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A B S T R A C T

GFP-N, a novel heteropolysaccharide with a molecular weight of 1.26×107 Da, was isolated from maitake
mushroom and purified by anion-exchange chromatography on a DEAE cellulose-52 column and gel-filtration
chromatography on a Sephadex G-100 column. Its structure was characterized by Fourier transform infrared
spectroscopy and one-dimensional (1H- and 13C-) NMR spectra, 1He1H correlation spectroscopy, and 1He13C
heteronuclear single-quantum coherence spectroscopy. The structure of GFP-N consisted of L-arabinose, D-
mannose and D-glucose and mainly contained three kinds of linkage type units as →2,6)-α-D-Manp-(1→ 4, α-L-
Araf-C1→, and →3,6)-β-D-Glcp-(1→ . GFP-N could activate insulin receptor substrate 1, phosphatidylinositol-3-
kinase, and glucose transporter 4 and inhibit c-Jun N-terminal kinase 1/2 for hypoglycemic effects in diabetic
mouse livers. This is also the first report of the regulatory efficacy of Grifola frondosa polysaccharide on intestinal
microflora in vivo using single-molecule real-time sequencing. These results indicated that polysaccharide from
maitake mushroom could be as an enhancer to improve type 2 diabetes and a healthy food option to help
regulate gut microbiota in diabetic individuals.

1. Introduction

Plants have higher efficiency against the diseases and are regarded
as a natural treatment source with low-toxicity and various bioactivities
(Stefanucci et al., 2018; Zhao et al., 2018b). Type 2 diabetes mellitus
(T2DM) is an increasing global health problem. In recent years, con-
siderable attention has been paid to the beneficial effects of phyto-
chemicals on this disease. Plant extracts have great efficacy in produ-
cing numerous bioactive molecules dealing with the problem of
diabetes mellitus and its associated syndromes (Picot et al., 2017;
Mollica et al., 2017a, 2017b). Polysaccharides are a class of important
compounds that prevent diabetes mellitus. In addition, they have been
demonstrated to possess various physiological and biological activities,
such as anti-aging (Chen et al., 2018) and anti-cancerous (Zhang et al.,
2017).

Several mushroom species have been used in traditional medicine
and have been shown to exert anti-diabetic effects. Grifola frondosa, also

known as maitake, is a basidiomycete fungus belonging to the
Polyporaceae family (Ma et al., 2015). Various functional constituents
of G. frondosa have drawn considerable attention worldwide. G. fron-
dosa contains an average dry weight of 33.53% and 47.84% carbohy-
drates in fruiting bodies and mycelia, respectively (Huang et al., 2011),
and a high amount of (1→ 3,1→ 6)-β-D-glucans account for 13.2% of
the water-soluble polysaccharides (Su et al., 2016). Cui et al. (2013)
found that G. frondosa polysaccharide (GFP) was composed of (1→ 3)-
linked-β-D-Manp, (1→ 3,6)-linked-β-D-Manp, and (1→ 6)-linked-α-D-
Galp. GFP represents an important active substance with various bio-
logical functions, such as immunomodulatory (Cui et al., 2006; Meng
et al., 2017), antidiabetic (Chen et al., 2018), anti-nephritic (Kou et al.,
2019), antioxidative (Chen et al., 2012), antitumoral (Fan et al., 2011),
antimicrobial (Gu et al., 2006), and antiviral (Zhao et al., 2016) ac-
tivities.

Statistics from the International Diabetes Federation (IDF) revealed
that 8.3% of adults have diabetes among 382 million people worldwide.
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As a prevalent chronic disease, T2DM is characterized by insulin re-
sistance (IR) and abnormal glucose metabolism. The insulin pathway is
a crucial target in preventing and controlling diabetes. Regulating
glucose by increasing insulin sensitivity or insulin secretion helps reg-
ulate glucose metabolism in insulin-resistant target tissues (Tian et al.,
2016). Phosphatidylinositol-3-kinase (PI3K), insulin receptor substrate
1 (IRS1), and glucose transporter 4 (GLUT4) play crucial roles in glu-
cose metabolism and insulin resistance. The mechanism begins with the
stimulation of insulin receptor intrinsic kinase activity to activate PI3K
signaling. Then, PI3K inhibits the c-Jun N-terminal kinase 1 (JNK1)
activity in succession. Moreover, GLUT4, which is regulated by insulin,
is able to reduce glucose levels through participating in the IRS/PI3K
signaling pathway (Chen et al., 2018). Since most antidiabetic drugs for
diabetes have significant side effects, effective and low-toxicity drugs
are urgently needed.

