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Abstract: Objectives: Brazilin (BZ), an active isoflavonoid from Chinese herbs, exhibits antitumor properties. This
study investigated its antitumor efficacy and molecular mechanisms in human glioblastoma (GBM) cells. Methods:
GBM cell proliferation and viability were assessed using XCELLigence RTCA eSight™, cell counting kit-8, 5-ethynyl-2’-
deoxyuridine, live/dead staining, and colony formation assays. Migration and invasion were evaluated by Transwell,
three-dimensional invasion, and wound healing assays. Apoptosis was analyzed by flow cytometry, and target pro-
tein expression by western blot. A xenograft model was established by subcutaneous injection of P3 cells into nude
mice, followed by BZ treatment at different concentrations. Results: BZ significantly inhibited GBM cell proliferation
and viability in time- and dose-dependent manners. It also suppressed cell invasion and migration dose-dependent-
ly. Apoptosis rates in U251, P3, and LN229 cells increased significantly after BZ treatment. Accordingly, BZ upregu-
lated the apoptosis-related proteins B-cell lymphoma 2 (BCL-2)-associated X protein and cleaved poly (ADP-ribose)
polymerase-1, as well as the autophagy-related protein LC3B, while downregulating BCL-2 and sequestosome 1.
Phosphorylated phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), and mammalian target of rapamycin
(mTOR) levels were reduced in BZ-treated U251 and LN229 cells. Finally, BZ inhibited the growth of orthotopic xeno-
grafts from luciferase-expressing P3 cells in mice. Conclusions: BZ induces apoptosis and autophagy in GBM cells
via the PI3BK/AKT/mTOR signaling pathway, suggesting its potential as a novel therapeutic agent for GBM patients.
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Introduction apy [5]. Therefore, there is an urgent need for
new effective therapeutic strategies to inhibit
Human glioblastoma (GBM) is the most preva- the growth and metastasis of GBM.

lent and aggressive primary brain tumor in the

central nervous system [1]. Currently, the stan-
dard treatment regimen for GBM is maximal
surgical resection combined with the first-line
chemotherapy drug temozolomide and radio-
therapy [2]. The mean survival time of patients
with GBM after surgery is 12-15 months, and
the 5-year survival rate is less than 5% [3, 4].
However, due to the limited number of drugs
entering the central nervous system, the high
invasiveness of GBM cells, and the presence of
stem cell-like tumor cells, GBM is resistant to
chemotherapy, radiotherapy, and immunother-

Traditional Chinese medicine is an important
resource for treating human cancer. For centu-
ries, many traditional Chinese medicines have
been used to treat human diseases. For exam-
ple, brazilin (BZ), a natural isoflavone derived
from plants such as Caesalpinia sappan and
Haematoxylum braziletto, has garnered atten-
tion for its potential medicinal properties,
including inhibition of oxidative stress [6] and
inflammation [7], antibacterial effects [8], and
anti-cancer [9], anti-diabetic [10], neuroprotec-
tive [11], and other activities [12]. According to
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recent research, autophagy plays important
roles in the growth, apoptosis, and proliferation
of cancer cells [13-15]. Autophagy is a lyso-
some-dependent cellular degradation program
during which eukaryotic cells deliver abnormal
proteins and degraded organelles to the lyso-
somal degradation pathway. Autophagy can be
divided into three main types: macroautopha-
gy, microautophagy, and chaperone-mediated
autophagy [16-18]. Among them, macroautoph-
agy has been the most widely studied type of
autophagy worldwide. Therefore, we focused
on macroautophagy (hereafter referred to as
autophagy) in this study. Autophagosomes fuse
with lysosomes to form autolysosomes, and
the cargo is degraded [19, 20]. The current rela-
tionships between autophagy and cell death
include (1) the simultaneous occurrence of
autophagy and apoptosis, (2) autophagic cell
death, and (3) autophagy-mediated cell death
[21]. Autophagy-induced cell death is also
termed preautophagy-triggered cell death [22].
Notably, studies have shown that other isofla-
vones can induce autophagy [23-25], raising
the question of whether BZ shares this property
in the context of GBM. Even though numerous
studies have demonstrated that BZ exerts
potent anti-tumor effects on the progression of
different types of tumors, whether BZ regulates
GBM development through apoptosis and
autophagy remains unclear.

We investigated the effects of BZ on GBM cells
in vivo and in vitro. We experimentally demon-
strated that BZ exerts potent anti-tumor effects
on GBM cells mainly through apoptosis, autoph-
agy, and the phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT)/mammalian target of
rapamycin (MTOR) signaling pathway, one of the
major pathways involved in GBM pathology.

