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Abstract

Background: The prognosis of glioblastoma (GBM) patients remains dismal due to
chemoresistance and ineffective therapies. This study investigates the anti-tumor poten-
tial of combining minor phytocannabinoids, cannabinol (CBN) or cannabigerol (CBG),
with melatonin (MLT). Methods: Cytotoxicity, synergy (Bliss model), and selectivity were
evaluated in U87, T98, and U251 GBM lines and normal fibroblasts. Mechanisms of dam-
age were characterized via Western blot (y-H2AX), flow cytometry (DCFDA, JC-1, Mito-
Bright, COX IV, BODIPY), and confocal analysis. Results: CBN-MLT and CBG-MLT reg-
imens exerted potent, synergistic cytotoxicity while sparing healthy fibroblasts. The com-
binations induced necrotic cell death characterized by severe double-strand DNA dam-
age. In T98 and U251 cells, this was driven by an early accumulation of intracellular ROS,
which triggered mitochondrial depolarization, loss of organelle mass, and extensive lipid
peroxidation. CBN combinations consistently achieved better results than CBG-based
treatments. Conversely, U87 cells delayed this oxidative-mitochondrial cascade, despite a
drop in late-stage cytotoxicity. Conclusions: This study provides a strong basis for com-
bining minor cannabinoids and MLT to treat GBM. By a selective, p53-independent ne-
crotic mechanism driven, these findings evidenced a potential novel therapeutic strategy
against GBM.

Keywords: Cannabigerol; Cannabinol; Glioblastoma; Melatonin; Minor cannabinoids;
Phytocannabinoid; Synergistic cytotoxicity

1. Introduction

Glioblastoma (GBM) remains the most aggressive, lethal, and histologically malig-
nant primary brain tumor in adults, classified as an IDH-wildtype, CNS grade 4
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astrocytoma by the World Health Organization. The current standard of care consisting
of maximal safe surgical resection followed by radiotherapy and chemotherapy with te-
mozolomide (TMZ) offers limited efficacy [1]. Despite the aggressive therapeutic regimen,
the median survival time for GBM patients remains a dismal 12 to 15 months, with a 5-
year survival rate of less than 10% [1]. Consequently, there is an urgent clinical need to
identify novel, multi-targeted therapeutic strategies that can bypass resistance mecha-
nisms and enhance the efficacy of standard treatments without compounding systemic
toxicity.

In recent years, the repurposing of endogenous compounds and natural products has
emerged as a promising frontier in neuro-oncology. Among these, the pineal hormone
melatonin (MLT) and phytocannabinoids derived from Cannabis sativa, most notably A°-
tetrahydrocannabinol (THC) and cannabidiol (CBD), have shown strong individual anti-
cancer effects [2-6]. While major cannabinoids like THC and CBD have historically domi-
nated oncology research, minor cannabinoids are becoming more interesting due to their
unique molecular targets and lack of toxic side effects. Among phytocannabinoids, can-
nabigerol (CBG) and cannabinol (CBN) are emerging as potent, non-psychoactive agents
capable of inhibiting tumor growth, inducing cancer cell death, and modulating the im-
mune microenvironment, as evidenced in GBM and other cell cancer models [7, 8]. Cru-
cially, phytocannabinoids have demonstrated a distinct ability to enhance the effective-
ness of conventional therapies and sensitize chemotherapeutic treatments, helping to
overcome established resistance mechanisms [5].

In the context of GBM, MLT has been shown to inhibit GBM cell proliferation by
inducing cell cycle arrest, and modulating key oncogenic pathways [9-11]. Furthermore,
MLT acts as an antioxidant, protecting healthy neural tissue from therapy-induced tox-
icity while selectively promoting cell death mechanisms within GBM cells [2, 3].

While both MLT and phytocannabinoids have demonstrated independent efficacy in
slowing GBM progression, single-agent therapies often fall short due to the redundant,
compensatory signaling pathways inherent to GBM. The rationale for combining MLT
and phytocannabinoids is in their complementary, non-overlapping mechanisms of action
and their shared capacity to cross the blood-brain barrier. Emerging clinical evidence,
including a few case reports documenting the off-label co-administration of medical can-
nabis and high-dose MLT, suggests that the simultaneous administration of these com-
pounds may produce a powerful cooperative effect [12-14]. Additionally, both agents
have well-documented neuroprotective profiles in healthy tissues, offering the dual ben-
efit of selectively attacking the tumor while shielding adjacent healthy cells from treat-
ment-induced damage [15-18].

This study aims to investigate the in vitro efficacy of combining MLT with CBN or
CBG in human GBM models. We evaluate the impact of this combinatorial approach on
cell viability, cytotoxic synergy, and selectivity profiles using a panel of genetically differ-
ent GBM cell lines and healthy human fibroblasts. Furthermore, we explore cell death and
underlying damage pathways. By bypassing conventional apoptotic cascades, this exper-
imental study represents a crucial step in defining a novel, p53-independent necrotic
mechanism, providing robust biochemical validation for a promising multi-target thera-
peutic strategy against glioblastoma.

