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ABSTRACT
Recent evidence highlights the protective role of melatonin in a variety of pathological conditions, including multiple

types of cancer. Epidemiological studies increasingly suggest that exposure to light at night suppresses melatonin syn-

thesis in night‐shift and rotating‐shift workers, potentially elevating their risk of cancer development. Experimental data

further indicate that melatonin can inhibit the proliferation of tumor cells, including glioblastoma‐like stem cells. In the

present study, we investigated the effect of melatonin on the expression of genes involved in regulating the circadian

rhythm, cell cycle progression, and angiogenesis in rats exposed to constant light, a model of circadian disruption. Our

findings demonstrate that melatonin administration significantly inhibited tumor growth and reduced the vascularization

associated with circadian rhythm disturbance. Molecular analysis revealed that melatonin altered the circadian expres-

sion of several genes affecting tumor biology, including p53, TNF‐α, Per2, VEGF‐A, PDGF‐C, and Ang, which are involved

in circadian rhythms, cell cycle, and angiogenesis regulation. These results strengthen the existing hypothesis that

circadian disruption contributes to tumor progression and suggest that melatonin exerts anticancer effects by modulating

circadian gene expression and angiogenesis. Our findings provide further insight into the mechanism by which melatonin

may exert oncostatic effects and highlight its potential as a therapeutic agent in cancers associated with circadian rhythm

disruption.

1 | Introduction

Evolution has equipped organisms with a biological clock (the
suprachiasmatic nucleus; SCN) to help them anticipate and adapt
to daily environmental changes, thereby enhancing their chances
of survival. The biological clock gets synchronized by external time
cues, known as Zeitgebers, such as the light–dark cycle. However,
the desynchronization between the biological clock and the

environment can undermine cellular health and has been shown to
trigger or worsen several pathological conditions.

The circadian misalignment caused by nighttime exposure to
light in shift workers, like animal models of circadian desyn-
chronization, has been shown to suppress the daily peak of
melatonin production at the beginning of the night, which is
associated with an increased risk of tumorigenesis [1, 2].
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Melatonin is an internal synchronizer with pleiotropic effects
on the central and peripheral regulation of circadian rhythms,
as well as on cell proliferation, adhesion, apoptosis, angiogen-
esis, and inflammation [3, 4]. At night, the SCN stimulates the
pineal gland to synthesize and secrete melatonin, signaling
through the G‐protein‐coupled receptors MT1R and MT2R [5].

Over the last few years, several pieces of evidence have sug-
gested that preserving the circadian rhythms of body physiology
and behavior, as well as adjusting anticancer therapy to the
daily patterns of the host, could play a protective role in the
onset and progression of Glioblastoma (GBM) [6–10]. The GBM
is the most common malignant brain tumor, representing
nearly 54% of all diagnosed gliomas, and, in most cases, it tends
to recur after chemotherapy and radiotherapy [11].

In this study, we investigated whether the protective and anti-
tumoral properties of melatonin are associated with its capacity to
modulate the molecular circadian clock. Specifically, we analyzed
the circadian expression of genes involved in circadian regulation
(Per2, Bmal1, Rorα, and Rev‐erbα), cell cycle control (p53, p21, and
cyclin E), and angiogenesis (VEGF‐A, PDGF‐C, TNF‐α, and Ang) in
both GMB tissue and the liver of rats exposed to either a standard
light‐dark cycle or constant light to induce circadian disruption. Our
results showed that melatonin administration restored circadian
rhythmicity and significantly inhibited tumor growth, as well as
reduced vascularization within GBM tissue induced by constant
light exposure. Furthermore, melatonin altered the circadian ex-
pression patterns of key genes: In GBM tissue, p53 and TNF‐α were
modulated, while in the liver, changes were observed in Per 2, cyclin
E, VEGF‐A, PDGF‐C, TNF‐α, Ang, and MT1R. Additionally, mela-
tonin influenced the overall 24‐h expression levels of several genes
in GBM tissue (Per2, Rorα, p53, VEGF‐A, PDGF‐C, TNF‐α, and Ang)
and the liver (Per2, Rorα, Rev‐erbα, p21, Cyclin E, VEGF‐A, PDGF‐C,
TNF‐α, and Ang) compared to synchronized control rats. Taken
together, these findings suggest that the circadian modulation of
plasma melatonin exerts a protective effect on cellular physiology
and contributes to the attenuation of GBM aggressiveness, even
under conditions of circadian desynchronization.

2 | Materials and Methods

2.1 | Ethical Approval

All experimental procedures were conducted in accordance by the
ethical guidelines established by the Ethics Committee of the
Department of Chemical Science (Facultad de Ciencias Químicas)
at the Universidad Autonoma de San Luis Potosí (CEID‐FCQ,
protocol number CEID2014030). The study adhered strictly to the
Mexican Official Standard Guidance for the Care and Use of Ex-
perimental Animals (NOM‐062‐ZOO‐1999) and followed the Eur-
opean Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes (Council of Europe
No.123, Strasbourg 1985).

2.2 | Animals and Experimental Conditions

Male Wistar rats (RRID: RGD_13508588), weighing between
180 and 200 g, were obtained from the Laboratory of Biological

Rhythms and Metabolism of Universidad Autonoma de México.
Animals were housed individually in transparent acrylic cages
within soundproof racks. They were maintained under a con-
trolled 12:12‐h light‐dark (LD) cycle (lights on at 7:00, off at
19:00; light intensity ~350–370 lux), with controlled tempera-
ture (23°C ± 1), continuous airflow, and ad libitum access to
filtered water and standard rodent chow (Laboratory Rodent
Chow 5001, LabDiet).

