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Abstract: Glioblastoma multiforme (GBM) is the most fatal primary brain tumor which lacks effective treatment 
drugs. Alkaloids are known as a class of potential anti-tumor agents. Sophocarpine, a tetracyclic quinazoline alka-
loid derived from Sophora alopecuroides L., possesses several pharmacological effects including anti-tumor effects 
in some malignancies. However, the effect and mechanism of sophocarpine on GBM remains to be explored. In this 
study, based on in vitro experiments, we found that sophocarpine significantly inhibited the viability, proliferation 
and migration of GBM cells including U251 and C6 cells in a dose- and time-dependent manner. Besides, sophocar-
pine arrested GBM cell cycle in G0/G1 phase and induced their apoptosis. Subsequently, we found that sophocar-
pine upregulated the expression of PTEN, a GBM tumor suppressor, and downregulated PI3K/Akt signaling in GBM 
cells. Moreover, inactivating of PTEN with bpV(phen) trihydrate partially restored the anti-GBM effects of sophocar-
pine via PI3K/Akt signaling. Finally, sophocarpine significantly inhibited the growth of tumor both in subcutaneous 
and orthotopic U251 xenograft GBM model in nude mice via PTEN/PI3K/Akt axis. Taken together, these results 
suggested that sophocarpine impeded GBM progression via PTEN/PI3K/Akt axis both in vitro and in vivo, providing 
with a promising therapy for treating GBM.
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Introduction

Glioblastoma multiforme (GBM) is one of the 
most fatal types of primary brain tumors that 
have a poor prognosis [1]. Despite surgery, radi-
ation therapy, chemotherapy with temozolo-
mide and supportive care are all performed, 
the median overall survival for GBM patients is 
still only of about 15 months [2]. Thus, it is of 
great benefit to develop safe and effective 
agents for GBM patients.

Alkaloids exist as the active components in 
many Chinese herbal medicines and exhibit 
potential for natural anti-tumor drug screening. 
Some of them have already been used in clinic, 
such as vinblastine and vincristine, two bisin-
dole alkaloids from Vinca rosea, and camptoth-

ecin, a pentacyclic alkaloid from Camptotheca 
acuminata. Sophocarpine is a tetracyclic quin-
azoline alkaloid derived from Sophora alope-
curoides L., also known as Kudouzi, a common 
anti-tumor traditional Chinese medicine [3, 4]. 
Sophocarpine was recorded to be used for the 
treatment of leukemia and trophoblastic tumors 
in 1978 [5]. Further, in 1984, Li et al. found that 
sophocarpine had the inhibitory effects on ani-
mal tumors [6]. Subsequently, accumulating 
evidences have shown that sophocarpine pos-
sesses multiple pharmacological effects, such 
as anti-inflammatory [7, 8], anti-oxidant [9], 
antiviral [10, 11] and neuroprotection proper-
ties [12, 13], as well as anti-tumor effects in 
some malignancies [14-17]. However, it remains 
unknown the roles and mechanism of sopho-
carpine in anti-GBM.
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PTEN (Phosphatase and Tensin homologue 
deleted on chromosome Ten) was identified to 
function as a tumor suppressor and often 
deleted or mutated in different types of human 
cancers, especially GBM [18-21]. PTEN con-
tains motifs homology to the protein tyrosine 
phosphatases [18, 19], and the functional pho- 
sphatase catalytic domain of PTEN is neces-
sary for suppressing cell growth, migration,  
and focal adhesion formation in glioma [22, 
23]. In addition, PTEN is a phosphoinositide 
3-phosphatase to catalyze dephosphorylation 
specifically at the position 3 on the inositol ring 
of phosphatidylinositol-3, 4, 5-trisphosphate 
(PIP3) [24], a vital Akt activator that synthe-
sized via phosphorylating by phosphoinositide 
3-kinase (PI3K) at the same position 3 of  
phosphatidylinositol-4, 5-bisphosphate (PIP2) 
[25]. Overactivated PI3K/Akt signaling and 
over-accumulated PIP3 are involved in regulat-
ing cell survival and growth, accelerating the 
progression of various cancers [26], including 
GBM [27]. PTEN acts as a brake to impede  
the accelerating process mediated by PI3K/Akt 
signaling via catalyzing PIP3 back to PIP2 [28, 
29]. Thus, PTEN/PI3K/Akt pathway is a promis-
ing target for GBM therapy.

In the present study, we found that sophocar-
pine significantly suppressed GBM cell growth 
by inducing GBM cell cycle arrest in G0/G1 
phase and promoted their apoptosis. Sopho- 
carpine also notably regressed the tumor 
growth in both subcutaneous and orthotopic 
transplanted GBM in mice. Molecular investiga-
tion revealed that sophocarpine upregulated 
PTEN expression and downregulated PI3K/Akt 
signaling on GBM cells. Thus, these results sug-
gest that the anti-GBM effects of sophocarpine 
are mediated by PTEN/PI3K/Akt axis, providing 
with a promising therapy for treating GBM.

