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A B S T R A C T   

Head and neck squamous cell carcinoma present a high mortality rate. Melatonin has been shown to have 
oncostatic effects in different types of cancers. However, inconsistent results have been reported for in vivo 
applications. Consequently, an alternative administration route is needed to improve bioavailability and 
establish the optimal dosage of melatonin for cancer treatment. On the other hand, the use of patient-derived 
tumor models has transformed the field of drug research because they reflect the heterogeneity of patient 
tumor tissues. In the present study, we explore mechanisms for increasing melatonin bioavailability in tumors 
and investigate its potential as an adjuvant to improve the therapeutic efficacy of cisplatin in the setting of both 
xenotransplanted cell lines and primary human HNSCC. We analyzed the effect of two different formulations of 
melatonin administered subcutaneously or intratumorally in Cal-27 and SCC-9 xenografts and in patient-derived 
xenografts. Melatonin effects on tumor mitochondrial metabolism was also evaluated as well as melatonin ac
tions on tumor cell migration. In contrast to the results obtained with the subcutaneous melatonin, intratumoral 
injection of melatonin drastically inhibited tumor progression in HNSCC-derived xenografts, as well as in patient- 
derived xenografts. Interestingly, intratumoral injection of melatonin potentiated CDDP effects, decreasing Cal- 
27 tumor growth. We demonstrated that melatonin increases ROS production and apoptosis in tumors, targeting 
mitochondria. Melatonin also reduces migration capacities and metastasis markers. These results illustrate the 
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great clinical potential of intratumoral melatonin treatment and encourage a future clinical trial in cancer pa
tients to establish a proper clinical melatonin treatment.   

1. Introduction 

Head and neck squamous cell carcinoma (HNSCC) is one of the most 
common malignancies worldwide. Due to its heterogeneous biology, 
treatments are complex, and most patients often require multimodal 
intervention, such as surgery, radiotherapy, and/or chemoradiotherapy 
[1]. However, the prognosis of HNSCC remains poor, with a high mor
tality rate [2,3]. There is a high incidence of resistance to radio and 
chemotherapy, which contributes to tumor progression and metastasis 
[4,5]. Therefore, effective strategies to counteract resistance and 
improve clinical outcome are urgently needed [6]. 

Melatonin (N-acetyl-5-methoxytryptamine) has been shown to have 
oncostatic effects in different types of cancers [4,7,8]. Previous studies 
have reported that melatonin regulates mitochondrial function [9] and 
drives apoptosis by increasing mitochondrial reactive oxygen species 
(ROS) in HNSCC [9–14]. However, despite multiple studies demon
strating the in vitro efficacy of melatonin, some studies have shown that 
the use of melatonin alone exerts a lesser or no effect on tumor prolif
eration in vivo, especially in HNSCC [12,15]. Moreover, the only clinical 
trial focusing on the effects of melatonin in HNSCC was published 
without any significant results [16], possibly due to the low bioavail
ability of melatonin in the tumor [15]. Therefore, it is necessary to 
search for an alternative administration route to improve bioavailability 
and establish the optimal dosage for cancer treatment [15]. 

Moreover, the low effectiveness of many anticancer drugs investi
gated in vivo is a result of inadequate use of existing preclinical models 
[17]. Established cancer cell lines have traditionally been the most used 
models to study tumor biology and pharmacogenomics. Nevertheless, 
these models have important limitations, as they only represent a sub
population of the original tumor and are largely homogenous [18]. 
Interestingly, patient-derived tumor models reflect the heterogeneity of 
real patient tumor tissues [19] and encompass multiple factors, such as 
histological structures, malignant genotypes, and phenotypes [20]. 
Therefore, patient-derived tumor xenografts (PDXs) are a better alter
native for studying cancer biology and drug sensitivity [18]. Neverthe
less, the number of studies investigating the effect of melatonin on 
xenotransplanted primary human cancer cells has been limited [21,22]. 

In the present study, we explore mechanisms for increasing mela
tonin bioavailability in tumors and its potential as an adjuvant to 
improve the therapeutic efficacy of cisplatin (CDDP) in the setting of 
both xenotransplanted cell lines and primary human HNSCC. Interest
ingly, our study reveals an unexpected role of high concentrations of 
melatonin, which results in complete regression of the tumor and 
decreased metastasis. Therefore, melatonin may serve as a potential 
therapy for HNSCC. 

2. Materials and methods 

2.1. Cell culture and treatment 

Two standard HNSCC cell lines were used in this study: Cal-27 
(ATCC: CRL-2095) and SCC-9 (ATCC: CRL-1629). Both cell lines were 
obtained from the Cell Bank of the Scientific Instrumentation Centre at 
University of Granada. A patient-derived cell culture (PDC) was also 
used. This primary cell culture was obtained from a human biopsy of 
head and neck cancer tissue in Dr. Oppel’s laboratory, where it was 
previously characterized [23]. Cells were treated with melatonin at 500 
µM or 1000 µM. Vehicle was added to the control group. Melatonin 
(33457–24, Fagron Ibérica S.A.U., Terrassa, Spain) stock solution was 
prepared with 15% propane-1,2-diol (PG; 24414.296, VWR) in Dul
becco’s phosphate-buffered saline (DPBS; 14190094, Life Technologies, 

Carlsbad, California, USA). 

2.2. Animal models 

This study was conducted using 5- to 6-week-old athymic (nu/nu) 
nude mice (Janvier Labs, France) for established cancer cell line xeno
grafting and NOD scid gamma (NSG) mice for PDXs. The animals were 
maintained in the University’s facility in a 12:12-h light/ dark cycle 
(lights on at 07:00 h), and at 22 ◦C and on regular chow and tap water. 
All mice were housed in appropriate sterile filter-capped cages and fed 
and given water ad libitum. 

All experiments were performed following a protocol approved by 
the Institutional Animal Care and Use Committee of the University of 
Granada (procedures 15/10/2020/119), developed in accordance with 
the European Convention for the Protection of Vertebrate Animals used 
for Experimental and Other Scientific Purposes (CETS # 123) and 
Spanish law (R.D. 53/2013). Primary tumors were obtained from 
medically indicated surgeries conducted at Klinikum Bielefeld with 
informed consent of the patients, according to the declaration of Hel
sinki and as approved by the ethics committee of the Ruhr-University 
Bochum (AZ 2018– 397–1). 

For standard cancer cell line xenografts, two HNSCC cell lines were 
used: Cal-27 and SCC-9. Cell viability was assessed using the trypan blue 
exclusion test. The cell suspension was subcutaneously transplanted into 
the left flanks of the mice at a 4 × 106/0.2 mL concentration in DMEM 
(31053–044, ThermoFisher Scientific) and Matrigel Basement Mem
brane Matrix (1:1) (354234, VWR). 

For PDX, tumors were obtained from medically indicated surgeries 
conducted at Klinikum Bielefeld with the informed consent of the pa
tients according to the Declaration of Helsinki and as approved by the 
ethics committee of Ruhr-University Bochum (AZ 2018– 397–1). Tumor 
pieces were digested using 5–10 mL of a 2.5 mg/mL Collagenase NB4 
standard (S1745401 Nordmark Biochemicals, Uetersen, Germany) so
lution in PBS + 3 mM CaCl2 for 2 h at 37ºC. After digestion, purified 
cells/cell aggregates were washed in PBS and frozen in 5% dimethyl 
sulphoxide (DMSO; 23486.297, VWR, Radnor, PA, USA) in FBS until 
xenografting. 

Mouse body weights were measured using a digital balance, and 
tumor sizes were determined using a vernier caliper. Tumor volume was 
calculated as (width × length2)/2. 

2.3. Animal treatments 

After xenografting, once the tumor volume reached 100–200 mm3, 
mice were randomly divided into different groups based on the treat
ment to be assessed. The mice were treated with and without melatonin 
(aMT), cisplatin (CDDP), irradiation (IR), CDDP plus melatonin (CDDP 
+aMT), or IR plus melatonin (IR +aMT). 

Melatonin was dissolved in PG and diluted at 37.5% in saline solu
tion. CDDP was dissolved in saline solution. Both melatonin and CDDP 
were filtered using a 0.2 µm pore filter (#PN 4612, Pall Corporation 
LifeSciences, California, USA) before administration into the mice. 

