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Abstract. Polygonatum sibiricum polysaccharides (PSP) 
are a traditional herbal medicine component with potential 
therapeutic effects on several diseases. The present study 
aimed to assess the role of PSP in the treatment of human 
prostate cancer using a PC‑3 cell line by Cell CK‑8, transwell 
and wound healing assays, then elucidate the potential under‑
lying mechanisms by western blot and quantitative Real‑time 
RT‑PCR. Different concentrations of PSP were applied to 
PC‑3 cells, and the proliferation, invasion and migration of 
PC‑3 cells were demonstrated to be significantly inhibited 
with increasing concentrations of PSP. Additionally, cell 
apoptosis rate and expression of caspase‑3 increased with 
higher PSP concentrations, and the cell cycle was arrested 
in the S phase. Furthermore, it was demonstrated that the 
expression of the multidrug resistance‑1 gene and its encoded 
protein P‑glycoprotein in PC‑3 cells decreased following 
PSP treatment, suggesting that PSP may have the potential to 
reverse multidrug resistance in PC‑3 cells. The present study 
also evaluated the possible mechanism of PSP action on PC‑3 
cells. The results revealed that phosphorylated P65, PI3K and 
AKT decreased in a concentration‑dependent manner. As key 
molecules in the NF‑κB and PI3K/Akt signaling pathways, 
this finding suggests that the potential mechanism of the effect 
of PSP on prostate cancer cells may involve simultaneous 
mediation of the PI3K/Akt and NF‑κB signaling pathways. 
The present study demonstrated that PSP inhibit the prolif‑
eration, invasion and migration of PC‑3 cells in vitro, as well 
as reverse MDR in these cells. The underlying mechanism 

may involve the simultaneous regulation of the PI3K/Akt and 
NF‑κB signaling pathways.

Introduction

Prostate cancer is the second‑leading cause of cancer‑related 
deaths in men worldwide (1). For early‑stage prostate cancer, 
laparoscopic radical prostatectomy can provide effective treat‑
ment with the benefits of it being less expensive and minimally 
invasive (2), requiring only a small incision, and allowing for 
quick recovery after the operation. For recurrent or metastatic 
prostate cancer, radical surgery is not a suitable option. At 
the same time, androgen deprivation therapy is the current 
standard‑of‑care treatment (3), aimed at reducing the level of 
androgens and inhibiting their activity to delay the progression 
of prostate cancer. However, many patients with prostate cancer 
may gradually become unresponsive or resistant to androgen 
blocking, leading to the development of castration‑resistant 
prostate cancer (CRPC), which is associated with high 
morbidity and mortality (4). CRPC is particularly challenging 
to treat due to its natural or acquired drug resistance, resulting 
in a poor prognosis (3). Therefore, it is necessary to elucidate 
new approaches to treat patients with advanced prostate cancer 
effectively.

Numerous studies have reported that Polygonatum 
sibiricum polysaccharides (PSP) possess pharmaco‑
logical properties and biological activities (5), making 
them widely used in treatments of diabetes mellitus and its 
complications (6,7), as well as for their hypoplipidemic (8), 
anti‑atherosclerosis (8,9), anti‑osteoporosis (10) and anti‑
cancer (11,12) effects. Among these, the potential antitumor 
effects of PSP have attracted scientific interest due to its low 
toxicity and lack of side effects (11‑14). A previous study 
reported that PSP notably inhibited the growth of prostate 
cancer‑associated fibroblasts and enhanced the effective‑
ness of cancer therapy (13). Another study reported that PSP 
induced apoptosis in HepG2 cells and arrested the cell cycle 
at the G1 phase, indicating potential antitumor effects (14). 
Additionally, several studies have suggested that PSP can 
hold human gastric cancer HGC‑27 cells, esophageal cancer 
ECA‑109 cells and colorectal cancer HCT‑8 cells in the 
S stage, thereby promoting their apoptosis (5,15).
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Furthermore, studies have reported that the phosphati‑
dylinositol 3‑kinase (PI3K)/protein kinase B (PKB/AKT) 
signaling pathway is a key regulator of the cell cycle (16). 
Additionally, research has identified the PI3K/AKT signaling 
pathway as a significant player in prostate cancer tumorigenesis 
and therapy, influencing apoptosis, proliferation, metastasis 
and invasion of prostate cells (17‑21).

