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Abstract

Objectives: Aurantio-obtusin (AO), a bioactive compound and an analogue of the anticancer drug doxorubicin (DOX), possesses anti-
cancer, anti-inflammatory, and antioxidant properties. However, the effect of AO on glioblastoma (GB) remains unclear. Methods: The
viability of AO-treated GB cells was evaluated using the Cell Counting Kit-8 (CCK-8) and 5-Ethynyl-2′-deoxyuridine (EdU) staining
assays. Flow cytometry was used to analyze the effects of AO treatment on the cell cycle and apoptosis of GB cells. Levels of reactive
oxygen species (ROS), malondialdehyde (MDA), and glutathione (GSH) in AO-treated GB cells were measured to assess cellular oxida-
tive stress. For the in vivo experiments, four-week-old female BALB/c nude mice were used. Results: AO dose-dependently inhibited
GB cell viability and promoted apoptosis. Treatment with AO led to increased ROS production in GB cells, which in turn induced DNA
damage and G2/M phase arrest. Concurrently, the phosphorylation level of cdc2 and the expression of cleaved-caspase-3 and gamma-
H2AX (γ-H2AX) were significantly increased in AO-treated GB cells. Notably, the effects of AO on the GB cell cycle and apoptosis
were attenuated by the ROS scavenger acetylcysteine (AC). Furthermore, AO treatment significantly inhibited tumor growth in vivo.
Conclusion: The results suggest that AO may inhibit GB cell growth by inducing oxidative stress, indicating that AO is a promising
agent for the treatment of GB.
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1. Introduction
Glioblastoma (GB) is the most common primary ma-

lignant brain tumor in adults, characterized by rapid pro-
gression, high invasiveness, and uniformly poor prognosis
[1,2]. Current therapies, including surgical resection, radio-
therapy, and chemotherapy, remain inadequate for effec-
tively treating GB [3,4,5]. Severe adverse effects and drug
resistance continue to pose significant challenges in clinical
practice [6,7]. Consequently, developing novel therapeutic
agents has become highly significant for the improvement
of clinical outcomes for GB patients.

Historically, traditional Chinese medicine and its ex-
tracted components have played a significant role in can-
cer treatment due to their favorable therapeutic effects and
low cost [8]. To enhance the effectiveness of existing anti-
cancer regimens, the anticancer properties of natural bioac-
tive compounds have receivedwidespread attention in com-
plementary approaches for various cancers. For example,
compounds derived from plants and fungi have been iden-
tified as ideal candidates for combination therapy or ad-

juvant therapy in the treatment of GB [9,10]. Aurantio-
obtusin (AO) is a key active component extracted from the
seeds of the traditional Chinese herb Cassia, which have
long been used for clearing heat, improving vision, and
relieving constipation [11]. Initially, research on AO fo-
cused on its anti-inflammatory and hepatoprotective activi-
ties [12,13,14]. More recently, with in-depth exploration of
the antitumor potential of natural products, AO has attracted
widespread interest in oncology research due to its signif-
icant inhibitory effects on breast and liver cancer [15,16].
This study aims to evaluate whether AO exhibits therapeu-
tic efficacy against GB and to define the functional basis of
this effect.

Reactive oxygen species (ROS) are a class of highly
reactive chemical species, including superoxide anions, hy-
drogen peroxide, and hydroxyl radicals [17,18]. In tumors,
due to upregulated metabolic rates, endogenous ROS lev-
els in cancer cells are often elevated [19]. Moderately in-
creased ROS acts as a second messenger, activating multi-
ple pro-tumor signaling pathways and inducing genomic in-
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stability, thereby promoting tumor progression [20]. How-
ever, when ROS levels exceed the antioxidant buffering
capacity of cells, they can lead to severe DNA damage,
cell cycle imbalance, and even apoptosis [21,22]. Previous
studies have suggested that inducing oxidative stress to gen-
erate excessive ROS in cancer cells may represent a novel
and selective anticancer strategy [23,24]. In this study, it
was first confirmed that AO could induce cell apoptosis by
triggering massive ROS production, thereby inhibiting the
malignant progression of GB. In conclusion, these findings
indicate that AO is a potential therapeutic agent for GB.

