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Abstract
Grifola frondosa is a medicinal macro-fungus with a wide range of biological activities. 
Polysaccharides from Grifola frondosa (PGF) play a positive role in regulating blood glu-
cose and alleviating kidney injury. Here, we investigated the exact mechanism of action 
by which PGF ameliorates diabetic nephropathy. Our results showed that PGF effectively 
improved glucose tolerance and insulin sensitivity in streptozocin (STZ)-induced DN 
mice. Additionally, administration of PGF also ameliorated renal function and inflam-
matory response in STZ-induced DN mice. Consistent with the in vitro results, the high 
glucose-induced inflammatory response and apoptosis of renal tubular epithelial cells 
were decreased by PGF treatment. Furthermore, PGF not only suppressed the expression 
of TLR4, but also more effectively protected the kidney and reduced the inflammatory 
response when TLR4 was inhibited. All these data revealed that PGF alleviates diabetic 
nephropathy by blocking the TLR4/NF-κB pathway.
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Introduction

Diabetic nephropathy (DN) is an important complication of diabetes mellitus and is the 
primary contributor to end-stage renal disease and kidney failure worldwide [1]. DN is 
characterized by rapid decline in renal blood filtration capacity, which causes increased 
albuminuria, decreased glomerular filtration rate and hypertrophied renal tubule epithelium 
[2]. Although DN is a non-immune disease, some studies suggested that inflammatory 
responses are in correlation with the pathogenesis and progression of this disease. This 
means that DN progression is accompanied by elevated levels of inflammatory cytokines, 
namely, IL-6, TNF-α, and TGF-β1 [3]. Moreover, the activation of inflammatory cytokines 
promotes abnormal secretion of extracellular matrix, causing diffuse thickening of base-
ment membrane and glomerulosclerosis in the kidney [4, 5].
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Toll-like receptors (TLRs), a kind of transmembrane receptor, can recognize exog-
enous pathogens or cell damage. Therefore, they are essential for immune response, cell 
signal transduction, and inflammatory response. TLR4 expression is increased in various 
cell types and organs of diabetic patients. TLR4 is activated by inducing innate immune 
response when tissue injury occurs, and the downstream myeloid differentiation factor 
88 (Myd88) is recruited for intracellular signal transducing, which then activates nuclear 
factor kappa-B (NF-κB) and upregulates inflammatory cytokines [6, 7]. Therefore, the 
positive regulation of the TLR4/NF-κB network may improve DN pathogenesis.

Grifola frondosa, a large medicinal and edible fungus, has been extensively stud-
ied [8]. Polysaccharide from Grifola frondosa (PGF) has been demonstrated to have 
a number of pharmacological properties, including anti-tumor [9], anti-oxidant [10], 
and anti-hyperlipidemic effects [11], suggesting the clinical and research value of 
PGF. In addition, our previous study revealed that PGF regulated glucose metabo-
lism and reduced the level of proteinuria and prevented renal fibrosis [12, 13]. Unfor-
tunately, the exact mechanism by which PGF alleviates renal injury in the progres-
sion of DN is still uncertain. Here, we delineated the potential molecular mechanism 
whereby PGF protects the kidneys against DN and examined whether this mechanism 
involves the TLR4/NF-κB network.

Materials and Methods

PGF Preparation

Grifola frondosa was obtained from the China General Microbiological Culture Collection 
Center (Beijing, China). PGF was isolated from the water extraction of Grifola frondosa 
as described in our previous studies [12]. In brief, the powder of Grifola frondosa was 
extracted thrice with boiling water, and the extract was filtered and concentrated. The pre-
cipitate was washed with ethanol and lyophilized to obtain PGF.

