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Abstract

6-gingerol, a bioactive compound from ginger, has demonstrated promising anticancer properties across various cancer models
by inducing apoptosis and inhibiting cell proliferation and invasion. In this study, we explore its mechanisms against glioblastoma
multiforme (GBM), a notably aggressive and treatment-resistant brain tumor. We found that 6-gingerol crosses the blood-brain
barrier more effectively than curcumin, enhancing its potential as a therapeutic agent for brain tumors. Our experiments show
that 6-gingerol reduces cell proliferation and triggers apoptosis in GBM cell lines by disrupting cellular energy homeostasis. This
process involves an increase in mitochondrial reactive oxygen species (mtROS) and a decrease in mitochondrial membrane po-
tential, primarily due to the downregulation of manganese superoxide dismutase (MnSOD). Additionally, 6-gingerol reduces ERK
phosphorylation by inhibiting EGFR and RAF, leading to G1 phase cell cycle arrest. These findings indicate that 6-gingerol pro-
motes cell death in GBM cells by modulating MnSOD and ROS levels and arresting the cell cycle through the ERFR-RAF-1/MEK/
ERK signaling pathway, highlighting its potential as a therapeutic agent for GBM and setting the stage for future clinical research.
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INTRODUCTION grim prognosis is primarily due to the highly invasive nature of
glioma cells and their notable resistance to conventional ther-
Glioblastoma multiforme (GBM) is the most aggressive apies, including radiation and chemotherapy (Li et al., 2022;
form of adult brain tumor, classified as a grade IV astrocy- Pandey et al., 2022).
toma by the World Health Organization. It constitutes approxi- The efficacy of radiotherapy is significantly undermined
mately 40% of all primary brain tumors and 78% of malignant by the presence of cancer stem cells (CSCs), while the ef-
tumors in the central nervous system (Miller and Perry, 2007; fectiveness of chemotherapy is often compromised by the
Louis et al., 2016). The standard treatment protocol, which in- overexpression of O6-methylguanine-DNA methyltransferase
cludes surgery followed by concurrent chemoradiation thera- (MGMT), which enhances the repair of damaged DNA in GBM
py (CCRT), offers an average post-treatment survival of less cells (Delello Di Filippo et al., 2021). These challenges under-

than 15 months (Stupp et al., 2005; Park et al., 2010). This score the urgent need for novel therapeutic agents that can
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efficiently cross the blood-brain barrier (BBB) and target tumor
cells more effectively.

Ginger (Zingiber officinale), a common dietary ingredient,
is rich in bioactive phenolic compounds such as gingerols,
paradols, shogaols, and gingerdiols, which have shown prom-
ising anticancer properties (Simon et al., 2020; Promdam
and Panichayupakaranant, 2022). Among these, 6-gingerol
is particularly notable for its anti-inflammatory, antitumor, and
antioxidant activities (Promdam and Panichayupakaranant,
2022; Ahmed et al., 2023). This compound has demonstrated
potential against various cancers, including breast, cervical,
colorectal, and prostate cancers. For instance, 6-shogaol has
been shown to inhibit lung cancer cell proliferation by target-
ing AKT kinase activity and inducing cell cycle arrest (Hung et
al., 2009; Qi et al., 2015; Promdam and Panichayupakaran-
ant, 2022). Similarly, 6-paradol suppresses pancreatic cancer
metastasis through modulation of the epidermal growth factor
receptor (EGFR) and inactivation of the PI3K/AKT signaling
pathway (Jiang et al., 2021).

Recent studies have highlighted that 6-gingerol enhances
the sensitivity of gastric cancer cells to cisplatin, leading to
cell cycle arrest, suppression of migration and invasion via
the PIBK/AKT pathway, and increased radiosensitivity through
G2/M arrest and apoptosis induction (Promdam and Panicha-
yupakaranant, 2022). Additionally, it exhibits anti-proliferative
effects on cervical cancer cells and induces TRAIL-mediated
apoptosis in glioblastoma tumor cell lines (Lee et al., 2014).
In colorectal cancer models, 6-gingerol demonstrates anti-
inflammatory, anti-proliferative, and apoptotic effects (Aloliqi,
2022; Promdam and Panichayupakaranant, 2022).

Despite these advances, the specific anticancer properties
and mechanisms of action of 6-gingerol in GBM have not been
fully elucidated. This study aims to investigate these aspects
by examining the ability of 6-gingerol to cross the BBB and
elucidate its mechanisms in inducing cell death in GBM cells.

MATERIALS AND METHODS

Materials

Tetramethylrhodamine methyl ester (TMRM) reagent was
sourced from Invitrogen (Life Technologies, CA, USA). Bovine
serum albumin (BSA), RNase A, propidium iodide (Pl), dihy-
droethidium (DHE), and the ATP Assay Kit were procured from
Sigma-Aldrich (St. Louis, MO, USA). The mitogen-activated
protein kinase kinase (MEK) Inhibitor U0126 was purchased
from Promega (Madison, WI, USA). Mito-TEMPO and the
Cell Counting Kit-8 (CCK-8) were obtained from Targetmol
(Shanghai, China). The PAMPA-BBB assay kit was acquired
from BioAssay Systems (Hayward, CA, USA). The Annexin
V-FITC/PI apoptosis detection kit was supplied by Fremont
(CA, USA). Antibodies specific to GAPDH were sourced from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibod-
ies for E2F1, E2F3, p21, Cyclin A, Cyclin B, Cyclin E, Cyclin
D, 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). Antibodies
for manganese superoxide dismutase (MnSOD), RAS, RAF,
phospho-RAF, EGFR, and phospho-EGFR were obtained
from ABclonal (Woburn, MA, USA). Secondary horseradish
peroxidase (HRP)-conjugated donkey anti-rabbit and donkey
anti-mouse antibodies were purchased from Invitrogen (Life
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Technologies).

Cell culture, cell viability, and colony formation assay

Human GBM cell lines M059K and U251, sourced from the
American Type Culture Collection (ATCC), Manassas, VA,
USA, were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA). The cultures were maintained at
37°C and 5% CO in a fully humidified environment. All experi-
ments were conducted during the logarithmic growth phase
of the cells.

Cell viability was assessed using the Cell Counting Kit-8
(CCK-8). M059K and U251 cells (4x10° cells/well) were seed-
ed in 96-well plates overnight and then treated with various
concentrations of 6-gingerol at 37°C for 24, 48, and 72 h. Post-
incubation, CCK-8 solution was added, and the plates were
incubated at 37°C until color development. Absorbance at 450
nm was measured using a Synergy™ HT Multi-Detection Mi-
croplate Reader (Bio-Tek Instruments, Winooski, VT, USA).

The colony formation assay followed established proto-
cols (Tsai et al., 2021). Briefly, colonies were counted and
analyzed using ImagedJ software (National Institutes of Health,
Bethesda, MD, USA) after staining, air-drying, and solubiliza-
tion in dimethyl sulfoxide (DMSO). Results are presented as
the mean + standard error (SE) based on three independent
experiments.

