Figs. 2, 3, and 4).
Additionally, LMWF, especially LMWF (200 mg kg '), may
prevent abnormal weight loss and decrease urine volume
(Figs. 1 and 2a). Captopril (10 mg kg ") is the preferred drug
to reduce the urine protein and slow the decline rate of renal
function without influence blood sugar level, so we used the
captopril as the positive contrast drug. The GLU levels of the
LMWF (200 mg) group and captopril (10 mg) group were ba-
sically the same. Previous study has demonstrated that LMWF



J Appl Phycol (2017) 29:531-542

539

A 550105

2.00x10°% |

1.50x105

10D
3

1.00x105 |

0.50x105 | 4

Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)
JNK

0.00x10°

b

2.50%x105

2.00x105

1.50x103

10D

1.00x105

0.50x105

0.00x103

Normal

LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)

IL-6

(g)

10.00x105
9.00x10°
8.00x105 [

ek

ek

7.00x105

6.00x105 T
5.00x105 #
4.00x105
3.00x105
2.00x105 | 7
1.00x105

0.00x105 . . . . :
Normal LMWF LMWF Captopril Model
(100 mg) (200 mg) (10 mg)

VEGF
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Fig. 10 Effect of LMWF on CTGF, VEGF, JNK, and P-JNK levels in
DN rats kidney by western blot

significantly protected against diabetes-induced hypertension
and hyperlipidemia (Cui et al. 2014). All of these data demon-
strated that LMWF could significantly slow and prevent the
progress of DN and protect the renal function in rats, which
means that LMWF can ameliorate renal pathologic change of
DN rats.

To further explore the effect of LMWF on renal pathologic
changes of DN rats, we detected the content of glycosamino-
glycan, AGER, and microstructure at the tissue and subcellu-
lar levels. Glycosaminoglycan has various biological func-
tions and locations in cells; it can modulate growth factors
and membrane filtration and serve as receptors in cell signal-
ing (Conde-Knape 2001). It plays a key role in maintaining
the normal GBM structure and filtration function and was
involved in the transport of cells and small molecules across
the GBM (Yung et al. 2013). HA is a typical glycosaminogly-
can, LMWF has a similar structure to glycosaminoglycan, and
we found that LMWF could reduce the HA content in urine
(Fig. 5). It was demonstrated that LMWF could prevent gly-
cosaminoglycan from abnormal degradation; in consequence,
LMWEF may protect the normal GBM structure and filtrating
function and slow the development of DN.

Advanced glycosylation end product-specific receptor
(AGER, also known as RAGE) is a multiligand receptor of
the immunoglobulin superfamily. It interacts with distinct
molecules that are implicated in homeostasis, development,
and inflammation in diabetes. The multiple component of
AGE-AGER can regulate signal transduction, ligands forma-
tion, pro-inflammatory responses, and GBM alternation; it can
cause microvascular complications in diabetes (Yamagishi
and Matsui 2010). Many inflammatory cytokines that contrib-
ute to DN are activated and induced by AGE. Some studies
have shown that the end point effect of AGE-AGER would be
a promising target for curing DN (Singh et al. 2014). Our work
showed that LMWF significantly reduced the AGER level in
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Fig. 11 LMWF reduced the
expression of CTGF in DN rats
kidneys. a (A) Representative
images of the normal group by
hematoxylin staining after
immunohistochemistry, (B, C)
groups administered with LMWF
at doses of 100 and

200 mgkg ' day ! respectively, (D)
captopril (10 mg) group, and (E)
model group. Black arrows indicate
the positive cell. Scale

bar =100 pm in each panel. b
Positive cells were counted in five
visual fields in one section. Data are
expressed as means + S.D. Asterisk
P < 0.05, double asterisk P < 0.01
(vs normal group); hash P < 0.05,
double hash P < 0.01 (vs model

v
200 mg).

group)

LMWF  LMWF Captopril
Group Normal Model
(100 mg) (200mg) (10 mg)
Positive cell number 5£0% 20+5 9+5* 39+4" 57+6"

the kidneys of DN rats (Fig. 8). LMWF downregulated in-
flammatory cytokines and improved microvascular complica-
tions in diabetes. Based on the pathologic changes that we
observed in the DN rats (Figs. 6 and 7), the podocyte and
endotheliocyte windows and the GBM of treated rats were
much more structurally integrated. Thus, LMWF, especially
LMWF (200 mg kg '), could ameliorate the degree of patho-
logic change and glomerular filtration function alteration.
Finally, to investigate the regulation of inflammatory cyto-
kines by LMWF, we inspected statistically positive expres-
sions of JNK, IL-6, VEGF, and CTGF in the kidneys of DN
rats (Figs. 9, 10, and 11). AGE expression can activate and
improve the VEGF of podocytes in the diabetic glomerulus in
carly diabetes. Increased expression of VEGF and IL-6 which
are induced by VEGF in the kidneys of DN patients can stim-
ulate angiogenesis, evaluate microvascular permeability, and
attract inflammatory cells to the glomerulus. Those factors are
also the cause of albuminuria and glomerulosclerosis in dia-
betes, especially in the early phase (Iozzo et al. 1997; Wendt
et al. 2003). A blockade of VEGF can abolish hyper-filtration in
the glomerulus and inhibit the increase of uAlb; thus, it may
contribute to vascular permeability, functional and morphological
alterations in DN. CTGF is a downstream target of TGF-f3 in DN
and plays an important role in AGE-induced epithelial-to-
mesenchymal differentiation. Suppression of CTGF expression
may improve tubule glomerulosclerosis, albuminuria, and chron-
ic hyperglycemia in DN patients (Burns et al. 2006). The JNK
pathway can modulate the inflammatory cytokine signaling cas-
cade in mesangial cells (Kanwar et al. 2011). Accord to our
study, LMWEF could inhibit the expression of the inflammatory
cytokine mentioned above, relieving the inflammatory response
in the kidneys of DN rats. And compared to LMWF (200 mg)
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group, LMWF (100 mg) group relieved the inflammatory re-
sponse more remarkably. Thus, both LMWF (100 mg kg™
and LMWF (200 mg kg ") could prevent AGE generation and
accumulation in DN rats also protect HA from degradation, es-
pecially in LMWEF (100 mg) group. It is able to maintain the
integrity of GBM and improve the glomerular filtration function.
Furthermore, LMWF relieves the inflammatory response
through the signaling cascade.

However, different doses of LMWF may affect DN in var-
ious ways. High dose of LMWF (200 mg kg ") could inhibit
body weight losing better than low dose of LMWF
(100 mg kg "), the diagnostic indices of DN, such as M-TP
and uAlb, and serum biochemical indexes levels in rats treated
with high dose of LMWF were lower than that in rats treated
with low dose of LMWEFE. Meanwhile, high dose of LMWF
maintained more complete structure and function of glomerular
basement membrane in DN rats. But low dose of LMWF de-
creased inflammatory cytokines expression more effectively.

In conclusion, LMWF reduced the levels of UREA and
FRUC level in the blood, decreased M-TP and uAlb
levels in the urine, maintained the structural integrity of
the GBM and glomerulus, protected glycosaminoglycans
from abnormal degradation, inhibited AGE generation
and accumulation, and also suppressed the expression of
inflammatory cytokines, such as JNK, IL-6, VEGEF, and
CTGF. Consequently, the therapeutic mechanism to diabet-
ic nephropathy by LMWF is that LMWF improves the
glomerular filtration function and modulates inflammatory
response in kidney, and then ameliorates and slows down
the development and progression of DN in rats. This
study may provide a novel target and method for
preventing and curing the diabetic nephropathy.
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