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Abstract

Objective: Glioblastoma multiforme (GBM), an aggressive
primary brain tumor, distinguished by an invasive growth
pattern and resistance to current therapeutic strategy. This study
investigates the potential of Oxypeucedanin (OP) as a natural
compound to induce apoptosis and inhibit proliferation in T98G
GBM cells, either alone or in combination with Temozolomide
(TMZ).

Materials and Methods: T98G cells were exposed to OP and TMZ
individually and in combination. Then, cell viability (MTT assay),
cell proliferation (using trypan blue), mRNA expression (qRT-
PCR), Cell cycle and apoptosis (flow cytometry), and migration
(wound healing assay) were evaluated.

Results: The viability assays revealed that both OP and less
potentially TMZ decreased cell viability in a time- and dose-
dependent manner. Notably, the combination of OP and TMZ
demonstrated synergistic effects, substantially enhancing apoptosis
rates while reducing proliferation, as evidenced by reduced cell
growth rates and altered cell cycle distribution towards G2/M arrest.
Additionally, gene expression analysis indicated increased Bax/Bcl-
2 ratios and decreased Ki-67 levels, suggesting enhanced apoptotic
susceptibility and lowered proliferation capacity. Furthermore, the
wound healing assay confirmed reduced migration in T98G cells,
particularly in the combination treatment group.

Conclusion: This study suggests the potential of OP as a
complementary therapeutic agent alongside TMZ for GBM
treatment.
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Introduction

Glioblastoma multiforme (GBM) is an
extremely aggressive primary brain tumor,
characterized by its heterogeneous biology,
infiltrative nature, and resistance to
chemotherapy (Ostrom et al. 2019).
Without treatment, patients typically
survive for less than three months. Current
therapeutic options including
chemotherapeutic agents, radiation therapy,
and surgical intervention, only modestly
extend survival, with long-term survival
rates remaining below 10% (Fernandes et
al. 2017; Stupp et al. 2009). Temozolomide
(TMZ) is the standard first-line
chemotherapeutic drug for treatment of
GBM; however, its effectiveness is
hindered by factors such as the
overexpression of O°-methylguanine DNA
methyltransferase (MGMT) and the
existence of various genetic mutations and
repair mechanisms in tumor cells (Gajjar et
al. 2022; Messaoudi et al. 2015; Singh et al.
2021; Stupp et al. 2005; Stupp et al. 2017).
Therefore, recent research has focused on
developing new therapeutic agents to
overcome this resistance. Previous studies
have shown that coumarins possess
properties that can counteract TMZ
resistance (Pibuel et al. 2021; Sumorek-
Wiadro et al. 2020).

Plant-derived phytochemicals which
are biologically active compounds, have
gained attention as possible therapeutic
agents due to their ability to influence
various cellular mechanisms associated
with GBM development (Baliyan et al.
2024). Furanocoumarin compounds are
natural substances that show potential in the
treatment of GBM (Huang et al. 2024;
Wang et al. 2023). One such compound is
oxypeucedanin (OP), derived from plants in
the Apiaceae and Rutaceae families.
Certain plants containing OP are commonly
used in food. Examples include the leaves
of  Anethum  graveolens,  Angelica
archangelica, Prangos species, and
Ferulago species, as well as well-known
citrus fruits. In traditional medicine,
Angelica dahurica roots have been utilized

in China for relieving toothaches and
treating the common cold, while in Iran, the
leaves of Prangos have been employed as
an anthelmintic and carminative remedy
(Mottaghipishen  2021). OP exhibits
multiple biological activities, including
anti-cancer effects. OP has demonstrated
the ability to induce apoptosis in cancer
cells with minimal toxicity to normal cells
and has possible synergistic potential with
conventional chemotherapy drugs like
doxorubicin  (Escoubas et al. 1992;
Mottaghipisheh 2021; Mottaghipisheh et al.
2018; Seo et al. 2013). One of the
mechanisms by which OP can reverse
multidrug resistance is the inhibition of the
efflux pump (Mottaghipisheh et al. 2018).

As far as we know, no study has
examined the therapeutic properties of OP
on GBM cells. Furthermore, since
coumarins enhance the TMZ-sensitivity of
GBM cells and OP exhibits anticancer
effects, we designed this study to
investigate the potential of OP in inducing
apoptosis and inhibiting proliferation and
migration in TMZ-resistant T98G GBM
cells, emphasizing the need for novel
therapeutic strategies in GBM
management.

