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MELATONIN ENHANCES TEMOZOLOMIDE- 
INDUCED APOPTOSIS IN GLIOBLASTOMA  
AND NEUROBLASTOMA CELLS

Background. The combination of temozolomide (TMZ) and paclitaxel (PTX) is the most commonly used chemo
therapy regimen for glioblastoma, but there is no specific treatment for neuroblastoma due to the acquired multidrug 
resistance. Approximately half of treated glioblastoma patients develop resistance to TMZ and experience serious 
side effects. Melatonin (MEL), a multifunctional hormone long known for its antitumor effects, has a great advantage 
in combination cancer therapy thanks to its ability to affect tumors differently than normal cells. Aim. This study aims 
to evaluate the in vitro inhibitory effects of MEL in combination with TMZ on cancer cell viability and to elucidate 
the underlying mechanisms in the glioblastoma and neuroblastoma cell lines. Materials and Methods. C6 (Rattus nor-
vegicus) and N1E-115 (Mus musculus) cancer cell lines and C8-D1A (mice) healthy cell lines were used. Cell prolifera-
tion was evaluated using the MTT test. IC50 values were determined by probit analysis. Two concentrations of TMZ 
(IC50 and 1/2 IC50) were used to induce cytotoxicity in the C6 and N1E-115 cell lines, both alone and in combination 
with PXT and MEL (all at IC50). The viable, dead, and apoptotic cells were determined by image-based cytometry using 
Annexin V/PI staining. The gene expression related to signaling pathways was assessed by the quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR), and key proteins were identified by the Western blot analysis. Results. 
MTT assay showed that the  combination of TMZ and MEL significantly reduces the viability of both glioblastoma 
and neuroblastoma cells compared to the vehicle-treated controls. Notably, MEL combined with 1/2 IC50 TMZ showed 
a significant death rate of cancer cells compared to controls and PTX. According to qRT-PCR data, the TMZ + MEL 
combination resulted in the upregulation of the genes of antioxidative enzymes (Sod1 and Sod2) and DNA repair genes 
(Mlh1, Exo1, and Rad18) in both cell lines. Moreover, the levels of Nfkb1 and Pik3cg were significantly reduced follow-
ing the TMZ + MEL treatment. The combination of MEL with TMZ also enhanced the cell cycle arrest and increased 
the expression of p53 and pro-apoptotic proteins (Bax and caspase-3), while significantly decreasing the expression  
of anti-apoptotic protein Bcl-2. Conclusions. Our findings indicate that the combination of MEL with a low dose of TMZ 
may serve as an upstream inducer of apoptosis. This suggests the potential development of a novel selective therapeutic 
strategy as an alternative to TMZ for the treatment of both glioblastoma and neuroblastoma.
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Glioblastoma multiforme (GBM, grade IV glioma 
by WHO) is the most aggressive type of malignant 
glioma in adults. In the standard treatment regi-
men, surgical resection is performed first when 
the location and size of the tumor are appropriate 
[1—3]. Standard treatment of GBM involves the 
initial maximal surgical resection followed by con-
current chemoradiotherapy and adjuvant temo-
zolomide (TMZ) to avoid recurrence and prolong 
median survival [4]. TMZ is a second-generation 
alkylating agent used in the treatment of GBM. 
It promotes cell apoptosis while causing DNA 
strand breaks during cell replication [5].  Although 
survival progresses positively with chemotherapy 
for approximately the first 2.5 months [2], current 
therapeutic treatment is a rigid schedule. This 
method only slows down the rate of tumor progres-
sion [6], and the average survival time is limited 
to approximately 14.6 months [7]. The most nota-
ble obstacles in traditional treatments are the in-
ability to achieve adequate drug absorption in the 
brain due to the protective blood-brain barrier and 
the inherent resistance of GBM cells to the induc-
tion of cell death [6, 8]. In addition, the presence 
of glioblastoma stem cells in a hypoxic tumor envi-
ronment, phenotypic and genotypic heterogeneity, 
and abnormal signaling pathways increase the need 
for the administration of high doses of chemothera
peutic drugs, which worsens their side effects [9]. 
Despite advances in multimodal treatment, includ-
ing high-dose chemotherapy, radiation therapy, 
and stem cell transplantation, the 5-year survival 
rate in patients with a high-risk disease is less than 
50%, suggesting that new treatment strategies need 
to be investigated [10]. For this reason, therapy al-
ternatives and adjuvant treatments with natural 
substances have recently begun to be investigated [7].

