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Introduction

Abstract

Introduction: Glioblastoma (GBM), which
is a heterogeneous and aggressive type of
brain tumor, is known for its poor survival
outcomes. The treatment of GBM remains
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challenging primarily due to the drug , |
resistance to the current standard therapeutic 4 el i | I Teases
option, temozolomide (TMZ). Researchers W I

are currently focusing on developing an I Lo 3‘“

appropriate alternative ~ combinatorial
therapeutic to enhance treatment outcomes.
D-limonene (DL) is a monoterpene derived

from citrus fruit. This study aims to assess oture
the impact of combining DL with TMZ and

explore its potential mechanism of action in U87MG and LN229 GBM cells.

Methods: The effects of the combined treatment of DL and TMZ were assessed on various
cellular aspects, including cell viability, anchorage-independent cell growth, and DNA damage.
Furthermore, the influence of this combination on cell cycle progression, cell migration, and cell
death was also investigated.

Results: The combination of DL+TMZ demonstrated a synergistic effect, resulting in reduced cell
proliferation and suppressing the colony formation ability of a single cell. Treatment with DL and
TMZ arrested the cells in GO/G1 phase. Furthermore, the DL+ TMZ combination induced apoptosis
by upregulating the expression of Bax, and Caspase (CASP)-3, while reducing the expression of the
Bcl-2 gene in GBM cells. In addition, the combined treatment of DL+TMZ significantly decreased
the expression of matrix metalloproteinase (MMP)-2 and MMP-9, expression, indicating inhibition
of cell migration in GBM cells.

Conclusion: In conclusion, the combination of DL and TMZ demonstrated a synergistic effect in
reducing cell proliferation, suppressing colony formation, inducing apoptosis, and inhibiting cell
migration in GBM cells. These findings suggest the potential of DL+TMZ combination therapy as
an effective treatment for GBM.
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has been a standard treatment for GBM for over two

Glioblastoma multiforme (GBM) is a highly malignant
brain tumor and is considered a high-grade brain tumor.
Patients diagnosed with this aggressive tumor typically
have a poor prognosis, with a median survival of only 15
to 20 months following their initial diagnosis of GBM.*
Despite the utilization of current therapies, including
surgical removal, radiation, and chemotherapies, as
well as combinations thereof, the progression of GBM
remains difficult to halt. Temozolomide (TMZ), an
alkylating chemotherapeutic agent that targets DNA,

decades. While it has shown some efficacy in improving
survival rates for GBM patients, its tendency to induce
chemoresistance limits its overall effectiveness as a
treatment option for GBM.?* The classification of central
nervous system (CNS) tumors in the 5th edition of the
WHO 2021 has introduced significant updates that
emphasize the importance of molecular diagnostics.
According to the revised classification, the diagnosis of
IDH-wildtype glioblastoma in adults now considers three
genetic factors, namely, the mutated telomerase reverse
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transcriptase (TERT) promoter, gene amplification of the
epidermal growth factor receptor (EGFR), or alterations
in copy number at +7/10 chromosome position.* These
genetic markers play a crucial role in identifying and
characterizing IDH-wildtype glioblastoma cases.

TMZ is commonly used as the standard chemotherapy
for treating GBM. However, the development of TMZ
resistance frequently hampers its effectiveness as a
treatment. One key factor contributing to TMZ resistance
is the presence of functional O6-methylguanine-DNA
methyltransferase (MGMT), an enzyme that aids in the
repair of DNA within cells. The activity of MGMT leads
to reduced efficacy of TMZ, making the tumor cells
less responsive to the treatment. Additionally, the non-
functional or mutant p53 gene has been associated with
TMZ resistance, while cell lines expressing wild-type
p53 tend to exhibit sensitivity to TMZ.> Furthermore,
the presence of the common GBM mutation EGFRVIII,
which upregulates mismatch repair (MMR), has been
shown to confer increased resistance to TMZ in MGMT-
methylated brain tumors. Clinical evidence suggests that
poor outcomes in GBM patients often correlate with TMZ
resistance.

In addition to TMZ, carmustine and lomustine are other
chemotherapeutic agents that can cause DNA damage and
can be administered alone or in combination with TMZ
to inhibit cell proliferation.” However, their effectiveness
is often compromised by various cellular mechanisms that
contribute to the development of resistance.® Therefore,
targeted therapies that focus on specific pathways have
been used for cancer treatment. However, this approach
can be relatively inadequate due to the highly complex
nature of malignancies and the emergence of drug
resistance. The intricate mechanisms involved in cancer
and its resistance to treatment make it challenging to
develop effective therapies.