Materials and Methods
Chemicals and cell lines

High-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM-HG), Non-
Essential Amino Acids (NEA), trypsin-
EDTA, penicillin-streptomycin, and Fetal
Bovine Serum (FBS) were obtained from
Gibco (Grand Island, NY, USA). OP was
provided by Golexir Pars Company
(Mashhad, Iran). The dichloro-dihydro-
fluorescein diacetate (DCFDA)/H2DCFDA
cellular ROS detection assay kit was
sourced from Abcam (Cambridge, UK).
Annexin V-FITC assay kits and TMZ were
purchased from Cayman Chemical
(Michigan, MI, USA). Except when stated
otherwise, all other reagents were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

Epub ahead of print 2



Oxypeucedanin - temozolomide Synergy in Glioblastoma Cells

The normal Human Foreskin Fibroblast
(HFF) cells and T98G GBM cell line were
used in current research. To sustain their
proliferation, the cells were cultured in T75
filter cap flasks. The T98G cells were
maintained in DMEM-HG (containing 2
mM glutamine) plus 1% NEA, while the
HFF cells were cultured in DMEM-HG
alone. Both media were supplemented with
10% FBS. The cells were kept at 37°C in a
humidified incubator with 5% carbon
dioxide and minimal light exposure. The
culture medium was replaced every 2 days,
and passaging was conducted when the cell
population reached around  90%
confluency.

Cell culture and viability assay

Cell viability examination was
evaluated by the MTT assay. Briefly, T98G
(1.2 x 10* cells per well) and HFF (1.5 x
10* cells per well) were plated in 96-well
plates and allowed to incubate overnight at
37°C with 5% carbon dioxide. The cells
were then  exposed to  various
concentrations of OP (ranging from 0 to
500 uM) and TMZ (ranging from O to 1000
uM) for 24, 48, and 72 hr. Following
treatment, MTT was introduced into each
well and left to incubate for three hours.
The formed formazan crystals were then
dissolved in DMSO solution, and
absorbance was recorded at 570 nm using
an Epoch ELISA reader. The values of
IC50 were determined utilizing GraphPad
Prism® 8.2.1 software.

Combined drug effect analysis

T98G cells were plated in 96-well
plates at a concentration of 1.2 x 10* cells
per well and exposed to different
concentrations of OP and TMZ. Each
treatment was carried out in triplicate, and
cell ~ viability was assessed. The
combination index (CI) was calculated
using CalcuSyn software (Cambridge, UK)
to assess whether the drug combinations
had synergistic (Cl<1), additive (CI=1), or
antagonistic (C1>1) effects.

Cell proliferation assay

Cell proliferation was evaluated by the
trypan blue dye exclusion method (Funk
and Musa 2021). T98G cells (4 x 10* cells
per well) were seeded in 12-well plates and
exposed to OP (50 uM), TMZ (260 pM),
and a combination of both (50 uM OP + 260
UM TMZ). Following exposure of 24, 48,
72, and 96 hr, cells were trypsinized, mixed
with 0.4% trypan blue, and the number of
viable and nonviable cells was determined
by a hemacytometer. Cell counts were
calculated as follows:

Total cells = Unstained viable cells x
dilution factor x 10*

In addition, the growth rate of T98G
cells were calculated as follow:

Growth ~ Rate  (cells’/hour) =
Finall cell number .
<+ Duration

Initial cell number

Annexin V-FITC and cell cycle analysis

TI98G cells (2.5 x 10°) were seeded in
12-well plates and exposed to OP (50 uM),
TMZ (260 puM), and a combination of both
(50 UM OP + 260 uM TMZ) for 72 hr. For
annexin V-FITC, cells were trypsinized,
washed with incubation buffer, stained with
annexin V-FITC and propidium iodide (PI),
and incubated in the dark for 10 min.

For the purpose of cell cycle analysis,
the cells were first trypsinized, then fixed in
70% ethanol at 4°C for 2 hr. Washed with
Phosphate-buffered saline (PBS), they were
stained with a solution of Pl containing
Triton X-100, RNase, PI, and sodium
citrate. Flow cytometry was performed on
10,000 cells by a BD FACSCALIBUR™
flow cytometer (Becton Dickinson, USA).
For analyzing the data, FlowJo software
was utilized.

Quantitative real-time polymerase chain
reaction (QRT-PCR)

The expression of MRNA was assessed
using gRT-PCR to -evaluate mRNA
expression for Bax, Bcl-2, and ki67 after
RNA extraction and cDNA synthesis from
T98G cells treated with OP (50 pM), TMZ
(260 pM), and a combination of TMZ and
OP (50 uM OP + 260 uM TMZ) for 72 hr
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as described previously (Qoorchi Moheb
Seraj et al. 2022).

Scratch wound healing assay

The scratch wound healing assay was
conducted to evaluate the anti-migration
properties of OP (25 uM), TMZ (130 uM),
and their combination (25 uM OP + 130
MM TMZ). The impacts of the drugs on
migration of cell were assessed by creating
wounds in cell monolayers and observing
healing over 2 and 24 hr, with analysis
performed using Fiji ImageJ software.