Materials and methods
Experimental animals and ethics statement

Male BALB/c nude mice (approximately 4
weeks old) were obtained from the Nanjing
Biomedical Research Institute of Nanjing Uni-
versity (Nanjing, China) and maintained in the
animal facility of the neurosurgery laboratory
of Qilu Hospital, Shandong University under
pathogen-free conditions. All procedures were
approved by the Ethics Committee and the
Laboratory Animal Research Centre of Qilu
Hospital, Shandong University (Approve num-
ber: DWLL-202500500).
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Cell lines and culture

The human GBM cell lines U251 and LN229
were purchased from the Chinese Academy
of Sciences Cell Bank (Shanghai, China) and
authenticated by short tandem repeat profiling.
All human GBM cells were cultured in Dulbe-
cco’s modified Eagle’s medium (MACGENE
Biotechnology Ltd; Beijing, China) supplement-
ed with 10% foetal bovine serum (Biological
Industries, Israel), streptomycin (100 U/ml),
and penicillin (100 U/ml). The primary human
GBM cell line P3 was kindly provided by
Professor Rolf Bjerkvig from the University of
Bergen and cultured in neurobasal medium
(21103049; Thermo Fisher Scientific) sup-
plemented with 2% B27 (A3653401; Thermo
Fisher Scientific), 1% L-glutamine (A400022-
5301; Thermo Fisher Scientific), 1% penicillin/
streptomycin (P1400; Solarbio), 20 ng/ml epi-
dermal growth factor (AF-100-15; Peprotech;
Rocky Hill, NJ, USA), and 20 ng/ml basic fibro-
blast growth factor (100-18B; Peprotech). All
the cells were incubated in a humidified cham-
ber with 5% CO, at 37°C.

XCELLigence RTCA eSight™ viability assay

Dynamic monitoring of U251, LN229 and P3
cell viability was performed with the xCELLI-
gence RTCA eSight™ system (Agilent Biosci-
ences, Hangzhou, China). GBM cells were seed-
ed in 96-well plates at the optimal cell density
and treated with or without 40 uM BZ for via-
bility assessment. Cell growth curves were
recorded on the xCELLigence RTCA eSight™
system in real time with measurements taken
every 2 hours.

Cell viability assays

GBM cells were cultured under optimal condi-
tions, and their concentrations were adjusted
to evaluate cell proliferation. U251, LN229 and
P3 cells were seeded into 96-well plates at a
density of 3000 cells per well and incubated for
24, 48, and 72 h. After 24 h, cell adhesion was
confirmed, and the original medium was gently
discarded. The treatment groups received
medium supplemented with BZ at concentra-
tions of 15, 30, 45, 60, 75, 90, and 105 uM.
The control group did not receive BZ. After incu-
bation, cell counting kit-8 (CCK-8, CK04-500;
Dojindo Laboratories; Kumamoto, Japan) solu-
tion was added, and the cells were incubated
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for an additional 4 h at 37°C. The absorbance
was then measured at 450 nm using a micro-
plate reader. Each treatment was performed in
triplicate. The experiments were conducted
with five replicates and independently repeated
three times.

Cell proliferation assay

Cells were cultured for 24 h in 24-well plates
with 5x10% cells/well. The 5-ethynyl-2’-deoxy-
uridine (EdU) incorporation assay kit (C103103;
RiboBio; Guangzhou, China) used according to
the manufacturer’s instructions. The EdU solu-
tion was mixed with complete medium and
added to each group of cells. Cells were fixed
with 4% paraformaldehyde (pH 7.4) for 30 min-
utes and then neutralized with glycine solution
(2 mg/mL) for 5 minutes. Cells were washed
with phosphate-buffered saline (PBS) and stain-
ed with the anti-EdU working solution at room
temperature for 30 minutes. After that, 4',6-
diamidino-2-phenylindole (DAPI) staining solu-
tion was added and incubated for 10 minutes.
Cells stained with DAPI (blue) and EdU (red)
were observed using an FSX100 microscope
(Olympus, Tokyo, Japan) in the dark. EdU-posi-
tive cells (%) = (number of EdU-positive cells/
total number of DAPI-stained cells) x 100%.

Colony formation assay

U251 and LN229 cells were seeded in a 6-well
cell culture plate (200 cells per well) and
allowed to adhere overnight. The cells were
then treated with various concentrations of BZ
(20, 40 uM) or a control. Throughout the experi-
ment, the medium was replaced every 3 days
with fresh medium containing the correspond-
ing concentration of BZ. After two weeks, the
colonies were fixed with 4% paraformaldehyde
for 15 minutes and rinsed three times with
PBS. Afterwards, the cells were stained with
0.5% crystal violet for approximately 15 min-
utes. Finally, images were obtained, and the
number of colonies was counted.

