
Anti-Diabetic and Anti-Nephritic Activities of Grifola
frondosa Mycelium Polysaccharides
in Diet-Streptozotocin-Induced Diabetic Rats Via
Modulation on Oxidative Stress

Ling Kou1 & Mingzhao Du1 & Peijing Liu1 &

Baohai Zhang1 & Yizhi Zhang2 & Ping Yang1 &

Mengyuan Shang1 & Xiaodong Wang1

Received: 24 February 2018 /Accepted: 3 June 2018 /
Published online: 26 June 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract Grifola frondosa is an edible fungus with a variety of potential pharmacological
activities. This study investigates the hypoglycemic, anti-diabetic nephritic, and antioxidant
properties of G. frondosa polysaccharides in diet-streptozotocin-induced diabetic rats. After a
4-week treatment with 100 mg/kg of metformin and 200 mg/kg of one of four different
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G. frondosa polysaccharide mixtures (especially GFPS3 and GFPS4), diabetic rats had
enhanced body weight and suppressed plasma glucose, indicating the hypoglycemic activities
of the G. frondosa polysaccharides. G. frondosa polysaccharides regulated the level of serum
creatinine, blood urea nitrogen, N-acetyl-β-D-glucosaminidase, and albuminuria; inhibited the
serum levels of interleukin (IL)-2, IL-6, and TNF-α; and enhanced the serum levels of matrix
metalloproteinase 9 and interferon-α, confirming their anti-diabetic nephritic activities.
G. frondosa polysaccharides ameliorated the pathological alterations in the kidneys of diabetic
rats. Moreover, G. frondosa polysaccharides modulated the serum levels of oxidant factors
such as superoxide dismutase, glutathione peroxidase, catalase, malondialdehyde, and reactive
oxygen species, revealing their antioxidant properties. Furthermore, the administration of
G. frondosa polysaccharides inhibited nuclear factor kappa B activities in the serum and
kidneys. All of the data revealed that the activation of nuclear factor kappa B plays a central
role in G. frondosa polysaccharide-mediated anti-diabetic and anti-nephritic activities.

Keywords Grifola frondosa . Anti-diabetes . Nephritic protection . Oxidative stress . Nuclear
factor kappa B

Introduction

As a metabolic disease, diabetes mellitus affects millions of people’s health and causes nearly
2.2% of all deaths worldwide (1). The imbalance of lipids, carbohydrates, and proteins, and
hyperglycemia are recognized as pathological symptoms of diabetes (2, 3). Persistent hyper-
glycemia associated with insulin secretion deficiency in diabetes patients leads to various
complications including nephropathy and retinopathy (1, 4). As reported, diabetic nephropathy
is more common in type 2 diabetic patients than in type 1 diabetic patients.

One of the most common complications, diabetic nephropathy, is a chronic inflammation
with high mortality and morbidity (5). The increased activation of intracellular signaling
molecules is responsible for the development of diabetic nephropathy; in particular, nuclear
factor-kappa B (NF-κB) plays a central role by regulating the levels of inflammatory cytokines
including interleukin (6). During this process, the phosphorylation of the inhibitor kappa B
(IκB) is required for NF-κB p65 activation (7). The oxidative system is reported to serve as a
therapeutic target for diabetic nephropathy (8). Superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) protect cell structure and membrane function (9). p65 is the initial point
for the arousal of the downstream antioxidant effect of NF-κB (10). The inhibition of NF-κB
may provide an effective treatment for diabetes (11). Most agents used clinically to treat
diabetes only control blood glucose levels and fail to improve complications (12). Some agents
display undesirable adverse effects during diabetes therapy such as insulin resistance and
hypoglycemia (13). Recently, many studies have examined the use of herbal medicines as safe
and efficient agents for treating diabetes mellitus.

