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Abstract. Glioblastoma (GBM) is one of the most malignant 
forms of intracranial tumors, with high mortality rates and 
invariably poor prognosis, due to the limited clinical treatment 
strategies available. As a natural compound, peimine's favor‑
able pharmacological activities have been widely revealed. 
However, potential inhibitory effects of peimine on GBM 
have not been explored. In the present study, both in vitro and 
in vivo experiments were performed to elucidate the effects 
of peimine on GBM and to further delineate the underlying 
molecular mechanism of action. Different doses (0, 25 and 
50 µM) of peimine were added to U87 cells, before MTT, 
colony formation, wound healing, Transwell migration and 
invasion, reactive oxygen species and mitochondrial trans‑
membrane potential assays were used to measure proliferation, 
migration, invasion and apoptosis. Furthermore, western blot‑
ting was used to examine the possible effects of peimine on 
the expression of proteins associated with apoptosis and the 
PI3K/AKT signaling pathway. Subsequently, a GBM mouse 
xenograft model was used to assess the effects of peimine 
in vivo. The findings showed that peimine inhibited GBM 
proliferation, migration and invasion in a dose‑dependent 

manner, whilst also inducing apoptosis. Peimine also reduced 
tumor growth in vivo. Mechanistically, peimine downregulated 
the expression of Bcl‑2 and Caspase 3, whilst upregulating the 
protein expression levels of p53, Bax and Cleaved‑Caspase 3 
in a dose‑dependent manner. In addition, PI3K and AKT 
phosphorylation levels were found to be decreased by peimine 
in a dose‑dependent manner. In conclusion, these findings 
suggest that peimine may limit GBM growth by regulating the 
PI3K/AKT signaling pathway both in vitro and in vivo. These 
findings may have promising clinical implications.

Introduction

Glioblastoma multiforme (GBM) is one of the most common 
and lethal primary brain malignancies in adults, causing a 
yearly average of 3.19 new cases per 100,000 individuals (1,2). 
Despite the availability of a variety of post‑neurosurgical 
treatment options, including temozolomide, radiotherapy and 
certain targeted drugs, such as bevacizumab, panitumumab 
and entrectinib, the prognosis for patients with GBM remains 
poor. GBM is also the most lethal primary brain malignancy, 
causing a 2‑year survival rate of 26‑33%, a 4‑5% survival rate 
at 5 years, and a median survival time of just 15 months (3,4). 
The blood‑brain barrier (BBB) represents a primary obstacle, 
significantly limiting the effectiveness of anticancer drugs in 
patients with GBM (5,6). Therefore, it is imperative to investi‑
gate and identify novel potential therapeutic options that can 
cross the BBB for managing GBM. Natural small‑molecule 
compounds offer several advantages, including the wide range 
of sources from which they can be obtained, their ability to 
easily penetrate the BBB and their capacity to inhibit tumor 
growth through multiple mechanisms (7).

In recent years, identifying novel natural small‑molecule 
compounds for the targeted therapy of GBM is becoming a 
field of intense research (8). Peimine is the primary compound 
extracted from the Himalayan frillitary lily Bulbus Fritillariae 
(BF), which is an established Traditional Chinese Medicine. 
BF has been known for >2,000 years for its antitussive and 
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antiasthma properties, in addition to boasting high therapeutic 
efficacy, reported low toxicity and minimal side effects, in 
diseases such as osteoarthritis (9). Peimine is a coumarin 
derivative, with various pharmacological mechanisms of action, 
such as anti‑inflammatory, pain inhibitory and anti‑asthma 
actions (10‑12). It has been previously reported that peimine 
exhibits anticancer properties across various malignancies, such 
as breast, gastric and prostate cancer (13‑15). However, it remains 
unclear whether it can exert an inhibitory effect on GBM.

Therefore, the present study investigated the potential 
effects of peimine on GBM both in vitro and in vivo, whilst 
also determining its possible underlying mechanism of action.

