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Abstract: Castration-resistant prostate cancer (CRPC) remains a major challenge due to limited treatment options 
and frequent therapeutic resistance. This study demonstrates that Phellinus linteus polysaccharides (PLP), both in 
the form of drug-loaded serum and as a purified extract, exhibit potent anti-CRPC activity through a dual-axis mo-
lecular mechanism. In a castrated PC-3 xenograft model, PLP (400 mg/kg/day) suppressed tumor volume growth 
by 91.7% and tumor weight growth by 78.0% compared with the control group, showing efficacy comparable to 
abiraterone/prednisone without hepatorenal toxicity. In vitro, both 30% PLP-containing serum and purified PLP 
inhibited proliferation, migration, and invasion, and promoted apoptosis while reducing intracellular reactive oxygen 
species levels in PC-3 and 22RV1 cells. Integrative transcriptomic and multi-omics analyses revealed coordinated 
downregulation of phosphatidylinositol 3-kinase-protein kinase B-mechanistic target of rapamycin signaling and 
upregulation of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α). Functional valida-
tion showed that overexpression of phosphoinositide-3-kinase regulatory subunit 1 rescued PLP-induced tumor 
suppression, whereas knockdown of PGC-1α abolished its antioxidative and antiproliferative effects, indicating that 
both pathways are critically involved. These findings suggest that PLP combats CRPC by simultaneously inhibiting 
oncogenic signaling and mitigating oxidative stress, positioning it as a promising natural therapeutic candidate for 
CRPC.
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Introduction

Prostate cancer is the second most common 
cancer and the fifth leading cause of cancer-
related death in men worldwide, with around 
1.5 million newly diagnosed cases per year  
[1]. The proliferation of prostate cancer cells 
mainly depends on androgen-related signaling. 
Following initial treatment, the disease typically 
progresses to castration-resistant prostate 
cancer (CRPC) after an average course of 2-3 
years, at which point hormonal therapies ulti-
mately lose efficacy [2]. Although patients with 

CRPC may benefit from palliative surgery or 
radiotherapy, pharmacotherapy is still impor-
tant, and novel hormonal agents are now by far 
the main first-line treatment [3]. Despite these 
therapeutic advances, the median overall sur-
vival for patients with CRPC in clinical trials is 
about 3 years [4, 5]. In real-world settings, how-
ever, the average overall survival is less than 2 
years, indicating a still unfavorable prognosis 
[6]. Recently, there has been growing interest  
in natural products for cancer therapy. Many 
herbal compounds exhibit higher synergistic 
effects, lower toxicity, and potential clinical util-

http://www.ajcr.us
https://doi.org/10.62347/MJNQ6221


Phellinus linteus polysaccharides inhibit castration-resistant prostate cancer

521	 Am J Cancer Res 2026;16(2):520-539

ity in improving quality of life, alleviating symp-
toms, and potentially enhancing survival 
outcomes.

Phellinus linteus (Sanghuang) is an important 
medicinal fungus in traditional Chinese medi-
cine. It is commonly included in effective pre-
scriptions used to treat lower urinary tract 
symptoms and tumor metastasis. For instance, 
“Sanghuang Decoction” from Shengji Zongzhu 
incorporates Quercus bark (Oak bark) to treat 
dysuria and hematuria, while “Sanghuang Pill” 
from Taiping Shenghui Fang-composed mainly 
of P. linteus, Sanguisorba officinalis (Diyu), and 
Coptis chinensis (Huanglian)-is indicated for 
tumor-related bleeding, abdominal pain, and 
other symptoms. Modern research has identi-
fied P. linteus polysaccharides (PLPs) as the 
main active components, which are heteropoly-
saccharides exhibiting a range of biological 
effects including anti-aging, antioxidant, anti-
inflammatory, hepatoprotective, and hypoglyce-
mic activities [7]. Evidence suggests that PLPs 
possess broad anticancer properties, poten-
tially mediated through immunomodulatory 
mechanisms that activate host defenses such 
as lymphocytes and macrophages [8]. Experi- 
mental studies have shown that PLPs may 
directly inhibit tumor cell proliferation by induc-
ing programmed necrosis and cell cycle arrest 
[9, 10]. However, the therapeutic efficacy and 
molecular mechanisms of PLP in CRPC have 
not been explored. This study aims to prelimi-
narily elucidate the in vivo mechanism of action 
of PLP through experiments, providing a foun-
dation for new drug development.

Materials and methods

Drugs and reagents

PLP with a purity of ≥90% (determined by ul- 
traviolet spectroscopy, batch No. PST240523-
09) was purchased from Chengdu PUSH Bio-
Technology Co., Ltd. (China). Abiraterone was 
obtained from CHIA TAI Tianqing Pharmaceu- 
tical Group Co., Ltd. (China), and prednisone 
was sourced from Guangzhou Kanghe Phar- 
maceutical Co., Ltd. (China).

Cell culture

CRPC cell lines PC-3 (catalog no. IM-H075) and 
22RV1 (catalog no. IM-H261) were acquired 
from Xiamen Immocell Biotechnology Co., Ltd. 
(China). Cells were cultured in RPMI-1640 com-

plete medium containing 10% fetal bovine 
serum at 37°C in a humidified atmosphere of 
5% CO2.

Preparation and characterization of PLP

PLP was extracted and purified following a 
modified version of a previously described 
method. Briefly, dried P. linteus fruiting bodies 
were decocted in water (1:20, w/v) at 100°C  
for 3 h, and this process was repeated twice. 
The combined aqueous extracts were concen-
trated, deproteinized using the Sevag method, 
and precipitated overnight at 4°C by adding 
four 4 volumes of ethanol (final concentration 
80%, v/v). The crude polysaccharide was re- 
dissolved and further purified by sequential 
chromatography on diethylaminoethyl-52 cellu-
lose and Sephadex G-100. The main fraction 
(PLP) was collected, dialyzed, lyophilized, and 
stored at -20°C. Purity was assessed by high-
performance gel permeation chromatography, 
which showed a single symmetric peak. Mo- 
nosaccharide composition was analyzed by gas 
chromatography-mass spectrometry after acid 
hydrolysis and derivatization. Endotoxin levels 
were measured using a limulus amebocyte 
lysate assay and were confirmed to be below 
0.1 EU/mg.