It has been verified that the alteration of gut microbiota is a new
vital factor in the development of insulin resistance and T2DM (Zhao
et al., 2018c). Gut microbiota may be related to disruptions in host
metabolism, such as IR (Turnbaugh et al., 2006). Currently, multiple
kinds of carbohydrates have various effects on intestinal ecology via gut
symbionts (Shang et al., 2017). Polysaccharides could potentially im-
prove gut health and play a dominant role in forming and changing the
bacterial community composition of the human gut (Fu et al., 2018;
Zhao et al., 2018c). However, the effect of GFP on the gut microbiota
changes is unclear in recent research. Single-molecule real-time (SMRT)
sequencing technology enables the depiction of the entire gut micro-
biota profile by a noncultivation-based approach. Several studies have
shown that SMRT is powerful in depicting the 16S rRNA gene-based
profile of microbiota present in a wide range of samples. Compared
with second-generation sequencing, it can read, on average,
5,000–15,000 bp, a few hundred base-pairs longer than before with
more sensitivity and accuracy (Lee et al., 2016).

The impacts of oral GFP administration on host hyperglycemia and
gut microbes have not yet been reported. In our previous research, the
antidiabetic potential of G. frondosa polysaccharide was determined
only in IR-HepG2 cells (Chen et al., 2018). The antidiabetic potential of
the purified water-extractable heteropolysaccharides isolated from G.
frondosa and their molecular mechanisms are insufficient at present.
Therefore, we identified the structural characteristics and properties of
a novel GFP-N and its antidiabetic activity in streptozotocin-induced
type 2 diabetic mice. Furthermore, this is the first report of the reg-
ulatory efficacy of G. frondosa polysaccharides on the gene expression
profile and intestinal microflora in vivo by SMRT.

2. Materials and methods

2.1. Preparation of G. frondosa polysaccharide

The dried powders (50 g) prepared from G. frondosa were extracted
with hot ultrapure water (1:30, g/mL) by an ultrasonic extractor at
50 kHz for 30min. After further extraction in a water bath at 90 °C for
3 h, the suspension was centrifuged at 5000 rpm for 15min and con-
centrated with a vacuum evaporator at 65 °C. Four volumes of anhy-
drous ethanol were added to concentrated GFP. The crude GFP was
removed protein by the Sevag method and dialyzed by 7 kDa Mw cutoff
dialysis membranes for 48 h. The samples were fractionated with a
column (2.6 cm×60 cm) of DEAE cellulose-52 (Beijing Solarbio
Science & Technology Co., Ltd, China) and column (1.6 cm×100 cm)
of Sephadex G-100 (Beijing Solarbio Science & Technology Co., Ltd,
China) with 0.1mol/L NaCl. The collected liquid was monitored with
the phenol-sulfuric acid (Li et al., 2009). The main purified fraction
named GFP-N was collected after dialysis for 48 h and lyophilized for
further studies.

2.2. Molecular weight analysis of GFP-N

The molecular weight of GFP-N was determined by a MALLS system
(Wyatt Technology, Santa Babara, USA), which was coupled with gel
permeation chromatography (GPC) (Agilent, USA) and a refractive
index detector for analysis. The chromatographic system was composed
of a degasser, a high-performance pump, an injection valve fitted with a
1mL loop and a GPC column (Shodex OHpak SB-806 HQ, Showa
Denko, Tokyo, Japan), which were connected in tandem. The GFP-N
(10mg/mL) dissolved in 0.1 mol/L NaCl was filtered before injection
and eluted with the degassed and 0.1mol/L NaCl in ultrapure water at a
flow rate of 0.5mL/min. The dn/dc value of GFP-N was 0.135mL/g at
658 nm and 25 °C. The data were recorded and analyzed with Astra V
software.