Materials and methods

Materials and reagents. Peimine was purchased from Shanghai 
Yuanye Bio‑Technology Co., Ltd. Unless otherwise stated, all 
compounds were dissolved in DMSO. Procell Life Science & 
Technology Co., Ltd. provided the human GBM cell lines U87 
(cat. no. CL‑0238) and U251 (cat. no. CL‑0237), in addition 
the normal human brain glial cell line HEB (cat. no. CL0130). 
The U87 cell line used was the U87‑MG ATCC (CVCL 0022) 
cell line (HTB‑14) and was authenticated using STR analysis. 
U87, U251, HEB and GL261 cells were cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS and 1% penicillin‑streptomycin (Gibco; Thermo 
Fisher Scientific, Inc.), with high glucose and high glutamine 
levels. All cells were cultured at 37˚C in a humidified incubator 
supplied with 95% air and 5% CO2.

Cell viability assay. In total, 8x103 U87, U251 and HEB cells 
were plated in 96‑well plates and incubated for 24 h at 37˚C. 
Following incubation, AKT activator SC79 (10 µM), AKT 
inhibitor MK2206 (10 µM) or peimine (0 or 25 µM) were 
added to the wells. The treatment time was 1, 24 and 24 h 
at 37˚C, respectively. Subsequently, 10 µl MTT solution was 
added to each well and incubated for 4 h at 37˚C. To dissolve 
the formazan crystals, 100 µl DMSO was added. Next, the 
plates were vortexed at room temperature for 10 min. The 
Bio‑Tek ELX800 Multi‑Mode Reader (BioTek Instruments, 
Inc.) was used to measure absorbance at 490 nm.

Colony formation assay. Trypsin was used to lift U87 cells 
during the logarithmic growth phase. The cell suspension was 
then resuspended using 1 ml DMEM and counted. In a 6‑well 
plate, 1,000 cells were then plated in each well for each experi‑
mental group. The cells were cultured for 14 days at 37˚C or until 
the majority of the single clones had ≥50 cells. Every 3 days, the 
medium was changed and the condition of the cells was routinely 
checked. After the 14‑day growth period, cells were once again 
washed with PBS and imaged under a microscope. After fixing 
each well for 30 min with 1 ml 4% paraformaldehyde at 26˚C, the 
cells were washed again with PBS. The cells were then stained 
for 20 min with 1 ml at 26˚C crystal violet staining solution. 
Subsequently, the cells were washed several times with PBS at 
26˚C, dried and imaged using a digital camera (16).

Wound healing assay. In 6‑well plates, U87 cells in the 
logarithmic growth phase were trypsinized, before 3x105 were 
resuspended and seeded into each well. Cells were cultured 

until the confluence reached ~95% at 37˚C, then a 200‑µl 
pipette tip was used to create a wound in the monolayer of 
cells. The culture media was removed from the wells, the 
monolayer of cells was washed twice and then 0, 25 or 50 µM 
of 2 ml peimine solution was added. Images of wound closure 
were captured at 0 and 24 h. After 24 h at 37˚C, the culture 
media was aspirated, the wells were washed twice with PBS 
and then imaged using an X71 fluorescence microscope 
(Olympus Corporation).

Cell migration and invasion assays. Using the Transwell 
inserts (0.4‑µm pore size; Corning, Inc.), the effects of peimine 
on the invasion and migration of U87 cells were evaluated. 
For migration assays, a total of 5x103 cells per well in 200 µl 
serum‑free media was added into the upper chamber of a 
Transwell insert in a 24‑well plate. A total of 600 µl DMEM 
containing the 0, 25 or 50 µM peimine was added to the lower 
chamber. For invasion assays, Matrigel (Corning, Inc.) diluted 
1:8 (60 µl) was first added to the upper chamber of the insert 
and once it had solidified on a cell culture incubator for 1 h 
at 37˚C, cells were added to the upper chamber and media 
was added to the lower chamber in the same manner as the 
migration assay. Cells were incubated for 24 h at 37˚C, before 
cells that had passed through the Transwell membrane were 
fixed for 20 min using 4% paraformaldehyde at 26˚C and then 
stained for 20 min using 1% crystal violet at 26˚C. Images 
were taken using an X71 fluorescent microscope (Olympus 
Corporation) and data was analyzed with Image J software 
(version 1.53e; National Institutes of Health).