The present study aimed to assess the effects of PSP on 
human prostate cancer PC‑3 cells and elucidate the underlying 
mechanism involved.

Materials and methods

Cell culture and reagents. Human prostate cancer PC‑3 cells 
were purchased from Procell Life Science & Technology Co., 
Ltd. The cells were cultured in Ham's F‑12K media (Wuhan 
Pricella Biotechnology Co., Ltd.; Cat. CM0185) supplemented 
with 10% fetal bovine serum (FBS) (Gibco. Cat. 26140‑079), 
100 U/ml penicillin and 100 mg/ml streptomycin at 37˚C 
in a humidified atmosphere containing 5% CO2. PSP was 
purchased from Shanghai Yuanye Biotechnology Co., Ltd. 
with a purity of 70%. The compounds were dissolved in PBS at 
a concentration of 20 mg/ml to prepare stock solution, which 
was stored at ‑20˚C for in vitro studies. Before each assay, the 
stock solution was diluted with the medium.

Cell Counting kit‑8 (CCK‑8) assay. The effect of PSP on 
cell proliferation was assessed using the CCK‑8 assay. Cells 
were seeded into 96‑well tissue culture plates at a density of 
1x104 cells/well and incubated at 37˚C with PSP for 24, 48, 72, 
96 or 120 h. Untreated cells served as the control. Following 
the treatment period, 10 µl CCK‑8 reagent (Fluorescence, 
cat. no. DCM7122) was added to each well and then incubated 
for an additional 4 h at 37˚C. The absorbance at 450 nm 
was measured using a microplate reader. Cell viability 
was determined by the following formula: Cell viability 
(%)=[(As‑Ab)/(Ac‑Ab)] x100%, where As is the absorbance of 
PSP‑treated groups, Ac is the absorbance of 0 µg/ml PSP‑treated 
groups, and Ab is the absorbance of the blank group.

Flow cytometry. Based on the results of the CCK‑8 assay, 
PC‑3 cells were plated into 6‑well plates at a density of 
2x105 cells/well and treated with several concentrations of 
PSP solution (0, 250, 500 µg/ml, 1, 2 and 4 mg/ml) at 37˚C 
for 72 h. The apoptosis rate of PC‑3 cells was evaluated using 
the Annexin V‑FITC/PI Apoptosis Detection Kit according to 
the manufacturer's instructions (Beijing 4A Biotech Co., Ltd. 
Cat. FXP018). Cultured cells were collected, washed with cold 
PBS and resuspended in a binding buffer. To this buffer, 5 µl 
Annexin V‑FITC and 5 µl PI were added, followed by incu‑
bation at room temperature for 15 min in the dark. Annexin 
V‑FITC binds to phosphatidylserine on the outer membrane 
of apoptotic cells, whilst PI penetrates and stains cells with 
compromised membrane integrity, binding to and labeling 
DNA. Data collection was performed using a flow cytometer 
(BeamCyte‑1026; Bidaiko Biotechnology (Suzhou) Co.,Ltd, 
and the data were analyzed using FlowJo software 10.8.1 (BD 
Biosciences).

For the cell cycle assay, PC‑3 cells were trypsinized, washed 
with cold PBS and fixed with 70% ethanol at 4˚C overnight. 

The fixed cells were collected, resuspended in cold PBS and 
stained with PI. After staining, the cells were incubated for 
30 min at 37˚C in the dark. Data were collected using a flow 
cytometer (BeamCyte‑1026; Bidaiko Biotechnology (Suzhou) 
Co., Ltd) and the data were analyzed with FlowJo software 
10.8.1 (BD Biosciences).

