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Abstract

Toona sinensis, a kind of phytochemicals in traditional Chinese medicine widely used
in South-East Asia, has been recognized for its anticancer properties, particularly
against various types of cancer. We aimed to evaluate the effectiveness of T. sin-
ensis leaf extracts (TSL) specifically for glioblastoma multiforme (GBM). Gallic acid
was identified as the major active component in the aqueous extracts of TSL using
the HPLC system. Furthermore, it has been shown to have the ability to penetrate
the blood-brain barrier. Various concentrations of TSL (10, 20, 40, and 80 pg/mL)
were applied and 80 pug/mL TSL treatment significantly inhibited cell growth, pro-
liferation, and cytotoxicity in A172 and U251 GBM cells. Flow cytometry analysis
revealed cell cycle arrest at the G2/M phase and increased apoptotic cells. Further-
more, we observed mitochondrial dysfunction characterized by elevated ROS levels
and reduced ATP production due to the blockade of electron transport chain (ETC)
complexes. TSL treatment regulated this ROS-induced mitochondrial dysfunction.
Western blotting analysis showed upregulation of Bax and Puma, along with down-
regulation of Bcl-2. Additionally, TSL treatment induced the cleavage of caspase-3,
caspase-9, and PARP, indicating activation of the mitochondria-mediated apoptosis
pathway and caspase-dependent pathway in both GBM cell lines. To investigate the
involvement of the MEK/ERK pathway in TSL-induced effects, we used U0126, an
inhibitor of MEK/ERK kinase. The results demonstrated that TSL treatment sup-
pressed MEK/ERK activation, inhibiting ROS-induced mitochondrial dysfunction
and promoting apoptosis. This suggests a potential therapeutic strategy targeting
the MEK/ERK pathway in GBM treatment. Overall, our findings indicate that TSL
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treatment exerts cytotoxic effects through ROS-mediated mitochondrial dysfunction
and activation of apoptotic pathways via MEK/ERK pathway in GBM cells. These
insights provide valuable knowledge for potential therapeutic applications of TSL in
GBM treatment.

Introduction

Glioblastoma multiforme (GBM) is one of the most devastating tumors, with poor
prognosis and high recurrence rates. It was recognized as grade IV astrocytoma
according to the World Health Organization [1] and accounts for 40% of all primary
brain tumors and 78% of malignant central nervous system tumors [2]. Even after
standard surgical excision and concomitant radiation and chemotherapy (CCRT), the
mean survival time remains <15 months [3,4]. The poor prognosis of GBM is related
to glioma cells’ natural invasive characteristics and therapeutic resistance, including
chemoresistance and radioresistance [5]. The current standard chemotherapy for
GBM is temozolomide, an oral alkylating agent that in-duces G2/M arrest, leading
to apoptosis [6,7]. However, the overexpression of O6-53 methylguanine methyl-
transferase (MGMT) in GBM cells can reverse the methylation of the O6 position

of guanine, causing DNA damage repair and chemoresistance [8,9]. In developing
evidences revealed that MEK/ERK pathway is considered to enhance survival and
confer resistance against radio- and chemotherapy [10]. In GBM treatment, the
MEK/ERK pathway enhances cell migration and invasion in response to treatment,
and increases DNA damage repair both through non-homologous end joining repair
as well as homologous recombinational repair pathways [11]. Therefore, developing
new strategy agents in EMK/ERK pathway for GBM treatment is paramount. There-
fore, developing new strategy agents in MEK/ERK pathway for GBM is paramount.

Chemotherapy and radiation therapy share common pathways to cell death,
inducing direct or indirect DNA damage through the generation of ROS [12].
Although low levels of mitochondrial ROS enhance cell growth, higher levels induce
apoptosis [13,14]. Thus, in many cancers, the ROS production level is an import-
ant marker of the state of the tumor and in-creasing ROS generation is considered
an anticancer effect. High ROS levels induce cyto-toxicity and reverse chemo-
therapeutic resistance in tumorigenic cells, and ROS production causes therapy
resistance [15,16]. In essence, ROS production is induced by mitochondrial dys-
function or mitochondrial dysfunction from redox aberrations (e.g., hypoxia, cellular
degradation, or detoxification processes) and may synergistically promote cancer
progression, even in the presence of drug resistance [17]. Thus, regulation of ROS-
regulated mitochondrial dysfunction is a promising anticancer factor.

Toona sinensis (A. Juss) M.J. Roem., is a type of edible vegetable that is widely
applied in South-East Asia as a type of traditional Chinese medicine (TCM) in clin-
ical practice [18]. The most abundant ingredients in T. sinensis leaf (TSL) extracts
include gallic acid (10%), rutin (0.5%), quercetin (0.42%), quercitrin (0.15%), kae-
mpferol 3-O-b-D-glucoside (0.06%), methyl gallate (0.02%), ethyl gallate (0.002%),
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quercetin 3-O-b-D-glucoside (<0.002%), and kaempferol (<0.002%) [19]. TSL aqueous extracts have various biophar-
macological activities, including antioxidant [20,21], anti-diabetes [22], neuron degenerative disease—suppressing [23],
anti-inflammation [24], antivirus [25], and anticancer [26,27] properties. TSL treatment inhibits cancer cell growth in lung
cancer [28], prostate cancer [27], and acute myeloid leukemia [29]. JAK2/stat3, Akt, MEK/ERK, and mTOR/HIF-2a path-
ways have also been reported as potential pathways for inhibition of renal carcinoma cell growth and migration under TSL
treatment [30]. Moreover, gallic acid was viewed as the most major component in TSL and was reported in anti-cancer
effect via reactive oxygen species (ROS)-mediated pathway in prostate cancer. However, the underlying molecular mech-
anisms remain unclear.