Reactive oxygen species (ROS) analysis. The production of 
ROS is inevitable for aerobic organisms, which occurs at a 
controllable rate in healthy cells. Under oxidative stress condi‑
tions, ROS production increases sharply, causing changes in 
membrane lipids, proteins and nucleic acids. The oxidative 
damage of these biomolecules is associated with cancer. 
Dichloro fluorescein (DCF), the fluorescent oxidized product of 
2',7'‑dichlorofluorescin diacetate (DCFDA; MilliporeSigma), 
was used to measure intracellular ROS levels. First, 1.5x105 
U87 cells were plated into 6‑well plates and pre‑treated for 
6 h at 37˚C with either DMEM or 3 mM N‑acetyl‑L‑cysteine 
(MilliporeSigma). Peimine (0, 25 or 50 µM) was then added 
to the media and cells were treated for a further 8 h at 37˚C, 
after which the media was replaced with fresh complete media 
containing 2 µg DCFDA for 6 min at 37˚C in the dark. Using 
an X71 fluorescent microscope, the proportion of apoptotic 
cells was determined.

Mitochondrial transmembrane potential assay. Membrane 
permeability JC‑1 staining is widely used in apoptosis studies 
to monitor mitochondrial health. JC‑1 staining reagent showed 
potential‑dependent accumulation in mitochondria. At low 
concentration, it existed as monomer and produced green 
fluorescence at ~529 nm. Carbonyl cyanide 3‑chlorophenylhy‑
drazone (CCCP; Biosharp Life Sciences) was selected as the 
positive control. U87 cells (2.5x104) were treated with 0, 25 or 
50 µM peimine for 24 h at 37˚C. Next, cells were collected, 
centrifuged for 5 min at 26˚C (1,400 x g) and resuspended in 
PBS. CCCP (10 mM) was added to the cell culture medium at 
a ratio of 1:1,000, diluted to 10 µM, and the cells were treated 
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with 200 µl for 20 min at 37˚C. The cells were then centrifuged 
again, resuspended in binding buffer and incubated for 30 min 
at 37˚C in the dark with 200 µl the JC‑1 probe (Biosharp Life 
Sciences). Cells were then resuspended in 500 µl pre‑cooled 
PBS and rinsed twice. An X71 fluorescent microscope was 
used to calculate the proportion of apoptotic cells.

Annexin V‑FITC/PI staining assay. U87 cells (2.5x104) in 
24‑well plates (Costar; Corning, Inc.) were treated with 0, 
25 or 50 µM of peimine for 24 h at 37˚C. Cells were then 
harvested, centrifuged for 5 min at 26˚C (1,400 x g) and resus‑
pended in PBS. After re‑suspending in binding buffer, 1.5x105 
U87 cells were stained using the Annexin V‑FITC/PI kit (cat. 
no. BL1884A; Biosharp Life Sciences) for 20 min at 37˚C. The 
percentage of apoptotic cells was then determined using an 
X71 fluorescence microscope. Staining quality [apoptotic cells 
were double positive (Annexin V+/PI+) by FITC and PI binding 
staining] was analyzed by Image J software (version 1.53e; 
National Institutes of Health).