Transwell invasion and migration assay. A Transwell assay 
was used to analyze cell invasion and/or migration. 2x105 cells 
treated with PSP (0, 500 µg/ml, 1, 2 and 4 mg/ml) were 
suspended in an FBS‑free medium and 4x104 cells seeded 
into the upper chamber of 24‑well plates, which were either 
coated with Matrigel at 37˚C for 24 h (for invasion assays) or 
uncoated (for migration assays). The lower chamber was filled 
with a medium containing 10% FBS as a chemoattractant. 
After a 24‑h incubation at 37˚C, non‑invaded or non‑migrated 
cells on the upper surface of the membranes were carefully 
removed using cotton swabs, whilst cells that had transverse 
the membrane were fixed with 75% carbinol for 10 min at 
room temperature and stained using 0.1% Giemsa (Beyotime, 
C0133) for 10 min at room temperature. The stained cells 
were then counted under an invert light microscope (Leica 
DM3000).

Wound healing assay. PC‑3 cells were seeded in 12‑well micro‑
plates at a density of 1.5x105 cells/well and incubated at 37˚C 
for 24 h (confluence reached 90‑100%). Confluent monolayers 
were scratched with 10 µl tips. After washing with PBS, the 
cells were cultured at 37˚C in low serum medium (0.5% FBS) 
with different concentrations of PSP (0, 500 µg/ml, 1, 2 and 
4 mg/ml). Images of scratched areas were captured by fluo‑
rescence microscope at 0, 24, 48 and 72 h of incubation in the 
dark. Image J v1.8.0 software (National Institutes of Health) 
was used to analyze the cell migration distance. The migration 
inhibition rate was expressed as the % scratch closure change 
according to the following formula: Scratch closure change 
(%)=[(At0‑Atc)/At0] x100%, where At0 is the scratch area at time 
0 and Atc is the corresponding scratch area at 24, 48 and 72 h.

Western blot. A total of 2x105 Cells treated with PSP for 
72 h were harvested and lysed using RIPA buffer (Solarbio 
life sciences, Cat. R0010), and protein concentrations were 
measured using a BCA quantification kit. The lysates including 
50 µg total proteins were then separated using 10% SDS‑PAGE 
and transferred onto PVDF membranes (cat. no. ISEQ00010; 
MilliporeSigma; Merck KGaA), then blocked with 5% BSA 
(Solarbio life sciences, Cat. SW3015) at room temperature 
for 1 h. The membranes were incubated overnight at 4˚C 
with primary antibodies (Affinity Biosciences, Ltd.) diluted 
at 1:1,000, including those targeting Akt (cat. AF6261), p‑Akt 
(Cat. AF0016), PI3K (Cat. AF6241), p‑PI3K (Cat. AF3241), 
caspase‑3 (Cat. no. AF6311), P65 (Cat. AF5006), p‑P65 (Cat. 
AF2006) and β‑actin (Cat. AF7018). After being washed 
thrice with 1xPBS‑T (1% Tween‑20), the membranes were 
incubated with HRP‑conjugated sheep anti‑rabbit secondary 
antibodies (1:3,000, Medical Discovery Leader, MD912565) 
at room temperature for 1 h. Finally, the protein bands were 
visualized using enhanced chemiluminescence. The inten‑
sity of the bands was semi‑quantified by the ChemiDoc 
MP Chemiluminescence Imaging System with Image Lab 
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software 6.0.1 (Bio‑Rad Laboratories, Inc.). β‑actin was used 
as internal control.