Due to their limited adverse effects and Bsystemic therapeutic properties,^ herbal products are
recognized as a valuable reservoir for researchers seeking novel drugs (14). Cordyceps militaris
water and ethanol extracts have demonstrated excellent anti-diabetic and anti-nephropathic
activities in type 2 diabetic rats (15). Paecilomyces tenuipes has anti-hyperglycemic, anti-
hyperlipidemic effects through the modulation of anti-oxidative factors in diabetic mice (16,
17). Grifola frondosa, an edible fungus, has various effects on anti-tumor, anti-oxidation, and
immunoregulation (18). It has been confirmed thatG. frondosa regulates fat metabolism in animal
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models (19). In type 2 diabetic mice models, an alpha-glucan from the fruit body of G. frondosa
reduces the levels of blood sugar and cholesterol and improves insulin resistance (20). Addition-
ally,G. frondosa polysaccharides display antioxidant action that reduces the memory impairment
of old rats (21). In previous research, a range of bioactiveG. frondosa polysaccharides have been
isolated and shown to possess various biological activities such as anti-oxidative, immunomod-
ulatory, and anti-tumor activities (18). However, the anti-diabetic effects of the polysaccharides
obtained from the G. frondosamycelium via submerged fermentation and their oxidation-related
mechanisms have not yet been systematically reported.

Based on previous research, this study, performed on a high-fat diet–streptozotocin (STZ)-
induced type 2 diabetic rat model, investigated the anti-hyperglycemic and anti-diabetic
nephropathic activities of G. frondosa. Serum biochemical indexes including oxidant factors
and inflammatory factors were detected to verify the positive effects of G. frondosa. The
activities of NF-κB and IκBα were also analyzed to reveal the possible mechanisms of this
activity. Our data provide evidence supporting the use of G. frondosa as a functional food for
type 2 diabetic mellitus adjuvant therapy.

Methods and Materials

Extraction Preparation and Polysaccharide Separation

G. frondosa mycelium was obtained via submerged fermentation in a rotary shaker incuba-
tor (10 L, Biostat B; Germany). G. frondosa mycelium was extracted twice at 80 °C for 3 h
using 30-fold double-distilled (D.D.) water. After centrifuging at 6000 rpm for 10 min, the
supernatant was sequentially concentrated in an evaporator under reduced pressure. Later,
the existing protein in the crude extracts was precipitated using Sevag reagent (V (n-
butanol)/V (chloroform) = 1:4, 50 mL). Absolute ethanol was added to the supernatant to
ensure the final ethanol concentrations were 50, 60, 70, and 80% and named, respectively,
GFPS1, GFPS2, GFPS3, and GFPS4 (Fig. 1). The precipitations were collected, washed

Fig. 1 The scheme for extraction and isolation of polysaccharides from G. frondosa mycelium
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with ethanol, and dried to remove residual ethanol. According to the anthrone–sulfuric acid
method (22), the extraction rates (GFPS weight (g)/mycelium weight (g)) of GFPS1,
GFPS2, GFPS3, and GFPS4 were 0.18, 0.89, 2.43, and 2.78%, and the purities (polysac-
charide weight (g)/GFPS weight (g)) of GFPS1, GFPS2, GFPS3, and GFPS4 were 79.52,
75.91, 80.27, and 83.13%, respectively.

The LC-10ATvp high-performance liquid chromatography system (Shimadzu, Japan)
equipped with a TSK-GEL G4000PWXL column (Tosho Co., Japan) and an Alltech
2000ES Evaporative Light Scattering Detector (ELSD) (Shimadzu, Japan) were used to
evaluate the molecular weights of GFPS1 to GFPS4, as described in previous studies (23).
The dextran standards (molecular weights 5, 20, 50, 100, 200, and 400 kDa) were formulated
into a 2.0 mg/mL solution. D.D. water driven by double pumps (Waters 150; Millipore, USA)
provided the mobile phase with a flow rate of 0.45 mL/min. The aerosol level was 60%, the
drift tube temperature was 120 °C, and the column temperature was 40 °C. The dextran
standards were used to create a calibration curve, as previously described (24).

Diabetic Rat Model Establishment

The experimental protocol was approved by the Lab Animal Center of Jilin University. Male
Wistar rats weighing 160–180 g were maintained on a 12-h dark/light cycle at 22 ± 1 °C with
water and food available ad libitum.

Eighty-five rats were fed with a defined high-fat high-sucrose diet (HFHSD; 20%
sucrose, 12% lard, 0.5% cholesterol) for 8 weeks and then injected with 25 mg/kg of STZ
for 5 days (i.p.; once per day). Of the 85 experimental rats, 60 with fasting blood glucose
levels over 11 mmol/L were used as diabetic rats in the further experiments (25). Another 10
rats that were orally treated with D.D. water for weeks and injected with citrate buffer for
5 days served as the control group.