GBM subcutaneous xenograft model. Hubei University of 
Science and Technology Animal Ethics Committee approved 
the animal experiments (approval no. 2022‑11‑027) and all 
procedures adhered to national and international standards for 
the care and use of animals in research. GL261 GBM cells 
(cat. no. CTCC‑400‑0404; Zhejiang Meisen Cell Technology 
Co., Ltd.) were used to establish the mouse model. In total, 
5‑week‑old male C57BL/6 mice (n=3/group; total, n=9) 
weighing 20‑24 g were selected for the study. GL261 cells 
were subcutaneously injected into the right back of each 
mouse with 5x106 cells in 100 µl sterile PBS. After the tumor 
reached a mean volume of ~100 mm³, mice were divided 
into the following three groups at random: Control; low‑dose 
(20 mg/kg); and high‑dose (40 mg/kg) (17). Body weights were 
recorded daily and tumor volumes were measured every 2 days 
using the following formula: Volume=a x b2 x 0.52, where a is 
the length and b is the width in mm. Mice in the low‑dose and 
high‑dose groups were treated intragastrically every 2 days 
with 20 or 40 mg/kg peimine, respectively. Control mice 
received saline instead of peimine. The mice were sacrificed 
under anesthesia (intraperitoneal injection of sodium pento‑
barbital 100 mg/kg) after 14 days. Death was confirmed by a 
lack of response to a toe pinch, lack of breathing and lack of 
heartbeat. Samples from the tumors and livers in the animals 
were then collected for additional examination.

H&E staining. Liver tissues from mice were fixed using 4% 
paraformaldehyde for 24 h at 26˚C, dehydrated and embedded 
in paraffin. The samples were fixed in 10% formalin for 12 h at 
4˚C, and then embedded in paraffin for subsequent sectioning. 
The 4‑µm specimens were first placed in distilled water and 
then in an aqueous solution of hematoxylin for staining for 
~10 min at room temperature. After which, the slices were 
placed into ammonia and acid water for several seconds, 
and then rinsed in running water for 1 h. The sections were 
placed in distilled water for several seconds, after which they 
were dehydrated in alcohol at concentrations of 90 and 70% 
for 10 min each. Subsequently, the sections were stained with 
eosin staining solution for 2‑3 min at room temperature. After 
staining, the samples were dehydrated with 100% alcohol 

and placed in xylene. The sections were sealed and placed 
in an incubator for drying. H&E staining (cat. no. BL700A; 
Biosharp Life Sciences) was performed on the liver tissues for 
toxicological analysis using light microscropy.

Western blot analysis. Treated U87 cells were first collected, 
washed three times with ice‑cold PBS and then lysed using 
RIPA lysis buffer (cat. no. P0013B; Beyotime Institute of 
Biotechnology) supplemented with protease and phospha‑
tase inhibitors (Beyotime Institute of Biotechnology) for 
30 min. The resultant lysate was centrifuged and the super‑
natant was collected (4˚C, 15 min and 14,000 x g). A BCA 
assay kit (Beyotime Institute of Biotechnology) was used to 
measure the protein content according to the manufacturer's 
protocol. Loading buffer was added to the protein samples 
and then boiled at 100˚C for 10 min. Next, the protein samples 
(40 µg/lane) were loaded on 8‑10% SDS gels, resolved 
using SDS‑PAGE, transferred onto PVDF membranes and 
the membranes were blocked (5% skimmed milk for 1 h at 
26˚C). Following blocking, the membranes were incubated 
with the indicated primary antibodies overnight at 4˚C. The 
following day, the membranes were washed, and incubated 
with the HRP‑conjugated secondary antibodies at 26˚C. 
Signals were visualized using ECL plus reagent (Beyotime 
Institute of Biotechnology). GAPDH was used as the loading 
control. The following antibodies were used: p53 (1:1,000; cat. 
no. R380701), Bax (1:1,000; cat. no. R22708), Bcl‑2 (1:1,000; 
cat. no. R23309), Caspase 3 (1:1,000; cat. no. R23315), 
Cleaved‑Caspase 3 (1:1,000; cat. no. 341034) (all Chengdu 
Zen‑Bioscience Co., Ltd.), phosphorylated (p)‑PI3K (1:1,000; 
cat. no. AP1463), PI3K (1:1,000; cat. no. A19742), p‑AKT 
(1:1,000; cat. no. AP1259), AKT (1:1,000; cat. no. A17909), 
GAPDH (1:1,000; cat. no. 390035) and HRP Goat Anti‑Mouse 
IgG (1:1,000, cat. no. AS003) (all ABclonal Biotech Co., Ltd.). 
The blot densities were quantified using ImageJ software 
(version 1.53e; National Institutes of Health).