PAMPA-BBB assay and and analysis of its ability to
penetrate the BBB

The PAMPA-BBB assay is a high-throughput method for
predicting a drug’s ability to penetrate the BBB. This assay
evaluates the permeability of drug molecules through an ar-
tificial membrane containing porcine brain polar lipids (PBL),
which mimic the composition of brain endothelial cells. The
test compound diffuses from the donor well through the ar-
tificial membrane to the receptor well, and the effective per-
meability (Pe) is calculated based on the concentration of the
compound in the receptor well. Test compounds and commer-
cial drugs were dissolved in DMSO at a concentration of 5
mg/mL and then diluted to 25 ng/mL in PBS buffer (pH 7.4).
Porcine polar brain lipid (PBL) was solubilized in dodecane
at 20 mg/mL. To set up the assay, 4 puL of the PBL solution
was applied to the filter surface of the donor plate. After ensur-
ing the filter was fully saturated, 150 pL of the test compound
solution was added to the donor plate, and the acceptor well
was filled with 300 uL of PBS buffer. The donor plate was
then carefully placed onto the acceptor plate, ensuring proper
membrane and liquid contact. The assembly was covered and
incubated in darkness at 25°C for 6 h. Post-incubation, the
concentrations in the acceptor, donor, and reference wells
were determined using a microplate reader, correlating UV
absorbance with a standard curve. Effective permeability (Pe)
values were then calculated, allowing compounds to be clas-
sified based on their potential to cross the BBB and indicating
their possible central nervous system activity. Each sample
set was tested in triplicate to ensure consistency. Compounds
were classified based on their Pe values as follows: CNS+
(Pe>4.0x10-° cm/s), CNS- (Pe<2.0x10-° cm/s), and CNSt (Pe
between 2.0x10% cm/s and 4.0x10-¢ cm/s).

The permeability of 6-gingerol and curcumin across the BBB
was evaluated using the online BBB predictor tool available
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at https://www.cbligand.org/BBB/index.php (Liu et al., 2014). method utilizes a support vector machine (SVM) algorithm in
The prediction was performed using the SVM-MACCSFP combination with MACCS fingerprints (MACCSFP) to calcu-
BBB scoring method provided by the CBLigand program. This late the BBB score. Four distinct fingerprints were employed
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Fig. 1. 6-gingerol exhibits BBB permeability and cytotoxic potential in MO59K and U251 cells. (A) Simulations were conducted using Sup-
port Vector Machine (SVM) algorithms to predict the potential BBB permeability of 6-gingerol and curcumin. (B) Cell viability was assessed
following incubation with varying concentrations of 6-gingerol for 24 to 72 h using the CCK-8 assay. (C) M059K and U251 GBM cells were
incubated with different concentrations of 6-gingerol for 16 days, and their ability to form colonies was assessed. The lower panel presents
quantitative analyses of colony formation. (D) Concentration-dependent morphological changes, such as cell detachment and cell death,
were observed in GBM cells treated with 6-gingerol for 48 h. Light microscopy images (magnification x100). The scale bar represents 100
mm. The results represent the mean + SD from three independent experiments; ****p<0.001, ***p<0.005, **p<0.01, *p<0.05 compared to
the respective control group.
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for the prediction: MACCSFP, OpenbabelFP2, Molprint2DFP,
and PubChemFP. The threshold value for the SVM-MACC-
SFP BBB score was set at 0.020. Compounds with scores
exceeding this threshold were considered likely to permeate
the BBB.

Cell cycle analysis

For cell cycle analysis, MO59K and U251 cells treated with
varying concentrations of 6-gingerol for 48 h were harvested,
washed with phosphate-buffered saline (PBS, pH 7.2), and
fixed in 85% methanol overnight at 4°C. After centrifugation
at 1500 rpm for 10 min, the cell pellet was washed twice with
PBS and then resuspended in PBS containing 100 pg/mL Pl
and 20 Units/mL RNase A for 30 min at room temperature.
A minimum of 10,000 cells per sample were analyzed using
an Attune NxT flow cytometer (Thermo Fisher Scientific), with
data processed using Attune NxT Flow Cytometer Software.

FITC-Annexin V apoptosis assay

Apoptosis in MO59K and U251 cells treated with various
concentrations of 6-gingerol, alone or in combination with
U0126 (10 uM), over 48 h, was assessed using the CF®488A
Annexin V and Pl Apoptosis Kit. Following the manufacturer’s
instructions, apoptotic cells were labeled with Annexin V-FITC,
and late apoptotic or necrotic cells were stained with PI. Data
from 10,000 cells were acquired using a BD FACSLyric flow
cytometer (BD Biosciences, San Jose, CA, USA) and ana-
lyzed with FlowJo v10 software (BD Biosciences). The analy-
sis focused on specifically defined regions to precisely evalu-
ate the distribution of cells across different cell cycle phases.

Determination of mitochondrial ROS (mtROS) and
mitochondrial membrane potential (AYm)

mtROS production and changes in AWm were assessed
using DHE and TMRM, respectively. After treating MO59K and
U251 cells with various concentrations of 6-gingerol, alone or
in combination with U0126 (10 uM) or Mito-TEMPO (5 uM),
for 48 h, cells were incubated with 5 uM CellROX® Green Re-
agent, 250 nM DHE Red Reagent, and 25 nM TMRM for 30
min at 37°C. Cells were then washed with PBS, trypsinized,
and analyzed for fluorescence intensity using flow cytometry
at excitation/emission wavelengths of 485/530 nm for Cell-
ROX, 510/580 nm for DHE, and 488/570 nm for TMRM. Data
analysis was performed using Attune NxT Flow Cytometer
Software.

Western blot analysis

Cells cultured in 10 cm dishes were treated with various
concentrations of 6-gingerol for 48 h, with or without U0126
(10 uM) or Mito-TEMPO (5 uM). Proteins were extracted using
RIPA buffer containing protease and phosphatase inhibitors,
and total protein content was determined using a Bio-Rad Pro-
tein Assay Kit. Proteins (15-50 pg) were separated by SDS-
PAGE and transferred onto PVDF membranes, which were
then blocked with 5% milk in PBST, incubated with primary
antibodies overnight, washed, and incubated with HRP-conju-
gated secondary antibodies (1:5000 dilution). Band intensities
were visualized using a chemiluminescent solution (Pierce,
Rockford, IL, USA) and imaged using a MultiGel-21 gel im-
ager (Topbio, Taipei, Taiwan).
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Table 1. Predicted drug-like properties, PAMPA-BBB results (Pe: 10
cm/s), and predicted CNS penetration for 6-gingerol and curcumin

BBB

Compounds P, (x10° cm/s)’ Prediction® b
permeability
6-gingerol 4.99 +0.53 CNS* +
Curcumin 1.91+£0.03 CNS™ -
T™MZ® 4.91+0.41 CNS* +

“Data are the mean + SEM of eight independent experiments.
°ICNS*, high BBB permeation predicted; Pe (10° cm s™')>4.0];
[CNS*, BBB permeation uncertain; Pe (10° cm s™') from 2.0 to 4.0];
[CNS", low BBB permeation predicted); Pe (10° cm s7)<2.0].
°TMZ- is an oral alkylating agent used to treat GBM.