Previously, we performed a dose response study, and our data sug
gested that there is a correlation between the cell content of melatonin 
and its apoptotic effects, thus supporting the notion that high concen
trations of melatonin in cancer cells are required to its cytotoxic effects 
[9,11–13]. Therefore, melatonin was administered subcutaneously at 
300 mg/kg day (each 24 h for 21 days) (which corresponds to a high 
concentration of melatonin in plasma) or intratumorally at 3% (w/v) (1, 
8 mg/100 mm3) and 0.3% (w/v) (0.18 mg/100 mm3) each 24 h until a 
maximum of 63 days. The intratumoral melatonin injectable is under 
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patent (PCT/ES2018/070289) and the maximal effect was obtained at a 
concentration of 3%. Control groups received vehicle. 

CDDP was injected intraperitoneally at 4 mg/kg day once per week. 
In the group receiving CDDP plus aMT, melatonin was administered at 
300 mg/kg day subcutaneously (each 24 h for 21 days) or intratumorally 
at 3% (each 24 h for 49 days). 

Mice were irradiated at 4 Gy in a steel cylinder with an appropriate 
hole for tumors after anesthetizing them via intraperitoneal injection of 
equitesin. The irradiation was emitted with an X-ray tube (YXLON, 
model Y, Tu 320-D03) using a voltage of 239 kV, working current of 13 
mA, focus of irradiation 5 mm in diameter, 0.32 mm Cu filter system, 
target distance of 10 cm, irradiation field of 78.54 mm2, and delivered 
dosage of 1.502 ± 0.05% Gy/min. In the group of melatonin plus IR, 
melatonin was administered subcutaneously at 300 mg/kg every 24 h 
for 7 days, and the first dose of melatonin was administered 1 day before 
IR. 

2.4. Magnetic resonance imaging 

Mice were anesthetized with isoflurane vaporized with O2. The iso
flurane concentration was set at 3.0% for induction and at 1.0–2.0% for 
maintenance. The animal was in a prone position for transverse acqui
sition covering the whole volume of the tumors. This planning was made 
from the sagittal and coronal scout. The acquisition protocol consisted of 
a T2-weighted turbo spin-echo multi-slice sequence (T2W MS TSE) with 
a field of view (FOV) of 50 × 50 × 19 mm on the axial plane (27 slices), 
voxel size 0.15 × 0.15 × 0.7 mm, TE of 97 ms, and TR of 2800. All 
images were obtained in Philips Achieva 3.0 TX (Amsterdam, the 
Netherlands) using an 8 Channel Sense Wrist Coil. 

2.5. Histology 

For histological analyses, animals were subjected to intracardiac 
perfusion with 3.7–4% neutral buffered paraformaldehyde (PFA). Once 
perfused, tumors were fixed in PFA for 24 h and then longitudinally 
sectioned for histological processing and analysis. Selected samples 
were dehydrated in ethanol, cleared in xylol, and embedded in paraffin. 
Histological sections of 5 µm were dewaxed, hydrated, and stained ac
cording to the protocol. 

Hematoxylin-eosin staining was used for morphological evaluation 
of tumor progression. The collagen network was assessed by the pic
rosirius (PS) histochemical method, proteoglycans and mucopolysac
charides (produced by adenosquamous cell clusters) by Alcian Blue (AB; 
pH 2.5) [12,24], proliferating neoplastic cells using antibodies against 
Ki-67 protein (MAD-000310QD, Vitro SA, Madrid, Spain), and apoptosis 
by TUNEL assay (G3250, Promega, Madison, WI, USA) following the 
manufacturers’ instructions. Images were analyzed by ImageJ software. 

To quantitatively determine the tumor encapsulation, the tumor/ 
capsule ratio was calculated using PS-stained sections and Image J 
Software (Free Software Foundation Inc., Boston, MA, USA). In this way, 
the whole tumor area, including the PS-positive capsule, was deter
mined and the percentage of area occupied by the capsule obtained. The 
same quantitative approach was applied to determine the percentage of 
AB-positive areas occupied by mucopolysaccharides. These quantitative 
approaches were conducted following previously described procedures. 
In addition, the cell proliferation index was calculated in Ki-67-stained 
sections as described previously [25]. For TUNEL assay, after perfu
sion of the mice, tumors were carefully fixed in 4% PFA, dehydrated in 
30% sucrose, and embedded in optimal cutting temperature (OCT, 
331603E, VWR). Hoechst (33342, Invitrogen, ThermoFisher Scientific) 
was used to stain the nuclei. Images were acquired with a fluorescence 
microscope (Nikon Eclipse Ni-U microscope). Quantification of 
TUNEL+ per field was achieved using five random fields per slide. 

2.6. Melatonin determination by HPLC 

Melatonin was extracted with trichloromethane using the SPD 2010 
Speed Vac System (ThermoFisher Scientific). The samples were then 
analyzed by HPLC (Shimadzu Europe GmbH, Duisburg, Germany) using 
a Waters Sunfire C18 column (150 × 4.5 mm, 5 µm). Melatonin fluo
rescence was measured using a Shimadzu RF-10A XL fluorescence de
tector (Shimadzu Europe GmbH) with 285-nm excitation and 345-nm 
emission wavelengths [26]. 

2.7. Western blot analysis 

Protein extraction and Western blot analyses were performed as 
described previously [11]. Denatured protein samples (40 μg/fraction) 
were separated by sodium dodecyl sulfate polyacrylamide gel electro
phoresis (SDS-PAGE) using 15% acrylamide/bis-acrylamide gels. Pro
teins were then wet transferred to a polyvinylidene difluoride (PVDF) 
membrane (IPVH00010, Sigma Aldrich). The membrane was incubated 
in blocking buffer consisting of 5% milk in PBS plus 0.1% Tween-20. 
Primary antibodies (Table S1) were diluted in blocking buffer and 
incubated overnight at 4 ◦C. HRP-conjugated secondary antibodies were 
used according to the manufacturer’s instructions. Immunoreactions 
were detected using the ECL™ Prime Western Blotting Detection Re
agent (GE Healthcare Life Sciences, Barcelona, Spain), analyzed with the 
ChemiDoc MP Imaging System (BioRad), and quantified using ImageJ 
software. Protein band intensities were normalized to GAPDH or β-actin. 

2.8. Measurement of LPO levels 

The Bioxytech LPO-568 assay kit (OxisResearch, Portland, OR, USA) 
was used to assess lipid peroxidation (LPO). This kit uses malondialde
hyde (MDA) and 4-hydroxy-2-nonenal (4-HNE) as markers of lipid 
peroxidation. After 40 min of incubation at 45 ◦C, 1-methyl-2-phenyl
indole reacts with MAD and 4-HNE, yielding a stable chromophore with 
intense maximal absorbance at 586 nm. 

2.9. Electron microscopy tumor analysis 

For electron microscopy, animals were subjected to intracardiac 
perfusion with 2% PFA-2% glutaraldehyde (A17876, ThermoFisher 
Scientific) in 0.1 M phosphate buffer (PB; pH 7.4). Samples were then 
cut into 200-mm sections, washed with 0.1 M PB, and kept in 0.1 M PB- 
0.05% sodium azide at 4 ◦C until subsequent use. Sections were post- 
fixed in 2% osmium tetroxide, dehydrated, and embedded in Durcu
pan resin (44611–44614, Sigma Aldrich). A diamond knife was used to 
cut semi-thin sections (1.5 mm), which were stained with 1% toluidine 
blue for light microscopy. Ultra-thin sections (70–80 nm) were then cut, 
stained with lead citrate [27] and evaluated under a FEI Tecnai G2 Spirit 
transmission electron microscope (FEI Europe) using a digital camera 
(Morada Soft Imaging System; Olympus) [28]. 

2.10. Evaluation of proliferation rate 

For the analysis of proliferation rate, a single cell was seeded in each 
well of P96 plates. Cell division and growth were monitored by 
obtaining images on days 0, 5, 14, and 21 with an Olympus CKX41 
Microscope (Olympus Deutschland GmbH, Hamburg, Germany). The 
diameters of cell aggregates were later analyzed with ImageJ software. 

2.11. Measurement of ROS production 

ROS production was measured using 100 µM 2’-7’-dichloro
fluerescein diacetate (1) (DCFH-DA, D6883; Sigma-Aldrich), which was 
transformed within the cell to fluorescent 2’,7’-dichlorofluorescein. ROS 
levels were then measured with a microplate fluorescence reader 
FLx800 (Bio-Tek Instruments, Inc., Winooski, VT, USA) every 5 min for 
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45 min at 485 nm excitation and 530 nm emission. 