Experimental Animals and DN Induction

All animal protocols received ethical approval from the Zhuhai College of Science and 
Technology. Male C57BL/6  J mice (8-week-old) were obtained from Guangdong Labo-
ratory Animal Institution. After acclimatization for 7  days, eight mice were randomly 
selected as the negative control group (NC). The other mice were intraperitoneally admin-
istered with 60  mg/kg (dose/weight) streptozocin (STZ). The mice with blood glucose 
(BG) readings above 11.2 mmol/L and the level of urine microalbumin exceeded 30 mg/
day were selected as the DN model. The DN mice were then divided into 4 groups of 8 
mice per group: the diabetic nephropathy group (DN), low dosage of PGF (100  mg/kg, 
PGF100), medium dosage of PGF (300 mg/kg, PGF300), and high dosage of PGF (500 mg/
kg, PGF500). The dose of PGF was used according to the previous study [12]. Physiologi-
cal parameters, including BG and body weight (BW), were recorded every week. All mice 
were executed after 8 weeks of administration. Before killing, serum and kidney samples 
were collected and maintained at 80 °C until further analysis.
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Glucose and Insulin Tolerance Test

The mice were fasted at least 12 h with free access to water before oral glucose tolerance 
testing, glucose solution (2 g/kg) was administered directly into the stomach, and then the 
BG levels were recorded with the glucometer at 0, 15, 30, 60, and 120 min. The mice were 
also fasted before the insulin tolerance evaluation, insulin (0.75 U/kg) was intraperitoneally 
administered with a sterile gauge needle, and then the BG levels were recorded with a glu-
cometer at 0, 30, 60, and 90 min.

Biochemical Indexes and Inflammatory Cytokine Analyses

All experimental mice were housed in separate metabolic cages for 24  h before killing. 
Urine was collected to measure 24-h albuminuria. Serum creatinine (Scr) and blood urea 
nitrogen (BUN) were detected with the full-automatic biochemical analyzer (Hitachi, 
Japan). Inflammatory cytokines like IL-6, IL-1β, TGF-β1, and TNF-α in the serum were 
evaluated using ELISA kits (Invitrogen, USA), following kit directions.

Cell Culture and Treatment

For NRK-52E cells, a renal tubular epithelial cell line was acquired from The Cell Bank 
of Type Culture Collection (Shanghai, China) and grown in DMEM medium containing 
5.5  mM d-glucose, 10% fetal bovine serum, and 1% penicillin–streptomycin. The cells 
were pretreated with 30 mM high glucose (HG) for 24 h before exposure to varying PGF 
doses (10, 30 and 50 μM) for 24 h or 1 μM of the TLR-4 antagonist resatorvid (TAK242) 
12 h prior to PGF treatment.

qRT‑PCR

Total RNA was isolated from cells and renal tissues with the RNAiso plus reagent (Takara, 
Japan), before conversion into cDNA using PrimeScript RT master mix (Takara, Japan). 
Quantitative PCR was conducted with the SYBR Premix Ex Taq (Takara, Japan) on a 
CFX96 real-time PCR system (Bio-Rad, USA). Gene expression was adjusted to β-actin 
levels, with the ΔΔCt formula. Table 1 lists the primer sequences used in this study.

Table 1   The primer sequences employed in our research

Target gene Forward primer Reverse primer

β-actin CAT​CCG​TAA​AGA​CCT​CTA​TGC​CAA​C TTA​CAC​TCA​GAC​TCG​GCA​CTT​AGC​A
IL-6 ACA​ACC​ACG​GCC​TTC​CCT​ACT​ CAC​GAT​TTC​CCA​GAG​AAC​ATG​
IL-1β GTG​ATG​TTC​CCA​TTA​GAC​AGC​ CTT​TCA​TCA​CAC​AGG​ACA​GG
TGF-β1 TGC​GCC​TGC​AGA​GAT​TCA​AG AGG​TAA​CGC​CAG​GAA​TTG​TTG​CTA​
TNF-α CTA​CCT​TGT​TGC​CTC​CTC​TTT​ GAG​CAG​AGG​TTC​AGT​GAT​GTAG​
TLR4 TCC​TGT​GGA​CAA​GGT​CAG​CAAC​ TTA​CAC​TCA​GAC​TCG​GCA​CTT​AGC​A
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Western Blot Analysis

Kidney and cell lysate homogenates were prepared for protein extraction. Equal amounts 
of proteins were loaded into 10% SDS–polyacrylamide gels before transfer to PVDF mem-
branes (Bio-Rad, USA), which were then placed in 5% non-fat dry milk in PBS for 1 h, 
before an overnight 4  °C incubation with primary antibodies, followed by an additional 
incubation with secondary antibody, before protein visualization with a chemilumines-
cence imaging analysis system (Tanon 5200, China). The grey value of protein bands was 
quantified by ImageJ program. All employed antibodies were obtained from Proteintech 
Group, China.