Statistical analysis

Data were analyzed using GraphPad Prism 8 software
(GraphPad Software, Inc., San Diego, CA, USA). Results are
presented as mean + standard deviation (SD). Comparisons
between groups were made using unpaired Student’s t-test,
with a p-value less than 0.05 considered statistically signifi-
cant.

RESULTS

Cytotoxic effects of 6-gingerol and validation of a reliable
BBB model

Zingiber officinale (ginger) and Curcuma longa (turmeric),
both plants of the Zingiberaceae family, contain molecular
constituents such as 6-shogaol and 6-gingerol, which exhibit
structural similarities to curcumin (Fig. 1A). These similarities
suggest potential anticancer properties. To investigate BBB
permeability, we utilized the ALzPlatform (Liu et al., 2014) and
found that curcumin did not meet the criteria for BBB pen-
etration. In contrast, 6-gingerol demonstrated the capability to
cross the BBB, with an SVM-MACCSFP BBB score of 0.023,
surpassing the threshold of 0.020 required for BBB passage.
This prediction was further validated using the PAMPA-BBB
assay, confirming the potential of 6-gingerol as a therapeutic
agent for GBM (Table 1).

To investigate the influence of 6-gingerol on GBM cell
growth, two human GBM cell lines, MO59K and U251, were
utilized. These cells were treated with 6-gingerol at concen-
trations of 25, 50, 75, 100, and 200 uM for 24, 48, and 72
h. This selection of concentrations and treatment durations
was based on previously observed dose-dependent and time-
dependent cytotoxic effects of 6-gingerol (Weng et al., 2012;
Lee et al., 2014; Czarnik-Kwasniak et al., 2019; de Lima et
al., 2020; Tsai et al., 2020; Zhang et al., 2021). The results
showed that 6-gingerol exhibited dose-dependent and time-
dependent cytotoxic effects on both M059K and U251 cell
lines. The IC50 values were 107.08 £ 10.21 uM for U251 cells
and 149.37 £ 15.54 uM for MO59K cells (Fig. 1B). Additionally,
a colony formation assay showed dose-dependent inhibition
of proliferation in both cell lines (Fig. 1C). Phase-contrast mi-
crographs revealed cell shrinkage and the formation of apop-
totic vacuoles with clusters of dying cells (CDC) following 48 h
of treatment with 6-gingerol (Fig. 1D).
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Fig. 2. Cell cycle modulation and protein expression changes in response to 6-gingerol treatment. (A) Treatment of MO59K and U251 cells
with varying concentrations of 6-gingerol for 48 h, followed by flow cytometry analysis to assess the cell cycle distribution. The graph illus-
trates the proportion of cells in each stage of the cell cycle. (B) Analysis of protein expression in M0O59K and U251 cells after 48 h of treat-
ment with 6-gingerol. western blot analysis was conducted for Cyclin A, Cyclin B1, Cyclin D1, Cyclin D3, p21, E2F1 and E2F3, using cell ly-
sates from MO59K and U251 cells. The lower panel presents a quantitative analysis of western blot data, illustrating the observed changes
in protein expression, with GAPDH used as the internal control. The results represent the mean + SD from three independent experiments;
****p<0.001,***p<0.005, **p<0.01, *p<0.05 compared to the respective control group.

6-gingerol induces G1 arrest

in GBM cells

Given the observed dose-dependent and time-dependent
cytotoxic effects, we further investigated the impact of 6-gin-
gerol on the cell cycle of GBM cells to understand the un-
derlying mechanisms of its anticancer activity. Treatment with

6-gingerol resulted in an increased number of M059K and
U251 cells in the G1 phase in a dose-dependent manner (Fig.
2A). This G1 arrest was associated with the accumulation of
p21 and decreased levels of E2F1 (Fig. 2B). Additionally, there
was a dose-dependent suppression of Cyclin D1 and Cyclin
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Fig. 3. Apoptosis induction and protein expression changes in response to 6-gingerol exposure. (A) After a 48 h exposure to 6-gingerol,
apoptosis in MO59K and U251 cell lines was assessed using cytofluorimetry. The proportion of apoptotic cells was determined through An-

nexin V-FITC and propidium iodide staining. The right panel illustrates th

e percentages of cells in early apoptosis (Annexin V+/PI-) and late

apoptosis (Annexin V+/PI+), calculated as Annexin V-positive cells for statistical analysis. (B, C) The expression of pro- and anti-apoptotic
proteins in MO59K and U251 cells was analyzed following a 48 h exposure to 6-gingerol. This analysis included anti-Bax and Bcl-2, Cleaved
Caspase-3, Cleaved Caspase-9, and PARP/cleaved PARP. Western blot analysis of lysates from M059K and U251 cells was conducted.
GAPDH served as the internal control. The right panel provides a quantitative assessment of western blot data, indicating observed chang-

es in protein expression. All results are presented as mean = SD from |
*p<0.05 compared to the respective control.

D3, with no significant changes observed in Cyclin A and Cy-
clin B1 levels. These findings suggest that 6-gingerol effec-
tively induces cell cycle arrest at the G1 phase, contributing to
its cytotoxic effects on GBM cells.

6-Gingerol induces apoptosis in GBM cells

To determine if 6-gingerol-induced cell growth inhibition is
mediated by apoptosis, we used flow cytometry with annexin
V and PI staining. Annexin V detects early and late apoptosis,
while PI detects late apoptosis and necrosis. Early apoptotic
cells are annexin V positive and Pl negative (lower right quad-
rant, Annexin V*/PI-), whereas late apoptotic or necrotic cells
are positive for both annexin V and PI (upper right quadrant,
Annexin V*/PI*). This analysis confirmed that 6-gingerol induc-
es apoptosis in GBM cells. A significant increase in the per-
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hree independent experiments; ****p<0.001, ***p<0.005, **p<0.01,

centage of apoptotic cells was observed in MO59K and U251
cells compared to controls (Fig. 3A). This was consistent with
increased activities of caspases -3 and -9 and elevated levels
of cleaved PARP (Fig. 3B). There was also a decrease in Bcl-2
expression and an increase in Bax expression following expo-
sure to 6-gingerol (Fig. 3C). Collectively, these results indicate
that 6-gingerol induces apoptosis in GBM cell lines.

mtROS scavengers prevent 6-gingerol-induced mtROS
elevation, A¥Ym disruption, and apoptosis

6-gingerol may induce ROS accumulation and ferroptosis
(Liu et al., 2022). To further elucidate the effects of 6-gingerol
on oxidative damage in GBM cells, we focused on mitochon-
drial function. The impact of 6-gingerol on AYm and mtROS
was assessed. Compared to controls, treatment with 6-gin-
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gerol (25-200 uM) resulted in a reduction in TMRM fluores-
cence, indicating a dose-dependent loss of AWm. This loss
of AWm was accompanied by increased levels of mtROS,
detected using DHE, suggesting that 6-gingerol induces a
dose-dependent elevation in oxidative stress (Fig. 4A, 4B).
Decreased levels of the antioxidant enzyme MnSOD corre-
lated with the increased mtROS (Fig. 4C). Co-treatment with
Mito-TEMPO, a mitochondria-targeting antioxidant, signifi-
cantly reduced mtROS production and preserved AWm in cells
exposed to 6-gingerol (Fig. 4D, 4E). Additionally, pretreatment
with Mito-TEMPO suppressed apoptosis markers, including
cleaved caspase-3 and -9 (Fig. 4F). These findings under-
score the role of ROS-dependent mitochondrial dysfunction in
6-gingerol-induced apoptosis.

