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ABSTRACT

Objective: To comparatively investigate the ameliorative effect of 

Phellinus igniarius (P. igniarius) on renal aging in a rat model of 
focal and segmental glomerulosclerosis (FSGS).

Methods: The FSGS model was established in rats  by 
uninephrectomy combined with tail vein injection of doxorubicin. 
The FSGS rats were randomly divided into the model group, the P. 
igniarius decoction group, the P. igniarius polysaccharides group, 
and the P. igniarius polyphenols group. Molecular indicators of cell 
senescence, renal function indexes, and podocyte injury markers 
were tested after ten weeks of intragastric administration. Besides, 
the pathological renal lesions and the ultrastructural changes were 
observed.

Results: FSGS developed in the model group within ten weeks and 
showed segmental glomerular scarring and renal aging. Following 
the 10-week intervention, 24 h proteinuria, serum creatinine, blood 
urea nitrogen, P16INK4α, thrombospondin-1, and transforming growth 
factor-β1 were decreased in each treatment group, whereas albumin, 
erythropoietin, nephrin, and podocin were increased; the pathological 
renal injury was alleviated, and the number of senescent cells was 
reduced, especially in rats treated with P. igniarius decoction. 

Conclusions: P. igniarius ameliorates renal aging and renal injury 
in the FSGS rat model. Compared with the effective constituents 
(polysaccharides and polyphenols), P. igniarius decoction has a 
better curative effect, which is expected to provide a new therapeutic 
idea for FSGS.

KEYWORDS: Phellinus igniarius; Polysaccharides; Polyphenols; 
FSGS; Renal aging; Rat; Renal injury

1. Introduction

  The main histological features of renal aging are segmental 
glomerulosclerosis, glomerular basement membrane thickening, 
mesangial matrix hyperplasia, and tubulointerstitial fibrosis, which 
mainly occur in chronic kidney disease[1]. As a common disease of 
chronic kidney disease, focal segmental glomerulosclerosis (FSGS) 
is the leading cause of nephrotic syndrome with severe proteinuria, 
accompanied by glomerular sclerosis and foot process effacement 
pathologically[2]. Currently, corticosteroids and immunosuppressants 
are the most widely used agents in treating FSGS, but steroid 
dependence or steroid resistance is frequently reported[3]. Thus, 
more and more scholars are focusing on traditional Chinese medicine 
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Significance

Considering Phellinus igniarius’s biological effects, we 
speculated that it had positive effects on kidney disease. This 
study demonstrates that Phellinus igniarius ameliorated renal 
aging and renal injury in a rat model of focal and segmental 
glomerulosclerosis, which is expected to provide a safe and 
effective method to alleviate the progression of chronic kidney 
diseases.
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to reduce toxic side effects and find better treatments[4,5].
  Phellinus igniarius (P. igniarius) is a valuable edible and medicinal 
fungus in China and other countries. As a preventive measure or a 
health care product for adjunct therapies, P. igniarius has been used 
to treat stomach aches, bloody stranguria, tumors, arthritis, and peptic 
ulcers in folk herbal formulas for thousands of years[6]. In addition, 
effective constituents of P. igniarius, such as polysaccharides and 
polyphenols, were reported to have various biological effects, 
including anti-tumor, anti-inflammatory, antioxidative, anti-diabetic, 
and anti-angiogenic activity[7]. Our preliminary studies showed that 

P. igniarius improved renal function in FSGS rats, but unknowns still 
need further investigation[8]. The current study aims to investigate 
the ameliorative effect of P. igniarius on renal aging in a rat model 
of FSGS. 

2. Materials and methods

2.1. Preparation of drugs

  Professor Li provided P. igniarius powder, P. igniarius 
polysaccharides (PIPS) powder, and P. igniarius polyphenols 
(PIP) powder. The preparation of P. igniarius decoction (PID) was 
referred to in the previous paper[8]. The appropriate dosage of P. 
igniarius powder is 4 g per day for an adult, and the dosage for a 
rat was calculated based on body surface area. PIPS powder and 
PIP powder were dissolved in distilled water, and the appropriate 
dosages for a rat were calculated based on body surface area. 
Intragastric administration was used in this study, similar to clinical 
administration. 