In this study, we confirmed that gallic acid was the major effective components in aqueous extracts in TSL and it
could penetrate across blood-brain barrier (BBB). Then we explored if and how TSL treatment affects GBM. We demon-
strated that TSL treatment induced apoptosis and cell cycle arrest to exert cytotoxic effects in two glioblastoma cell lines.
ROS-regulated mitochondrial dysfunction was detected and the exhibition of ROS increased, followed by a decrease in
mitochondrial transmembrane potential (AWYm) and ATP production under TSL treatment. Intrinsic mitochondria-mediated
apoptosis and the caspase-dependent pathway were also detected by an increase in BAX/Puma and decrease in Bcl-2,
accompanied by increased cleaved caspase-3, cleaved caspase-9, and cleaved caspase-PARP. The MAPK/ERK signal-
ing pathway was responsible for the potential pathway through the use of U0126. Finally, our findings revealed that TSL
treatment can induce apoptosis through ROS-regulated mitochondrial dysfunction via the MEK/ERK signaling pathway
and antiox-idant effect in human glioblastoma cells.

Materials and methods
Materials

The TMRM Reagent and CelROX™ Green Reagent were procured from Invitrogen (Life Technolo-

gies, CA, USA). Other reagents, including bovine serum albumin (BSA), RNase A, propidium iodide (PI),
carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK), dihydroethidium (DHE), and the

ATP Assay Kit, were obtained from Sigma-Aldrich (St. Louis, MO, USA). The MEK Inhibitor U0126 was sourced from
Promega (Madison, WI, USA), while the specific ERK activator IKVAV (Isoleucyl-lysyl-valyl-alanyl-valine), ERK activator
tBHQ (tert-Butylhydroquinone), antioxidant N-acetylcysteine (NAC), and Cell Counting Kit-8 (CCK-8) were purchased
from TargetMol (Boston, MA, USA). The Annexin V-FITC/PI apoptosis detection kit came from Fremont (CA, USA).

The GAPDH antibody was acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and antibodies specific for
phospho-ERK1/2 (T202/Y204), ERK1/2, puma, Bax, Bcl-xL, Caspase-3, Caspase-9, and PARP were procured from Cell
Signaling Technology (Beverly, MA, USA). The total oxidative phosphorylation (OXPHOS) rodent WB antibody cocktail
(Mouse) was obtained from Abcam (Cambridge, MA, USA). Secondary horseradish peroxidase (HRP) conjugated donkey
anti-rabbit and donkey anti-mouse antibodies were sourced from Invitrogen (Life Technologies, CA, USA).

HPLC System

An HPLC equipped with a pump (Hitachi Model L-2130 delivery pump, Tokyo, Japan), diode array detector (Hitachi
L-7455 absorbance detector, Tokyo, Japan), and an injector was used. A RP-18 column (Kanto Chemical Co. Inc., Tokyo,
Japan) was used for the HPLC system. Standard phenolic acid solutions were filtered through a 0.22 ym pore membrane
filter before injection and crude extract was centrifuged and then filtered through a 0.22 ym pore membrane filter before
injection. The injection volume for all samples was 20 yL. The mobile phase consisted of 2 solvents: Solvent A, acetic

acid (2%) and Solvent B, acetonitrile/acetic acid (0.5%) (1:1; v/v). The mobile phase was filtered through a 0.22 ym pore
membrane filter and degasified with ultrasound. Phenolic compounds were eluted under the following conditions: 1 mL/min
flow rate and the column temperature was set at 25°C, isocratic conditions linear gradient conditions from 0% to 10% B in
10 mins, from 10% to 40% B in 40 mins, from 40% to 55% B in 15 mins, from 55% to 80% B in 5 mins, from 80 to 100% B
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in 5 mins, followed by washing and reconditioning the column. For detection, chromatograms were monitored by diode
array detector, which were recorded for all peaks. Duplicate analyses were performed for each sample. The identification
of phenolic compounds was obtained by using authentic standards.

Preparation of Aqueous Extracts of Toona Sinensis Leaf (TSL)

The TS leaves used in this preparation were obtained from TS grown in Tuku (Yunlin County, Taiwan) and were picked
and washed thoroughly with water. A voucher specimen (FY-001) was characterized by Dr. Horng-Liang Lay, Graduate
Institute of Biotechnology, National Pingtung University of Science and Technology, Pingtung County, Taiwan, and depos-
ited at Fooyin University, Kaohsiung. Permissions were also obtained by Dr. Horng-Liang Lay. In brief, the liquid of TSL
was concentrated in a vacuum and freeze-dried to form a powder. The TSL aqueous extracts used in experiments were
dissolved in sterile phosphate-buffered saline (PBS; pH 7.4) and filtered using a 0.45-mm syringe filter (Satorius Stedim
Biotech Inc., Goettingen, Germany) [31].

Model to predict BBB permeation

The ability of compounds (Gallic acid) to cross the BBB by passive diffusion was predicted by BBB predictor (https://www.
cbligand.org/BBBY/). This online predictor offered corresponding calculation of the BBB score, which indicates whether a
compound can cross (BBB*) or not (BBB~). The threshold of the BBB-/BBB* score is 0.02.

