Front. Biosci. (Landmark Ed) 2025; 30(11): 46410
https://doi.org/10.31083/FBL46410

Landmark

Original Research

Combined Schisandrin B and Temozolomide Treatment Induces
Mitochondrial Apoptosis in Glioma Cells

Zebo Tang'2, Chaoran Guo?, Na Wen?, Hong Jin?, Yuan Dong?, Bo Xu?, Xiangyu Ma?,
Liu Han?, Jianxin Liul*

nstitute of Neuroscience, Translational Medicine Institute, Xi’an Jiaotong University Health Science Center, 132013 Xi’an, Shaanxi, China
2College of Basic Medical Sciences, Jilin Medical University, 132013 Jilin, Jilin, China
3College of Pharmacy, Jilin Medical University, 132013 Jilin, Jilin, China
*Correspondence: liujianxin@mail xjtu.edu.cn (Jianxin Liu)
Academic Editor: Antoni Camins

Submitted: 8 September 2025 Revised: 23 October 2025  Accepted: 31 October 2025  Published: 27 November 2025

Abstract

Background: Temozolomide (TMZ) is a standard chemotherapeutic agent for glioma, but prolonged use frequently leads to drug re-
sistance, reducing its therapeutic efficacy. Schisandrin B (Sch B), a lignan isolated from Schisandra chinensis, demonstrates promising
anti-neoplastic activity. This study investigated the synergistic effects of Sch B and TMZ on U87 glioma cells to explore their combined
influence on cell viability, apoptosis, and mitochondrial function. Methods: U87 glioma cells were treated with Sch B, TMZ, or their
combination. Cell viability was assessed using MTT assays. Apoptosis was evaluated by Hoechst staining and flow cytometry, while
JC-1 staining and Western blotting were used to assess mitochondrial membrane potential, oxidative stress markers, and apoptosis-related
proteins. Cell cycle analysis and pre-treatment with Z-VAD-FMK were performed to confirm pathway involvement. Results: Combi-
nation treatment significantly reduced cell viability (54.14%) compared to TMZ (72.47%) or Sch B (70.4%) alone. Flow cytometry
indicated elevated apoptosis (22.3%) in the combination group. JC-1 staining and protein expression analyses revealed mitochondrial
depolarization, cytochrome c release, activation of caspase-3 and -9, and a decreased Bcl-2/Bax ratio. The combined treatment induced
G2/M cell cycle arrest via p53/p21 activation and increased oxidative stress. Pre-treatment with Z-VAD-FMK partially reversed these
effects, confirming caspase-dependent mitochondrial apoptosis. Conclusions: Sch B enhances TMZ-induced cytotoxicity in U87 glioma
cells by promoting mitochondrial dysfunction, oxidative stress, and caspase-mediated apoptosis. These findings suggest that Sch B may
serve as a promising adjuvant to improve the efficacy of TMZ-based glioma therapy, warranting further validation in resistant and in-vivo
models.
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1. Introduction postoperative chemotherapy and radiotherapy. Chemother-
apy has proven to be effective as part of this comprehensive
management of glioma. Notably, Temozolomide (TMZ) is
extensively utilized chemotherapeutic agents in the treat-
ment of gliomas. While TMZ is effective during the initial
stages of treatment, glioma cells often develop resistance
over time, leading to decreased sensitivity in the intermedi-
ate and later stages of malignancy [1]. Therefore, the devel-

opment of effective strategies to control or treat glioma re-

Gliomas represent a primary category of primary brain
tumors arising from glial cells. This diverse group of tu-
mors can also arise in the spinal cord. They represent the
most common primary malignancy of the central nervous
system, comprising nearly 45% of all intracranial tumors
[1]. Gliomas exhibit a spectrum of adverse clinical fea-
tures, including aggressive proliferation, diffuse brain tis-

sue infiltration, high incidence-to-mortality ratios, and a
strong propensity for recurrence, which collectively result
in a poor prognosis [1]. A recent study of gliomas reported
an incidence of 6 cases per 100,000 individuals per year
in the United States [2]. In comparison, an earlier study
showed the incidence of primary brain tumors in China was
22.52 per 100,000, with gliomas comprising 31.1% of these
cases [3]. According to global cancer burden statistics, the
incidence of malignant tumors has been rising steadily in
recent years, with malignant gliomas representing one of
the most rapidly increasing categories among central ner-
vous system tumors [4]. The most common treatment pro-
cedure for glioma involves surgical excision integrated with

mains an urgent and ongoing challenge in neuro-oncology.