Following a 4‐day acclimatization period, rats underwent
abdominal surgery to implant a sterilized temperature sensor
(iButton Maxim integrated™) beneath the peritoneum. The
abdominal muscle and skin layers were closed using black
braided silk sutures (Atramat™). After 3‐day recovery, animals
were randomly divided into six experimental groups: LD (12‐h
light/12‐h dark cycle), LL (constant 24‐h light), LD‐GBM, LL‐
GBM, LL‐GBM‐mel (melatonin treatment), and LL‐GBM‐veh
(vehicle administration).

On day 10, LD‐GMB, LL‐GMB, LL‐GMB‐mel, and LL‐GMB‐Veh
groups were inoculated in the interscapular region with 8 × 106

C6 glioma cells suspended in 300 µL of RPMI‐1640 medium.
The LD and LL groups received 300 µL of medium only. Start-
ing on day 17 and continuing until the end of the protocol, the
LL‐GBM‐mel group received melatonin (1.5 mg/kg body
weight; Sigma‐Aldrich), and LL‐GBM‐veh received a 3.5%
ethanol‐water solution once daily at the onset of the subjective
night, administered via orogastric gavage. Melatonin was dis-
solved in 50mL of a 3.5% ethanol‐water solution (Supporting
Information S1: Figure 1; Created in BioRender. Cardenas Ro-
mero, S. (2025) https://BioRender.com/0cm0fvs).

2.3 | Locomotor Activity and Body Temperature
Monitoring

General locomotor activity was recorded using pressure and
infrared sensors placed beneath and above the cages as previ-
ously described [12]. Behavioral data were collected through a
digitalized system, recorded at 1‐min intervals, and analyzed
using PC SPAD9 software (version 1.1.2, Omnialva SA de CV).
Double‐plotted actograms were generated for each animal,
representing the sum of activity per 15‐min interval throughout
the experimental period.

Core body temperature was measured every 20min using pro-
grammed sensors to monitor daily temperature rhythms until
euthanasia.

2.4 | Tissue Collection

Twenty‐eight days after being assigned the animals of the ex-
perimental protocols, rats were euthanized at four temporal
points (0, 6, 12, and 18 h after lights‐on). Rats from LL, LL‐
GBM, and LL‐GBM‐mel groups were paired with LD and
LD‐GBM (n= 3–6 per time point). Rats were deeply anesthe-
tized with an overdose of sodium pentobarbital (65 mg/mL;
Sedalpharma, Pet's Pharma), and tumors along with the left
hepatic lobe were excised and weighed. Approximately half of
the tumor and liver tissue were flash‐frozen at −80°C. Blood
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samples (240 ± 10 μL) were collected at each temporal point in
Eppendorf tubes (1.5 mL) containing a clot‐activator gel and
were centrifuged at 2500 rpm for 10 min. The resulting plasma
was stored in aliquots of 80 μL at −80°C until assay. We did not
collect tissue from LL‐GBM‐veh animals.

Subsequently, animals were transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde (PFA; Sigma‐Aldrich
Corp.) in phosphate buffer (PB, 0.1 M, pH 7.4). The remaining
tumor tissue was post‐fixed in 4% PFA for 24 h, then cryopro-
tected in a solution of 30% sucrose and 0.04% NaN3 (Amresco
LLC) in phosphate buffer saline (PBS 0.1 M, pH 7.4) at 4°C until
processing.

2.5 | Cell Culture and Tumor Inoculation

Glioma C6 cell line (CLS Cat# 500142/p672_C6; RRID:
CVCL_0194) was cultured as a monolayer in RPMI 1640 medium
(GIBCO) supplemented with 10% fetal bovine serum (GIBCO),
under standard conditions (37°C, 5% CO2, 95% humidity). Cells
were washed with Hank's solution (GIBCO) and harvested at
90%–95% confluence in not‐supplemented RPMI 1640. Cell quan-
tification was determined using a Neubauer chamber, applying the
formula:

Total cells = (Cells counted × Chamber volume ×

Dilution factor/Total volume.

Given the similar growth rate of C6 cells in the brain and
subcutaneous tissue, rats were hypodermically inoculated with
8 × 106 cells between the shoulder blades. Tumor growth was
monitored using Vernier calipers every 2 days from Day 22
onward. The volume was calculated using the formula: V= π/6*
{(Large Diameter) *(Short Diameter)2}.

2.6 | Histology and ELISA

Post‐fixed GBM tissues were processed in histological cassettes,
dehydrated in graded ethanol solutions, embedded in paraffin,
and sectioned into 4–5 μm slices. Sections were mounted on
gelatin‐coated slides, deparaffinized at 64°C for 15min, and
rehydrated with a graded series of alcohols (xylene, ethanol
100%, 90%, 70%) and distilled water. Slides were stained with
Mayer´s hematoxylin and eosin (H&E), then cover‐slipped.
Images were captured using a Leica DM500 light microscope at
10× and 40× magnifications, using Leica Suite Software
(version 3.0; FFTW, RRID: SCR_016555).