2. Results

2.1. Synergistic cytotoxic interactions of MLT-CBN and MLT-CBG combinations in GBM cell
lines

To establish the cytotoxicity of the single agents, U87, T98, and U251 GBM cell lines
were treated with increasing concentrations of CBN (0-50 uM), CBG (0-50 uM), or MLT
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(0-1 mg/mL) for 72 hours (Figure 1). As shown in Figure 1A, single-agent CBN induced a = 92
significant dose-dependent reduction in cell viability across all three cell lines. While 93
lower concentrations (up to 20 pM) showed minimal to moderate effects, a drop in viabil- 94
ity was observed at higher doses, with 50 uM CBN decreasing cell survival below 20% in 95
U87, T98, and U251 cells (p < 0.0001 vs. Control). A similar dose-response pattern was 9
observed for CBG (Figure 1B). However, CBG demonstrated higher cytotoxic potency at 97
intermediate concentrations compared to CBN. Regarding MLT treatment (Figure 1C), 98
MLT exerted a less pronounced cytotoxic profile at lower doses, particularly in T98 cells, 99
where viability remained close to 100% up to 0.6 mg/mL (equivalent to a high concentra- 100
tion of 2.6 mM). At higher concentrations, MLT induced a statistically significant, dose- 101
dependent decrease in cell survival, confirming its intrinsic anti-tumor activity exclusively = 102
at these high, supra-physiological pharmacological doses. Taken together, these data pro- 103
vided the necessary concentration ranges to further investigate potential synergistic inter- 104

actions and selectivity profiles in subsequent combination assays. 105
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Figure 1. Dose-dependent cytotoxic effects of MLT, CBG, and CBN on human GBM cell lines. Cell 107
viability of U87 (A), T98 (B), and U251 (C) glioma cells was evaluated by MTT assay after 72 h of 108
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treatment with increasing concentrations of CBN (0-50 uM), CBG (0-50 uM), or MLT (0-1 mg/ml). 109
The 100% viability baseline corresponds to the vehicle-treated control cells. Data are expressed as 110
the mean + Standard Deviation (SD) of three independent experiments. Statistical analysis was per- 111
formed using One-way ANOVA followed by Dunnet's post-hoc test **p < 0.01, **p < 0.001, and 112
***p < 0.0001 vs. Control (0). 113

To explore potential therapeutic advantages, we next evaluated the combined effects 114
of CBG or CBN with MLT on U87, T98, and U251 cells (Figure 2). Co-treatment with CBN 115
and increasing doses of MLT induced a dose-dependent decrease in cell viability that 116
significantly outperformed the single drug across all three cell lines (Figure 2A). To 117
characterize the nature of these interactions, 2D synergy landscapes were generated using 118
the Bliss independence model (Figure 2B). This analysis revealed strong synergistic 119
cytotoxicity (Synergy Score > 0, red regions) at intermediate-to-high concentration 120
clusters; notably, the CBN-MLT combination exhibited prominent synergy zones in U87 121
cells at 0.2-0.4 mg/mL MLT and in T98 cells at 0.6-0.7 mg/mL MLT. Similarly, the 122
combination of CBG and MLT produced a significant reduction in glioblastoma cell 123
survival (Figure 2C). The corresponding Bliss synergy maps (Figure 2D) confirmed a 124
highly potent and extensive synergistic landscape for CBG-MLT, particularly in U87 and 125
T98 lines, where strong positive synergy scores dominated the treatment grid (0.2-0.4 126
mg/mL and 0.5-0.7 mg/mL MLT, respectively). Conversely, antagonistic or purely 127
additive effects (Synergy Score < 0, green/white regions) were strictly confined to the 128
lowest concentration thresholds. Based on these maps, optimal combinations were 129
selected for subsequent experiments (U87: MLT 0.3 mg/ml and CBN 25 uM; MLT 0.3 130
mg/m and CBG 15 pM. T98: MLT 0.7 mg/ml and CBN 25 uM; MLT 0.6 mg/ml and CBG 131

30 uM. U251: MLT 0.4 mg/ml and CBN 20 uM; MLT 0.5 mg/ml and CBG 35 uM). 132
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Figure 2. In vitro cytotoxicity and synergistic interaction maps of cannabinoid-MLT combinationsin 134
GBM cell lines. A,C) Dose-response curves of U87, T98, and U251 cells treated with three concen- 135
trations of CBN (A) or CBG (C), either alone or in combination with increasing doses of MLT. Data 136
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are presented as absolute cell viability (%) relative to untreated cells (set at 100%). Statistical signif- 137
icance was determined using Two-way ANOVA followed by Tukey's post-hoc test (**p <0.01, **p 138
<0.001, ***p < 0.0001 vs. Control). B,D) 2D synergy landscapes calculated using the Bliss independ- 139
ence model for CBN + MLT (B) and CBG + MLT (D). The color scale indicates the Synergy Score: red 140
regions represent synergistic cytotoxicity (score > 10), white regions indicate additive effects (-10 < 141
score < 10), and green regions represent antagonism (score < -10). Data are expressed as mean + 142

Standard Deviation (SD) of three independent experiments. 143

To confirm whether these synergistic combinations could affect non-malignant cells, 144
the treatments were evaluated on the human fibroblasts (NHF A12) cell line, and the cor- 145
responding Net Selectivity Indices (SI) were calculated (Figure 3). In NHF A12 cells, via- 146
bility was expressed as relative cell viability (%) normalized to the respective MLT-alone 147
baselines to isolate the net impact of the cannabinoids. As shown in Figure 3A, the addi- 148
tion of MLT did not induce any synergistic toxicity in healthy cells. On the contrary, co- 149
treatment with MLT significantly rescued or maintained fibroblasts viability compared to 150
the cannabinoid-alone control in CBN 20 uM (p <0.001) and CBG 25 uM (p < 0.05) treated 151
cells, while no statistical differences were observed across the CBG combinations. To 152
quantify the specific anti-tumor action, the Net Selectivity Index (SI) was calculated for 153
the most effective synergistic clusters identified in each GBM line (Figure 3B). Of note, all 154
selected combinations yielded SI values above the non-selectivity threshold (SI > 1.0, 155
dashed line). For CBN-MLT combinations, the highest selectivity was achieved in U251 156
cells (SI = 1.63) treated with 0.4 mg/mL MLT + 20 uM CBN. For CBG-MLT combinations, 157
an even higher selectivity profile was observed in U87 cells, reaching a peak SI value of 158
2.03 (0.2 mg/mL MLT + 15 uM CBG). Taken together, these data demonstrate that the cy- 159
totoxic mechanism of these formulations is preferentially directed toward the GBM phe- 160