Apoptosis Analysis

The apoptosis of NRK-52E renal tubular epithelial cells was assessed via the Annexin 
V-FITC/PI Apoptosis Detection kit (Beyotime, China), as per kit directions. Briefly, cells 
were collected and stained with Annexin V-FITC for 10 min in binding buffer, and then PI 
was added 10 min prior to testing. The apoptosis rate of cells was determined using Guava 
EasyCyte Flow Cytometer (Merck Millipore, Germany).

Statistical Analysis

The presented data are mean ± standard deviation (SD) of 3 separate experiments, unless 
otherwise specified. One-way ANOVA and Tukey’s post hoc test were employed for the 
determination of multiple group differences. GraphPad Prism Software version 8.0 (Graph-
Pad Software Inc., USA) was employed for statistical analyses. p < 0.05 was the threshold 
for significance.

Results

PGF Treatment Attenuates Fasting BG Levels and BW

To confirm whether PGF can alleviate typical symptoms in DN mice, we first measured 
fast BG levels and BW. Relative to the healthy NC mice, all STZ-induced mice displayed 
an apparent increase in BG levels at week 0, suggesting the successful establishment of 
the DN model (Fig. 1a). Then, the BG levels in DN mice remained persistently high in the 
subsequent weeks, while PGF treatment slowly decreased the BG levels in all SZT-treated 
DN mice. Moreover, compared with the DN group, administration of medium-dose PGF 
(300 mg/kg) and high-dose PGF (500 mg/kg) significantly lowered the BG levels of mice. 
The BW in the NC group continuously increased, while it gradually decreased in DN mice 
(Fig. 1b). Relative to DN mice, treatment with PGF (500 mg/kg) significantly increased the 
BW of mice. However, no obvious differences were observed in BW between the PGF300 
(or PGHF100) and DN groups. Collectively, these data demonstrated that high-dose PGF 
treatment could effectively attenuate BG levels and improve BW in STZ-treated DN mice.
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PGF Treatment Improves the Tolerance of Glucose and Insulin in DN Mice

To assess the effect of PGF on the regulation of glucose and insulin intolerance, we per-
formed glucose and insulin tolerance test in DN mice after 8 weeks of administration. The 
BG levels of mice in all groups were elevated immediately after administration of 25% 
glucose solution, and then began to decrease after 15 min, while this downward trend was 
not obvious in the DN group (Fig. 2a). Notably, when compared with DN group, the BG 
levels of DN mice treated with PGF (500 mg/kg) were significantly reduced. Additionally, 
the BG levels of healthy mice in the NC group after insulin injection decreased immedi-
ately, and then slowly increased to a normal level, while those of the DN group exhibited a 
persistent and dramatic decrease (Fig. 2b). As expected, the BG levels of DN mice admin-
istered PGF (500 mg/kg) gradually stabilized after 60 min. All these results indicated that 
PGF effectively regulates glucose and insulin intolerance.

PGF Treatment Ameliorates Renal Function and Attenuates Renal Inflammatory 
Responses in DN Mice

Biochemical indexes related to renal function were measured to evaluate the PGF-medi-
ated renal protection in DN mice. Relative to the NC mice, the levels of 24 h albuminuria 
(Fig. 3a), BUN (Fig. 3b), and Scr (Fig. 3c) in STZ-induced DN mice were significantly 

Fig. 1   The physiological outcomes of PGF in DN mice. a Levels of fasting blood glucose; b body weight. 
n = 8 per group. Data presented as mean ± SD. ***P < 0.001; ****P < 0.0001 vs. NC mice, #P < 0.05; 
##P < 0.01; ###P < 0.001 vs. DN mice