Reverse transcription‑quantitative PCR. 2x105 PC‑3 
cells were treated with different concentrations of PSP 
(0, 500 µg/ml, 1, 2, 4 mg/ml) at 37˚C for 72 h, after which 
total RNA was extracted using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). RNA concentration was deter‑
mined using a NanoDrop™ 2000 spectrophotometer (Thermo 
Fisher Scientific, Inc.). A total of 1 µg RNA was then reverse 
transcribed into cDNA using the SuperRT cDNA Synthesis 
Kit (Jiangsu CoWin Biotech Co., Ltd. cat. CW0741m), with 
β‑actin serving as the internal control, the condition for 
reverse transcription are incubated at 42˚C for 30‑50 min and 
at 85 ˚ C for 5 min. The expression levels of multidrug resis‑
tance‑1 (MDR1) mRNA were assessed using the UltraSYBR 
Mixture (Low ROX; Jiangsu CoWin Biotech Co., Ltd.; cat. 
CW2601M). The data were normalized with β‑actin using the 
following formula: Relative mRNA expression=2‑ΔΔCq (22), 
where Cq is the cycle threshold. The primer sequences used 
were as follows: MDR1 (forward), 5'‑TGC TCA AGT TAA 
AGG GGC TA‑3' and (reverse), 5'‑CAG TGT TAG TTG CCA 
ACC AT‑3'; and β‑actin (forward), 5'‑TCC TCC TGA GCG CAA 
GTA CTCC‑3' and (reverse), 5'‑CAT ACT CCT GCT TGC TGA 
TCC AC‑3'. The thermocycling conditions were as follows: 
Pre‑denatured at 95˚C for 5 min, 40 cycles at 95˚C for 10 sec, 
58˚C for 20 sec and 72˚C for 20 sec.

Immunocytochemistry. PC‑3 cells were seeded into 6‑well 
plates with sterile slides at a density of 2x105 cells/well, treated 
with several concentrations of PSP solution (0 and 500 µg/ml 
and 1, 2, 4 mg/ml) at 37˚C for 72 h, fixed with pre‑cooled 4% 
paraformaldehyde at room temperature for 20 min, and then 
blocked with 10% goat serum (Beyotime, C0265) for 30 min 
at 37˚C. The slides were subsequently stained with MDR1/
P‑glycoprotein (P‑gp) primary antibodies (1:1,000; Affinity 
Biosciences, Ltd.; Cat. AF5185) overnight at 4˚C. Following 
this, the slides were incubated with HRP‑conjugated secondary 
anti‑rabbit IgG (1:5,000, MDL Biotech; cat. no. MD912565) 
at 37˚C for 40 min. Slides were visualized using DAB, coun‑
terstained with hematoxylin at room temperature for 5 min 
and observed under a light microscope (Leica DM2000 LED).

Statistical analysis. All experiments were performed in 
triplicate. Data were analyzed using SPSS 19.0 statistical soft‑
ware (IBM Corp.) and are expressed as the mean ± standard 
deviation. One‑way analysis of variance was used to compare 
data among groups when they had a normal distribution and 
homogeneous variance, and Tukey's was used for the post hoc 
test. P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results

PSP inhibits the proliferation of PC‑3 cells. The CCK‑8 assay 
was used to determine whether PSP inhibits the proliferation 
of PC‑3 cells at varying concentrations. PC‑3 cells were treated 
with different concentrations of PSP (0, 125, 250, 500 µg/ml, 1, 
2 and 4 mg/ml) for 24, 48, 72, 96 and 120 h. The results demon‑
strated there was no significant inhibition observed across the 

concentrations at 24 h. However, at 48 h, inhibition increased 
with higher concentrations of PSP, particularly at 4 mg/ml. By 
72 and 96 h, significant inhibition was observed at concentra‑
tions of 2 and 4 mg/ml (Fig. 1). These results indicate that PSP 
effectively inhibits the proliferation of PC‑3 cells.

PSP induces apoptosis in PC‑3 cells and arrests the cell cycle 
in the S phase. The PC‑3 cells were treated with different 
concentrations of PSP for 72 h, after which the apoptosis rate 
was analyzed using flow cytometry. The results demonstrated 
that the apoptosis rate in the PSP‑treated groups was signifi‑
cantly higher than in the blank control group, and this increase 
was concentration‑dependent (P=0.001; Fig. 2A and B).