2. Materials and Methods
2.1 Chemicals and Reagents

AO (HY-N0261, purity: 99.89%) and acetylcysteine
(AC, HY-B0215, purity: 99.86%) were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). Stock
solutions of AO and AC were prepared in DMSO (D2650,
Sigma-Aldrich, Louis, MO, USA) at 200 mM and kept at
–20 °C until use. The final DMSO concentration in all cell
culture experiments was maintained below 0.1%.

2.2 Cell Culture
The human astrocyte (HA; 1800, ScienCell, Carls-

bad, CA, USA), U87 (HTB-14, ATCC, Manassas, VA,
USA; RRID: CVCL_0022; note: this line differs from
the original Uppsala University U-87MG line), and U251
(09063001, ECACC, Salisbury, UK) were propagated in
DMEM (SH30243, HyClone, Logan, UT, USA) with 10%
FBS (10099141, Thermo Fisher Scientific, Waltham, MA,
USA) and 1% penicillin-streptomycin (15140122, Thermo
Fisher Scientific), at 37 °C in a humidified 5% CO2 incuba-
tor (51023126, Thermo Fisher Scientific). Before AO treat-
ment, cells were allowed to stabilize for more than 24 h. For
all experiments, HA, U87, and U251 were used at passages
2 and 4. All cells used in this study were authenticated by
short tandem repeat (STR) analysis and confirmed to be free
of mycoplasma contamination by PCR-based detection.

2.3 Cell Viability
Cells (1 × 103/well) were seeded in 96-well plates

(3599, Corning, Shanghai, China), allowed to attach
overnight, and then exposed to treatments for 24 or 48 h,
after which viability was assessed with the cell counting
kit-8 (CCK-8; CK04, Dojindo, Kumamoto, Japan). Cell
proliferation was also assessed by manual counting under
a microscope (DM2000 LED, Leica, Wetzlar, Germany).
All experiments were performed with a minimum of three
replicates.

2.4 5-Ethynyl-2′-Deoxyuridine (EdU) Assay
GB cells were seeded into 35 mm confocal dishes

(3294, Corning) and cultured overnight. After attachment,
cells were treated with various concentrations of AO (0,
20, 40, 80 μM) for 24 h. For EdU labeling, 10 μM

EdU (BeyoClicTM EdU Cell Proliferation Kit with AF647,
C0081S, Beyotime, Shanghai, China) was added to the cul-
ture medium during the last two hours of the treatment
period. Following EdU labeling, cells underwent fixa-
tion (4% PFA (BL539A, Biosharp, Anhui, China), 20 min,
room temperature (RT)) and subsequent permeabilization
(0.3% Triton X-100 (T8787, MilliporeSigma, Burlington,
MA, USA), 10 min). Nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI; C0065, Solarbio, Bei-
jing, China). Stained cells were observed under a fluo-
rescence microscope (Eclipse E400, Nikon, Tokyo, Japan),
and three random fields of view with comparable cellular
confluencewere selected per dish for imaging. The percent-
age of EdU-positive nuclei among DAPI-stained cells was
calculated with ImageJ 1.51 (National Institutes of Health,
Bethesda, MD, USA) to determine the proliferation rate.