Melatonin was determined in 25 μL of plasma with a com-
mercial kit (Melatonin ELISA kit; Aviva Systems Biology) as
described in the data sheet protocol.

2.7 | Semi‐Quantitative RT‐PCR

Total RNA was extracted from liver and tumor tissues using
Trizol Reagent (Invitrogen) following the manufacturer's
instructions. Equal RNA amounts from at least three rats per

time point were used to generate complementary DNA. For RT‐
PCR analysis of clock genes (Per2, Bmal1, Rorα, Rev‐erbα) and
cell cycle genes (p53, p21, cyclin E), 500 ng/μL of RNA per
sample was used. For proangiogenic genes (VEGF‐A, PDGF‐C,
TNF‐α, Ang) and melatonin receptors (MTR1, MTR2),
250 ng/μL per sample was used. Primer sequences are listed in
Supporting Information S6: Table 1. All data were normalized
against GAPDH expression, and mRNA quantification was
performed using ImageJ (RRID: SCR_003070).

2.8 | Data Analysis

Tumor growth over time was analyzed using repeated‐measures
MANOVA (RM‐MANOVA; 95% CI) [13], evaluating time,
group, and time × group interactions. Additional RM‐
MANOVAs were run within each group to assess the time ef-
fects independently. All dependent variables were modeled
using fixed‐linear models (one‐way and two‐way ANOVA).
Model selection was based on the highest R2 (determination
coefficient = explained variation), lowest Akaike Information
Criterion (AIC) [14], and the parsimony principle. Model re-
siduals were tested for normality (Shapiro–Wilk test) and
homogeneity of variances (Brown–Forsythe test) [15], con-
firming parametric assumptions. Significant time‐point differ-
ences were determined by Tukey's post hoc test. Comparisons
between non‐GBM‐bearing groups were made using unpaired
Student's t‐tests and Tukey tests, while comparisons among
GBM‐bearing groups used Tukey tests. An alpha level of 0.05
was considered significant. Statistical analysis was performed
using JMP Pro v10 (SAS Institute Inc., Cary, NC, 1989–2021),
and graphs were generated using GraphPad Prisma (RRID:
SCR_002798). Results are expressed as mean ± standard error.

3 | Results

3.1 | Melatonin Enhances the Circadian Rhythm
of Locomotor Activity in Desynchronized Rats

The locomotor activity and core body temperature were registered
to bear out constant light's desynchronizing effect and explore
melatonin's entraining properties. LD and LD‐GBM rats displayed
a clear day‐night pattern with high locomotor activity and core
body temperature during the dark phase (representative actograms
in Figure 1A,G), (Day vs. Night mean temperature: p=0.0001 and
p=0.0058, respectively; Figure 2A,E). Both groups exhibited
rhythmic locomotor activity, where nocturnal activity was 73.784%
and 63.288% of the total daily activity (Day vs. Night activity:
p=0.0001 and p=0.0003; Figure 1B,H) and body temperature
(Figure 2B,F). The visual inspection of actograms and the period-
ogram indicated that circadian rhythmicity was lost in LL
(Figures 1D,E and 2C,D) and LL‐GBM rats (Figures 1J,K
and 2G,H). Consistent results in LL‐GBM‐veh were observed
(Figures 1P,Q and 2K,L), confirming that the experimental
manipulation does not impose an artificial rhythm on the animals.
Furthermore, melatonin supplied to constant light‐desynchronized
rats (LL‐GBM‐mel) elicited a peak in locomotor activity associated
with the time of administration, resulting in a significant difference
between the subjective day and night (p=0.0004; Figure1M,N).
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FIGURE 1 | Legend on next page.
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This peak was not observed in the LL‐GBM‐veh group
(Figure 1P–R). The periodograms indicated that LD, LD‐GBM, and
LD‐GBM‐mel showed 24 h of locomotor activity (Figure 1C,I,O). At
the same time, no periodicity was found in LL and LL‐GBM, and
LL‐GBM‐veh groups (Figure 1F,L,R). In contrast, although there
was no significant difference on average body temperature between
the subjective day and night in LL‐GBM‐mel animals, an overall
increase in body temperature was observed following melatonin
administration (Figure 2I,J).

3.2 | Melatonin Levels

Melatonin levels were elevated during the night in both LD and
LD‐GBM groups, reaching their peak at ZT18. In contrast, the
LL and LL‐GBM groups exhibited a complete loss of melatonin
rhythmicity, with consistently low levels throughout the 24‐h
cycle (Figure 3A). Interestingly, in the LL‐GBM‐mel group,
plasma melatonin levels displayed a significant peak at ZT12
and remained markedly elevated until ZT18 (Figure 3A). The
Two‐way ANOVA indicated significant effects of photoperiod
[F (4100) = 75.45; p< 0.001], time of day [F (4100) = 41.55;
p< 0.0001], and their interaction [F (16,100) = 23.05;
p< 0.0001].

3.3 | Melatonin Inhibited Tumor Growth in Rats
Exposed to Constant Light

Results showed that LL‐GBM rats developed significantly larger
tumors than LD‐GBM starting 13 days after tumor cells inoc-
ulation (p= 0.0001; Figure 3B). Interestingly, the tumors in LL‐
GBM‐mel rats showed similar growth to those in LD‐GBM
animals (Figure 3B). The tumor weight of LL‐GBM rats was
significantly higher than both LD‐GBM and LL‐GBM‐mel
groups (p= 0.0138; Figure 3C), as observed in the representa-
tive picture (Figure 3D).