2.2. Animals and treatment

  Fifty clean-grade male SD rats (5-6 weeks, 160-200 g) were 
randomly divided into five groups: sham, model, FSGS+PID, 
FSGS+PIPS, and FSGS+PIP (n=10 per group). All rats were housed 
in clean cages and maintained at (23 ± 1) 曟 with 55% relative 
humidity, a 12-h light/dark cycle and ad libitum access to pure water 
and standard rat pellets. The feeding conditions of all rats were 
provided by Zhejiang Animal Experimental Research Center. The 
experimental practice was done in accordance with the international 
guidelines for laboratory animal use and care.
  In this study, FSGS rats were anesthetized with isoflurane and a 
small animal anesthesia machine; then, rats were firstly subjected 
to right nephrectomy on day 1, followed by the injection of 
doxorubicin via tail vein on day 7 (5 mg/kg) and 28 (3 mg/kg). For 
different agents (PID, PIPS, and PIP) administration, FSGS rats were 
given oral gavage once per day for ten weeks from day 2; the sham 
and model groups were given oral gavage with the same volume 

of saline. After 10-week treatment, all FSGS rats were placed in a 
closable box and euthanized by CO2 inhalation. After CO2 inhalation, 
FSGS rats were subjected to cervical dislocation with heart failure, 
eyeball whitening, and respiratory arrest, which resulted in death. 
After the experiments, we collected the whole left kidney, serums, 
and 24-hour urine samples.
 

2.3. Ethical statement

  The animal procedures were approved by the Institute Animal Care 
and Use Committee (IACUC) with ethics approval ID: ZJCLA-
IACUC-20030027. The date of approval by the ethics committee is 
April 30, 2021.

2.4. Biochemical assay
 
  24 h Proteinuria, serum creatinine (Scr), blood urea nitrogen 
(BUN), and albumin (ALB) were measured by Hitachi 7180 
automatic biochemical analyzer (Hitachi High-Tech Co., Tokyo, 
Japan).  

2.5. Histopathological examination 

  A portion of the kidneys was fixed with acetone and frozen 
into sections; then frozen sections were stained with senescence 
β-galactosidase (SA-β-gal) kit (Beyotime, C0602, Jiangsu, China); 
another portion of the kidneys was fixed with 4% paraformaldehyde, 
embedded in paraffin, cut into 3 μm-thick sections, and stained 
with H&E and Masson's trichrome stain kit. The degree of lesions 
was described by ImageJ software. The other parts of the kidneys 
were fixed with 5% glutaraldehyde overnight, and ultrathin sections 
(50-100 nm) were cut and stained with 2% uranyl acetate and lead 
citrate. They were observed with JEM-1400 transmission electron 
microscopy (Nihon Kohden Kogyo Co., Japan).

2.6. Immunohistochemistry (IHC)

  Paraffin sections in 3 μm-thick were deparaffinized, hydrated, 
incubated with 3% hydrogen peroxide solution for 15 min, and 
blocked with normal goat serum for 1 h after antigen retrieval. 
Slides were incubated at 37 曟 with primary antibodies against EPO 
(Beyotime, Jiangsu, China, AF6801, 1꞉180), P16INK4ɑ (Beyotime, 
Jiangsu, China, AF1672, 1꞉100), TSP-1 (Cell Signaling, 37879, 
1꞉1 000, Boston, USA), and TGF-β1 (ImmunoWay, YT4632, 1꞉200, 
USA) for 1 h, followed by incubation in biotin-conjugated secondary 
antibody at room temperature for 30 min. DAB horseradish 
peroxidase substrate kit was used for color development, and 
hematoxylin was used for re-staining. Images were analyzed by 
ImageJ software.
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2.7. Real-time PCR (RT-PCR) 

  Total RNA was isolated from individual rats' kidney tissues 
using the TRIzol reagent and then reverse-transcribed into cDNA. 
Afterward, target and reference genes were detected using RT-
PCR (ABI Prism 7500, USA): 95 曟 for 35 s, then 40 cycles of 
denaturation at 95 曟 for 5 s, annealing at 60 曟 for 30 s, extension 
at 60 曟 for 60 s, and 95 曟 for 1 s. TRIZOL, reverse transcription 
kit, and SYBR® Premix Ex Taq™ were purchased from Takara 
Company, Japan; primer design and synthesis were from Shanghai 
Sangon Company, China. Relative mRNA expression levels were 
normalized to GAPDH and compared by calculating 2–ΔΔCT. The 
primer base sequence is shown in Supplementary Table 1.