notype, maintaining a favorable safety profile on normal cell. 161
A NHF A12 NHF A12
g g
z z
3 |
: :
8 ]
g H
H ;
£ 3
o o (4
P @ @ B M & &
&4 @ O Og® & & \!u\ &
cf:'b. ou:._‘é‘& c,o&é‘& o‘::ap“e c,o:;bé‘ﬁ go:,}é‘é
& @& @ & @ @
CBN 20 pM CBN 25 uM CBG 15 yMCBG 25 yMCBG 30 uM
B
2.09 25+
- [0 U8T MLT 0.3 mg/ml + CBN 25 uM _ [ UB7 MLT 0.2 mg/ml + CBG 15 pM
o 154 ] [ T98 0.7 mg/mi + CBN 20 uM @ 204 [ T98 0.6 mg/ml + CBG 25 uM
x x
-§ [ U251 0.4 mg/ml + CBN 20 uM % 154 [ U251 0.5 mg/ml + CBG 30 pM
_— £
z10 s —
s % 1.0
0% 05 2 05+
w
0.0 0.0

162

Figure 3. Relative cell viability of healthy NHF A12 cells and Net Selectivity Indices (SI) of canna- 163
binoid-MLT combinations. (A) Viability of NHF A12 cells treated with CBN or CBG in the absence 164
(Control) or presence of MLT. Data are expressed as relative cell viability (%) normalized to the 165
respective MLT-alone at each concentration (set at 100%, dashed line). Data are presented as mean 166
+ SD. Statistical analysis was performed using Two-way ANOVA followed by Sidék's post-hoc test 167
(*p <0.05, **p < 0.001 vs. Control). (B) Net Selectivity Index (SI) calculated for U87, T98, and U251 168
GBM lines relative to NHF A12 cells; the dashed line at SI = 1.0 represents the threshold of non- 169
selectivity (values > 1.0 indicate preferential cytotoxicity toward cancer cells). 170
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2.2. Combined treatments induce necrotic cell death and DNA damage 171

To evaluate cell death triggered by the synergistic cannabinoid-MLT combinations, 172
we performed flow cytometric analysis using Annexin V and Propidium Iodide (PI) stain- 173
ing after 24 hours of exposure (Figure 4A,B, Figure S1). While Annexin V-staining was 174
negative after 24 hours of exposure (data not shown), co-treatment with CBN and MLT 175
induced a substantial shift in PI fluorescence intensity across all three GBM lines (Figure 176
4A). Quantification of the Mean Fluorescence Intensity (MFI, expressed as fold change 177
relative to the untreated control) confirmed a statistically significant increase in Pl uptake. 178
In U87 cells, the combination (MLT 0.3 mg/mL + CBN 25 uM) led to an approximate 3- 179
fold increase in MFI (p < 0.0001), significantly bettering both single-agent treatments. A 180
similar synergistic trend was observed in T98 cells (MLT 0.7 mg/mL + CBN 20 pM) and 181
U251 cells (MLT 0.4 mg/mL + CBN 20 uM), where the combined groups reached a 2-fold 182
and 1.8-fold increase in MFI, respectively (p < 0.001). Paralleling these findings, the co- 183
administration of CBG and MLT (Figure 4B) maximized PI internalization, leading to a 184
drastic increase in MFI that reached approximately 3-fold in U87, 2-fold in T98, and 2.5- 185
fold in U251 cells compared to their respective single-agent or control counterparts (p < 186
0.0001). 187

To further define the intracellular pathways involved, we evaluated key molecular 188
markers via Western blot analysis (Figure 4C). We observed a considerable upregulation 189
of phosphorylated H2AX (y-H2AX) expression specifically in the groups treated with the 190
CBN-MLT and CBG-MLT combinations. This accumulation of y-H2AX demonstrates that 191
the combined formulations induce severe, extensive double-strand DNA breaks, which 192
correlate with the cytotoxicity observed. Taken together, the rapid loss of membrane in- 193
tegrity documented by PI influx, combined with severe DNA damage (y-H2AX -increase), 194
demonstrates that the cannabinoid-MLT combinations drive GBM cells toward a non- 195
apoptotic, necrotic cell death pathway. 196
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Figure 4. Evaluation of cell death and DNA damage in GBM cell lines following single or combined
treatments. A,B) U87, T98, and U251 cell lines were treated with MLT, CBN, CBG, or their respective
combinations for 24 h. Cell death was assessed via PI staining and flow cytometry. A) MFI expressed
as fold change relative to the untreated control for U87, T98, and U251 lines under single or
combined MLT and CBN exposure. B) Relative MFI quantification for the same GBM lines under
single or combined MLT and CBG exposure. In all bar graphs, the control group was normalized to
1. Data are presented as mean + SD of at least three independent biological replicates. C) Western
blot analysis (top) and corresponding densitometric quantification (bottom) of y-H2AX protein
levels relative to Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) loading control in US87,
T98, and U251 cells after 24 h treatment with MLT, CBN, or their combination. (D) Western blot
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analysis (top) and corresponding densitometric quantification (bottom) of y-H2AX protein levels 208
relative to GAPDH loading control in U87, T98, and U251 cells after 24 h treatment with MLT, CBG, 209
or their combination. Statistical significance was determined using a one-way ANOVA followed by 210
Dunnett's post-hoc test for multiple comparisons (* p <0.05, ** p <0.01, *** p <0.001, *** p <0.0001). 211