2.3. Gas chromatography (GC) analysis

The monosaccharide composition was measured by our previous
methods (Chen et al., 2018; Zhao et al., 2016). Dried GFP-N (10mg)
was dissolved in 2mL of trifluoroacetic acid (2mol/L) and hydrolyzed
for 6 h at 100 °C. The soluble fraction was dried with running nitrogen.
The product mixed with hydrochloric acid hydroxyl (10mg) and Ac2O-
pyridine (0.5 mL) and incubated at 90 °C for 30min and further in-
cubated with 0.5mL of acetic anhydride at 90 °C for 30min. A GC
equipped with an HP-5MS capillary column
(0.25 mm×30m×0.25 μm) and a flame ionization detector was used
to determine the monosaccharide concentration. All products were
carried by gaseous nitrogen. Conditions were as follows: an injector
temperature of 250 °C, a detector temperature of 250 °C, and a column
temperature of 210 °C.

2.4. Fourier transform infrared (FT-IR) spectroscopy

The mixture (10mg dried GFP-N with 200mg KBr) was pressed into
1.0 mm thick or less for infrared analysis. FT-IR spectra were recorded
on a Perkin-Elmer spectrum GX FT-IR system (PerkinElmer, USA) in the
region of 4000–400 cm−1. The major peaks (intensity and wave-
number) of GFP-N were identified and analyzed using the instrument
software (EZ OMNIC 6.0, Thermo Electron Corporation, Madison, USA).

2.5. Nuclear magnetic resonance (NMR) spectroscopy analysis

Structural characterization of GFP-N was analyzed by one- and two-
dimensional NMR investigations. Twenty milligrams of GFP-N were
dissolved in CD3OD and lyophilized three times. 1H and 13C-NMR
spectra of GFP-N were recorded on a 600-MHz Bruker INNOVA 600 NB
NMR spectrometer and a 500MHz Bruker NMR spectrometer (Bruker,
Rheinstetten, Germany) at 25 °C, respectively. Heteronuclear single-
quantum correlation (HSQC) and two-dimensional correlated spectro-
scopy (COSY) were also used for GFP-N identification. Two-dimen-
sional NMR experiments were performed in phase-sensitive mode and
carried out following the standard operating procedures of the Bruker
Company. The chemical shifts of NMR were calculated by using
MestReNova 8.0 software (Mestrelab Research, Escondido, USA).

2.6. Animals, diabetes induction and experimental design

Male ICR mice (18–22 g) provided by Fuzhou General Hospital of
Nanjing Military Region (FGHNMR) were housed in sanitized poly-
propylene cages (SPC) under a well-maintained and hygienic environ-
ment (temperature 22 ± 2 °C, 55 ± 5% humidity, and 12 h/12 h
light/dark cycle) and had free access to basic chow and water. All ex-
perimental protocols were approved by the board of FGHNMR (No.
FZJQ2011018). After one week, 10 mice were randomly selected as the
normal group and continued to feed on basic chow, and all the others
were used for type 2 diabetic animal models by the previous method
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(Zhao et al., 2018a). These mice were then regrouped as follows: con-
trol group and GFP-N treatment groups that were treated with 75 and
150mg/kg body weight. Animals in the normal and control groups
were given saline daily.

2.7. Assessment of hypoglycemic activity

The FBG and body weight were measured after GFP-N treatment for
0, 14, and 28 days. FBG levels were detected by OMRON Active Glucose
Monitor (Kyoto, Japan). After gavage with GFP-N for 4 weeks, all mice
were fasted for 12 h with free access to water for the oral glucose tol-
erance test, which is usually used to test for diabetes, insulin resistance,
and rarer disorders of carbohydrate metabolism. Animals were orally
administrated with 2 g/kg glucose. Blood glucose was measured at 0,
0.5, and 2 h after glucose administration. The area under curve (AUC)
value was used for estimating the ability to regulate blood sugar and
calculated as follows: AUC=0.5 (G0 h + G0.5 h) × 0.5 + 0.5 (G2

h + G0.5 h)× 1.5.