2.8. Western blotting

  The kidney tissues were incubated with RIPA lysis buffer containing 
a proteinase inhibitor cocktail (Beyotime, Jiangsu, China) for 30 min 
at 4 曟. Cell lysates were centrifuged at 10 000 g for 10 min at 4 曟
. 10% SDS-PAGE gels separated the protein extracts (60 μg) under 
reducing conditions. The proteins were combined with the primary 
antibodies after being transferred onto membranes and blocked by 
5% skimmed milk. Antibodies used were as follows: anti-nephrin 
(ImmunoWay, YT3036, 1꞉1 500, USA); anti-podocin (ImmunoWay, 
YN2909, 1꞉1 000, USA); and anti-GAPDH (ImmunoWay, YM3029, 
1꞉20 000, USA). After hybridization, the blots were washed and 
incubated with IRDye 800CW Goat anti-Rabbit IgG (LI-COR 926-
32211, 1꞉15 000, USA) and IRDye 680RD Goat anti-Mouse IgG 
(LI-COR 926-68070, 1꞉15 000, USA). Finally, the signal was tested 
using LI-COR Odyssey CLx (LI-COR, USA). The relative band 
intensity was quantified by ImageJ software.

2.9. Statistical analysis

  GraphPad Prism V8.3.0 and ImageJ software were used for the 
statistical analysis and data visualization. All values presented 
were expressed as mean ± standard deviation (SD). Comparisons 
between multiple groups were analyzed by one-way ANOVA, and 
comparisons between two groups were analyzed using Tukey test. 
Statistical significance was defined as P<0.05.

3. Results

3.1. PID and effective constituents improved renal function in 
FSGS rats

  None of the rats died before being sacrificed at the end of the 
experiment. Compared with the sham group, the levels of 24 h 
proteinuria (Figure 1A), Scr (Figure 1B), and BUN (Figure 1C) in 
FSGS rats were significantly increased. In contrast, ALB (Figure 1D) 
was reduced, indicating that the FSGS model had been successfully 
established (P<0.01). After different administrations, 24 h proteinuria 
and Scr in each treatment group were significantly lower than those 
in the model group (P<0.05) (Figure 1A-B). Moreover, BUN was 
markedly reduced in the PID and PIPS groups. However, there was 
no significant difference in BUN level between the PIP and model 
groups (Figure 1C). Additionally, ALB in the PID and PIP groups 
was much higher, but no significant difference was observed between 
the PIPS and model groups (Figure 1D). These results indicated that 

P. igniarius and its effective constituents decreased urinary protein 
excretion and improved renal function in the FSGS rats. 
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Figure 1.  Levels of 24 h proteinuria (A), serum creatinine (Scr) (B), blood urea nitrogen (BUN) (C), and albumin (ALB) (D). The data  are presented as mean 
± SD (n=10). *P<0.05, **P<0.01. FSGS: focal and segmental glomerulosclerosis; PID: Phellinus igniarius decoction; PIPS: Phellinus igniarius polysaccharides; 
PIP: Phellinus igniarius polyphenols.
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3.2. PID and effective constituents alleviated renal 
histopathological damage in FSGS rats  

  The glomerular pathomorphology was further detected by H&E 
staining and Masson's staining. 
  As seen in Figure 2A, the kidneys in model rats showed significant 
pathological changes compared to the sham group kidneys with 
normal renal structures. After different interventions, pathological 
damages (compensatory enlargement of glomeruli, focal segmental 
sclerosis, mesangial matrix hyperplasia, tubule dilation, vacuolar 
degeneration, and inflammatory cell infiltration) were alleviated in 
each treatment group (Figure 2A). 
  As seen in Figure 2B, Masson's staining showed that a large 
number of blue-green collagen fibers were deposited in the model 

group. After treatment, each intervention group's blue-green collagen 
fiber deposition significantly shrank (Figure 2B). As shown in 
Figure 2C, the positive area of the model group was found to be 
significantly larger than that of the sham group, and the positive area 
of the treatment groups was markedly smaller than that of the model 
group, suggesting that the interstitial damage was ameliorated to 
varying degrees after intervention (Figure 2C). 