2.3. Evaluation of oxidative stress and mitochondrial homeostasis disruption under single and 212
combined treatments 213

To investigate the mechanisms underlying the observed effects, we evaluated the 214
induction of intracellular oxidative stress by quantifying reactive oxygen species (ROS) 215
production via DCFDA staining and flow cytometry. The three GBM cell lines were 216
analyzed after treatment with MLT alone, cannabinoids alone, or their respective 217
combinations, revealing a time- and dose-dependent response. Regarding the interaction 218
between MLT and CBN (Figure 5A), the results highlighted differences among the lines. 219
In U87 cells after 16 hours of exposure, single treatment with MLT (0.3 mg/ml) 220
significantly decreased basal ROS levels compared to the control, confirming its well- 221
known baseline antioxidant properties. However, this effect was completely reversed 222
when MLT was combined with 25 uM CBN; the co-administration induced a robust and 223
highly significant increase in ROS production, which was significantly higher than both = 224
the control and either single treatment. A similar pro-oxidant effect was observed in T98 225
cells at 6 hours and U251 cells at 12 hours. In T98 cells, while individual treatments with 226
MLT (0.7 mg/ml) or CBN (20 uM) failed to alter ROS production, their combination led to 227
a statistically significant elevation compared to the control. Similarly, in U251 cells, single 228
treatments (MLT, 0.4 mg/ml, or CBN, 20 uM) showed only a slight upward trend, but the 229
combined regimen triggered a significant accumulation of intracellular ROS, markedly 230
exceeding the levels observed with single MLT treatment. An almost identical profile of 231
oxidative stress activation emerged when evaluating the combination of MLT and CBG 232
(Figure 5B). In U87 cells, single MLT (0.3 mg/ml) treatment again exerted a scavenger-like 233
reduction in baseline ROS, but the co-administration with 15 pM CBG switched this 234
response toward a potent pro-oxidant action, significantly driving up ROS levels 235
compared to all other experimental groups. In T98 cells, the combination of MLT (0.6 236
mg/ml) and 25 uM CBG promoted a statistically significant upregulation of oxidative 237
stress, clearly bettering both single compounds. Lastly, in the U251 line, the combination 238
of MLT (0.5 mg/ml) and 35 uM CBG induced a significant shift in ROS levels relative to 239
the control. Taken together, these findings demonstrate that despite the initial antioxidant 240
behavior of MLT seen in specific settings like the U87 line, its combination with either 241
CBN or CBG shifts the cellular environment toward a strong pro-oxidant state across all = 242
tested GBM cell lines, suggesting that these combinations trigger specific intracellular 243
oxidative stress pathways. 244
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Figure 5. Flow cytometric analysis of intracellular ROS production in GBM cell lines under time- 246
dependent single or combined cannabinoids and MLT treatments. A) Quantification of DCFDA 247
MF]I, expressed as fold change relative to the untreated control, to assess intracellular ROS levels in 248
U87 (16 h), T98 (6 h), and U251 (12 h) lines under single or combined MLT and CBN exposure. B) 249
Relative DCFDA MFI quantification for U87 (16 h), T98 (6 h), and U251 (12 h) lines under single or 250
combined MLT and CBG exposure. In all bar graphs, the untreated control group was normalized 251
to 1. Data are presented as mean * SD of at least three independent biological replicates. Statistical 252
significance was determined using a one-way ANOVA followed by Tukey’s post-hoc test for 253
multiple comparisons (* p <0.05, ** p < 0.01, *** p <0.001). 254

To determine whether the observed pro-oxidant effects were associated with 255
mitochondrial dysfunction, we evaluated changes in mitochondrial membrane potential 256
(AUm), and mitochondrial dynamics across the GBM cell lines after 24 hours of treatment. 257
Mitochondrial membrane potential was assessed by calculating the FL2/FL1 fluorescence 258
ratio of JC-1. When examining the combination of MLT and CBN (Figure 6A), a distinct 259
line-dependent pattern of depolarization emerged. In U87 cells, single treatments with 260
either MLT (0.3 mg/ml) or CBN (25 uM) led to an increase in the FL2/FL1 ratio compared 261
to the control, whereas their combination significantly reduced this ratio, indicating an 262
induction of mitochondrial stress with the co-administration. In T98 and U251 cells, single 263
treatments did not induce depolarization; however, the combined administration of MLT 264
and CBN triggered a highly significant collapse of Aym in both lines (p < 0.001). In all 265
experimental settings, the uncoupler CCCP was utilized as a positive control, confirming 266
effective mitochondrial depolarization. A partially overlapping trend was observed when 267
evaluating the combination of MLT and CBG (Figure 6B). While U87 cells remained 268
resistant to depolarization under these specific conditions, T98 cells exposed to the 269
combination showed a significant decrease in the JC-1 ratio compared to the single CBG 270
treatment (p < 0.05). Notably, U251 cells exhibited a highly sensitive response to the MLT 271
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and CBG combination, resulting in a statistically significant reduction in Ay relative to 272
both the untreated control and the single agents (p <0.001). To further characterize these 273
mitochondrial alterations, we monitored changes in mitochondrial mass or dynamics 274
using MitoBright staining (Figure 6C,D). In T98 cells, single treatments with MLT (0.7 275
mg/ml) caused a modest increase in MitoBright fluorescence, but CBN (20 pM) or the 276
combination significantly suppressed this signal. A similar and more pronounced effect 277
was observed in U251 cells, where the combined treatment led to a reduction in 278
mitochondrial staining (p < 0.05), suggesting an acceleration of mitochondrial degradation 279
or a severe impairment of mitochondrial biogenesis. In U87 cells, CBN (20 uM) was able 280
to markedly decrease the MitoBright fluorescence; however, the combination did not 281
improve the reduction. Moreover in U251 and T98 cells, the combination CBG and MLT 282
strongly reduces the MitoBright signal more than single treatments (p <0.001), whereas 283
in U87 cells CBG did not induce significant mitochodnrial alterations in accordance with 284
the JC-1 assay. 285