Alternative therapeutics that can overcome resistance in
GBM and improve patient survival outcomes are needed.
Natural compounds are being investigated for their
potential anti-cancer properties, including in the context of
GBM. Several plant-derived compounds, such as baicalin
and benzyl isothiocyanates,'’ have shown antiproliferative
or anticancer effects in studies. Furthermore, research
has demonstrated the synergistic effect of combining
formononetin with TMZ, resulting in restricted cell
growth and migration in C6 glioma cells."! DL, a naturally
occurring substance found in citrus fruit essential oils, has
also been shown to possess antiproliferative properties. In
the literature, DL is reported to exhibit anticancer activity
against colon cancer, lung cancer and gastric cancer and
can induce tumor cell apoptosis.'?

A research study has reported that the treatment with
DL appears to be safe in cancer patients," and it has been
investigated in combination with BEZ235 (PI3K and
mTOR inhibitor), showing anticancer effects on colon
cancer cells."

The purpose of the current research study was to
evaluate the effectiveness of the combination of TMZ
and DL treatment by assessing their influence on cell
progression, cell migration, and apoptosis in U87MG and
LN229 GBM cells.

Materials and Methods

Cell culture

The U87MG and LN229 human cell lines were obtained
from the National Centre for Cell Science (NCCS), Pune,
India. These GBM cells were cultured and maintained
in a humidified incubator at 37 °C with 5% of CO,. The
culture medium used was Dulbecco's Modified Eagle
Medium (DMEM, HiMedia) medium enriched with 10%
of fetal bovine serum (FBS, HiMedia) at 37 °C.

3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) Assay

The MTT assay was used to examine the impact of DL
and TMZ on cell proliferation. The 1x10° cells/mL of
U87MG and LN229 cells were grown overnight in a 96-
well plate. The cell lines were exposed to treatment with
different concentrations, i.e., 50 uM to 800 uM of TMZ"
(Sigma-Aldrich), and 800 uM to 4000 uM of DL (Sigma-
Aldrich), individually and in combination for 48 h. After
the treatment period, 20 pL of the MTT (5 mg/mL,
HiMedia) solution was added to each well and incubated
at 37 °C for 3 to 4 hours. The medium was then removed,
and 200 puL of DMSO was added to each well. The
absorbance at 570 nm was measured at 570 nm using a
microplate reader (Thermo Fisher). The cytotoxic efficacy
of DL and TMZ was expressed as the percentage of viable
U87MG and LN229 cells at different concentrations.
The DL/TMZ potency in inhibiting the cells’ growth was
determined by measuring the half- maximal inhibitory
concentration (IC,) compared to the untreated cells
(control).

Combination index analysis

The interaction between DL and TMZ was analyzed
according to Chou and Talalay method by calculating
combination index (CI) values with Compusyn software.'®
The DL and TMZ were mixed in a fixed concentration
ratio based on IC,  values (IC, of TMZ + IC, of DL), and
cell viability was determined after 48 h using MTT assay.
The dose-effective plots were created by combining the Fa
values of DL and TMZ, where Fa symbolizes the fractional
cytotoxic impact of compounds on a scale of 0 (0% of cell
death) to 1 (100 % of cell death). Based on the CI values,
the combination treatment can be described as synergistic,
wherein CI<1. Chou'® also used the dose-reduction
index (DRI) to quantify the dose reduction folds for the
combinatorial impact of the compounds for a specified
effect compared to the compound alone. DRI >1 indicates
a positive reduction in the dose concentration (minimize
the drug concentration) and <1 points to a negative dose-
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reduction (maximize the drug concentration); where
DRI=1 indicates no dose-reduction (no change in drug
concentration).

Soft agar assay

The ability of an anchorage-independent single cell to form
a colony was tested using the colony-forming experiment
on soft agar. Two agarose layers were made and placed in
a 6-well plate. One milliliter of 0.6% of agarose was used
to prepare the bottom layer. Subsequently, the upper layer
was created using 0.3% of agarose and contained 1000
GBM cells per well along with DL, TMZ, and DL+TMZ
according to their respective IC, values. Cells without the
compounds served as the control. The cells in this 6-well
culture plate were placed at 37 °C and 5% CO, during
incubation. To avoid dehydration, the supplemental
media (300 uL) were added three days later to each plate.
To assess the DL+TMZ combination's impact on the
formation of single-cell colonies that were independent of
anchoring, the colony’s numbers were counted.