Experimental animals

Specific pathogen-free-grade adult female 
Sprague-Dawley rats and 6-8-week-old male 
BALB/c nude mice were procured from Guang- 
dong Laidi Biomedical Research Institute  
Co., Ltd. (China). All animal experiments were 
approved by the Institutional Animal Care and 
Use Committee of the Research Center (App- 
roval No. LDSW-SOR-AAP-50-023[02]) and the 
Medical Ethics Committee of Foshan Hospital 
of Traditional Chinese Medicine Affiliated to 
Guangzhou University of Chinese Medicine 
(Approval No. KY[2024]321-1). All procedures 
were conducted in strict accordance with the 
Animal Research: Reporting of In Vivo Experi- 
ments guidelines. Animals were housed in 
standard barrier facilities and humanely eutha-
nized upon completion of the experiments.

Preparation of PLP-containing serum

As PLP may exert its biological effects through 
interactions with serum proteins or host-
derived metabolites following oral administra-
tion, drug-containing serum was employed in 
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subsequent in vitro experiments to better simu-
late its in vivo pharmacological activity, while 
the in vivo mechanism remained the primary 
focus of this study. Eight female Sprague-
Dawley rats were randomly divided into two 
groups: a control group receiving distilled water 
and a PLP-treated group administered PLP 
solution at 500 mg/kg via oral gavage (2 mL 
per dose, twice daily) for seven consecutive 
days. One hour after the final administration, 
rats were anesthetized by inhalation of isoflu-
rane (4% for induction, 2% for maintenance) in 
oxygen at a flow rate of 1 L/min, followed by 
whole blood collection from the abdominal 
aorta. The animals were then euthanized under 
anesthesia via exsanguination. Serum was iso-
lated by centrifugation, filtered through a 0.22 
µm membrane, aliquoted, and stored at -20°C.

Cellular phenotype analysis

Cell Counting Kit-8 (CCK-8) assay: PLP-con- 
taining serum was serially diluted with RPMI-
1640 medium to final concentrations of 0%, 
5%, 10%, 15%, 25%, 30%, 40%, and 50%.  
PC-3 and 22RV1 cells were harvested by cen-
trifugation and seeded into 96-well plates. 
After 24 hours of incubation with the corre-
sponding serum-containing medium, 10 µL of 
CCK-8 solution (0.5 mg/mL; Bioss, China)  
diluted in phosphate-buffered saline (Beyo- 
time, China) was added to each well, followed 
by incubation for 4 hours. Absorbance was 
measured at 450 nm using a microplate read- 
er (Thermo Fisher Scientific, USA).

Sulforhodamine B (SRB) assay: Cells treated 
with PLP-containing or blank serum were fix- 
ed with 20% trichloroacetic acid at 4°C for 4 
hours. After washing, cells were stained with 
0.4% SRB (Sigma-Aldrich, USA) in 1% acetic 
acid, rinsed again, and air-dried. Bound dye 
was subsequently solubilized with 10 mM Tris-
base solution, and absorbance was measured 
at 515 nm using a microplate reader.

Wound healing assay: PC-3 and 22RV1 cells 
were seeded at a density of 2.0×105 cells per 
well and grown to 80-90% confluency. A linear 
scratch was then created using 10 µL pipette 
tip. Cell migration was monitored at 0 and 24 
hours post-scratch. The wound healing rate 
was quantified by counting the number of cells 
that had migrated across the scratch bound- 
ary.

Transwell invasion assay: Matrigel-coated 
Transwell inserts (Corning, China) were incu- 
bated for 12 h. Cells (1×105 cells/well) were 
seeded into the upper chamber at a density of 
1×105 cells per well in serum-free medium, 
while the lower chamber was filled with medium 
containing 10% fetal bovine serum as a che-
moattractant. After 24 hours of incubation, 
cells were fixed with formaldehyde, stained  
with Giemsa solution, and counted under a 
microscope to quantify invasion.

Apoptosis assay (Annexin V-fluorescein isothio-
cyanate/propidium iodide [V/PI] Staining): Aft- 
er 24 hours of drug treatment, cells were 
stained with Annexin V-fluorescein isothiocya-
nate and propidium iodide (PI) (Beyotime, 
China) for 15 min in the dark. Flow cytome- 
try (BD Biosciences, USA) distinguished viable 
(Annexin V-/PI-), early apoptotic (Annexin V+/PI-), 
and late apoptotic/necrotic (Annexin V+/PI+)  
cell populations.

Reactive Oxygen Species (ROS) detection: Aft- 
er 24 h of treatment, cells were incubated  
with 10 µM 2’,7’-dichlorodihydrofluorescein 
diacetate (final concentration 10 µmol/L; 
Meilunbio, China) for 30 min at 37°C. Fluores- 
cence intensity (Ex/Em = 488/525 nm) was 
measured by flow cytometry.