Wound healing assay

U251 and LN229 cells were seeded into 6-well
plates containing serum-free growth medium
and cultured. After 24 h of incubation, a scratch
was manually made in each well using a 100 uL
pipette tip. The wells were gently washed with
PBS to remove cell debris and then incubated
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with medium containing BZ (0O, 20, or 40 yM) at
37°C. Images were obtained under a micro-
scope at 24 h and 48 h after treatment, and
the wound width (distance between the two cell
edges) was statistically analyzed.

Transwell assay

Invasion was measured using the Transwell
Matrigel assay. GBM cells were seeded into
6-well plates and treated with BZ (0, 20, or
40 uM) for 48 h. After treatment, the cells
were trypsinized, counted, and resuspended
in serum-free medium, then plated into BD
Biocoat Matrigel Invasion Chambers (8 uM pore
size; BD Biosciences). The chemoattractant in
the bottom wells was medium supplemented
with 10% foetal bovine serum. Invading cells
were fixed after 24 h, stained with crystal violet,
counted in 4 random fields with a microscope,
and statistically analyzed.

Cell invasion in three-dimensional (3D) culture

GBM cells (3x10%) were seeded into each well
of 3D Culture Qualified 96-well spheroid forma-
tion plates (Trevigen, Gaithersburg, MD, USA)
with 100 pL of medium and cultured at 37°C in
a 5% CO, humidified incubator for 72 h. After
72 h, the cells formed tumor spheroids. The
plates were placed on ice for 15 minutes, and
50 pL of invasion matrix (Trevigen, 3500-096-
K, Cultrex) was added to each well. The plates
were centrifuged at 300xg at 4°C for 5 minutes
and then incubated at 37°C for 1 h. Medium
(100 pL) containing different concentrations of
BZ was added to each well. Images of the
spheroids were captured every 24 h using
bright-field microscopy. Images acquired at 96
h were analyzed using ImageJ software.

Live/dead viability/cytotoxicity assay

Human GBM cells were treated with different
concentrations of BZ and then stained using
the live/dead viability/cytotoxicity kit (Invitro-
gen, USA) for viability assessment. Cells were
washed three times with 1 mL of ice-cold 1x
PBS. Then, 100 pL of live/dead mix (containing
2 UM calcein AM and 4 uM ethidium homodi-
mer-1 in 1 mL of 1x PBS) was added to each
well. After incubation for 15 minutes at 37°C,
live cells were stained green (calcein AM), and
dead cells were stained red (ethidium homodi-
mer-1). Cells were imaged using Alexa Fluor
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488 and EthD-1 filters under a Carl Zeiss Axio
Z1 live imaging microscope.

Apoptosis assays

We used an Annexin V-fluorescein isothiocya-
nate/propidium iodide apoptosis detection kit
to assess the apoptosis rate of GBM cells.
Briefly, 1x10° untreated or BZtreated cells
were collected. The cells were stained with 5 pL
of Annexin V-fluorescein isothiocyanate apopto-
sis detection kit (BD Biosciences, La Jolla, CA,
USA) and 10 pL of propidium iodide, then incu-
bated for 15 minutes in the dark at room tem-
perature. The results were analyzed using
FlowJo software (Tree Star, Ashland, OR, USA).

Autophagy assays

To detect autophagy, cells were transfected
with a green fluorescent protein (GFP)-mCherry-
light chain 3 (LC3B) vector (Guangzhou Aiji Bio-
technology Co., Ltd., Guangzhou, China) accord-
ing to the manufacturer’s protocol. Following a
change of medium, the virus-transfected cells
were treated with or without BZ. The cells were
then fixed with 4% paraformaldehyde for 30
min and stained with DAPI (1 pg/ml) for 15
min at room temperature. Immunofluorescence
images were captured using a confocal micro-
scope (Leica, SP8; Solms, Germany). Co-locali-
zation of GFP and mCherry (yellow) indicated
autophagosomes, while mCherry alone (red)
indicated autophagolysosomes.