Wound healing assay

The in vitro assay employed in this study is particularly
suitable for assessing cell migration by the closure of the
wound area. To initiate the assay, an artificial scratch was
made with a sterile pipette tip on a plate containing a
monolayer of confluent GBM cells (U87MG and LN229).
The GBM cells monolayer with artificial scratch was
treated with DL, TMZ, and DL+TMZ for 48 hours in a
6-well plate. Images taken using an inverted microscope
at 0 h and 48 h were used to evaluate the area of wound
closure after cell migration. Image]J analysis software was
used to calculate the gap area. A reduction in the percent
cell migration compared to the untreated cells was used to
determine the treatment impact.

Cell cycle assay

GBM celllines (U87MG and LN229) were grown in a 6-well
plate, followed by treatment with DL, TMZ, and DL+TMZ
for a duration of 48 hours. The cells were harvested, the
pellets were resuspended in PBS, fixed with 70 % chilled
ethanol and placed overnight at 4 °C. To analyze the cell
cycle stages, the fixed cells were treated with a total of 200
uL of Muse Cell Cycle Reagent (premixed of RNAse A and
propidium iodide) and kept at RT for 30 min in the dark
and analyzed on the MUSE system.

Acridine orange staining

U87MG and LN229 cells (1x10°/mL) were cultured on
coverslips overnight and the cells were treated with DL/
TMZ alone and combined at corresponding IC, values
for 48hours. Subsequently, the cells were washed and
fixed with ethanol (95%) for 5 to 6 minutes, and incubated
with 0.01% of acridine orange (AO) stain (HiMedia) for
5minutes. The cells were examined under an inverted
fluorescent microscope at 520nm and photos were

captured. AO is a fluorescent dye that can intercalate
with the DNA or RNA strands, resulting in a change in its
fluorescence properties. The dye emits green fluorescence
when bound to double-stranded DNA, and red
fluorescence when bound to single-stranded RNA."” The
fluorescence intensity of the treated cells was evaluated
from the three different images using Image] software.

Cell apoptosis assay

To assess the effect of DL/TMZ treatment on cell apoptosis
both individually and in combination, treated and control
samples were analyzed by the Muse Cell Analyzer using
Muse annexin V & dead cell kit. U87MG and LN229 cells
were cultured in a 6-well plate and treated with DL/ TMZ
for 48 hours and harvested. Subsequently, the cells were
centrifuged and the cell pellet was thoroughly mixed in PBS
containing 1% FBS. To label the cells, 100 uL of Annexin V
and Dead Cell Reagent was added to the cell suspension,
and the mixture was incubated in dark conditions at
room temperature for 20 min. Subsequently, the labeled
cells were analyzed using the Muse system, which allows
assessment of Annexin V and 7-amino actinomycin D (7-
AAD) labeling, which indicates of early/late apoptotic and
dead cells, respectively.

Quantitative real-time polymerase chain reaction

The transcripts of migratory and apoptotic markers after
48 hours of treatment with DL, TMZ, and DL+TMZ in
U87MG and LN229 cells (2 x 10° cells/mL) grown in a
6-well plate were analyzed by quantitative real-time
polymerase chain reaction (QRT-PCR). Subsequent to the
treatment, the total RNA was isolated using the TRIzol
reagent (Sigma-Aldrich). Thereafter, the cDNA synthesis
was done by Revert-Aid First Strand cDNA Synthesis Kit
(Thermo Scientific™). The transcript actions of genes were
analyzed using a real-time PCR (Bio-Rad Laboratories,
Inc.) and the results were interpreted using the AACT
method." The beta ()-actin gene was used to normalize
the selected gene expression. The sequences of primer of
the migratory and apoptotic markers are listed in Table S1.

Statistical analysis

All the results obtained from the experiments were
graphed, and analyzed, with error bars representing
the standard error of the mean (SEM) calculated from
three independent experiments. Statistical analysis was
performed using one-way ANOVA with an online tool post
hoc Tukey HSD test calculator (http://www.astatsa.com).
The combination treatment of DL+TMZ was statistically
compared to the alone treatment of DL and TMZ. The
statistically significant difference between the treatments
that had a P-value of less than 0.05 was accepted.