This widespread use of TMZ for the treatment of
glioma is largely due to of its superior oral bioavailabil-
ity and its capacity to move across the blood-brain-barrier
[5]. Numerous studies have demonstrated the effectiveness
of TMZ in the treatment of brain gliomas. Furthermore,
TMZ has shown therapeutic benefits for both newly diag-
nosed and relapsed glioblastoma multiforme (GBM) [5] and
is a critical treatment option for extending patient survival.
While many studies have established its effectiveness, TMZ
is not without limitations, including significant toxic side
effects such as thrombocytopenia, neutropenia, and lym-
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phopenia. Most importantly, drug resistance remains a ma-
jor concern, highlighting the need for strategies to improve
its efficacy while minimizing toxicity and overcoming re-
sistance [5].

In addition to standard chemotherapeutic drugs, grow-
ing exploration has been directed toward natural com-
pounds as alternative or complementary approaches for var-
ious cancers. Among these, several plant-derived com-
pounds exhibit a wide range of pharmacological proper-
ties, most notably their ability to inhibit tumor cell growth
and proliferation, making them valuable in cancer ther-
apy [6]. One such compound, Schisandrin B (Sch B), is
a bioactive lignan derived from Schisandra chinensis. Sch
B has emerged as a particularly promising candidate [7].
This plant-derived bioactive compound has demonstrated
diverse pharmacological capacities including antioxidant,
anti-inflammatory, and neuroprotective effects. Sch B has
been reported to prevent tumor growth and metastasis [8,9]
by inducing the differentiation and apoptosis of tumor cells
[10,11]. Sch B has also been reported to reverse multidrug
resistance in tumor cells [12], increase sensitivity to other
anti-tumor drugs [13], and inhibit tumor angiogenesis [14].
Nonetheless, targeting a single therapeutic pathway is of-
ten less effective than combination therapies [15]. In this
context, combining plant-derived compounds with conven-
tional chemotherapeutic agents has shown synergistic ef-
fects [5]. Therefore, in the present study, we examined the
combined use of Sch B and TMZ to improve glioma ther-
apy, providing new insights into their synergistic cytotoxic
and pro-apoptotic effects in vitro. The underlying mecha-
nisms of apoptosis induced by this combination was investi-
gated, with a focus on mitochondrial dysfunction, oxidative
stress, and caspase-dependent pathways.

2. Materials and Methods
2.1 Materials and Instruments

Sch B was bought from Shanghai Yuanye Biotech-
nology Co., Ltd., and TMZ from Shanghai Maclin Bio-
chemical Technology Co., Ltd. DMEM medium and peni-
cillin/streptomycin mixture were acquired from Sigma (St.
Louis, MO, USA). Fetal bovine serum was purchased from
Thermo Fisher Technologies (Waltham, MA, USA); The
caspase inhibitor Z-VAD-FMK was obtained from MCE
(Monmouth Junction, NJ, USA); and Kits for malondialde-
hyde (MDA), superoxide dismutase (SOD), catalase (CAT),
and glutathione (GSH) assays were obtained from Jianjieng
Bioengineering Institute of Nanjing (Nanjing, China). The
kit for detecting reactive oxygen species (ROS) was bought
from Shenyang Wanxiang Biological Co., Ltd., while the
BCA protein concentration kit, Hoechst 33258 dye solu-
tion, Mitochondrial Permeability Conversion Pore (MPTP)
assay kit, Annexin V-FITC PI Apoptosis Kit, mitochon-
drial membrane Potential (MMP) assay Kit, and cell cy-
cle assay kit, were all purchased from Shanghai Biyuntian
Biotechnology Company. Equipment included a 5% CO,

incubator (ThermoFisher Technology Co., Ltd., Waltham,
MA, USA), a fluorescence microscope (Leica TCS SPS,
Wetzlar, Germany), a flow cytometer (FACSCalibur, San
Jose, CA, USA), a gel imaging system (Tanon 5200, Shang-
hai Tienang Technology Co., Ltd., Shanghai, China), and
a full-wavelength enzyme microscope (Epoch, BioTek,
Winooski, VT, USA).