Fig. 2   Evaluation of the PGF-induced glucose and insulin tolerance in DN mice. a Oral glucose tolerance; 
b insulin tolerance. n = 8 per group. Data presented as mean ± SD. ***P < 0.001; ****P < 0.0001 vs. NC mice, 
#P < 0.05; ###P < 0.001 vs. DN mice
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increased, which indicated that STZ injection impaired renal function. However, treatment 
with PGF (500 mg/kg) significantly decreased the levels of 24-h albuminuria, BUN, and 
Scr compared with the DN group. Therefore, PGF treatment effectively improves renal 
function in DN mice. To assess whether PGF treatment inhibits inflammatory reactions 
in DN mice, the levels of inflammatory cytokines and fibrosis factors were evaluated. The 
results revealed that the levels of IL-6 (Fig.  3d), IL-1β (Fig.  3e), TNF-α (Fig.  3f), and 
TGF-β1 (Fig. 3g) in DN mice were markedly higher, compared to the NC mice. However, 
500 mg/kg and 300 mg/kg PGF exposure significantly decreased IL-6, IL-1β, TGF-β1, and 
TNF-α levels. Treatment with low dose PGF (100 mg/kg) did not alter the level of inflam-
matory cytokines. In conclusion, PGF treatment can effectively attenuate renal inflamma-
tory responses in STZ-treated DN mice.

PGF Treatment Decreased HG‑Driven Apoptosis in NRK‑52E Cells

To assess the renal protective effect of PGF in vitro, we performed apoptosis analysis on 
HG-induced renal tubular epithelial cells. The quantity of apoptotic cells was significantly 
elevated in renal tubular epithelial cells that had undergone HG induction for 24 h (14.53% 
in the HG group vs. 3.65% in the NC group: Fig. 4a, b). However, HG-induced apoptosis 
was inhibited by PGF (12.16% in the PGF 10 group, 10.58% in the PGF 30 group, 7.14% 
in the PGF 50 group). Cell apoptotic proteins, namely, Bax, cleaved caspase-3, and Bcl-
2, were also determined. Based on our results, the pro-apoptotic factor proteins Bax and 
cleaved caspase-3 were obviously increased through HG stimulation, whereas a significant 
reversal was seen with PGF treatment (Fig.  4c, d). Consistently, HG induction reduced 
Bcl-2 levels, and this effect was also significantly reversed by administration of PGF. 
Therefore, PGF treatment can reduce the HG-induced apoptosis of tubular epithelial cells.

Fig. 3   Evaluation of PGF-mediated renal protection and renal inflammatory response in DN mice. Levels 
of a 24-h albuminuria, b BUN, c Scr, d IL-6, e IL-1β, f TNF-α, g TGF-β1. n = 8 per group. Data presented 
as mean ± SD. ****P < 0.0001 vs. NC mice; #P < 0.05; ##P < 0.01; ###P < 0.001 vs. DN mice
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PGF Treatment Inhibits the TLR4/NF‑κB Network in NRK‑52E Cells

To investigate whether PGF regulates the TLR4/NF-κB network in HG-induced tubular 
epithelial cells, we first tested the protein and mRNA expression of TLR4. Based on 
our data, the TLR4 mRNA and protein expressions were markedly increased compared 
with those in the NC group, which could be markedly reversed by PGF administration 
(Fig. 5a, b, c). Furthermore, p65, p-p65, IκBα, and p-IκBα are also key signaling mol-
ecules in TLR4/NF-κB pathway. Western blot analysis showed that the ratio of p-IκBα/
IκBα and p-p65/p65 (Fig. 5b, c) was significantly increased in HG-treated tubular epi-
thelial cells, while these ratios were markedly decreased by PGF treatment. Collec-
tively, PGF could accurately suppress the TLR4/NF-κB network in HG-treated tubular 
epithelial cells.