Cell culture

Human GBM cell lines (A172 [ATCC CRL-1620; ATCC] and U251 [ormerly known as U-373 MG; ECACC 09063001]) were
obtained from American Type Culture Collection, (ATCC, Manassas, VA, USA). The culture of A172 and U251 cells was
performed in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin (100 units/ml of penicillin and 10 mg/ml of streptomycin; all from Gibco; Thermo Fisher Scientific, Waltham,
MA, USA) and incubated in a 5% CO2 incubator at 37 °C with fully humidified conditions. All experiments were performed
when cells were in the logarithmic phase of growth.

Cell viability and colony formation assay

A CCK-8 assay was employed to assess cell viability. In brief, GBM cells (A172: 2 x 10* cells/well and U251: 2x 10* cells/
well) were seeded in 96-well plates overnight. Subsequently, the cells were treated with varying concentrations of TSL (10,
20, 40, 80, and 160 pg/mL) at 37°C for 24, 48, and 72 hours. Following the incubation period, 1/10 volume of Cell Count-
ing Kit-8 (CCK-8) was added directly to the cells in the culture medium. The mixture was then incubated in a cell culture
incubator for 1—4 hours at 37°C until the color turned orange. Absorbance at 450 nm was measured using a Synergy™

HT Multi-Detection Reader (Bio-Tek Instruments, Winooski, VT). Additionally, colony formation assays were conducted
following established procedures [32]. GBM cells were seeded in triplicate in 6-well plates at a density of 1000 cells/well.
After an overnight culture, the cells underwent pretreatment with various concentrations of TSL (0, 10, 20, 40, 80, and 160
pg/mL). Subsequently, the cells were incubated at 37 °C for an additional 14 days to facilitate colony formation, and the
resulting colonies were stained with crystal violet. Finally, the purple formazan crystals were dissolved in 1 ml of DMSO,
and the absorbance was measured at a wavelength of 570 nm.

Cell cycle analysis

For cell cycle analysis, cultured A172 and U251 cells, following treatment with increasing concentrations of TSL for 48 h, were
collected and washed with PBS (pH 7.2). The cells were resuspended in 85% methanol for overnight at 4°C and then centri-
fuged at 1500rpm for 10 min. The resultant pellet was washed twice with PBS, suspended in PBS and incubated with stained
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with 100 pg/mL propidium iodide (PI, Sigma-Aldrich Co) and RNase (20 Units/mL, final concentration) for 30 min. At least 10,000
cells were counted by a flow cytometer (Attune NxT flow cytometer, Thermo Fisher Scientific), and the data obtained were ana-
lyzed using and the data obtained were analyzed using Attune NxT Flow Cytometer Software (Thermo Fisher Scientific).

Apoptosis analysis

A172 and U251 cells were treated with various concentrations of TSL in the presence or absence of z-VAD (10 uM),
U0126 (10 uM), tBHQ (50 uM) or IKVAV (0.5mM) for 48 hours. Apoptosis was assessed using the CF®488A Annexin V
and Pl Apoptosis kit. Phosphatidylserines exposed on the membrane surface of apoptotic cells were stained with Annexin
V-FITC according to the manufacturer’s instructions. Late apoptotic (or necrotic) cells were stained with PI. Additionally,
A172 and U251 cells were pretreated with 10 mM NAC for 30 min before being treated with 80 uM TSL for 48 hours. Apop-
tosis was then measured using a flow cytometer.

Determination of the intracellular ROS, mitochondrial ROS and AYm

Intracellular ROS production was detected using CellROX, mitochondrial ROS production was detected using DHE and
A¥Ym production was detected using TMRM. Following incubation A172 and U251 cells with the different doses of TSL

for 48h, 5uM CellROX® green reagent, 250nM DHE red reagent and 25nM TMRM at 37 °C for 30 min. Subsequently,

the cells were washed in PBS, trypsinized and measured fluorescence intensity by flow cytometry at excitation/emission
wavelengths of 485/530nm, 510/580 nm and 488/570nm for CellROX, DHE and TMRM, respectively, and the results were
analyzed using Attune NxT Flow Cytometer Software.

Cell ATP levels

Cultured A172 and U251 cells, following treatment with increasing concentrations of TSL for 48 h, were collected and
washed with PBS (pH 7.2). Cell ATP measurement were conducted as described previously [33]. Then sample was mea-
sured with absorbance at 570nm (A570) or the fluorescence (FLU, lex=535/ lem =587 nm) in a microplate reader. For
each measurement, a standard curve will be constructed using serial dilutions of ATP stock solution.

Western blot analysis

Cells were seeded into 10cm dish plates, treated different concentrations of TSL in the presence or absence of z-VAD (10
M) or U0126 (10 uM) for 48h. Cell lysis, protein concentration, SDS-PAGE gel and western blotting were performed as
described previously [34]. The following antibodies dilutions were used for immunodetection: PARP (1:1,000, Cell signal-
ing, Beverly, MA, USA); caspase-3 (1:1,000, Cell signaling, Beverly, MA, USA); caspase-9 (1:1,000, Cell signaling, Bev-
erly, MA, USA); Bcl-2 (1:1,000, Cell signaling, Beverly, MA, USA); Bax (1:1,000, Cell signaling, Beverly, MA, USA); puma
(1:1,000, Cell signaling, Beverly, MA, USA); ERK1/2 (1:1,000, Cell signaling, Beverly, MA, USA); phospho-ERK1/2 (T202/
Y204,1:1,000, Cell signaling, Beverly, MA, USA); GAPDH (1:5,000, Santa Cruz biotechnology, Heidelberg, Germany).