2.2 Cell Lines and Cell Culture

Human astroblastoma U87 cells (ATCC® HTB-14™)
were acquired from the American Type Culture Collection
and their identity was verified by short tandem repeat (STR)
profiling. The cells were maintained in a humidified in-
cubator at 37 °C with 5% COa,, cultured in high-glucose
DMEM supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin. Routine mycoplasma test-
ing was performed using the MycoAlert™ Detection Kit
(Walkersville, MD, USA), with all tests returning negative.
For experimental use, cells were harvested upon reaching
the logarithmic growth phase and the resulting cell suspen-
sion was seeded into either 6-well or 96-well plates.

2.3 Determination of Oxidative Stress Markers and
Assessment of ROS Levels

The concentrations of MDA, SOD, CAT, and GSH in
the cell homogenate supernatant were determined with re-
spective assay kits following the kit protocols. ROS lev-
els in U87 cells were assessed using a DCFH-DA (2/, 7'-
dichlorofluoroscin diacetate) probe. After adding 5 puL of
DCFH-DA (1 uM) fluorescent dye to each well, the cells
were incubated in the dark in 30 min at 37 °C, then rinsed
twice with phosphate-buffered saline (PBS). ROS genera-
tion was detected by fluorescence microscopy (Leica TCS
SP8, Wetzlar, Germany).

2.4 Analysis of Mitochondrial Membrane Potential
(MMP)

Changes in MMP in U87 cells were assessed with
the JC-1 assay kit following the manufacturer’s protocol.
Briefly, cells seeded in 6-well plates were subjected to drug
treatments for 24 h. After being rinsed with PBS, the cells
were incubated with the working JC-1 staining solution at
37 °C for 30 minutes. Subsequently, unbound dye was re-
moved by washing with the provided 1x assay buffer. The
fluorescence intensity was then visualized and captured us-
ing a Leica TCS SP8 fluorescence microscope to determine
the MMP alterations.

2.5 Hoechst 33258 Staining for the Asssessment of
Nuclear Morphology

To assess nuclear morphological changes in U87 cells,
the Hoechst 33258 staining kit was employed. After fix-
ation with 4% paraformaldehyde, cells were subjected to
PBS washes and permeabilized in 0.2% Triton X-100. Nu-
clear staining was subsequently performed by incubating
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with Hoechst 33258 (10 ug/mL) for 5 min following an ad-
ditional PBS wash. The stained cells were then observed
under a fluorescence microscope (Leica TCS SPS8), with
bright blue fluorescence indicating the cell nuclei. Quan-
titative analysis of the images was performed using Image
pro plus 6.0 software (Media Cybernetics, Rockville, MD,
USA).

2.6 Detection of Annexin V-FITC/PI Apoptosis

The Annexin V-FITC/PI double-staining method was
utilized to detect apoptosis. Cells were harvested, washed
twice with PBS, and the resulting cell pellet was collected
by centrifugation. The culture medium was discarded, and
cells were digested with trypsin. After digestion, cells were
transferred to a centrifuge tube, washed with PBS, and cen-
trifuged again to obtain a cell pellet. The pellet was then
resuspended in buffer, and FITC Annexin V staining solu-
tion (green fluorescence) was added. The admixture was
gently mixed and incubated in the dark for 5 minutes. Sub-
sequently, the PI staining solution (red fluorescence) was
added and incubated for 5 minutes. After staining, PBS
was added in a volume appropriate to the cell count, and
the proportion of apoptotic cells was analyzed using flow
cytometry (FACSCalibur, San Jose, CA, USA).