Fig. 4   Evaluation of the PGF-mediated cell apoptosis in HG-induced NRK-52E cells. a Levels of apoptosis 
were determined using flow cytometry. b Apoptosis rate. c Western blotting for the assessment of Bax, 
Bcl-2, and cleaved caspase-3. d Quantitative analyses of western blot bands. Data presented as mean ± SD. 
****P < 0.0001 vs. NC mice; #P < 0.05; ##P < 0.01; ###P < 0.001; ####P < 0.0001 vs. HG mice, n = 3

Fig. 5   Effects of PGF on the inhibition of the TLR4/NF-κB network in HG-induced NRK-52E cells. a 
TLR4 mRNA levels. b Western blotting for the expression of TLR4, p-IκBα, IκBα, p-p65, and p65. c Quan-
titative analyses of western blot bands. Data presented as mean ± SD. ***P < 0.001; ****P < 0.0001 vs. NC 
cells; #P < 0.05; ###P < 0.001; ####P < 0.0001 vs. HG cells, n = 3
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PGF Treatment Attenuates Renal Inflammatory Responses and Apoptosis 
in HG‑Treated NRK‑52E Cells by Blocking the TLR4/NF‑κB Pathway

We then investigated whether there is an association between the renal protective effect 
of PGF and TLR4/NF-κB network. NRK-52E cells were stimulated with high glucose to 
induce inflammatory response, and then treated with 1 μM TAK-242, which is an inhibi-
tor of TLR4 signaling pathway. qRT-PCR data suggested that HG induction markedly 
enhanced the expression of IL-6 (Fig. 6a), IL-1β (Fig. 6b), TGF-β1 (Fig. 6c), and TNF-α 
(Fig.  6d) in tubular epithelial cells compared to uninduced cells. However, TAK-242 or 
PGF treatment significantly decreased the levels of these inflammatory cytokines. Com-
bination treatment with PGF and TAK-242 more effectively suppressed the TLR4/NF-κB 
network and downregulated the amounts of IL-6, IL-1β, TGF-β1, and TNF-α in HG-
induced NRK-52E cells. In addition, flow cytometry analysis showed that TAK-242 or PGF 
treatment markedly reduced the apoptosis rate in HG-induced NRK-52E cells (Fig.  6e), 
while combination treatment with PGF and TAK-242 intensified the PGF-mediated antia-
poptotic effect. Consistent with the flow cytometry results, the western blot results indi-
cated that TAK-242 not only inhibited apoptosis-related protein expression, including BAX 
and cleaved caspase-3, but also enhanced the protein expression of Bcl-2 in HG-treated 

Fig. 6   Effects of TAK-242 and PGF on the inflammatory response and apoptosis in HG-induced NRK-52E 
cells. The transcript levels of IL-6 (a), IL-1β (b), TGF-β1 (c), and TNF-α (d). e Apoptosis rate. f West-
ern blotting for the expression of Bax, Bcl-2, and cleaved caspase-3. g Quantitative analyses of western 
blot bands. h Western blotting for the expression of TLR4, p-IκBα, IκBα, p-p65, and p65. i Quantita-
tive analyses of western blot bands. Data presented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001, n = 3
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NRK-52E cells, while these effects were stronger in combination treatment with PGF and 
TAK-242 (Fig. 6f, g). In addition, TAK-242 or PGF treatment significantly decreases the 
protein expression of TLR4, p-IκBα/IκBα, and p-p65/p65 in HG-induced cells, which indi-
cated that both PGF and TAK-242 blocked the TLR4/NF-κB network (Fig. 6h, i). Collec-
tively, the above research results demonstrated that PGF treatment attenuated the inflam-
matory response and cell apoptosis by inhibiting the TLR4/NF-κB network.