Finally, we investigated whether this mitochondrial impairment correlated with the 286
expression of Cytochrome c Oxidase (Figure 6, Figure S2). Flow cytometric analysis of 287
COX subunit IV (COX-1V) expression (Figure 6E) revealed a significant downregulation 288
following the combined treatments with both CBN and CBG in T98 and U251 cells, 289
confirming the previous results. To visually validate these findings, confocal microscopy 290
was performed to confirm COX-IV expression and localization in T98 cells (Figure 6E), 291
which qualitatively confirmed a distinct reorganization and reduction of the 292
mitochondrial metabolic enzyme under combined treatment conditions. Taken together, 293
U87 cells demonstrated a marked resistance to combination-induced mitochondrial 294
dysfunction, showing no significant alterations in membrane potential, organelle mass, or ~ 295
COX-1V expression. Conversely, T98 and U251 lines proved highly susceptible to 296
mitochondrial impairment, leading to severe bioenergetic collapse. 297
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Figure 6. Effects of cannabinoids and MLT treatments on mitochondrial status in GBM cells. A,B) 299
Flow cytometric analysis of mitochondrial membrane potential (Aym) expressed as the red 300
(FL2)/green (FL1) fluorescence intensity ratio of JC-1 staining in U87, T98, and U251 lines after 24 h 301
treatment with single or combined MLT, CBN (A) and CBG (B). CCCP was used as a positive control 302
for mitochondrial depolarization. C,D) Flow cytometric quantification of mitochondrial mass 303
assessed via MitoBright staining (MFI, fold change) in U87, T98 and U251 lines following single or 304
combined MLT and CBN (C) or CBG (D) treatments. E) Flow cytometric analysis of Cytochrome ¢~ 305
Oxidase subunit IV (COX-IV) expression (MFI, fold change) in T98 cell line under the respective 306
single or combined treatments. Bar graphs indicate the percentage reduction of COX-IV positive 307
cells. E) Confocal microscopy analysis of COX-IV expression and localization in T98 cells 308
(Magnification 100x). In all bar graphs, data are presented as mean + SD of at least three independent 309
biological replicates. Statistical significance was determined using a one-way ANOVA followed by 310
Tukey’s post-hoc test for multiple comparisons (* p < 0.05, ** p <0.01, ** p <0.001, **** p <0.0001). 311

To evaluate whether the intracellular ROS accumulation led to structural membrane 312
damage, we investigated lipid peroxidation levels across the three GBM cell lines after 24 313
hours of treatment using the fluorescent dye Bodipy (Figure 7). The analysis revealed a 314
strong, line-dependent susceptibility to lipid peroxidation that closely mirrored the 315
mitochondrial damage profile. Consistent with their general resistance, U87 cells did not 316
display any significant alterations in the Bodipy red/green ratio under single or combined 317
treatments with either CBN (25 uM) or CBG (15 pM). Conversely, both T98 and U251 cell = 318
lines were highly sensitive to treatment-induced lipid oxidation. When exposed to the 319
combination of MLT (0.7 mg/ml) and CBN (20 uM), T98 cells exhibited a significant 320
decrease in the red/green ratio compared to the untreated control (p < 0.001) and to the 321
single CBN treatment. A similar significant drop was observed in U251 cells treated with 322
the MLT (0.4 mg/ml) and CBN (20 uM) in combination compared to both the control and 323
single cannabinoid exposure (p < 0.05). When evaluating the MLT-CBG combination, the 324
co-administration with MLT triggered lipid peroxidation in T98 (p < 0.001) and U251 cells 325
relative to their respective single cannabinoid treatments. In conclusion, while U87 cells 326
remain protected against lipotoxic injury, the combination of MLT with cannabinoids 327
causes loss of lipid membrane integrity in T98 and U251 lines. 328
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Figure 7. Flow cytometric analysis of lipid peroxidation in GBM cell lines under single or combined 331
cannabinoids and MLT treatments. A) Evaluation of lipid peroxidation expressed as the PE-A/FITC- 332
A fluorescence ratio of Bodipy staining in U87, T98, and U251 lines after 24 h treatment with single 333
or combined MLT and CBN. B) Relative Bodipy PE-A/FITC-A ratio in U87, T98, and U251 lines 334
under single or combined MLT and CBG exposure for 24 h. In all bar graphs, data are presented as 335
mean * SD of at least three independent biological replicates. Statistical significance was determined 336
using a one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons (* p <0.05, ** 337
p <0.01, *** p <0.001). 338