2.7 Detection of Mitochondrial Permeability Transition
Pore (MPTP)

The culture medium was aspirated from the 6-well
plate. Cultures were supplemented with Calcein AM and
the corresponding fluorescence quenching reagent at speci-
fied volumes, following the MPTP detection kit guidelines.
Following a 45 min incubation at 37 °C in the dark, the
staining solution was exchanged for fresh pre-warmed cul-
ture medium and the cells were incubated for an additional
30 min under identical conditions. Removed the medium
and rinsed the wells 2-3 times with PBS. Detection buffer
was then added before observation under a fluorescence mi-
croscope.

2.8 Assessment of Cell Cycle by Flow Cytometry

After centrifugation and PBS resuspension, cells were
subsequently fixed through incubation in 1 mL of pre-
cooled 70% ethanol for 2 h at 4 °C, as directed by the Cell
Cycle and Apoptosis Detection Kit. Following fixation, the
cells were centrifuged, and the pellet was collected. Each
sample was then resuspended in 0.5 mL of propidium io-
dide (PI) staining solution and incubated in a water bath at
37 °C for 30 min in the dark. Samples were analyzed by
flow cytometry using a 488-nm excitation wavelength.

2.9 MTT-Based Evaluation of U87 Cell Proliferation

Cells were allocated into four experimental groups:
control, TMZ treated, Sch B treated, and TMZ + Sch B
co-treated. Each group was allocated five wells. After
treatment, cells were plated in 96-well plates at 6 x 10%
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cells/well. After adding 10 uLL MTT solution per well, the
plates were incubated for 2 h. The absorbance of each well
was subsequently determined at 450 nm using a microplate
reader.

2.10 Western Blot Analysis

U87 cells were lysed for 2 h, and the protein concen-
tration was measured using a BCA assay kit. The pro-
tein lysate was boiled at 100 °C for 7 min for denatura-
tion. The samples were resolved by SDS-PAGE and sub-
sequently transferred to a PVDF membrane. The mem-
brane was then blocked with 5% non-fat milk for 2 h. Pri-
mary antibodies were incubated with the membrane at 4
°C overnight to detect proteins of interest: Cytochrome
¢ (1:1000, 66264-1-1G, Proteintech, Wuhan, China), Bax
(1:4000, 50599-2-ig, Proteintech), (cleaved)-Caspase E9
(1:1000, 66169-1-ig, Proteintech), Bcl-xL (1:100,000,
10773-1-AP, Proteintech), Bcl-2 (1:4000, 68103-1-ig, Pro-
teintech), cleaved-caspase3 (1:10,000, 82202-1-RR, Pro-
teintech), CDK4 (1:4000, 11026-1AP, Proteintech), P21
(1:2000, 10355-1-AP, Proteintech), P53 (1:10,000, 60283-
2-1G, Proteintech), and GAPDH (1:50,000, 60004-1 1-Ig,
Proteintech). Following the incubation period, the mem-
brane was rinsed with TBST to remove unbound antibodies.
Subsequently, it was probed with the corresponding HRP-
conjugated secondary antibody for 1 h. The protein bands
were colored using Emitter Coupled Logic (ECL) and ana-
lyzed by Image pro plus 6.0 software (Media Cybernetics,
Rockville, MD, USA).

2.11 Statistical Analysis

Statistical analyses were conducted with GraphPad
Prism 8.0.4 (GraphPad Software, San Diego, CA, USA).
All experiments included three independent biological
replicates (n = 3) with triple technical replicates per condi-
tion. Data are presented as mean =+ standard deviation (SD).
Group comparisons were performed using unpaired two-
tailed Student’s #-test (two groups) or one-way ANOVA
with Tukey’s post-hoc test (multiple groups). Significance
levels are indicated as *p < 0.05, **p < 0.01, and ***p <
0.001.