Materials and methods

Cell lines, reagents and animals

U251 human GBM cell line and C6 rat GBM cell 
line used in this study were gifted from Prof. 
Maojin Yao (Guangzhou Medical University, 
Guangzhou, China). In a humidified atmosphere 
with 5% CO2 at 37°C, cells were cultured in 
DMEM supplemented with 10% FBS and 1% 
penicillin/streptomycin.

Stock solution of sophocarpine (A0081, CHEN- 
GDU MUST BIO-TECHNOLOGY) and bpV(phen) 

trihydrate (HY-122818, MedChemExpress) we- 
re prepared in DMSO and deuterium-depleted 
water (DDW) respectively at a concentration of 
400 mM.

The BALB/c nude mice (male, 18-24 g, 6-8 
weeks) were purchased from Shanghai Slac 
Laboratory Animal Co., Ltd. The animal experi-
ments were conducted according to the proto-
cols approved by Animal Care and Use Com- 
mittee of Hangzhou Normal University (HSD- 
20210401).

Cell proliferation assay

In brief, 96-well plates were seeded with 2,000 
cells per well treated with sophocarpine at dif-
ferent concentrations for 24 h and 48 h. Then 
the cells were treated with CCK-8 (A311-01/ 
02, Vazyme Biotech Co., Ltd., Nanjing, China) at 
the indicated time for another 2 h incubation. 
The optical density of cells at 450 nm was  
measured by a microplate reader (Varioskan 
Flash, Thermo Scientific, Waltham, MA, USA). 
The viability of cells at indicated times was as- 
sessed by comparing the viability of cells at 0 h.

Cell colony-formation assay

In a 6-well plate, 500 cells were seeded in each 
well and cultured. After the cells were adapted 
and attached to the wall, sophocarpine was 
added and cultured for another one week. 
Colonies were stained with 0.1% crystal violet 
followed by fixing with 4% paraformaldehyde 
(PFA) and then counted.

Wound healing assay and transwell assay

To assess the migration ability of cells, wound 
healing and transwell assay were conducted. 
For wound healing assay, cells were seeded in 
a 12-well plate. The wound was produced by 
using a pipette tip when the cells were grown to 
95% confluence and the culture medium was 
changed to DMEM supplied with 1% FBS con-
taining different concentrations of sophocar-
pine. Image acquisition was taken at indicated 
time, and wound closure ratio was calculated. 
Transwell chambers (8-mm pore size; Millipore) 
were used in transwell assay, 2 × 104 cells in 
200 μL FBS-free medium with sophocarpine in 
different concentrations were placed in the top 
chamber while the lower chamber was added 
with 500 μL of DMEM containing 10% FBS. The 



Sophocarpine impedes glioblastoma growth via PTEN/PI3K/Akt signaling

3759 Am J Cancer Res 2024;14(8):3757-3772

migrated cells were fixed with 4% PFA and then 
stained with 0.1% crystal violet and counted.

RNA extraction and RT-PCR

Total RNA was extracted using TRIzol™ reagent 
(TaKaRa, AL11817A). After reverse transcrip-
tion, the cDNA was used for RT-PCR. β-actin 
was used as the endogenous control. Primers 
for PTEN were presented as: F, 5’-TTTGAAG- 
ACCATAACCCACCAC-3’; R, 5’-ATTACACCAGTTC- 
GTCCCTTTC-3’.

Cell cycle and cell apoptosis analysis using 
flow cytometry

Cell cycle staining Kit (MultiSciences, Hang- 
zhou, China) was used according to the manu-
facturer’s instruction. Briefly, cells from a 6 cm 
dish treated with or without sophocarpine were 
harvested and fixed overnight in ice-cold 70% 
ethanol at 4°C. After PBS washing, 100 µL 
RNase was added and incubated at 37°C for 
30 min. Next, PI staining at 4°C for 30 min in 
the dark was performed. For cell apoptosis 
assay, Annexin V-FITC/PI Apoptosis Detection 
Kit (#A00947, MULTI SCIENCES, Hangzhou, 
China) was used. In brief, cells with or without 
sophocarpine treatment were resuspended 
and incubated with Annexin V-FITC and PI for 
10 min and washed with PBS. In both assays, 
flow cytometer (CytoFLEX S, Beckman Coulter) 
was utilized to analyze the cells. Results were 
analyzed using FlowJo.

Antibodies

In this study, the primary antibodies used were 
anti-PH3 (ab14955, Abcam, immunofluores-
cent staining, 1:2,500), anti-p-Akt (#13038, 
CST, immunofluorescent staining, 1:1,000; 
western blot, 1:1,000), anti-cleaved Caspase-3 
(#9661, CST, western blot, 1:1,000), anti-Bcl-2 
(M1206-4, HuaBio, western blot, 1:1,000), 
anti-P53 (#2524S, CST, western blot, 1:1,000), 
anti-PTEN (ab267787, Abcam, western blot, 
1:1,000), anti-PI3K (1608-70, HuaBio, western 
blot, 1:1,000), anti-Cyclin B1 (1508-1, HuaBio, 
western blot, 1:1,000), anti-CyclinD1 (#1601-
31, HuaBio, western blot, 1:1,000), anti-GAPDH 
(#2118, CST, western blot, 1:5,000), anti-E-
cadherin (#14472, CST, western blot, 1:1,000), 
anti-Vimentin (1610-39, HuaBio, western blot, 
1:1,000), anti-Tubulin (1602-4, HuaBio, west-
ern blot, 1:1,000), anti-Akt (#2920, CST, west-

ern blot, 1:1,000). For western blot, goat anti-
rabbit/mouse IgG HRP-conjugated secondary 
antibodies (1:10,000) from Abcam was used. 
For immunofluorescent staining, Alexa 546- 
labeled goat anti-mouse IgG secondary anti-
body from Thermo Fisher Scientific (1:500) was 
used.