Statistical analysis. Experimental data were analyzed by 
Image J (version 1.53e) and SPSS 27.0 software (IBM Corp.). 
GraphPad prism 8.0 software (Dotmatics) was used for visu‑
alization. Data are presented as the mean ± SD. Data were 
analyzed using a one‑way ANOVA followed by Tukey's post 
hoc test using SPSS 27.0 software (IBM Corp.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Peimine inhibits GBM cell proliferation. MTT assays were 
performed to assess the viability of HEB, U87 and U251 cells 
following treatment with various concentrations of peimine 
(0, 6.25, 12.5, 25, 50 or 100 µM; Fig. 1B‑D). The results showed 
a dose‑dependent reduction of GBM cell viability caused by 
peimine. Compared with the control group, with the increase 
of drug concentration, GBM cell viability was inhibited to an 
marked degree, but there were no obvious effects of peimine 
on HEB cells (Fig. 1B). In U87 and U251 cells, the IC50 values 
were found to be 21.3 and 92.8 µM, respectively after 48 h of 
treatment. By contrast, the IC50 value was 39.9 µM in U87 cells 
treated for 24 h. As the IC50 of U87 cells is much lower than 
that of U251 cells, for subsequent experiments, 25 and 50 µM 
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peimine was used for U87 cells based on the IC50 value, with a 
treatment duration of 24 h.

A colony formation assay was next used to assess the 
proliferation of U87 cells. Treatment of U87 cells with varying 
concentrations of peimine resulted in a dose‑dependent 
decrease in colony formation. Notably, significant differences 
in colony formation ability were observed in cells treated with 
25 and 50 µM peimine compared with that in cells treated with 
0 µM peimine, demonstrating that peimine had an inhibitory 
effect on the growth of GBM cell colonies (Fig. 1E and F). 
These findings suggest the inhibitory effects of peimine on 
GBM cell proliferation, with minimal toxicity and side effects 
observed in HEB cells. This suggests that peimine exhibits 
selectivity for cancerous cells whilst maintaining a safe profile 

on normal cells, highlighting it as a promising candidate for 
further drug development.

Peimine inhibits GBM cell migration and invasion. Results 
from wound healing assays showed significant inhibition of U87 
cell migration following 24 h of treatment with 25 and 50 µM 
peimine (Fig. 2A and B), where peimine dose‑dependently 
reduced migration compared with that in the control group.

Similarly, Transwell assay results showed significantly 
reduced U87 cell migration and invasion following the 24 h 
peimine treatment in a dose‑dependent manner (Fig. 2C and D). 
These results were consistent with the results of the wound 
healing assays. Together, these results suggest the inhibitory 
effect of peimine on the invasion and migration of GBM cells.