As activated caspase‑3 is a specific marker of apoptosis (14), 
the present study evaluated whether its activation contributed 
to PSP‑induced apoptosis. Caspase‑3 activity was assessed 
using western blot analysis following the treatment of PC‑3 
cells with PSP for 72 h. PSP concentrations of 0, 500 µg/ml, 1, 
2 and 4 mg/ml were selected based on the results of the apop‑
tosis assay. The results indicated a concentration‑dependent 
increase in caspase‑3 activity (Fig. 2C and D), suggesting the 
involvement of the intrinsic apoptotic pathway in PSP‑induced 
apoptosis in PC‑3 cells.

Cell cycle analysis revealed a marked increase in the % 
cells in the S phase after 72 h of PSP treatment compared with 
the blank control. Specifically, at a concentration of 4 mg/ml, 
PSP significantly increased the portion of PC‑3 cells in the S 
phase from 19.7 to 49.0% (Fig. 3).

These results indicate that PSP significantly promotes 
apoptosis in PC‑3 cells and arrests the cell cycle in the S phase. 
Furthermore, PSP appears to induce apoptosis of PC‑3 cells 
in vitro through the activation of the caspase‑3 pathway.

PSP inhibits the migration and invasion of PC‑3 cells. To 
assess the impact of PSP on the invasion and migration of 
PC‑3 cells, the cells were treated with several concentrations 
of PSP for 72 h, and invasion and migration were measured 
using a Transwell assay. The results revealed a significant 
reduction in both invasion and migration cell numbers with 
increasing PSP concentrations, particularly at 2 and 4 mg/ml 

Figure 1. PSP inhibits cell proliferation in PC‑3 cells. PC‑3 cells were seeded 
into 96‑well tissue plates and treated with several concentrations of PSP 
for 24, 48, 72, 96 and 120 h. The Cell Counting Kit‑8 assay was used to 
assess cell proliferation and the results indicate that PSP effectively inhibits 
the proliferation of PC‑3 cells at concentrations of 2 or 4 mg/ml after 48, 
72 and 96 h of treatment. **P<0.01. PSP, Polygonatum sibiricum.

https://www.spandidos-publications.com/10.3892/ol.2024.14774
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compared to concentration of 0 µg/ml (Figs. 4 and 5). Wound 
healing assays also demonstrated that the wound healing of 
PC‑3 cells was inhibited by PSP in a dose‑dependent manner 
(Fig. 6A). Furthermore, the scratch closure change indicated 
that PSP could significantly prevent wound healing, especially 
at concentrations of 2 and 4 mg/ml compared to 0 µg/ml, at 
24, 48 and 72 h (Fig. 6B). These results indicate that PSP could 
inhibit the invasion and migration of PC‑3 cells.

PSP decreases the expression of the MDR‑1 gene and its 
encoded protein, P‑gp, in PC‑3 cells. Elevated expression of 
MDR‑1 is known to be associated with hormone‑independent 
prostate cancer, making it crucial to identify effective drugs to 
reverse multidrug resistance (MDR) and enhance the efficacy 
of prostate cancer chemotherapy (23,24). As PC‑3 cells are 
androgen‑independent, the present study used PC‑3 cells as an 
MDR model to assess the effects of PSP on the MDR‑1 gene 
and P‑gp protein expression. This was evaluated using reverse 
transcription‑quantitative PCR and immunocytochemistry. 
The results indicated that MDR‑1 gene expression decreased 
gradually with increasing PSP concentrations, with the most 
significant reduction observed at 4 mg/ml, where MDR‑1 gene 
expression was significantly lower compared with at other 
concentrations (Fig. 7A). Similarly, the expression of P‑gp also 

decreased gradually with higher PSP concentrations, particu‑
larly at 4 mg/ml (Fig. 7B). These findings suggest that PSP 
may have the potential to reverse MDR in PC‑3 cells.