Measurement of reactive oxygen species
(ROS) generation

The impact of OP (50 uM), TMZ (260
pUM), and a combination of TMZ and OP
(50 uM OP + 260 pM TMZ) on ROS
production in T98G cells was evaluated
using the H2DCFDA assay following the
manufacturer's instructions. The
fluorescence intensity was measured by a
Victor X5 Multilabel Plate Reader
(Excitation/Emission: 485/535 nm).

Toxicity and pharmacokinetic properties
of OP

The toxicity profile of OP was
evaluated using the online tool ProTox-Il,
which assesses various toxicity aspects
including  cytotoxicity, hepatotoxicity,
carcinogenicity and mutagenicity,
immunotoxicity, and adverse outcome
pathways (Tox21). ProTox-1l employs
molecular  similarity,  pharmacophore
modeling, fragment analysis, and machine
learning algorithms to predict toxicity
endpoints.  Additionally, computational
analyses of OP’s  pharmacokinetic
properties were conducted using the
SwissADME server, focusing on its
permeability across the blood-brain barrier,
gastrointestinal absorption, designation as a
P-glycoprotein (P-gp) substrate, and its
inhibitory effects on several cytochrome
P450 enzymes (CYP1A2, CYP2C9,
CYP2C19, CYP3A4, and CYP2D6).

Statistical analysis

For data analysis, GraphPad Prism®
8.2.1 was used, applying the Kruskal-
Wallis test followed by Dunn’s post hoc test
for pairwise comparisons. The threshold for
statistical significance was set at p<0.05.
The results are presented as the mean to
represent the central tendency and the
standard deviation to indicate the data
distribution.

Results
OP and TMZ reduced cell viability in a
concentration-dependent manner

The viability assay results showed that
OP and TMZ could decrease the viability of
T98G GBM cells in a time and
concentration-dependent manner. As it has
been shown in Figure 1E and 1A, both TMZ
and OP decreased the viability of T98G
cells, with an 1Cs value of 980 uM and 260
uM  following 48 hr of exposure,
respectively. Moreover, the ICso value for
TMZ and OP following 72 hr exposure was
520 uM and 100 uM, respectively (Table
1).

To evaluate the toxicity of OP on
normal cells, we exposed HFF cells to OP
for 72 hr. Microscopic images shown in
Figure 1D demonstrated that OP at the 1Cxso
dose for T98G cells (260 pM) had little
impact on HFF cells, with minimal
detachment and shrinkage observed. The
ICso of OP for HFF cells after 72 hr of
treatment was also determined to be about
500 uM (Figure 1C), indicating that OP is
less toxic to normal HFF cells compared to
cancerous T98G cells.

Table 1. The ICso value of TMZ and OP after 24, 48,
and 72 hr of T98G and HFF cells treatment

Cells Compound 24 hr  48hr 72 hr
T98G T™MZ (M) - ~980 ~520
T98G OP (UM) >500 260 100

HFF OP (UM) - - ~500

Epub ahead of print 4
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Figure 1. Cytotoxic effects of (A and C) OP and (E) TMZ at varying doses on T98G and HFF cells. Cell
viability following treatment of HFF and T98G cells was evaluated using MTT viability assay method. The
phase contrast images of (B) T98G and (D) HFF cells after 48 hr of treatment with 1Csq of OP (260 uM).

(10x magnification) (Mean £ SD).

OP had synergistic effect with TMZ

The MTT assay‘s results showed that
both OP and TMZ exhibited minimal
toxicity at doses below the 1Cso. However,
when used together at the same
concentrations, the combination notably
reduced the proliferation of T98G GBM
cells. The combination treatment displayed
a synergistic effect (Cl<1) across all doses
tested. Specifically, using 50 uM of OP and
260 uM of TMZ resulted in a low CI value
and approximately 50% reduction in cell
viability, leading to the selection of these
concentrations for further study (Figure 2).

OP alone or more potentially in
combination with TMZ decreased the
proliferation of GBM cells