 

3.3. PID and effective constituents improved the renal 
ultrastructure changes in FSGS rats 

  TEM was used to observe the degree of damage in the podocyte 
foot process. The results showed normal structures on the glomerular 
basement membrane and podocytes in the sham group (Figure 3). 
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Figure 2. Renal histopathological damage in FSGS rats. Representative images of H&E staining (magnification: ×200) (A) and images of Masson's staining 
(magnification: ×200) (B). C: The positive area of Masson staining. Data are presented as mean ± SD,*P<0.01. Arrows indicate focal segmental sclerosis (green), 
inflammatory cell infiltration (red), tubular vacuolar degeneration (blue), and blue-green collagen fibers (yellow).

Figure 3. Renal ultrastructure changes (magnification: ×10 000). Arrows indicate the podocyte foot process. The degree of foot process damage in each treat-
ment group was alleviated compared with the model group, and the lesions in the PIP group were slighter than those in the PID and PIPS groups.
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However, the foot process diffusely effaced, became flat and fused, 
and lost its normal shape in the model group (Figure 3). The degree 
of foot process damage in each treatment group was alleviated 
compared with the model group, and the lesions in the PIP group 
were slighter than those in the PID and PIPS groups (Figure 3). As 
expected, these results indicated that P. igniarius improved the renal 
ultrastructure changes in FSGS rats. 

3.4. PID and effective constituents improved podocyte injury 
in FSGS rats  

  The podocyte proteins nephrin and podocin were evaluated to 
further assess the effect of PID and effective constituents on FSGS 
progression. RT-PCR results showed that mRNA expression levels 
of nephrin (Figure 4A) and podocin (Figure 4B) were markedly 
decreased in the model group. In the PID and PIP groups, the mRNA 
expression level of nephrin was significantly increased compared 
with that in the model group; however, there was no significant 

difference between the model and PIPS groups (Figure 4A). 

Podocin mRNA expression was significantly increased in different 
intervention groups compared with the model group (Figure 4B).
  The protein expressions of nephrin and podocin were observed by 
Western blotting. The nephrin and podocin expressions in the model 
group were all lower than those in the control group (Figure 4C-
D). After different administrations, the protein levels of nephrin in 
the PID and PIPS groups were significantly higher than those in the 
model group (Figures 4C). Moreover, podocin protein expression 
was markedly increased in the PID and PIP groups (Figure 4D). 
These results suggested that PID protected the podocyte slit 
diaphragm proteins, nephrin, and podocin.

3.5. PID and effective constituents improved SA-β-gal 
staining in FSGS rats

  SA-β-gal staining shows the blue-green nucleus of senescent cells, 
essential in detecting cell senescence. As shown in Figure 5A, the 

Figure 4. mRNA and protein expressions of nephrin (A, C) and podocin (B, D). Data are presented as mean ± SD, *P<0.05, **P<0.01.
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senescent cells were more strongly positive in the model group than 
in the sham group. After treatment, the blue-green area was smaller, 
the color was lighter, and senescent cells were weakly positive in 
each group than in the model group. Figure 5B indicates that the 
number of senescent cells decreased significantly in the PID group 
than in the model group. 

3.6. PID and effective constituents upregulated the expression 
of EPO in FSGS rats

  EPO is a critical regulatory protein for renal aging. RT-PCR results 
showed that the expression of EPO mRNA was significantly reduced 
in the model group compared with that in the sham group (Figure 
6A). The expressions of EPO mRNA in the treatment groups were 
markedly increased compared with that in the model group (Figure 
6A). Meanwhile, Figure 6B indicates that EPO was significantly 
upregulated in each treatment group, especially in the PID group. 
As shown in Figure 6C, EPO was narrowly distributed as brownish-
yellow granules in the model group; unlike the model group, positive 
cells were darker in color and more prominent in the area after 
different treatments. 