Drug Treatment Process

The control rats (CTRL) were orally treated with physiological saline for 4 weeks. The diabetic
rats were randomly divided into six groups and orally treated with physiological saline (Model
group), 100 mg/kg of metformin (Met group), and 200 mg/kg of either GFPS1, GFPS2,
GFPS3, or GFPS4 (G. frondosa polysaccharides groups) for 4 weeks. During the whole drug
treatment period, bodyweight and fasting blood glucose levels were measured every week. At
the end of the experimental period, blood and 24-h urine were collected for biochemical
criteria detection. Then, the rats were euthanized by injection with 200 mg/kg pentobarbital,
and the kidneys were collected for further experiments.

Biochemical Criteria Measurement

In the blood samples, the levels of blood urea nitrogen (BUN), serum creatinine (Scr), N-
acetyl-β-D-glucosaminidase (NAG), malondialdehyde (MDA), SOD, GSH-Px, reactive
oxygen species (ROS), and catalase (CAT) were detected using commercial assay kits
(Nanjing Jianchen Biotechnology Co. Ltd., Jiangsu, China). The levels of interleukin
(IL)-2, interleukin-2 receptor (IL-2R), IL-6, tumor necrosis factor-α (TNF-α), matrix
metalloproteinase 9 (MMP-9), interferon-α (IFN-α), and phosphor-NF-κB p65 were
determined by enzyme-linked immunosorbent assay (ELISA) kits (RND, USA). In the

Appl Biochem Biotechnol (2019) 187:310–322 313



urine samples, the levels of albuminuria were measured by commercial assay kits
(Nanjing Jianchen Biotechnology Co. Ltd., Jiangsu, China).

Western Blot

The kidney tissues were homogenized as described in previous research (23). The protein
concentrations were determined by the Bradford method, and 30 μg of proteins was separated
using a 10% SDS-PAGE gel and transferred onto nitrocellulose membranes (0.45 μm; Bio
Basic, Inc. USA). After blocking via 5% BSA solution, the membranes were blotted with
primary antibodies of phosphor (P)-NF-κB p65, total (T)-NF-κB p65, P-IκBα, T-IκBα, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz, USA) (dilution of 1:2000)
at 4 °C overnight, and then incubated with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz, USA). Chemiluminescence was detected using ECL detection kits
(GE Healthcare, UK). Image J software was applied to quantified the bands’ intensities.

Histopathological Observation of Kidneys

The kidney samples were fixed with 4% neutral paraformaldehyde for 48 h, dehydrated by
passing successfully through different mixtures of ethyl alcohol–water, cleaned in xylene, and
embedded in paraffin. Then they were sliced into 6-μm-thick sections. After staining with
hematoxylin and eosin (HE) and periodic acid Schiff (PAS), histologic examinations were
visualized using an IX73 inverted microscope (Olympus, Japan) (26).

Statistical Analysis

All of the values were expressed as mean ± SEM. One-way analysis of variance (ANOVA)
followed by Dunn’s tests were used to detect statistical significance. A value of P < 0.05 was
considered significant.

Results

Hypoglycemic Effect of G. frondosa Polysaccharides

The extraction rates, purity, peak retention time, and molecular weight of the GFPSs
are shown in Table 1.

Table 1 Effects of ethanol ratios on yield and molecular weight of polysaccharides from Grifola frondosa
mycelium

Ethanol
concentration

Name Extraction
rate (%)

Purity
(%)

Peak
retention
time (min)

Molecular
weight (Da)

50% GFPS1 0.23 79.52% 8.32–13.25 2221–30,637
60% GFPS2 0.89 75.91% 11.74–12.85 2429–9624
70% GFPS3 2.43 80.27% 12.99–16.87 853–4688
80% GFPS4 2.78 83.13% 13.45–22.34 55–3354
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Compared with normal rats, the 8-week HFHSD fed and 5-day STZ injection groups had
low growth rates and high blood glucose levels throughout the whole drug administration
period (P < 0.05; Tables 2 and 3). Doses of 200 mg/kg of GFPS2, GFPS3, and GFPS4 had
effects similar to Met (100 mg/kg), which strongly increased body weight by more than 13.8%
(P < 0.05; Table 2) and reduced fasting blood glucose levels by over 30.2% (P < 0.05; Table 3)
compared to diabetic rats.