2.5 Flow Cytometry

For cell cycle analysis, GB cells were stainedwith pro-
pidium iodide (PI) using a cell cycle staining kit (C1008S,
Beyotime, China) according to the manufacturer’s instruc-
tions. The gating strategy was as follows: first, cell de-
bris was excluded on a forward scatter area (FSC-A) ver-
sus side scatter area (SSC-A) plot; second, doublets were
removed on an FSC-A versus FSC-height (FSC-H) plot;
third, single cells were analyzed for PI fluorescence on
a linear scale, and cell cycle distribution (G0/G1, S, and
G2/M phases) was determined using the Watson model in
FlowJo. For apoptosis analysis, cells were stained with
an Annexin V-fluorescein isothiocyanate (FITC) apopto-
sis detection kit (C1062M, Beyotime, China). The gating
strategy was as follows: debris was first excluded on FSC-
A versus SSC-A; doublets were then excluded on FSC-A
versus FSC-H; finally, single cells were displayed on an
Annexin V-FITC versus PI quadrant plot. For intracel-
lular ROS measurement, cells were incubated with 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA; S1105S,
Beyotime, China). The gating strategy was as follows: de-
bris was excluded on FSC-A versus SSC-A; doublets were
excluded on FSC-A versus FSC-H; and DCF fluorescence
was then analyzed on a FITC channel histogram. Briefly,
GB cells were seeded in six-well plates (5 × 104 cells/well)
and incubated for 24 h. After treatment of the cells, flow
cytometry (CytoFLEX LX, Beckman Coulter, CA, USA)
operations were performed on the cells in accordance with
the manufacturer’s instructions.

2.6 Detection of Malondialdehyde (MDA) and Glutathione
(GSH)

The concentrations of MDA and GSH were quanti-
fied with respective commercial detection kits (S0131 and
S0053, Beyotime), following the protocols provided by
the manufacturer. Specifically, MDA levels were assessed
based on absorbance at 532 nm, and GSH levels were
evaluated by absorbance at 405 nm. Finally, the obtained
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raw data were respectively normalized to the correspond-
ing mean values of the control group in each assay, and the
results were expressed as relative levels.

2.7 Immunofluorescence
U87 cells (1 × 105 cells/well) were seeded into 24-

well plates and cultured overnight before exposure to AO.
Following treatment, cells underwent sequential fixation
(4% PFA, 30 min), permeabilization (1% Triton X-100,
15 min), and blocking (1% bovine serum albumin (BSA;
A8020, Solarbio)). Primary antibody (rabbit anti-γ-H2AX,
ab81299, 1:200; Abcam, Cambridge, UK) was applied
overnight at 4 °C, after which the cells were rinsed thrice
with PBS and incubated for 1 h at RT with secondary an-
tibody (Alexa Fluor™ 488-conjugated goat anti-rabbit IgG,
ab150077, 1:1000; Abcam). Mounting was performed with
ProLong™ Diamond Antifade containing DAPI (C0065,
Solarbio). All images were captured with a fluorescence
microscope and analyzed quantitatively using ImageJ soft-
ware 1.51.

2.8 Western Blot
U87 cells and tumor tissues were collected and

lysed using radioimmunoprecipitation assay (RIPA) buffer
(P0013B, Beyotime) supplemented with phosphatase and
protease inhibitors. Total protein concentration was mea-
sured via the BCA assay. Protein extracts were then sepa-
rated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels and electrotransferred
onto polyvinylidene fluoride membranes (ISEQ00010,
MilliporeSigma). Following transfer, membranes were
blocked with a protein-free rapid blocking solution
(PS108P, EpiZyme, Shanghai, China). Primary anti-
body incubation was performed overnight at 4 °C using
the following: Rabbit anti-phospho-cell division cycle 2
(cdc2) (9111, 1:1000; Cell Signaling Technology, Dan-
vers, MA, USA), rabbit anti-cdc2 (77055, 1:1000; Cell Sig-
naling Technology), rabbit anti-B-cell lymphoma 2 (Bcl-
2) (12789-1-AP, 1:1000; Proteintech, Wuhan, China;),
cleaved caspase-3 (25128-1-AP, 1:1000; Proteintech), rab-
bit anti-γ-H2AX (ab81299, 1:2000; Abcam), and mouse
anti-GAPDH (AG019, 1:2000; Beyotime). Subsequently,
the membranes were probed with appropriate secondary an-
tibodies for one hour at room temperature. Signal detection
was carried out using a sensitive chemiluminescence test
kit (SQ201, EpiZyme), and band intensities were quantified
with ImageJ software 1.51.