Xenograft tumor experiment

Following confirmation of in vitro efficacy, in 
vivo experiments were conducted. A total of  
25 specific pathogen-free-grade male BALB/c 
nude mice (6-8 weeks old) were anesthetized 
and underwent bilateral orchiectomy. Human 
CRPC PC-3 cells were harvested, prepared as a 
single-cell suspension, and adjusted to a den-
sity of 1×107 cells/mL in serum-free medium. 
Following surgical recovery, mice were anes- 
thetized with 0.5% lidocaine via subcutaneous 
injection, and 100 µL of the cell suspension 
was injected subcutaneously into the right  
axilla. When tumor volume reached approxi-
mately 100 mm3, mice were randomly assign- 
ed to five groups (n=5 per group) according to  
a computer-generated randomization list: ① 
Tumor control (T): 2 mL purified water; ② High-
dose PLP (H+T): 400 mg/kg PLP; ③ Medium-
dose PLP (M+T): 200 mg/kg PLP; ④ Low-dose 
PLP (L+T): 100 mg/kg PLP; ⑤ Positive control 
(A+P+T): abiraterone (130 mg/kg) + predni- 
sone (1.3 mg/kg) (human-equivalent doses). 
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Treatments were administered daily by oral 
gavage for 28 days in a volume of 2 mL based 
on body weight. To maintain blinding during 
tumor measurement, an independent resear- 
cher not involved in treatment administration 
performed all tumor size measurements at the 
study endpoint.

Tumor monitoring and liver/kidney function 
assessment

Nude mice were anesthetized with 2% isoflu-
rane at a flow rate of 1 L/min. Tumors were 
excised and whole blood was collected from 
the mice, followed by euthanasia via anesthetic 
overdose. Tumor volume and weight were 
recorded. Blood samples were analyzed for  
creatinine, urea nitrogen, alanine aminotrans-
ferase, and aspartate aminotransferase using 
a biochemical analyzer. Tumor tissues were 
paraffin-embedded, sectioned, and stained 
with hematoxylin and eosin for histopathologi-
cal evaluation.

Transcriptome sequencing (RNA-seq)

Total RNA was extracted from tumor tissues 
and submitted for RNA sequencing. Sequenc- 
ing was performed on an Illumina NovaSeq 
6000 platform with a paired-end 150 bp strat-
egy. Raw reads were aligned to the referen- 
ce genome using Hisat2, assembled with 
StringTie, and quantified with HTSeq. Differen- 
tial gene expression analysis was conducted 

using edgeR with the following cutoff criteria: 
|log2FC| >1 and P<0.05. Alternative splicing 
events were analyzed with rMATS. Gene enrich-
ment analyses, including Gene Ontology and 
Kyoto Encyclopedia of Genes and Genomes 
pathway analyses, were performed using R 
packages from the Bioconductor platform 
(http://www.bioconductor.org/). Results were 
visualized on the Bioinforcloud online platform.

Reverse transcription quantitative real-time 
polymerase chain reaction (RT-qPCR)

The mRNA expression of target genes identified 
by RNA-seq was validated in both xenograft 
tumors and cultured CRPC cells. Total RNA was 
extracted, reverse transcribed into cDNA, and 
amplified using gene-specific primers (Sangon 
Biotech, China; sequences provided in Table  
1). Amplification was performed on a Bio-Rad 
PCR system, and fluorescence was detected 
using an integrated RT-qPCR module. Relative 
gene expression levels were calculated using 
the 2-ΔΔCt method.

Immunofluorescence (IF)

Tumor tissues and cultured CRPC cells were 
fixed, paraffin-embedded, and sectioned. Fol- 
lowing antigen retrieval and blocking, samples 
were incubated with primary antibodies (1:200 
dilution) overnight at 4°C. After washing, fluo-
rescent secondary antibodies and 4’,6-diamidi-
no-2-phenylindole were applied. Images were 
acquired using a fluorescence microscope.

Western blot

Protein expression in xenograft tumors and  
cultured CRPC cells were analyzed. Protein 
lysates (40 µg/µl) were quantified using a bicin-
choninic acid assay, and 40 µg of total protein 
per sample was separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene fluoride mem-
branes. After blocking for 2-3 hours at room 
temperature, membranes were incubated over-
night at 4°C with the following primary an- 
tibodies (all from Cell Signaling Technology, 
USA): phosphatidylinositol 3-kinase (PI3K) p85, 
protein kinase B (Akt), mechanistic target  
of rapamycin (mTOR), phospho-PI3K p85 (Tyr- 
458), phospho-Akt (Ser473), phospho-mTOR 
(Ser2448), PGC1α, and glyceraldehyde-3- 
phosphate dehydrogenase. Following washing, 

Table 1. Primer sequences for quantitative real-
time PCR
Gene Primer Direction Sequence (5’ → 3’)
GAPDH Forward AATGGGCAGCCGTTAGGAAA

Reverse GCGCCCAATACGACCAAATC
PIK3R1 Forward AAGTGCCAGAGTGAAGTGGC

Reverse GTCCCGTCTGCTGTATCTCG
Akt Forward GGCGGCAGGACCGAG

Reverse CGCCTGCTCCCGTCTTC
mTOR Forward GCCGCGCGAATATTAAAGGA

Reverse CTGGTTTCCTCATTCCGGCT
PGC-1α Forward TGAAGGGTACTTTTCTGCCCC

Reverse GCACAAACTGGATTCGCCAG
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; Akt, 
protein kinase B; mTOR, mechanistic target of rapamycin; 
PGC-1α, peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha; PCR, polymerase chain reaction.
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membranes were incubated with horseradish 
peroxidase-conjugated secondary antibodies. 
Signals were detected using a chemilumines-
cent imaging system (Bio-Rad, USA) and quanti-
fied with Image J software (National Institutes 
of Health, USA).

Statistical analysis

Data are expressed as mean ± standard error 
of the mean. Normality and homogeneity of 
variance were assessed using the Shapiro- 
Wilk test and Levene’s test, respectively. 
Comparisons between two groups were per-
formed using Student’s t-test (for equal vari-
ances) or Welch’s t-test (for unequal variances). 
Multi-group comparisons were conducted by 
one-way analysis of variance followed by 
Tukey’s post-hoc test (for homogeneous vari-
ances) or Welch’s analysis of variance followed 
by Games-Howell post-hoc test (for heteroge-
neous variances). A P-value <0.05 was consid-
ered statistically significant. All statistical  
analyses and graphs were generated using 
GraphPad Prism version 9.0.0.