3. Results

3.1 Anti-Proliferative Effect of TMZ Combined With Sch B
on U87 Cells

The effects of TMZ, Sch B, and their combination
on U87 cell proliferation were analyzed using an MTT as-
say. Varying doses of TMZ, Sch B and TMZ + Sch B
were used to treat cells for 48 h followed by MTT incuba-
tion to evaluate cell viability. TMZ (0-400 uM) exerted
a dose-dependent inhibitory effect on U87 cell prolifera-
tion (Fig. 1A). At a concentration of 200 uM, TMZ reduced
U87 cell viability to 72.47% compared to the control group.
Similarly, Sch B suppressed U87 cell proliferation over a
concentration range of 0-1600 pug/mL (Fig. 1B), reducing
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Fig. 1. Cell viability was assessed by MTT assay. (A) Effects of TMZ on U87 cell viability. (B) Effects of Sch B on U87 cell viability.
(C) Effects of TMZ and Sch B combination on U87 cell viability. Data are presented as mean £ SD. Statistical significance is denoted
as follows: *p < 0.05, **p < 0.01, ***p < 0.0001. TMZ, Temozolomide; Sch B, Schisandrin B.

cell viability to 70.4% at 200 ug/mL. When a constant con-
centration of TMZ (200 uM) was combined with increasing
concentrations Sch B, U87 cell viability further de-creased
(Fig. 1C). Notably, the combination of 200 pM TMZ and
200 pg/mL Sch B reduced U87 cell viability to 54.14%,
producing a more pronounced inhibitory effect than either
agent alone, which suggests a synergistic effect between
Sch B and TMZ.

3.2 Effect of TMZ and Sch B Combination on U87 Cell
Apoptosis

Hoechst staining showed that the integration of TMZ
and Sch B resulted in significantly brighter blue fluores-
cence compared to either treatment alone, indicating en-
hanced apoptosis in U87 cells (Fig. 2A). Flow cytome-
try further confirmed the enhanced apoptosis induced by
the combined treatment (Fig. 2B). Western blot indicated
that the combination treatment modulated the expression
of key apoptotic regulators relative to single-agent treat-
ments. Specifically, it elevated pro-apoptotic proteins (Bax,
cytochrome c) while reducing anti-apoptotic proteins (Bcl-
2, Bcel-xL). This shift in the balance was accompanied by
activation of caspase-3 and caspase-9, thereby promoting

apoptosis in U87 cells (Fig. 2C). Additionally, JC-1 stain-
ing showed a reduction in the red/green fluorescence ratio,
suggesting a decrement in the MMP. While both TMZ and
Sch B individually caused a decline in mitochondrial mem-
brane potential, their combination led to a more pronounced
effect, further accelerating apoptosis in U87 cells (Fig. 2D).
These results suggest that TMZ and Sch B act synergisti-
cally to enhance apoptotic signaling in glioma cells, likely
through amplification of the intrinsic mitochondrial path-
way. This combination may provide a promising thera-
peutic approach for glioblastoma by improving treatment
efficacy and potentially overcoming resistance to standard
chemotherapy.

3.3 Effect of TMZ and Sch B Combination on
Mitochondrial Function in U87 Cells

Mitochondrion acts as a key regulator of the intrinsic
apoptotic pathway. The maintenance of mitochondrial in-
tegrity is largely influenced by the MPTP, a non-selective
channel connecting the inner and outer mitochondrial mem-
branes, whose opening permits the release of pro-apoptotic
factors that drive cell death. In this study, MPTP staining
revealed that treatment with either TMZ or Sch B resulted
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Fig. 2. Effect of TMZ and Sch B combination on U87 cell apoptosis. (A) Hoechst 33342 staining shows condensed and fragmented
nuclei indicating apoptosis. Scale bar = 100 um. (B) Flow cytometric analysis quantifies apoptotic cells. (C) Analysis of apoptosis-

related protein expression by Western blot. (D) Detection of mitochondrial membrane potential changes by JC-1 staining. Scale bar =
100 um. Data are presented as mean =+ SD (n = 3). Statistical significance is reported at *p < 0.05, **p < 0.01, and ***p < 0.001.