Xenograft mice in vivo assay

Six-week-old male NOD/SCID immunodeficient mice, obtained from BioLASCO Taiwan Co., Ltd, were bred and maintained

in accordance with institutional guidelines for the care and use of laboratory animals. The in vivo assay was conducted under
the commission of Tri-Neo Biotechnology Co., Ltd., to ensure compliance with ethical standards and technical accuracy. A total
of 6% 10° cells were implanted subcutaneously into the dorsal region of each mouse. Twelve mice were randomly divided into
two groups: a control group treated with DMSO, and a treatment group receiving TSL. Starting one-week post-inoculation,
tumor-bearing mice were administered either DMSO or TSL (80mg/kg) via intraperitoneal injection three times per week for a
total of ten weeks. Mice were sacrificed at the end of the tenth week. Body weight was recorded weekly prior to drug administra-
tion, and tumor weights were measured post-sacrifice.
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Statistical analysis

Data were analyzed using GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA, USA). The results are
presented as the mean £ standard deviation (SD). Comparisons between groups were made using an unpaired Student’s
t-test, and significance levels were indicated as follows: *p<0.05, **p<0.01, and ***p<0.001.

All statistical analyses were performed in R (v4.4.1) using the Ime4, ImerTest, and emmeans packages. Tumor volume
differences between treatment groups over time were analyzed using a linear mixed-effects model (LME), which included
Treatment, Time, and their interaction as fixed effects, with MouselD as a random effect to account for individual variabil-
ity. Model significance was assessed using ANOVA (Type Il Wald F-test), and post-hoc pairwise comparisons between
treatment groups at each time point were conducted using estimated marginal means (emmeans) with multiple compar-
ison adjustments. To assess whether extreme values influenced the results, outlier detection was performed using Stu-
dentized residuals (threshold: +2 SD). Five data points were flagged as potential outliers; however, re-analysis after their
removal showed that the treatment effect remained statistically significant (p<0.01). Therefore, the full dataset was used
for the primary analysis, with outlier-excluded results provided in the Supplementary Materials for transparency. All statisti-
cal tests were two-tailed, and significance was set at p<0.05.

Results
Characterization of Phenolics in TSL and Prediction of BBB Permeation

HPLC system qualitatively analyzed the aqueous extracts of TSL, and the total ion map of the mass spectra in the nega-
tive ion mode is shown in Fig 1. The Fig 1A revealed the result of major chemical components from the aqueous extracts
by separation on a C18 column under HPLC system. The Fig 1B was shown the 5 standard phenolic components, (1)
gallic acid, (2) 5-Hydroxymethylfurfural, (3) Chlorogenic acid, (4) Vanillic acid, (5) Caffeic acid. Gallic acid was identified
the major single component in aqueous extracts of TSL after analyzing the retention time, fragmentation pattern and char-
acteristic UV spectra with conjunction with the standard phenolic components results and the literature reports in Fig 1C.
We also shown the chemical structure of major component (gallic acid) in TSL. Moreover, SVM-MACCSFP BBB predictor
system was used to show whether gallic acid could penetrate across the BBB. The result confirmed that gallic acid could
penetrate across the BBB with score is 0.02 (Fig 1D). Therefore, the result demonstrated that gallic acid is the major
effective component of the TSL aqueous extracts for further experiments and it could penetrate across the BBB.

TSL treatment induced cytotoxic effects that decreased the growth and proliferation of GBM cells

To assess the cytotoxic impact of T. sinensis on glioblastoma cells, A172 and U251 cell lines underwent treatment with
TSL aqueous extract. A CCK-8 assay was utilized to evaluate cell proliferation and viability, employing varying con-
centrations of TSL (10, 20, 40, 80, and 160 pug/mL) at 24, 48, and 72 hours. The results revealed a dose-dependent
and time-dependent increase in the cytotoxic effect of TSL, with the most significant impact observed at 48 hours. The
half-maximal inhibitory concentration (IC, ) values of TSL in A172 cells at 24, 48, and 72 hours were 123.82+21.72,
85.7+8.34, and 75.24 +2.38 pg/mL, respectively. In U251 cells, the corresponding IC, values were >160, 73.67 +5.21,
and 54.34 £ 3.11 ug/mL, respectively (Fig 2A). Furthermore, the colony formation assay revealed that cell proliferation
decreased in A172 and U251 cell lines in a dose-dependent suppression by TSL, especially in A172 (Fig 2B). Mor-
phological examination of treated glioblastoma cells after 48 hours, with concentrations ranging from 10 to 160 ug/
mL, indicated dose-dependent cell shrinkage and the presence of apoptotic vacuoles. These manifested as clusters
of dying cells (CDC) in both glioblastoma cell lines, as observed in phase-contrast micrographs (Fig 2C). In summary,
these findings emphasize that TSL aqueous extracts significantly diminish the growth and proliferation of GBM cells,
exerting a notable cytotoxic effect. All subsequent experiments will be conducted at a unified 48 hour time point, with
fixed doses of 10, 20, 40, and 80 ug/mL.
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Fig 1. Characterization of phenolics of TSL. (A) major chemical components from the aqueous extracts of TSL under HPLC system analysis (B) the
5 standard phenolic components, (1) gallic acid, (2) 5-Hydroxymethylfurfural, (3) Chlorogenic acid, (4) Vanillic acid, (5) Caffeic acid. (C) Gallic acid was
identified the major single component in aqueous extracts of TSL and chemical structure was shown. (D) SVM-MACCSFP BBB predictor system with
BBB with score is 0.02.