2.8. Analysis of glycated hemoglobin and β-cell function

The blood of mice was collected, and the clear serum was separated
for the measurement of glycated hemoglobin (HbA1c) and fasting
serum insulin (FSI) by ELISA Kits (Mlbio, China). Homeostatic model
assessment (HOMA) was used to quantify insulin resistance and β-cell
function. HOMA-β values were measured based on the values of FBG
and FSI, which were calculated as follows: HMOA-β = (20×FSI)/
(FBG-3.5).

2.9. Histopathological analysis

All animals were anatomized after an intraperitoneal injection of
7% chloral hydrate (0.5 mL/100 g body weight). The liver and kidney
were fixed in 10% formalin after excision and washing. The paraffin-
embedded 2-mm tissue slices were stained by hematoxylin and eosin (H
&E) for histopathological analysis.

2.10. Bioinformatic analysis of gut microbiota in response to GFP-N by
SMRT

The DNA of the excrement of each animal was extracted using an
OMEGA DNA isolation kit (Omega, D5625-01, USA) according to the
manufacturer's instructions. The specific 16-bp barcode sequence was
added to the primer in the conserved region. PCRs contained 5 μL of Q5
reaction buffer (5× ), 5 μL of Q5 High-Fidelity GC Buffer (5× ),
0.25 μL of Q5 High-Fidelity DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of
dNTP mixture, 2 μL (10 μM) of primers 27F (5′-AGAGTTTGATCMTGG
CTCAG-3′) and 1492R (5′-ACCTTGTTACGACTT-3′), 2.5 ng of DNA
template, and up to 25 μL of ddH2O. The following thermal cycling
conditions were used: initial denaturation at 98 °C for 2min; followed
by 25/10 cycles consisting of denaturation at 98 °C for 30 s, annealing
at 55 °C for 30 s, and extension at 72 °C for 90 s; and a final extension at
72 °C for 5min. PCR amplification products were purified by Agencourt
AMPure Beads (Beckman Coulter, Indianapolis, IN), quantified using
the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) and
then sequenced using the PacBio Sequel System. Raw data were pro-
cessed by applying the PacBio SMRT Link portal (version 5.0.1.9585).
The restrictive filtering parameters of minimum full passes, minimum
predicted accuracy, and maximum read length of inserts were set at 3,
99, and 2000, respectively. The bioinformatic analysis was performed
on the extracted high-quality sequences using the Quantitative Insights
Into Microbial Ecology (QIIME) package (Version 1.8.0, http://qiime.
org). The high-quality unique sequences were classed into operational
taxonomic units (OTUs) at the threshold of 97% similarity by UCLUST.
The significance of differentiation of microbiota structure among
groups was assessed by PERMANOVA (permutational multivariate

analysis of variance) and ANOSIM (analysis of similarities) using R
package “vegan”. The taxonomy compositions and abundances were
visualized using MEGAN and GraPhlAn.

2.11. RNA extraction and real-time PCR

Total RNA from liver tissues was extracted using an RNA extraction
kit (Takara, Japan). The PrimeScript™ RT reagent Kit (Takara, Japan)
was used for cDNA synthesis. Real-time PCR of JNK1/2, IRS1, PI3K,
GLUT4, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
conducted to monitor gene expression levels using SYBR Green PCR
Master Mix (Takara, Japan) on an AB7300 Real-Time PCR system
(Applied Biosystems, Foster City, USA). The specific primers listed were
as follows: JNK1, F: 5′-CAGAAGCAAACGTGACAAC-3′, R: 5′-AAGAAT
GGCATCATAAGCTG-3’; JNK2, F: 5′-CAAGGGATTGTTTGTGCTGC-3′, R:
5′-TGGTTCTGAAAAGGACGGCT-3’; IRS1, F: 5′-AAGGAGGTCTGGCAG
GTTATC-3′, R: 5′-ATGGTCTTGCTGGTCAGGC-3’; PI3K, F: 5′-CCAAAT
GAAAAGAACGGCTA-3′, R: 5′-GCGACTTCAGCTTATCATGG-3’; GLUT4,
F: 5′-AACGGATAGGGAGCAGAAACCCAA-3′, R: 5′-GTGCAAAGGGTGA
GTGAGGCATTT-3′, and GAPDH, F: 5′-TGAAGCAGGCATCTGAGGG-3′,
R: 5′-CGAAGGTGGAAGAGTGGGAG-3’. The reaction conditions were as
follows: initial activation at 95 °C for 30 s, followed by 45 cycles of
denaturation at 95 °C for 3min, annealing at 57 °C for 7 s, and extension
at 72 °C for 15 s. The relative expression levels of target mRNAs were
normalized by GAPDH signals.