Neuroblastoma (NB) is a pediatric tumor that 
originates from the developing sympathetic ner-
vous system and is responsible for 15% of child-
hood cancer mortality [11, 12]. Treatment proto-
cols for NB are determined according to “risk 
group” criteria [10]. The current clinical strategy 
of  high-risk NB includes multimodal chemo
therapy, surgical resection, radiotherapy, and im-
munotherapy options. NB has a heterogeneous di
sease presentation that can regress spontaneously 
or lead to fatal outcomes. Although high-risk NB 
initially appears to respond to intensive chemo-
therapy, relapses frequently occur, with fatal out-

comes occurring in approximately 50% of the cases 
[13]. This highlights the need for a better under-
standing of disseminated NB and its therapeutic 
vulnerabilities [11]. Children who fail first-line 
treatment are unlikely to improve with subsequent 
treatments and have a dismal prognosis, with sur-
vival rates of approximately 5% to 10% [14].

Paclitaxel (PTX) is a powerful anticancer drug 
originating from plants. It acts by providing micro-
tubule stabilization during cell division, leading 
to mitotic arrest and subsequent cell death [15]. 
Combinatorial administration of TMZ and PTX 
causes high cytotoxicity and apoptosis in glioblas-
toma cells [16]. It is important to note that PTX, 
unlike TMZ, does not cross the blood-brain bar-
rier [17]. 

Melatonin (MEL, N-acetyl-5-methoxytrypta-
mine) is an endogenous neurohormone secreted 
mainly from the pineal gland [18, 19]. MEL sup-
presses tumor growth and development by induc-
ing apoptosis in cancerous cells. It regulates im-
mune system responses and works as an anticancer 
agent. In addition, it has been proven by recent 
studies that it protects healthy cells, reducing their 
potential to develop neoplasms [20]. It has also 
been reported to increase sensitivity to chemothera
peutic agents in resistant types of some cancers [21, 
22]. When combined with anti-cancer drugs, MEL 
increases the potency of chemotherapeutic treat-
ments [23]. It inhibits multiple pathways that en-
sure survival in tumor cells [24]. We reasoned that 
combinatorial treatment with MEL and TMZ may 
offer the potential for GBM chemotherapy. There-
fore, successfully combating drug resistance, by-
passing the blood-brain barrier, and delivering 
an effective chemotherapy combination may only 
be possible with the development of more power
ful strategies [25]. In our study, we aimed to show 
that MEL is a natural potential therapeutic agent 
by using it alone or in combination to improve con-
ventional treatments and reduce the unwanted 
side effects of chemotherapy on healthy cells [26]. 
We investigated the effects of the TMZ + MEL and 
TMZ + PTX combinations on cell growth and 
apoptosis in C6 rat glioma cells, N1E-115 mouse 
NB cells, and C8-D1A mouse astrocytic cells. Ad-
ditionally, we evaluated whether the combination 
of MEL with TMZ produces a cytotoxic effect 
in glioma cells and analyzed the relevant cell death 
mechanisms.
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Materials and Methods

Chemicals. Dulbecco's Modified Eagle Medium 
(DMEM (319-020-CL), HAM’S F-12 (Ham's F-12 
Nutrient Mixture, 318-010-CL), 0.05% Trypsin-
EDTA (352-542-EL), and penicillin/streptomycin 
(Gibco) were purchased from Multicell, Wisent Bio 
Product, Canada. Fetal bovine serum was obtained 
from Capricorn Scientific, Germany. Ethanol and 
DMSO were obtained from Merck, Germany. 10X 
Dulbecco's phosphate-buffered saline, molecular 
grade water (DNAase/RNAase free water), and 
power SYBR® Green Master mix were purchased 
from Thermo Fisher Scientific, USA. Temozolo-
mide was purchased from Santa Cruz Biotechnol-
ogy, USA. Melatonin and paclitaxel — from Sigma-
Aldrich, USA. 

Kits. MTT salt solution (3-4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (A-3338-56) 
was obtained from Biomatik, USA. Tali® Apoptosis 
Kit — Annexin V Alexa Fluor® 488 and propidium 
iodide, PureLink™ RNA Mini Kit (# 12183018A), 
High Capacity cDNA Reverse Transcription Kit 
(# 4368813), NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, 
Mini Protein Gel (# NP0321BOX), 20X Bolt™ 
MOPS SDS Running Buffer, NuPAGE™ Sample Re-
ducing Agent, 4X Bolt™ LDS Sample Buffer were 
purchased from Thermo Fisher Scientific, USA. 
The RIPA Lysis Buffer System (# sc-24948) was ob-
tained from Santa Cruz Biotechnology (CA, USA). 