Results

PLP-containing serum exerts broad anti-tumor 
activity against CRPC cells in vitro

To determine the appropriate experimental 
concentration, we first assessed the cytotoxici-
ty of PLP-containing serum, which was pre-
pared from rats orally administered PLP. In the 
androgen-independent prostate cancer cell 
lines PC-3 and 22RV1, CCK-8 assays showed 
that the serum reduced cell viability in a con-
centration-dependent manner. The inhibitory 
effect increased progressively from 0% to  
30% serum concentration and then stabiliz- 
ed (Figure 1A) at 30% concentration, viabili- 
ty decreased to 24.00% in PC-3 cells and 
31.89% in 22RV1 cells (P<0.001 vs. control), 
establishing this concentration as the maxi-
mum inhibitory threshold for subsequent exper-
iments. Consistent with this, SRB-based prolif-
eration assays confirmed sustained inhibition 
under treatment with 30% PLP-containing 
serum (Figure 1C). Beyond proliferation, func-
tional phenotyping revealed that the same 
treatment significantly reduced wound closure 
in scratch assays (Figure 1B), inhibited Matri- 
gel invasion in Transwell assays (Figure 1D), 
and increased both early and late apoptosis as 

shown by Annexin V/PI staining (Figure 1E). 
Notably, although castration-resistant progres-
sion is often associated with elevated intercel-
lular ROS, PLP exposure sharply reduced ROS 
levels, as detected by 2’,7’-dichlorodihydrofluo-
rescein diacetate fluorescence (Figure 1F). 
Collectively, these data indicate that PLP-
containing serum simultaneously targets multi-
ple hallmarks of CRPC, including proliferation, 
migration, invasion, survival, and redox imbal-
ance. These findings provide a solid foundation 
for further mechanistic investigation.

Purified PLP recapitulates the anti-CRPC activ-
ity observed with PLP-containing serum

To determine whether the observed effects 
were specifically attributable to PLP itself rath-
er than serum metabolites or nonspecific fac-
tors, we directly treated PC-3 and 22RV1 cells 
with highly purified PLP (>95% purity). Purified 
PLP alone robustly reproduced all key anti-
tumor phenotypes observed with the serum 
formulation: it significantly inhibited wound 
healing (Figure 2A), reduced Matrigel invasion 
(Figure 2B), induced pronounced apoptosis 
(Figure 2C), and markedly lowered intracellu- 
lar ROS levels (Figure 2D). The magnitude of 
these effects was comparable to that achiev- 
ed with 30% PLP-containing serum. These 
results demonstrate that PLP is the primary 
bioactive component responsible for the anti-
tumor activity, confirming the specificity of our 
model and supporting its potential applicability 
as a targeted therapeutic agent.

PLP suppresses CRPC tumor growth in vivo 
with good safety profile

We next evaluated the in vivo efficacy of orally 
administered PLP using a castrated PC-3 xeno-
graft model. After 28 days of treatment, PLP 
caused a dose-dependent reduction in both 
tumor volume and weight. The high-dose gro- 
up (400 mg/kg) showed a 91.7% decrease in 
tumor volume and a 78.0% decrease in tu- 
mor weight compared to the vehicle control 
(P<0.001), achieving efficacy comparable to 
the clinical combination of abiraterone and 
prednisone (97.4% inhibition) (Figure 3A-C). 
Histopathological examination of excised tu- 
mors revealed extensive apoptotic regions in 
the PLP-treated groups, particularly at the high 
dose (Figure 3D). Serum levels of creatinine, 
urea nitrogen, alanine aminotransferase, and 
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Figure 1. In vitro effects of PLP-containing serum on CRPC cells. PC-3 and 22RV1 cells were treated with rat serum containing PLP at the indicated concentrations 
for 48 h. A. Cell viability assessed by CCK-8 assay. B. Cell migration evaluated by wound healing assay. Scale bar: 200 μm. C. Cell proliferation measured by SRB 
assay. D. Cell invasion determined by Transwell assay with Matrigel coating. Scale bar: 100 μm. E. Apoptosis analyzed by Annexin V/PI double staining and flow 
cytometry. F. Intracellular ROS levels detected by DCFH-DA fluorescence. Scale bar: 50 μm. Data are presented as mean ± SD of three independent experiments. 
*P<0.05, **P<0.01, ***P<0.001. PLP, Phellinus linteus polysaccharides; CRPC, castration-resistant prostate cancer; DAPI, 4’,6-diamidino-2-phenylindole; ROS, re-
active oxygen species; Annexin V-FITC, Annexin V-fluorescein isothiocyanate; CCK-8, Cell Counting Kit-8; SRB, sulforhodamine B; Annexin V/PI, Annexin V-fluorescein 
isothiocyanate/propidium iodide; DCFH-DA, 2’,7’-dichlorodihydrofluorescein diacetate; SD, standard deviation.
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Figure 2. Phenotypic effects of purified PLP on CRPC cells. PC-3 and 22RV1 cells were treated with purified PLP (50 
μg/mL) for 48 h. A. Cell migration assessed by wound healing assay. Scale bar: 200 μm. B. Cell invasion evaluated 
by Matrigel-based Transwell assay. Scale bar: 100 μm. C. Apoptosis analyzed by Annexin V/PI double staining and 
flow cytometry. D. Intracellular ROS levels detected using DCFH-DA fluorescent probe. Scale bar: 50 μm. Data are 
presented as mean ± SD from three independent experiments. *P<0.05, **P<0.01, ***P<0.001. PLP, Phellinus 
linteus polysaccharides; CRPC, castration-resistant prostate cancer; DAPI, 4’,6-diamidino-2-phenylindole; ROS, re-
active oxygen species; Annexin V/PI, Annexin V-fluorescein isothiocyanate/propidium iodide; DCFH-DA, 2’,7’-dichlo-
rodihydrofluorescein diacetate; SD, standard deviation.