Discussion

DN is a severe microvascular complication of diabetes mellitus and is a major cause of 
death among diabetic patients. The etiology and pathogenesis of DN are still not very clear, 
and it is generally acknowledged that the disorder of glucose and lipid metabolism may be 
the major factor in the pathogenesis of DN. In addition, abnormal hemorheology, podocy-
topathy, glycosylation products, and endothelium oxidative stress injury are also important 
factors leading to the occurrence and development of diabetic nephropathy [14]. Although 
DN is difficult to cure once it has developed to an advanced stage, most people restore to 
optimal health in the early stages of DN if treated promptly and properly. Increasing evi-
dences reveal that renal inflammation responses play a promoting role in the occurrence 
and progression of DN, and the activation of inflammatory signaling pathways leads to 
renal injury in DN patients [15]. Established treatments for DN patients include control 
of glucose, hypertension, and dietary protein intake, but there are few drugs available to 
reduce inflammation and delay the development of DN. It is imperative to apply more 
effective therapeutic strategies targeting inflammation to prevent renal injury.

PGF, extracted from Grifola frondosa, has numerous bio-activities, including antitumor, 
anti-inflammatory, and antiviral activities [16]. Moreover, increasing evidence has demon-
strated that PGF possesses hypoglycemic and hypolipidemic activities in obese mice with 
diabetes [17, 18]. Additionally, PGF also acts as an activator of PPARδ to improve lipid 
metabolism disorders and glucose intolerance in obese mice [19]. Consistent with these 
findings, our study indicated that PGF not only effectively attenuated fasting BG levels but 
also improved glucose and insulin tolerance in STZ-induced DN mice. Recent research 
showed that biochemical indexes of kidney function, including Scr, BUN, and albuminu-
ria, were all returned to normal level by PGF treatment, confirming their anti-nephrop-
athy activities. These effects of PGF in STZ-induced diabetic rats could be achieved by 
modulating oxidative stress [20]. However, excess oxidative stress may induce the nuclear 
translocation of NF-κB by phosphorylating IκB [21]. Therefore, our study supplemented 
the mechanism of PGF in the treatment of diabetic nephropathy. Once renal injury occurs, 
biochemical markers, including albuminuria, BUN, and Scr, are immediately elevated 
[22, 23]. Administration of PGF ameliorates renal dysfunction since biochemical markers 
recover to the normal range during treatment. The inflammatory response affects kidney 
cells and accelerates DN deterioration [24, 25]. Although various inflammatory pathways 
contribute to DN development, TLR4/NF-κB is one of the most important pathways for 
alleviating renal inflammation. TLR4 agonist exacerbates renal inflammatory response and 
fibrosis through the NF-κB signaling pathway [26, 27]. Accumulating studies have shown 
that administration of a TLR4 antagonist significantly decreases albuminuria, BUN, glo-
merular hypertrophy, glomerulosclerosis, and tubulointerstitial injury [28]. Moreover, 
NF-κB, as a nuclear transcription factor widely occurring in cells, is not only associated 
with cell apoptosis but also regulates the expression of chemokines, growth factor, and 
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cytokines [29]. Reduction of NF-κB expression can improve renal injury, inflammatory 
response, and BG levels in DN mice [30]. Phosphorylation of IκB and NF-κB p65 subu-
nits regulates the transcriptional activity of NF-κB. High glucose drove serine phospho-
rylation of the IκB subunit, resulting in the formation of NF-κB dimer and the activation 
of p65 (31, 32). Our study demonstrated that PGF decreased p-p65 and p-IκBα levels in 
HG-induced tubular epithelial cells, while there were no significant differences in p65 and 
IκBα. In addition, administration of PGF- to HG-induced tubular epithelial cells not only 
inhibited the inflammatory response but also decreased cell apoptosis, which was achieved 
by the TLR inhibiting 4/NF-κB network. Furthermore, a combination treatment with PGF 
and TAK-242 had more significant inhibitory effects on the expression of inflammatory 
cytokines and cell apoptosis than the individual treatment. Therefore, PGF inhibits inflam-
matory response and improves symptoms of DN via the TLR4/NF-κB pathway.

Conclusions

In conclusion, we demonstrated that PGF can alleviate renal injury, the inflammatory 
response, and renal tubular epithelial cell apoptosis via inhibition of the TLR4/NF-κB net-
work. Our findings thus provide more accurate information about the clinical value of PGF 
in the treatment of early DN patients.
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