2.12. Wound healing assay 

Cells were seeded and treated with vehicle or melatonin at 500 or 
1000 µM in a six-well plate (734–2323, VWR). Next, linear scratches 
were made by scraping the cell monolayer with a 10 μL pipette tip. 
Subsequently, images of the scratch wound were observed under an 
inverted phase-contrast microscope and recorded at 0, 24, and 48 h 
using a camera (OlympusBX61, Tokyo, Japan). ImageJ was utilized to 
estimate the width of the wound. The migration rate was estimated by 
the percentage of scratch wound coverage, which was calculated as 
follows: 

Scracth wound coverage (%)=100−
(

Scratch wound distance at48hours
Scratch wound distance at0hours

×100
)

2.13. Transwell assay 

Briefly, after melatonin treatment, while 40,000 cells were seeded in 
DMEM containing 0.5% FBS in the upper chambers of Transwell plates 
(3422, Corning, Kennebunk, USA), and the lower chambers were filled 
with DMEM medium containing 2% FBS. After 24 h incubation at 37 ◦C 
in a 5% CO2 atmosphere, migrated cells were fixed with 4% PFA, stained 
with DAPI (sc-24941, Santa Cruz), and counted in nine fields under a 
microscope (Nikon Eclipse Ni-U). 

2.14. Measurement of nitrite levels 

Nitrite levels were assessed by Griess reaction as described previ
ously [29]. Homogenized samples were incubated with sulfanilamide 
and N-(1-napthyl) ethylenediamine for 20 min. A chromophoric azo 
product that absorbs strongly at 540 nm is formed by this process; 
absorbance was measured by a FLx800 microplate fluorescence reader. 

2.15. Biochemical analyses 

Blood samples were collected directly from the mouse heart before 
sacrifice. Commercial kits were used following the manufacturer’s in
dications. The evaluation was performed in a BS-200 Chemistry 
Analyzer (WN-9B100964). Commercial kits were used following the 
manufacturer’s instructions to analyze triglyceride (41030, Spinreact, 
Girona, Spain), cholesterol (41020, Spinreact), uric acid (41000 Spin
react), creatinine (1001110, Spinreact), glutamate oxaloacetate (GOT; 
1001160, Spinreact), glutamate pyruvate transaminase (GPT; 1001170, 
Spinreact), gamma-glutamyl transferase (γ-GT; 1001185, Spinreact). 
and bilirubin (1001042, Spinreact) levels in plasma obtained from blood 
samples. 

2.16. Data and statistical analyses 

All statistical analyses were performed using Prism 8 scientific soft
ware (GraphPad Software Inc., La Jolla, CA, USA). An unpaired Stu
dent’s t-test was used to compare the differences between all groups. 
Data were expressed as the mean ± S.E.M. of a minimum of three in
dependent experiments. A p value < .05 was considered significant. 

3. Results 

3.1. Subcutaneous administration of melatonin promotes tumor capsule 
formation but does not decrease tumor growth 

Cal-27 xenograft mice were treated subcutaneously with melatonin 

at 300 mg/kg or vehicle daily. Surprisingly, melatonin did not result in 
any significant reduction in tumor volume compared to control 
(Fig. 1B), and these results were confirmed by MRI (Fig. 1A). These 
results suggest that melatonin did not reach the tumor at a sufficient 
concentration [12]. As suspected, melatonin-treated tumors showed a 
very low melatonin concentration (Fig. 1C). 

Melatonin did not significantly potentiate the effects of CDDP 
(Fig. 1D). However, melatonin combined with IR led to greater inhibi
tion of tumor growth than when combined with CDDP (Fig. 1F). The 
intratumoral melatonin concentration was very low in CDDP groups 
(Fig. 1E) and slightly increased in tumors treated with IR (Fig. 1G) due to 
the aggressiveness of IR in facilitating drug entry into the tumors [30, 
31]. 

Histology confirmed the development of an epidermoid carcinoma 
with AB-positive adenosquamous differentiation clusters (Fig. 1H). 
Melatonin induced a well-defined PS-positive connective capsule, but it 
did not reduce the tumor activity (Fig. 1H). IR or CDDP alone did not 
produce any significant effect compared to the control, whereas com
bined treatment with melatonin confirmed the impact of this molecule 
on encapsulation (Fig. 1H). 

3.2. Intratumoral melatonin injection drastically inhibits tumor growth in 
HNSCC xenografts 

To overcome the limitation of subcutaneous melatonin administra
tion and increase melatonin levels in the tumors, intratumoral injection 
of melatonin was evaluated. 

In Cal-27 xenografts, the control group exhibited significant tumor 
growth from day 2 to day 41 with respect to the initial tumor volume 
(Fig. S1A). The mice with directly injected tumors responded markedly 
to the treatment with melatonin 3%, but without any significant effect 
with melatonin at 0.3% (Fig. 2A). Melatonin 3% exhibited a decrease in 
tumor volume from day 34, which was significant on day 48 (Figs. 2A 
and S1A), and with practically no traces of tumor after 63 days (Fig. 2A). 
This reduction of tumor volume could correlate with a significant in
crease of melatonin levels in the tumors. Supporting this hypothesis, we 
found that melatonin levels increased significantly in the tumor with 
intratumorally melatonin (Fig. 2B) compared to subcutaneously mela
tonin (Fig. 1C) (20,000 ng/mg prot vs 10 ng/mg prot). Only intra
tumoral but not subcutaneous melatonin administration was able to 
reduce tumor size. 

In contrast, control tumors and tumors treated with melatonin 0.3% 
exceeded 1000 mm3 after 41 days, and the mice were sacrificed. These 
results were corroborated by MRI (Fig. 2C). Therefore, treatment with 
melatonin 3% resulted in 60–100% regression of the tumor (Fig. 2A, C). 

Results in SCC-9 xenografts were similar to those obtained in Cal-27- 
derived tumors. Melatonin at 3% decreased tumor growth, whereas 
melatonin at 0.3% had no effect (Fig. 2K). Again, this was corroborated 
by MRI (Fig. 2L). 

In contrast to the results obtained with subcutaneous melatonin, the 
histology of tumors treated with intratumoral melatonin showed a 
decrease in tumor active areas in both cell line xenografts, which was 
more evident after 63 days (Fig. 2D, M). In addition, as observed pre
viously, the formation of a collagen-rich capsule was noted in melatonin- 
treated tumors after 35 days, and this increased after 63 days of treat
ment (Fig. 2D, E, N, Q). The formation of a capsule was a good signal 
because, as noted before, it could make the dissemination of tumor cells 
difficult [32,33]. 

Furthermore, intratumoral melatonin resulted in a significant 
reduction in the adenosquamous differentiation areas in Cal-27 tumors 
(Fig. 2D, F, G), which was not observed in subcutaneous administration 
(Fig. 1H), which has been associated with a better cancer prognosis [34, 
35]. 

Intratumoral melatonin decreased Ki-67, which revealed a signifi
cant reduction in cell proliferation in the active areas of treated tumors 
in a time-dependent manner (Fig. 2D, G, J, M, P, S). Interestingly, after 
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melatonin treatment, the active areas remained at subcapsular tumor 
zones (Fig. 2D, L). 

All of these findings demonstrated that the oncostatic effect of 
melatonin depended on reaching a high concentration in the tumors 
[12]. 

3.3. Intratumoral melatonin treatment potentiates CDDP effects to 
decrease HNSCC tumor growth 

Next, we examined the capacity of the intratumoral injection of 
melatonin to potentiate the cytotoxic effects of CDDP in Cal-27 xeno
grafts. Melatonin 3% was administered intratumorally every 24 h and 
CDDP intraperitoneally once per week for 49 days. Intratumoral mela
tonin potentiated the effects of CDDP on tumor growth (Figs. 3A and 
S1B), which is in contrast to the results obtained with subcutaneous 
melatonin administration (Fig. 1D). Tumors treated with intratumoral 
melatonin plus CDDP began to show a decrease in volume from day 15 

and had a significant decrease after 35 days of treatment and for the 
follow-up period. After 35 days, tumors treated with CDDP alone 
continued to grow (Figs. 3A, B, S1B). Strikingly, there were no tumors in 
mice that received the combined treatment after 49 days, as shown on 
MRI (Fig. 3C), which highlights the great clinical potential of melatonin 
to potentiate the effects of CDDP. 