2.12. Western blot analysis

The total protein of liver tissues was extracted by RIPA lysis, and its
concentration was determined using a BCA protein assay kit (Pierce,
Rockford, IL). Proteins were subjected to SDS-PAGE and transferred to
immunoblot PVDF membranes (Millipore, Billerica, MA). The PVDF
membranes were blocked with blocking buffer for 2 h at 37 °C. The
membranes were incubated at 4 °C overnight with the primary antibody
solutions, including GAPDH, IRS1, JNK1/2, PI3K, or GLUT4 (Abcam,
Cambridge, UK), and further incubated with anti-rabbit antibodies
conjugated to alkaline phosphatase for 1 h at 37 °C. The membranes
were washed four times with TBS-Tween 20 (TBST) after each in-
cubation. Immunolabeled proteins were visualized by the BCIP/NBT
Alkaline Phosphatase Color Development Kit (Beyotime, Shanghai,
China).

2.13. Statistical analysis

The dates of all experiments are expressed as the mean ± SD.
Statistical analyses were performed using SPSS (ANVOA, SPSS 16.0),
and p < 0.05 was considered significant.

3. Results and discussion

3.1. Purification, monosaccharide composition, and molecular weight
analysis of GFP-N

GFP-N was separated and purified successively using DEAE cellu-
lose-52 and Sephadex G-100 column chromatography with 0.1mol/L
NaCl solutions as the mobile phase (Fig. 1). One peak in the logarithmic
plot of the molecular weight of GFP-N appeared at 9.46–16.27min
(Fig. 1a). The average molecular weight (Mw) of GFP-N was
1.26×107 Da, and the molar masses (Mn) was 6.90× 106 Da. The
analysis of monosaccharides of GFP-N by GC was observed
(Supplementary Fig. S1). It mainly consisted of L-arabinose, D-mannose
and D-glucose with molar ratios of 3.79:1.00:49.70.

3.2. FT-IR spectra analysis of GFP-N

FT-IR spectra recorded in the region 4000–400 cm−1 were used to
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detect the structure of GFP-N (Fig. 1d). In the spectrum, a strong OeH
stretching vibration of the sugar ring was observed at 3392 cm−1. The
absorption peak of 2928 cm−1 was the CeH stretching vibration band
of methyl or methylene. The peaks from 1400 to 1200 cm−1 re-
presented CeH bending vibration. These regions have displayed the
structural features of polysaccharides. In addition, the two stretching
vibration peaks at 1154 cm−1 and 1080 cm−1 in the spectrum sug-
gested the presence of CeOeC and CeOeH (Zhao et al., 2016). Dis-
appearance of the peaks at 1750 cm−1 manifested the absence of car-
boxyl functional groups (Chen et al., 2015). Moreover, the absorption
peaks in the 1419–1030 cm−1 region suggested the presence of pyr-
anoside (Ma et al., 2015; Yu et al., 2009). The absorption peak at
1080 cm−1 also showed that GFP-N contained the β-glucosidic linkages
of the glucosyl residues. The weak absorption peak at 931 cm−1 was
characteristic of pyranose, while the peak at 761 cm−1 corresponded to
the stretching vibration of D-pyranose.