Results
Anti-proliferative effect of DL and TMZ combination
The effect of the DL+TMZ combination and individual
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compound was studied on U87MG and LN229 cells. Our
previous findings indicated that LN229 cells had a higher
IC,, value for TMZ than the U87MG cell line."” The IC_
values were determined to be 249.1 uM for TMZ and 4607
uM for DL in U87MG cells (Table 1). TMZ and DL revealed
IC,, values to be 405.7 uM and 5099 uM, respectively, in
LN229 cells (Table 1). The combined analysis of DL and
TMZ was performed using a fixed concentration ratio
determined based on their corresponding IC_ values. To
assess the interaction between compounds, the combined
effect was analyzed as described by the Chou and Talalay
principle.’* The dose-effect curve and combination
index plot indicated that the combined impact of DL
and TMZ significantly improved the antiproliferative
effect (Fig. 1). The computed CI values being less than
0.5 (Fig. 1) suggested that combining DL and TMZ had a
synergistic anti-proliferative effect. The result of our study
demonstrated that DL+TMZ treatment led to a greater
reduction in cell growth compared to compounds alone in
U87MG and LN229 glioblastoma cells.

Additionally, the DRI values indicated a reduction
in the concentration of each compound when used
in combination to achieve an equivalent effect on cell
growth compared to the individual treatments (Table
1). The results showed a DRI greater than 1 indicating
promising dose reduction at all data points when used in
combination.

The combination treatment of DL and TMZ significantly
reduced the IC_ values compared to individual treatments.
The IC,  value for TMZ decreased from 249.1uM to 53uM
(DRI value-4.7) (Table 1). Similarly, the IC, value for
DL in U87MG cells decreased from 4607 pM to 896 uM
(DRI-5.1) in (Table 1). The combination of DL and TMZ
was also found to be effective in LN229 cells, wherein, the
IC,, value for TMZ decreased from 405.7uM to 90.3uM
(DRI- 4.4), indicating a significant improvement in its
effectiveness (Table 1).

Table 1. Inhibitory effect of DL+TMZ on U87MG and LN229 cell line

Effect of DL+TMZ combination on single cell colony
formation

The soft agar assay was used to determine the impact of
the DL+TMZ combination on the anchorage-independent
growth of single cells (U87MG and LN229) to form a
colony (Fig. 2). The results demonstrated a stronger
inhibitory effect on colony formation in both cell lines
when treated with the DL+TMZ combination compared
to the individual DL and TMZ treatments. The percentage
of colony formation reduction ranged from ~52% to
~62% in the cells treated with the DL+TMZ combination
compared to DL (Fig. 2B, D) and TMZ"-treated U87MG
and LN229 cells. The results of this study showed a higher
inhibitory percentage of the colony formation of GBM
cells treated with DL+TMZ combined.

Anti-migratory effect of DL and TMZ combination

To assess the anti-migratory effect of the DL +TMZ
combination on U87MG and LN229 glioblastoma
cells, the wound healing area was evaluated (Fig. 3).
The results of the study revealed that cells treated with
the DL+TMZ combination had a higher reduction in
percentage of wound area closure (~11 %). In contrast,
the treatment with only DL and TMZ" independently
resulted in higher percentages of wound area closure in
the treated glioblastoma cells (Fig. 3C, D). The differences
in the percentage of wound area closure were statistically
significant in both the glioblastoma cell lines treated with
the combination of DL+TMZ concerning the cells treated
with a single compound.

Additionally, the comparative analysis of the treatment
with combination and single compounds on GBM cells was
carried out on MMP-2 and MMP-9 migratory markers. In
GBM cell lines, the DL and TMZ combination reduced
MMP-2 and MMP-9 gene expression (Fig. 3E, F). Thus,
in our study, the combination treatment of DL and TMZ
considerably decreased migration by reducing the MMP-

U87MG cell line
DL+TMZ on U87MG cells Combination Index DRI value of DRI value
1ol ULAESL 2L (CI) value ™Z of DL
TMZ pM DL uM
IC,, 249.1+31 46071313 53+11 896140 0.41 4.7 5.1
IC, 507.5+18 9506+260 97+9.2 1640169 0.36 5.2 5.7
IC,, 1033.9+42 19615+352 177.7£12 3005+71 0.32 5.8 6.5
LN229 cell line
DL+TMZ on LN229 cells Combination Index DRI value of DRI value
[Galhe T™MZ uM DLuM (1) value ™Z of DL
TMZ puM DL puM
IC,, 405.7+51 5099+413 90.3+16 849+74 0.39 4.4 6.1
IC,, 1438+44 10149+337 189.9+13 1786156 0.31 7.5 5.6
ICy, 5097+59 201994410 399.6%23 3757491 0.26 12.7 53
The IC,, IC,, and IC,  values represent the concentration of compound effective in restricting the growth of cells to 50%, 75%, and 90% with respect