In line with the above results, histology of co-treatment with intra
tumoral melatonin and CDDP revealed a reduction in tumor develop
ment, with a significant increase in the collagen-rich capsule (Fig. 3D, 
E). CDDP, as well as the melatonin plus CDDP group, resulted in a sig
nificant reduction in the adenosquamous areas (Fig. 3D, F). 

These data indicate that intratumoral administration of melatonin 
potentiates the cytotoxic effect of CDDP, especially to decrease tumor 
growth and increase the collagen capsule, indicating that it could be a 
proper clinical approach to improve the effectiveness of existing anti- 
cancer therapies. 

Fig. 1. Subcutaneous administration of melatonin does not affect tumor growth in Cal-27 xenografts. (A) Representative axial T2-weigthed images obtained by MRI 
after 21 days of treatment in mice bearing Cal-27 tumors treated with vehicle (control) or melatonin subcutaneously (aMT sc). White arrows indicate tumor mass. (B, 
D, F) Tumor growth curves and (C, D, F) melatonin levels in tumors at the end of the treatments. (B, C) Treatment groups include control (mice treated with vehicle 
solution) and aMT sc (mice treated with melatonin at 300 mg/kg day subcutaneously). (D, E) Experimental groups comprise control, mice treated with CDDP at 
4 mg/kg day once per week (CDDP), and mice treated with CDDP plus melatonin (CDDP + aMT sc). (F, G) Treatment groups involve control, mice receiving one dose 
of IR at 4 Gy (IR), and mice treated with the combination of IR and melatonin (IR + aMT sc). The data are presented as the means ± standard error of the mean 
(n = 3–6 for each group). One-tailed unpaired t-test: *P < .05, **P < .01, ***P < .001 vs. control group and ## P < .01 vs. IR. (H) HE, PS, and AB-stained tumors 
from the control group and from mice treated with melatonin subcutaneously, CDDP, IR, or the combined treatments of CDDP or IR with melatonin. Images show an 
increase in the PS-stained collagen capsule in the groups treated with melatonin subcutaneously. Scale bar = 100 or 500 µm. Asterisks mark central tumor cysts, 
black arrows indicate the capsule stained red by PS, and red arrows indicate the glandular structures stained blue by AB. 
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Fig. 2. Intratumoral melatonin injection at 3% drastically inhibits tumor growth in Cal-27 xenografts after 63 days of treatment. (A, K) Tumor growth curve for mice 
bearing Cal-27 or SCC-9 tumors receiving vehicle (control) or intratumoral melatonin injections (0.3 [aMT 0.3%] or 3% [aMT 3%]) every day for 63 days. Cal-27 
control mice were sacrificed after 41 days of treatment because tumor volume exceeded 1000 mm3. Data are presented as the means ± standard error of the mean 
(n = 8–10 for each group). One-tailed unpaired t-test: ***P < .001 vs. control group and ##P < .01 vs. melatonin 0.3% treated tumors. (B) Melatonin levels in tumors 
after 35 days of treatment. (C, L) Representative axial T2-weigthed images obtained by MRI of mice bearing Cal-27 or SCC-9 tumors treated with vehicle (control; 
after 41 days or 63 days, respectively) or melatonin 3% intratumorally (aMT 3%; after 63 days of treatment). White arrows indicate tumor mass. (D, M) Histological 
analysis of HE-stained tumors. Collagen capsule using PS staining (red). Mucin glandular structures are stained by AB (blue). Immunohistochemical identification of 
proliferating cells with Ki-67 antibody (brown). Scale bar = 100 µm. Asterisks mark central tumor cysts and black arrows indicate the capsule stained red by PS. (E, F, 
G, H, I, J, N, O, P, Q, R, S) Quantitative histochemical analyses of PS, AB, and Ki-67 staining, showing an increase in the PS collagen capsule and a decrease in AB and 
Ki-67 staining after 3% melatonin treatment. Experimental groups include control tumors (mice treated with vehicle) and tumors treated with 3% melatonin 
intratumorally for 35 days (D, E, F, G, M, N, O, P) or 63 days (D, H, I, J, M, Q, R, S). Data are presented as the means ± standard error of the mean (n = 3 for each 
group). One-tailed unpaired t-test: *P < .05, **P < .01 vs. control tumors. 

Fig. 3. Cal-27 tumors disappear after 49 days of treatment with intratumoral melatonin and CDDP. (A) Tumor growth curve for mice bearing Cal-27 tumors treated 
with vehicle (control), cisplatin at 4 mg/kg day once per week (CDDP), and the combination of CDDP plus intratumoral melatonin at 3% (CDDP + aMT 3%). Data are 
presented as the means ± standard error of the mean (n = 5–8 for each group). One-tailed unpaired t-test: **P < .01, ***P < .001 vs. control group and # P < .05 vs. 
CDDP treated tumors. (B) Representative images acquired after 10, 30, and 45 days of treatment. (C) Representative axial T2-weigthed images obtained by MRI of 
mice bearing Cal-27 tumors treated with vehicle (control), CDDP, intratumoral injections of melatonin at 3%, and the combination of CDDP + aMT 3%. White arrows 
indicate tumor mass. (D) Histological analysis of HE-stained tumors. Collagen capsule using PS staining (red). Mucin glandular structures are stained by AB (blue). 
Scale bar = 100 µm. Asterisks mark central tumor cysts, and black arrows indicate the capsule stained red by PS. (E, F) Quantitative histochemical analyses of PS and 
AB staining, showing an increase in PS collagen capsule and a decrease in AB staining area after 35 days of treatment with the combination of CDDP plus melatonin at 
3%. Experimental groups include control tumors (mice treated with vehicle) and tumors treated with CDDP or the combined treatment of CDDP + aMT 3% for 35 
days (B, C, F). Data are presented as the means ± standard error of the mean (n = 3 for each group). One-tailed unpaired t-test: *P < .05, **P < .01 vs. con
trol tumors. 
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3.4. Melatonin stimulates ROS production and apoptosis in Cal-27 
xenografts 

Given our previous study in which melatonin induced ROS complex I 
RET under anaerobic metabolism and led to apoptosis from excessive 
ROS production in HNSCC cells [11], we investigated the contribution of 
intracellular ROS to the potentiation of CDDP-induced cell death. For 
this purpose, we analyzed oxidative stress levels. Melatonin increased 
LPO levels and oxidized protein expression in Cal-27 tumors (Fig. 4A, B). 
Interestingly, treatment with melatonin plus CDDP enhanced these 
pro-oxidant effects and noticeably triggered ROS-dependent apoptosis, 
which resulted in an increase in the Bax/Bcl-2 ratio and TUNEL-positive 
nuclei compared to the CDDP group (Fig. 4C, D, E). 

Finally, considering that an increase in ROS is related to cell differ
entiation [36], we analyzed CD98 expression, a cancer stem cell marker 
in HNSCC [37]. In agreement with the above histological results, 
melatonin at 3% reduced CD98 levels compared to the control and CDDP 
groups (Fig. 4F), suggesting an increase in tumor cell differentiation. 

3.5. Intratumoral melatonin promotes changes to mitochondrial 
morphology in HNSCC xenografts 

Considering that one of the main targets of melatonin is the mito
chondria, we evaluated mitochondrial morphology and distribution by 
electron microscopy (EM) in Cal-27 xenograft tumors. EM images 
showed clear changes between control and treated tumors (Fig. 5). 

Mitochondria in the control and CDDP group had a spheroid and 
ovoid morphology with poorly developed cristae. Interestingly, in con
trol tumors, mitochondria presented perinuclear localization (Fig. 5). 
The redistribution of mitochondria from the periphery of the cell to the 
perinuclear region has been associated with hypoxic conditions and, 
therefore, with tumor progression and treatment resistance [38,39]. 