Proteins extraction and western blot

RIPA lysis Buffer (P0013B, Beyotime) contain-
ing cocktail and PMSF was used to lyse cells or 
tissues. Immediately after ultrasonication, the 
protein solution was placed on ice for 30 min 
before being centrifugated at 14,000 g at 4°C 
for 15 min. The collected supernatant was 
boiled in Laemmli sample buffer at 100°C for 
10 min. 8% SDS-PAGE was used to separate 
the proteins and then transferred to PVDF 
membrane (Life sciences, USA). The membrane 
was blocked with 5% skim milk-contained TBST 
buffer for 1 h and then incubated with primary 
antibodies at 4°C overnight. The membranes 
were washed with TBST and incubated with 
HRP-conjugated secondary antibodies the fol-
lowing day. Finally, chemiluminescence detec-
tion was carried out using the ECL detection kit 
(Bio-Rad, USA).

Immunofluorescence assays

Cells seeded on coverslip treated with or with-
out sophocarpine were fixed in 4% PFA for 30 
min and permeabilized with 0.1% Triton X100 in 
PBS for 10 min followed by blocking at room 
temperature for 1 h with 5% BSA in PBS. 
Afterwards, the cells were incubated with the 
primary antibodies diluted in PBS with 5% BSA 
at 4°C overnight. After cells were incubated 
with fluorescently conjugated secondary anti-
bodies, DAPI staining was applied, and then  
the cells were mounted. Olympus confocal 
microscope (FV3000, Olympus, Japan) and 
Olympus SLIDEVIEW™ VS200 microscope 
(Olympus, Japan) were used to capture images. 
And images were then processed with identical 
settings.

Tumor model and treatment

Subcutaneous GBM tumor was established by 
injecting of 2 × 106 U251 cells in 100 μL DMEM 
into the armpits of male BALB/c nude mice sub-
cutaneously. When the tumors reached a size 
of about 100 mm3, the mice were randomly and 
equally divided into two groups (5 mice per 
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group) administrated with sophocarpine (35 
mg/kg) or normal saline as a control every 
other day by intraperitoneal injection for two 
weeks. The tumor volume was monitored every 
two days and calculated using the formula: 
Width2 × Length × 0.5. Mice were sacrificed for 
obtaining samples for further measurement 
and analysis.

For intracranial GBM tumor establishment, 
male BALB/c nude mice were anaesthetized 
and positioned in a Stereotaxic Alignment 
System followed by injecting 5 × 105 U251-
luciferase cells in 2 μL PBS in a position of  
+0.6 mm Anterior/Posterior, -1.8 mm Medial/
Lateral and -4.0 mm Dorsal/Ventral. One week 
later, mice were intraperitoneally injected with 
150 mg/kg D-luciferin (40901ES03, YEASEN) 
and bioluminescence imaging was taken by 
using IVIS Spectrum system (Photon IMAGERTM 
OPTIMA, Biospace Lab). After confirming the 
tumor establishment, mice were randomly 
divided into two groups (5 mice per group) and 
were given sophocarpine (35 mg/kg) or saline 
as control every day by intraperitoneal injec-
tion. IVIS imaging was performed every 7 days 
to monitor the tumor growth. Two weeks later, 
mice were sacrificed to obtain samples for fur-
ther analysis.

Hematoxylin-eosin (HE) staining

Frozen sections (14 μm) were stained with 
hematoxylin, washing with DDW and then 
stained with eosin. Dehydration was performed 
sequentially with 70%, 80%, 95% and 100% 
ethanol and then processed with xylene. Se- 
ctions were sealed with neutral resin. Images 
of the sections were taken using the Olympus 
SLIDEVIEW™ VS200 microscope from Olympus 
(Olympus, Japan), and then processed.

Immunohistochemistry

After drying at 60°C and washing with PBS,  
the frozen sections were permeabilized and 
blocked for 1 h at room temperature with 0.3% 
Triton X-100 in 5% BSA, the sections were  
incubated overnight at 4°C with primary anti-
bodies including anti-PTEN (ab267787, Abcam, 
1:50) and anti-cleaved Caspase-3 (#9661, 
CST, 1:50). The next day, enzyme-labeled goat 
anti-rabbit IgG polymer was used and incubat-
ed for 1 h at room temperature after washing 
with PBS. To detect the signal, diaminobenzi-

dine was used followed by hematoxylin coun- 
terstaining. Following dehydration with 75%, 
95% and 100% ethanol, the sections were 
immersed with xylene and sealed using neutral 
resin. The images were taken with an Olympus 
SLIDEVIEW™ VS200 microscope (Olympus, 
Japan).