6-Gingerol inhibits the MAPK/ERK signaling

The MAPK pathway is pivotal in the regulation of apoptosis
(Yuan et al., 2013). Since the MAPK pathway has been re-
ported as a regulator of mitochondrial ROS production (Valko
et al., 2007), we investigated whether ROS-dependent mito-
chondrial dysfunction in 6-gingerol-induced apoptosis is medi-
ated through the activation of MAPK/ERK signaling, thereby
promoting ROS production in GBM cells. We examined the
effect of 6-gingerol on the phosphorylation levels of ERK, JNK,
and p38. Western blot results indicated that phosphorylated
ERK and p38 levels decreased in 6-gingerol-treated GBM
cells, while the phosphorylation level of JNK remained un-
changed (Fig. 5A). Notably, the increase in the ERK/p-ERK
ratio suggests that 6-gingerol primarily impacts the ERK path-
way. Based on these data, we further evaluated the involve-
ment of MAPK/ERK activation in 6-gingerol-induced cell cycle
arrest, apoptosis, and mtROS scavenging using the MAPK/
ERK inhibitor U0126. As shown in Fig. 5B, treatment with
the ERK inhibitor U0126 enhanced the effects of 6-gingerol
on Cyclin D1 and p21. Additionally, co-treatment with U0126
and 6-gingerol preserved MnSOD levels but did not inhibit the
cleavage of caspases 3 and 9, resulting in apoptosis (Fig. 5C).
These findings suggest that 6-gingerol induces apoptosis and

owowo owow
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6-gingerol (uM)

cell cycle arrest in GBM cells primarily through the activation
of the ERK pathway and the modulation of MnSOD and cas-
pase activities.

Inhibition of EGFR signaling pathway by 6-gingerol in
GBM cells

The signaling activity of the EGFR is crucial for regulating
apoptosis and proliferation. Activation of EGFR leads to the
autophosphorylation of specific tyrosine residues. Once ac-
tivated, EGFR binds to growth factor receptor-bound protein
2 (GRB2) and recruits SH2 domain-containing transforming
protein (SHC). SHC then binds to GRB2, which subsequently
binds to son of sevenless homolog 1 (SOS1). SOS1 activates
RAS, which in turn activates RAF-1. RAF-1 phosphorylates
MEK 1/2, leading to the activation of ERK 1/2, culminating in
various biological responses. EGFR plays a pivotal role in co-
ordinating apoptosis and proliferation by mediating the cell-to-
cell propagation of ERK activation.

The effect of 6-gingerol on EGFR expression and phos-
phorylation was investigated. Examination of the upstream
regulators of ERK, specifically the EGFR-RAS-RAF axis,
showed that 6-gingerol treatment significantly decreased
phosphorylated EGFR, RAS levels, and phosphorylated RAF
(Fig. 6A). This suggests that 6-gingerol exerts its cytotoxic ef-
fects through the RAF-1/MEK/ERK pathway.

The role of the EGFR agonist in this signaling pathway was
further investigated by analyzing the expression of these sig-
naling molecules in the presence of EGF and 6-gingerol. In-
creased p-EGFR and p-ERK1/2 expression was noted upon
EGF treatment, observed after 30 min, suggesting the role of
an EGFR agonist in the activation of this signaling pathway.
However, 6-gingerol reversed the effect of EGF, indicating that
the antiproliferative and anti-apoptotic activities of 6-gingerol
against GBM cells involve modulation of EGFR signaling (Fig.
6B).
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Fig. 4. Mito-TEMPO pretreatment partially reverses 6-gingerol-induced mtROS accumulation, A¥m reduction, and apoptosis. (A) The im-
pact of 6-gingerol treatment on the reduction of AWYm in MO59K and U251 cells after 48 h was evaluated using cell-permeable cationic
TMRM and flow cytometry. The right panel presents the percentages of MO59K and U251 cells with disrupted AWm, which increased with
escalating concentrations of 6-gingerol. (B) mtROS levels were assessed by DHE staining and analyzed via flow cytometry in MO59K and
U251 cells following a 48 h treatment with various concentrations of 6-gingerol. The right panel illustrates the quantification of mtROS accu-
mulation induced by 6-gingerol. (C) Cell lysates were subjected to western blot analysis using an anti-SOD2 antibody, with GAPDH as the
internal control. The right panel displays quantified SOD2 protein levels normalized to GAPDH. (D, E) Flow cytometry histograms depict al-
terations in AWm in MO59K and U251 cells. Following a 2 h incubation with 5 pM Mito-TEMPO, cells were treated with or without 100 uM
6-gingerol for 48 h. Results show a reduction in intact AYm alongside an increase in mtROS levels compared to untreated cells. (F)
Cleaved Caspase-3 and -9 protein expression were analyzed in MO59K and U251 cells. The right panel provides a quantitative assessment
of western blot data, indicating observed changes in protein expression. All data are presented as mean = SD from three independent ex-
periments; ****p<0.001, ***p<0.005, **p<0.01, *p<0.05 compared to the respective control.

DISCUSSION Perry, 2007; Louis et al., 2016). The current standard treat-
ment, primarily utilizing drugs like temozolomide (TMZ), faces

Brain cancer, particularly GBM, is the most prevalent ma- significant challenges due to toxicity and the emergence of
lignancy within the central nervous system and ranks among resistance (Delello Di Filippo et al., 2021). This has prompted
the top causes of cancer-related deaths globally (Miller and a search for innovative treatments, with recent research fo-
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Fig. 5. 6-gingerol triggers apoptosis and suppresses cellular proliferation through ERK signaling pathway activation. (A) MO59K and U251
cells were exposed to varying concentrations of 6-gingerol for 48 h. Subsequently, cells were harvested, and the levels of ERK, p-ERK,
JNK, p-JNK, p38, and p-p38 proteins were analyzed through western blotting. (B) Another set of cells was treated with 100 mM 6-gingerol
or 10 mM UO0126 for 48 h, alongside their respective control conditions. Protein expression levels of ERK, p-ERK, p21, Cyclin D1, and
E2F1, which are related to cell cycle regulation, were examined. (C) In both MO59K and U251 cells, protein levels of SOD2 and apoptosis-
related markers, including Cleaved Caspase-3 and -9, were assessed. GAPDH was used as the internal control. The right panel provides
quantitative measurements derived from western blot data, illustrating observed changes in protein expression. All presented data represent
the mean * standard deviation obtained from three independent experiments; ****p<0.001, ***p<0.005, **p<0.01, *p<0.05 compared to their

respective control conditions.

cusing on mechanisms like autophagy and ROS generation
as potential therapeutic targets (Buccarelli et al., 2021; Li et
al., 2022; Pandey et al., 2022; Sanati et al., 2022; Tong et al.,
2023).