3.3. NMR analysis

The results of GFP-N by 1H and 13C-NMR spectra are given in Fig. 2.
The chemical shifts in the ranges of 0.9–2.0 and 3.2–5.5 ppm in the 1H-
NMR spectrum display the characteristics of carbohydrates (Zhao et al.,
2016). No absorption peak was found at approximately 6.5–9.5 ppm,
which showed the existence of aromatic characteristics. The absorption
peaks at 4.1–2.5 ppm indicated the transformation of hydrogen atoms

from H-2 to H-6 in glycosidic bonds (Cheng and Neiss, 2012; Zhao et al.,
2016). Three major different anomeric carbon signals (98.54, 99.89,
and 102.37 ppm) were detected at 90–110 ppm in 13C-NMR (Fig. 2b).
No chemical shifts appeared at approximately 82–88 ppm, which sug-
gested the pyranose ring of GFP-N, consistent with the results men-
tioned above (Fan et al., 2006). The resonances of C-2 to C-5 on the
glycosidic ring at 65–79 ppm were observed. The C-6 for pyranoside
was found at 60.57 ppm. The structural characterization of GFP-N was
also detected for structure by GFP-N by 1He1H COSY and 1He13C
HSQC (Supplementary Fig. S2; Supplementary Table S1). The signals
were analyzed and found that GFP-N consisted mainly of three kinds of
sugar residues: →2,6)-α-D-Manp-(1→ 4, α-L-Araf-C1→ and →3,6)-β-D-
Glcp-(1→ (Bilan et al., 2010; Li et al., 2006; Wang et al., 2014). Ac-
cording to these studies, there was no reported structural component
the same as GFP-N. It could be concluded that GFP-N was a novel
polysaccharide isolated from G. frondosa.

3.4. Effect of GFP-N on body weight in diabetic mice

The variation in the body weight of mice was measured on days 0,
14, and 28 of treatment (Supplementary Fig. S3). Few alterations were
observed in the normal groups, but the body weight of the control
group decreased compared with that on day 0 of treatment. The body
weight of the GFP-N group after treatment was obviously lower than
that of the control group (p < 0.01). Furthermore, high-dose GFP-N

Fig. 1. Logarithmic plots of molecular weight (a) of GFP-N in GPC/MALLS system and its purification by DEAE cellulose-52 (b) and Sephadex G-100 (c) column
chromatography. And FT-IR analysis (d) of GFP-N at 4000 to 400 cm−1 in the carbohydrate region.
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treatment could increase the weight of mice in the short time period
and effectively improve diabetic symptoms.

3.5. Effect of GFP on blood parameters

The effect of GFP-N on FBG levels in diabetic mice after treatment is
shown in Fig. 3A. After 28 days of treatment, the FBG level of the mice

was significantly lower than that of the control group (p < 0.05). Mice
treated with low-dose GFP-N (M-75) showed decreased FBG levels
compared with high-dose GFP-N (M-150) on the 14th day. As an in-
dicator, glucose tolerance plays a crucial role in reflecting the degree of
T2DM. The AUC of glucose in different groups is shown in Fig. 3B. The
integrated AUC for glucose was significantly higher in the control group
than that in the normal group (p < 0.05), which indicated that diabetic

Fig. 2. 1H- (a) and 13C- (b) NMR spectral analysis of GFP-N recorded in CD3OD.

Fig. 3. The effects of blood glucose levels (a), and oral glucose tolerance (b), HbA1c (c), and HOMA-β (d) in streptozotocin/high fat diet-induced type 2 diabetic mice
after treatment with GFP-N at 75mg/kg body weight (M-75) and 150mg/kg body weight (M-150). Values are expressed as mean ± SD (n= 8). ∗p < 0.05,
∗∗p < 0.01 indicated statistical significance compared with control group, respectively; while #p < 0.05, ##p < 0.01 indicated statistical significance compared
with normal group.
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mice showed significant impairment in glucose tolerance to exogen-
ously administered glucose. GFP-N treatment showed a significantly
lower AUC value than that of diabetic animals, particularly at a dose of
150mg/kg body weight. Four weeks after treatment, GFP-N sig-
nificantly decreased the HbA1c values (p < 0.05) (Fig. 3C). Mean-
while, GFP-N enhanced the HOMA-β level and improved the function of
islet β-cells in diabetic mice (Fig. 3D). These results indicated that mice
fed with GFP-N could maintain normal biochemical blood parameter
levels.