3. Discussion 339

Despite decades of research, the clinical management of GBM remains one of the 340
most challenges in oncology. Since the introduction of the Stupp regimen with TMZ, ther- 341
apeutic progress has slowed down, and the prognosis for GBM patients remains dismal 342
due to intrinsic drug resistance and tumor heterogeneity. In this context, exploring novel, 343
multi-targeted therapeutic strategies are essential. The present study introduces a poten- 344
tial innovative approach by investigating the anti-tumor effects of the combination of MLT 345
and minor phytocannabinoids. While major cannabinoids like A°>-THC and CBD have 346
been well investigated in neuro-oncology, scientific literature regarding minor canna- 347
binoids in GBM remains scarce [19-21]. Nevertheless, preliminary clinical evidence, in- 348
cluding sparse case reports documenting the off-label use of medical cannabis in combi- 349
nation with high-dose MLT, has hinted at an unexploited translational potential [13, 22]. 350
Our work provides the in vitro mechanistical validation supporting these clinical observa- 351
tions in GBM. 352

A key finding of our study is the ability of both MLT-CBN and MLT-CBG formula- 353
tions to exert synergistic cytotoxicity across three genetically distinct GBM cell lines. Cru- 354
cially, this cytotoxic efficacy bypassed the p53 status of the tumors, triggering a collapse 355
in cell viability in both p53 wild-type (U87) and p53-mutated/deficient (T98 and U251) 356
backgrounds. Given that p53 mutations commonly drive resistance to conventional 357
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alkylating agents like TMZ, the ability to induce cell death regardless of p53 status under- 358
scores the translational relevance of these combinations in overcoming standard chemo- 359
resistance [23]. It is worth underlining that this aggressive anti-tumor action did not trans- 360
late into off-target toxicity. In NHF A12, MLT actively shielded healthy cells from canna- 361
binoid-induced injury, resulting in a favorable Net Selectivity Indices (SI up to 2.03). In 362
pharmacology, an in vitro SI benchmark between 1.1 and 2.0 is often considered moderate. 363
However, within the context of GBM, where conventional alkylating agents like te- 364
mozolomide impose severe, dose-limiting systemic toxicities, even a modest preferential 365
target is highly significant. Because both phytocannabinoids and MLT are well-tolerated 366
in vivo, this net selectivity validates a safe therapeutic window capable of targeting the 367
tumor phenotype without inducing collateral damage to normal surrounding tissues, 368
highlighting a favorable safety profile essential for future in vivo translation [24, 25]. 369

Mechanistically, our data demonstrate that these combinations do not rely on apop- 370
totic pathway. While Annexin V-staining was negative after 24 hours of exposure, co- 371
treatments induced a rapid, massive influx of PI. The significant upregulation of phos- 372
phorylated y-H2AX demonstrated that the combined treatments induce extensive double- 373
strand DNA damage. Taken together, the rapid loss of membrane integrity documented 374
by PI influx, combined with severe DNA damage, demonstrates that the MLT-canna- 375
binoid combinations drive GBM cells toward a non-apoptotic, necrotic cell death path- 376
way. 377

In the context of GBM therapy, driving cells toward a p53-independent necrotic path- 378
way represents a highly advantageous clinical trait. Mutations in the TP53 gene are among 379
the most frequent alterations in GBM, driving aggressive tumor progression and confer- 380
ring profound resistance to conventional pro-apoptotic chemotherapies, such as TMZ, 381
which rely on functional p53 signaling to trigger cell death [23]. By bypassing the apop- 382
totic cascades and triggering necrotic cell death irrespective of p53 mutations, the MLT- 383
CBN and MLT-CBG combinations offer a powerful strategy to overcome intrinsic drug 384
resistance. This allows the formulations to bypass the p53 status of the tumors, triggering 385
a decrease in cell viability in both p53 wild-type (U87) and p53-mutated/deficient (T98 386
and U251) backgrounds, reinforcing their potential as promising multi-target candidates 387
for future pre-clinical validation [23]. 388

To dissect the upstream triggers of this necrotic death, we investigated the interplay 389
between oxidative stress, mitochondrial homeostasis, and membrane integrity. Our re- 390
sults unraveled a line-dependent response. In the T98 and U251 cells, the co-administra- 391
tion of MLT with CBN or CBG induced an early, massive accumulation of ROS. This over- 392
whelming oxidative burst directly targeted the mitochondria, prompting a highly signifi- 393
cant collapse of the mitochondrial membrane potential (AYm), and a depletion of mito- 394
chondrial mass. These events culminated in extensive lipotoxicity, as documented by a 395
severe drop in the Bodipy PE-A/FITC-A ratio, indicating widespread lipid peroxidation 396
of structural membranes. Within these responsive cells, CBN-containing regimens con- 397
sistently overtaken CBG-based treatments, identifying CBN as a significantly more potent 398
driver of mitochondrial structural and functional dismantling. 399

In contrast, the U87 cell line established a resistance profile. While the combinations 400
successfully triggered cytotoxicity and necrotic death in U87 cells, these cells remained 401
entirely protected against mitochondrial depolarization, loss of mitochondrial mass, and 402
lipid peroxidation at earlier time points. This intriguing divergence can be explained by 403
the superior baseline antioxidant and scavenger capacity characterizing the U87 line [26]. 404
Indeed, our baseline ROS assays revealed that single MLT treatment significantly reduced 405
basal ROS levels strictly in U87 cells, confirming a robust endogenous antioxidant ma- 406
chinery capable of buffering early oxidative insults. Consequently, while T98 and U251 407
cells subject to an oxidative-mitochondrial-lipotoxic cascade, U87 cells successfully delay 408
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early mitochondrial injury, suggesting that the combinations eventually eliminate this cell 409
line through distinct, alternative necrotic pathways or delayed alternative organelle stress. 410

In summary, this study provides a strong foundation for combining minor canna- 411
binoids and MLT to treat GBM. These findings bridge the gap between empirical case 412
reports and rigorous molecular oncology, offering a promising alternative to conventional 413