Renal Protection of G. frondosa Polysaccharides

In diabetic rats, abnormally high levels of BUN, Scr, and NAG in serum, and high concen-
trations of albuminuria in urine were noted, which are all considered hallmarks of diabetic
nephropathy (27). The 4-week administration of GFPS4 strongly down-regulated all of these
factors (P < 0.05; Table 4), unlike Met, which failed to influence any of these levels (Table 5).
GFPS3 suppressed the high levels of Scr, albuminuria, and NAG more than 25% compared to
diabetic rats (P < 0.05; Table 4). However, GFPS2 only significantly inhibited the serum levels
of NAG (P < 0.05; Table 4).

In diabetic rats, high levels of IL-2, IL-2R, IL-6, TNF-α, and IFN-α, and low levels of
MMP-9 were observed, which is consistent with previous research findings that hyperglyce-
mia causes kidney damage by disturbing multiple inflammatory factors (P < 0.05; Table 5).
Met significantly reduced the levels of IL-6, TNF-α, and IFN-α (P < 0.05; Table 5), but failed
to influence IL-2, IL-2R, or MMP-9 levels. Both GFPS1 and GFPS2 had no detectable effects
on any of these factors. Although it did not affect IL-2R and IFN-α, GFPS3 resulted in a more
than 14% reduction in IL-2, IL-6, and TNF-α, and a 19% reduction in MMP-9 (P < 0.05;
Table 5). Furthermore, GFPS4 normalized all of the inflammation-related factors except for IL-
2R in diabetic rats (P < 0.05; Table 5).

Furthermore, HE and PAS staining revealed that compared to the control rats, the kidneys
of the diabetic rats had degenerated glomeruli, mesangial expansion, and thickened basement
membranes (Fig. 2a, b). GFPS significantly ameliorated the incidence of glomerular basement
membrane thickening ormesangial proliferation and inflammatory infiltrate injuries (Fig. 2a, b).
In the kidneys of the diabetic rats, a large number of glycogen-filled proximal tubules and
extracellular matrix deposit were found through PAS-positive areas, which were all strongly
relieved by GFPSs, especially GFPS3 and GFPS4 (Fig. 2b).

Table 2 The effects of G. frondosa polysaccharides on body weights in diabetic rats

Doses (mg/kg) 4-week drug treatment

0 1 2 3 4

CTRL – 423.3 ± 28.2 414.3 ± 29.8 435.2 ± 31.9 441.2 ± 30.4 451.5 ± 29.8
Model – 356.2 ± 31.1# 323.4 ± 28.1## 319.7 ± 29.2## 298.9 ± 35.7## 287.0 ± 34.4##

Met 100 361.9 ± 34.3 336.6 ± 38.9 345.9 ± 36.7 348.1 ± 30.2* 359.0 ± 38.4 *
GFPS1 200 351.7 ± 34.8 318.8 ± 31.8 312.8 ± 29.8 322.2 ± 49.1 320.7 ± 39.2
GFPS2 348.6 ± 28.5 329.6 ± 32.9 319.7 ± 30.5 329.9 ± 29.8 339.5 ± 32.5*
GFPS3 349.1 ± 29.5 323.8 ± 35.8 325.1 ± 30.6 340.5 ± 32.7* 352.9 ± 28.0*
GFPS4 355.1 ± 31.2 333.0 ± 28.9 335.1 ± 30.8 339.2 ± 38.7* 360.0 ± 39.8*

Data are expressed as mean ± SEM (n = 10) and analyzed by using a one-way ANOVA

#P < 0.05 and ##P < 0.01 vs. normal rats, *P < 0.05 vs. diabetic rats
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Anti-Oxidative Effects of G. frondosa Polysaccharides

The imbalance of oxidative factors is not only responsible for hyperglycemia but also for
inflammation, which may be directly associated with SOD, GSH, and ROS (28). Compared
with diabetic rats, the GFPS3 and GFPS4 groups had strongly enhanced levels of SOD, GSH-
Px, and CAT, and reduced levels of MDA and ROS (P < 0.05; Table 6). GFPS2 only enhanced
the serum levels of GSH-Px and CAT (P < 0.05; Table 6). Furthermore, neither the Met nor the
GFPS1 group showed any effects on the chosen oxidative factors (Table 6).