3.6. Effect of GFP-N on the histopathology of the liver and kidney

Histological analysis of H&E-stained liver and kidney sections was
conducted (Fig. 4). The hepatocytes of mice in the normal group were
arranged in an orderly manner and distributed radially around hepatic
cords (Fig. 4A). The dispersive hepatocyte and collapse of the hepatic
lobule in the control group indicated local hepatocyte necrosis and
moderate portal inflammation (Fig. 4B). By comparison, the liver in-
flammation symptoms were significantly ameliorated through GFP-N
treatment. Moreover, GFP-N at 150mg/kg showed a relatively orderly
arrangement of the choroid structure and efficient amelioration of lipid
accumulation in hepatocytes (Fig. 4D). The renal tubule was tightly
sealed with the renal corpuscle, and the nephrocytes were arranged
regularly in the normal group (Fig. 4a). However, an increased in the
volume and number of glomerulus cells and the glomerulus edema
phenomenon of epithelial cells occurred in the control group (Fig. 4b).
However, GFP-N administration relieved the inflammation developed
in the kidney and weakened the vacuolation of renal epithelial cells.
The volume of the renal corpuscle decreased in both the low- and high-
dose GFP-N groups, and the nephrocytes were more neatly arrayed,
especially in the high-dose group (Fig. 4c and d).

3.7. Effects of GFP-N on the insulin signaling pathways

Real-time qPCR and western blotting were carried out to analyze the
mRNA and protein expression of key genes in the insulin signaling
pathway (Fig. 5). The transcription of IRS1 and PI3K was limited in the
control group when compared with the normal group. The mRNA ex-
pression of JNK1/2 increased significantly and indicated that abnormal
gene transcription of the insulin signaling pathway eventually led to
decreased transshipment capacity of glucose and insulin resistance.
GFP-N at both dose levels upregulated the mRNA expression of IRS1
and PI3K and downregulated the expression of JNK1/2 mRNA sig-
nificantly (Fig. 5A). The same results were achieved in the protein ex-
pression (Fig. 5B). In the low-dose GFP-N treatment group, the PI3K
level was increased and JNK1 was reduced significantly

(Supplementary Fig. S4). IRS1 plays an important role as a mediator of
insulin and cytokine signaling conduction. When insulin is combined
with the insulin receptor located in the membrane of myocytes, the
insulin receptor autophosphorylates and catalyzes the tyrosine phos-
phorylation of IRS1, which then binds to PI3K and subsequently acti-
vates molecular Akt/PKB. These steps ultimately are activated, re-
sulting in the translocation of GLUT4 from an intracellular pool to the
plasma membrane of myocytes to reinforce glucose transport. GLUT4
participates in the IRS/PI3K insulin signaling pathway through Akt,
which inhibits the activity of JNK, which indirectly affects the adequate
regulation of insulin by IRS1/PI3K (Chen et al., 2018). The results
mentioned above demonstrated that GFP-N can improve glucose con-
sumption and alleviate the condition of insulin resistance by increasing
the expression of IRS1/PI3K/GLUT4 genes/proteins and decreasing the
expression of JNK1/2 genes/proteins, thus improving glucose uptake in
the liver.