Western blot (WB) analysis

U251 and LN229 cells were treated with O, 20,
and 40 uyM BZ for 48 h and then lysed in radio-
immunoprecipitation assay buffer (PO013C,
Beyotime, Haimen, China). The lysates were
subsequently centrifuged, and the protein con-
centration was determined using a bicincho-
ninic acid assay kit (Beyotime, Shanghai,
China). Equal amounts of protein from each
sample were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride mem-
branes. The membranes were blocked with 5%
non-fat milk for 2 h at room temperature and
then incubated with primary antibodies over-
night at 4°C. After the membranes were rinsed
at room temperature, they were probed with
the appropriate secondary antibody. Images
were captured with an Image Station 4000MM
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Pro (Carestream Health Inc., Woodbridge, MA,
USA) and quantified using ImageJ software. The
following primary antibodies were used: rabbit
anti-AKT (#4691S, 1:1000, Cell Signaling Tech-
nology), rabbit anti-phospho-AKT (#13038S,
1:1000, Cell Signaling Technology), rabbit anti-
PI3BK (#4249S, 1:1000, Cell Signaling Tech-
nology), rabbit anti-phospho-PI3K (ab32401,
1:1000, Abcam), rabbit anti-mTOR (#2983,
1:1000, Cell Signaling Technology), rabbit anti-
phospho-mTOR (#5536T, 1:1000, Cell Signa-
ling Technology), rabbit anti-sequestosome 1
(#5114S, 1:1000, Cell Signaling Technology),
rabbit anti-LC3B (#3868S, 1:1000, Cell Sig-
naling Technology), rabbit anti-BCL2-associat-
ed X protein (BAX) (560599-1-Ig, 1:1000, Pro-
teintech), rabbit anti-B-cell lymphoma 2 (BCL-2)
(#3498S, 1:1000, Cell Signaling Technology).

Orthotopic xenograft model

P3 glioma cells expressing luciferase-GFP
(1x108) in a total volume of 10 uL of serum-
free Dulbecco’s modified Eagle’s medium were
implanted into the right striatum of athymic
mice (male; 4 weeks old; 20-30 g; OBiO Tech-
nology; Shanghai, China). Tumors visualized
using bioluminescence imaging (PerkinElmer
IVIS Spectrum; Waltham, MA, USA). The mice
were subsequently divided into the following
four groups: control; BZ; chloroquine (CQ;
Sigma-Aldrich, C6628); and BZ + CQ. The mice
were intraperitoneally injected with dimethyl
sulfoxide alone (control), BZ (100 mg/kg/day),
CQ (25 mg/kg/day), or BZ (100 mg/kg/day) +
CQ (25 mg/kg/day). The tumor volumes were
monitored using bioluminescence imaging, and
the weight of each mouse was recorded weekly
for 4 weeks. The tumor-bearing nude mice were
treated until the onset of severe symptoms (a
decrease of more than 10% in body weight or
inability to return to an upright position after
being pushed down) or death, at which point
the experiment was terminated. Surviving mice
were euthanized by intraperitoneal injection of
sodium pentobarbital (150 mg/kg). Excised
tumor tissues were snap-frozen in liquid nitro-
gen or fixed in formalin for further analysis.

Immunohistochemistry

Tumors were removed from sacrificed mice,
fixed in 4% paraformaldehyde, and embedded
in paraffin. Paraffin-embedded samples were
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sectioned (4 uM), and the slides were then
incubated with primary antibodies (rabbit anti-
Ki67 1:200 dilution) at 4°C overnight, followed
by incubation with a horseradish peroxidase-
conjugated secondary antibody for 1 h at room
temperature. Antibodies were detected using
diaminobenzidine (Beyotime, Shanghai, China),
and the slides were counterstained with hema-
toxylin (Beyotime, Shanghai, China).

Statistical analysis

Each assay was performed using GraphPad
Prism 8.0 software. The results were presented
as the mean + standard deviation. The signifi-
cance of the differences between groups was
statistically analyzed by one-way analysis of
variance followed by Tukey'’s test. All the experi-
ments were repeated at least three times.
Statistical significance was indicated in the fig-
ures as follows: *P < 0.05, **P < 0.01, and
***P < 0.001.

Results

BZ inhibits the viability and proliferation of
GBM cells

We investigated the effects of different concen-
trations of BZ on GBM cell growth using the P3
cell line (a representative primary GBM cell
line), as well as LN229 and U251 cell lines (the
most common laboratory GBM cell lines). The
cell viability of the GBM cells was significantly
inhibited after BZ treatment (40 uM), as deter-
mined by the xCELLigence RTCA eSight™ viabil-
ity assay (Figure 1A). The results of the CCK-8
assay revealed that BZ inhibited the viability
and proliferation of GBM cells relative to the
controls in a time- and dose-dependent man-
ner (Figure 1B). The IC,  values for U251,
LN229, and P3 cells were 52.67, 52.29, and
24.84 uM at 24 h; 43.29, 37.87, and 20.94 uM
at 48 h; and 26.76, 20.13, and 17.80 yM at 72
h, respectively. We chose LN229 and U251 for
subsequent functional experiments. In addi-
tion, the EdU assay revealed that treatment
with increasing concentrations of BZ signifi-
cantly reduced GBM cell proliferation (Figure
1C, 1D). Specifically, treatment with 20 uM BZ
resulted in 56% and 64% decreases in U251
and LN229 cells, respectively, while treatment
with 40 pyM BZ resulted in 87% and 85%
decreases, indicating that BZ inhibited GBM
cell proliferation. In the colony formation assay,
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the number of colonies decreased by 44% for
U251 cells and 58% for LN229 cells with 20 uM
BZ, and decreased by 90% for U251 cells and
95% for LN229 cells with 40 uM BZ (Figure 1E,
1F). These findings indicate that BZ is a promis-
ing agent for inhibiting GBM cell proliferation.