Regulatory Effects of G. frondosa Polysaccharides on NF-κB

NF-κB has been found to regulate multiple inflammatory factors including interleukin.
The regulation of NF-κB transcriptional activity is related to the phosphorylation of IκB
and the NF-κB p65 subunit. In serum, high levels of phosphor-NF-κB and p65 were
noted in diabetic rats, and were significantly suppressed in the Met, GFPS3, and GFPS4
groups (P < 0.05; Fig. 3a). Similar results for NF-κB p65 and IκBα were noted in the
kidneys by the Western blot test. GFPSs treatment strongly suppressed the high expres-
sion levels of P-NF-κB p65 and P-IκBα in the kidneys (P < 0.05; Fig. 3b).

Table 3 The effects of G. frondosa polysaccharides on fasting blood glucose levels (mmol/L) in diabetic rats

Doses (mg/kg) 4-week drug treatment

0 1 2 3 4

CTRL – 4.3 ± 0.7 4.4 ± 0.6 4.3 ± 0.7 4.7 ± 0.8 4.7 ± 0.7
Model – 14.6 ± 1.2## 15.2 ± 1.6## 15.1 ± 1.5## 16.8 ± 1.5## 16.9 ± 1.8##

Met 100 15.4 ± 1.5 15.2 ± 1.8 12.1 ± 1.4 10.1 ± 1.2 * 9.8 ± 1.4*
GFPS1 200 14.7 ± 1.5 15.1 ± 1.6 14.7 ± 1.5 13.6 ± 1.6 13.8 ± 1.7
GFPS2 15.0 ± 1.7 13.8 ± 1.8 12.5 ± 1.6 12.9 ± 1.9 11.8 ± 1.2 *
GFPS3 15.6 ± 1.8 14.1 ± 1.6 13.7 ± 1.4 12.5 ± 1.6 10.9 ± 1.4*
GFPS4 14.9 ± 1.8 14.4 ± 1.8 12.9 ± 1.6 11.2 ± 1.5* 10.5 ± 1.3*

Data are expressed as mean ± SEM (n = 10) and analyzed by using a one-way ANOVA. #P < 0.05 and
##P < 0.01 vs. normal rats, *P < 0.05 vs. diabetic rats

Table 4 The effects of G. frondosa polysaccharides on the levels of serum creatinine (Scr), blood urea nitrogen
(BUN), albuminuria and N-acetyl-β-D-glucosaminidase (NAG) in urine of diabetic rats

Doses
(mg/
kg)

Scr
(μmol/L)

BUN
(mmol/L)

Albuminuria
(mg/mL)

NAG
(U/L)

CTRL – 100.8 ± 10.2 6.2 ± 0.6 1.1 ± 0.1 25.8 ± 3.1
Model – 240.8 ± 16.2## 12.5 ± 1.1## 2.9 ± 0.4# 68.5 ± 5.8###

Met 100 238.4 ± 20.5 11.2 ± 1.2 3.1 ± 0.2 65.5 ± 6.8
GFPS1 200 228.9 ± 16.2 11.5 ± 1.2 2.8 ± 0.3 59.9 ± 7.2
GFPS2 239.3 ± 25.2 10.9 ± 1.1 2.9 ± 0.3 48.2 ± 5.6*
GFPS3 180.5 ± 20.2* 11.3 ± 0.8 2.1 ± 0.2* 45.9 ± 4.6*
GFPS4 208.5 ± 14.9* 9.3 ± 0.7* 1.8 ± 0.2* 48.9 ± 5.1*

Data are expressed as mean ± SEM (n = 10) and analyzed by using a one-way ANOVA

#P < 0.05, ##P < 0.01, and ###P < 0.001 vs. normal rats, *P < 0.05 vs. diabetic rats
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Discussion

A high-fat diet combined with SZT is commonly used to establish diabetic animal models,
especially models for type 2 diabetes mellitus (29). Compared with diabetic rats, the treated rats
had improved body weight and suppressed fasting blood glucose levels, verifying the hypergly-
cemic activity of G. frondosa polysaccharides. Although the dysfunction of β cell caused by
insufficient insulin has been shown to be responsible for hyperglycemia, this study fails to detect
whetherG. frondosa polysaccharides influence insulin synthesis or secretion. Further experiments
will focus on the ability of G. frondosa activities to protect against β-cell damage.