Figure 3. In vivo anti-tumor efficacy and safety of PLP in a CRPC xenograft model. Castrated nude mice bearing PC-3 
xenografts were orally administered vehicle, PLP (100, 200, or 400 mg/kg), or abiraterone/prednisone daily for 28 
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aspartate aminotransferase remained within 
normal ranges across all treatment groups 
(Figure 3E), indicating no significant hepatotox-
icity or nephrotoxicity. These preclinical results 
establish PLP as a potent and safe anti-CRPC 
agent.

Transcriptomic profiling identifies 
Phosphoinositide-3-kinase regulatory subunit 
1 (PIK3R1) downregulation and PGC-1α upreg-
ulation as hallmarks of PLP response in CRPC

To elucidate the molecular mechanisms of 
PLP’s anti-tumor activity, RNA-Seq was per-
formed on tumor samples from castrated nude 
mice bearing PC-3 xenografts treated with vehi-
cle control, low-dose PLP (L+T), medium-dose 
PLP (M+T), high-dose PLP (H+T), or abirater- 
one/prednisone (A+T). After applying stringent 
filtering criteria (|log2 fold change| >1, adjust- 
ed P<0.05), a core set of 85 differentially 
expressed genes was identified that showed 
consistent alteration across all relevant pair-
wise comparisons (H+T vs. control, M+T vs. con-
trol, H+T vs. L+T), excluding repeat and dose-
irrelevant hits.

Gene Ontology enrichment analysis highlighted 
biological pathways related to “phosphati-
dylinositol-mediated signaling”, “regulation of 
cell migration”, and “response to oxidative 
stress”. Kyoto Encyclopedia of Genes and 
Genomes pathway analysis revealed that the 
most significantly down-regulated oncogenic 
pathway was the PI3K-Akt signaling pathway 
(P<0.001, Figure 4A). Within this pathway, 
PIK3R1 (encoding the p85α regulatory sub-
unit), which stabilizes and modulates PI3K  
catalytic activity, emerged as the most down-
regulated gene across all effective treatment 
groups (Figure 4B).

In parallel, we observed pronounced up-regula-
tion of genes involved in mitochondrial function 
and oxidative stress defense. PPARGC1A, the 
gene encoding PGC-1α - a master transcription-

al coactivator regulating mitochondrial biogen-
esis, ROS detoxification, and metabolic adapta-
tion-was among the most consistently up-regu-
lated transcripts. This dual signature, combin-
ing suppression of PI3K activity with PGC-1α-
mediated redox homeostasis, was further vali-
dated by cross-referencing our list of differen-
tially expressed genes with a curated set of 
CRPC-related protein-coding genes from the 
GeneCards Database. Among the seven over-
lapping targets, PIK3R1 and PPARGC1A were 
the most striking, exhibiting opposite expres-
sion trends and both playing established roles 
in cancer progression and therapy resistance 
(Figure 4C).

PLP co-suppresses the PI3K-Akt-mTOR on-
cogenic pathway and upregulates PGC-1α in 
CRPC in vitro and in vivo

To delineate the molecular changes induced by 
PLP treatment, we performed integrated tran-
scriptomic and proteomic analyses in both 
xenograft tumors and cultured CRPC cells. 
RT-qPCR analysis of xenograft tumors revealed 
that PLP administration dose-dependently 
reduced mRNA expression of PIK3R1 (the regu-
latory subunit of PI3K) and its downstream 
effectors Akt and mTOR, while upregulating 
PGC-1α, a master regulator of mitochondrial 
function and oxidative stress response (Figure 
5A). A similar suppression of PIK3R1 mRNA 
was observed in PC-3 and 22RV1 cells treat- 
ed with PLP-containing serum (Figure 5B). At 
the protein level, immunofluorescence staining 
of tumor sections showed marked reductions 
in cytoplasmic PIK3R1, phosphorylated Akt 
(Ser473), and phosphorlated mTOR (Ser2448), 
alongside a clear increase in nuclear PGC-1α 
fluorescence(Figure 5C). These changes were 
recapitulated in cultured cells, where PLP sig-
nificantly decreased PIK3R1 protein levels in 
both cell lines (Figure 5D). Western blotting fur-
ther confirmed that PLP reduced the phosphor-
ylation of PIK3R1, Akt, and mTOR without alter-
ing total protein levels, indicating specific inhi-

days (n=6 per group). A. Tumor volume was measured every 3-4 days. B. Tumors were excised and weighed at the 
endpoint. C. Tumor inhibition rate was calculated relative to the vehicle group. D. Representative H&E-stained tumor 
sections. Scale bar: 100 μm. E. Serum levels of creatinine, urea nitrogen, ALT, and AST were measured to assess 
hepatorenal function. *P<0.05, **P<0.01, ***P<0.001. PLP, Phellinus linteus polysaccharides; CRPC, castration-
resistant prostate cancer; H&E, hematoxylin and eosin; T, tumor (vehicle control); H+T, high-dose PLP (400 mg/kg) 
+ tumor; M+T, medium-dose PLP (200 mg/kg) + tumor; L+T, low-dose PLP (100 mg/kg) + tumor; A+T, abiraterone 
(130 mg/kg) + prednisone (1.3 mg/kg) + tumor; Abi + PRED, abiraterone + prednisone; ALT, alanine aminotransfer-
ase; AST, aspartate aminotransferase.
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bition of pathway activation. Concurrently, PGC-
1α protein was upregulated. These alterations 
were evident in both tumor lysates (Figure 5E) 
and lysates from the two CRPC cell lines (Figure 
5F). Collectively, these multi-omics data dem-
onstrate that PLP exerts its anti-tumor effects 
through a dual mechanism: simultaneous sup-
pression of the oncogenic PI3K-Akt-mTOR sig-
naling cascade and activation of the PGC-1α-
driven antioxidant and metabolic adaptation 
program, thereby linking phenotypic suppres-
sion to coherent molecular reprogramming.