Antibodies. The following antibodies were used 
in the current study: anti-BCL-2 (N-19) rabbit 
polyclonal antibody (# Sc-492), anti-Bax (B-9) 
mouse monoclonal antibody (# Sc-7480), anti-
caspase-3 (4.1.18) mouse monoclonal antibody 
(# Sc-65497), anti-NFκB p65 (A) rabbit polyclonal 
antibody (# Sc-109), and anti-p-IκB-α (B-9) mouse 
monoclonal antibody (# Sc-8404). All these anti-
bodies were purchased from Santa Cruz Biotech-
nology, USA. Anti-PI3K p85-α (6G10) mouse 
monoclonal antibody (# NBP2-22212) and anti-
beta-actin (NB600-503) was obtained from Novus 
Biologicals, USA.

Cell lines and culture conditions. Rat glioma cell 
line C6 (ATCC® CCL-107™), mouse NB cell line 
N1E-115 (ATCC® CRL-2263™), and mouse astro-
cyte type I cell line C8-D1A (ATCC® CRL-2541™) 
were purchased from the American Type Culture 
Collection (ATCC). Cells were cultured in a nutrient 
mixture containing equal proportions of DMEM 

and F-12 medium supplemented with 10% fetal 
bovine serum, 100 U/ml penicillin/streptomycin 
in an incubator at 37 °C and 5% CO2.

Treatment groups. (1) Control group (n = 4) — 
cells were cultured in a medium containing DMSO 
at a final concentration of 0.1%; 

(2) TMZ group (n = 4) — cells were treated 
with TMZ alone (62.5—2000 µM); 

(3) TMZ + MEL group (n = 4) — cells were 
treated with TMZ (62.5—2000 µM) and MEL 
(125—4000 µM); 

(4) TMZ + PTX group (n = 4) — cells were treat-
ed with TMZ (62.5—2000 µM) and PTX (0.78—
25  nM). TMZ, MEL, and PTX were dissolved 
in 0.1% DMSO.

MTT assay. C6, N1E-115, and C8-D1A cells 
were seeded in 96-well plates at a density of 3 × 103 
cells/well and incubated for 72 h at 37 °C. The cells 
were then treated with TMZ, TMZ + MEL, TMZ + 
PTX, or vehicle (final concentration 0.1% DMSO). 
Doses containing eight different dilution concen-
trations of TMZ and six different dilution concen-
trations of MEL and PTX were serially prepared 
with DNase/RNase-free water, added to the growth 
medium, and cultured. A 20 µl of MTT (5 µg/ml) 
solution was applied to each well of the drug-treat-
ed plate. After 2—4 h of incubation, the medium 
containing MTT was removed. Then, 200 µl of ultra
pure DMSO was added to each well, and the enzy-
matic dye was allowed to dissolve homogeneously 
(30—60 min). After incubation, the absorbance 
values were measured at a wavelength of 492 nm 
using a spectrophotometer (Thermo Scientific™ 
Multiskan™ USA). The absorbance values were cal-
culated as the percent vitality. IC50 values were de-
termined by a probit analysis.

Annexin V/propidium iodide staining. To evalu-
ate the apoptotic effects of therapeutic agents, cells 
were seeded in 25 cm2 flasks in 3 replications. 
Combinations of 1/2 IC50 TMZ with PTX or MEL 
IC50 at a ratio of 1 : 1 were added to each cell line. 
After 72 h, cells were harvested and analyzed with 
the Tali® Image-Based Cytometer (Life Techno
logies, USA).

RNA isolation, reverse transcription, and qRT-
PCR assay. Total RNA isolation of cells was per-
formed using an RNA PureLink® RNA Mini Kit 
(Life Sciences, USA) following the manufacturer’s 
instructions. cDNAs were amplified using a High 
Capacity cDNA Reverse Transcription Kit accor
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ding to the manufacturer's protocol (ThermoFisher 
Scientific, USA). To assess the gene expression le
vels, the quantitative real-time PCR (qRT-PCR) 
was performed using the Applied Biosystems™ 
QuantStudio™ 5 Flex Real-Time PCR System, 
a 384-well system, in accordance with the SYBR 
Green qPCR Mastermix protocol. The gene expres-
sions were determined by the threshold cycle num-
ber (Ct) and normalized to the endogenous control 
of β-actin using the 2–ΔΔCT method and propor-
tionally expressed in comparison with the control. 
The primers used in the qRT-PCR are given in Sup-
plementary Table 1.