Reduced expression of p‑P65, p‑PI3K and p‑AKT in PC‑3 cells 
after treatment with PSP. To assess the potential mechanisms 
through which PSP affects the biological behavior of prostate 
cancer cells, western blot analysis was performed on proteins 
involved in the PI3K‑AKT and NF‑kB signaling pathways 
after PC‑3 cells were treated with several concentrations of 
PSP for 72 h. The results revealed no significant differences 
in the levels of total AKT, PI3K and P65 among the groups. 
However, the phosphorylated forms, p‑P65, p‑PI3K and 
p‑AKT, demonstrated a concentration‑dependent decrease, 
with the most pronounced reduction observed at 4 mg/ml. At 
this concentration, the levels of p‑P65, p‑PI3K and p‑AKT 
were significantly lower compared with at other concentra‑
tions (Fig. 8).

Discussion

PSP is gaining increasing popularity for its potential appli‑
cations in functional foods and medicine (25), especially in 
cancer treatment. The present study assessed the effects of 

Figure 2. PSP promotes cell apoptosis and caspase‑3 expression. PC‑3 cells were treated with different concentrations of PSP for 72 h. (A) Cell apoptosis 
analyzed using flow cytometry, with apoptotic cells distributed in the Q1‑2 and Q1‑4 quadrants of the charts. (B) Apoptotic rates in the PSP‑treated groups, 
representing the sum of Q1‑2 and Q1‑4, which were significantly higher than in the blank control group. (C) Lysates from treated cells were collected and 
the expression of apoptosis‑related protein caspase‑3 was detected using western blotting. (D) Semi‑quantitative analysis of caspase‑3 revealed a concentra‑
tion‑dependent increase in caspase‑3 activity. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. PSP, Polygonatum sibiricum.
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PSP on prostate cancer PC‑3 cells and evaluated its potential 
mechanisms of action. It was demonstrated that PSP inhibits 
the proliferation of PC‑3 cells and induces apoptosis. These 
results align with a previous study that reported the inhibi‑
tory effects of PSP on HepG2 cells and its ability to induce 
apoptosis in those cells (14). However, the results of the 
present study revealed that PSP induces cell cycle arrest in 
the S phase of PC‑3 cells, whereas the previous study reported 
PSP‑induced arrest in the G1 phase of HepG2 cells. This 
difference may be attributed to the distinct characteristics of 
cell types. Other studies have reported that PSP can induce 
cell cycle arrest in the G0/G1 phase in mouse hepatoma H22 
cells, whilst it causes arrest in the S phase in human esopha‑
geal cancer ECA‑109 cells, human gastric cancer HGC‑27 
cells and human colorectal cancer HCT‑8 cells (5,15), thereby 
promoting apoptosis.

Additionally, the present study demonstrated that PSP 
inhibits the invasion and migration of PC‑3 cells in a 
dose‑dependent manner. This finding is consistent with a 
previous study that demonstrated the dose‑dependently inhi‑
bition of migration, invasion and epithelial‑to‑mesenchymal 
transition of liver cancer cells by PSP. The study indicated 
that PSP dose‑dependently reduced the activation of the 
Toll‑like receptor 4 (TLR4)/signal transducer and activator of 

transcription 3 (STAT3) and noncanonical nuclear factor‑κB 
(NF‑κB) signaling pathways. PSP inhibits liver cancer 
primarily by targeting and eliminating the TLR4/STAT3 
pathway (12). Another study assessed the inhibitory effect 
of anlotinib on cisplatin‑resistant ovarian cancer cells and 
reported that the ERK1/2/PLK2 signaling axis mediated 
the impact of alnotinib on the proliferation and migration 
of ovarian cancer cell lines (26). This suggests that different 
signaling pathways may be involved in the same inhibitory 
effects of drugs on tumor cells simultaneously.