in moderate pore opening, as indicated by de-creased green
fluorescence. However, the combination treatment of TMZ
and Sch B led to a more pronounced loss of fluorescence,
suggesting a significant increase in opening of the MPTP
(Fig. 3A). Sustained MPTP opening is known to trigger mi-
tochondrial oxidative stress by increasing the level of reac-
tive oxygen species (ROS) accumulation. Staining for ROS
revealed a marked rise in level of intra-cellular ROS fol-
lowing the pretreatment of TMZ and Sch B, as evidenced
by enhanced green fluorescence (Fig. 3B). This result indi-
cates an aggravation of oxidative stress. Notably, the com-
bination group exhibited a marked increase in MDA levels,
an indicator of lipid peroxidation, relative to the individ-
ual treatments, suggesting severe mitochondrial membrane
impairment (Fig. 3C).

To further evaluate the redox status, the levels of key
intracellular antioxidants such as SOD, CAT, and reduced
GSH were measured. A substantial decline in these an-
tioxidant defenses was observed in the combination treat-
ment group, indicating compromised antioxidant capacity
and a shift toward a pro-oxidant state (Fig. 3D-F). Together,
our data indicate that the TMZ/Sch B enhances mitochon-
drial dysfunction through increased MPTP opening, ele-
vated ROS production, and impaired antioxidant defense,
thereby amplifying oxidative stress-mediated apoptosis in
glioma U87 cells.

3.4 TMZ and Sch B Combination Induces G2/M Cell Cycle
Arrest in U87 Cells

Cyclin-dependent kinase 4 (CDK4) is important for
regulating the G1 to S phase transition during cell-cycle
progression. In response to DNA impairment, the tumor
suppressor protein p53 promotes transcription of the CDK
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inhibitor p21, which subsequently inhibits CDK activity
and halts progression of cell cycle. Western blot analysis
revealed that combined treatment with TMZ and Sch B sig-
nificantly reduced CDK4 expression and upregulated p53
and p21 levels when compared with controls, indicating
disruption of normal cell cycle regulation (Fig. 4A) (p <
0.05). Flow cytometric detection showed that TMZ + Sch
B caused notable arrest of U87 cells at the G2/M transi-
tion, indicating effective cell cycle blockade at this phase
(Fig. 4B).

3.5 Z-VAD-FMK Attenuates TMZ/Sch B-Induced
Apoptosis in U87 Cells

Z-VAD-FMK, a broad-spectrum and cell-permeable
caspase inhibitor, is widely used to block caspase-
dependent apoptosis. To verify whether TMZ + Sch B-
induced cell death in U87 cells occurs through a caspase-
dependent pathway, cells were pretreated with Z-VAD-
FMK before combination treatment. Hoechst 33342 stain-
ing (Fig. 5A) confirmed the inhibitory effect of Z-VAD-
FMK on apoptosis, showing fewer condensed nuclei and
reduced bright-blue fluorescence in the TMZ + Sch B + Z-
VAD-FMK group compared with the TMZ + Sch B group.
Flow-cytometric analysis (Fig. 5B) supported these find-
ings, showing that the apoptotic rate increased to 19.3%
following TMZ + Sch B treatment but decreased to 13.8%
after Z-VAD-FMK co-treatment, confirming that the in-
hibitor effectively reduced combination-induced apopto-
sis. Western blot analysis (Fig. 5C) showed that Z-VAD-
FMK increased anti-apoptotic protein Bcl-2 while reduc-
ing pro-apoptotic markers (Bax, cytochrome c, cleaved
caspase-9, and cleaved caspase-3), indicating suppression
of caspase activation. JC-1 staining (Fig. 5D) demonstrated
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that TMZ + Sch B treatment caused a pronounced loss
of mitochondrial membrane potential (MMP), whereas co-
treatment with Z-VAD-FMK partially restored MMP, as in-
dicated by an elevated red/green fluorescence ratio. Col-
lectively, these results demonstrate that TMZ + Sch B in-
duces caspase-dependent apoptosis in U87 cells, which can
be partially reversed by Z-VAD-FMK.