Western blot analysis. C6 and N1E-115 cells 
were seeded at 1 × 106 cells/well in 6-well plates 
and incubated at 37 °C in a CO2 incubator for 24 h, 
followed by the treatment with TMZ, TMZ + MEL, 
or TMZ + PTX for 72 h. The cells were collected, 
and protein extraction was performed based on the 
RIPA Lysis Buffer Kit protocol (Santa Cruz Bio-
technology, USA). Determination of the concentra-
tion of protein samples was performed by measur-
ing UV absorbance at 280 nm. C6 and N1E-115 
cells were extracted, separated by 8%—12% poly-
acrylamide gel, and then proteins were transferred 
to the iBlot® Transfer Stack PVDF membrane (Life 
Technologies , USA). The antibodies were diluted in 
an antibody binding buffer according to the band 
intensity and incubated with the indicated antibo
dies overnight under darkroom conditions (+4 °C). 
The bound antibodies were detected using the ap-
propriate anti-rabbit or anti-mouse IgG using 
a chemiluminescence Western blot substrate kit 
(Thermo Fisher Scientific, USA). The intensity 
of the bands was visualized and quantified with 
a gel imaging system (Bio-Rad ChemiDoc MP Sys-
tem, USA).

Statistical analysis. The spectrophotometric re-
sults of the MTT assay were determined by a probit 
analysis. One-way ANOVA analysis was performed 
to evaluate the difference between the mean of ex-
pression values obtained by the ∆∆Ct method for 
live–dead and apoptotic cell values, qRT-PCR and 
the endogenous control gene β-actin, and the rela-
tive fold changes in protein level values were deter-
mined by Tukey HSD. The statistical analyses were 
performed using SPSS 20, University License (IBM, 
USA) and Graphpad Prism 5 statistical programs. 
The differences were considered significant when 
p ≤ 0.05.

Results

IC50 values of TMZ, MEL, and PTX. We first de-
termined the IC50 values of TMZ, MEL, and PTX 
in C6 and N1E-115 cells using the MTT assay. Cells 
were incubated with a vehicle as a control in addi-
tion to TMZ (62.5—2000 μM), MEL (125—4000 μM), 
and PTX (0.78—25 nM) for 72 h. As shown 
in Fig. 1, the IC50 values of TMZ, MEL, and PTX 
for C6 cells were 1732.101 μM, 3691.235 μM, and 
6.305 nM, respectively. The IC50 values of TMZ, 
MEL, and PTX for N1E-115 cells were 1738.404 
μM, 2571.413 μM, and 8.604 nM, respectively 
(Fig. 1). 

A combination of 1/2 IC50 dose of TMZ + MEL 
is more effective in inhibiting cell viability com-
pared to full IC50 dose of TMZ + MEL. TMZ and 
other drugs together were first applied to C6, 
N1E-115, and C8-D1A cells for 72 h (1 : 1 ratio). 
In the second set of experiments, half the IC50 
dose of TMZ was used in combination with 
the IC50 doses of other drugs (1/2 : 1 ratio) in-
both cancer and healthy cells for 72 h. The re-
sults suggested the lowest cell survival in C6 
and N1E-115 cells treated with the 1  : 1 IC50  
TMZ + MEL combination. When we evaluated 
the application of 1/2 IC50 TMZ in combination 
with MEL or PTX, a much better inhibitory ef-
fect was observed in C6 and N1E-115 cells than 
the full IC50 TMZ ratio (Fig. 2, a, b). The impact 
of the combination treatment on the survival 
of healthy astrocytes (C8-D1A) had the least cy-
totoxic effect in the 1/2 IC50 TMZ + MEL group 
compared to the other bunches (Fig. 2, c). There-
fore, a 1/2 IC50 dose of TMZ was used in the fol-
lowing experiments.