The results of trypan blue dye exclusion
method showed that T98G cells proliferate
in a time dependent manner with growth
rate of 0.042 £ 0.006 cells/hour after 96 hr.
However, TMZ and more potently OP
decreased the proliferation of T98G cells
after 96 hr. A combination OP with TMZ
also more potentially and significantly
decreased the proliferation of T98G cells
compared to control (Figure 3). TMZ and
OP could also decrease the growth rate of
T98G cells to 0.032 + 0.006 cells/hour and
0.021 + 0.014 cells/hour after 72 hr,
respectively. The results also showed that a
combination of TMZ with OP after 96 hr
could more potentially decrease the growth
rate of T98G cells to 0.004 + 0.008
cells/hour (Table 2).
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Figure 2. In the T98G cell line, the combined treatment of OP and TMZ resulted in a synergistic effect.
(A) Phase-contrast images of T98G cells captured after 72 hr of exposure to OP (50 uM), TMZ (260
pUM), and their combination (10x magnification). (B) Cells were cultured with OP and TMZ
individually and in combination, demonstrating a significant increase in cytotoxicity with the combined
treatment. Data are expressed as mean + SD. The dose-response relationship was assessed using the
CalcuSyn software, and the combination index (Cl) was calculated. The CI value quantitatively
determines the interaction type, where ClI < 1 indicates synergy, Cl = 1 represents an additive effect,
and CI > 1 suggests antagonism.
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Figure 3. Trypan blue dye exclusion method was used to show T98G cells
proliferation following treatment with OP (50 puM), TMZ (260 pM), and a
combination of both compared to untreated control group after 24, 48, 72,
and 96 hr.

Table 2. The growth rate (Cells/hour) of T98G cells was
calculated after 72 and 96 hr following treatment with OP (50
UM), TMZ (260 pM), and a combination of both.

Growth Rate (Cells/hour)

Groups 241072 hr 2410 96 hr

Control 0.0407 £ 0.008 0.042 % 0.006
TMZ (260 uM) 0.032 + 0.007 0.032 + 0.006
OP (50 uM) 0.017 +0.018 0.021 +0.014
Combination 0.001 + 0.016 0.004 + 0.008
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OP alone or in combination with TMZ
increased the amount of apoptotic cells

The annexin V-FITC/PI apoptosis assay
was employed to assess the early and late
stages of apoptosis in T98G cells after
exposure to TMZ, OP, and their
combination. Figure 4A illustrates the data,
showing that the amount of late apoptotic
cells increased from 3.30% in control to
14.3% in TMZ treatment group and 21.2%
in OP-treated group. Moreover, when
T98G cells were exposed to the
combination of TMZ and OP, a
considerable elevation in the number of late
apoptotic cells (42.2%) was observed
(Figure 4B).

A Control

TMZ (260 pM)

OP alone or in combination with TMZ
increased the amount of G2/M cell cycle
arrest

The results of the current research
showed that treatment of T98G cells with
TMZ and OP caused a substantial cell cycle
arrest in G2/M Phase (Figure 5B). When
T98G cells were treated with TMZ and OP,
the amount of cells in G2/M phase of cell
cycle from 47.94% in control group reached
58.71% in TMZ and 71.29% in OP-treated
group. Moreover, combination therapy of
TMZ with OP caused higher accumulation
of cells in the G2/M phase. The proportion
of cells in combination treatment group
reach to 82.53% (Figure 5A).

OP (50 uM) Combination

I Q2 o
184% 330%

FL2-H

PI u'ff:

4 {01 [+7]
120% Q2%

FL2-H

Annexin V-FITC

150

100

=3 Necrosis
B3 Late apoptosis

50

Percent of cells (%)

()=

Control TMZ

=3 Early apoptosis
W Live

or Combination

Figure 4. (A) T98G cells were stained with annexin V-FITC and PI, then analyzed via flow cytometry to
assess apoptosis and necrosis following treatment with OP (50 pM), TMZ (260 uM), and their
combination. The x-axis and y-axis represent annexin V-FITC and PI staining, respectively. The diagram
categorizes cells into four quadrants: Q4 (live cells), Q3 (early apoptotic cells), Q2 (late apoptotic cells),
and Q1 (necrotic cells). (B) T98G cells exposed to the combined treatment of OP (50 uM) and TMZ (260
1M) exhibited a notable higher proportion of early and late apoptotic cells compared to the control and

single-treatment groups.
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Figure 5. (A) The impact of OP (50 uM), TMZ (260 uM), and their combination on the cell cycle of T98G cells
was analyzed after 72 hr of treatment. (B) T98G cells exposed to the combined treatment of OP (50 uM) and TMZ
(260 uM) exhibited a considerable increased accumulation in the G2/M phase compared to the control and single-

treatment groups, indicating enhanced cell cycle arrest.

OP alone or in combination with TMZ
modulated the mRNA expression of
apoptotic and proliferative genes
RT-PCR analysis was conducted to
examine the key gene expression related to
cell proliferation and cell apoptosis. The
Bax/Bcl2 mRNA expression ratio was used
as an indicator of apoptosis susceptibility,
and its level significantly increased
following treatment with OP alone and in
combination of OP with TMZ (Figure 6A).
In addition, combination of TMZ with OP
significantly decreased the Ki-67 mRNA
expression, a well-known marker of cell
proliferation (Figure 6B).