3.4 | Melatonin Reestablished the Circadian
Rhythm of Per2 in the Liver

In the LD rat's liver, Per2, Bmal1, Rorα, and Rev‐erbα mRNAs
showed a circadian rhythm, with higher levels during the dark
middle phase for Per2 (p= 0.0001; Figure 4A), at the beginning
of the light phase for Bmal1 (p= 0.0003; Figure 4D), and the
light‐dark transition for Rorα (p= 0.0004; Figure 4G) and Rev‐
erbα (p= 0.0010; Figure 4J). The mRNA clock genes of LD‐GBM
rats exhibited a similar circadian pattern as the LD group except

for Rorα, which lost rhythmicity (Figure 4H). The circadian
rhythm of Per2, Bmal1, and Rorα was lost in the LL
(Figure 4A,D,G) and the LL‐GBM groups (Figure 4B,E,H). In
contrast, Rev‐erbα showed a 6‐h phase delay in the subjective
night in the LL group (p= 0.0082; Figure 4J), and the LL‐GBM
group displayed a circadian pattern with a peak at the begin-
ning of the subjective day (p= 0.0099; Figure 4K). Melatonin
administration in the LL‐GBM‐mel group reestablished the Per2
circadian rhythm but with an opposite phase compared with LD
and LD‐GBM (p= 0.0179; Figure 4B). In this group, Bmal1,
Rorα, and Rev‐erbα did not display a rhythm (Figure 4E,H,K).

3.5 | Tumor Tissue Displayed a Unique Pattern of
Clock Gene Expression

In the LD‐GBM group, Per2, Bmal1, and RorαmRNA expression in
the tumor tissue did not display rhythms (Figure 4C,F,I); only Rev‐
erbα showed a circadian rhythm with a peak at the onset of the
dark phase (p=0.0241; Figure 4L). Interestingly, all the clock
genes exhibited a circadian rhythm in the tumor tissue of LL‐GBM,
with the highest point of the curve at the middle of the subjective
night for Per2 (p=0.0095; Figure 4C), at the beginning of the
subjective night for Bmal1 (p=0.0224; Figure 4F), and the sub-
jective day‐night transition for Rorα (p=0.0049; Figure 4I) and
Rev‐erbα (p=0.0162; Figure 4L). On the other hand, none of the
analyzed genes showed rhythmicity in the LL‐GBM‐mel group
(Figure 4C,F,I,L).

3.6 | p53 in the liver is not affected by the
presence of tumors or constant light

In the liver, p53 expression did not show rhythmicity in any
group (Figure 5A,B). The p21 mRNA was arrhythmic in LD
(Figure 5D), but in the LD‐GBM group, it exhibited a circadian
pattern with a peak at the beginning of the day (p= 0.0002;
Figure 5E). Whereas in LD (p= 0.0002; Figure 5G) and LD‐
GBM groups (p= 0.0001; Figure 5H), Cyclin E mRNA showed a
circadian rhythm with higher levels at the beginning of the dark
phase. In contrast, in the LL group, p21 expression displayed
higher levels at light‐dark transition (p= 0.0245; Figure 5D) and
an antiphase rhythm in Cyclin E (p= 0.0033; Figure 5G) con-
cerning the LD group. Likewise, in LL rats, the LL‐GBM group
only displayed rhythmicity in p21 and Cyclin E mRNAs
(p= 0.0001; Figure 5E,H). In LL‐GBM‐mel rats, melatonin
administration restored a Cyclin E circadian pattern like the
LD‐GBM group, showing a maximal point at the beginning of
the subjective night (p= 0.0043; Figure 5H). Furthermore, p21

FIGURE 1 | Exogenous melatonin partially restores the circadian pattern of locomotor activity in rats exposed to constant light. Representative

actograms (left column), daily locomotor activity profiles corresponding day versus night (subjective night) mean comparisons (middle column), and

χ2 periodogram (right column) for each experimental group. Light‐Dark (LD; A–C; n= 14), Constant light (LL; D–F: n= 12); Light‐Dark with

Glioblastoma (LD‐GBM; G–I; n= 8); Constant light with Glioblastoma (LL‐GBM; J–L; n= 8), Constant light with Glioblastoma plus melatonin (LL‐
GBM‐mel; M–O; n= 10), and Constant light with Glioblastoma plus vehicle (LL‐GBM‐veh; P–R; n= 8). White and black bars on the x‐axis represent
light (or subjective day) and dark (or subjective night) phases, respectively. Locomotor activity data are presented as mean ± SEM. Gray rhombi and

squares in M and P denote the light period; the dotted line in N and Q represents melatonin or vehicle administration timing. Black arrows on the

actograms (G, J, M, P) indicate the day of cancer cell injection; gray arrows represent the beginning of tumor measurement. “*” denotes statistically
significant differences between night or subjective night versus day, respectively, p> 0.05. In periodograms, lower, middle, and upper thresholds

correspond to significance levels of p> 0.1, 0.05, and 0.01, respectively.
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FIGURE 2 | Constant light suppresses the circadian rhythm of body temperature. Daily body temperature profiles (left column) and a day versus

night (subjective night) averages (right column) are shown for the following groups: LD(A, B; n= 15), LL (C, D; n= 14), LD‐GBM (E, F; n= 15), LL‐
GBM (G, H; n= 12), LL‐GBM‐mel (I, J; n= 12) and LL‐GBM‐veh (K, L; n= 8). White and black bars represent light and dark (or subjective) phases,

respectively. Data are presented as mean ± SEM. The gray dotted line in panels I and K represents the timing of melatonin or vehicle administration

(CT12). “*” indicates significant differences between night and subjective night versus day, p> 0.05.