3.6 Z-VAD-FMK Reverses Mitochondrial Damage
Induced by TMZ and Sch B in U87 Cells

To assess the role of caspase inhibition in mitigat-
ing mitochondrial dysfunction, U87 cells were co-treated
with Z-VAD-FMK alongside TMZ and Sch B. MPTP stain-
ing demonstrated increased green fluorescence in the pres-
ence of Z-VAD-FMK compared to the TMZ + Sch B group
alone, indicating reduced MPTP opening and improved mi-
tochondrial integrity (Fig. 6A). Similarly, ROS staining re-
vealed diminished green fluorescence following Z-VAD-
FMK treatment, indicating a significant reduction of intra-
cellular ROS and alleviation of oxidative stress (Fig. 6B).
Lipid peroxidation, assessed via MDA levels, was signif-
icantly lower in the Z-VAD-FMK-treated group compared
to cells treated with TMZ + Sch B alone, indicating reduced
mitochondrial membrane damage (Fig. 6C). Moreover, the
levels of key intracellular antioxidants (SOD, CAT, and
GSH) were significantly elevated in the Z-VAD-FMK co-
treatment group, reflecting enhanced antioxidant defense
and restoration of mitochondrial function (Fig. 6D-F).

4. Discussion

As the most common primary malignant tumor in the
central nervous system, GBM exhibits extremely strong in-
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vasive characteristics. Despite extensive research efforts,
the prognosis for GBM remains poor [16]. TMZ is currently
the only approved chemotherapy for GBM; however, most
patients eventually develop resistance [17]. Evidence from
prior research indicates that Sch B suppresses the prolifer-
ation of U87 glioma cells, exhibiting clear dependence on
both concentration and exposure duration [18,19]. In the
present study, the combination of Sch B and TMZ signif-
icantly suppressed U87 cell proliferation, reduced MMP,
induced mitochondrial dysfunction, and caused cell cycle
arrest at the G2/M phase. These effects collectively led
to mitochondria-dependent apoptosis in U87 cells. Exces-
sive oxidative stress, which compromises the body’s de-
fense mechanisms, contributes to the pathogenesis of vari-
ous human diseases, particularly cancer. Elevated ROS lev-
els induce cellular and tissue damage, thereby fostering a
microenvironment conducive to tumorigenesis [20]. ROS
are primarily generated in the mitochondria and can harm
cellular components, ultimately leading to cell death under
oxidative stress conditions [21]. In the current study, treat-
ment with Sch B + TMZ increased the levels of MDA and
ROS, while simultaneously lowering the levels of antioxi-
dants, such as SOD, CAT, and GSH. These changes indicate
a diminished capacity of U87 cells to resist oxidative dam-
age in the presence of Sch B and TMZ.

The p53 protein plays a fundamental role in tumor sup-
pression and represents one of the most frequent mutational
targets across human malignancies [22,23]. Under cellular
stress, p53 is activated and functions as a transcription fac-
tor, leading to cell cycle arrest and apoptosis [24]. p21, a
CDK inhibitor, contributes to cell cycle arrest by binding
to CDK1, CDK2, and CDK4/6 [25]. In response to cellular
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damage, p53 activation promotes cell growth arrest. p21 of Sch B and TMZ activated the p53—p21 pathway, conse-
is strongly induced by p53, thereby playing a key role in ~ quently inducing G2/M phase cell cycle arrest. These find-
this process [26—28]. In the present study, the combination ings indicate that Sch B + TMZ inhibits U87 glioma cell
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proliferation through p53/p21-mediated cell cycle arrest.