Combination of OP with TMZ decreased
the migration and proliferation of T98G
cells

The scratch wound healing assay was
utilized to evaluate the effects of OP, TMZ,
and the co-treatment of them on T98G cell
migration. As depicted in Figure 7A, all
groups, including OP, TMZ, and their
combination, led to a reduction in T98G
cell migration after 24 hr (Figure 7B).
Moreover, co-treatment more notably

decreased the migration of T98G cells after
24 and 48 hr.

A *
* %
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~
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= 0.0 T T
X Control T™Z oP Combination

Groups
Figure 6. T98G glioblastoma cells were exposed to
OP (50 pM), TMZ (260 puM), or their combination
for 72 hours. Following treatment, cells were
collected for qRT-PCR analysis to evaluate the gene
expression levels of (A) the Bax/Bcl-2 ratio and (B)
Ki-67. Data are expressed as mean * standard
deviation. (*p<0.05, **p<0.01, and ***p<0.001
compared to the control). (n=4).
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Figure 7. The impact of OP (25 uM), TMZ (130 puM), and their combination on T98G cell
migration was evaluated using a wound-healing assay. (A) Phase-contrast microscopy was used
to capture images of wound closure. (B) After 24 and 48 hr, the results indicated that combination
therapy substantially reduced cell migration. The data were normalized to account for cell

proliferation percentages.

The co-treatment of OP and TMZ
induced a significant increase in ROS
production

To evaluate the role of ROS in
cytotoxicity induced by TMZ, OP, or their
co-treatment, we evaluated ROS levels
after 4 hr. The results presented in Figure 8
indicated that neither OP nor TMZ
significantly affected ROS production.
However, treatment of T98G cells with the
combination of both compounds for 4 hr led
to a significant increase in ROS levels
compared to the control. Likewise, Tert-
Butyl hydroperoxide (TBHP), used as a
positive control, also caused a significant
elevation in ROS generation.

Toxicity and pharmacokinetic properties
of OP

The online server ProTox-Il was
utilized to predict several toxicity metrics
of OP. OP falls into the Class 5 toxicity
category, with a median oral lethal dose
(LD50) of 3800 mg/kg. Additionally, as
shown in the radar chart presented in Figure
8, OP showed active toxicity with
probability more than 0.7 for Blood brain
barrier (BBB)-barrier-toxicity and
neurotoxicity. With lower probability than
0.7 it showed to have probable respiratory
and clinical toxicity (Figure 9).

The pharmacokinetic profile of OP was
also analyzed, revealing that it exhibits high
gastrointestinal ~ absorption and is
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anticipated to cross the BBB. OP was also polar surface area (TPSA) and Consensus
predicted to be the inhibitor of P-gp Log Po/w was predicted to be 65.11 and
substrate and cytochrome P450 enzymes 2.72, respectively.

(Table 3). Also, the amount of topological
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Figure 8. After 4 hr of treatment, the impact of OP (50 uM), TMZ (260
UM), and their combination on reactive oxygen species (ROS)
generation in T98G cells was assessed using DCFDA, a fluorogenic
dye. Additionally, 100 uM of tert-Butyl hydroperoxide (TBHP) was
used as a positive control. The findings demonstrated that ROS
production was significantly elevated in the combination treatment
group compared to the control (*p<0.05, **p<0.01). (n=3).

Table 3. The pharmacokinetic properties of oxypeucedanin.

Gl BBB P-gp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
absorption permeant substrate inhibitor inhibitor inhibitor inhibitor inhibitor
High Yes Yes Yes Yes Yes Yes Yes

Gl, Gastrointestinal; P-gp, P-glycoprotein; CYP, cytochrome P450
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Figure 9. The toxicity radar chart illustrate the confidence of positive toxicity results for OP in
blue compared to the average for active molecule of its class in orange.

Epub ahead of print 10



Oxypeucedanin - temozolomide Synergy in Glioblastoma Cells

Discussion

GBM is a highly malignant brain tumor
that causes significant challenges in
oncology due to its resistance to
conventional therapies. The standard
treatment, TMZ, often faces issues of
efficacy due to the tumor’s aggressive
biology and the resistance development
(Binabaj et al. 2018; Vahedi et al. 2023).
Previous studies have suggested that OP, a
coumarin  derivative, may enhance
treatment outcomes for GBM
(Almohammed et al. 2024b; Choi et al.
2011; Kim et al. 2007; Liu et al. 2016). The
current research sheds light on the potential
beneficial effects of OP and TMZ-OP co-
treatment on the GBM cell line.