6 of 15 Journal of Pineal Research, 2025
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mRNA maintains high levels during the day, displaying a peak
response 6 h after the LD‐GBM and LL‐GBM groups
(p= 0.0023; Figure 5E).

3.7 | Melatonin Imposed a Circadian Rhythm of
P53 in Tumor Tissue

In tumor tissue from LD‐GBM and LL‐GBM groups, cell cycle
genes (p53, p21, and Cyclin E) did not display circadian
rhythmicity, showing that their expression does not respond to
the photoperiod (Figure 5C,F,I). On the other hand, melatonin
induced a circadian pattern in p53, reaching its highest levels at
the beginning of the subjective night (p= 0.0043; Figure 5C),
but not for p21 and Cyclin E mRNAs (Figure 5F,I).

3.8 | Constant Light Does Not Affect the
Rhythmicity of VEGF‐A, PDFG‐C, and Tnf‐α in the
Liver

The hepatic expression of VEGF‐A, PDGF‐C, TNF‐α, and Ang
showed a circadian rhythm in LD animals. The highest point of the
curve of VEGF‐A (p=0.0016; Figure 6A) and Ang (p=0.0014;
Figure 6J) was observed at ZT0, while PDGF‐C (p=0.0015; Fig-
ure 6D) and TNF‐α (p=0.0001; Figure 6G) were at ZT6 and ZT18,
respectively. Also, in the LD‐GBM group, the expression of all the
proangiogenic genes exhibited a circadian pattern, VEGF‐A
(p=0.0001; Figure 6B) and TNF‐α (p=0.0098; Figure 6H) peaked
at ZT18 and ZT6, while the peaks of PDGF‐C (p=0.0496; Fig-
ure 6E) and Ang (p=0.0095; Figure 6K) reached the maximal ex-
pression at ZT12 and ZT0, respectively. LL animals displayed
inverted rhythm for VEGF‐A (p=0.0199) and TNF‐α (p=0.0162;
Figure 6A,G), a 6‐h phase advance in PDGF‐C (p=0.0126; Fig-
ure 6D), and arrhythmicity in Ang expression (Figure 6J) compared

to the LD group. Likewise, in the LL‐GBM group, VEGF‐A
(p=0.0025) and TNF‐α (p=0.0014) presented a circadian pattern;
nevertheless, both inverted the rhythm in the LD‐GBM group
(Figure 6B,H). On the other hand, PDGF‐C and Ang did not show
circadian rhythm (Figure 6E,K). In LL‐GBM‐mel, melatonin
administration reestablished rhythmic patterns for all proangiogenic
genes. VEGF‐A is in phase with LD‐GBM (Figure 6B), PDGF‐C and
Ang displayed a 6‐h delay (p=0.0198 and p=0.0100; Figure 6E,K),
while TNF‐α presented a 12‐h delay (p=0.0154; Figure 6H).

3.9 | Proangiogenic Genes Did Not Show a
Circadian Rhythm in Tumor Tissue of the LD‐GBM
Group, Except PDFG‐C

In the LD‐GBM group, the mRNA of VEGF‐A, TNF‐α, and Ang
in the tumor tissue did not display a circadian pattern
(Figure 6C,I,L); only PDGF‐C exhibited a maximum expression
at ZT12 (p= 0.046; Figure 6F). Interestingly, Ang (p= 0.0327;
Figure 6L) and PDGF‐C (p= 0.0009; Figure 6F) presented a
circadian rhythm in the tumors of LL‐GBM rats despite con-
stant light, but VEGF‐A and TNF‐α maintained arrhythmic
(Figure 6C,I). Melatonin entrained TNF‐α expression, which
peaked 6 h before hormone administration (p= 0.0154; Fig-
ure 6I), while VEGF‐A, PDGF‐C, and Ang expression were
arrhythmic (Figure 6C,F,L).

3.10 | Melatonin Inhibits Angiogenesis in the Ll
Conditions

To explore angiogenesis as a marker of tumor progression, the
changes in the number and luminal area of blood vessels in the
tumoral tissue from LD‐GBM, LL‐GBM, and LL‐GBM‐mel an-
imals were compared. The number of blood vessels in the tumor

FIGURE 3 | Melatonin administration inhibits tumor growth exacerbated by constant light exposure. (A) Plasma melatonin concentrations

throughout the day. (B) Tumor volume growth (cm3). (C) Final tumor weights in LD‐GBM (n= 17), LL‐GBM (n= 14), and LL‐GBM‐mel (n= 14)

groups. (D) Representative tumor images from each group at the end of the experimental period. “*” indicates significant differences between

LL‐GBM versus LD‐GBM and LL‐GBM‐ mel, p> 0.05. Different letters denote statistically significant group differences (p> 0.05).
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tissue was significantly higher in LD‐GBM than in LL‐GBM and
LL‐GBM‐mel (p< 0.001; Figure 7A,C). In addition, melatonin
promoted a significant increase in LL‐GBM‐mel vascularization
regarding the LL‐GBM group (p< 0.05; Figure 7A,C). Never-
theless, a blood vessel in the LD‐GBM group (621.4+/

−60.8 µm2) was significantly smaller than in the LL‐GBM group
(12484.5+/−2369 µm2, p< 0.001; Figure 7B,C). Interestingly, in
the LL‐GBM‐mel, melatonin administration reduced the size of
the blood vessels to similar values as the LD‐GBM group
(1959.1+/−352 µm2; Figure 7B).