Determination of apoptotic cell death by Tali 
cytometry analysis. Our analysis revealed that 
both 1/2 IC50 TMZ + MEL and 1/2 IC50 TMZ + PTX  
induced cell death as evidenced by an increase 
in the percentage of apoptotic and necrotic cells 
in C6 and N1E-115 cells. Concomitantly, there was 
a significant reduction in the percentage of the live 
cells in the groups treated with 1/2 IC50 TMZ + 
MEL and 1/2 IC50 TMZ + PTX compared to the 
control cells (Fig. 3). Nevertheless, no significant 
increase in the apoptotic cell percentage in C6 and 
N1E-115 cells treated with 1/2 IC50 TMZ + MEL 
and 1/2 IC50 TMZ + PTX compared to control cells 
was observed.
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0 Fig. 1. The effect of TMZ (62.5—2000 µM) 
(a), MEL (125—4000 µM) (b), and PTX 
(0.78—25 nM) (c) treatments on cell vi-
ability in the C6 and N1E-115 cell lines 
for 72 h. n = 6

1/2 IC50 TMZ + MEL treatment affects multiple 
signaling pathways in C6 and N1E-115 cell lines. 
The study explored the effects of combining TMZ 
and MEL treatments on the C6 and N1E-115 cell 
lines. The hierarchical clustering analysis of gene 
expression data revealed the distinct clustering of 
the TMZ + MEL group compared to the control, 
TMZ alone, and the TMZ + PTX groups in both 
cell lines (Fig. 4). Notably, the treatment with 1/2 
IC50 doses of TMZ + MEL for 72 h led to the upre
gulation of antioxidative enzymes such as super
oxide dismutase (Sod1) and superoxide dismu

tase 2 (Sod2), particularly prominent in the C6 
cells (Fig. 5).

In the C6 cell line, the TMZ + MEL combination 
triggered the expression of the tumor suppressor 
Tp53, a major initiator of apoptosis. This activation 
subsequently led to a comprehensive apoptotic sig-
naling cascade, evidenced by increased expression 
of the Bax/Bcl2 gene rate as well as the elevated 
levels of caspase-3 protein (Fig. 6, a, b). Additional
ly, Casp8 gene expression was significantly upregu-
lated in the TMZ + MEL group compared to the 
control (Fig. 5). In the N1E-115 cell line, the com-
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Fig. 2. The effects of the combinations of TMZ IC50 or ½ IC50 with MEL or PTX on the viability of C6, N1E-115,  
and C8-D1A cells. % of viable cells was determined by the MTT test. Control — vehicle-treated cells. The doses of 
TMZ, MEL, and PTX for C8-D1A cells were as for C6 cells. Data were represented as the mean ± SE. One-way ANOVA, 
Tukey, HSD test, ** p ≤ 0.01, *** p ≤ 0.001 (TMZ IC50 1732.101 µM, ½ IC50 866.051 µM, MEL IC50 3691.235 µM, PTX 
IC50 6.305 nM for C6 cells, TMZ IC50 1738.404 µM, ½ IC50 869.202 µM, MEL IC50 2571.413 µM, PTX IC50 8.604 nM 
for N1E-115 cells)
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bination treatments exhibited a strong cell arrest 
and an increase in Tp53 gene expression levels. 
Moreover, the protein expression of PI3K p85-α in 
C6 cells was suppressed proportionally to NF-kB 
p65 protein levels, especially under the TMZ + MEL  
treatment (Fig. 6, d). Functionally, apoptosis was 
induced in both cell lines after TMZ + MEL treat-
ment, which was characterized by the engage
ment of the mitochondrial apoptosis pathway. 
The TNF-α/Casp8 axis was also activated by the 
TMZ + MEL combination, contributing to the 
apoptotic response observed in the tumor cell lines 
(Fig. 5). In contrast, the combination treatments 
with TMZ induced a notably low apoptotic signal 
in healthy brain astrocytes, with many combina
tion groups showing no significant change in pro-
apoptotic gene expression compared to the cont
rol. These findings indicate that the combination 
TMZ + MEL treatment exerts profound effects on 
multiple signaling pathways. Specifically, it leads 
to the upregulation of the DNA repair genes such 
as Mlh1, Exo1, and Rad18 (Fig. 5), the modulation 
of antioxidative enzymes, the inhibition of the Nfkb1 
and Pi3k/Akt1 signaling pathways, and ultimately 

induces apoptosis through the caspase-mediated 
mitochondrial pathway (Supplementary Tables 1 
and 2). 1 