In initial assessments, OP demonstrated
cytotoxic effects on GBM cells, with an
IC50 value of approximately 260 UM over
48 hours. In contrast, its IC50 for normal
cells was around 500 pM, indicating a
selective effect against tumor cells
compared to normal fibroblast cells. This
specificity aligns with previous studies
demonstrating OP’s ability to inhibit a
variety of malignancies, including colon
and neuroblastoma cancer cells (Al-
shuwaili et al. 2023; Almohammed et al.
2024b; Choi et al. 2011). In addition,
combination therapy with OP and TMZ
significantly reduced GBM cell viability,
suggesting its potential as an adjunct
treatment for GBM.

The mechanism of OP’s anti-cancer
effect appears to involve modulation of the
apoptotic pathways, specifically through
the Bcl-2 family of proteins. The research
indicated that treatment with OP increased
the Bax/Bcl-2 mRNA expression ratio,
suggesting a promotion of apoptosis (Al-
shuwaili et al. 2023; Qian et al. 2022).
Additionally, the combination of OP and
TMZ was shown to enhance reactive
oxygen species (ROS) production, linking
oxidative stress to apoptotic signaling. This
was also evident through enhanced
apoptotic activity, as indicated by an
increased population of apoptotic cells in
the flow cytometry analysis. In line with

our findings, a study that used a nano-
chitosome form of OP on the colorectal
cancer cell line HT-29 found that treatment
with nano-chitosome-OP induced apoptosis
(verified by AO/PI staining) by increasing
the expression of caspase-3 and caspase-9
(Almohammed et al. 2024a).

Moreover, accumulation of cells in the
G2/M phase was induced by OP treatment,
which disrupts the rapid proliferation
characteristic of GBM cells. This regulation
is crucial, given that tumor cells often
exhibit dysregulated cell division, leading
to genomic instability. Previous studies
corroborate these findings by displaying
similar effects of OP in other cancer types
(Kang et al. 2009; Park et al. 2020).
Furthermore, based on previous evidence,
OP-induced G2/M phase cell cycle arrest
was linked to the reduced expression of
checkpoint proteins such as cyclin E, cyclin
B1, cdc25c, and cdc2 along with the
increased expression of p-chkl (Park et al.
2020).

The Ki-67 expression, a marker for
cellular proliferation, was significantly
reduced when GBM cells were treated with
the OP and OP-TMZ co-treatment. This
reduction  further  emphasizes  the
synergistic potential of OP in combination
with TMZ for effective GBM management
(Armocida et al. 2020; Mrouj et al. 2021).
A synergistic effect of OP on growth
inhibition was observed in hepatoma cells,
where  co-treatment with OP and
gemcitabine suppressed the proliferation of
SK-Hep-1 cells (Park et al. 2020).

Notably, OP’s potential ability to
inhibit  P-glycoprotein  (P-gp) and
cytochrome P450 enzymes could also
contribute to overcoming drug resistance in
GBM treatment. OP counteracts P-gp-
mediated drug transport by reducing the
MRNA levels of P-gp and its subsequent
protein expression, as well as inhibiting P-
gp activity (Dong et al. 2018). Alongside
impacting cell proliferation and apoptosis,
OP markedly diminished the migratory
capabilities of T98G cells, which is crucial
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considering the invasive nature of GBM
(Liu et al. 2016).

While promising, the study
acknowledges its limitations, as all
experiments were carried out in vitro
(T98G cell lines), which may not
completely simulate the tumor
microenvironment in vivo. Potential organ
toxicity, particularly neurotoxicity,
necessitates further investigation in a living
model. Additionally, exploring the long-
term impacts and resistance mechanisms of
OP and TMZ in GBM therapy remains
essential for advancing treatment strategies.

This study suggests OP as a potential
adjunct therapy for GBM, demonstrating
significant anti-cancer effects, particularly
when combined with TMZ. The findings
invite further exploration into its utility in
clinical settings, aiming at optimizing
outcomes for GBM patients.

Acknowledgment

We would like to thank the Clinical
Research Development Unit, Imam Reza
Hospital, Mashhad University of Medical
Sciences, for their assistance in this
manuscript.

Conflicts of interest
The authors declare that there is no
conflict of interest.

Funding

This study supported by Mashhad
University of Medical Sciences (grant
number: 4022552)

Ethical approval

The study was approved by Ethics
Committee of Mashhad University of
Medical Sciences
(IR.MUMS.IRH.REC.1403.021).

Code of Ethics
(IR.MUMS.IRH.REC.1403.021)

Authors’ Contributions
AB, PY, FA-M, and MS: Methodology,
Conceptualization, Investigation, Software,

Formal analysis, Writing - Original Draft;
GP, MaS and FAMA: Investigation,
Validation, Writing - review & editing;
AfB: Project administration, Methodology,
Conceptualization, Supervision, Resource,
Funding acquisition. All Authors read and
confirmed the manuscript.

Research Involving Humans and Animal
Statement

The research does not involve humans
and animals.

Informed Consent
Not Applicable.