FIGURE 4 | Constant light and glioblastoma modify the circadian rhythm pattern of hepatic and tumoral clock genes. Temporal profiles of

clock gene mRNA expression (Per2, Bmal1, Rorα, and Rev‐erbα) in the liver of nontumor groups (LD, LL; A, D, G, J), glioblastoma‐bearing groups

(LD‐GBM, LL‐GBM, LL‐GBM‐mel;B, E, H, K), and tumor tissue (tumor‐bearing only; C, F, I, L). Gene expression normalized to Gapdh. Sample size:

n = 3–4 rats per time point. White bars: Light period; Black bars: Dark period. Circadian rhythms are represented as: & (LD), $ (LL), # (LD‐GBM), +

(LL‐GBM), % (LL‐GBM‐mel); p> 0.05. “*” indicates significant differences between groups at the same time point (see Supporting Information S6:

Table 1). Melatonin administration was in ZT12.
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3.11 | Melatonin Administration Failed to
Entrain Mt1r and Mt2r Expression in the Liver and
Tumor Tissue

In the liver of the LD group, Mt1r and Mt2r mRNAs showed a
circadian rhythm, with peak levels observed at ZT0 (p=0.0009 and
0.0079; Figure 8A,D). In LD‐GBM, Mt1r presented the same peak
as LD (ZT0, p=0.0001; Figure 8B), while Mt2r was in antiphase
(ZT12; p=0.0076; Figure 8E). In both groups of animals exposed to
constant light (LL and LL‐GBM), Mt1r exhibited daily oscillation;
in LL presented 6 h phase delay (p=0.0173; Figure 8A), while in
LL‐GBM the highest point of the curve did not change concerning
the LD‐GBM (p=0.0042; Figure 8B). In contrast, Mt2r gene lost
the circadian rhythm in both groups (Figure 8D,E). In the LL‐
GBM‐mel group, melatonin receptors did not present rhythmicity
(Figure 8B,E). The tumor tissue of the LL‐GBM group presented a
circadian rhythm in the mRNA expression of Mt1r (p=0.0032;
Figure 8C) andMt2r (p=0.0055; Figure 8F). On the contrary, both
genes in the LD‐GBM and LL‐GBM‐mel groups were arrhythmic
(Figure 8C,F).

4 | Discussion

Although several studies have demonstrated that melatonin
offers protective effects against various diseases, including
multiple types of cancer, diabetes, obesity, and gastrointestinal
and immune disorders, the size of the effect and the mechanism
remain subject to ongoing debate. In the current study, we
demonstrated that melatonin prevents malignant progression in
primary cultures of glioblastoma‐like stem cells, suggesting that
melatonin inhibits tumor cell proliferation. Furthermore, mel-
atonin´s effects on circadian rhythm regulation, cell cycle pro-
gression, and angiogenesis have been explored independently.
Our data provide evidence that melatonin restricts glioblastoma
progression by decreasing the vascularized area within the
tumor, possibly through upregulation of Mt1r and Rorα, sug-
gesting new molecular pathways involved in tumor growth
regulation. Interestingly, we also observed that the glioblastoma
cells impose a circadian rhythm in some cell cycle and angio-
genic genes under constant light. These findings could have
significant implications for cancer treatment and prevention,

FIGURE 5 | Melatonin administration imposes circadian rhythmicity in cell cycle gene expression in liver and tumor tissues. Relative expression

of p21 and Cyclin E in the liver (A, B, D, E, G, H) and p53 in tumor tissue (C, F, I) across 24 h in LD, LL, LD‐GBM, LL‐GBM, and LL‐GBM‐mel

groups. Each value represents mean ± SEM (n= 3–4 per time point). “*” indicates statistically significant differences between groups at the same

point. Other figure elements are in Figure 4.
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providing a new avenue for research and potential therapeutic
strategies.

To validate the circadian disruption induced by constant light
and evaluate melatonin entraining effect, we recorded the
locomotor activity and core body temperature in desynchro-
nized animals. As previously reported, groups under the LD
cycle displayed high body temperature during the dark phase
compared to the light phase. In contrast, animals under

constant light showed arrhythmicity in locomotor activity and
body temperature patterns [16, 17]. However, the animals
under the LL‐GBM‐mel protocol presented a peak of locomotor
activity synchronized with the time of melatonin administra-
tion, as previously reported [18, 19]. This result indicates that
the locomotor activity rhythmicity was improved by melatonin
treatment. Similarly, body temperature in LL‐GBM‐mel animals
showed a peak following melatonin administration; however,
melatonin did not induce a circadian rhythm, likely because

FIGURE 6 | Melatonin induces circadian rhythmicity in hepatic but not tumoral expression of proangiogenic genes. Temporal expression

profiles of VEGF‐A, PDGF‐C, TNF‐α, and Ang in the liver (A, B, D, E, G, H, J, K) and tumor (C, F, I, L) of LD, LL, LD‐GBM, LL‐GBM, and LL‐GBM‐
mel groups. Data are presented as mean ± SEM (n= 3–4 per time point). “*” indicates statistically significant differences between groups at the same

point. For additional features, see Figure 4.
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ultradian rhythms predominate under constant light condi-
tions [20].