2.9 GB Xenograft Model
The subcutaneous xenograft tumor model is a com-

mon approach for evaluating the direct antitumor effects
of drugs and elucidating their underlying molecular mech-
anisms [25]. BALB/c nude mice are an inbred, immunode-
ficient strain characterized by congenital athymia and con-
sequent T-cell deficiency, which allows successful engraft-

ment of human tumor cells without immune rejection. Ten
healthy four-week-old female BALB/c nudemice (16–18 g)
were acquired from GemPharmatech Co., Ltd. (Chengdu,
China). They were housed in a specific pathogen-free
(SPF)-grade animal facility under controlled conditions: In-
door temperature of 22 ± 2 °C with a 12/12-hour light/-
dark cycle, with adequate food and water. The mice were
acclimatised to the housing facility for seven days before
the start of the experiment. The U87 cell suspension (1
× 105 cells) was subcutaneously injected into one side of
the mouse axilla using a sterile syringe. Subsequently, the
tumor-bearing mice were randomly divided into two groups
(the control and AO treatment groups, n = 5/group). The in-
vestigators who administered treatments and assessed out-
comes (including tumor volume, bioluminescence imaging,
H&E staining, and immunofluorescence) were blinded to
group allocation. In vitro samples were coded and ana-
lyzed by blinded investigators. Beginning on the second
day after cell implantation, the mice were intraperitoneally
administered either normal saline or AO (20 mg/kg) once
daily for three consecutive weeks, and their body weight
was recorded daily. At the end of the experiment, mice were
deeply anesthetized with sodium pentobarbital (50 mg/kg,
i.p.), euthanized by cervical dislocation, and then tumor
specimens were collected for volume measurement.

2.10 Immunohistochemical Staining

Paraffin-embedded mouse tumor tissue was sectioned
and underwent deparaffinization in xylene (108298, Mil-
liporeSigma), rehydration in a graded ethanol series, and
a final rinse with double-distilled water. Antigen retrieval
was accomplished via microwave heating in citrate buffer
(C9999, MilliporeSigma), after which endogenous perox-
idases were quenched with hydrogen peroxide and non-
specific binding was minimized by bovine serum albu-
min treatment. Primary antibody incubation (rabbit anti-
ki67, ab15580, dilution 1:200; Abcam) was carried out
overnight. After PBS washing, sections were exposed to
biotin-labeled goat anti-rabbit IgG (A0277, 1:100; Bey-
otime) for one hour. Visualization used the chromogen 3,3′-
diaminobenzidine (D4418, MilliporeSigma). Following
hematoxylin (C0105S, Beyotime) counterstaining, sections
were dehydrated and mounted with neutral resin (G8590,
Solarbio). Finally, stained slides were observed and pho-
tographed under a microscope (DM2000 LED, Leica, Wet-
zlar, Germany).

2.11 Statistical Analysis

Statistical analyses were performed on GraphPad
Prism 8.0 (GraphPad Software, San Diego, CA, USA),
with data expressed as means ± standard error of the mean
(SEM). Normality and variance homogeneity were con-
firmed by Shapiro-Wilk and Levene’s tests, respectively;
all variables met these assumptions, so parametric tests
were adopted. Two-group comparisons employed the t-test,
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Fig. 1. AO treatment inhibits GB cell proliferation. (A) The chemical structure of AO. (B,C) CCK-8 measured cell viability after
treatment of U87 and U251 cells with different concentrations of AO for 24 and 48 h. (D) The cell viability of HA cells after being
treated with different concentrations of AO for 24 hours was measured by CCK-8. (E) Representative images of EdU staining of U87
cells. Scale bar: 50 μm. (F,G) EdU staining statistical results of U87 and U251 cells. (H) Microscopic representative images of U87
and U251 cells. Scale bar: 50 μm. (I,J) The statistical results of cell numbers for U87 and U251. n = 3/group, *p < 0.05, **p < 0.01 and
***p < 0.001 vs. “0” control group. AO, aurantio-obtusin; GB, glioblastoma; CCK-8, cell counting kit-8; HA, human astrocyte; EdU,
5-Ethynyl-2′-deoxyuridine.