PIK3R1 overexpression functionally rescues 
PLP-induced tumor suppression

To establish a causal relationship between 
PIK3R1 downregulation and the phenotypic 
effects of PLP, we generated 22RV1 cells stably 
overexpressing PIK3R1 via pcDNA3.1-based 
transfection. In vector-control cells, PLP treat-
ment robustly inhibited migration (Figure 6A), 
invasion (Figure 6B), induced apoptosis (Fig- 
ure 6C), and reduced ROS levels (Figure 
6D)-fully consistent with prior observations. In 
contrast, forced expression of PIK3R1 signifi-
cantly reversed all these phenotypes: wound 
closure and Transwell invasion were partially 
restored, apoptosis induction was blunted, and 
the PLP-mediated decline in ROS was attenu-
ated. These rescue experiments provide direct 
functional evidence that suppression of PIK3R1 
is necessary for PLP to exert its anti-CRPC 
activity, positioning it as a critical node in the 
PLP response network.

PGC-1α knockdown abrogates PLP’s redox-
modulating and anti-tumor effects

Conversely, to determine the functional contri-
bution of PGC-1α, we silenced its expression  
in 22RV1 cells using lentiviral shRNA. In PGC-
1α-knockdown cells, PLP failed to effectively 
suppress migration (Figure 7A) and invasion 
(Figure 7B), induced significantly less apopto-

sis (Figure 7C), and no longer reduced intracel-
lular ROS levels to the same extent as in control 
shRNA-treated cells (Figure 7D). This loss-of-
function validation confirms that PGC-1α is 
indispensable for mediating PLP’s antioxidant 
and tumor-suppressive actions. Together with 
the PIK3R1 rescue data, these findings estab-
lish a unified model in which PLP combats 
CRPC through dual modulation of oncogenic 
signaling and metabolic-redox adaptation.

Discussion

Hormone-sensitive prostate cancer progresses 
to CRPC through a complex pathological pro-
cess involving both androgen receptor (AR)-
dependent and AR-independent mechanisms 
[11, 12]. This transition is characterized by 
diverse molecular alterations, necessitating a 
comprehensive understanding of the tumor 
across disease stages. While early-stage pros-
tate cancer can often be effectively managed 
with options such as surgery, radiation, or 
androgen deprivation therapy, treatment be- 
comes increasingly challenging once the dis-
ease progresses to CRPC. In this context, 
botanical medicines may represent a promising 
therapeutic breakthrough.

Multiple studies have reported the anti-pros-
tate cancer effects of P. linteus extracts, which 
primarily consist of polysaccharides. High 
doses of PLP have been shown to activate  
caspase-2, caspase-8, and endoplasmic re- 
ticulum stress-related apoptotic pathways, 
thereby promoting apoptosis in the Lymph 
Node Carcinoma of the Prostate cell line [12]. 
In murine tumor models, Sanghuang extract 
has been found to influence the incidence and 
progression of tumors formed by PC-3 or 
DU145 prostate cancer cells, with apoptosis 
mediated through caspase-3 activation [13, 
14]. Additionally, studies suggest that the  
anti-cancer mechanism of Sanghuang extract 
involves downregulation of phosphorylated sig-

Figure 4. Transcriptomic profiling of PLP-treated CRPC xenograft tumors. RNA sequencing was performed on tu-
mor tissues from castrated nude mice bearing PC-3 xenografts after 28 days of oral treatment with vehicle or PLP 
(100-400 mg/kg). A. KEGG pathway enrichment analysis of differentially expressed genes (|log2FC| >1, adjusted 
P<0.05). B. GO biological process enrichment analysis of differentially expressed genes (|log2FC| >1, adjusted 
P<0.05). C. Overlap of differentially expressed genes with curated CRPC-associated gene sets. *P<0.05, **P<0.01, 
***P<0.001. PLP, Phellinus linteus polysaccharides; CRPC, castration-resistant prostate cancer; KEGG, Kyoto En-
cyclopedia of Genes and Genomes; log2FC, log2 fold change; ATP, adenosine triphosphate; GO, Gene Ontology; 
CENP-A, centromere protein A; cGMP-PKG, cyclic guanosine monophosphate-protein kinase G; FPKM, fragments per 
kilobase of transcript per million mapped reads.
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Figure 5. Molecular characterization of PI3K-Akt-mTOR and PGC-1α signaling in response to PLP. A. RT-qPCR analy-
sis of PIK3R1, Akt, mTOR, and PGC-1α mRNA levels in xenograft tumor tissues. B. RT-qPCR of PIK3R1 mRNA in 
PC-3 and 22RV1 cells treated with 30% PLP-containing serum. C. Immunofluorescence staining of PIK3R1, p-Akt 
(Ser473), p-mTOR (Ser2448), and PGC-1α in tumor sections. Scale bar: 50 μm. D. Immunofluorescence of PIK3R1 
in PC-3 and 22RV1 cells. Scale bar: 25 μm. E. Western blot analysis of p-PIK3R1, total PIK3R1, p-Akt, total Akt, p-
mTOR, total mTOR, PGC-1α, and β-actin in tumor lysates. F. Western blot of the same proteins in PC-3 and 22RV1 
cell lysates. β-actin was used as a loading control. *P<0.05, **P<0.01, ***P<0.001. PIK3R1, phosphoinositide-
3-kinase regulatory subunit 1; Abi + PRED, abiraterone + prednisone; Akt, protein kinase B; mTOR, mechanistic 
target of rapamycin; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PLP, Phellinus 
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linteus polysaccharides; DAPI, 4’,6-diamidino-2-phenylindole; T, tumor (vehicle control); H+T, high-dose PLP (400 
mg/kg) + tumor; M+T, medium-dose PLP (200 mg/kg) + tumor; L+T, low-dose PLP (100 mg/kg) + tumor; A+T, 
abiraterone (130 mg/kg) + prednisone (1.3 mg/kg) + tumor; p-PIK3R1, phosphorylated phosphoinositide-3-kinase 
regulatory subunit 1; p-Akt, phosphorylated protein kinase B; p-mTOR, phosphorylated mechanistic target of ra-
pamycin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-qPCR, Quantitative reverse transcription poly-
merase chain reaction.