Quantification and statistical analysis

Statistical analysis was performed using 
GraphPad Software 8.0. Two-tailed Student’s 
t-test, one-way ANOVA, two-way ANOVA or two-
way RM ANOVA was used to compare differ-
ences between treated groups. Data were pre-
sented as mean ± SD. P < 0.05 was considered 
to be statistically significant.

Results

Sophocarpine inhibits the viability, prolifera-
tion and migration of GBM cells

To measure the effects of sophocarpine on 
GBM, we firstly examined the inhibitory effect 
of sophocarpine (Figure 1A) on the viability  
of GBM cells by Cell Counting Kit-8 (CCK-8) 
assay. As shown in Figures 1B and S1A, sopho-
carpine notably suppressed the viability of 
U251 and C6 cells in a dose- and time-depen-
dent manner. The half maximal concentration 
was about 2 mM at 48 h in both U251 and  
C6 cells. Subsequently, PH3 immunostaining 
assay showed a reduction in the percentage of 
PH3+/DAPI+ cells (Figures 1C, 1D and S1B, 
S1C). Cell colony-formation assay further deter-
mined the reduced number of cell colonies 
along with the increased concentration of 
sophocarpine both in U251 and C6 cells 
(Figures 1E, 1F and S1D, S1E). These results 
indicated that sophocarpine suppressed the 
proliferation of GBM cells.

Metastasis is responsible for as much as 90% 
of cancer-associated mortality [30], so we next 
examined whether sophocarpine inhibited GBM 
cell migration. Results of wound healing assay 
and transwell assay showed that sophocarpine 
significantly inhibited the migration of U251 
and C6 cells, compared with that in the con- 
trol group (Figures 1G-J and S1F-I). Migration-
related proteins Vimentin and E-cadherin were 
detected by western blot, and Vimentin expres-
sion was notably decreased, while E-cadherin 
expression was upregulated in U251 cells treat-
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Figure 1. Sophocarpine inhibits the cell viability, proliferation and migration of U251 cells. (A) The chemical structure 
of sophocarpine (SC). (B) U251 cell viability upon SC concentration gradient treatment were measured by CCK8 
assay (normalized to control, n=4, two-way ANOVA). (C) Immunofluorescence staining analysis of PH3 in U251 cells 
upon DMSO, 1 mM or 2 mM SC treatment. DAPI was labelled for nucleus. Scale bar, 50 μm. (D) Statistical analysis 
of the percentages of PH3+/DAPI+ cells as shown in (C) (n=6, one-way ANOVO). (E) Representative images showing 
the U251 cell colony formation upon DMSO, 1 mM or 2 mM SC treatment. Scale bar, 5 mm. (F) The colony numbers 
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ed with sophocarpine (Figure 1K-M). These 
results suggested that sophocarpine inhibited 
the migration GBM cells.

Besides, we also performed cell viability assay 
on primary cultured astrocytes with the con-
centration gradient of sophocarpine, and the 
result showed that sophocarpine had no statis-
tically significant toxicity to the primary astro-
cytes, thus ruling out the cytotoxicity of sopho-
carpine to normal cells (Figure S2).

Sophocarpine arrests GBM cell cycle at G0/G1 
phase and induces the apoptosis of GBM cells

We further examined whether sophocarpine 
inhibited the growth of GBM cells by inducing 
cell cycle arrest and cell apoptosis. Flow cytom-
etry assay showed that 2 mM sophocarpine  
significantly arrested cell cycle at G0/G1 phase 
compared with that in control-treated U251 
cells (Figure 2A, 2B). Western blot further 
showed that both Cyclin B1 and Cyclin D1 
expression were downregulated in sophocar-
pine-treated U251 cells (Figure 2C-E). In addi-
tion, we noticed that U251 cells had an 
increased ratio of cells in subG1 (DNA content 
< 2N, apoptosis cells) after sophocarpine treat-
ment (Figure 2A). Then we further examined 
the condition of sophocarpine-induced apopto-
sis of U251 cells with Annexin V and PI staining 
followed by Flow cytometry analysis. As shown 
in Figure 2F, 2G, the proportion of apoptotic 
cells was significantly increased in sophocar-
pine-treated U251 cells. Furthermore, western 
blot result showed that Bcl-2, an anti-apoptosis 
protein, was downregulated in sophocarpine-
treated U251 cells, which was accompanied 
with the upregulation of apoptotic executioner 
cleaved Caspase-3 as well as tumor suppres-
sor P53 (Figure 2H-K), suggesting that sopho-
carpine induced the apoptosis of GBM cells  
via an intrinsic pathway by activating P53. 
Together, these results suggested that sopho-
carpine inhibited the growth of GBM cells by 
arresting cell cycle in G0/G1 phase and induced 
their apoptosis.