Table 5 The effects of G. frondosa polysaccharides on the levels of inflammatory factors in serum of diabetic
rats

Doses
(mg/kg)

IL-2
(pg/mL)

IL-2R
(pg/mL)

IL-6
(pg/mL)

TNF-α
(pg/mL)

IFN-α
(pg/mL)

MMP-9
(ng/mL)

CTRL – 51.2 ± 4.8 98.5 ± 9.1 31.8 ± 4.1 74.2 ± 6.2 175.8 ± 15.1 129.2 ± 13.8
Model – 73.6 ± 6.5# 152.3 ± 11.2## 45.9 ± 4.9# 91.2 ± 8.3# 325.1 ± 19.5## 87.2 ± 6.2##

Met 100 68.6 ± 5.2 148.7 ± 10.9 35.5 ± 4.1* 79.6 ± 5.9* 219.6 ± 18.9* 121.9 ± 14.2
GFPS1 200 72.3 ± 7.5 153.6 ± 14.8 42.9 ± 3.7 92.3 ± 9.5 298.8 ± 19.8 84.2 ± 7.9
GFPS2 69.5 ± 4.9 148.2 ± 13.4 39.8 ± 4.5 89.7 ± 7.6 309.5 ± 20.5 91.5 ± 6.9
GFPS3 62.5 ± 5.6* 142.5 ± 15.1 37.1 ± 3.5* 78.2 ± 6.8* 289.2 ± 21.1 108.8 ± 9.7*
GFPS4 60.1 ± 4.8* 140.5 ± 13.8 36.9 ± 3.9* 80.1 ± 5.3* 245.8 ± 16.8* 109.5 ± 10.2*

Data are expressed as mean ± SEM (n = 10) and analyzed by using a one-way ANOVA

#P < 0.05 and ##P < 0.01 vs. normal rats, *P < 0.05 vs. diabetic rats

Fig. 2 Histopathological analyses in kidney were applied via a H&E staining and b PAS staining (scale bar,
100 μm; magnification, ×40)
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As one of the most common microvascular complications of diabetes, the development of
diabetic nephropathy is related to inflammatory and immunosuppressive factors (30). The
levels of Scr, BUN, and albuminuria, which are considered indexes for kidney function, were
all normalized by the administration of G. frondosa polysaccharides, confirming their anti-
nephropathy properties. The imbalance of the oxidant system in diabetes favors the dysfunc-
tion of endothelial and controls the apoptosis of podocyte during diabetic nephropathy (31). In
diabetic patients, the disequilibrium of physical function, especially hyperglycemia, results in
the accumulation of intracellular ROS, which mediates the metabolic defects associated with
the diabetic state (32). SOD and GSH-Px, primary enzymes of enzymatic antioxidants, can
directly eliminate excess levels of ROS in diabetics (33). G. frondosa polysaccharides
enhanced the levels of SOD, GSH-Px, and CAT and also reduced the serum levels of MDA,
another oxidant factor producing lipid peroxidation, indicating the reduction in lipid peroxi-
dation and weaker oxidant stress (34). It has been confirmed that antioxidant agents success-
fully restored the alloxan-induced β-cell damages (35). C. militaris has been shown to promote

Table 6 The effects of G. frondosa polysaccharides on the levels of oxidative factors in serum of diabetic rats

Doses
(mg/kg)

SOD
(U/mL)

GSH-Px
(μmol/L)

CAT
(U/mL)

MDA
(nmol/mL)

ROS
(FI/mL)

CTRL – 328.7 ± 25.8 899.5 ± 50.2 201.2 ± 18.5 10.5 ± 1.4 415.2 ± 28.5
Model – 268.2 ± 20.8# 752.9 ± 61.2# 152.5 ± 12.9## 24.2 ± 1.6## 625.2 ± 45.6##