Several studies have demonstrated that tumor growth is pro-
moted by disruption of the circadian rhythm [21–23] and
reduced nocturnal melatonin production [24–26]. In this con-
text, we demonstrated that arrhythmicity induced by constant
light increases tumor growth, which is consistent with previous
reports [09‐10,16,21‐23]. Furthermore, we confirmed that mel-
atonin administration inhibits cancer cell proliferation in rats
exposed to continuous light, likely due to its protective role
against several types of cancer and its synchronizing ef-
fects [27].

To investigate whether the protective and antitumoral effects of
melatonin under constant light conditions are linked to al-
terations in the molecular clock, we analyze the circadian ex-
pression of clock genes. Consistent with previous reports,
hepatic expression of clock genes exhibited a circadian rhythm
under LD photoperiod [28–30]. However, Rorα lost rhythmicity
in the LD‐GBM group, suggesting that chemokines, cytokines,
and growth factors secreted by glioma cells may disturb its
expression [31]. As expected, constant light exposure abolished
the circadian expression of Per2, Bmal1, and Rorα. In contrast,
Rev‐erbα maintained rhythmicity, potentially due to gluco-
corticoid secretion, which can transcriptionally downregulate
Rev‐erbα expression [32–34]. In our study, melatonin adminis-
tration did not restore circadian rhythms of Bmal1, Rorα, and

Rev‐erbα expression in either liver or tumor tissue under con-
stant light or cancer conditions. A remarkable exception was
the expression of Per2 in the liver, which displayed a circadian
pattern in the LL‐GBM‐mel group, with mRNA levels restored
to those comparable to the LD photoperiod (Supporting Infor-
mation S2: Figure 2A). However, this effect was absent in tumor
tissue (Supporting Information S2: Figure 2E). Interestingly,
melatonin increased Rorα expression levels in both liver and
tumor tissues compared to all other groups (Supporting Infor-
mation S2: Figure 2C,G). This finding is significant given the
role of Rorα as a tumor suppressor and prognostic marker in
hepatocellular carcinoma [35], suggesting that Rorα may con-
tribute to reduced tumor mass in glioblastoma through mela-
tonin. Moreover, melatonin might exert its protective biological
effects via nuclear signaling pathways involving RZR/ROR
nuclear receptors in peripheral tissues [36, 37]. Overall, these
results confirm that constant light disrupts clock gene syn-
chronization. At the same time, melatonin can modulate the
rhythm and expression levels of these genes in the liver and, to
a lesser extent, in glioblastoma.

Cell cycle progression is a key biological process regulated by
circadian rhythms, and it is particularly relevant in the context
of cancer. Several reports have demonstrated that p21 expres-
sion is regulated by core clock components such as Bmal1,
Rorα, Rev‐erbα, as well as melatonin [28–30]. Additionally, p53
promotes p21 expression while reducing Cyclin E levels, and
together, these proteins play critical roles in cell cycle

FIGURE 7 | Melatonin attenuates angiogenesis in tumors by reducing the number and area of blood vessels under constant light exposure.

Quantification of (A) number (n= 8) and (B) area (n= 15) of blood vessels in tumor tissue from LD‐GBM, LL‐GBM, and LL‐GBM‐mel groups. (C)

Representative hematoxylin‐eosin‐stained section of tumor tissue at 10× and 40× magnifications. Data are presented as mean ± SEM. Different letters

indicate statistically significant differences (p> 0.05).
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regulation [29, 30, 38]. Furthermore, Per2 and p53 reciprocally
modulate their expression [30]. In our study, we did not observe
circadian rhythmicity or significant changes in p53 expression
in the liver across any experimental group (Supporting Infor-
mation S3: Figure 3A), despite the presence of Per2 rhythmicity
and altered expression levels over 24‐h. This lack of p53 mod-
ulation may be due to multiple cellular stresses that induce its
transcription independently of circadian control [39].

Interestingly, although constant light and tumor presence dis-
rupted several clock‐controlled processes, p21 and Cyclin E
show a rhythm in the liver but not in tumor tissue. Melatonin
administration further enhanced the rhythmic expression of
p21 and increased its overall levels in the liver (Supporting
Information S3: Figure 3B). This effect may be related to the
observed increase in Rorα expression, supporting the hypothesis
that p21 regulation can occur through a p53‐independent
pathway mediated by circadian clock components [39, 40].
These findings support the idea that melatonin exerts a pro-
tective effect in peripheral tissues by modulating cell cycle
regulators via circadian mechanisms. However, this protective
role was not observed in tumor tissue (Supporting Information
S3: Figure 3F). Previous studies have reported that melatonin
can downregulate p21 expression in rat glioma cells, high-
lighting potential tissue‐specific responses to melatonin and the
complexity of its antitumor actions [40].