GBM regimens. 414
4. Materials and Methods 415
Cell lines 416

Human GBM cell lines U87, T98, and U251 (European Collection of Cell Cultures, 417
Salisbury, UK) were maintained in Eagle’s Minimum Essential Medium (EMEM; SI1.AL., 418
Milan, Italy) enriched with 10% (v/v) heat-inactivated fetal bovine serum (FBS), penicillin =~ 419
(100 IU/mL), streptomycin (100 pg/mL), 2 mmol/L L-glutamine, 10% (v/v) nonessential 420
amino acids, and 10% (v/v) sodium pyruvate. The non-tumoral primary human fibroblast 421
cell line NHF A12 (ATCC, LGC Standards, Milan, Italy) was cultured in Dulbecco’s Mod- 422
ified Eagle’s Medium (DMEM, S.I.A.L.) supplemented with 10% (v/v) FBS, penicillin (100 423
IU/mL), and streptomycin (100 pg/mL). All cultures were incubated at 37 °C under hu- 424
midified conditions with 5% CO.. 425

Compounds 426

Melatonin (Cayman Chemical, Ellsworth, MI, USA) was prepared fresh by dissolving 427
in 70% ethanol at 40 mg/mL. Pharmaceutical-grade CBG and CBN crystals were pur- 428
chased from Cayman Chemical and solubilized in 70% ethanol at 50 mM. Aliquots were 429
prepared and stored at-20°C; each aliquot was used at one time point. 430

Cell viability assay 431

GBM and NHF A12 cells (3 x 104 cells/ml) were seeded in 96-well plates, in a final 432
volume of 100 uL/well, and after one day of incubation, CBG, CBN, MLT alone or in com- 433
bination were added. At least six replicates in each experiment were used for each treat- 434
ment. After 72 h, cell viability was assessed by adding 0.8 mg/mL of 3-[4,5-dimethylthia- 435
zol-2-yl]- 2,5 diphenyl tetrazolium bromide (MTT) (Sigma-Aldrich, Milan, Italy) to the 436
media. The absorbance of samples, solubilized in dimethyl sulfoxide (DMSO), compared 437
to a control (medium only) was measured at 540 nm using the Spectra Max ID3 microplate 438
reader (Molecular Devices, Miinchen, Germany). 439

ROS production 440

Intracellular oxidative stress levels in GBM cells were evaluated using the fluorescent 441
probe 20,70-dichlorofluorescein (DCFDA). Cells (5 x 10 cells/ml) were treated with CBG, 442
CBN, MLT alone or in combination for up to 72 h. Hydrogen peroxide 6 uL/mL was used = 443
as a positive control. At the end of each incubation period, cells were incubated with 444
DCFDA at 37 °C for 20 min. Quantitative measurements were performed by flow cytom- 445
etry using a BD Accuri C6 Plus system and related software (BD Biosciences, San Jose, 446
CA, USA). 447

Mitochondrial Transmembrane Potential 448

The mitochondrial transmembrane potential (AWm) was evaluated by 5,5',6,6"- tetra- 449
chloro-1,1',3,3'-tetraehylbenzimidazolylcarbocyanineiodide (JC1) staining. GBM cell lines 450
(5 x 10* cells/ml) were seeded into 24-well plates, treated with CBG, CBN, MLT alone or 451
in combination or vehicle. Subsequently, cells were incubated with JC-1 (10 ug/mL). Car- 452
bonyl cyanide chlorophenylhydrazone protonophore (CCCP, 50 uM, Sigma-Aldrich), a 453
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mitochondrial uncoupler known to dissipate AWm, was used as a positive control. Quan- 454
titative analysis was performed by flow cytometry using a BD Accuri C6 Plus system (BD 455
Biosciences). 456

Determination of Lipid ROS 457

Intracellular lipid peroxidation and lipid reactive oxygen species (ROS) levels were 458
quantified using the fluorescent probe BODIPY™ 581/591 C11 (Thermo Fisher Scientific, 459
Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, GBM cells were 460
seeded in 24-well plates at a density of 5 x 104 cells/ml and allowed to adhere. Following 461
24 h of treatment with MLT, CBN, or CBG alone, or in their respective combinations, the 462
culture medium was removed. The cells were washed with phosphate-buffered saline 463
(PBS) and incubated with 10 uM C11 BODIPY for 30 min at 37 °C in the dark. After incu- 464
bation, cells were washed twice with PBS, harvested, and immediately analyzed using a 465
BD Accuri C6 Plus flow cytometer equipped with its analysis software (BD Biosciences). 466
To monitor the shifting fluorescence during lipid oxidation, C11 BODIPY was excited at 467
561 nm to measure the red fluorescence intensity (associated with the unoxidized dye, 468
collected in the red channel) and at 488 nm to measure the green fluorescence intensity = 469
(associated with the oxidized dye, collected in the green channel). Lipid peroxidation was 470
expressed as the relative shift in the red/green fluorescence ratio compared to the un- 471
treated control group. 472

Cell death assay 473

GBM cells (5 x 104 cells/ml) were treated with CBG, CBN, MLT alone or in combina- 474
tion for up to 72 h. Then cells were incubated with 5 uL/well Annexin V-FITC and 2 ug/mL 475
PI for 10 min at room temperature. After washing, fluorescence was analyzed by BD Ac- 476
curi C6 Plus flow cytometer and its software (BD Biosciences). 477