Sophocarpine upregulates PTEN and down-
regulates PI3K/Akt signaling in GBM cells

Previous studies have shown that loss of PTEN 
and hyperactivated PI3K/Akt signaling contrib-
ute to the GBM progression [26]. Consequently, 
we next examined if sophocarpine inhibited 
GBM progression via PTEN/PI3K/Akt signal- 
ing. RT-PCR was performed and showed that 
sophocarpine significantly upregulated PTEN 
transcription in U251 cells (Figure 3A). Further- 
more, as expected, western blot showed that 
PTEN expression was significantly elevated 
(Figure 3B, 3C) while p-Akt and Akt expression 
were decreased (Figure 3B, 3E, 3F), whereas 
PI3K level was unaffected in sophocarpine-
treated U251 cells (Figure 3B and 3D). Immu- 
nofluorescence staining showed that p-Akt 
expression was significantly decreased in 
sophocarpine-treated U251 cells (Figure 3G). 
These results suggested that sophocarpine 
upregulated PTEN expression, thus downregu-
lated PI3K/Akt signaling in GBM cells, which 
might impede GBM progression.

Sophocarpine performs anti-GBM effects by 
upregulating PTEN and downregulating PI3K/
Akt signaling

To further examine whether sophocarpine im- 
peded GBM growth by PTEN/PI3K/Akt signal-
ing, bpV(phen) trihydrate, a small-molecule in- 
hibitor for PTEN [31], was used. CCK-8 results 
showed that bpV obviously restored the anti-
viability effects on sophocarpine-treated U251 
cells (Figure 4A). Meanwhile, bpV treatment 
increased the number of cell colonies as well 
as the percentage of PH3+ cells in sophocar-
pine-treated U251 cells (Figure 4B-E). Further- 
more, bpV significantly restored the sophocar-
pine’s inhibitory effect on U251 cell migration 
detected by wound healing assay and transwell 
assay (Figure 4F-I). These results indicated 
that inhibition of PTEN could partially restore 
the inhibitory effect of sophocarpine on U251 
cell viability, proliferation and migration. Fur- 
thermore, western blot was performed and 

were statistically analyzed as shown in (E) (n=3, one-way ANOVO). (G) Representative images showing the wound 
closure of U251 cells upon DMSO, 1 mM or 2 mM SC treatment. Scale bar, 150 μm. (H) Wound closure ratios were 
statistically analyzed as shown in (G) (n=12, one-way ANOVA). (I) Representative images of the migrated U251 
cells in transwell assay upon DMSO, 1 mM or 2 mM SC treatment. Scale bar, 250 μm. (J) Statistical analysis of the 
migrated cells as shown in (I) (n=3, one-way ANOVO). (K) Western blot analysis of E-cadherin and Vimentin expres-
sion upon DMSO or 2 mM SC treatment in U251 cells. (L, M) Statistical analysis of the relative expression level of 
proteins detected in (K) (n=3, t-test). Data were presented as mean ± SD, *P < 0.05; **P < 0.01.
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Figure 2. Sophocarpine arrests cell cycle at G0/G1 phase and induces the apoptosis of U251 cells. (A) Flow cytom-
etry analysis of U251 cell cycle phase distribution upon DMSO or 2 mM SC treatment. (B) Statistical analysis of SC-
induced cell cycle arrest shown in (A) (n=3, t-test). (C) Western blot analysis of Cyclin D1 and Cyclin B1 expression 
upon DMSO or 2 mM SC treatment in U251 cells. (D, E) Statistical analysis of the relative expression level of Cycle 
D1 (D) and Cyclin B1 (E) detected in (C) (n=3, t-test). (F) Flow cytometry analysis of the U251 cell apoptosis induced 
by 2 mM SC. (G) Statistical analysis of SC-induced apoptosis detected in (F) (n=3, t-test). (H) Western blot analysis 
of the p53, Bcl-2 and cleaved Caspase-3 expression of U251 cells upon DMSO or 2 mM SC treatment. (I-K) Statisti-
cal analysis of the relative expression level of proteins detected in (H) (n=3, t-test). Data were presented as mean 
± SD, *P < 0.05; **P < 0.01.
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Figure 3. Sophocarpine upregulates PTEN and downregulates PI3K/Akt signaling in U251 cells. (A) RT-PCR analysis 
of the PTEN transcription of U251 cells upon DMSO or 2 mM SC treatment (normalized to control, n=3, t-test). (B) 
Western blot analysis of PTEN, PI3K, Akt and p-Akt expression of U251 cells upon DMSO or 2 mM SC treatment. (C-F) 
Statistical analysis of the relative expression level of proteins detected in (B) (n=3, t-test). (G) Immunofluorescence 
staining analysis of p-Akt expression in U251 cells upon DMSO or 2 mM SC treatment. Scale bar, 50 μm. Data were 
presented as mean ± SD, **P < 0.01.

showed that the expression of PI3K was not 
influenced, while Akt was significantly upregu-
lated in sophocarpine treated-U251 cells upon 
bpV treatment (Figure 4J-M). Overall, these 
results suggested that sophocarpine per-
formed anti-GBM effects through PTEN/PI3K/
Akt axis.