to untreated cells, respectively. The data was generated from Compusyn software after adding experimental values.
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Fig. 1. The effect of compounds on cell proliferation at different doses of DL, TMZ alone, and DL+TMZ combined on glioblastoma cells (A) U87MG and (B)
LN229. Panels (C) and (D) illustrate the combination index (Fa-Cl) plot of DL+TMZ for U87MG and LN229 GBM cells, respectively.
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Fig. 2. The illustrated figure of the soft agar assay after treatment with DL alone, and DL+TMZ combination. The single-cell colonies were depicted after
being treated for 14 days with DL alone, and DL+TMZ together. The controls and treated U87MG and LN229 cell lines are shown in image panels (A) and
(C), respectively. The decreased percentage of colonies for GBM cell lines is shown in panels (B) U87MG and (D) LN229. The marks * and ** represent the

statistically significant difference at P < 0 .05 and P < 0.01, respectively.

2 and MMP-9 gene expression levels as well as inhibiting
the percentage of wound area in both U87MG and LN229
glioblastoma cell lines. These findings indicate that the
combination treatment of DL+TMZ exerted a stronger
anti-migratory effect on glioblastoma cells compared to
the individual treatments with DL or TMZ.

Effect of DL+ TMZ on cell cycle

The impact of DL and TMZ on the cell cycle distribution
and progression was assessed after treatments with
respective IC,  values of DLand TMZ by the MUSE

system. Both U87MG and LN229 cell lines were observed
to be arrested in the GO/G1 Phase when treated with
the DL+TMZ combination (Fig. 4). Treatment of both
GBM cell lines with the DL+TMZ combination resulted
in a significant increase (~60%) in the percentage of
cells in the GO/G1 phase compared to DL and TMZ
alone. Additionally, the percentage of cells in the S phase
decreased (~23%) upon DL+TMZ treatment (Fig. 4).
In contrast, treatment with TMZ alone led to a higher
percentage of cells in the M phase (~58%) of the cell cycle.
These findings suggest that after 48 hours of treatment,
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Fig. 3. The demonstrative images of wound area closure after the treatment with compounds on GBM cells in panel (A) U87MG and panel (B) LN229 as
examined under an inverted microscope. Both panels’ A and B showed (a) 0 h control; (b) 48 h control; (c) Cells treated with DL alone (d) Cells treated with
DL+TMZ cells. Panel (C) and panel (D) represent the wound area closure percentage in U87MG and LN229 cells, respectively, as evaluated by ImageJ
software. MMP-2 and MMP-9 gene fold expression in the U87MG and LN229 cell lines are shown, respectively, in panels (E) and (F). The symbols * and **
specify the difference between respective group is statistically significant at P <0 .05 and P < 0.01, respectively.

the induction of GO/GI1 arrest is primarily responsible for
the reduction of cell growth in GBM cells by DL and TMZ
combination. The difference in the cells’ percentage in the
GO0/G1 phase treated with DL+TMZ as opposed to DL and
TMZ alone was statistically significant.

Effects of DL+TMZ on cell death

In this study, the impact of DL+TMZ on the apoptosis of
U87MG and LN229 cells was assessed using the intensity
of the cell fluorescence as determined by AO staining.
The U87MG and LN229 glioblastoma cell lines were
treated by DL, TMZ,”” and DL+TMZ separately, with their
respective IC, values. The results demonstrated that the
cells treated with the DL+TMZ combination resulted in
higher fluorescence intensity of cells, which is indicative
of fragmented nuclei (Fig. 5).

Additionally, the induction of apoptosis by DL+TMZ
combination was examined in both GBM cell lines by
using Annexin-V and 7-AAD assays to evaluate the
percentage of apoptotic cells (Fig. 6A, B, C, D). The
DL+TMZ combination treatment resulted in a decrease
in U87MG and LN229 live cells by 79.3% and 81.8%,
respectively (Fig. 6). The treatment with DL+TMZ
resulted in an increased percentage of cells in the early
stages of apoptosis, indicating an enhanced apoptotic
effect compared to the individual compounds.