https://doi.org/10.1371/journal.pone.0320849.9001

TSL treatment induced cell cycle arrest and apoptosis in GBM cells

Cell cycle arrest and apoptosis are the major cytotoxic effects of cancer treatment. We investigated whether TSL treat-
ment (10, 20, 40, and 80 pg/mL) induced cell cycle arrest and apoptosis in the A172 and U251 cell lines. The results
indicated that, under the treatment of 80 ug/mL TSL, G2/M arrest was dose-dependently induced in both cell lines, reach-
ing 29.87% in A172 and 31.27% in U251. It is crucial to note that the S phase also exhibited a concentration-dependent
increase (Fig 3A). Moreover, flow cytometry revealed that TSL treatment yielded a high percentage of apoptosis cells

in the A172 and U251 cell lines (Fig 3B). Through detailed characterization of the effect of TSL treatment on cell cycle
progression, we observed that TSL treatment induced a time-dependent accumulation of G2/M phase cells in the GBM
cell lines. The results revealed that TSL treatment can induce cell cycle arrest, thereby suppressing cell proliferation and
promoting apoptosis in GBM cells.
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Fig 2. Effects of TSL on the viability and morphology of A172 and U251. (A) The cells (2x 10 cells/well) were incubated with different concentrations of
TSL for 24 to 72h as described in Materials and Methods. Cell viability was measured by CCK-8 test. (B) The long-term anti-proliferative effects were eval-
uated in a colony formation assay. A172 and U251 GBMs cell were incubated with different concentrations of (0, 10, 20, 40, 80 and 160 ug/ml) for 16 days

and assayed for colony formation. The lower panel shows quantitative analyses of colony formation. (C) Morphological illustrations of the anticancer effects
observed after 48 h of culturing A172 and U251 GBMs cell with different concentrations of TSL by light microscopy (magnification x100). The cells that are dying
and detaching from the culture substrate appear white and refringent: they are labeled as CDC. The round and refringent cells are undergoing mitosis (M). All
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TSL treatment caused ROS-related mitochondrial dysfunction in GBM cells

Mitochondrial dysfunction is essential for cellular energy metabolism and cell apoptosis. Excessive ROS and decreased
mitochondrial oxidative phosphorylation complexes (OX-PHOS complexes) caused a reduction in the AWYm and ATP
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https://doi.org/10.1371/journal.pone.0320849.9003

production, which led to mitochondrial dysfunction. To further examine whether TSL treatment induced ROS production
in glioblastoma cells, we used Western blotting analysis to examine mitochondrial OXPHOS complexes, because they
directly affect mitochondrial function. The results revealed significantly reduced levels of complex I, I, and IV proteins
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(Fig 4A). The normalized ATP measurements, mitochondrial ROS, cytosolic ROS, and AWm levels were measured using
flow cytometry and fluorescence microscopy with DHE deep red, CellROX deep green, and TMRM deep red staining and
presented as the mean fluorescent intensity (MFI) or percentage of the cells. The results revealed that ATP levels were
significantly decreased under TSL treatment in a dose-dependent manner in the A172 and U251 cell lines (Fig 4B). In
addition, mitochondrial and cytosolic ROS levels were increased under TSL treatment in a dose-dependent manner (Figs
4C and D). Eventually, AYm levels were attenuated under TSL treatment in both the cell lines (Fig 4E). Collectively, the
results confirmed that TSL treatment dose-dependently induced ROS-related mitochondrial dysfunction, which is affected
by mitochondrial complexes I, I, and IV, in GBM cells.

TSL treatment induced apoptosis by intrinsic mitochondria-mediated apoptosis and caspase-dependent
pathways in GBM cells

Multiple death signals influence mitochondrial dysfunction during apoptosis. The expression of proapoptotic factors such
as BCL-2-associated X protein (Bax) and Puma, along with the antiapoptotic factor Bcl-2, play critical roles in intrinsic
mitochondria-mediated apoptosis. Apoptosis is an organized, energy-dependent process of cellular self-destruction,
primarily executed by proteolytic enzymes in the caspase-dependent pathway. To investigate the involvement of these
proteins, we examined the expression of proapoptotic proteins (Bax and Puma) and the antiapoptotic protein (Bcl-2).

Our results revealed that TSL treatment increased the levels of proapoptotic proteins Bax and Puma, while it decreased
the levels of antiapoptotic Bcl-2 in both GBM cell lines (A172 and U251) (Fig 5A). Furthermore, TSL treatment elevated
the levels of cleaved caspase-3, cleaved caspase-9, and cleaved PARP (Fig 5B). To confirm apoptosis via the caspase-
dependent pathway, we treated the glioblastoma cells with z-VAD-FMK following TSL treatment. Flow cytometry and
Western blot analyses revealed a decreased percentage of apoptotic cells and reduced levels of cleaved caspase-3,
cleaved caspase-9, and cleaved PARP (Figs 5C and D). These findings demonstrate that TSL treatment induces apop-
tosis through intrinsic mitochondria-mediated and caspase-dependent pathways in GBM cells. As shown in Fig 4D, the
levels of ROS significantly increased following TSL treatment. However, pretreatment with NAC significantly inhibited
TSL-induced apoptosis in A172 and U251 cells (Fig 5E). Additionally, apoptosis-associated proteins were analyzed to val-
idate the role of ROS in TSL-induced apoptosis. Pretreatment with NAC restored the expression levels of Bax and Bcl-2,
while decreasing the levels of cleaved PARP and cleaved caspase-3 (Fig 5F). These results suggest that ROS generation
is involved in TSL-induced apoptosis in GBM cells.