Sophocarpine inhibits the growth of GBM in 
vivo

To investigate if sophocarpine affects GBM 
growth in vivo, we first established and used a 
subcutaneous xenograft GBM model by inject-
ing 2 × 106 U251 cells into the armpits of 
BALB/c nude mice. As soon as the xenografts 
reached about 100 mm3, the mice were ran-
domly divided into sophocarpine group and 
control group, which were respectively treated 
with 35 mg/kg sophocarpine or saline every 
two days by intraperitoneal injection for two 
weeks. Result showed that sophocarpine sig-
nificantly inhibited GBM tumor growth (Figure 
5A, 5B). In comparison to control group, sopho-

carpine treatment showed nearly 50% reduc-
tion in tumor volume and weight without influ-
encing the body weight of tumor-bearing mice 
(Figure 5C-E). Besides, sophocarpine-treated 
tumors showed the upregulated PTEN expres-
sion and downregulated Akt expression, while 
PI3K protein level was unchanged, which were 
consistent with the results in vitro (Figure 5F-I). 
In addition, Bcl2 was downregulated, which 
indicated that sophocarpine also induced cell 
apoptosis of GBM in vivo (Figure 5F and 5J). 
Furthermore, main organs from two groups of 
GBM-bearing mice, including the lung, heart, 
liver, kidney and spleen, were collected and 
sectioned. Histological observation by HE stain-
ing showed no toxicity for these organs with 
sophocarpine treatment (Figure S3A).

Considering GBM is an intracranial tumor, so 
we next established a mouse orthotopic xeno-
graft GBM model by injecting U251-luciferase 
cells into the brain of nude mice and examined 
whether sophocarpine impeded intracranial 
GBM growth in vivo (Figure 6A). As expected, 
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Figure 4. Inhibition of PTEN by bpV partially restores the inhibitory effect of sophocarpine on U251 cells. (A) Cell via-
bility of U251 cells upon DMSO, SC, bpV or bpV+SC treatment was measured by CCK-8 assay (normalized to control, 
n=4, two-way ANOVA). (B) Typical image of U251 cell colony formation upon DMSO, SC, bpV or bpV+SC treatment 
detected by cell colony-formation assay. Scale bar, 6 mm. (C) Statistical analysis of the number of cell colonies as 
shown in (B) (n=3, one-way ANOVA). (D) Immunofluorescence staining analysis of PH3 expression of U251 cells upon 
DMSO, SC, bpV or bpV+SC treatment. Scale bar, 50 μm. (E) Statistical analysis of the PH3+/DAPI+ cell percentages 
as shown in (D) (n=5, one-way ANOVA). (F) Wound closure of U251 cells upon DMSO, SC, bpV or bpV+SC treatment 
was detected by wound healing assay. Scale bar, 150 μm. (G) Wound closure ratios were statistically analyzed as 
shown in (F) (n=8, one-way ANOVA). (H) Transwell assay detected the migrated cells of U251 upon DMSO, SC, bpV 
or bpV+SC treatment. Scale bar, 250 μm. (I) Statistical analysis of the migrated cells as shown in (H) (n=3, one-way 
ANOVA). (J) Western blot analysis of PTEN, PI3K and Akt of U251 cells upon DMSO, SC, bpV or bpV+SC treatment. 
(K-M) Statistical analysis of the relative expression level of proteins detected in (J) (n=3, one-way ANOVA). Data were 
represented as mean ± SD, *P < 0.05; **P < 0.01.

Figure 5. Sophocarpine regresses U251 subcutaneous xenografts growth in vivo via PTEN/PI3K/Akt axis. (A, B) 
Representative result of U251 subcutaneous xenografts in control group and SC group. (C, D) Tumor volumes (C) 
and tumor weights (D) were calculated and statistically analyzed (n=5, t-test). (E) Body weight of tumor-bearing nude 
mice was calculated and statistically analyzed (n=5, two-way RM ANOVA). (F) Representative results of western blot 
analysis of expression in subcutaneous xenografts of two groups. (G-J) The relative expression of PTEN, PI3K, Akt 
and Bcl-2 were statistically analyzed as shown in (F) (n=3, t-test). The results were presented as mean ± SD, **P < 
0.01.
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Figure 6. Sophocarpine inhibits GBM tumor growth in orthotopic xenografted tumor model. (A) Schematic diagram 
of detecting the effects of SC on orthotopic GBM growth. (B) Representative IVIS imaging estimated the therapeutic 
efficacy of SC on GBM at specified time point as shown in (A). (C) Statistical analysis of the bioluminescence of 
tumors as shown in (B) (n=5, two-way RM ANOVA). (D) Representative images of HE staining of GBM-bearing mice 
administrated with saline or SC. Scale bar, 500 μm. (E) The tumor sizes were statistically analyzed as shown in (D) 
(n=5, t-test). (F) Body weights of GBM-bearing mice from (B) were calculated and statistically analyzed (n=5, two-way 
RM ANOVA). (G, H) Representative image of immunohistochemistry to detect PTEN and cleaved Caspase-3 expres-
sion of xenografts in two groups. Scale bar, 500 μm. Data were presented as mean ± SD, *P < 0.05; **P < 0.01.