Combretastatin A-4 (CA-4), for instance, induces G2 ar-
rest in U-87 cells by increasing cellular ROS levels (Roshan
et al., 2023). Herbal medicines such as alpha-lipoic acid and
auraptene have shown potential as alternative or combina-
tional therapies. Specifically, the alpha-lipoic acid/auraptene
combination has been found to suppress U87 cell viability,
induce apoptosis, and cause G2/M cell cycle arrest (Izadi et
al., 2023). Among herbal compounds, 6-gingerol and curcum-

137

in are known for their rich anti-inflammatory and antioxidant
properties (Manju and Nalini, 2005; Dugasani et al., 2010), as
evidenced by consistent findings in animal studies (Ramadan
et al. 2011). Furthermore, when combined with traditional che-
motherapeutics, curcumin has been shown to enhance the ef-
fectiveness of cancer treatments while mitigating side effects
and resistance (Afshari et al., 2023).

Despite extensive research on curcumin, 6-gingerol has
shown similar efficacy in inhibiting lung cancer cells, suggest-
ing its potential as an anti-cancer agent (Eren and Betul, 2016).
Moreover, 6-gingerol uniquely induces autophagy-dependent
ferroptosis by inhibiting the expression of ubiquitin-specific
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peptidase 14 (USP14) (Tsai et al., 2020). However, the inabil-
ity of curcumin to penetrate the BBB limits its utility in treat-
ing glioblastoma. In contrast, 6-gingerol can cross the BBB in
rodents and attenuate brain injury induced by subarachnoid
hemorrhage (Tang et al., 2022), highlighting its potential for
GBM research and treatment. Our results from the PAMPA-
BBB assay further confirm the penetrating ability of 6-gingerol.

Recent studies have unveiled the potential of 6-gingerol
in sensitizing gastric and epithelial ovarian cancer cells to
cisplatin, reducing the proliferation of cervical cancer cells,
and inducing TRAIL-mediated apoptosis in glioblastoma cell
lines (Czarnik-Kwasniak et al., 2019; Salari et al., 2023). Ad-
ditionally, 6-gingerol induced both cellular and mtROS and
caused DNA damage in breast cancer cell lines (Sp et al.,
2021). Similarly, our study confirmed that 6-gingerol induced
cell death and inhibited GBM cell proliferation by reducing Mn-
SOD activity. Modulating mitochondrial function and oxidative
stress-related genes has emerged as a promising strategy to
induce apoptosis in GBM cells. For instance, Elesclomol (a
copper-transporting therapeutic agent targeting mitochondria)
increases mtROS levels in GBM stem cells and GBM-derived
endothelial cells, leading to cell death (Buccarelli et al., 2021;
Tarin et al., 2023; Tong et al., 2023).

Traditionally, MnSOD is viewed as a tumor suppressor
(Zhong et al., 1997; Oberley, 2005). However, recent research
suggests that MnSOD may increase the aggressiveness of
tumor cells through two mechanisms: enhancing resistance
to anoikis, which is crucial for preventing detached cells from
surviving and forming metastases (Kamarajugadda et al.,
2013), and sustaining the Warburg effect, a metabolic phe-
nomenon that enhances tumor aggressiveness (Hart et al.,
2015). Moreover, the addition of an ERK inhibitor mitigates
the mtROS production induced by 6-gingerol and counters its
growth-inhibitory effects in GBM cells, suggesting that its ac-
tions may be mediated through the inhibition of ERK-MnSOD
signaling mediated by NF-xB and TP53 (Li ef al., 2010; Robb
and Stuart, 2010).

The RAS/RAF/MEK/ERK signaling pathway is crucial in
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cancer development and progression, involving the G-protein
RAS and kinases RAF, MEK, and ERK (Song et al., 2023).
Activation begins with ligand binding to receptor tyrosine ki-
nases, leading to the sequential activation of RAS, RAF, MEK,
and ERK (Roskoski, 2018; Wu et al., 2019). This pathway is
frequently activated in cancers, including brain cancer (Xing,
2013), and serves as a critical downstream signal of EGFR
(Koustas et al., 2017). In malignant glioblastoma, the pathway
is hyperactive due to overexpression and/or increased activity
of upstream regulatory factors such as EGFR and EGFRuvIII
(Saxena et al., 2008; Lo, 2010a, 2010b). Our study investi-
gated the inhibitory effects of 6-gingerol on the EGFR/RAS/
RAF/MEK/ERK pathway in GBM cells. Results showed that
6-gingerol dose-dependently reduced the levels of p-EGFR,
RAS, p-RAF, p-MEK1/2, and p-ERK1/2. This suggests that
6-gingerol acts as a tumor suppressor by enhancing antipro-
liferative and pro-apoptotic effects through pathway inhibition.
To determine if 6-gingerol functions as an EGFR blocker, we
examined key signaling molecules in the presence of EGF (an
EGFR agonist) and 6-gingerol. EGF treatment increased p-
EGFR and p-ERK1/2 levels, confirming pathway activation,
but 6-gingerol reversed EGF effects, indicating it effectively
inhibits EGFR signaling. Targeting the EGFR/RAS/RAF/MEK/
ERK pathway is essential due to its role in cell growth, apop-
tosis prevention (McCubrey et al., 2007), and its association
with drug resistance (Garnett and Marais, 2004). Our find-
ings suggest that 6-gingerol inhibits the growth of malignant
glioblastoma cells by suppressing this pathway, leading to
increased mtROS production and promoting apoptosis. Con-
currently, 6-gingerol increases p21 expression, inducing cell
cycle arrest in GBM cell lines.