BZ inhibits the invasion and migration of GBM
cells

Metastasis and invasion are challenges associ-
ated with tumor treatment [26]. To study wheth-
er BZ affects the invasion and migration of
GBM cells, Transwell, 3D invasion, and wound
healing assays was performed on BZ-treated
GBM cells. The wound healing assay revealed
that BZ-treated U251 and LN229 cells had sig-
nificantly lower migration rates than untreated
cells (Figure 2A and 2B). In addition, as shown
in Figure 2C and 2D, the number of migrated
U251 and LN229 cells decreased in a dose-
dependent manner after 48 h of BZ treatment
compared with the control groups. The number
of U251 cells that invaded through the mem-
brane decreased from 395 (O uM BZ) to 139
(20 uM BZ) and to 39 (40 uM BZ) in the
Transwell assays. Similarly, the number of
LN229 cells decreased from more than 395 (O
UM BZ) to 184 (20 yM BZ) and to 35 (40 uyM
BZ). Furthermore, we examined the invasion
capacity of U251 and LN229 cell spheroids in
suspension culture through 3D invasion assays.
After 96 h, the invasion distance of U251
spheres in Matrigel decreased to 62.5% and
32.6% of the control at 20 yM and 40 uM BZ,
respectively. For LN229 cells, the invasion dis-
tance decreased to 14% of the control at 40
UM BZ (Figure 2E and 2F). According to these
data, BZ inhibited GBM cell invasion and migra-
tion in a dose-dependent manner.

Effects of BZ on GBM cell apoptosis in vitro

In the live/dead cell viability assay, the percent-
age of dead U251 glioma cells (red fluores-
cence) increased to 8% at 20 yuM BZ and 29%
at 40 uM BZ, compared with the control group.
Similarly, the percentage of dead LN229 glioma
cells (red fluorescence) increased to 12.2% at
20 uM BZ and 34.5% at 40 yM BZ, compared
with the control group. The percentage of dead
P3 glioma cells (red fluorescence) increased to
4.1% at 20 yM BZ and 15.4% at 40 uM BZ,
compared with the control group (Figure 3A
and 3B). Additionally, to determine whether BZ
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Figure 1. BZ inhibits the proliferation of GBM cells. A. Morphological changes of GBM cells treated with 40 yM BZ
at 0, 48, and 96 h. B. Viability of GBM cells treated with different concentrations of BZ was assessed by the CCK-8
assay. C. Fluorescence images of EdU incorporation in U251 and LN229 cells treated with different concentrations
of BZ for 48 h. Cells were stained with DAPI (blue) for nuclei and Apollo 567 (red) for EdU detection. Scale bars:
100 uM. D. Quantification of EdU-positive cells. E. Representative images of colony formation assays in U251 and
LN229 cells treated with the indicated concentrations of BZ. F. Quantification of relative colony forming ability. *P
< 0.05, **P < 0.01, and ***P < 0.001 compared with the control group. Brazilin (BZ), Cell counting kit-8 (CCK-8),
5-ethynyl-2’-deoxyuridine (EdU), 4’,6-diamidino-2-phenylindole (DAPI), Glioblastoma (GBM).
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Figure 2. Different concentrations of BZ inhibited the migration and invasion of GBM cells in vitro. A, B. The wound
healing assay was used to detected the migration of U251 and LN229 cells treated with BZ. Scale bars = 200 pyM.
C, D. The Transwell invasion assay was used to detect the invasion of GBM cells treated with BZ. Scale bars = 200
UM. E, F. The 3D invasion assay was used to evaluate the invasion capacity of GBM cells treated with different con-
centrations of BZ. Scale bars = 200 uM. ns, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 compared
with the control group. Three-dimensional (3D), Brazilin (BZ), Glioblastoma (GBM).
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Figure 3. BZ induces apoptosis in GBM cells. A, B. Live (green)/dead (red) staining images of U251, LN229, and P3
cells treated with BZ. Scale bars = 200 uM. C, D. Annexin V-FITC and PI staining were used to evaluate apoptosis
in GBM cells treated with BZ. E, F. WB analysis was used to detect the expression of apoptosis-related proteins
(cleaved PARP-1, BCL-2, BAX) in GBM cells treated with BZ. *P < 0.05, **P < 0.01, and ***P < 0.001 compared
with the control group. Annexin V-fluorescein isothiocyanate (V-FITC), Propidium iodide (PI), Poly (ADP-ribose) poly-
merase-1 (PARP-1), B-cell ymphoma 2 (BCL-2), BCL2-associated X protein (BAX), Glioblastoma (GBM), Brazilin (BZ),
Western blot (WB), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