we found that sophocarpine significantly re- 
gressed the progression of orthotopic GBM 
compared with control group (Figure 6B-E). 
Besides, body weight of tumor-bearing mice 

from two groups were also recorded every  
two days and the result showed that sophocar-
pine had no impact on their body weight (Figure 
6F). In addition, immunohistochemistry result 
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showed that sophocarpine significantly upre- 
gulated PTEN and cleaved Caspase-3 expres-
sion, indicating that sophocarpine inhibited 
orthotopic U251 xenografted tumor growth via 
upregulating of PTEN and inducing cell apopto-
sis of GBM, which were consistent with the in 
vitro result and in vivo result of subcutaneous 
U251 xenografts in nude mice (Figure 6G, 6H). 
As shown in Figure S3B, there were also no 
obviously histological differences in the main 
organs of tumor-bearing mice treated daily with 
sophocarpine for two weeks. Taken together, 
these results suggested that sophocarpine sig-
nificantly inhibited GBM growth in vivo.

Discussion

In the present study, we found a tetracyclic 
quinazoline alkaloid, sophocarpine, that deriv- 
ed from Sophora alopecuroides L., could sig-
nificantly inhibit the viability, proliferation, mi- 
gration of GBM cells, and induce the cell cycle 
arrest in G0/G1 phase and cell apoptosis in 
vitro, as well as inhibit the tumor growth in vivo. 
Molecular investigation revealed that sopho-
carpine upregulated the expression of PTEN 
and downregulated PI3K/Akt signaling to im- 
pede the progression of GBM (Figure 7).

The highly malignant phenotype of GBM is  
benefit from its characteristics in at least two 
aspects, fast proliferation rate and strong  
metastatic ability. The rapid growth of tumor 
squeezes the surrounding normal brain tissue, 
and the absence of a clear boundary between 
the invading tumor cells with the surrounding 
normal cells makes it difficult to achieve effec-
tive resection, usually resulting in rapid recur-
rence after surgery. Therefore, we first exam-
ined the effect of sophocarpine on the viability, 
proliferation and migration of GBM cells. As a 
result, CCK8 assay, cell colony-formation and 
PH3-immunoflurescence assay showed that 
sophocarpine could significantly inhibit the pro-
liferation of U251 and C6 cells (Figures 1B-F 
and S1A-E). Besides, we also concluded that 
the migration ability of GBM cells was reduced 
from wound healing and transwell assays 
(Figures 1G-M and S1F-I). Cell growth is pre-
cisely regulated by the cell cycle and cell cycle 
arrest may result in cell apoptosis. Previous 
study reported that sophocarpine could block 
cell cycle at the G0/G1 phase of hepatocellular 
carcinoma [14] and induce cell apoptosis in 
gastric cancer [15]. In this study, flow cytometry 

analysis observed that the ratio of U251 cells in 
G0/G1 phase was increased (Figure 2A, 2B), as 
well as the increased proportion of apoptotic 
cells (Figure 2F, 2G) after sophocarpine treat-
ment. We also noticed that, Cyclin D1 and 
Cyclin B1, which were involved in regulating  
cell cycle progression, were downregulated 
with sophocarpine (Figure 2C-E). Besides, the 
upregulation of P53 and cleaved Caspase-3 
accompanied with downregulated Bcl2 also 
meant the promoted cell apoptosis by sopho-
carpine (Figure 2H-K).

PTEN, also named MMAC1 (mutated in multiple 
advanced cancers) or TEP1 (TGFβ-regulated 
and epithelial cell-enriched phosphatase) 
before, was identified as a tumor suppressor 
located on chromosome 10q23 in 1997, and 
often absent or mutated in GBM [18, 19, 21, 
32]. PTEN contains motifs homology to the pro-
tein tyrosine phosphatase, as well as sequenc-
es similarity with the chicken cytoskeletal ten-
sin and bovine auxilin [18, 19]. Protein tyrosine 
phosphatases possess the ability to resist tyro-
sine phosphorylation of specific protein tyro-
sine kinases involved in oncogenesis, and evi-
dences have shown that PTEN is a dual-speci-
ficity phosphatase with its phosphatase enzy-
matic activity required for suppressing tumor 
[21]. Further, there is increasing evidence 
showing that PTEN acts as a vital tumor sup-
pressor mainly depends on its lipid phospha-
tase activity to dephosphorylate PIP3, an im- 
portant lipid second messenger, into PIP2, thus 
antagonizing the PI3K/Akt signaling pathway 
[28, 29]. Previous studies found that PTEN  
and Akt signaling were associated with sopho-
carpine to prevent the progression of cancer 
[14, 15, 17]. However, it remains unknown 
whether sophocarpine performed anti-GBM 
effects via targeting PTEN/PI3K/Akt signaling. 
In our study, we found that sophocarpine sig- 
nificantly upregulated PTEN in both transcrip-
tion and translation level (Figure 3A-C). Mean- 
while, both the expression of Akt and p-Akt 
(Thr308) were downregulated in sophocarpine 
group, but without influencing the PI3K level 
(Figure 3B, 3D-G). Furthermore, inhibiting PTEN 
by bpV could rescue the inhibitory effect of cell 
viability, proliferation and migration on U251 
cells by sophocarpine (Figure 4).