Our study also highlights 6-gingerol ability to cross the BBB
and exert potent cytotoxic effects on GBM cells. It induces G1
cell cycle arrest and apoptosis by modulating key cell cycle
regulators and increasing pro-apoptotic signals. Specifically,
6-gingerol enhances G1 phase arrest through upregulation of
p21 and downregulation of E2F1, along with suppression of
Cyclin D1 and Cyclin D3. It also triggers apoptosis by increas-
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Fig. 6. 6-gingerol disrupts the EGFR/RAS/RAF pathway, leading to the inhibition of MEK/ERK expression. (A) MO59K and U251 cells were
exposed to varying concentrations of 6-gingerol for 48 h. Subsequently, the cells were harvested, and western blotting was conducted to as-
sess the protein levels of EGFR, p-EGFR, RAS, RAF, and p- RAF. (B) Western blot analysis of EGFR, p-EGFR, ERK, and p-ERK in cell ly-
sates from cells exposed to EGF (100 ng/mL) or 6-gingerol for different durations (0, 15, 30, 45, and 60 min). GAPDH served as the internal
control. The right panel provides quantitative measurements derived from western blot data, indicating observed changes in protein expres-
sion. All data presented are represented as the mean * standard deviation from three independent experiments; ****p<0.001, ***p<0.005,

**p<0.01, *p<0.05 compared to their respective control conditions.

ing caspase-3 and -9 activities and altering the balance of
Bcl-2 and Bax. Furthermore, 6-gingerol impacts mitochondrial
function by inducing mtROS and disrupting AWYm, promoting
oxidative stress-mediated apoptosis (Fig. 7).

Significantly, 6-gingerol inhibition of the EGFR/RAS/RAF/
ERK signaling pathway underscores its mechanism of action,
presenting a comprehensive approach to suppressing GBM
cell proliferation and survival. These results underscore the

potential of 6-gingerol as a multifaceted therapeutic candidate
for GBM, warranting further investigation into its clinical ap-
plications.

CONFLICT OF INTEREST

The authors assert that there are no known financial con-

www.biomolther.org



Biomol Ther 33(1), 129-142 (2025)

[0} CH,
CH,
0, .
H,C 6-gingerol —| EGF-EGFR
HO
RAS
|
RAF
|
MEK
|
ERK
/ \
MnSOD p21
‘ !

Oxidative

Cyclin D/CDK
stress
| Rb/E2F3
c-caspase-9
c-caslpase-S G1/S transition
|
Apoptosis Proliferation

Fig. 7. Inhibition of cell proliferation and induction of apoptosis in
GBM cells via the EGFR/RAS/RAF/MEK/ERK pathway by 6-gin-
gerol. 6-gingerol Inhibits GBM cell growth by suppressing the
EGFR/RAS/RAF/MEK/ERK Pathway, enhancing mitochondrial
ROS production, and facilitating apoptosis. Concurrently, 6-gin-
gerol augments p21 expression, resulting in cell cycle arrest in
GBM Cell lines. This dual mechanism acts as an anti-tumor grow.

flicts of interest or personal relationships that could be per-
ceived as affecting the integrity of the work presented in this

paper.

ACKNOWLEDGMENTS

This research was supported by grants MOST-111-2314-B-
037-095-MY2 (C.-Y.T.). The present research was supported
by a grant from the Chi-Mei Medical Center and Kaohsiung
Medical University Research Foundation (112CM-KMU-08)
(C.-Y.T.), grants KMUH111-1T02 from Kaohsiung Medical Uni-
versity hospital (C.-Y.T.) and grants CCFHR11302 from Chi-
Mei Medical Center (S.-W.L.).

AUTHOR CONTRIBUTIONS

Sher-Wei Lim: Methodology, Conceptualization, Writing —
review & editing. Wei-Chung Chen: Methodology, Investiga-
tion, Formal analysis, Writing — review & editing. Huey-Jiun
Ko: Methodology, Writing — review & editing, Validation, Data
curation. Yu-Feng Su: Visualization, Supervision, Methodol-
ogy. Chieh-Hsin Wu: Project administration, Writing — review
& editing. Fu-Long Huang: Data curation, Writing — review &
editing. Chien-Feng Li: Project administration, Resources.
Cheng Yu Tsai: Project administration, Methodology, Resourc-
es, Writing — review & editing.

https://doi.org/10.4062/biomolther.2024.084

REFERENCES

Afshari, A. R., Sanati, M., Kesharwani, P. and Sahebkar, A. (2023) Re-
cent advances in curcumin-based combination nanomedicines for
cancer therapy. J. Funct. Biomater. 14, 408.

Ahmed, S. H. H., Gonda, T., Agbadua, O. G, Girst, G., Berkecz, R.,
Kusz, N., Tsai, M. C., Wu, C. C., Balogh, G. T. and Hunyadi, A.
(2023) Preparation and evaluation of 6-gingerol derivatives as
novel antioxidants and antiplatelet agents. Antioxidants (Basel) 12,
744.

Aloligi, A. A. (2022) Therapeutic potential of 6-gingerol in prevention of
colon cancer induced by azoxymethane through the modulation of
antioxidant potential and inflammation. Curr. Issues Mol. Biol. 44,
6218-6228.

Buccarelli, M., D’Alessandris, Q. G., Matarrese, P., Mollinari, C., Si-
gnore, M., Cappannini, A., Martini, M., D’Aliberti, P., De Luca,
G., Pedini, F., Boe, A., Biffoni, M., Pallini, R. and Ricci-Vitiani, L.
(2021) Elesclomol-induced increase of mitochondrial reactive oxy-
gen species impairs glioblastoma stem-like cell survival and tumor
growth. J. Exp. Clin. Cancer Res. 40, 228.

Czarnik-Kwasniak, J., Kwasniak, K., Kwasek, P., Swierzowska, E.,
Strojewska, A. and Tabarkiewicz, J. (2019) The influence of lyco-
pene, [6]-gingerol, and silymarin on the apoptosis on U-118MG
glioblastoma cells in vitro model. Nutrients 12, 96.

de Lima, R. M. T., dos Reis, A. C., de Oliveira Santos, J. V., de Oliveira
Ferreira, J. R., de Oliveira Filho, J. W. G., Soares Dias, A. C., de
Menezes, A.-A. P. M., da Mata, A. M. O. F., de Alencar, M. V. O. B,,
de Jesus Aguiar dos Santos Andrade, T., Jardim Paz, M. F. C., do
Nascimento Rodrigues, D. C., Ferreira, P. M. P., de Castro e Sousa,
J. M., Mishra, S. K., Islam, M. T. and de Carvalho Melo-Cavalcante,
A. A. (2020) Antitumoral effects of [6]-gingerol [(S)-5-hydroxy-1-(4-
hydroxy-3-methoxyphenyl)-3-decanone] in sarcoma 180 cells
through cytogenetic mechanisms. Biomed. Pharmacother. 126,
110004.

Delello Di Filippo, L., Hofstatter Azambuja, J., Paes Dutra, J. A., Ta-
vares Luiz, M., Lobato Duarte, J., Nicoleti, L. R., Olalla Saad, S. T.
and Chorilli, M. (2021) Improving temozolomide biopharmaceutical
properties in glioblastoma multiforme (GBM) treatment using GBM-
targeting nanocarriers. Eur. J. Pharm. Biopharm. 168, 76-89.

Dugasani, S., Pichika, M. R., Nadarajah, V. D., Balijepalli, M. K., Tan-
dra, S. and Korlakunta, J. N. (2010) Comparative antioxidant and
anti-inflammatory effects of [6]-gingerol, [8]-gingerol, [10]-gingerol
and [6]-shogaol. J. Ethnopharmacol. 127, 515-520.