Furthermore, the impact of the DL+TMZ combination
on BCL-2, BAX, and CASP3 gene expression levels was
examined (Fig. 6E, E G). The combination of DL and TMZ
significantly downregulated the expression levels of the

BCL-2 gene (Fig. 6E) while significantly upregulating the
expression levels of the BAX and CASP3 genes compared
to the single compound treatment (Fig. 6F, G). BCL-2levels
were reduced by 0.19-folds in DL+TMZ treated U87MG
cells, whereas pro-apoptotic BAX and CASP3 transcript
levels increased by 7.1-folds and 12.8-folds, respectively,
in glioblastoma U87MG cells (Fig. 6F, G). The expression
levels of BCL-2, BAX, and CASP-3 were close to control
cells in TMZ-treated LN229 cells. However, interestingly
the fold expression changes of BCL-2, BAX, and CASP-
3 in LN229 cells treated with DL+TMZ were statistically
significant concerning respective controls.

Discussion

The purpose of the research was to compare the effect
of compounds DL and TMZ treatment alone and
in combination on the viability of cells, growth, and
inhibition of proliferation in U87MG and LN229 cells. It
has been observed that the cell line U87MG studied in the
present research is sensitive to TMZ and carries the wild-
type p53 tumor suppressor gene. In addition, it expresses
MGMT, the repair protein that is known to mitigate the
impacts of TMZ. Whereas the LN229 cell line with a
mutant p53 gene is reported to be resistant to TMZ.>*
As expected the LN229 cells had a higher IC, value for
TMZ than the US87MG cell line, whereas, the IC, values
of DL in both GBM cells were observed to be comparable
at ~4607 pM and ~5099 uM for U87MG and LN229 cells,
respectively. It has been previously reported that the DL
inhibited the growth of prostate cancer cells DU-145
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Fig. 4. The impact of DL and TMZ on GBM cell cycle at 48 h after treatment, as assessed by MUSE for U87MG Panel (A) and LN229 Panel (B), respectively.
Panels (A) and (B) showed the cell cycle phases of the following cell types: (a) control, (b) TMZ-treated, (c) DL-treated, and (d) DL+TMZ-treated cells. The M,
S, and G0/G1 stages of the cell cycle in the U87MG and LN229 cell lines are depicted as stacked graphs in panels (C) and (D) respectively. The markings *
and ** indicate statistically significant differences at P < 0.05 and P < 0.01, with respect to each group.

with IC,  values of 2.8 mM and 9.4 mM in the PZ-HPV-7
cell line.”” The treatment with DL in K562 leukemia cells
restricted cell growth with an IC_| value of 3.29 mM.** The
IC,, values obtained for the DL in the current study are
similar to the reported data.

The data of our study indicated that the combination
of DL and TMZ resulted in an increased reduction in
cell growth compared to compounds alone in U87MG
and LN229 glioblastoma cells. It has been reported
that DL in combination with cisplatin reduced the cell-
proliferation compared to a single treatment in lung
cancer H1299 and A549 cells.”! This finding is consistent
with previous reports demonstrating the synergistic effect
of TMZ in combination with riluzole in GL261 and T89G
glioblastoma cell lines.”” Another study has reported
that the DL in combination with berberine showed a
synergy in gastric carcinoma MGC803 cells, treated by
the fixed constant ratio of both compounds. The DRI
values reported for berberine reduced 1.8-fold to 3.8-fold,
whereas the DRI for DL ranged between 2.1-fold to 5.4-
fold. Berberine and DL in combination had a synergistic
cytotoxic effect in a gastric carcinoma cell line.” Our
data has shown that the DRI value of DL and TMZ in
combination reduced by 4.0-fold to 6.5-fold in U87MG
and LN229 cells.

Both GBM cell lines treated with DL+TMZ displayed

a stronger inhibitory effect on the number of single-cell
colonies formed on soft agar. It has been reported that
phenolic and sesquiterpenes compounds such as DL,
thymol, and humulene from Teucrium alopecurus extract
reduced the colonies in the HCT-116 colon cancer cell
line. Treatment with higher concentrations resulted in
complete colony inhibition.*

Moreover, the effect on cell migration was examined
after the treatment of the DL, TMZ, and DL+TMZ on
U87MG and LN229 glioblastoma cells. The current study's
findings showed that cells treated with the DL+TMZ
combination had a higher reduction percentage of wound
area closure.