could induce apoptosis, we analyzed U251,
LN229, and P3 cells exposed to BZ for 48 h by
flow cytometry. U251 cells exhibited apoptosis
rates of 3.5% at 20 uM BZ and 4.5% at 40 uM
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BZ, compared with the control group. LN229
cells exhibited apoptosis rates of 3.7% at 20
UM BZ and 13.9% at 40 uM BZ, compared with
the control group. P3 cells exhibited apoptosis
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rates of 7.1% at 20 uM BZ and 39.9% at 40 uM
BZ, compared with the control group (Figure 3C
and 3D). WB analysis was employed to investi-
gate the role of BZ in apoptosis in GBM cells.
The WB analysis showed increased expression
of BAX and cleaved poly (ADP-ribose) poly-
merase-1 (PARP-1) and decreased expression
of BCL-2 in cells treated with different concen-
trations of BZ (Figure 3E and 3F). These find-
ings suggest that BZ promotes apoptosis in
GBM cells.

BZ induces autophagy in GBM cells in vitro

To examine the relationship between autopha-
gy and BZ in GBM cells in vitro, we generated
GBM cells with stable expression of a mono-
meric red fluorescent protein-GFP-LC3B dual-
fluorescence reporter. The number of auto-
phagosomes and autolysosomes obviously
increased in U251 cells after BZ treatment
(Figure 4A and 4B). In addition, WB analysis
was used to detect the expression of autopha-
gy-related proteins. As indicated in Figure 4C
and 4D, BZ significantly increased the protein
expression of LC3B-Il and decreased the pro-
tein expression of sequestosome 1 in a dose-
dependent manner. We further explored the
mechanism of BZ-induced autophagy by using
autophagy inhibitors. We cotreated GBM cells
with BZ and autophagy inhibitors that block dif-
ferent phases of autophagy: early3-methylade-
nine (3-MA) for the early phase and CQ for the
late phase. The effects were measured by WB
analysis. These findings revealed that 3-MA or
CQ treatment effectively reversed BZ-induced
autophagy in U251 and LN229 cells (Figure
4E-H).

Autophagy inhibition enhances BZ-induced
apoptosis in GBM cells

During programmed GBM cell death, the rela-
tionship between apoptosis and autophagy can
be mutually exclusive or coordinated [27, 28].
Therefore, we investigated the relationship
between apoptosis and autophagy in GBM cells
treated with BZ. As determined by WB analysis,
the expression of the pro-apoptotic proteins
BAXand cleaved PARP-1increased in BZ-treated
U251 and LN229 cells in the presence of 3-MA
or CQ, while the expression of the anti-apo-
ptotic protein BCL-2 decreased (Figure 5A-D).
Moreover, compared with cells treated with BZ
alone, GBM cells coincubated with BZ plus
3-MA or CQ exhibited a higher rate of apoptosis

4585

(Figure 5E and 5F). The EdU assay revealed
a decrease in proliferation of GBM cells that
were cotreated with 3-MA or CQ and BZ (Figure
5G). In addition, cells treated with 3-MA or CQ
alone showed increased apoptosis rates and
decreased proliferation. These findings sug-
gest that autophagy inhibition may enhance
BZ-induced apoptosis in GBM cells.

BZ may regulate the PI3K/AKT/mTOR signal-
ing pathway in GBM cells

Autophagy is a complex biological process that
is regulated by multiple pathways. The PI3K/
AKT/mTOR signaling pathway is critical for
autophagy and is closely associated with apop-
tosis and metabolism [29]. RNA sequencing
revealed potential apoptosis- and autophagy-
related protein targets of BZ in GBM cells
(Figure 6A). To determine whether BZ regulates
the PI3K/AKT/mTOR signaling pathway, the
expression levels of proteins involved in this
pathway were detected by WB analysis. In
U251 and LN229 cells treated with BZ, the lev-
els of phosphorylated PI3K, AKT, and mTOR
decreased compared with those in the control
groups (Figure 6B and 6C).