Eren, D. and Betul, Y. M. (2016) Revealing the effect of 6-gingerol,
6-shogaol and curcumin on mPGES-1, GSK-3p and B-catenin
pathway in A549 cell line. Chem. Biol. Interact. 258, 257-265.

Garnett, M. J. and Marais, R. (2004) Guilty as charged: B-RAF is a
human oncogene. Cancer Cell 6, 313-319.

Hart, P. C., Mao, M., de Abreu, A. L., Ansenberger-Fricano, K., Ekoue,
D. N., Ganini, D., Kajdacsy-Balla, A., Diamond, A. M., Minshall, R.
D., Consolaro, M. E., Santos, J. H. and Bonini, M. G. (2015) Mn-
SOD upregulation sustains the Warburg effect via mitochondrial
ROS and AMPK-dependent signalling in cancer. Nat. Commun. 6,
6053.

Hung, J. Y., Hsu, Y. L., Li, C. T., Ko, Y. C., Ni, W. C., Huang, M. S. and
Kuo, P. L. (2009) 6-Shogaol, an active constituent of dietary ginger,
induces autophagy by inhibiting the AKT/mTOR pathway in human
non-small cell lung cancer A549 cells. J. Agric. Food Chem. 57,
9809-9816.

Izadi, A., Sadeghi, A., Jalili-Nik, M., Mirzavi, F., Afshari, A. R. and
Soukhtanloo, M. (2023) Combination of alpha-lipoic acid and au-
raptene induces apoptosis and prevents proliferation of the human
U-87 glioblastoma cells. Rev. Bras. Farmacogn. 33, 1177-1186.

Jiang, X., Wang, J., Chen, P., He, Z., Xu, J., Chen, Y, Liu, X. and Ji-
ang, J. (2021) [6]-Paradol suppresses proliferation and metastases
of pancreatic cancer by decreasing EGFR and inactivating PI3K/
AKT signaling. Cancer Cell Int. 21, 420.

Kamarajugadda, S., Cai, Q., Chen, H., Nayak, S., Zhu, J., He, M., Jin,
Y., Zhang, Y., Ai, L., Martin, S. S., Tan, M. and Lu, J. (2013) Manga-
nese superoxide dismutase promotes anoikis resistance and tumor



metastasis. Cell Death Dis. 4, €504.

Koustas, E., Karamouzis, M. V., Mihailidou, C., Schizas, D. and Pa-
pavassiliou, A. G. (2017) Co-targeting of EGFR and autophagy
signaling is an emerging treatment strategy in metastatic colorectal
cancer. Cancer Lett. 396, 94-102.

Lee, D. H., Kim, D. W., Jung, C. H., Lee, Y. J. and Park, D. (2014)
Gingerol sensitizes TRAIL-induced apoptotic cell death of glioblas-
toma cells. Toxicol. Appl. Pharmacol. 279, 253-265.

Li, J., Feng, L. and Lu, Y. (2022) Glioblastoma multiforme: diagnosis,
treatment, and invasion. J. Biomed. Res. 37, 47-58.

Li, Z., Shi, K., Guan, L., Cao, T, Jiang, Q., Yang, Y. and Xu, C.
(2010) ROS leads to MnSOD upregulation through ERK2 trans-
location and p53 activation in selenite-induced apoptosis of NB4
cells. FEBS Lett. 584, 2291-2297.

Liu, C. M., An, L., Wu, Z., Ouyang, A. J., Su, M., Shao, Z,, Lin, Y.,
Liu, X. and Jiang, Y. (2022) 6-Gingerol suppresses cell viability,
migration and invasion via inhibiting EMT, and inducing autophagy
and ferroptosis in LPS-stimulated and LPS-unstimulated prostate
cancer cells. Oncol. Lett. 23, 187.

Liu, H., Wang, L., Lv, M., Pei, R., Li, P., Pei, Z., Wang, Y., Su, W. and
Xie, X. Q. (2014) AlzPlatform: an Alzheimer’s disease domain-spe-
cific chemogenomics knowledgebase for polypharmacology and
target identification research. J. Chem. Inf. Model. 54, 1050-1060.

Lo, H. W. (2010a) EGFR-targeted therapy in malignant glioma: novel
aspects and mechanisms of drug resistance. Curr. Mol. Pharma-
col. 3, 37-52.

Lo, H. W. (2010b) Nuclear mode of the EGFR signaling network: biol-
ogy, prognostic value, and therapeutic implications. Discov. Med.
10, 44-51.

Louis, D. N., Perry, A., Reifenberger, G., von Deimling, A., Figarella-
Branger, D., Cavenee, W. K., Ohgaki, H., Wiestler, O. D., Kleihues,
P. and Ellison, D. W. (2016) The 2016 World Health Organization
Classification of Tumors of the Central Nervous System: a sum-
mary. Acta Neuropathol. 131, 803-820.

Manju, V. and Nalini, N. (2005) Chemopreventive efficacy of ginger, a
naturally occurring anticarcinogen during the initiation, post-initia-
tion stages of 1,2 dimethylhydrazine-induced colon cancer. Clin.
Chim. Acta 358, 60-67.

McCubrey, J. A., Steelman, L. S., Chappell, W. H., Abrams, S. L.,
Wong, E. W. T., Chang, F., Lehmann, B., Terrian, D. M., Milella,
M., Tafuri, A., Stivala, F., Libra, M., Basecke, J., Evangelisti, C.,
Martelli, A. M. and Franklin, R. A. (2007) Roles of the Raf/MEK/
ERK pathway in cell growth, malignant transformation and drug
resistance. Biochim. Biophys. Acta 1773, 1263-1284.

Miller, C. R. and Perry, A. (2007) Glioblastoma. Arch. Pathol. Lab.
Med. 131, 397-406.

Oberley, L. W. (2005) Mechanism of the tumor suppressive effect of
MnSOD overexpression. Biomed. Pharmacother. 59, 143-148.
Pandey, N., Anastasiadis, P., Carney, C. P., Kanvinde, P. P., Wood-
worth, G. F., Winkles, J. A. and Kim, A. J. (2022) Nanotherapeu-
tic treatment of the invasive glioblastoma tumor microenviron-

ment. Adv. Drug Deliv. Rev. 188, 114415.

Park, J. K., Hodges, T., Arko, L., Shen, M., Dello lacono, D., McNabb,
A., Olsen Bailey, N., Kreisl, T. N., lIwamoto, F. M., Sul, J., Auh, S.,
Park, G. E., Fine, H. A. and Black, P. M. (2010) Scale to predict
survival after surgery for recurrent glioblastoma multiforme. J. Clin.
Oncol. 28, 3838-3843.

Promdam, N. and Panichayupakaranant, P. (2022) [6]-Gingerol: a nar-
rative review of its beneficial effect on human health. Food Chem.
Adv. 1, 100043.