TSL treatment induced apoptosis through ROS-regulated mitochondrial dysfunction by inhibiting MEK/ERK
signaling pathway in GBM cells

Accumulating evidence suggests that the MEK/ERK pathway plays an anti-apoptotic role by preventing mitochondrial
dysfunction. Based on this, we hypothesized that TSL treatment induces apoptosis by promoting mitochondrial dysfunction
through the inhibition of the MEK/ERK signaling pathway. To test this, we first examined the expression levels of ERK and
phosphorylated ERK (p-ERK) in glioblastoma cells treated with TSL. Our results showed a dose-dependent reduction in
p-ERK levels following TSL treatment (Fig 6A). Next, we used U0126, a highly selective inhibitor of both MEK1 and MEK2,
to further confirm the role of the MEK/ERK pathway. Flow cytometry analysis indicated a more pronounced increase in
apoptotic cells in the TSL and U0126 co-treatment groups compared to TSL treatment alone, across both glioblastoma cell
lines (Fig 6B). Furthermore, we observed elevated levels of cleaved caspase-3, cleaved caspase-9, cleaved PARP, and pro-
apoptotic protein Bax, while ERK/p-ERK and anti-apoptotic protein Bcl-2 levels significantly decreased in the co-treatment
groups (Figs 6C and D). To further investigate the involvement of the ERK signaling pathway in TSL-induced apoptosis, we
treated A172 and U251 cells with tBHQ (an ERK activator) or IKVAV (a specific ERK activator) and evaluated cell viability
after TSL treatment. The presence of tBHQ and IKVAV effectively suppressed TSL-induced apoptosis (Figs 6E and G).
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of Bax, Bcl-2, cleaved caspase-3, and PARP/cleaved PARP. All results are shown as mean +s.d. from three independent experiments; ***p<0.001,
**p<0.01, *p<0.05 compared with the indicated control.

https://doi.org/10.1371/journal.pone.0320849.9005

Additionally, these activators modulated the levels of proteins that were upregulated or downregulated by TSL, suggesting
that activated ERK directly or indirectly regulates apoptosis-related proteins (Figs 6F and H). Taken together, our findings
demonstrate that the anti-GBM activity of TSL is primarily driven by the suppression of the MEK/ERK signaling pathway.
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Effect of inhibiting MEK/ERK signaling pathway inhibitors on mitochondrial function subjected to TSL in GBM
cells

To further elucidate the role of MEK inhibitors in mitochondrial function and apoptosis induction under TSL treatment, we
measured normalized ATP levels, mitochondrial ROS, cytosolic ROS, and AWm levels in the presence of TSL and the
MEK inhibitor U0126. The results showed that ATP production was attenuated in the TSL and U0126 co-treatment group
(Fig 7A). Conversely, mitochondrial ROS and cytosolic ROS levels were enhanced, and AWYm levels were decreased
under TSL and U0126 treatment (Figs 7B-D). Additionally, co-treatment with IKVAV or tBHQ significantly inhibited
TSL-induced cytosolic ROS in A172 and U251 cells (Fig 7E). These findings suggest that the inhibition of the MEK/ERK
signaling pathway plays a key role in inducing apoptosis through ROS-mediated mitochondrial dysfunction in GBM cells
treated with TSL.

TSL inhibits tumor growth in vivo

The anti-tumor efficacy of TSL was evaluated using a xenograft transplant model in NOD/SCID mice. The treatment
procedure is outlined in Fig 8A. Representative tumor images (Fig 8B) clearly show a substantial reduction in tumor size
in the TSL-treated group compared to the vehicle-treated group, and quantitative analysis of tumor weights (Figs 8C and
D) further confirmed that TSL treatment significantly reduced tumor burden. To assess systemic effects, plasma levels

of liver function markers—glutamate pyruvate transaminase (GPT) and glutamate oxaloacetate transaminase (GOT)—
were measured (Fig 8E); no significant differences were observed between the two groups, indicating that TSL treatment
did not induce hepatotoxicity. Additionally, no significant change in body weight was observed (Fig 8F), suggesting that
TSL treatment caused minimal side effects. In parallel, the linear mixed-effects model (LME) revealed a significant effect
of treatment on tumor growth over time. At baseline (Time 0), tumors in the TSL-treated group were significantly larger
than those in the vehicle-treated group (Estimate=12.53, p=0.0143). Over time, tumor size increased significantly in the
vehicle-treated group (Estimate=0.75, p<0.0001), whereas the TSL-treated group exhibited a markedly reduced growth
rate, as evidenced by the significant Treatment x Time interaction (Estimate=-0.71, p<0.0001). ANOVA confirmed signif-
icant main effects of Treatment (p=0.0143), Time (p<0.0001), and their interaction (p<0.0001), demonstrating that the
treatment altered tumor progression dynamics. Furthermore, post-hoc analysis at Time 45 showed that tumors in the TSL-
treated group were significantly smaller than those in the vehicle-treated group (Estimate=19.37, p=4.29x10-°) (Table
1). These integrated findings indicate that although tumors in the TSL-treated group started larger, TSL treatment effec-
tively slowed tumor growth over time, supporting its potential as an anti-tumor therapy without causing systemic toxicity.