Discussion

Combinatorial therapies that incorporate natural 
ingredients along with traditional treatments like 
chemotherapy have shown promise in enhancing 
effectiveness and reducing side effects in cancer 
treatment, particularly for aggressive tumors like 
GBM and NB [27, 28]. In our study examining 
combination therapies, we discovered that integ
rating the natural substance MEL with chemo
therapy medications like TMZ yields a beneficial 
impact on treatment. We have found that using half 
the IC50 concentration of TMZ with MEL results 
in significant cell death in cancerous cell lines, 
especially glioblastoma cells. Our studies show 
that this combination is more potent while causing 

Fig. 3. The percentage of live, apoptotic, and necrotic C6 and N1E-115 cells stained with Annexin V/propidium ıodide 
kit for image-based cytometry. Data are presented as the mean values of percentages for each group  ±  SE. n  =  6. *** 
indicates significantly different values compared to their respective controls analyzed by a one-way ANOVA, Duncan 
test (p  ≤  0.001)
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1 	You can access supplementary Tables 1 and 2 from this 
link (Öğr. Gör. Dr. Ayten BOSTANCI | Personel WEB 
Havuzu | T.C. Trakya Üniversitesi)
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Fig. 4. Heat map analysis using 
gene expressions of C6 (a—d) 
and N1E-115 (e—g) cells for con-
trol, 1/2 IC50 chemotherapy dose 
of TMZ, and combinations with 
MEL and PTX treatment for 72 h. 
a and e — the resulting score plots; 
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options were used for hierarchical 
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sis, respectively
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Fig. 5. Relative fold change determined by qRT-PCR analysis of the Mlh1, Sod1, Exo1, Sod2, Rad18, Hspa1b,  
and Hsp90aa1 genes in C6 and N1E-115 cells. All data were normalized to β-actin expression and are given as relative 
to control (control = 1 not shown in the Figure). Data are presented as mean ± SE, n = 5, Mann — Whitney U test:  
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Control — vehicle-treated cells
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fewer side effects on healthy cells compared to the 
typical doses of TMZ alone or with PTX. Mecha-
nistically, the combination treatment induces 
apoptotic pathways in cancer cells, contrasting 
with PTX-induced necrosis.

Studying human GBM U87-MG and MU1454 
cell lines, McConnell et al. [29] discovered that the 
treatment with TMZ alone led to a 40% decrease 
in cell proliferation. However, combining 100 μM 
TMZ with 1 mM MEL resulted in a more signifi-
cant reduction, with cell proliferation lowering 
by 60% compared to the control group. This out-
come is linked to MEL capacity to elevate intracel-
lular ROS levels and trigger oxidative stress in hy-

poxic cancer cells, notably those prevalent in brain 
tumors like glioblastoma [30, 31]. Research has in
dicated that the application of MEL is linked 
to an elevated production of ROS, primarily within 
mitochondria. This outcome was linked to diffe
rent respiratory mechanisms, with a notable in-
crease observed in the hypoxic conditions within 
cancerous cells [32, 33].

Genomic analyses further elucidated the upre
gulated expression of DNA repair genes (e.g. Mlh1, 
Exo1, Xrcc3, and Neil2) in response to TMZ + MEL 
treatment, indicating robust DNA damage respon
ses in cancer cells. Additionally, MEL augmented 
heat shock responses and mitochondrial Hsp60 



ISSN 1812-9269. Experimental Oncology 46 (2). 2024 97

Melatonin Enhances Temozolomide-Induced Apoptosis in Glioblastoma and Neuroblastoma Cells 

Fig. 6. Relative fold change determined by qRT-PCR analysis of p53, Bcl2, and Bax genes (a) and Nfkb1, IkB-α,  
and Pik3cg genes (c) in C6 and N1E-115 cells. All data were normalized to β-actin expression and are given relative  
to control. Data were presented as  the mean ± SE, n = 5. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Control — vehicle-treated 
control. Western blot analysis with the relative intensity of Nfkb1, P53, Bcl2, and Bax proteins (b) and Nfkb1, IkB-α,  
and PI3K p8-α proteins (d) (relative intensity normalized to β-actin)

Bcl2

4

3

2

1

0

Tp53/Trp53 Bax

3

2

1

0

6

4

2

0

***
******

******
******

**

**
**

*
***

**

**
* ***

Re
la

tiv
e m

RN
A

 e
xp

re
ss

io
n 

(fo
ld

)