whereas comparisons involving three or more groups uti-
lized one-way analysis of variance (ANOVA). Statistical
significance was defined as p < 0.05.

3. Results
3.1 AO Treatment Inhibits GB Cell Proliferation

The chemical structure of AO is given in Fig. 1A.
First, the anti-proliferative activity of AO against GB was
investigated in vitro using two GB cell lines (U87 and
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Fig. 2. AO treatment induces G2/M phase arrest and apoptosis in GB. (A,B) Representative results and statistical analysis of the
cell cycle distribution in U87 cells analyzed by flow cytometry. (C,D) Representative results and statistical analysis of apoptosis in U87
cells analyzed by flow cytometry. (E–H) Western blot analysis of the levels of p-cdc2, cdc2, Bcl-2, and cleaved caspase-3 in U87 cells.
n = 3/group, *p < 0.05, **p < 0.01, and ***p < 0.001 vs. “0” control group. PI, propidium iodide; cdc2, cell division cycle 2; Bcl-2, B-cell
lymphoma 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

U251). Both cell lines were incubated with varying con-
centrations of AO (0–160 μM) for 24 or 48 hours, after
which cell proliferation was assessed. The CCK-8 assay re-
sults showed that AO inhibited the proliferative activity of
U87 and U251 cells in a concentration- and time-dependent
manner (Fig. 1B,C). Subsequently, it was also found that
AO at concentrations below 160 μM had no significant ef-
fect on the viability of HA cells (Fig. 1D), indicating its
selective killing effect on GB cells. After 24 hours of treat-
ment with 40 μMAO, the inhibition rate of GB cell viability
reached approximately 50%. Therefore, subsequent experi-

ments were conducted usingAO at concentrations of 20, 40,
and 80 μM for 24 hours. EdU staining results demonstrated
that AO treatment significantly reduced the proportion of
EdU-positive GB cells (Fig. 1E–G). To further visually
confirm the inhibitory effect of AO on GB cell prolifera-
tion, a microscope was employed for cell counting. Results
revealed a marked decrease in the proliferative activity of
AO-treated GB cells, as evidenced by a significantly lower
cell count in the AO treatment groups when compared to the
control group (Fig. 1H–J). These data collectively point to
a potent antiproliferative effect of AO on GB cells.
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Fig. 3. AO treatment induces the generation of ROS and leads to DNA damage in GB. (A,B) Representative results and statistical
analysis of ROS levels in U87 cells. (C) Statistical analysis of MDA levels in U87 cells. (D) Statistical analysis of GSH levels in U87
cells. (E,F) Representative immunofluorescence images and quantitative analysis of γ-H2AX in U87 cells. Scale bar: 20 μm. (G,H)
Western blot analysis of the levels of γ-H2AX in U87 cells. n = 3/group, “ns” indicates no statistical difference, *p < 0.05, **p < 0.01,
and ***p < 0.001 vs. “0” control group. FITC, fluorescein isothiocyanate; DAPI, 4′,6-diamidino-2-phenylindole; ROS, reactive oxygen
species; MDA, malondialdehyde; GSH, glutathione; γ-H2AX, gamma-H2AX.