Discussion

This study provides evidence that gallic acid is the primary bioactive component in TSL aqueous extracts and can effec-
tively cross the BBB. Treatment with TSL demonstrated significant cytotoxic effects on U251 and A172 GBM cell lines by
inducing G2/M phase cell cycle arrest and apoptosis. These effects are likely mediated through the suppression of phos-
phorylated MEK/ERK1/2, leading to the inhibition of ETC complexes and excessive ROS production. This cascade results
in mitochondrial dysfunction, including elevated ROS levels, reduced AWYm, decreased ATP production, and impaired
OXPHOS complexes. A model summarizing these findings is presented (Fig 9). Optimizing drug delivery systems and
treatment duration will be crucial to maximizing therapeutic efficacy while minimizing potential side effects [35]. Elucidation
of the anti-tumor mechanisms on the TSL will provide the opportunity to optimize adjuvant therapy for glioblastoma.

The role of gallic acid in modulating cellular signaling pathways highlights its potential in cancer treatment. Recent
advances, such as adsorbing gallic acid onto gold nanoparticles (GA-GNPs), have improved its delivery and stability.
GA-GNPs exhibit excellent biocompatibility, sustained release capabilities, and effective targeting of the brain tumors.
These systems not only directly inhibit glioblastoma cell growth but also enhance resistance to radiation therapy,
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Fig 7. Effect of MAPK inhibitors on mitochondrial function in A172 and U251 cells subjected to TSL. (A) A172 and U251 cells were incubated
with different concentrations of TSL for 48 h, cells were harvested and detected for normalized ATP measurements and immunoblotting analysis of
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the indicated control.
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Fig 8. TSL Suppresses Tumor Formation in GBM Cells Using a Xenograft Mouse Model. (A) Schematic representation of the TSL treatment
schedule in 6-week-old NOD/SCID mice. GBM cells were injected subcutaneously, and tumor formation was allowed for one week (week 0). From week
1 to week 10, mice were administered TSL (80 mg/kg) intraperitoneally three times per week, while the vehicle group received DMSO. Body weight

was monitored weekly before each TSL injection. Tumors were harvested and measured at week 10. (B) Representative images of tumors from the
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vehicle-treated (top row) and TSL-treated (bottom row) groups at week 10 (n=6). A ruler is included for size reference. (C, D) Quantification of tumor
weights in vehicle and TSL-treated groups at week 10. (E) Plasma levels of GPT and GOT in both groups after 10 weeks of treatment. (F) Body weight
progression from day 1 to day 70 in untreated and treated groups. Error bars represent+ SD. Statistical analysis was performed using a t-test, with
*#*#p<0.001, **p<0.01, *p<0.05 indicating significance.

https://doi.org/10.1371/journal.pone.0320849.9008

Table 1. Summary of statistical analyses for tumor volume differences over time.

Effect Time point? Estimate SE F.value t.value p.value
LME Model Results

(Intercept) NA 37.67 3.52 NA 10.71 8.13 x107%®
Treatment NA 12.53 4.97 NA 2.52 1.43 x1072
Time NA 0.75 0.064 NA 11.61 5.43 x10"°
Treatment x Time NA -0.71 0.091 NA -7.78 1.89 x10°"
ANOVA Results

Treatment NA NA NA 6.35 NA 1.43 x1072
Time NA NA NA 74.58 NA 3.82 x10"®
Treatment x Time NA NA NA 60.55 NA 1.89 x10™
Post-Hoc Comparisons

Vehicle-Treatment 45 19.37 2.81 NA 6.88 4.29 x10°

a.represents the number of days the animals have been in the study.

https://doi.org/10.1371/journal.pone.0320849.t001

improving overall treatment efficacy [36]. Future studies integrating gallic acid with GNP-based delivery systems could fur-
ther optimize drug targeting and prolong therapeutic effects, paving the way for new approaches in treating neural tumors.

We investigated the molecular mechanisms underlying TSL-induced apoptosis in GBM cells. Figs 2 and 3 demon-
strate that TSL functions as both a proliferation inhibitor and an apoptosis inducer in a dose- and time-dependent manner.
Morphological analysis reveals white and refringent clusters of cells, indicative of detaching and dying cells [37]. These
findings are consistent with reports that TSL activates a preexisting apoptotic pathway [27,38]. Specifically, TSL activates
PARP, caspase-9, and caspase-3 prior to apoptosis onset, increases the expression of pro-apoptotic Bax and Puma, and
decreases the expression of anti-apoptotic Bcl-xL. Changes in the Bax/Bcl-xL ratio contribute to the pro-apoptotic effects
of TSL. Additionally, TSL inhibits cancer cell proliferation by arresting cells in the G2/M phase (Fig 2A).

Mitochondria are central to TSL-induced apoptosis, primarily through intrinsic mitochondrial dysfunction and
caspase-dependent pathways. A critical event in this process is mitochondrial outer membrane permeabilization
(MOMP), which is regulated by the balance between pro-apoptotic proteins such as Bax and Puma, and anti-apoptotic
proteins like Bcl-2 and Bcl-xL [39,40]. TSL treatment in GBM cells shifts this balance by upregulating Bax and Puma
while downregulating Bcl-2 and Bcl-xL, thereby promoting mitochondrial-mediated apoptosis. This leads to mitochon-
drial permeability transition, dissipation of AWm, and reduced ATP production, indicating early mitochondrial dysfunction
(Figs 4 and 5) [41].