Figure 1. Effects of peimine on the cell viability and colony formation of glioblastoma cells. (A) The chemical structure of peimine. (B) HEB, (C) U87 and 
(D) U251 cells were treated with different doses of peimine (0, 6.25, 12.5, 25, 50 and 100 µM) for 24, 48, and 72 h. An MTT assay was used to determine the 
viability of the cells. (E) Colony formation assays were performed using U87 cells, (F) which were quantified. Data are presented as the mean ± SD from three 
repeats. Data were analyzed using a one‑way ANOVA followed by a Tukey's post‑hoc test. **P<0.01 and ****P<0.0001 vs. the control.
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Peimine exhibits anti‑GBM activity in vivo. The possible inhibi‑
tory effects of Peimine on GBM in vivo was assessed using a 
mouse xenograft model. Tumor size, volume and weight were 
found to be markedly reduced in both the low (20 mg/kg) 
and high (40 mg/kg) dose groups compared with those in the 
control group (Fig. 3A‑C). Peimine did not considerably alter 
the body weight of the mice, where at therapeutic doses, no 
negative side effects (such as marked weight loss) were noted 
(Fig. 3D‑F). Additionally, as shown in Fig. 3E and F, there were 
no marked variations in the liver/body ratio, liver morphology 

or the sectional tissue morphology between the peimine‑treated 
group and the control group. These results suggest that peimine 
can effectively reduce GBM growth in vivo whilst maintaining 
favorable safety profiles, highlighting its potential as a thera‑
peutic option for the treatment of GBM.

Peimine induces GBM cell apoptosis. ROS serves a pivotal role in 
apoptosis, the excessive accumulation which in cells can induce 
apoptosis. As shown in Fig. 4A and B, based on DCFH‑DA 
staining. Quantification of fluorescent images revealed a 

Figure 2. Peimine reduces migration and invasion of glioblastoma cells. (A) Wound healing assays were performed using U87 cells treated with peimine. Scale 
bar, 500 µm. (B) Quantification of wound healing assay. (C) Transwell assays were used to assess migration and invasion of U87 cells. Scale bar, 100 µm. 
Quantification of (D) migration and (E) invasion assays. Data are presented as the mean ± SD from three repeats. Data were analyzed using a one‑way ANOVA 
followed by a Tukey's post‑hoc test. *P<0.05, **P<0.01 and ***P<0.001 vs. the control.
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significant increase in cellular ROS levels induced by peimine, 
indicative of increased oxidative damage. The mitochondrial 
membrane potential is typically altered during early apoptosis. 
The JC‑1 probe was therefore next used to measure this change 
(Fig. 4C). CCCP, an apoptosis inducer serving as a mitochon‑
drial oxidative phosphorylation uncoupling agent, was used as 
a positive control to denote a reduction of the mitochondrial 
membrane potential. As the peimine concentration increased, the 
quantity of JC‑1 monomers (green) in GBM cells was increased, 
whilst that of JC‑1 aggregates (red) was decreased, suggesting 
the induction of early apoptosis. Furthermore, U87 cell apop‑
tosis induction was assessed further using Annexin V‑FITC/PI 
staining (Fig. 4D and E). These results collectively suggest that 
peimine can induce apoptosis in GBM cells.

Peimine induces PI3K/AKT‑dependent apoptosis in GBM 
cells. Western blot analysis was used to assess the effect of 
peimine on the expression of proteins associated with apop‑
tosis in U87 cells (Fig. 5A and B). Following 24 h treatment 
with 25 and 50 µM peimine, Bcl‑2 expression was found to be 
downregulated in a dose‑dependent manner, whereas p53 and 
Bax expression were found to be upregulated. Furthermore, 
with 25 and 50 µM peimine, there was an increase in 
Cleaved‑Caspase 3 expression.

Furthermore, to elucidate the molecular mechanism 
underlying peimine‑mediated repression of proliferation and 
metastasis, the PI3K/AKT signaling cascade was next inves‑
tigated, also using western blot analysis. The results showed 
that after treating U87 cells with peimine for 24 h, the levels of 
PI3K and AKT phosphorylation were found to be significantly 
decreased, in a dose‑dependent manner (Fig. 5C and D).