Figure 6. Functional rescue by PIK3R1 overexpression in 22RV1 cells. 22RV1 cells were transfected with pcDNA3.1-
PIK3R1 or empty vector, followed by PLP treatment. A. Wound healing assay. Scale bar: 200 μm. B. Transwell 
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invasion assay with Matrigel coating. Scale bar: 100 μm. C. Apoptosis analyzed by Annexin V/PI staining and flow 
cytometry. D. Intracellular ROS levels detected using DCFH-DA. Scale bar: 50 μm. Data are representative of three 
independent experiments. *P<0.05, **P<0.01, ***P<0.001. PLP, Phellinus linteus polysaccharides; PIK3R1, 
phosphoinositide-3-kinase regulatory subunit 1; DAPI, 4’,6-diamidino-2-phenylindole; ROS, reactive oxygen species; 
Annexin V/PI, Annexin V-fluorescein isothiocyanate/propidium iodide; DCFH-DA, 2’,7’-dichlorodihydrofluorescein di-
acetate.

Figure 7. Effects of PGC-1α knockdown on PLP responsiveness in 22RV1 cells. 22RV1 cells were infected with lenti-
virus expressing shRNA targeting PGC-1α or a non-targeting control, followed by treatment with PLP. A. Wound heal-
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nal transducer and activator of transcription 3, 
leading to apoptosis via mitochondrial path-
ways [15]. Other researchers have demonstrat-
ed that two main polysaccharide components 
of Sanghuang (P. linteus Ethanol-soluble frac-
tion and P. linteus Iodine-identified Ethanol-
soluble fraction) exhibit anti-cancer activity 
against ten cancer cell types, including pros-
tate cancer, accompanied by significant activa-
tion of pro-apoptotic factors such as caspase- 
3 and caspase-9, which were attributed to oxi-
dative stress and its link to apoptosis [16]. 
However, research specifically on focusing on 
high-purity PLP in the context of CRPC remains 
limited. Given that PLP may share similar bioac-
tive properties, we selected the aforemen-
tioned in vitro celluar endpoints for investiga-
tion. The results of ROS detection further sug-
gest a potential association between PLP and 
the PGC-1α gene.

In this study, we selected two representative 
CRPC cell lines: PC-3 and 22RV1. While these 
lines share fundamental biological characteris-
tics and metabolic pathways, they may exhibit 
subtle differences in nutrient utilization, prolif-
eration, and gene expression profiles. The con-
sistent anti-tumor effects observed across 
both lines suggest that PLP’s activity is likely 
robust and broadly applicable. PLP is a hetero-
polysaccharide primarily composed of glucose 
along with other monosaccharides. Its compo-
sition aligns with previously reported polysac-
charide profiles from Phellinus species [17]. 
The PLP used herein was obtained as a poly-
saccharide preparation (≥90% purity) from a 
reputable biotechnology supplier. It was pre-
pared via hot-water extraction, ethanol precipi-
tation after concentration, deproteinization 
using the Sevag method, and chromatographic 
purification. Although P. linteus is a natural 
product and minor batch-to-batch variations 
may occur, the standardized preparation  
protocol ensures reproducible experimental 
outcomes.

Following PLP treatment, intracellular ROS lev-
els decreased, while the rate of cell death 
increased. This indicates that PLP does not 
induce cell death through oxidative stress, a 
conclusion consistent with previous reports on 
the antioxidant properties of PLP [18].

Currently available animal studies report an 
exploratory oral dosage range for PLP of 100-
1000 mg/kg, with optimal therapeutic effects 
generally observed between 200-500 mg/kg 
[13]. Accordingly, in our nude mouse experi-
ment, we selected high (400 mg/kg), interme-
diate (200 mg/kg), and low (100 mg/kg) dose 
levels. Oral administration of PLP at these 
doses or vehicle control to nude mice bearing 
subcutaneous human CRPC xenografts de- 
monstrated clear anti-tumor effects at both 
macroscopic and microscopic levels. Although 
no comprehensive toxicological analysis was 
performed, routine examination revealed no 
obvious signs of hepatotoxicity or nephroto- 
xicity.

RNA sequencing of tumor tissues revealed  
that PLP downregulated PIK3R1 expression. 
This finding was functionally validated, as PLP 
was shown to inhibit the phosphorylation of 
PIK3R1 and its downstream effectors Akt and 
mTOR, thereby contributing to its anti-cancer 
activity. The PI3K/Akt/mTOR pathway plays a 
well-established role in disease progression, 
therapeutic resistance, and metastasis in  
metastatic CRPC. PIK3R1 encodes the p85α 
regulatory subunit of PI3K, while p85β and 
p55γ are encoded by PIK3R2 and PIK3R3, 
respectively [19, 20]. The role of PIK3R1 in  
cancer appears context-dependent. In some 
models, PIK3R1 deletion promotes tumorigen-
esis-for instance, driving invasive liver tumors 
in mice [21] or exacerbating epithelial tumor 
formation in PTEN-deficient backgrounds, with 
heterozygous loss increasing colonic polyp 
number [22]. Similarly, PIK3R1 loss has been 
linked to enhanced malignancy in breast  
cancer cells and mouse models [23, 24]. 
Conversely, clinical evidence from breast can-