Qi, L. W., Zhang, Z., Zhang, C. F., Anderson, S., Liu, Q., Yuan, C.
S. and Wang, C. Z. (2015) Anti-colon cancer effects of 6-shogaol
through G2/M cell cycle arrest by p53/p21-cdc2/cdc25A cross-
talk. Am. J. Chin. Med. 43, 743-756.

Robb, E. L. and Stuart, J. A. (2010) trans-Resveratrol as a neuropro-
tectant. Molecules 15, 1196-1212.

Roshan, M. K., Afshari, A. R., Mirzavi, F., Mousavi, S. H. and Soukhtan-
loo, M. (2023) Combretastatin A-4 suppresses the invasive and
metastatic behavior of glioma cells and induces apoptosis in them:
in-vitro study. Med. Oncol. 40, 331.

Roskoski, R., Jr. (2018) Targeting oncogenic Raf protein-serine/threo-

Limetal. 6-Gingerol Induces Cell Death in Glioblastoma

nine kinases in human cancers. Pharmacol. Res. 135, 239-258.

Salari, Z., Khosravi, A., Pourkhandani, E., Molaakbari, E., Salarkia, E.,
Keyhani, A., Sharifi, |., Tavakkoli, H., Sohbati, S., Dabiri, S., Ren,
G. and Shafie’ei, M. (2023) The inhibitory effect of 6-gingerol and
cisplatin on ovarian cancer and antitumor activity: in silico, in vitro,
and in vivo. Front. Oncol. 13, 1098429.

Sanati, M., Binabaj, M. M., Ahmadi, S. S., Aminyavari, S., Javid, H.,
Mollazadeh, H., Bibak, B., Mohtashami, E., Jamialahmadi, T., Af-
shari, A. R. and Sahebkar, A. (2022) Recent advances in glioblasto-
ma multiforme therapy: a focus on autophagy regulation. Biomed.
Pharmacother. 155, 113740.

Saxena, N., Lahiri, S. S., Hambarde, S. and Tripathi, R. P. (2008) RAS:
target for cancer therapy. Cancer Invest. 26, 948-955.

Simon, A., Darcsi, A., Kéry, A. and Riethmdiller, E. (2020) Blood-
brain barrier permeability study of ginger constituents. J. Pharm.
Biomed. Anal. 177, 112820.

Song, Y., Bi, Z., Liu, Y., Qin, F., Wei, Y. and Wei, X. (2023) Targeting
RAS-RAF-MEK-ERK signaling pathway in human cancer: current
status in clinical trials. Genes Dis. 10, 76-88.

Sp, N., Kang, D. Y., Lee, J. M., Bae, S. W. and Jang, K. J. (2021) Po-
tential antitumor effects of 6-gingerol in p53-dependent mitochon-
drial apoptosis and inhibition of tumor sphere formation in breast
cancer cells. Int. J. Mol. Sci. 22, 4660.

Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B.,
Taphoorn, M. J., Belanger, K., Brandes, A. A., Marosi, C., Bogdahn,
U., Curschmann, J., Janzer, R. C., Ludwin, S. K., Gorlia, T., All-
geier, A., Lacombe, D., Cairncross, J. G., Eisenhauer, E. and Miri-
manoff, R. O. (2005) Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N. Engl. J. Med. 352, 987-996.

Tang, H., Shao, C., Wang, X., Cao, Y, Li, Z., Luo, X., Yang, X. and
Zhang, Y. (2022) 6-Gingerol attenuates subarachnoid hemorrhage-
induced early brain injury via GBP2/PI3K/AKT pathway in the rat
model. Front. Pharmacol. 13, 882121.

Tarin, M., Babaie, M., Eshghi, H., Matin, M. M. and Saljooghi, A. S.
(2023) Elesclomol, a copper-transporting therapeutic agent target-
ing mitochondria: from discovery to its novel applications. J. Transl.
Med. 21, 745.

Tong, S., Xia, M., Xu, Y., Sun, Q., Ye, L., Yuan, F., Wang, Y., Cai, J.,
Ye, Z. and Tian, D. (2023) Identification and validation of a novel
prognostic signature based on mitochondria and oxidative stress
related genes for glioblastoma. J. Transl. Med. 21, 136.

Tsai, C. Y., Ko, H. J., Huang, C. F,, Lin, C. Y., Chiou, S. J., Su, Y. F,,
Lieu, A. S., Loh, J. K., Kwan, A. L., Chuang, T. H. and Hong, Y. R.
(2021) lonizing radiation induces resistant glioblastoma stem-like
cells by promoting autophagy via the Wnt/B-catenin pathway. Life
(Basel) 11, 451.

Tsai, Y., Xia, C. and Sun, Z. (2020) The inhibitory effect of 6-gingerol
on ubiquitin-specific peptidase 14 enhances autophagy-dependent
ferroptosis and anti-tumor in vivo and in vitro. Front. Pharmacol.
11, 598555.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T. D., Mazur, M. and
Telser, J. (2007) Free radicals and antioxidants in normal physi-
ological functions and human disease. Int. J. Biochem. Cell Biol.
39, 44-84.

Weng, C. J., Chou, C. P, Ho, C. T. and Yen, G. C. (2012) Molecu-
lar mechanism inhibiting human hepatocarcinoma cell invasion by
6-shogaol and 6-gingerol. Mol. Nutr. Food Res. 56, 1304-1314.

Wu, D., Liu, Z., Li, J., Zhang, Q., Zhong, P., Teng, T., Chen, M., Xie,
Z., Ji, A. and Li, Y. (2019) Epigallocatechin-3-gallate inhibits the
growth and increases the apoptosis of human thyroid carcinoma
cells through suppression of EGFR/RAS/RAF/MEK/ERK signaling
pathway. Cancer Cell Int. 19, 43.

Xing, M. (2013) Molecular pathogenesis and mechanisms of thyroid
cancer. Nat. Rev. Cancer 13, 184-199.

Yuan, L., Wang, J., Xiao, H., Wu, W., Wang, Y. and Liu, X. (2013)
MAPK signaling pathways regulate mitochondrial-mediated apop-
tosis induced by isoorientin in human hepatoblastoma cancer
cells. Food Chem. Toxicol. 53, 62-68.

Zhang, H., Kim, E., Yi, J., Hai, H., Kim, H., Park, S., Lim, S. G., Kim,
S. Y, Jang, S., Kim, K., Kim, E. K., Lee, Y., Ryoo, Z. and Kim, M.
(2021) [6]-Gingerol suppresses oral cancer cell growth by inducing

www.biomolther.org



Biomol Ther 33(1), 129-142 (2025)

the activation of AMPK and suppressing the AKT/mTOR signaling Suppression of the malignant phenotype of human glioma cells by
pathway. In Vivo 35, 3193-3201. overexpression of manganese superoxide dismutase. Oncogene
Zhong, W., Oberley, L. W., Oberley, T. D. and Clair, D. K. S. (1997) 14, 481-490.

https://doi.org/10.4062/biomolther.2024.084 142