BZ inhibits the growth of GBM cells in vivo

P3 cells with stable luciferase expression were
inoculated into the brains of athymic mice.
Tumor growth was monitored using luciferase
bioluminescence imaging. Compared with vehi-
cle treatment, BZ treatment significantly inhib-
ited tumor growth in mice (Figure 7A and 7B).
At 3 weeks, the bioluminescence signals were
approximately 2.6x108 photons/s in the control
group, 1.1x108 photons/s in the CQ group,
0.4x10% photons/s in the BZ group, and
0.3x108 photons/s in the CQ + BZ group.
Immunohistochemical staining was used to
examine the expression of Ki67. Consistent
with the in vivo experi-mental results, we found
that co-treatment with 3-MA or CQ and BZ
inhibited proliferation in GBM tumor tissues
(Figure 7C). Taken together, these findings sug-
gested that BZ suppressed tumor growth in
vivo and that combined treatment with an
inhibitor of autophagy enhanced BZ-induced
tumor growth inhibition.

Discussion

GBM is one of the most common intracranial
malignancies in neurosurgery, accounting for
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Figure 4. BZ induces autophagy in GBM cells in vitro. A, B. The distribution of GFP-mCherry-LC3B in U251 cells was
observed under an inverted fluorescence microscope. Merged red and green fluorescence (yellow) represented au-
tophagosomes, while red fluorescence represented autolysosomes. The number of yellow and red puncta reflected
the level of autophagy. Scale bars = 20 yM. C, D. WB analysis of lysates (20 ug) was performed to measure the
levels of SQSTM1 and LC3B in GBM cells after treatment with BZ. E-H. WB analysis was performed to measure the
levels of SQSTM1 and LC3B in GBM cells processed with 3-MA or CQ followed by exposure to BZ. Compared with
control group, *P < 0.05, **P < 0.01, and ***P < 0.001. Compared with BZ group, #*P < 0.05, #P < 0.01, and *#P
< 0.001. Compared with 3-MA or CQ group, 4P < 0.05, &P < 0.01. Glioblastoma (GBM), Brazilin (BZ), Green fluores-
cent protein (GFP), Monomeric red fluorescent protein (mRFP), Light chain 3B (LC3B), Sequestosome 1 (SQSTM1),
3-methyladenine (3-MA), chloroquine (CQ), Western blot (WB), Glioblastoma (GBM), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

50% to 60% of intracranial tumors [30]. GBM
are the central nervous system malignhant

tumors with the highest incidence and mortali-
ty rates. Although current treatment methods
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Figure 5. Autophagy inhibition enhances BZ-induced apoptosis in GBM cells. (A-D) WB analysis was performed to
measure the levels of apoptosis-related proteins in GBM cells pretreated with with 3-MA (A, B) or CQ (C, D), followed
by exposure to different concentrations of BZ. (E, F) Annexin V-FITC/PI staining was used to determine apoptosis
rates in GBM cells pretreated with 3-MA or CQ and then treated with different concentrations of BZ. (G) EdU incor-
poration was assessed in GBM cells treated with 3-MA or CQ, followed by exposure to different concentrations of
BZ. Scale bars = 100 yM. Compared with control group, *P < 0.05, **P < 0.01, and ***P < 0.001. Compared with
3-MA or CQ group, 4P < 0.01, &P < 0.001. BCL2-associated X protein (BAX), B-cell ymphoma 2 (BCL-2), Poly (ADP-
ribose) polymerase-1 (PARP-1), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Glioblastoma (GBM), Brazilin
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Propidium iodide (PI), 5-ethynyl-2’-deoxyuridine (EdU), 4’,6-diamidino-2-phenylindole (DAPI).

can improve patient survival rates, the overall
prognosis remains poor. Therefore, finding ther-
apeutic targets and mechanisms for glioma is
of great significance for developing effective
new drugs.
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Cancer is a complex disease that requires mul-
tifaceted treatment strategies, including the
ability to inhibit cancer cell proliferation, induce
differentiation and apoptosis [31], suppress
cell invasion and migration by inhibiting regula-
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tory proteins [32], and target the cell cycle to
block proliferation [33]. The elimination of can-
cer cells from the body through apoptosis is the
final goal of treatment strategies. BZ, an active
isoflavonoid compound derived from Chinese
herbs, has displayed anti-cancer properties
across various cancer cell lines [34]. BZ has
been reported to have biological activities, in-
cluding neuroprotective, hepatoprotective, anti-
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Figure 6. BZ may regulate the PI3K/AKT/mTOR sig-
naling pathway in GBM cells. A. Pathway enrichment
analysis of differentially expressed mRNAs identified
by RNA sequencing of BZ-treated U251 and LN229
cells compared with control cells. B, C. WB analysis
was performed to detect the expression of PI3K, p-
PI3K (Thr172), AKT, p-AKT (Ser473), mTOR, and p-
MTOR (Ser2448) in U251 and LN229 cells treated
with different concentrations of BZ. *P < 0.05, **P
< 0.01, and ***P < 0.001 compared with the control
group. Phosphoinositide 3-kinase (PI3K), Protein ki-
nase B (AKT), Mammalian target of rapamycin (mTOR),
Phospho-PI3K (p-PI3K), Phospho-AKT (p-AKT), Phos-
pho-mTOR (p-mTOR), Western blot (WB), Glioblastoma
(GBM), Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), Glioblastoma (GBM), Brazilin (BZ), Western
blot (WB), Extracellular matrix (ECM).