3.2 AO Treatment Induces G2/M Phase Arrest and
Apoptosis in GB

To further explore the potential mechanisms underly-
ing the anti-GB activity of AO, the cell cycle distribution
and apoptosis in AO-treated U87 cells were analyzed. Flow
cytometry analysis showed that AO increased the propor-
tion of U87 cells in the G2/M phase in a concentration-
dependent manner (Fig. 2A,B). Simultaneously, AO signif-
icantly promoted apoptosis in U87 cells (Fig. 2C). Specifi-
cally, comparedwith the control group (approximately 5%),

the proportion of apoptotic U87 cells increased to approx-
imately 10% under 20 μM AO, to 30% under 40 μM, and
exceeded 40% under 80 μM (Fig. 2D). Cdc2 is a known key
regulator of the transition from G2 to M phase [26]. Previ-
ous studies have confirmed that phosphorylation at tyrosine
15 inhibits cdc2 activity and is one of the most important
mechanisms leading to G2/M phase arrest [27,28]. To de-
termine whether the G2 phase arrest induced by AO in U87
cells is mechanistically linked to cdc2 phosphorylation, we
examined the tyrosine 15 (Tyr15) phosphorylation status by

6

https://www.imrpress.com


Western blot and found a concentration-dependent increase
(Fig. 2E,F). Additionally, we evaluated the effects of AO
on Bcl-2 and cleaved caspase-3 in U87 cells (Fig. 2G,H).
Results indicated that AO treatment led to a concentration-
dependent decrease in Bcl-2 protein levels and increased
cleaved caspase-3 protein levels. These findings indicate
that AO induces G2/M phase arrest and apoptosis in GB
cells.

3.3 AO Treatment Induces the Generation of ROS and
Leads to DNA Damage in GB

ROS exhibits a dose-dependent “double-edged
sword” relationship with tumor cell cycle progression and
apoptosis. Excessively high ROS levels trigger the DNA
damage response and checkpoint activation, resulting in
cell cycle arrest [29]. Meanwhile, elevated ROS levels
induce mitochondrial membrane permeability transition
and modulate the balance of Bcl-2 family proteins, thereby
activating the caspase cascade and ultimately initiating the
apoptotic program [30]. Previous studies have demon-
strated that the antitumor activity of many anthracycline
chemotherapeutic agents relies on increasing intracellular
ROS levels in tumor cells, leading to DNA damage, cell
cycle arrest, and apoptosis [31,32]. As AO is an analog
of the anthracycline drug doxorubicin (DOX), it was
hypothesized that the efficacy of AO against GB may be
associated with its regulation of intracellular ROS levels in
GB cells.

To further validate this hypothesis, ROS levels in AO-
treated U87 cells were assessed. Flow cytometry results re-
vealed that AO increased ROS generation in U87 cells in
a dose-dependent manner (Fig. 3A,B). Furthermore, it was
found that AO treatment elevated malondialdehyde (MDA)
while decreasing glutathione (GSH) levels in U87 cells
(Fig. 3C,D). Immunofluorescence and Western blot anal-
yses demonstrated a significant increase in gamma-H2AX
(γ-H2AX), a common biomarker of DNA damage, in AO-
treated U87 cells (Fig. 3E–H). Collectively, these results
indicate that AO induces high levels of ROS andDNA dam-
age in GB cells.

3.4 Antioxidant AC Abolishes the Anti-GB Effects of AO

To clarify whether ROS generation serves as a key
mechanism underlying AO-induced suppression of GB pro-
liferation, G2/M phase arrest, and apoptosis, the antioxi-
dant AC, a potent scavenger of intracellular ROS, was em-
ployed. First, it was confirmed that AC (100 μM) effec-
tively reversed the elevation of ROS levels in U87 cells
treated with AO (80 μM) (Fig. 4A,B). Subsequently, CCK-
8 assays demonstrated that AC significantly rescued the de-
crease in U87 cell viability caused by AO treatment (Fig.
4C). Furthermore, AC markedly reduced the proportion of
U87 cells in the G2/M phase and decreased apoptosis lev-
els following AO exposure (Fig. 4D–G). Consistent with
these findings, Western blot analysis revealed that AC sub-

stantially counteracted the effects of AO on the phosphory-
lation level of cdc2, as well as the expression of γ-H2AX
and cleaved caspase-3 (Fig. 4H–K). These results indicate
that induction of ROS generation may be a critical factor in
the anti-GB activity of AO.