3.8. Species abundance and structure analysis of gut microflora

According to the OTU classification and determination, the bacterial
phyla of gut microbiota were classified using R language (Fig. 6a).
Compared with diabetic control mice, the number of Bacteroidetes
significantly increased, but the content of Firmicutes and Proteo-
bacteria decreased in the fecal samples of the GFP-N-fed mice. The
decrease in Bacteroidetes bacteria and the increase in bacterial abun-
dance of Firmicutes were related to the increase in dietary energy ab-
sorption and low level of inflammation (Turnbaugh et al., 2006). The
ratio of Bacteroidetes and Firmicutes was positively correlated with the
blood glucose concentration (Larsen et al., 2010). Verrucomicrobiae
may be a potential marker of T2DM as it had a significantly lower
abundance in both the pre-DM and T2DM groups. At the species level,
the composition of gut microbiota in the GFP-N-treated group was
generally similar to that in the normal group but exhibited large dif-
ferences when compared with the control group (Fig. 6b). After GFP-N
treatment, the relative abundances of Porphyromonas gingivalis, Akker-
mansia muciniphila, Lactobacillus acidophilus, Tannerella forsythia, Bac-
teroides acidifaciens, and Roseburia intestinalis were increased sig-
nificantly. Glycemic levels in diabetes are affected by the persistence of
P. gingivalis (Makiura et al., 2008). A. muciniphila was the first intestinal
microbial isolate of the phylum Verrucomicrobia and was more abun-
dant in T2DM patients compared to healthy controls (Qin et al., 2012).
The probiotic bacteria L. acidophilus exhibited a significant delaying
effect on the progression of diabetes induced by high fructose admin-
istration in rats (Yadav et al., 2007). B. acidifaciens has potential for the
treatment of metabolic diseases, such as diabetes and obesity (Yang
et al., 2017). The microbiome of type 2 diabetic patients is

Fig. 4. Effects of GFP-N on histomorphological changes of the liver (A–D) and kidney (a–d) in mice (Hematoxylin and eosin staining, 400× ). A & a: normal group; B
& b: control group; C & c: low-dose GFP-N (M-75) group; D & d: high-dose GFP-N (M-150) group.
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characterized by the depletion of several butyrate-producing bacteria,
including Roseburia intestinalis. Interestingly, the GFP-N intake induced
the interaction between the intestinal microbiome and host antidiabetic
effects, such as the genera Alloprevotella, Alistipes, Barnesiella, Blautia,
Desulfovibrio, and Parabacteroides. An increased relative abundance of
putative SCFA-producing bacteria, including Alloprevotella and Blautia,
promotes the remission of inflammation, insulin resistance, and T2DM
by reducing the intestinal endotoxins released into the circulation
(Zhang et al., 2018). Among the bacteria, Alistipes was positively cor-
related with inflammation and hyperglycemia but negatively correlated
with pancreas weight (Zhao et al., 2018a; Zheng et al., 2018). The
elevated abundance of Alistipes is closely associated with diabetes de-
velopment (Patterson et al., 2016). The genus Barnesiella might have
anti-inflammatory protection in mice. However, bacteria that increased
in the gut of type 2 diabetic patients also include Parabacteroides and
the sulphate-reducing bacteria Desulfovibrio (Stefanaki et al., 2017).
GFP-N significantly maintained the homeostasis of gut microbiota.

4. Conclusion

A novel polysaccharide from the G. frondosa fruiting body named
GFP-N was isolated and purified. It mainly consists of three kinds of
sugar residues →2,6)-α-D-Manp-(1→ 4, α-L-Araf-C1→ and →3,6)-β-D-
Glcp-(1→ . GFP-N treatment decreased the fasting blood glucose level,
improved oral glucose tolerance, alleviated insulin resistance, and
protected against liver and kidney injury with reduced inflammation in
diabetic mice. In particular, it ameliorated hepatic insulin resistance by
regulating the IRS1/PI3K and JNK signaling pathways. Moreover, the
higher Bacteroidetes abundance and lower Firmicutes and
Proteobacteria abundances were significantly present in the GFP-N-
treated groups. GFP-N also regulated the bacterial structure by in-
creasing the species abundance of Akkermansia, Lactobacillus, and
Turicibacter. Hence, the polysaccharide from G. frondosa has the po-
tential to be a natural source of functional foods and auxiliary hy-
poglycemic drugs.

Fig. 5. Effects of GFP-N on gene expression of liver tissue in mice. (a) Effects of GFP-W treatment on the mRNA expression levels of IRS1/PI3K/JNK and GLUT4; (b)
Signals were normalized with those of GAPDH and western blot analysis. ∗p < 0.05, ∗∗p < 0.01 indicated statistical significance compared with control group,
respectively; while, #p < 0.05, ##p < 0.01 indicated statistical significance compared with normal group.

Fig. 6. Effects of GFP-N on relative abundance of gut microbiota at the phylum (a) and species (b) levels.
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