However, intratumoral melatonin treatment resulted in changes in 
the mitochondrial structure, morphology, and pattern of cytoplasm 
localization. Mitochondria were larger with well-defined cristae 
compared to the control and CDDP groups (Fig. 5), which is indicative of 
a more developed organelle. In these tumors, mitochondria were 

Fig. 4. Intratumoral melatonin at 3% increases oxidative stress and apoptosis in Cal-27 xenografts tumors. (A, B) Study of oxidative stress levels and (C-E) apoptosis 
in Cal-27 tumors after 35 days of treatment. (A) LPO evaluation by spectrophotometric techniques. (B) Western blot (WB) analysis of oxidized proteins. (C) Per
centage of apoptotic cells designated as the apoptotic index and analyzed by TUNEL assay. (D) TUNEL+ nuclei (apoptotic nuclei, green), DAPI stained nuclei (total 
nuclei, blue), and HE staining of the corresponding zone of the analyzed tumor. Scale bar = 100 µm. (E) Analysis of Bax/Bcl-2 expression by WB. (F) CD98 expression 
measured by WB. Experimental groups include control (mice treated with vehicle) and tumors from mice treated with CDDP at 4 mg/kg day once per week (CDDP), 
melatonin at 3% intratumorally (aMT 3%), or with the combined treatment of CDDP + aMT 3% for 35 days. Data are presented as the means ± standard error of the 
mean (n = 4–9 for each group). One-tailed unpaired t-test: *P < .05, **P < .01, ***P < .001 vs. control tumors; # P < .05, ## P < .01 vs. CDDP and $$ P < .01 vs. 
aMT 3%. 
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localized in the periphery of the cells and not in the perinucleus. How
ever, most of these elongated mitochondria had disruptions in their 
mitochondrial membrane, which could indicate that high doses of 
melatonin damaged the mitochondria (Fig. 5). These results were 
consistent with previous in vitro results [9]. 

3.6. Intratumoral melatonin injection reduces tumor growth in patient- 
derived tumors 

Next, we examined the oncostatic effect of melatonin in primary 
tumors derived from patients. The PDC obtained from a human biopsy of 
head and neck cancer tissue are referred to here as sample 1 (SP1) [23]. 
Primary HNSCC cells require specific culture medium and conditions to 
avoid cancer-associated fibroblast (CAF) overgrowth [20]. 
PNEU-medium provides a selection advantage to epithelial tumor cells 
and facilitates their proliferation so that they are not overgrown by CAFs 
[23]. Consequently, after patient-derived tumor tissue digestion, the 
obtained SP1 cells were grown in PNEU-medium (Fig. 6A). After serial 
passages, a culture free of CAFs was obtained and these SP1 cells were 
used for subsequent experiments. SP1 cells grow by forming cell ag
gregates, which culminate in spheroid formation. These spheroids are 
aggregates of single cells that undergo self-assembly [40]. Melatonin at 
500 µM decreased the SP1 division rate, reducing the percentage of 
dividing cells from day 10 to day 21 (Fig. 6B), as well as the diameter of 
the cell aggregates formed (Fig. 6C, D). Interestingly, spheroid forma
tion, which is a CSC proliferation marker [23,41], was completely 
abolished with melatonin 500 µM (Fig. 6C, E). Melatonin 1000 µM also 
increased ROS production and caspase-9 expression in SP1 primary 
culture (Fig. 6F-H). 

Moreover, an in vivo study with PDX was performed from human 
biopsies of head and neck cancer tissues. After the digestion of tumor 
tissue, the obtained cells were directly transplanted into NSG mice. 

When tumors reached an appropriate volume, approximately 800 mm3, 
the mice were sacrificed and tumors extracted, digested, and trans
planted again into 3–5 new mice to obtain a proper number of tumors to 
allow experimentation (Fig. 6I). 

Three different tumors derived from human biopsies were used in 
this study: SP1, SP2 and SP3. As shown in Fig. 6, the intratumoral 
administration of melatonin 3% reduced tumor growth compared to the 
control group in the three primary tumors evaluated (Fig. 6J-L). Mela
tonin treatment was especially effective in SP2 primary tumors because, 
in this PDX model, melatonin not only exhibited oncostatic effects, but 
was also antitumoral. SP2 tumors practically disappeared after 28 days 
of melatonin treatment (Fig. 6K), which is more effective than the 63 
days in established Cal-27 xenografts. 

3.7. Melatonin reduces cell migration in vitro 

As high levels of ROS enable metastatic progression [42], the effect 
of melatonin on cell migration was explored in Cal-27 and SCC-9 cells 
(Fig. 7). Melatonin significantly reduced the wound healing area in a 
dose- and time-dependent manner (Fig. 7A-D). These results were 
corroborated with a Transwell system in which we observed that 
melatonin impaired the invasive capacities of both Cal-27 and SCC-9 
cells, reducing the number of migrated cells after 48 h of melatonin 
treatment (Fig. 7E-H). 

Moreover, the expression of two epithelial-to-mesenchymal transi
tion markers, vimentin and E-cadherin, which represent a better model 
for evaluating metastasis [43], was evaluated in SP1 primary cells. 
Melatonin drastically inhibited vimentin levels in SP1 cells at 500 and 
1000 µM but increased E-cadherin at the highest dose (Fig. 7I, J). 
Overall, these data demonstrate melatonin’s ability to reduce tumor cell 
migration and invasion in both established and primary cells. 

Fig. 5. Melatonin-induced changes in mitochondrial morphology and distribution in Cal-27 xenografts tumors. Alterations in mitochondrial morphology analyzed by 
EM in Cal-27 xenografts. In control and CDDP tumors, the typical morphology of the Cal-27 mitochondria was observed as a round shape and few mitochondrial 
cristae (black arrows). Mitochondria are localized in the perinuclear region. In melatonin-treated tumors, mitochondria are elongated, with an increased number of 
cristae (white arrows) and following a homogenous distribution among the cellular cytoplasm. Some disruption in the mitochondrial membrane is appreciated in the 
melatonin-treated groups (black asterisk). Scale bar = 2 µm, 1 µm and 500 nm. 
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3.8. Melatonin reduces chemo and radiotherapy side effects in healthy 
organs 

Intratumoral injection of melatonin seems to be safe because intra
tumoral melatonin does not reach the plasma (Fig. S2). However, 
melatonin administered subcutaneously counteracts the cytotoxic ef
fects of IR and CDDP in healthy tissue, decreasing LPO and NOx in the 
liver and kidneys, as well as NOx in the heart, which was increased by IR 

(Fig. S2). 
In addition, mice were fed 600 mg melatonin/day for 6 months to 

analyze subchronic toxicity. Melatonin reduced triglyceride, acid uric, 
creatinine, and bilirubin levels in plasma, which were increased 
compared to the 3-month control group (Fig. S3A, C, D, H). The enzyme 
GPT was also reduced after 6 months of melatonin diet (Fig. S3F). 
Therefore, there is no evidence available on deleterious effects from 
overdosing of melatonin, and this provides an opportunity for refining 

Fig. 6. Melatonin inhibits proliferation and increases apoptosis in patient-derived tumor cells. (A) Scheme of the procedure followed to obtain a patient-derived 
culture (PDC). (B, C, D, E) In vitro proliferation analysis of SP1 cells. (B) Percentage of SP1 cells in division. (C) Representative pictures of SP1 cells. (D) Diam
eter of the cell aggregates formed. (E) Percentage of spheroids generated in control cells (treated with vehicle) and cells treated with melatonin at 500 µM (aMT 
500 µM) after 5, 10, 14, or 21 days of treatment. Cells were treated with vehicle or melatonin at 500 µM every 72 h to avoid cell death induced by melatonin. Data are 
presented as the means ± standard error of the mean (n = 3 for each group). One-tailed unpaired t-test: *P < .05, **P < .01, ***P < .001 vs. control of the respective 
day. (F, G, H) Evaluation of ROS production and apoptosis in SP1 cells. (F) Measurements of intracellular ROS levels by fluorimetry after staining with the DCFA 
fluorescent probe. (G, H) Procaspase and cleaved caspase-9 analysis by Western blot. Experimental groups include control cells (treated with vehicle) and cells 
treated with melatonin at 500 or 1000 µM for 48 h. (I, J, K, L) In vivo analysis of melatonin’s oncostatic effect in three different patient-derived xenografts (PDXs), 
demonstrating that intratumoral administration of melatonin at 3% diminishes tumor growth in PDXs. (I) Scheme of the procedure followed for PDXs. (G, H, I) Tumor 
growth curves of mice bearing (G) SP1, (H) SP2, and (I) SP3 xenografts treated with vehicle solution (control) or the intratumoral administration of melatonin at 3% 
(aMT 3%). Data are presented as the means ± standard error of the mean (n = 4 for each group). One-tailed unpaired t-test: *P < .05; **P < .01, ***P < .001 vs. 
control group. 