The angiogenic phenotype of gliomas is closely associated
with tumor malignancy, patient survival, and clinical

recurrence [41]. In the current study, we observed that VEGF‐
A, PDGF‐C, TNF‐α, and Ang exhibited circadian rhythmicity
under LD photoperiod conditions. These genes maintained
similar levels across 24 h in the liver, except VEGF‐A
(Supporting Information S4: Figure 4A–D) [16, 42, 43]. Sur-
prisingly, VEGF‐A and TNF‐α maintained their circadian
rhythm under constant light, while PDGF‐C exhibited rhyth-
mic expression only in the LL group. In contrast, Ang lost its
rhythmicity in both conditions. These findings suggest that
specific proangiogenic genes respond to internal signals cap-
able of maintaining circadian regulation even under chron-
odisruptive conditions such as constant light exposure.
Previous studies have supported the role of melatonin in
modulating angiogenesis in both physiological and patholog-
ical contexts [27, 44, 45]. Consistent with this, we observed
that melatonin administration (LL‐GBM‐mel) reestablished
circadian rhythms for all proangiogenic genes and signifi-
cantly decreased the expression of VEGF‐A and PDGF‐C in
hepatic and tumor tissues, respectively (Supporting Infor-
mation S4: Figures 4A and 3B). We observed a similar
downregulation effect in tumor tissue, although PDGF‐C
expression remained unaffected (Supporting Information S4:
Figure 4E–H). These results suggest that melatonin may exert
its antiangiogenic functions by modulating the expression and
rhythmicity of key proangiogenic genes in both peripheral
and tumor environments. This supports the idea that mela-
tonin contributes to tumor suppression through circadian re‐
synchronization and direct regulation of angiogenesis‐related
pathways.

FIGURE 8 | Constant light exposure induces circadian expression of melatonin receptors in tumor tissue. Relative daily expression of Mt1r and

Mt2r in liver (A,B,D,E) and tumor (C, F) tissues from LD, LL, LD‐GBM, LL‐GBM, and LL‐GBM‐mel groups. Each value represents mean ± SEM

(n= 3–4 per time point). “*” indicates statistically significant differences between groups at the same time point. For additional figure features, see

Figure 4.
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We also observed that constant light exposure decreases the
number of blood vessels compared to the LD group. Interest-
ingly, the vessel area in LL‐GBM animals was greater than in
LD‐GBM and LL‐GBM‐mel groups. This result suggests two
possible interpretations: first, that constant light may promote
tumor growth by increasing vascularization, thereby providing
more nutrients to the tumor; and second, that melatonin may
exert its antitumor effects by inhibiting the expansion of the
vascular area, likely through the downregulating of proangio-
genic factors, as we previously demonstrated. Melatonin has
been reported to inhibit the development of various cancer
types [46] and to suppress microvessel formation within tumors
[44, 47, 48]. These effects have been proposed to occur through
the inhibition of multiple proangiogenic components, support-
ing the idea that the antitumor effect of melatonin is closely
linked to its regulation of angiogenesis [44, 45, 49].

Finally, we assessed the mRNA expression of Mt1r and Mt2r,
which exhibited circadian rhythmicity in the liver under LD pho-
toperiod. Although the peak expression differed slightly from that
reported by Venegas et al. (2012), variations are expected, given
that receptor expression can be influenced by factors such as tissue
type, species, and time of day, among others [50]. As expected,
constant light exposure (LL and LL‐GBM groups) disrupted the
circadian rhythm of Mt2r in hepatic tissue, whereas Mt1r main-
tained rhythmic expression regardless of continuous light or tumor
presence. Unlike previous reports, melatonin administration in this
setting was insufficient to reestablish a circadian rhythm or restore
the expression levels of both genes over 24 h (Supporting Infor-
mation S5: Figure 5A,B). It is worth noting that both constant light
and pinealectomy have been shown to reduce Mt1r/Mt2r expres-
sion levels in a similar manner [50].

Moreover, we observed that Mt1r and Mt2r expression in glioblas-
toma did not display a circadian rhythm in either the LD‐GBM and
LL‐GBM‐mel groups, despite the presence of both endogenous and
exogenous melatonin. Interestingly, the melatonin administration
selectively restored the expression ofMt1r but notMt2r (Supporting
Information S5: Figure 5C,D). Previous studies have shown that
overexpression of the MT1 receptor is associated with enhanced
melatonin‐mediated growth suppression in various cancer types
[51], potentially through the inhibition of cAMP production [52]. In
contrast, Martin et al. reported that melatonin suppresses glioma
cell proliferation by inhibiting the activation of PKC and NF‐κB
[52]. These controversial results underscore the complexity of the
melatonin mechanisms of action and suggest the involvement of
multiple signaling pathways. Our data support the idea that one
potential mechanism by which melatonin inhibits tumor growth is
through upregulation of MT1R, which may, in turn, reduce linoleic
acid uptake by cancer cells [51]. A major limitation of our study is
the lack of data on the effects of melatonin administration in GBM
under untreated LD and LL conditions. Including such compari-
sons in future studies would provide more comprehensive insights
into the role of melatonin in glioblastoma progression.

In summary, this study provides evidence that melatonin
reduces the glioblastoma tumor growth, by decreasing the
tumor's blood vessel area, which is potentially linked to
increased expression of transmembrane receptors such as Mt1r.
These require to be investigated deeply in further studies. Our
findings contribute to the understanding of how melatonin

modulates gene expression involved in the molecular pathways
that connect cancer initiation and progression, angiogenesis,
and circadian disruption. These insights may support the
development of novel therapeutic strategies or adjunct treat-
ments aimed at reducing the malignancy of glioblastoma.
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