25 kDa

20 kDa

33 kDa

42 kDa

C6 N1E-115

Ikb-α

C6 N1E-115

5

4

3

2

1

0

N�b1 Pik3cg/Pik3r1

6

4

2

0
C6 N1E-115 C6 N1E-115

2.0

1.5

1.0

0.5

0

**

***

*

**

*

*
* *

Control
TMZ
TMZ + MEL
TMZ + PTX

C6 N1E-115 C6 N1E-115 C6 N1E-115

Re
la

tiv
e m

RN
A

 e
xp

re
ss

io
n 

(fo
ld

)

1.00

1.00

1.00

Control

Bcl2

BAX

Casp3

β-actin

25 kDa

20 kDa

33 kDa

42 kDa

Bcl2

BAX

Casp3

β-actin

a

0.95

1.10

1.17

TMZ

0.28

1.67

1.28

TMZ+MEL

0.76

0.57

0.72

TMZ+PTX

1.00

1.00

1.00

Control

0.78

1.44

1.21

TMZ

0.56

1.36

1.64

TMZ+MEL

0.72

0.87

0.94

TMZ+PTX
b

67 kDa

38 kDa

82 kDa

42 kDa

C6 N1E-115

1.00

1.00

1.00

Control

NF-kB p65

IkB-α

PI3K p85-α

β-actin

67 kDa

38 kDa

82 kDa

42 kDa

NF-kB p65

IkB-α

PI3K p85-α

β-actin

c

0.94

1.76

0.78

TMZ

0.79

2.14

0.36

TMZ+MEL

1.07

0.89

0.28

TMZ+PTX

1.00

1.00

1.00

Control

1.18

0.95

1.39

TMZ

0.72

2.32

0.57

TMZ+MEL

0.68

0.87

0.61

TMZ+PTX
d

***

*** ***
***

**

*

***

** **

***

** **
*



98 ISSN 1812-9269. Experimental Oncology 46 (2). 2024

A. Bostanci, O. Doganlar

levels, while suppressing NF-κB signaling, there
by  promoting apoptosis in glioblastoma cells 
and attenuating survival mechanisms.

The tumor suppressor protein p53 is a critical 
regulator of cellular stress responses, particularly 
in the induction of apoptosis [34]. Its activation 
leads to a series of events where Bax is upregulated, 
promoting the mitochondrial outer membrane per-
meabilization (MOMP) and the subsequent release 
of cytochrome c into the cytoplasm. This initiates 
the formation of the apoptosome and activation 
of caspase-3, culminating in apoptosis [35]. The fin
dings revealed that TMZ and its combinations, 
especially with MEL, significantly increase p53 ex-
pression, thereby promoting apoptosis. This was 
evidenced by the increased expression of the down-
stream pro-apoptotic genes such as Bax and Cycs 
and elevated levels of caspase-3 protein, all of which 
are key components of the intrinsic apoptotic path-
way. In C6 cells, the TMZ + MEL combination not 
only triggered the intrinsic pathway but also acti-
vated the extrinsic pathway, as indicated by the up-
regulation of TNF-α and Casp8 gene expression. 
This dual activation suggests a robust apoptotic re-
sponse, enhancing the therapeutic efficacy of the 
treatment. Furthermore, the synergistic effect ob-
served with the TMZ and MEL combination indi-
cates that MEL potentiates the p53-mediated apop-
totic pathway, further supporting its role as an ad-
juvant in cancer therapy. Dramatically, in N1E-115 
cells, while p53 expression increased in respon
se to TMZ and its combinations, the activation 
of the mitochondrial apoptotic pathway was less 
pronounced compared to C6 cells. This suggests 
cell-type-specific differences in apoptotic signaling, 
where the extrinsic pathway might play a more 
dominant role in N1E-115 cells. The increased 
Tp53 levels and associated cell cycle arrest in these 
cells imply that p53 also contributes to growth in-
hibition, adding another layer to its tumor suppres-
sor function. The data aligns with the literature 
where TMZ-induced apoptosis in glioblastoma 
cells involves Tp53 activation and subsequent mi-