Met 100 250.9 ± 19.9 788.2 ± 64.1 148.2 ± 13.9 23.9 ± 2.2 639.2 ± 50.2
GFPS1 200 265.9 ± 28.9 802.9 ± 45.9 158.8 ± 10.9 23.5 ± 2.1 602.2 ± 38.8
GFPS2 244.8 ± 22.9 849.8 ± 56.7* 178.2 ± 15.8* 19.8 ± 1.8 612.8 ± 48.5
GFPS3 308.2 ± 19.8* 819.9 ± 62.5 188.2 ± 16.5* 15.2 ± 1.2* 525.5 ± 36.9*
GFPS4 299.8 ± 18.9* 905.2 ± 54.2* 205.9 ± 19.5* 12.3 ± 1.1* 498.5 ± 40.5*

Data are expressed as mean ± SEM (n = 10) and analyzed by using a one-way ANOVA

#P < 0.05 and ##P < 0.01 versus normal rats, *P < 0.05 versus diabetic rats

Fig. 3 Diabetic rats were treated with G. frondosa polysaccharides for 4 weeks, and a the levels of NF-κB in
serum and b the activity of NF-κB p65 and IκBα in kidney were detected via ELISA and western blot,
respectively. Quantification data of the expression of P-NF-κB were normalized by corresponding T-NF-κB.
Data are expressed as mean ± SEM (n = 10) and analyzed by using a one-way ANOVA. ##P < 0.01 vs. CTRL,
*p < 0.05 vs. diabetic rats
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hypoglycemic and anti-diabetic nephritic activity by regulating the oxidative system (25). In
this study, the anti-oxidative properties of GFPSs contributed to their anti-diabetic and anti-
nephritic activities in diabetic rats.

G. frondosa polysaccharides regulated the levels of IL-2, IL-6, TNF-α, IFN-α, andMMP-9 in
serum. The overexpression of IL-2 is responsible for the regulation of endogenous cytokines,
which leads to deteriorating glomerular damages (36). The elevation of pro-inflammatory
cytokines, especially IL-6 and TNF-α, is associated with renal damage and B-cell development
(37). Elevated MMP-9 levels were noted during the enhanced inflammatory state in type 2
diabetics (38). As reported, NF-κB, a nuclear transcription factor, protects kidneys by controlling
the levels of inflammatory cytokine (39–41). The regulation of NF-κB transcriptional activity is
related to the phosphorylation of IκB and the NF-κB p65 subunit. Under hyperglycemic
conditions, the increased phosphorylation of IκBα leads to the activation of the NF-κB p65
subunit (42). However, excess ROS may lead to the nuclear translocation of NF-κB by phos-
phorylating IκB (43). The changing expression of phosphor-NF-κBwas noted in cobalt chloride-
mediated oxidative stress and inflammation in human renal proximal tubular epithelial cells (44).
In cationic bovine serum albumin (C-BSA)-induced membranous glomerulonephritis rat models,
C. militaris fruit body extracts displayed significant renal protection by attenuating oxidative
stress and inflammation (23). Together, these results suggest that NF-κBmay play a central role in
GFPSs-mediated antioxidant and anti-inflammation activities in diabetic rats.

This study has several limitations. Previous studies have shown that molecular weight,
chemical composition, glycosidic linkages, and degree of branching can strongly influence the
bioactivities of polysaccharides (45). However, although we observed that GFPS3 and GFPS4
were more effective than the other polysaccharides, we failed to determine the relationship
between their activities and characteristics in the results of this study. The GFPSs obtained from
G. frondosa mycelium were not pure enough to systematically identify their structures.

In conclusion, in diet-STZ-induced type 2 diabetic rats, the hypoglycemic, anti-diabetic
nephritic, and antioxidant properties of G. frondosa polysaccharides were successfully con-
firmed. Specifically, they suppressed fasting plasma glucose levels, regulated serum biochem-
ical indices, and balanced the state of the oxidative system. We also found that NF-κB plays a
central role in these effects. Although further investigation is needed, this study supports the
use of G. frondosa as an anti-diabetic and anti-nephritic agent or functional food.
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