Cell apoptosis is a key mechanism through which
many anticancer drugs exert their effects, with the mito-
chondrial pathway being one of the primary routes for in-
ducing tumor cell apoptosis (Fig. 7). Previous research has
shown that the caspase family and Bcl-2 proteins play es-
sential roles in regulating this process [29-31]. The Bcl-
2 protein family comprises pro-apoptotic members such as
Bax and anti-apoptotic members including Bcl-2, serving
as pivotal regulators of mitochondrial apoptosis [32—-34]. A
low Bcl-2/Bax ratio disrupts the MMP, triggers cytochrome
¢ release, and initiates apoptosis [35]. In our study, Sch B
and TMZ combination activated caspase-3 and caspase-9
and increased the release of cytochrome c. Compared to the
control group, the Bcl-2/Bax ratio was significantly reduced
following Sch B + TMZ treatment, along with a substantial
decrease in mitochondrial membrane potential in U87 cells.
These findings indicate that the Sch B + TMZ combination
promotes the apoptotic process in U87 cells.

Caspase participation was examined by Z-VAD-
FMK-mediated inhibition coupled with cell viability as-
sessment. Flow cytometry showed that the combination of
Sch B/TMZ significantly increased the cell apoptosis rate,
but the percentage of cell necrosis did not change signifi-
cantly after the addition of Z-VAD-FMK inhibitor. How-
ever, the proportion of viable cells increased significantly,
confirming that apoptosis was the primary mode of cell
death induced by Sch B + TMZ. This was further supported
by Western blot analysis, as the addition of Z-VAD-FMK
effectively blocked caspase-3 activation, elevated the Bcl-
2/Bax ratio while suppressing cytochrome c release. These
findings imply the Sch B + TMZ combination induces apop-
tosis through a mitochondria-dependent pathway mediated
by caspase activation and Bax upregulation. Therefore,
these data demonstrate that the Sch B-TMZ combination ac-
tivates the mitochondrial apoptotic pathway in U87 glioma
cells, irrespective of Z-VAD-FMK co-treatment (Fig. 7).
Although Sch B shows promising anti-glioma activity in
vitro, its clinical application is limited by poor bioavail-
ability and uncertain penetration of the blood-brain barrier
(BBB). As a lipophilic compound with low aqueous solu-
bility, Sch B may have limited systemic distribution. Ad-
vanced delivery systems, such as lipid-based nanoparticles
or surface-modified liposomes, could potentially enhance
its BBB permeability and therapeutic efficacy. Future stud-
ies should explore such formulations in order to optimize
the pharmacokinetic and pharmacodynamic properties of
Sch B in glioma therapy.

Study Limitations

This study was conducted exclusively using the U87
glioma cell line. Although well-characterized, these cells
may not fully represent the molecular and phenotypic di-
versity of glioblastoma. Consequently, the results should
be interpreted as preliminary evidence of synergistic and
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pro-apoptotic effects in vitro, rather than as confirmation
of resistance reversal. In addition, quantitative assessment
of the synergistic interaction (e.g., using a Chou-Talalay
synergy index) was not performed and should be included
in future studies to substantiate the combined effect. Fu-
ture investigations that incorporate additional glioma cell
lines (e.g., T98G, U251, and LN229) and patient-derived
primary cultures will be essential to validate these findings
across diverse tumor backgrounds. Moreover, in-vivo stud-
ies with xenograft or orthotopic glioma models are needed
to evaluate pharmacokinetic interactions, tumor microenvi-
ronment effects, and systemic safety of the Sch B + TMZ
combination. Despite these limitations, the current work
provides a mechanistic foundation that supports the poten-
tial of Sch B as an adjunct agent to enhance TMZ efficacy
in glioma therapy.

5. Conclusions

In the current study, the combination of Sch B and
TMZ exhibited synergistic anti-tumor effects against U87
glioma cells by inducing mitochondria-mediated, caspase-
dependent apoptosis. The treatment enhanced oxidative
stress, disrupted MMP, and activated Bax, cytochrome c,
and cleaved caspase-3/-9, while promoting G2/M cell cycle
arrest via the p53/p21 pathway and suppression of CDK4.
The attenuation of these effects by Z-VAD-FMK confirmed
the involvement of the intrinsic apoptotic pathway. How-
ever, possible participation of non-apoptotic mechanisms
such as necroptosis warrants further exploration. Future in
vivo studies using TMZ-resistant and MGMT-high glioma
models are needed to validate the therapeutic potential,
pharmacokinetics, and safety of Sch B + TMZ treatment.
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