References

Al-shuwaili ZAH, Homayouni Tabrizi M,
Ghobeh M (2023) Preparation of
oxypeucedanin-loaded PLGA-chitosan
nanoparticles:  Cytotoxicity, apoptosis
induction, and anti-angiogenic effects.
Journal of Drug Delivery Science and
Technology 82:104303
doi:https://doi.org/10.1016/j.jddst.2023.10
4303

Almohammed MAO, Meshkani S, Homayouni
Tabrizi M, Sharbatiyan M, Nasiraei
Haghighi H (2024a) Anti-proliferative
activity of chitosan-coated oxypeucedanin
nano-chitosomes (COPD-NCs) against
human HT-29 colon cancer cells: in vitro
study. Naunyn Schmiedebergs Arch
Pharmacol 397(4):2133-2143
doi:10.1007/s00210-023-02748-3

Almohammed MAO, Meshkani S, Homayouni
Tabrizi M, Sharbatiyan M, Nasiraei
Haghighi H (2024b) Anti-proliferative
activity of chitosan-coated oxypeucedanin
nano-chitosomes (COPD-NCs) against
human HT-29 colon cancer cells: in vitro
study. Naunyn-Schmiedeberg's Archives of
Pharmacology 397(4):2133-2143

Armocida D, Frati A, Salvati M, Santoro A,
Pesce A (2020) Is Ki-67 index
overexpression in IDH wild type
glioblastoma a predictor of shorter
Progression Free survival? A clinical and
Molecular analytic investigation. Clinical
Neurology and Neurosurgery 198:106126

Baliyan D, Sharma R, Goyal S, Chhabra R,
Singh B (2024) Phytochemical strategies in

Epub ahead of print 12



Oxypeucedanin - temozolomide Synergy in Glioblastoma Cells

glioblastoma  therapy: Mechanisms,
efficacy, and future perspectives. Biochim
Biophys  Acta Mol Basis Dis
1871(3):167647
doi:10.1016/j.bbadis.2024.167647

Binabaj MM, Bahrami A, ShahidSales S, et al.
(2018) The prognostic value of MGMT
promoter methylation in glioblastoma: a
meta-analysis of clinical trials. Journal of
cellular physiology 233(1):378-386

Choi J-S, Shin H-Y, Kwon K-S, et al. (2011)
Effects of oxypeucedanin on global gene
expression and MAPK signaling pathway
in mouse neuroblastoma Neuro-2A cells.
Planta medica 77(13):1512-1518

Dong W, Liao ZG, Zhao GW, et al. (2018)
Reversal Effect of Oxypeucedanin on P-
glycoprotein-mediated Drug Transport.
Molecules 23(8)
doi:10.3390/molecules23081841

Escoubas P, Fukushi Y, Lajide L, Mizutani J
(1992) A new method for fast isolation of
insect antifeedant compounds from
complex mixtures. J Chem Ecol
18(10):1819-32 d0i:10.1007/bf02751106

Fernandes C, Costa A, Osorio L, et al. (2017)
Current Standards of Care in Glioblastoma
Therapy. In: De Vleeschouwer S (ed)
Glioblastoma. Codon Publications
Copyright: The Authors., Brisbane (AU)

Funk CM, Musa J (2021) Proliferation
Assessment by Trypan Blue Exclusion in
Ewing Sarcoma. Methods Mol Biol
2226:151-158  doi:10.1007/978-1-0716-
1020-6_11

Gajjar A, Mahajan A, Abdelbaki M, et al.
(2022) Pediatric Central Nervous System
Cancers, Version 2.2023, NCCN Clinical
Practice Guidelines in Oncology. J Natl
Compr Canc Netw 20(12):1339-1362
d0i:10.6004/jnccn.2022.0062

Huang H, Zhang J, Wu J, et al. (2024) Bergaptol
inhibits glioma cell proliferation and
induces apoptosis via STAT3/Bcl-2
pathway. Anticancer Drugs 35(6):535-541
d0i:10.1097/cad.0000000000001603

Kang TJ, Lee SY, Singh RP, Agarwal R, Yim
DS (2009) Anti-tumor activity of
oxypeucedanin from Ostericum koreanum
against human prostate carcinoma DU145
cells. Acta Oncologica 48(6):895-900

Kim YK, Kim YS, Ryu SY (2007)
Antiproliferative effect of furanocoumarins
from the root of Angelica dahurica on
cultured human tumor cell lines.