Fig. 7. Melatonin impairs migration and invasive capacities in Cal-27 and SCC-9 cells and inhibits metastasis markers in Bi-18 cells. (A-D) Cell migration analysis of 
Cal-27 (A, B) and SCC-9 (C, D) cells by wound healing assay. (A, C) Quantitative analysis of scratch wound coverage and (B, D) representative images of scratched and 
recovering wound areas (marked by red lines) on confluence monolayers of cancer cells 0, 24, and 48 h after wound generation. (E-H) Study of invasive capacities of 
Cal-27 (E, F) and SCC-9 (G, H) cells using the Transwell system. (E, G) Quantitative analysis and (F, H) representative images of migrated cells after 48 h of melatonin 
treatment. Experimental groups include control (cells treated with vehicle) and cells treated with melatonin at 500 or 1000 µM (aMT 500 and 1000 µM) for 48 h. 
Data are presented as the means ± standard error of the mean (n = 3–5 for each group). One-tailed unpaired t-test: *P < .05, **P < .01, ***P < .001 vs. control; # 

P < .05 vs. aMT 500 µM. 
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dose and schedule. 

4. Discussion 

Despite numerous studies demonstrating the anticancer effects of 
melatonin [44,45], contradictory results have been reported when it is 
applied in vivo [12]. Different melatonin treatments have been evalu
ated with different, controversial results [46–48]. However, to the best 
of our knowledge, this is the first study proposing intratumoral admin
istration of melatonin for the treatment of HNSCC, providing evidence 
that melatonin can exert its oncostatic effect only by reaching a high 
concentration in the tumors. We observed that melatonin administered 
subcutaneously did not have significantly reduce tumor growth alone or 
in combination with IR or CDDP. These data were not in line with other 
studies in which melatonin was proposed as an adjuvant therapy to 
chemo and radiotherapy, providing synergistic antitumoral outcomes 
and relieving drug resistance [49–54]. The apparent discrepancies be
tween our results and other studies were due to the melatonin levels 
reaching tumors. Our data suggest that melatonin can exert an onco
static effect only at high concentrations in tumors. 

However, although subcutaneous melatonin did not achieve effec
tive concentrations in the tumor, it is effective to reduce side effects of 
CDDP or IR, or even to recover bone marrow and spleen cellularity 
through enhanced hematopoiesis [55]. 

Next, given that subcutaneous melatonin did not have any significant 
effect to reduce tumor growth and that intratumoral administration was 
recently developed in immunotherapy [56], we decided to evaluate a 
new intratumoral formulation of melatonin to increase its bioavail
ability in the tumor. Intratumoral injection was extremely efficacious, 
thereby establishing the proof of concept for intratumoral melatonin 
administration. Moreover, the significant increase in the collagen 
capsule and reduction in the observed adenosquamous areas have been 
related to a better cancer outcome [33–35]. Furthermore, our data do 
not exclude the possibility of combining melatonin with other agents, 
though we selected intraperitoneal CDDP. Melatonin synergized the 
effects of cisplatin, stimulating apoptosis and increasing oxidative stress. 
The increase in CDDP cytotoxicity is partly due to enhanced mito
chondrial function. Melatonin induced mitochondrial elongation and 
facilitated the formation of cristae in HNSCC xenografts. The cristae 
shape has also been demonstrated to regulate the stability and assembly 
of respiratory chain supercomplexes, which affects respiratory effi
ciency, increasing ROS levels [9]. We previously demonstrated that 
melatonin induces ROS complex I RET and leads to apoptosis from 
excessive ROS production, but only at high doses [11]. Mitochondrial 
elongation correlates with a clear metabolic shift from glycolysis to 
oxidative phosphorylation that, in turn, induces ROS-dependent mito
chondrial uncoupling. Thus, our results indicate that the combined 
treatment could offer some advantages in terms of the clinical trans
lation of this therapeutic approach. Therefore, all things considered, our 
study opens the way to other intratumoral therapy combinations that 
may include melatonin, even immunotherapy. 

On the other hand, we must consider the genetic and epigenetic 
differences between cell lines and original tumors, which make it diffi
cult to evaluate how much of the original tumor biology is retained in 
established cell line models that have been maintained long-term in 
vitro [19,20,57]. However, culturing cancer cells from human solid tu
mors has generally not been rapid or readily feasible because biopsy 
material is usually scant and it is difficult to eliminate CAFs [57]. 
Nevertheless, in this study, cells from a patient́s tumor were cultured in 
PNEU-medium, which provides a selection advantage to epithelial 
tumor cells, avoiding CAF overgrowth [23]. As expected, melatonin at 
high doses decreased the proliferation rate and increased ROS levels and 
apoptosis in patient-derived cell culture, as well as completely abolish
ing spheroid formation, which are considered a CSC marker [23,41]. 
These results appear to be congruent with other studies showing that 
melatonin suppresses CSC-like phenotypes in other types of cancer [58, 

59]. Moreover, intratumoral melatonin also reduced tumor volumes in 
PDXs, which represent a promising pre-clinical model that can be used 
to predict drug responses [18]. 

The complex role of ROS in mediating tumor progression remains 
controversial. Several studies have suggested that increasing production 
of mitochondrial ROS enhances the metastatic capacity of tumor cells 
[42]. Melatonin has also been demonstrated to induce ROS complex I 
RET [11] and to increase apoptosis, and loss of stemness in HNSCC [60]. 
This is in line with our finding that melatonin increased ROS levels and 
suppressed the migration and invasion of HNSCC cells in vitro and 
regulated EMT-related markers in the PDC model. Therefore, the 
reduction of invasive capacities of HNSCC cells exerted by melatonin 
could be due to a reducted CSC population within these tumors. How
ever, more experiments are needed to understand the mechanism of 
action of melatonin in metastasis. 

5. Conclusions 

Despite recent progress in head and neck squamous cell carcinoma 
treatment, the prognosis for many patients remains devastating. More
over, primary tumor models represent a preferred approach, as research 
data indicates that these cells might reflect the original tumor’s prop
erties much closer than decade old cell lines. Our study elucidated the 
roles of intratumoral melatonin in reducing tumor growth and syner
gizing CDDP and IR, and could provide new strategies for HNSCC 
therapy, particularly for CDDP resistance. We propose considering 
intratumoral co-injections of melatonin with several agents with po
tential for synergy. 
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K. Sawamoto, A. Alvarez-Buylla, D.A. Lim, J.M. García-Verdugo, Unique 
organization of the nuclear envelope in the post-natal quiescent neural stem cells, 
Stem Cell Rep. 9 (2017) 203–216, https://doi.org/10.1016/j.stemcr.2017.05.024. 

[29] N.S. Bryan, M.B. Grisham, Methods to detect nitric oxide and its metabolites in 
biological samples, Free Radic. Biol. Med. 43 (2007) 645–657, https://doi.org/ 
10.1016/j.freeradbiomed.2007.04.026. 

[30] R.F. Thompson, A. Maity, Radiotherapy and the tumor microenvironment: mutual 
influence and clinical implications, Adv. Exp. Med. Biol. (2014) 147–165. 

[31] X. Zhang, H. Zhang, J. Zhang, M. Yang, M. Zhu, Y. Yin, X. Fan, F. Yu, The 
paradoxical role of radiation-induced <scp>cGAS-STING</Scp> signaling 
network in tumor immunity, Immunology (2022), https://doi.org/10.1111/ 
imm.13592. 

[32] J. Zou, J. Yuan, H. Chen, X. Zhou, T. Xue, R. Chen, L. Zhang, Z. Ren, Development 
of a prognostic score for recommended transarterial chemoembolization 
candidates with spontaneous rupture of hepatocellular carcinoma, J. Gastrointest. 
Oncol. 13 (2022) 1376–1383, https://doi.org/10.21037/jgo-22-531. 

[33] V. Ghirardi, F. De Felice, A. Rosati, R. Ergasti, S. Gueli Alletti, F. Mascilini, 
G. Scambia, A. Fagotti, A laparoscopic adjusted model able to predict the risk of 
intraoperative capsule rupture in early-stage ovarian cancer: laparoscopic ovarian 
cancer spillage score (LOChneSS study), J. Minim. Invasive Gynecol. 29 (2022) 
961–967, https://doi.org/10.1016/j.jmig.2022.04.014. 