The treatment of glioblastoma is often challenging due
to the migration ability and the development of resistance
to standard therapies such as TMZ.>>* In the context of
migration inhibition, previous studies have reported that
DL showed a dose-dependent reduction of migration in
the T24 human bladder cancer cells.”” The findings of
the current research suggested that TMZ combination
significantly reduced the wound area closure percentage.
According to the literature, MMP-2/MMP-9 are
overexpressed and are crucial components of the invasion
and migratory mechanism of GBM.* In GBM cell lines,
the DL and TMZ combination reduced the expression
MMP-2/MMP-9 gene. Monoterpenes such as auraptene
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Fig. 5. The figure represents the effect of DL alone and DL+TMZ treatment on the fluorescence intensity of GBM cells stained with acridine orange. The
images of (A) U87MG and (B) LN229 cell lines under different treatment conditions were captured using a fluorescent inverted microscope. Cells are shown in
Panels (A) and (B) as (a) control, (b) Treated with DL, and (c) Treated with DL+TMZ. Panel (C) and panel (D) depict the fluorescence intensity for AO-stained
U87MG and LN229 cells, respectively. The signs * and ** denote statistically significant differences at P <0.05 and P < 0.01, respectively.

is known to stop cell migration by dysregulating the
MMP-2/MMP-9 gene expression in the HeLa cells and
A2780 ovarian cancer cells.”” The TMZ is reported in
combination with phyto-compounds such as resveratrol
to inhibit the migration by downregulating the expression
level of MMP-9 in the SHG44 GBM cell line.*® Thus, in
our study, the combination treatment of DL and TMZ
considerably decreased the migration by downregulating
MMP-2/MMP-9 gene expression in both U87MG and
LN229 cell lines.

The capability to cell cycle arrest and induction
of apoptosis are considered in selecting possible
chemotherapeutic drugs since cancer cells frequently
exhibit cyclic irregularities and anti-apoptotic properties.*!
In leukemia cells, the voreloxin and ERK2 inhibitor
combination treatment caused apoptosis by arresting the
cells in the GO/G1 phase.” The results of our study showed
the DL+TMZ combination treatment showed a higher
accumulation of GBM cells in the GO/G1 stage, suggesting
the inhibition of the cells by G0/G1 phase cell cycle arrest.
According to the literature, p21 plays a critical role in
mediating the G1 cell cycle arrest initiated by p53. The
p21’s activation by p53 and its subsequent inhibition of
cyclin-CDKs are considered crucial for tumor-suppressive
function.”

In the current study, cells treated with the DL+TMZ
combination showed higher fluorescence intensity after
AO staining, indicating fragmented nuclei and suggesting
apoptotic cell death (Fig. 5). Apoptotic cells are known

to have higher fluorescence intensity due to nucleus
fragmentation. Moreover, higher fluorescence intensity
is associated with the initiation of apoptosis.** Analysis of
Annexin V and 7AAD labeling further confirmed these
results and showed an increased percentage of cells in the
early stages of apoptosis in the DL+TMZ-treated group.

The cell death could be regulated or non-regulated,
where the latter type or necrosis is characterized by the
rupture of cell membranes. In necrosis, cells swell and
burst, releasing their contents into the surrounding
tissue, which can trigger an inflammatory response. In
contrast, apoptosis is a regulated form of cell death that
involves the controlled dismantling and removal of cells
without causing inflammation.” Caspases play a central
role in apoptosis, serving as a family of protease enzymes
responsible for initiating and executing the process.
Among them, caspase 3 is considered the 'executioner’
caspase, and its activation is a key step in the cascade of
events that leads to apoptosis.*

Furthermore, the gene expression analysis revealed
significant downregulation of BCL-2 gene and significant
upregulation of the BAX and CASP3 genes in the
DL+TMZ combination-treated group compared to
single-drug treatments (Fig. 6). Previous studies have
reported similar effects of DL to reduce the growth of HL-
60 cells by decreasing the level of BCL-2 and activating
p53 while increasing the expression of the BAX gene.” In
MGC803 human gastric cancer cells, DL in combination
with berberine induced apoptosis by increasing CASP-

8 | Biolmpacts. 2024;14(5):27681



Gautam and Gabrani

( A) (a) Control (b) TMZ (C)
APOPTOSIS PROFILE APOPTOSIS PROFILE

eaa Late Apop /Dead oaa
050 % 160 %

Late Apop./Dead
025% 415 %

VIBILITY
N
VIABILITY
N

34.80 %
Earty Apop.

To

5.00 %)
Early Apop.