ing assay. Scale bar: 200 μm. B. Matrigel-based Transwell invasion assay. Scale bar: 100 μm. C. Apoptosis analyzed 
by Annexin V/PI staining and flow cytometry. D. Intracellular ROS levels measured using DCFH-DA fluorescence. 
Scale bar: 50 μm. Data are representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001. 
PLP, Phellinus linteus polysaccharides; NC shRNA, non-targeting control shRNA; PGC-1α, peroxisome proliferator-
activated receptor gamma coactivator 1-alpha; DAPI, 4’,6-diamidino-2-phenylindole; ROS, reactive oxygen species; 
Annexin V/PI, Annexin V-fluorescein isothiocyanate/propidium iodide; DCFH-DA, 2’,7’-dichlorodihydrofluorescein di-
acetate.
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cer indicates that elevated PIK3R1 expression 
in approximately 31% of tumor samples corre-
lates with metastasis and poorer survival [25]. 
In liver cancer, PIK3R1 is upregulated com-
pared to adjacent normal tissue, and its silenc-
ing suppresses phosphorylation of PI3K, Akt, 
and mTOR, exerting anti-tumor effects in hepa-
tocellular carcinoma cell lines [26]. Although  
in vitro silencing of PIK3R1 or related genes 
generally inhibits proliferation, invasion, and 
migration, the magnitude and mechanism of 
response can vary across cell lines due to dis-
tinct signaling network configurations [27]. 
These observations underscore the complex, 
tissue-specific regulation of PIK3R1.

In CRPC, AR signaling becomes dysregulat- 
ed, and oncogenic PI3K/Akt/mTOR activation 
frequently coexists. Approximately 15-30% of 
CRPC cases harbor PIK3CA amplification or 
mutation [28, 29], leading to constitutive Akt 
activation that sustains cancer cell survival, 
proliferation, and metabolic reprogramming 
[30]. Normally, PI3K/Akt/mTOR and AR sig- 
naling engage in reciprocal feedback; inhibition 
of one pathway often activates the other. In 
CRPC, adaptive changes in the AR pathway-
such as AR amplification, mutation, or expres-
sion of splice variants like AR-V7-enable tumors 

glycolysis through transcription factors such as 
hypoxia-inducible factor 1-alpha and Myc, sup-
porting the Warburg effect and tumor growth. 
In contrast, PGC-1α enhances mitochondrial 
oxidative phosphorylation and suppresses gly-
colysis, counteracting the metabolic shift driv-
en by PI3K/Akt/mTOR [35]. Additionally, mech-
anistic target of rapamycin complex 1-activat- 
ed ribosomal protein S6 kinase 1 can inhibit 
autophagy and mitochondrial turnover, impair-
ing PGC-1α function and facilitating metabolic 
adaptation in cancer cells. PGC-1α also inter-
acts with the Wnt/β-catenin and PI3K/Akt path-
ways, contributing to reduced tumor stemness 
and metastasis [36]. In this study, PLP upregu-
lated PGC-1α expression, suggesting a poten-
tial link to PI3K/Akt/mTOR pathway modulation 
(Figure 8).

Safety evaluation in this study was limited to 
serum markers of hepatic and renal func- 
tion. Comprehensive toxicology assessments-
including organ weight indices, full histopathol-
ogy of major organs, and systemic inflammato-
ry profiling-were not conducted. Such analyses 
will be important for future chronic toxicity  
studies supporting Investigational New Drug 
application. Although PLP robustly inhibited 
migration and invasion in vitro, the subcutane-
ous xenograft model does not replicate meta-

Figure 8. Mechanistic overview of PLP in tumor suppression. PI3K, phos-
phoinositide 3-kinase; PIK3R1, phosphoinositide-3-kinase regulatory sub-
unit 1; PGR-1α, peroxisome proliferator‑activated receptor gamma coactiva-
tor 1-alpha; mTOR, mechanistic target of rapamycin.

to bypass androgen depriva-
tion [31, 32]. Consequently, 
CRPC cells frequently deve- 
lop heightened dependence  
on PI3K/Akt/mTOR signaling, 
making this pathway a rational 
therapeutic target alongside 
androgen deprivation [33].

PGC-1α is a key transcrip- 
tional coactivator that regu-
lates metabolism, mitochon-
drial biogenesis, and oxidative 
stress responses. Its role in 
cancer can be dual, promot- 
ing or suppressing tumor pro-
gression depending on tumor 
type and microenvironment. It 
may help protect against oxi-
dative DNA damage and re- 
duce cancer risk [34]. The 
PI3K/Akt/mTOR pathway and 
PGC-1α are interconnected  
in tumor development. PI3K/
Akt/mTOR signaling promotes 
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static progression. Future studies should em- 
ploy orthotopic prostate implantation, intracar-
diac injection, or patient-derived circulating 
tumor cell models to evaluate PLP’s potential 
anti-metastatic effects. Furthermore, while tu- 
mor growth suppression and apoptosis were 
observed via Hematoxylin and Eosin as well as 
Terminal Deoxynucleotidyl Transferase dUTP 
Nick-End Labeling, additional immunohisto-
chemical analyses (e.g., Ki-67 for proliferation 
and cleaved caspase-3 for apoptosis) would 
strengthen in vivo phenotyping. These were not 
feasible in the current study due to limited 
residual tissue after molecular analyses but 
are planned for follow-up investigations.

In conclusion, PLP exhibits certain inhibitory 
effects on the progression of CRPC in both in 
vitro assays and xenograft animal models. The 
mechanism of action likely involves downregu-
lation of the PI3K/Akt/mTOR oncogenic signal-
ing pathway and the synergistic antioxidant 
effects associated with PGC-1α upregulation. 
These findings provide a solid scientific founda-
tion supporting PLP as a promising candidate 
for anti-CRPC therapy.
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