oxidant, anti-inflammatory, apoptotic induction,
and anticancer effects [35, 36]. BZ inhibits pro-
liferation and induces apoptosis in several can-
cer cell lines, including MCF-7 breast cancer
[37], T24 urinary bladder cancer [9], U266 mul-
tiple myeloma [38], Cal27 head and neck squa-
mous cell carcinoma [39], MG-63 osteosarco-
ma [25], and Tca8113 tongue cancer cells [24].
In the present study, using CCK-8, colony for-
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mation, flow cytometry, 3D invasion, live/dead,
wound healing, and Transwell assays, we con-
firmed that BZ inhibited GBM cell viability and
induced apoptosis. Apoptosis is a process by
which cells die in an independent and con-
trolled manner to maintain a stable internal
environment [40, 41]. Therefore, inducing apop-
tosis in GBM cells may be a promising can-
cer treatment strategy [42]. Furthermore, we
examined whether BZ-induced GBM cell death
occurred through apoptosis and assessed the
expression of BAX, BCL-2, and cleaved PARP-1
by WB analysis. The results revealed that BZ
increased the expression of BAX and cleaved
PARP-1 but suppressed the expression of BCL-2
in a dose-dependent manner. BAX increases
the release of cytochrome c into the cytoplasm
and ultimately initiates the formation of apop-
tosomes [43]. The above results indicated that
BZ induced apoptosis in GBM cells in vitro.

Autophagy plays a role in the development and
occurrence in malignanttumors [15]. Autophagy
also plays a dual role in tumor suppression and
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Figure 7. BZ inhibits orthotopic tumor growth in GBM model
mice. A. Nude mice were implanted with P3-luciferase cells,
and tumor growth was monitored by bioluminescence imag-
ing. B. Tumor growth was determined by quantification of bio-
luminescence at weeks 1, 2, 3, and 4. C. Ki67 staining was
assessed in tumor sections from nude mice in the indicated
groups. Scale bars = 100 yM. **P < 0.01. **P < 0.01 com-
pared with the control group. Glioblastoma (GBM), brazilin
(BZ), chloroquine (CQ), dimethyl sulfoxide (DMSO).

promotion [44], but the relationship between
BZ and autophagy has not been reported. LC3B
is among the key proteins involved in the pro-
cess of autophagy. We hypothesized that BZ
leads to GBM cell death through the induction
of autophagy. In this study, we observed that
the BZ treatment resulted in more yellow punc-
ta (autophagosomes) and red puncta (autolyso-
somes) in GBM cells in a dose-dependent man-
ner. The results of WB analysis revealed that
autophagosomes accumulated in GBM cells
after BZ treatment. The administration of 3-MA
or CQ reversed the activation of autophagy
induced by BZ treatment. While our findings
demonstrate the regulatory role of BZ in
autophagy, the precise molecular mechanisms
underlying its control of lysosomal homeosta-
sis remain to be fully elucidated. Finally, using
the autophagy inhibitors 3-MA and CQ, we
found that the expression of autophagy- and
apoptosis-related proteins was partially re-
versed following BZ treatment in GBM cells.
Moreover, compared with cells treated with BZ
alone, GBM cells co-incubated with BZ plus
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3-MA or CQ exhibited a higher rate of apoptosis
and a decrease in proliferation. These findings
suggest that autophagy inhibition may enhance
BZ-induced apoptosis in GBM cells.

In many cancers, the PI3K/AKT/mTOR signaling
pathway plays important roles in the cell cycle,
apoptosis, and autophagy [45]. RNA sequenc-
ing revealed potential apoptosis- and autopha-
gy-related protein targets of BZ in GBM cells. In
U251 and LN229 cells treated with BZ, the lev-
els of phosphorylated PI3K, AKT, and mTOR
decreased compared with those in the control
groups, which suggested that BZ can inhibit the
activation of the PI3K/AKT/mTOR signaling
pathway in GBM cells. BZ may affect GBM
tumor behavior by regulating the PI3K/AKT/
mTOR pathway, but the specific mechanism
underlying this regulation require further study.

Conclusion

To summarize, BZ exerts cancer-suppressive
effects in GBM, which may be related to the
PI3BK/AKT/mTOR pathway. These results may
provide a breakthrough for the treatment of
GBM.
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