3.7. PID and effective constituents reduced the expression of 
P16INK4α in FSGS rats

  P16INK4α is a main senescence marker in kidney biopsies. RT-PCR 
results showed that the expression of P16INK4α mRNA was markedly 
increased in the model group (Figure 7A). Compared with the model 
group, the expression of P16INK4α mRNA in the PIPS and PIP groups 
was significantly reduced (Figure 7A). Meanwhile, Figure 7B 
indicates that the expression of P16INK4α was significantly reduced in 
all treatment groups. IHC staining showed that P16INK4α was rarely 
seen in the glomerulus and tubulointerstitium of the sham group 
(Figure 7C). Positive cells were darker and more prominent in the 
model group than in the sham group. In contrast, positive cells were 
lighter in color and smaller in the area in each treatment group than 
in the model group (Figure 7C). 

3.8. PID and effective constituents reduced the expressions of 
TSP-1 and TGF-β1 in FSGS rats

  TSP-1 and TGF-β1 are aging-related phenotype indicators, and the 
abnormal increases in their levels indicate that the kidney loses its 
normal function and accelerates renal aging. RT-PCR results showed 

Figure 6. mRNA expression of EPO (A) and analysis of renal aging by IHC (B&C) (magnification: ×200). Data are presented as mean ± SD, *P<0.05, 
**P<0.01. Arrows indicate where EPO is mainly deposited in the kidney tissue.
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Figure 7. mRNA expression of P16INK4α (A) and analysis of renal aging by IHC (B&C) (magnification: ×200). Data are presented as mean ± SD, *P<0.01. 
Arrows indicate where P16INK4α is mainly deposited in the kidney tissue. 
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that the expressions of TSP-1 (Figure 8A) and TGF-β1 (Figure 
8B) mRNA were markedly increased in the model group. After 
administration, TSP-1 and TGF-β1 mRNA expressions in each 
treatment group were significantly reduced compared with those in 
the model group (Figure 8A&B).
  IHC analysis showed that the protein expressions of TSP-1 
and TGF-β1 were increased in the model group compared with 
the sham group (Figure 8E&F). Figures 8C&D indicate that the 
protein expressions of TSP-1 and TGF-β1 in the PID group were 
significantly reduced compared with that in the model group. These 
results suggested that P. igniarius reduced the gene and protein 
expressions of TSP-1 and TGF-β1 in FSGS rats.

4. Discussion

  In kidney diseases, including acute and chronic, senescent cells 
accumulate in renal tissues, where their inflammatory phenotype 
disrupts standard structure and function, causing renal aging[9]. 
Renal aging is an inevitable process and a result of functional 
degeneration, mainly manifesting as segmental glomerulosclerosis, 
basement membrane thickening, mesangial matrix hyperplasia, 
renal tubule atrophy, tubulointerstitial fibrosis, arteriosclerosis, and 
compensatory hypertrophy of remnant nephrons[10,11]. In a recent 
study, Verzola et al. demonstrated that senescence, as expressed by 
p16INK4α overexpression in the tubular compartment, contributed 
to accelerated loss of eGFR in FSGS, suggesting that cellular 
senescence is associated with faster progression of FSGS[12]. Thus, 
as the disease progresses, FSGS causes renal aging and chronic 
renal failure, eventually leading to end-stage renal disease and 
threatening the lives of patients[13-15]. Reducing proteinuria levels 
and improving kidney function is generally believed to be important 
in treating FSGS at different stages[16]. Moreover, therapeutic 
interventions targeting senescent cells also attenuate FSGS-related 
renal dysfunction and improve disease outcomes[17]. 
  Tradition Chinese Medicine has advantages for kidney diseases and 
has been widely applied in China. P. igniarius plays a significant 
regulatory role in anti-hepatic fibrosis, and considering its biological 
effects, we speculated that P. igniarius had positive effects on 
kidney disease[18,19]. Our preliminary studies found that P. igniarius 
improved renal function and alleviated pathological renal injury 
in FSGS rats. However, it has not been studied in the field of renal 
aging[8]. Thus, our study aimed to explore the ameliorative effect 
of P. igniarius decoction and its active ingredients on renal aging 
in a rat model of FSGS. Research results showed that P. igniarius 
ameliorated renal aging in a rat model of FSGS, which is expected 
to provide a safe and effective method to alleviate the progression of 
chronic kidney diseases.
  FSGS typically presents with abrupt-onset proteinuria, severe 