The present also explored the potential mechanisms behind 
the PSP‑mediated apoptosis, migration and invasion of pros‑
tate cancer cells. A study assessing the association between 
AKT/PKB expression and the Gleason pattern in human 
prostate cancer reported that AKT was upregulated in pros‑
tate cancer and that its expression was associated with tumor 
progression (27). Another study which involved detecting 
Akt expression through immunohistochemical staining of 
paraffin‑embedded tissue, reported that the staining intensity 
for phosphor‑Akt (p‑AKT) was markedly higher in Gleason 
grades 8‑10 compared with that in prostatic intraepithelial 
neoplasia and other low grades of prostate cancer (28). This 
indicates that Akt and its related signaling pathway may serve 
a critical role in the progression of prostate cancer. Therefore, 

Figure 3. PSP arrests the cell cycle of PC‑3 cells in the S phase. PC‑3 cells were treated with several concentrations of PSP for 72 h and then harvested. 
Cell cycle progression was assessed using propidium iodide staining and analyzed using flow cytometry. The results indicate that the % cells in the S phase 
increased with higher concentrations of PSP. PSP, Polygonatum sibiricum.

https://www.spandidos-publications.com/10.3892/ol.2024.14774
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in the present study, the expression levels of AKT and p‑AKT 
were assessed after treating PC‑3 cells with different doses 

of PSP. The results demonstrated that whilst AKT expression 
remained consistent across the different dose groups, p‑AKT 

Figure 4. PSP suppresses PC‑3 cell invasion in vitro. (A) Invaded cells stained with Giemsa. (B) Cell invasion number decreased significantly with the 
increasing concentration of PSP. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. PSP, Polygonatum sibiricum.

Figure 5. PSP suppresses PC‑3 cell migration in vitro. (A) Migrated cells stained with Giemsa. (B) Cell migration number decreased significantly with the 
increasing concentration of PSP. *P<0.05; **P<0.01; ****P<0.0001. PSP, Polygonatum sibiricum.
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expression decreased with the increasing doses of PSP. Protein 
kinase AKT is the dominant key effector in the PI3K signaling 
pathway (29). Following this, the present study evaluated 
the expression levels of PI3K and p‑PI3K. Similar to AKT, 
it was revealed that PI3K expression showed no significant 
variation across the different dose groups, whilst p‑PI3K 
expression decreased with increasing doses of PSP. Therefore, 
we hypothesize that the PI3K/Akt pathway may serve a role 
in regulating the initiation and progression of prostate cancer 
and that PSP could inhibit the phosphorylation of AKT and 
PI3K, thereby blocking prostate cancer cell proliferation, 
migration and invasion. This is similar to the findings from 
a previous study, which reported that palmitic acid inhib‑
ited the key molecules in the PI3K/Akt pathway, effectively 
blocking prostate cancer proliferation and metastasis (30). 
Additionally, another study reported that the phosphorylation 
of NF‑κB p65 at ser536 serves a critical role in promoting 

prostate cancer oncogenesis (31). The study also highlighted 
the synergistic activities of NF‑κB and AKT signaling in 
promoting prostate cancer tumorigenesis (31). In the present 
study, it was also demonstrated that the expression of P65 in 
prostate cancer cells remained unchanged after PSP treatment, 
whilst phosphorylated P65 decreased with increasing doses 
of PSP. This suggests that PSP may inhibit the phosphoryla‑
tion of P65, thereby blocking the proliferation, migration and 
invasion of prostate cancer cells. Therefore, we hypothesize 
that PSP could exert its inhibitory effects on prostate cancer 
cell proliferation, invasion and migration by regulating both 
the PI3K/Akt and NF‑κB signaling pathways. These find‑
ings align with a previous study that suggested a synergistic 
anticancer effect of salinomycin combined with cabazitaxel 
by simultaneously downregulating the Wnt, NF‑κB and AKT 
signaling pathways (32). Another study reported the functional 
link between PI3K‑AKT and NF‑κB pathways in modulating 