Phytotherapy Research 21(3):288-290

Liu Y, Peng T-S, Hu X-D, et al. (2016)
Oxypeucedanin  hydrate  monoacetate
isolated from Angelica dahurica induces
apoptosis in Caco-2 colon carcinoma cells
through the mediation of PI3K-signalling
pathway and inhibition of cancer cell
migration. ||| Bangladesh Journal of
Pharmacology 11(2):402-407

Messaoudi K, Clavreul A, Lagarce F (2015)
Toward an effective strategy in
glioblastoma treatment. Part I: resistance
mechanisms and strategies to overcome
resistance of glioblastoma to
temozolomide. Drug Discovery Today
20(7):899-905
doi:https://doi.org/10.1016/j.drudis.2015.0
2.011

Mottaghipisheh J (2021) Oxypeucedanin:
Chemotaxonomy, Isolation, and
Bioactivities.  Plants  (Basel)  10(8)
doi:10.3390/plants10081577

Mottaghipisheh J, Nové M, Spengler G, Kusz
N, Hohmann J, Csupor D (2018)
Antiproliferative and cytotoxic activities of
furocoumarins of Ducrosia anethifolia.
Pharm Biol 56(1):658-664
doi:10.1080/13880209.2018.1548625

Mrouj K, Andrés-Sanchez N, Dubra G, et al.
(2021) Ki-67 regulates global gene
expression and promotes sequential stages
of carcinogenesis. Proceedings of the
National Academy of Sciences
118(10):e2026507118

Ostrom QT, Cioffi G, Gittleman H, et al. (2019)
CBTRUS Statistical Report: Primary Brain
and Other Central Nervous System Tumors
Diagnosed in the United States in 2012-
2016. Neuro Oncol 21(Suppl 5):v1-v100
d0i:10.1093/neuonc/noz150

Park SH, Hong J-Y, Park HJ, Lee SK (2020)
The  Antiproliferative  activity  of
oxypeucedanin via induction of G2/M
phase cell cycle arrest and p53-dependent
MDM2/p21 expression in human hepatoma
cells. Molecules 25(3):501

Pibuel MA, Diaz M, Molinari Y, et al. (2021)
4-Methylumbelliferone as a potent and
selective antitumor drug on a glioblastoma
model. Glycobiology 31(1):29-43
doi:10.1093/glycob/cwaa046

Qian S, Wei Z, Yang W, Huang J, Yang Y,
Wang J (2022) The role of BCL-2 family
proteins in regulating apoptosis and cancer
therapy. Frontiers in oncology 12:985363

Epub ahead of print 13



Abderamet al.

Qoorchi Moheb Seraj F, Heravi-Faz N, Soltani
A, et al. (2022) Thymol has anticancer
effects in U-87 human malignant
glioblastoma cells. Molecular biology
reports 49(10):9623-9632

Seo WD, Kim JY, Ryu HW, et al. (2013)
Identification and characterisation of
coumarins from the roots of Angelica
dahurica and their inhibitory effects against
cholinesterase. Journal of Functional Foods
5(3):1421-1431
doi:https://doi.org/10.1016/j.jff.2013.05.01
1

Singh N, Miner A, Hennis L, Mittal S (2021)
Mechanisms of temozolomide resistance in
glioblastoma - a comprehensive review.
Cancer Drug Resist 4(1):17-43
d0i:10.20517/cdr.2020.79

Stupp R, Hegi ME, Mason WP, et al. (2009)
Effects of radiotherapy with concomitant
and adjuvant temozolomide  versus
radiotherapy alone on survival in
glioblastoma in a randomised phase IlI
study: 5-year analysis of the EORTC-NCIC
trial.  Lancet Oncol  10(5):459-66
d0i:10.1016/s1470-2045(09)70025-7

Stupp R, Mason WP, van den Bent MJ, et al.

(2005) Radiotherapy plus concomitant and
adjuvant temozolomide for glioblastoma. N
Engl J Med 352(10):987-96
d0i:10.1056/NEJM0a043330

Stupp R, Taillibert S, Kanner A, et al. (2017)
Effect of Tumor-Treating Fields Plus
Maintenance Temozolomide VS
Maintenance Temozolomide Alone on
Survival in Patients With Glioblastoma: A
Randomized  Clinical  Trial. Jama
318(23):2306-2316
doi:10.1001/jama.2017.18718

Sumorek-Wiadro J, Zajac A, Badziul D, et al.
(2020) Coumarins modulate the anti-
glioma properties of temozolomide. Eur J
Pharmacol 881:173207
doi:10.1016/j.ejphar.2020.173207

Vahedi MM, Shahini A, Mottahedi M, et al.
(2023) Harmaline exerts potentially anti-
cancer effects on U-87 human malignant
glioblastoma cells in vitro. Molecular
Biology Reports 50(5):4357-4366

Wang M, Xing S, Jia J, et al. (2023) Angelicin
impedes the progression of glioblastoma
via inactivation of YAP signaling pathway.
Biomed Pharmacother 161:114462
d0i:10.1016/j.biopha.2023.114462

Epub ahead of print 14