[34] G. Zhao, C. Wang, Y. Tang, X. Liu, Z. Liu, G. Li, Y. Mei, Glandular differentiation in 
PT1 urothelial carcinoma of bladder predicts poor prognosis, Sci. Rep. 9 (2019), 
5323, https://doi.org/10.1038/s41598-019-41844-4. 

[35] H. Xu, L. Xie, X. Liu, Y. Zhang, Z. Shen, T. Chen, X. Qiu, N. Sha, C. Xing, Z. Wu, et 
al., Impact of squamous and/or glandular differentiation on recurrence and 
progression following transurethral resection for non-muscle invasive urothelial 
carcinoma of bladder, Oncol. Lett. 14 (2017) 3522–3528, https://doi.org/ 
10.3892/ol.2017.6581. 

[36] M. Mendivil-Perez, V. Soto-Mercado, A. Guerra-Librero, B.I. Fernandez-Gil, 
J. Florido, Y.-Q. Shen, M.A. Tejada, V. Capilla-Gonzalez, I. Rusanova, J.M. Garcia- 
Verdugo, et al., Melatonin enhances neural stem cell differentiation and 
engraftment by increasing mitochondrial function, J. Pineal Res. 63 (2017), 
e12415, https://doi.org/10.1111/jpi.12415. 

[37] S.R. Martens-de Kemp, A. Brink, M. Stigter-van Walsum, J.M.A. Damen, 
F. Rustenburg, T. Wu, W.N. van Wieringen, G.J. Schuurhuis, B.J.M. Braakhuis, 
M. Slijper, et al., CD98 marks a subpopulation of head and neck squamous cell 
carcinoma cells with stem cell properties, Stem Cell Res. 10 (2013) 477–488, 
https://doi.org/10.1016/j.scr.2013.02.004. 

[38] L.W. Thomas, O. Staples, M. Turmaine, M. Ashcroft, CHCHD4 regulates 
intracellular oxygenation and perinuclear distribution of mitochondria, Front. 
Oncol. 7 (2017), https://doi.org/10.3389/fonc.2017.00071. 

L. Martinez-Ruiz et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.biopha.2023.115518
https://doi.org/10.1177/01945998221123925
https://doi.org/10.1111/cas.15338
https://doi.org/10.3390/cells10030517
https://doi.org/10.3390/cells10030517
https://doi.org/10.1111/jpi.12813
https://doi.org/10.14715/cmb/2022.68.4.19
https://doi.org/10.14715/cmb/2022.68.4.19
https://doi.org/10.3390/antiox11010035
https://doi.org/10.7150/ijbs.62280
https://doi.org/10.3390/ijms23169105
https://doi.org/10.3390/ijms23169105
https://doi.org/10.3390/antiox10040603
https://doi.org/10.3390/molecules27144350
https://doi.org/10.1111/jpi.12824
https://doi.org/10.1111/jpi.12461
https://doi.org/10.1155/2019/7187128
https://doi.org/10.2147/CMAR.S230466
https://doi.org/10.3390/ijms23073779
https://doi.org/10.3389/fonc.2020.543591
https://doi.org/10.3389/fonc.2020.543591
https://doi.org/10.1038/nrd1635
https://doi.org/10.21037/tlcr-20-154
https://doi.org/10.1016/j.slasd.2022.01.006
https://doi.org/10.1016/j.slasd.2022.01.006
https://doi.org/10.3390/biomedicines10071677
https://doi.org/10.3390/biomedicines10071677
https://doi.org/10.1124/mol.119.116202
https://doi.org/10.1124/mol.119.116202
https://doi.org/10.18632/oncotarget.16808
https://doi.org/10.3390/cells8060555
https://doi.org/10.3390/ijms22020674
https://doi.org/10.1002/term.2039
https://doi.org/10.1111/j.1600-079X.2010.00752.x
https://doi.org/10.3389/fnana.2021.696376
https://doi.org/10.3389/fnana.2021.696376
https://doi.org/10.1016/j.stemcr.2017.05.024
https://doi.org/10.1016/j.freeradbiomed.2007.04.026
https://doi.org/10.1016/j.freeradbiomed.2007.04.026
http://refhub.elsevier.com/S0753-3322(23)01316-1/sbref30
http://refhub.elsevier.com/S0753-3322(23)01316-1/sbref30
https://doi.org/10.1111/imm.13592
https://doi.org/10.1111/imm.13592
https://doi.org/10.21037/jgo-22-531
https://doi.org/10.1016/j.jmig.2022.04.014
https://doi.org/10.1038/s41598-019-41844-4
https://doi.org/10.3892/ol.2017.6581
https://doi.org/10.3892/ol.2017.6581
https://doi.org/10.1111/jpi.12415
https://doi.org/10.1016/j.scr.2013.02.004
https://doi.org/10.3389/fonc.2017.00071


Biomedicine & Pharmacotherapy 167 (2023) 115518

14

[39] X.-Q. Ye, Q. Li, G.-H. Wang, F.-F. Sun, G.-J. Huang, X.-W. Bian, S.-C. Yu, G.-S. Qian, 
Mitochondrial and energy metabolism-related properties as novel indicators of 
lung cancer stem cells, Int. J. Cancer 129 (2011) 820–831, https://doi.org/ 
10.1002/ijc.25944. 

[40] N.-E. Ryu, S.-H. Lee, H. Park, Spheroid culture system methods and applications for 
mesenchymal stem cells, Cells 8 (2019) 1620, https://doi.org/10.3390/ 
cells8121620. 

[41] T. Ishiguro, H. Ohata, A. Sato, K. Yamawaki, T. Enomoto, K. Okamoto, Tumor- 
derived spheroids: relevance to cancer stem cells and clinical applications, Cancer 
Sci. 108 (2017) 283–289, https://doi.org/10.1111/cas.13155. 

[42] C.-H. Chang, S. Pauklin, ROS and TGFβ: from pancreatic tumour growth to 
metastasis, J. Exp. Clin. Cancer Res. 40 (2021), 152, https://doi.org/10.1186/ 
s13046-021-01960-4. 

[43] X. Hou, C. Du, L. Lu, S. Yuan, M. Zhan, P. You, H. Du, Opportunities and challenges 
of patient-derived models in cancer research: patient-derived xenografts, patient- 
derived organoid and patient-derived cells, World J. Surg. Oncol. 20 (2022), 37, 
https://doi.org/10.1186/s12957-022-02510-8. 

[44] A.M. Sánchez-Sánchez, M. Turos-Cabal, N. Puente-Moncada, F. Herrera, 
C. Rodríguez, V. Martín, Calcium acts as a central player in melatonin antitumor 
activity in sarcoma cells, Cell. Oncol. 45 (2022) 415–428, https://doi.org/ 
10.1007/s13402-022-00674-9. 

[45] N. Kurhaluk, H. Tkachenko, Effects of melatonin and metformin in preventing 
lysosome-induced autophagy and oxidative stress in rat models of carcinogenesis 
and the impact of high-fat diet, Sci. Rep. 12 (1) (2022) 14, https://doi.org/ 
10.1038/s41598-022-08778-w. 

[46] E.S. Schernhammer, A. Giobbie-Hurder, K. Gantman, J. Savoie, R. Scheib, L. 
M. Parker, W.Y. Chen, A randomized controlled trial of oral melatonin 
supplementation and breast cancer biomarkers, Cancer Causes Control 23 (2012) 
609–616, https://doi.org/10.1007/s10552-012-9927-8. 

[47] A. Sookprasert, N.P. Johns, A. Phunmanee, P. Pongthai, A. Cheawchanwattana, 
J. Johns, J. Konsil, P. Plaimee, S. Porasuphatana, S. Jitpimolmard, Melatonin in 
patients with cancer receiving chemotherapy: a randomized, double-blind, 
placebo-controlled trial, Anticancer Res. 34 (2014) 7327–7337. 

[48] D. Seely, M. Legacy, R.C. Auer, A. Fazekas, E. Delic, C. Anstee, L. Angka, M. 
A. Kennedy, L.-H. Tai, T. Zhang, et al., Adjuvant melatonin for the prevention of 
recurrence and mortality following lung cancer resection (AMPLCaRe): a 
randomized placebo controlled clinical trial, eClinicalMedicine 33 (2021), 100763, 
https://doi.org/10.1016/j.eclinm.2021.100763. 