Figure 6. Inhibition ability of PSP on PC‑3 cell migration assessed using a wound‑healing assay. PC‑3 cells were seeded in 12‑well microplates at a density of 
1.5x105 cells/well and incubated at 37˚C for 24 h. Confluent monolayers were scratched with 10 µl tips. (A) Images of the cell migration distance were captured 
at 0, 24, 48 and 72 h. (B) Scratch closure change decreased significantly with the increasing concentration of PSP. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
PSP, Polygonatum sibiricum.

Figure 7. PSP decreases the expression of the MDR‑1 gene and P‑gp protein in PC‑3 cells. PC‑3 cells were treated with different concentrations of PSP for 72 h. 
(A) Reverse transcription‑quantitative PCR was performed to detect the expression of the MDR‑1 gene. At a concentration of 4 mg/ml, MDR‑1 gene expres‑
sion was significantly lower compared with at other concentrations. (B) Treated PC‑3 cell slides were prepared and immunocytochemistry was used to assess 
the expression of P‑gp, which demonstrated that the expression decreased gradually with higher PSP concentrations (magnification, x400 scale bar=50 µm). 
**P<0.01. PSP, Polygonatum sibiricum; MDR‑1, multidrug resistance‑1; P‑gp, P‑glycoprotein.

https://www.spandidos-publications.com/10.3892/ol.2024.14774
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anti‑apoptotic and MDR effects, including the expression of 
the MDR1 gene, in AML HL‑60 cells (23).

In addition, MDR in cancer cells markedly hinders the 
therapeutic efficacy of treatments (24). There is increasing 

Figure 8. Expression of AKT, p‑AKT, PI3K, p‑PI3K, P65 and p‑P65 in PSP‑treated PC‑3 cells. (A) PC‑3 cells were treated with different concentrations of 
PSP for 72 h, harvested and lysed with RIPA. The lysates were subjected to western blot analysis to assess the expression of Akt, p‑AKT, PI3K, p‑PI3K, P65 
and p‑P65. (B) Semi‑quantification of protein levels was performed, revealing that the levels of p‑P65, p‑PI3K, p‑AKT decreased in a concentration‑dependent 
manner, especially at a concentration of 4 mg/ml. The samples were derived from the same experiment, and the blots were processed in parallel. *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001. PSP, Polygonatum sibiricum; ns, not significant.
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interest in developing several therapeutic regimens, including 
inhibitory drugs, to overcome MDR (33,34). Studies have 
reported that natural products can target multiple targets, 
making them valuable in addressing drug resistance from 
different perspectives (35,36). The present study demonstrated 
that PSP, a traditional Chinese medicine, can decrease expres‑
sion of the MDR‑1 gene and its encoded protein, P‑gp, which 
may help reverse MDR in PC‑3 cells. This effect could be 
linked to the broader anti‑cancer properties of PSP.

In summary, the present study is the first, to the best of 
our knowledge, to demonstrate that PSP can inhibit the prolif‑
eration, invasion and migration of PC‑3 cells in vitro, as well 
as reverse MDR in these cells. The underlying mechanism 
may involve the simultaneous regulation of the PI3K/Akt 
and NF‑κB signaling pathways. However, the present study is 
limited by the fact that the effects of PSP were only assessed 
using PC‑3 cells. It remains unclear whether these findings 
apply to other prostate cancer cell lines, such as LNCap or 
DU145, or benign prostate hyperplasia cell lines. Future 
research should evaluate the effects of PSP on a broader range 
of cell lines and further investigation in animal models should 
be performed to deepen the understanding of its potential 
therapeutic benefits. However, the findings of the present study 
suggest the antitumor potential of PSP for prostate cancer by 
targeting the PI3K/Akt and NF‑κB pathways.
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