nephrotic syndrome, and decreased renal function[20]. 24 h 
Proteinuria is associated with the occurrence and development 
of FSGS. In addition to 24 h proteinuria, Scr, BUN, ALB, and 
other biochemical indicators reflect kidney function[21]. This study 
showed that after treating PID and effective constituents, the 
biochemical indicators significantly improved, indicating that P. 
igniarius improved renal function in FSGS rats. Meanwhile, H&E 
staining and Masson's staining are the most common methods 
for assessing pathological damage in FSGS, reflecting the degree 
of glomerulosclerosis and interstitial fibrosis[22,23]. This study 
showed that P. igniarius protected against pathological renal injury 
in FSGS rats. Besides, the essence of FSGS is podocyte disease. 
Podocyte injury is an essential feature of FSGS, which leads to foot 
process fusion and cell detachment from the glomerular basement 
membrane, resulting in glomerulosclerosis[24]. Nephrin and podocin 
are the signature proteins in the slit diaphragm region of podocytes, 
and the decrease in their levels indicates podocyte injury[25-27]. 
Furthermore, TEM is also a vital method for observing podocyte 
lesions. The degree of podocyte injury can be determined by 
evaluating the degree of foot process fusion[28]. This study showed 
that after treating with P. igniarius, the expressions of nephrin and 
podocin were markedly increased, and foot process fusion was 
significantly reduced, suggesting that P. igniarius protected against 
podocyte injury in FSGS rats. Since P. igniarius improved renal 
function, reduced pathological damage, and decelerated podocyte 
injury, we speculated that the compounds of P. igniarius, such as 
polysaccharides and polyphenols, might have antioxidant, anti-
inflammatory, and anti-fibrosis activity, which alleviated renal injury. 
  Renal aging plays an important role during the progression of 
kidney disease, which coincides with the pharmacological effects of 
P. igniarius[29]. Renal aging manifests as cell cycle stagnation in the 
G1 phase, and P16INK4ɑ/EPO is the key regulatory protein[30,31]. As an 
aging mediator in the glomeruli, tubules, and interstitium, P16INK4ɑ, 
which positively correlates with the degree of interstitial fibrosis, 
can predict the occurrence and development of cell senescence[32,33]. 
EPO is a glycoprotein hormone, naturally produced by the 
peritubular cells of the kidney, that stimulates red blood cell 
production[34]. Besides, EPO promotes the repair of endothelial 
function and alleviates renal pathological changes[35]. In addition, 
SA-β-gal staining is the gold standard of cell senescence and 
predicts renal aging progression[36]. This study showed that FSGS 
induced renal aging in rats, but after treatment, the P16INK4ɑ protein 
and the number of senescent cells were significantly decreased. In 
contrast, EPO protein was markedly increased, suggesting that both 
P. igniarius and its effective constituents improved the expression 
of aging markers. TSP-1 and TGF-β1 are aging-related phenotype 
indicators, and the abnormal increases in their levels indicate that the 
kidney loses its normal function and accelerates renal aging[37,38]. 
Theoretical and empirical research results have shown that the level 
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of TSP-1 in the renal tissues of FSGS rats is significantly increased, 
which is positively correlated with the apoptosis of podocytes[39]. 
As an important physiological activator of TGF-β1, overexpression 
of TSP-1 will also continuously stimulate the activation of TGF-β1. 
Activated TGF-β1 is involved in cell apoptosis by blocking the cell 
cycle, resulting in glomerulosclerosis gradually. In this study, FSGS 
rats showed high levels of TSP-1 and TGF-β1, and treatment groups 
generally had different degrees of reduction. The above results 
showed that P. igniarius had a protective effect on renal injury and 
aging in FSGS rats. The protective effect was related to suppressing 
the expression of TSP-1 and TGF-β1. 
  In the current study, however, we did not have more in-depth 
investigations on the mechanism of action of P. igniarius. In the 
future, we will study whether P. igniarius plays a protective role in 
kidney disease through the TSP-1-TGF-β1 pathway, exploring the 
potential effect of P. igniarius on anti-aging. 
  In conclusion, the present findings confirmed that P. igniarius 
down-regulated the levels of TSP-1 and TGF-β1, improved kidney 
function, and ameliorated renal aging and podocyte injury in FSGS 
rats. Compared with the effective constituents, polysaccharides and 
polyphenols, P. igniarius decoction had a more prominent curative 
effect. It is anticipated that this study will provide a theoretical basis 
for the application of P. igniarius in treating kidney diseases.
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