To determine whether peimine can mediate apoptosis 
through AKT signaling, AKT signaling was activated or 
inhibited in cells. Rescue experiments were first conducted 
using 10 µM SC79, an AKT agonist. The results showed that 
the proliferative effects induced by peimine (25 µM) over 24, 
48 and 72 h were nullified following pretreatment with SC79 
for 1 h (Fig. 5E); however, this nullification was not signifi‑
cant. To further explore the mechanism of peimine on AKT 
signaling in vitro, the relationship between peimine activity 
and AKT pathway was explored using 10 µM MK2206, an 
AKT inhibitor (Fig. 5F). The combination of peimine and AKT 
inhibitor MK2206 had a stronger effect on the proliferation of 
U87 cells than peimine alone. Together, these results highlight 
the role of the PI3K/AKT signaling cascade in mediating the 
anti‑tumor activities in GBM cells of peimine.

Discussion

GBM is an invasive primary malignant tumor that is difficult to 
treat, prone to relapse and exhibits a high mortality rate (18,19). 
Natural small‑molecule compounds derived from plants used 
in Chinese herbal medicines are increasingly becoming an 
important source for the treatment of malignancies (20). The 
constituent components of Chinese herbal medicines, such as 
quercetin, lycorine and isobavachalcone, are also increasingly 
being studied for the identification of novel compounds to 
manage GBM (21‑23).

The limited toxicities and side effects compared 
with conventional treatments, such as radiotherapy and 
chemotherapy, with additional capabilities of limiting 
tumor proliferation and apoptosis, have fueled further 

Figure 3. Peimine inhibits tumor development of glioblastoma in a xenograft mouse model. (A) At the experimental endpoint, tumors were excised and images 
were taken. (B) Tumor volume during the course of peimine therapy. (C) Tumor weights at the end of the experiment. (D) Body weight throughout the course 
of peimine therapy. (E) Images of the H&E‑stained liver tissues from the xenograft mice treated with peimine. (F) Liver/body ratio of xenograft mice treated 
with peimine. Data are presented as the mean ± SD of three repeats. Data were analyzed using a one‑way ANOVA followed by a Tukey's post hoc test. **P<0.01 
and ***P<0.001 vs. 0 mg/kg.
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research in this field (17). Despite its established efficacy 
in inducing cell death and inhibiting angiogenesis, their 
precise mechanisms of action remain to be fully eluci‑
dated. Researchers have found that eugenol enhances the 

chemotherapeutic potential of gemcitabine and induces 
anticarcinogenic and anti‑inf lammatory activity in 
human cervical cancer cells (24). The synergistic use of 
chemotherapeutic drugs with natural components can 

Figure 4. Peimine induces apoptosis in glioblastoma cells. (A) Following the treatment of U87 cells with varying doses of peimine, the ROS levels were 
measured. (B) Semiquantification of (A). (C) After peimine treatment for 24 h, the mitochondrial membrane potential of stained U87 cells was examined using 
a fluorescence microscope. (D) Apoptosis changes in stained U87 cells after peimine treatment for 24 h, performed by Annexin V‑FITC/PI double staining. 
Scale bar, 100 µm. (E) Semi‑quantification of (D). Data are presented as the mean ± SD of three repeats. Data were analyzed using a one‑way ANOVA followed 
by a Tukey's post‑hoc test. *P<0.05, **P<0.01 and ***P<0.001 vs. the control. ROS, reactive oxygen species.
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enhance the pharmacological effects of chemotherapy, 
to improve efficacy and concurrently reduce the side 
effects (25‑28).

The process of apoptosis, a type of programmed cell 
death (29,30), causes major alterations in the appearance and 

activity of cells prior to their death (31,32). Apoptotic protein 
regulation and the activation of complex signaling pathways 
control this coordinated process (33,34). Peimine was shown in 
the present study to induce apoptosis via activation of the mito‑
chondrial pathway, whilst also reducing the migration, invasion 