Western blot 478

Lysates from glioma cells were extracted using a lysis buffer containing a protease- 479
inhibitor cocktail (EuroClone, Milan, Italy). Proteins were separated on 12% SDS/poly- 480
acrylamide gels using a Mini-PROTEAN Tetra Cell system (Bio-Rad, Milan, Italy). Protein 481
transfer to a nitrocellulose membrane was performed using a Mini Trans-Blot Turbo RTA 482
system (Bio-Rad). Non-specific binding sites were blocked with low-fat dry milk or BSA 483
in PBS containing 0.1% Tween 20. Membranes were incubated with phospho-histone 484
H2A.X (#9718, 1:1000; Cell Signaling Technology, Milan, Italy), and GAPDH (sc-47 724, 485
1:1000; Santa Cruz Biotechnology, Dallas, TX, USA) antibodies overnight at 4°C, followed 486
by incubation with HRP-conjugated secondary antibodies (anti-rabbit Ab, 1:2000; anti- 487
mouse, 1:2000; Cell Signaling Technology). Analysis was performed using LiteAblot PLUS 488
or Turbo kits (EuroClone), ChemiDocTM XRS+ with Image LabTM Software version 6.1.0 489
(Bio-Rad). GAPDH was used as loading control. 490

Determination of mitochondrial mass 491

To determine mitochondrial mass by flow cytometry, the MitoBright LT-Green dye 492
was used according to the manufacturer’s instructions. (Dojindo Molecular Technologies, 493
MD, USA). Briefly, glioma cells seeded in 24-well plates at a density of 5 x 10 cells/ml 494
were treated with CBG, CBN, MLT alone or in combination for 24 h and then incubated 495
with MitoBright LT-Green dye (1:1000) for 30 min at 37 °C in the dark. After washing, cells 496
were analyzed by BD Accuri C6 Plus flow cytometer and its software. 497

The impairment of mitochondrial mass and integrity was also assessed by COX IV 498
staining. Cells, treated as above described, were fixed in paraformaldehyde 4% and per- 499
meabilized with permeabilization solution (1% FBS, 0.1% saponin, 0.1%, sodium azide in 500
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PBS). The cells were incubated with mouse anti-human COX 1V Antibody (Ab) (1:200, Cell 501
Signaling Technology, MA, USA) followed by Alexa fluor 488-conjugated secondary Ab 502
(1:2000, Cell Signaling). Cells were then analyzed by BD Accuri Cé Plus flow cytometer 503
and its software. 504

Confocal Microscopy 505

T98 glioma cells (4x10%ml) were plated on u-Slide 8 Well (Cat.No: 80826, IBIDI, 506
Grifelfing, Germany) and treated with CBG, CBN, MLT alone or in combination for 24 h. 507
After treatment, cells were fixed 10 min with 2% paraformaldehyde in 0.1% of Tween-20 508
in PBS followed by 10 minutes with 4% paraformaldehyde in 0.1% of Tween-20. Then cells 509
were incubated with 5% of BSA and 0.1% of Tween-20 in PBS for 1 hour at room temper- 510
ature. After, cells were labeled with mouse anti-human COX IV Ab (1:200, Cell Signaling 511
Technologies) over-night at 4°C followed by Alexa fluor 488 -conjugated secondary Ab 512
(1:2000, Cell Signaling Technologies) for 1 h at 37°C. Nuclei were stained with DAPI. 513
Slides were analyzed with C2 Plus confocal microscope (Nikon Instruments). Magnifica- 514
tion=100x. 515

Statistical Analysis 516

GraphPad Prism 9.0.0(121) software (GraphPad Software, San Diego, CA, USA) was 517
used for statistical analysis. The results represent the mean + Standard Deviation (SD) of 518
three experiments. One-way or two-way analysis of variance (ANOVA) was performed 519
followed by Tukey’s multiple comparison test, Dunnett’s comparisons, or Siddk's com- 520
parisons. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. No statistically significant differ- 521
ences were found between untreated (control) with vehicle-- treated cells. 522

5. Conclusions 523

This study evidences a synergistic interaction between minor phytocannabinoids, 524
CBN or CBG, and MLT against GBM. These combined formulations offer a promising 525
alternative to overcome the intrinsic chemoresistance that has long slowed down the clin- 526
ical progress of standard GBM therapies since the introduction of TMZ. Crucially, the dis- 527
covery that the MLT-CBN and MLT-CBG co-administration selectively trigger cytotoxi- 528
city in malignant cells, while maintaining a safe therapeutic window in healthy tissue 529
counterparts, provides the first rigorous biochemical validation for clinical observations 530
and case reports. Ultimately, this work shifts the GBM treatment from traditional, eva- 531
sion-prone apoptotic targeting toward a novel, multi-target death, establishing a founda- 532
tion for future preclinical testing and targeted translational interventions. 533
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https://www.mdpi.com/article/doi/s1, Figure S1: Flow cytometric analysis of cell death in glioblas- 535
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Abbreviations 554
The following abbreviations are used in this manuscript: 555
GBM Glioblastoma

T™Z Temozolomide

MLT Melatonin

THC Tetrahydrocannabinol

CBD Cannabidiol

CBN Cannabinol

CBG Cannabigerol

NHF A12  Normal human fibroblast A12

PI Propidium lodide

S| Selectively Index

MFI Mean Fluorescence Intensity

vY-H2AX phosphorylated y-H2AX

SD Standard Deviation

ROS Reactive oxygen species

DCFDA 20,70-dichlorofluorescein

A mitochondrial membrane potential

JC1 5,5',6,6'- tetrachloro-1,1',3,3'-tetraehylbenzimidazolylcarbocyanineiodide
COX-IV  COX subunit IV

MTT 3-[4,5-dimethylthiazol-2-yl]- 2,5 diphenyl tetrazolium bromide

DMSO dimethyl sulfoxide
CCcp Carbonyl cyanide chlorophenylhydrazone protonophore
PBS phosphate-buffered saline
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