Finally, by using subcutaneous and orthotopic 
GBM xenograft model established in BALB/c 
nude mice, we observed the inhibition of tumor 
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growth with sophocarpine in vivo, and the inhib-
itory effect was also indicated to be associated 
with PTEN/PI3K/Akt signaling (Figures 5 and 
6). This is consistent to our network pharmaco-
logical analysis which suggested that sopho-
carpine was tightly associated with PI3K/Akt 
signaling pathway in GBM (data not shown). 
Still, we noticed that the rescue effect of bpV 
on the GBM growth inhibition was partial, indi-
cating that there exist other undiscovered tar-
gets involved in the toxicity for sophocarpine  
in GBM. Besides, phosphorylation at both 
Thr308 and Ser473 sites of Akt represents the 
maximal Akt activation [33], however, Akt-

Thr308, which we detected in our study, was 
sufficient for Akt activation [34].

Besides, although the concentration of sopho-
carpine used to inhibit the growth of GBM cells 
is relatively high with millimolar level, still, it has 
no obvious toxic effect on primary cultured nor-
mal astrocytes (Figure S2). Such concentration 
level of sophocarpine was also used in other 
cancers [16, 17]. Moreover, matrine, another 
alkaloid in Sophora plants, also has the effect 
of being used in millimolar level to reduce the 
proliferation of cancer cells [35, 36] but gentle 
to normal cells [36]. However, 35 mg/kg, the 

Figure 7. Sophocarpine impedes GBM progression through PTEN/PI3K/Akt axis. SC performs anti-GBM effects both 
in in vitro and in vivo. On cellular and molecular level, by upregulating PTEN and downregulating PI3K/Akt signal-
ing, SC suppresses GBM cell viability, proliferation, migration, arrests GBM cell cycle in G0/G1 phase and promotes 
their apoptosis.
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concentration used to effectively impede the 
growth of GBM tumor in vivo is relatively low, 
and as expected, without toxicity to the tumor-
bearing mice (Figures 5E, 6F and S3). On the 
one hand, it suggested that sophocarpine 
might possess certain ability to cross the 
blood-brain barrier to reach and affect the 
intracranial tumor, on the other hand, it was 
possible that the metabolites of sophocarpine 
metabolism in vivo also exhibited potential 
anti-tumor effects and blood-brain barrier  
permeability, and which needed further 
investigation.

Conclusions

In conclusion, we found sophocarpine, a natu-
ral tetracyclic quinazoline alkaloid derived from 
an anti-tumor traditional Chinese medicine, 
can significantly suppress the growth of GBM 
both in vitro and in vivo. The molecular investi-
gation revealed that sophocarpine could upreg-
ulate the GBM tumor suppressor PTEN expres-
sion and subsequently downregulate PI3K/Akt 
signaling. These results suggest that sophocar-
pine is a promising natural therapy for GBM.
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Figure S1. Sophocarpine inhibits the viability, proliferation and migration of C6 cells. (A) Cell viability of C6 cells 
upon gradient concentrations of SC treatment were measured by CCK-8 assay (normalized to control, n=4, two-way 
ANOVA). (B) Representative images of PH3 immunostaining of C6 cells upon DMSO, 1 mM or 2 mM SC treatment. 
Scale bar, 50 μm. (C) Statistical analysis of PH3+ cell percentages as shown in (B) (n=6, one-way ANOVA). (D) Rep-
resentative images of C6 cell colony formation upon DMSO, 1 mM or 2 mM SC treatment detected by cell colony-
formation assay. Scale bar, 5 mm. (E) Statistically analysis of cell colony numbers as shown in (D) (n=3, one-way 
ANOVA). (F) Wound closure of C6 cells upon DMSO, 1 mM or 2 mM SC treatment detected by wound healing assay. 
Scale bar, 150 μm. (G) The wound closure ratios were statistically analyzed as shown in (F) (n=12, one-way ANOVA). 
(H) The migrated C6 cells upon DMSO, 1 mM or 2 mM SC treatment detected by transwell assay. Scale bar, 250 
μm. (I) Statistical analysis of the migrated cells as shown in (H) (n=4, one-way ANOVA). The results were presented 
as mean ± SD, *P < 0.05; **P < 0.01.
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Figure S2. Sophocarpine has no toxicity to the primary cultured astrocytes from C57BL/6J mice. The viability of 
primary cultured astrocytes upon SC concentration gradient were measured by CCK8 assay (normalized to control, 
n=4, two-way ANOVA). Data were presented as mean ± SD.

Figure S3. Sophocarpine has no significant toxic effects on main organs of GBM-bearing mice. A. Typical images of 
HE staining for frozen sections from major organs in saline-treated and SC-treated U251 subcutaneous xenograft 
tumor-bearing mice. B. Typical images of HE staining for frozen sections from major organs in saline-treated and 
SC-treated U251 orthotopic tumor-bearing mice. Scale bar, 100 μm.