3 3 I
ANNEXINV  poptote
(d) DL+TMZ

APOPTOSIS PROFILE

T T
Lve  ANNEXINV  Asspiove
()DL
APOPTOSIS PROFILE

e Late Apop/Dead
0%0%
3 3.
B
g - % 2
B 1
14.20° e 79.35%
Lne 2 Early Abop
" T T T
ANNEXINY ~ Asopion
b) TMZ
(B) (a) Control ® (D)
e __spoprosis profE
o ate Apop./Des
Seaa Lote Apop /Dsad
Dead - > Deas Soo Yeox
3
E
g’ 2
1 s
e -
e Corsy Apop
o
C I )
ANNEXIN Asosiors
(d) DL+TVMZ
o APOPTOSIS PROFILE «.__APOPTOSIS PROFILE
= Cote Apop /o5ad] Sens Cote Apop/Dead
oo RN o e
a s
e v
#
% ) g 5 i~
B e . e
. ses0% <25 0 o1.50%
= eary acop =S Eacw pon,
s TR RNC. - T
v ANNEXINYG Asepten Lo ANNEXINY Asepions
(E) (F) ok
* %k

*%

100 S
-
« =
80 *k
*%
« TN B B M late/death
early apoptosis
@ M Live
20
*%
T -
*
o

control ™Z DL DL+TMZ

. -
*%
80
N —
*%

of NN B |
40
20

Kk

*ok

. BT

control ™Z DL

(G) *k

Percentage of cells

o late/death
early apoptosis

M Live

Percentage of cells

* % r‘_\

mUS7MG
= LN229

Fold expression of Bax
& e

Fold expression of BCL-2
°
4

o

- - M
14
¥k B
8 T+ s 12
. 10 I
b u US7MG
IN229 8
! N229
T 6

= U87MG

Fold expression of Caspase-3

1 {J_‘I i
08 I : :* »

o

s
control ™Z DL+TMZ control

25
= 4
I : 21 M =
ol
™Z DL ™2 DL

DL+TMZ

control DL+TMZ

Fig. 6. The apoptotic effect using Annexin V/7-AAD staining of DL, TMZ, and DL+TMZ treatment on the GBM cells as analyzed by MUSE for panel (A) U87TMG
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3 expression and decreasing the BCL-2 expression.”
Additionally, DL has been found to inhibit cell growth
in skin tumor by decreasing the levels of BCL-2 and
increasing levels of BAX.* The DL treatment upregulated
the expression of BAX in a human leukemia cell line.*®
Consistent with these previous findings, the DL+TMZ
combination in the current study exerted its effects on
GBM cell growth through similar mechanisms involving
the modulation of BCL-2 and BAX expression.

Several research studies have explored the combination
of TMZ therapy with other apoptosis-inducing agents.
For example, the combination of clindamycin with TMZ
has been shown to have a synergistic effect, leading to
apoptosis.”” The CASP3 gene is involved in the cleavage of
important proteins and promotes apoptosis.*’ In the present
study, combination treatment of TMZ and DL resulted
in increased levels of CASP3 expression in U87MG and
LN229 cells, indicating the predominant mechanism of
caspase-dependent apoptotic. Similarly, previous studies
have demonstrated a synergistic relationship between
TMZ and chloroquine combination for the apoptotic
effects leading to an increase in sub-G1 hypodiploid

cells and CASP3 expression.*’ Additionally, combining
N-(2-hydroxyphenyl) acetamide and temozolomide
has been found to significantly reduce cell growth and
induce apoptosis compared to either drug alone.” These
findings highlight the potential of combination therapies
to enhance apoptotic responses in GBM.

Conclusion

To conclude, the results of this study demonstrate the
synergistic effect of the combination of DL and TMZ in
U87MG and LN229 GBM cells. The combined treatment
of DL+TMZ showed greater suppression of GBM
cell growth compared to individual compounds. The
combination treatment effectively inhibited the migration
by targeting MMP-2 and MMP-9 transcripts and arresting
cells in the GO/G1 phase of the cell cycle. Furthermore, the
apoptotic effect was observed to be mediated by altering
the transcripts of BAX, BCL-2, and CASP-3 in GBM cells.
According to our research, DL and TMZ used together
can inhibit the aggressive nature and could be effective for
in treating of GBM.
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Research Highlights

What is the current knowledge?

v The treatment with TMZ is still challenging for GBM due
to the development of resistance.

V DL has antiproliferative effect in various cancer cells.

v The combinatorial therapeutic can improve the treatment
outcomes.

What is new here?

V The antiproliferative effect of the DL+TMZ combination
was more pronounced than the single compound treatment.
 The combination treatment reduced the cell migration and
induced apoptosis in TMZ resistant LN229 cell line.

V The combination of DL and TMZ can inhibit the aggressive
nature of GBM cells synergistically.
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