3.5 AO Inhibits the Growth of Glioma Xenografts in Mice
Next, a subcutaneous glioma model was generated in

mice by injecting U87 cells, and AO was then adminis-
tered intraperitoneally for three weeks. Results showed that
continuous intraperitoneal administration of AO for three
weeks significantly reduced tumor volume in GB-bearing
mice when compared to the control group (Fig. 5A,B). No-
tably, body weight did not differ between the two groups,
and all AO-treated mice survived, suggesting that AO was
well tolerated (Fig. 5C). Immunohistochemical analysis re-
vealed a marked reduction in Ki67 levels in tumor tissues
from the AO-treated group (Fig. 5D,E). Additionally, the
level of MDA in the tumor tissue of the AO-treated group
was significantly increased, while the content of GSH was
significantly decreased (Fig. 5F,G). AO treatment signif-
icantly elevated the phosphorylation of cdc2 and the pro-
tein expression of γ-H2AX and cleaved caspase-3 in tumor
tissues relative to controls (Fig. 5H,I). These observations
collectively indicate that AO exerts effective anti-GB activ-
ity in vivo.

4. Discussion
Despite aggressive multimodal treatment, GB remains

one of the most lethal malignancies, with a dismal progno-
sis largely due to inherent or acquired therapeutic resistance
[33]. Therefore, developing novel therapeutic agents with
distinct mechanisms of action is needed. In this study, a
novel anthraquinone derivative, AO, was identified as a po-
tent anti-GB agent. It was demonstrated for the first time
that AO exerts its anti-tumor effects by inducing excessive
ROS generation, leading to cell cycle arrest at the G2/M
phase, apoptosis, and DNA damage in both types of GB
cells (Fig. 6).

Initial findings confirmed the robust anti-proliferative
effect of AO on GB cell lines (U87 and U251), which was
both concentration- and time-dependent. This was further
corroborated by EdU incorporation assays and direct cell
counting, supporting the conclusion that AO directly in-
hibits GB cell proliferation. Mechanistically, it was found
that AO treatment triggered a significant G2/M phase arrest
and induced apoptosis in U87 cells. The G2/M checkpoint
is a critical guardian against genomic instability, and its ac-
tivation often serves as a cellular response to DNA damage
[34]. The observation that AO treatment upregulated the
phosphorylation of cdc2 at Tyr15, a key inhibitory modifi-
cation that halts the G2/M transition, provides a molecular
link to the observed cell cycle blockade. Concurrently, the
shift in the balance of apoptosis-regulating proteins, char-
acterized by downregulation of Bcl-2 and upregulation of
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Fig. 4. Antioxidant AC abolishes the anti-GB effects of AO. (A,B) ROS production in U87 cells was analyzed by flow cytometry.
(C) The cell viability of U87 was determined by CCK-8. (D,E) Cell cycle phase distribution analyzed by flow cytometry, showing
representative profiles and quantitative comparisons. (F,G) Apoptotic rates of U87 cells were evaluated via flow cytometry. (H–K)
Western blot analysis of the levels of p-cdc2, cdc2, γ-H2AX, and cleaved caspase-3 in U87 cells. n = 3/group, *p < 0.05, **p < 0.01, and
***p < 0.001 vs. “AO” group. Cells were treated with the indicated concentrations of AO (80 μM) alone or in combination with AC (100
μM) for 24 hours. AC, acetylcysteine.
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Fig. 5. AO inhibits the growth of glioma xenografts in mice. (A,B) Representative images of tumors and statistical analysis of tumor
volume. n = 5/group, ***p < 0.001 vs. “Con” group. (C) Statistical analysis of mouse body weight. n = 5/group, “ns” indicates no
statistical difference. (D,E) Immunohistochemical quantification of tumor proliferation based on Ki67 staining. Scale bar: 50 μm. n =
3/group, ***p < 0.001 vs. “Con” group. (F) Statistical analysis of MDA levels in tumor tissues. n = 3/group, ***p < 0.001 vs. “Con”
group. (G) Statistical analysis of GSH levels in tumor tissues. n = 3/group, ***p < 0.001 vs. “Con” group. (H,I) Western blot analysis of
the levels of p-cdc2, cdc2, γ-H2AX, and cleaved caspase-3 in tumor tissues. n = 3/group, ***p < 0.001 vs. “Con” group.