The activation of cleaved caspase-9, caspase-3, and PARP confirms the involvement of a caspase-dependent pathway.
Although PARP cleavage is typically associated with extrinsic apoptotic pathways, the data suggest its role in apoptosis
driven by mitochondrial dysfunction. Notably, TSL-induced mitochondrial disruption occurs early in the apoptotic process,
even though AWm loss is traditionally considered a late apoptotic event (Fig 4) [42]. Together, these findings demonstrate
that TSL-induced apoptosis is mediated by intrinsic mitochondrial dysfunction, characterized by early AWm dissipation,
impaired ATP generation, and subsequent caspase activation (Figs 4 and 5).
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Fig 9. Model for TSL treatment in GBM cells. After TSL treatment, MEK/ERK pathway was inhibited which lead to mitochondria ROS degeneration,
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caspase-dependent apoptosis (cleaved caspase-3, 9 and PARP) was induced in the last event under TSL treatment in GBM cells.

https://doi.org/10.1371/journal.pone.0320849.9009

Mitochondria are a major ROS source during apoptosis [43]. Reduced AWYm increases ROS generation, further induc-
ing apoptosis and reducing ATP production. This also leads to increased mitochondria ROS and cytosolic ROS levels.
Enhanced ROS production has been linked to chemotherapy-induced apoptosis [44,45], and in this study, we hypothesize
that intracellular ROS production is a critical factor for the apoptosis induced by the treatment. The treatment increased
mitochondrial and cytosolic ROS levels (Figs 4C and D). To validate this hypothesis, cells treated with the antioxidant NAC
prior to the treatment showed a reversal of apoptosis, supporting the role of intracellular ROS production as a key factor
in inducing apoptosis (Figs 5E and F). The ROS production induced by the treatment appears cumulative, occurring in
multiple steps.
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The MEK/ERK signaling pathway plays a crucial role in cell survival and proliferation, and its dysregulation is asso-
ciated with cancer progression. Suppression of ERK and phosphorylated ERK (p-ERK) levels was observed, leading
to mitochondrial dysfunction through increased ROS production [46,47]. The treatment reduced p-ERK levels (Fig 6A),
suggesting that inhibiting ERK phosphorylation plays a role in inducing apoptosis via ROS-mediated mitochondrial dys-
function. Using the MEK/ERK inhibitor U0126 together with the treatment further enhanced ERK suppression, leading to
increased apoptosis, as evidenced by elevated levels of pro-apoptotic proteins (Bax and Puma), caspase-3 activation,
and reduced A¥m and ATP production (Figs 6 and 7). Conversely, the ERK activators tBHQ and IKVAV peptide reversed
these effects, decreasing apoptosis markers and ROS levels (Figs 6E-H and 7E). Although the non-specific antioxidant
effects of tBHQ and the dual ERK/AKT activation by IKVAV peptide complicate interpretations, further studies are required
to clarify the precise role of ERK signaling in these responses [48,49].

In a xenograft model, treatment effectively suppressed tumor growth without affecting body weight. However, variations
in tumor growth dynamics were observed across experimental setups. Subcutaneous injection of 1 x 10° U87 MG cells
into nude mice typically results in tumors reaching ~100 mm? by Day 11 [50], whereas in our study, no tumor growth was
observed at this time point. Similarly, 2 x 106 T98G cells injected into nude mice required 46 days to form tumors of~500
mm? [51]. SCID mice are generally superior for xenograft studies due to their enhanced tumor growth and metastasis
potential compared to nude mice. Quantitative analyses indicate that SCID mice, particularly under whole-body irradiation,
require significantly lower tumor cell doses for successful transplantation [52]. Despite using 6 x 10° T98G cells for subcu-
taneous injection into NOD/SCID mice, no tumor formation was observed within 46 days in our study. Slow tumor growth
has also been reported in other studies, where T98G cells (4.3 x 10°) injected into nude mice formed tumors only after Day
70 [53]. These findings align with our observations and highlight the variability in tumor formation timelines. Subcutaneous
xenograft models, while simple and reproducible, fail to replicate the invasive and infiltrative microenvironment of human
GBM. This often leads to tumor necrosis, destabilizing experimental outcomes and limiting their utility for studying metas-
tasis and invasion mechanisms crucial to glioblastoma progression. Additionally, delayed cell injection post-preparation
can further reduce tumor formation success [54]. The small tumor volumes observed in this study (<150 mm?3) also intro-
duce significant measurement variability, especially with the limited number of animals per experimental condition, impact-
ing statistical robustness. Although standard practices for subcutaneous models typically involve initiating measurements
when tumors reach 200-250 mm?, variability in tumor growth rates, as observed in our study and others (Fig 8) [51,53],
made it challenging to adhere to these practices due to delayed tumor formation.

These findings highlight the potential of gallic acid to induce cytotoxic effects in GBM cells through ROS-mediated
mitochondrial dysfunction and inhibition of the MEK/ERK signaling pathway. This research establishes TSL as a promising
therapeutic candidate for glioblastoma, warranting further clinical investigation. To enhance the translational relevance,
future studies should prioritize orthotopic implantation models over subcutaneous models, as they better replicate the
clinical characteristics of glioblastoma.
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