Figure 5. Peimine induces apoptosis in GBM cells through regulation of the PI3K/AKT signaling pathway. (A) Western blot analysis of p53, Bax, Bcl‑2, 
Caspase 3 and Cleaved‑Caspase 3 expression in peimine‑treated U87 cells. (B) Semi‑quantifcation of (A). (C) Western blot analysis of PI3K, p‑PI3K, AKT 
and p‑AKT protein levels in peimine‑treated U87 cells. (D) Semi‑quantification of (C). Cells were pretreated with 0 and 25 µM peimine (E) with or without 
SC79 pretreatment for 1 h or (F) with or without MK2206 pretreatment for 24 h, before viability was evaluated using an MTT assay. Data were analyzed using 
a one‑way ANOVA followed by a Tukey's post‑hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. control. p‑, phosphorylated.
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and proliferation of GBM cells. Peimine specifically decreased 
the mitochondrial membrane potential, promoting Bax, a 
key step for the irreversible initiation of the caspase cascade. 
The PI3K/AKT signaling pathway is crucial to the onset and 
progression of GBM (35,36). Activation of this pathway has 
been previously associated with the development of GBM by 
promoting tumor cell proliferation and metastasis, preventing 
apoptosis and facilitating cell cycle progression (37). In addi‑
tion, the PI3K/AKT signaling pathway serves as a target of 
several antitumor drugs, such as peimine, where it is intricately 
involved in both treatment and resistance mechanisms (38,39). 
MK2206 is a selective allosteric inhibitor of the AKT signaling 
pathway. MK2206 specifically targets and inhibits AKT 
activity by binding to its allosteric site, leading to a decrease 
in its phosphorylation and subsequent downstream signaling. 
This inhibition can potentially induce apoptosis in cancer cells 
and enhance the efficacy of other therapeutic agents, making 
MK2206 a candidate for targeted cancer therapy, particularly 
in tumors where the PI3K/AKT pathway is aberrantly activated. 
In this study, the combination of peimine and AKT inhibitor 
MK2206 further inhibited the proliferation of U87 cells. 
Clinical trials and research studies are ongoing to evaluate its 
effectiveness and safety in breast, gastric and prostate cancer 
among others, and in combination with other treatments (40‑43).

The effects of peimine on GBM were investigated in 
the present study using multiple experimental approaches, 

including MTT assays, Transwell assays, measurement of ROS 
levels and western blot analysis. These methods collectively 
provided insights into the inhibitory mechanisms of peimine 
against GBM. Notably, the results suggested that peimine 
regulated the PI3K/AKT signaling pathway by inducin apop‑
tosis to exert its effects (Fig. 6). Peimine was shown to induce 
apoptosis in GBM cells, prompting further exploration of its 
mechanism and potential therapeutic significance in GBM 
treatment. Although peimine shows promise as an anticancer 
agent, additional animal experiments,for instance pharmaco‑
kinetics and clinical trials, are warranted to fully elucidate 
and confirm its therapeutic potential. Future research should 
delve deeper into other signaling pathways involved, such as 
angiogenesis pathways, and the potential crosstalk between 
them, and conduct in vivo experiments to determine the value 
of peimine as a targeted small‑molecule drug for GBM treat‑
ment to determine its precise mechanism of action.

In conclusion, the results of the present study showed that 
peimine, a novel small‑molecule, was a potential therapeutic 
option for the management of GBM. Peimine inhibited 
GBM cell proliferation, migration and invasion in vitro in a 
dose‑dependent manner and prevented tumor growth without 
significant drug toxicity in vivo. It is important to note that 
the present study focused on peimine treatment in mouse 
models of GBM, but did not assess its expression in human 
tissues, which is a significant limitation. Overall, the results 

Figure 6. Diagram illustrating how peimine may induce apoptosis in GBM cells through the PI3K/AKT signaling pathway. (Composed using Figdraw). GBM, 
glioblastoma.

https://www.spandidos-publications.com/10.3892/etm.2024.12737
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of the present study showed peimine may hold promise as a 
novel small‑molecule therapeutic agent for the management 
of GBM.
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