cleaved caspase-3, strongly indicates activation of the mi-
tochondrial apoptotic pathway.

AO has been reported to possess remarkable therapeu-
tic value. One study demonstrated that AO induces nitric
oxide (NO) production and promotes vasodilation by regu-
lating the phosphoinositide 3-kinase (PI3K)/protein kinase
B (Akt)/endothelial nitric oxide synthase (eNOS) signaling
pathway [35]. Additionally, AO exerts anti-inflammatory
effects through inhibition of the NF-κB signaling pathway
[12]. Liu et al. [16] found that AO suppresses the Ak-
t/mechanistic target of rapamycin (mTOR) signaling path-

way, thereby increasing the sensitivity of hepatocellular
carcinoma cells to ferroptosis. The most pivotal finding of
this study centers on the role of ROS. Anthracyclines like
DOX are known to exert part of their cytotoxicity through
ROS-mediated mechanisms [36]. As a structural analog of
DOX, it was hypothesized that AO may share this prop-
erty. Indeed, the data clearly show that AO induces a dose-
dependent surge in intracellular ROS levels, accompanied
by increased lipid peroxidation (elevated MDA) and deple-
tion of the key antioxidant GSH. This pro-oxidant state cul-
minated in significant DNA damage, as evidenced by the
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Fig. 6. AO inhibits the malignant progression of GB by inducing ROS generation.

marked increase in γ-H2AX. The dual consequences of the
ROS burst are the arrest of the G2/M phase and the induc-
tion of mitochondrial apoptosis. Importantly, the antiox-
idant AC not only scavenged AO-induced ROS but also
effectively reversed all downstream effects: Restored cell
viability, alleviated G2/M phase arrest, suppressed apop-
tosis, and normalized the expression levels of p-cdc2, γ-
H2AX, and cleaved caspase-3. This series of experiments
provides compelling evidence that ROS generation is not
merely an associated event but is the central mechanistic
driver of AO’s cytotoxicity in GB cells.

5. Study Limitations
While our study establishes that AO exerts its anti-

GB effects through ROS induction, several avenues warrant
further exploration. First, the specific molecular target of
AO that initiates ROS generation remains unidentified. In-
vestigating whether AO interferes with mitochondrial elec-
tron transport chain complexes or inhibits antioxidant en-
zymes could provide deeper mechanistic insight. Second,
the blood-brain barrier (BBB) penetration capability of AO,
a critical factor for treating intracranial GB, was not as-
sessed in this subcutaneous model. Future studies employ-
ing orthotopic GB models are essential to evaluate its ef-
ficacy and pharmacokinetics within the brain parenchyma.
Finally, exploring potential combinations of AO with stan-
dard therapies like temozolomide or radiotherapy could re-
veal synergistic effects, especially given that radiation itself
relies partly on ROS generation.

6. Conclusions
The current work provides the first evidence that AO

suppression of tumor progression may be promoting ROS
generation, inducing DNA damage, G2/M phase arrest, and
apoptosis in GB, suggesting that AO might be a promising
drug for the treatment of GB.
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