[49] J.H. Lee, Y.M. Yoon, Y.S. Han, C.W. Yun, S.H. Lee, Melatonin promotes apoptosis of 
oxaliplatin-resistant colorectal cancer cells through inhibition of cellular prion 
protein, Anticancer Res. 38 (2018) 1993–2000, https://doi.org/10.21873/ 
anticanres.12437. 

[50] A. Sakatani, F. Sonohara, A. Goel, Melatonin-mediated downregulation of 
thymidylate synthase as a novel mechanism for overcoming 5-fluorouracil 

associated chemoresistance in colorectal cancer cells, Carcinogenesis 40 (2019) 
422–431, https://doi.org/10.1093/carcin/bgy186. 

[51] Z. Liu, X. Sang, M. Wang, Y. Liu, J. Liu, X. Wang, P. Liu, H. Cheng, Melatonin 
potentiates the cytotoxic effect of neratinib in HER2+ breast cancer through 
promoting endocytosis and lysosomal degradation of HER2, Oncogene 40 (2021) 
6273–6283, https://doi.org/10.1038/s41388-021-02015-w. 

[52] M. Zhang, M. Zhang, R. Li, R. Zhang, Y. Zhang, Melatonin sensitizes esophageal 
cancer cells to 5–fluorouracil via promotion of apoptosis by regulating EZH2 
expression, Oncol. Rep. 45 (2021), 22, https://doi.org/10.3892/or.2021.7973. 

[53] P. Lissoni, S. Meregalli, L. Nosetto, S. Barni, G. Tancini, V. Fossati, G. Maestroni, 
Increased survival time in brain glioblastomas by a radioneuroendocrine strategy 
with radiotherapy plus melatonin compared to radiotherapy alone, Oncology 53 
(1996) 43–46, https://doi.org/10.1159/000227533. 

[54] L. Berk, B. Berkey, T. Rich, W. Hrushesky, D. Blask, M. Gallagher, M. Kudrimoti, R. 
C. McGarry, J. Suh, M. Mehta, Randomized phase II trial of high-dose melatonin 
and radiation therapy for RPA class 2 patients with brain metastases (RTOG 0119), 
Int. J. Radiat. Oncol. 68 (2007) 852–857, https://doi.org/10.1016/j. 
ijrobp.2007.01.012. 

[55] A.M. Triphati, S. Khan, N.N. Chaudhury, Radiomitigation by melatonin in C57BL/6 
mice: possible implications as adjuvant in radiotherapy and chemotherapy, In Vivo 
36 (2022) 1203–1221, https://doi.org/10.21873/invivo.12820. 

[56] M. Alvarez, C. Molina, C.E. De Andrea, M. Fernandez-Sendin, M. Villalba, 
J. Gonzalez-Gomariz, M.C. Ochoa, A. Teijeira, J. Glez-Vaz, F. Aranda, et al., 
Intratumoral co-injection of the poly I:C-derivative BO-112 and a STING agonist 
synergize to achieve local and distant anti-tumor efficacy, J. Immunother. Cancer 9 
(2021), e002953, https://doi.org/10.1136/jitc-2021-002953. 

[57] D.P. Kodack, A.F. Farago, A. Dastur, M.A. Held, L. Dardaei, L. Friboulet, F. von 
Flotow, L.J. Damon, D. Lee, M. Parks, et al., Primary patient-derived cancer cells 
and their potential for personalized cancer patient care, Cell Rep. 21 (2017) 
3298–3309, https://doi.org/10.1016/j.celrep.2017.11.051. 

[58] P.P. Phiboonchaiyanan, P. Puthongking, V. Chawjarean, S. Harikarnpakdee, 
M. Sukprasansap, P. Chanvorachote, A. Priprem, P. Govitrapong, Melatonin and its 
derivative disrupt cancer stem-like phenotypes of lung cancer cells via AKT 
downregulation, Clin. Exp. Pharmacol. Physiol. 48 (2021) 1712–1723, https://doi. 
org/10.1111/1440-1681.13572. 

[59] M.-T. Liu, R. J. Reiter, The impact of melatonin and carbon ion irradiation on 
cancer stem cells, Nucl. Med. Biomed. Imaging 2 (2017), https://doi.org/ 
10.15761/NMBI.1000127. 

[60] Y.Y. Shin, Y. Seo, S.J. Oh, J.S. Ahn, M. hye Song, M.J. Kang, J.M. Oh, D. Lee, Y. 
H. Kim, E.S. Sung, et al., Melatonin and verteporfin synergistically suppress the 
growth and stemness of head and neck squamous cell carcinoma through the 
regulation of mitochondrial dynamics, J. Pineal Res. 72 (1) (2022) 16, https://doi. 
org/10.1111/jpi.12779. 

L. Martinez-Ruiz et al.                                                                                                                                                                                                                         

https://doi.org/10.1002/ijc.25944
https://doi.org/10.1002/ijc.25944
https://doi.org/10.3390/cells8121620
https://doi.org/10.3390/cells8121620
https://doi.org/10.1111/cas.13155
https://doi.org/10.1186/s13046-021-01960-4
https://doi.org/10.1186/s13046-021-01960-4
https://doi.org/10.1186/s12957-022-02510-8
https://doi.org/10.1007/s13402-022-00674-9
https://doi.org/10.1007/s13402-022-00674-9
https://doi.org/10.1038/s41598-022-08778-w
https://doi.org/10.1038/s41598-022-08778-w
https://doi.org/10.1007/s10552-012-9927-8
http://refhub.elsevier.com/S0753-3322(23)01316-1/sbref47
http://refhub.elsevier.com/S0753-3322(23)01316-1/sbref47
http://refhub.elsevier.com/S0753-3322(23)01316-1/sbref47
http://refhub.elsevier.com/S0753-3322(23)01316-1/sbref47
https://doi.org/10.1016/j.eclinm.2021.100763
https://doi.org/10.21873/anticanres.12437
https://doi.org/10.21873/anticanres.12437
https://doi.org/10.1093/carcin/bgy186
https://doi.org/10.1038/s41388-021-02015-w
https://doi.org/10.3892/or.2021.7973
https://doi.org/10.1159/000227533
https://doi.org/10.1016/j.ijrobp.2007.01.012
https://doi.org/10.1016/j.ijrobp.2007.01.012
https://doi.org/10.21873/invivo.12820
https://doi.org/10.1136/jitc-2021-002953
https://doi.org/10.1016/j.celrep.2017.11.051
https://doi.org/10.1111/1440-1681.13572
https://doi.org/10.1111/1440-1681.13572
https://doi.org/10.15761/NMBI.1000127
https://doi.org/10.15761/NMBI.1000127
https://doi.org/10.1111/jpi.12779
https://doi.org/10.1111/jpi.12779

	Intratumoral injection of melatonin enhances tumor regression in cell line-derived and patient-derived xenografts of head a ...
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and treatment
	2.2 Animal models
	2.3 Animal treatments
	2.4 Magnetic resonance imaging
	2.5 Histology
	2.6 Melatonin determination by HPLC
	2.7 Western blot analysis
	2.8 Measurement of LPO levels
	2.9 Electron microscopy tumor analysis
	2.10 Evaluation of proliferation rate
	2.11 Measurement of ROS production
	2.12 Wound healing assay
	2.13 Transwell assay
	2.14 Measurement of nitrite levels
	2.15 Biochemical analyses
	2.16 Data and statistical analyses

	3 Results
	3.1 Subcutaneous administration of melatonin promotes tumor capsule formation but does not decrease tumor growth
	3.2 Intratumoral melatonin injection drastically inhibits tumor growth in HNSCC xenografts
	3.3 Intratumoral melatonin treatment potentiates CDDP effects to decrease HNSCC tumor growth
	3.4 Melatonin stimulates ROS production and apoptosis in Cal-27 xenografts
	3.5 Intratumoral melatonin promotes changes to mitochondrial morphology in HNSCC xenografts
	3.6 Intratumoral melatonin injection reduces tumor growth in patient-derived tumors
	3.7 Melatonin reduces cell migration in vitro
	3.8 Melatonin reduces chemo and radiotherapy side effects in healthy organs

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supporting information
	References