tochondrial dysfunction, cytochrome c release, 
and caspase activation [36, 37]. Moreover, the syner
gistic effects of MEL in enhancing p53-mediated 
apoptosis corroborate the findings from studies 
on hepatocellular carcinoma and glioblastoma, 
where MEL increases p53 and Bax expression while 
decreasing Bcl2 levels [38, 39]. In summary, p53 
plays a pivotal role in mediating the apoptotic ef-
fects of TMZ and its combinations with MEL or PTX. 
The enhanced p53 expression and activity lead 
to significant apoptosis via both intrinsic and ex-
trinsic pathways with cell line-specific variations. 
These findings underscore the therapeutic potential 
of targeting p53 and its downstream effectors to op-
timize cancer treatment strategies. It also highlights 
the therapeutic promise of MEL-based combinato-
rial therapies in GBM and NB, emphasizing their 
potential to increase treatment efficacy while re-
ducing adverse effects on healthy tissues. Future 
investigations should explore the translational im-
plications of these findings in clinical oncology 
practice, paving the way for optimized and per
sonalized cancer treatment strategies.

In conclusion, the combination of TMZ and MEL 
demonstrates decreased harm to healthy cells while 
retaining strong anti-proliferative effects similar 
to the TMZ and PTX treatment. Moreover, the com
bination allowed a significant reduction in the ef-
fective dose of TMZ, suggesting a potential strategy 
to mitigate chemotherapy-related side effects. Fur-
ther validation through human cell culture studies 
and GMB and NB animal models is required to sub
stantiate these results and evaluate the clinical 
feasibility of this combinatorial therapy. Overall, 
our data provide a foundation for future research 
on the efficacy and safety of TMZ and MEL thera
py  for GMB and NB, potentially offering new 
avenues to improve treatment outcomes in these 
challenging cancers.
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МЕЛАТОНІН ПІДСИЛЮЄ АПОПТОЗ, ІНДУКОВАНИЙ ТЕМОЗОЛОМІДОМ,  
В КЛІТИНАХ ГЛІОБЛАСТОМИ І НЕЙРОБЛАСТОМИ 

Стан питання. Сполучення темозоломіду (TMZ) та паклітакселу (PTX) зазвичай є найчастіше застосованим 
режимом хіміотерапії для лікування хворих на гліобластому. Однак приблизно у половини хворих розвиваєть-
ся стійкість до TMZ. До того ж, застосування цих засобів супроводжується серйозними побічними ефектами. 
Мелатонін (MEL), багатофункціональний гормон, може бути корисним у комбінованій протипухлинній тера-
пії, оскільки він впливає на пухлинні клітини відмінно від нормальних клітин. Мета полягала в дослідженні 
in vitro інгібувального ефекту MEL у сполученні з TMZ на виживаність пухлинних клітин гліобластоми і нейро-
бластоми. Матеріали та методи. У дослідженні використовували пухлинні клітини ліній C6 (Rattus norvegicus) 
та N1E-115 (Mus musculus), а також клітини C8-D1A нормальних астроцитів мишей. Проліферацію клітин оці-
нювали в МТТ тесті. IC50 обраховували за допомогою пробіт-аналізу. Дві концентрації TMZ (IC50 та 1/2 IC50) 
застосовували для індукції цитотоксичності в досліджуваних лініях клітин, а також досліджували вплив TMZ 
у сполученні з PXT або MEL. Аналіз індукції апоптозу проводили методом проточної цитометрії із застосуван-
ням анексину та пропідію йодиду. Експресію генів, залучених до певних сигнальних шляхів, оцінювали кіль-
кісною полімеразною ланцюговою реакцією зі зворотною транскрипцією (qRT-PCR), а експресію відповідних 
білків визначали вестерн-блот аналізом. Результати. За даними МТТ тесту TMZ у сполученні з MEL суттєво 
знижує життєздатність пухлинних клітин. За даними qRT-PCR таке сполучення приводить до підвищення екс-
пресії генів антиоксидантних ферментів (Sod1, Sod2) та генів репарації ДНК (Mlh1, Exo1, Rad18) в обох лініях 
пухлинних клітин. При цьому значно знижується рівень експресії Nfkb1 та Pik3cg, збільшується затримка клі-
тин за фазами циклу, підвищується експресія p53 та проапоптотичних білків (BАХ та каспаза-3). Висновки. 
Сполучення MEL з низькою дозою TMZ може підвищувати індукцію апоптозу в пухлинних клітинах, що може 
в перспективі стати альтернативою  застосування самого лише TMZ у лікуванні хворих на гліобластому.
Ключові слова: мелатонін, гліобластома, нейробластома, темозоломід.




