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Abstract

:

The potential use of agomelatine as an alternative treatment for colorectal cancer is evaluated in this work. The effect of agomelatine was studied in an in vitro model using two cell lines with different p53 statuses (HCT-116, wild-type p53, and HCT-116 p53 null) and an in vivo xenograft model. The inhibitory effects of agomelatine and melatonin were stronger in the cells harboring the wild-type p53, although in both cell lines, the effect of agomelatine was greater than that of the melatonin. In vivo, only agomelatine was able to reduce the volumes of tumors generated by the HCT-116-p53-null cells. Both treatments induced changes in the rhythmicity of the circadian-clock genes in vitro, albeit with some differences. Agomelatine and melatonin regulated the rhythmicity of Per1-3, Cry1, Sirt1, and Prx1 in the HCT-116 cells. In these cells, agomelatine also regulated Bmal1 and Nr1d2, while melatonin changed the rhythmicity of Clock. In the HCT-116-p53-null cells, agomelatine regulated Per1-3, Cry1, Clock, Nr1d2, Sirt1, and Prx1; however, melatonin only induced changes in Clock, Bmal1, and Sirt1. The differences found in the regulation of the clock genes may explain the greater oncostatic effect of agomelatine in CRC.
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1. Introduction


Colorectal cancer (CRC) is the third most common type of cancer and the second in terms of mortality worldwide [1]. The current treatments for CRC include 5-fluorouracil (5-FU) as a standard agent for chemotherapy, either as a single agent or in combination with other drugs, such as oxaliplatin or irinotecan [2]. However, these treatments have several limitations, such as severe side effects and the development of chemoresistance, which lead to unsatisfactory results [3]. These limitations have encouraged the development of the so-called targeted therapies, which are based on targeting concrete pathways according to each patient’s characteristics. However, the clinical application of these therapies is far from being established because they do not provide an improvement in cost–benefit terms, they still possess adverse effects, they differ in efficacy between patients with similar characteristics, and resistance has been shown to arise [2,3]. Therefore, there is a necessity to develop new approaches to improve or replace the current treatments.



Circadian rhythms are cyclic biological processes with a duration of close to 24 h, which are implicated in the regulation of major physiological events, such as the sleep –wake cycle, reproduction, and inflammatory and immune responses, among others. At the molecular level, the circadian rhythm consists of transcription–translation feedback loops (TTFL). The transcription-factor brain and muscle ARNT-like (BMAL-1) dimerizes circadian locomotor cycles kaput (CLOCK) and stimulates the transcription of Period 1-3 (Per1-3), Cryptocrome 1-2 (Cry1-2), the nuclear receptor subfamily 1 group D member 2 (Nr1d2), and RAR-related orphan receptor alpha (RORα) genes. In turn, the PER1-3 and CRY1-2 proteins form complexes in the cytoplasm and, when their concentration reaches a certain level, they translocate to the nucleus, where they inhibit the action of BMAL-1 and CLOCK and, thus, the transcription of their own genes. The PER/CRY complex is degraded, allowing the cycle to be restored every 24 h [4].



The circadian clock is not only based on transcriptional mechanisms; post-translational modifications of core circadian genes have also been described. Sirtuin 1 (SIRT1) is a nicotinamide adenine dinucleotide (NAD+)-dependent class III histone deacetylase, which is involved in cellular redox control [5]. It regulates the circadian clock at the central-nervous-system level by activating BMAL1 and CLOCK transcription [6]. At the peripheral level, it deacetylates BMAL1, affecting its activity [7], and PER2, preventing its dimerization with CRY [8]. It can also bind to CLOCK/BMAL1 complexes, which alters the expression of other associated genes, such as PER, in a manner that is probably related to the variable concentration of its co-enzyme, NAD+ [9]. In addition, the existence of circadian rhythms independent of the canonical molecular clock has been demonstrated. Specifically, there is a circadian rhythm of oxidation-reduction of peroxiredoxin-1 (PRX1), an antioxidant protein that scavenges hydrogen peroxide. This cycle is interconnected with the TTFL cycle, and both are individually necessary for the maintenance of rhythms at the cellular level [10]. In fact, it has been demonstrated that SIRT1 can activate PRX1 transcription [11]. The human PRX1 gene is a target of nuclear factor erythroid 2 related factor-2 (Nrf2) [12], a transcription factor shared by several antioxidant enzymes [13]. Furthermore, SIRT1 increases Nrf2 activation and decreases its polyubiquitination by decreasing the expression of Kelch-like ECH-associated protein 1 (Keap1)/Cullin 3 (Cul3) and by increasing Nrf2’s binding ability to anti-oxidant response element (ARE) [14].



Alterations in circadian rhythmicity have been linked to the onset and development of cancer [15]. Furthermore, the tolerability and efficacy of radiotherapy and chemotherapy also depend on circadian rhythms [16]. These experimental findings have raised interest in manipulating rhythms to prevent malignant transformation, to develop novel treatment strategies, and ultimately improve the outcomes of cancer patients [17]. In this sense, melatonin is an indolic compound secreted mainly by the pineal gland, although it can also be found in extrapineal tissues; it plays a key role in the control of circadian rhythms [18]. Melatonin exerts oncotastic properties in several cancer types. Regarding CRC, melatonin reduces tumour growth and proliferation and induced apoptosis in in vitro [19,20] and in vivo models [21]. Some of melatonin’s functions are mediated by the melatonin receptors MT1 and MT2. In fact, in CRC patients showed decreased levels of MT1 and MT2, without changes in melatonin levels, compared to their paired mucosa, in association with gender and invasion [22]. In addition, MT1 and MT2 levels are negatively correlated with cancer-stem-cell markers (CSCs), considered as the origins and major contributors to cancer progression, metastasis, and therapy resistance [23]. Taken together, these reports suggest that the use of non-selective MT1/MT2 agonists may be an interesting new approach for the treatment of CRC.



Agomelatine is a naphthalene analogue of melatonin, which shows agonist activities toward MT1/MT2 receptors, as well as greater affinity with them than melatonin, and antagonist activity toward the serotonin 5-HT2c receptor, and its use as an antidepressant drug has been approved [24]. Different in vivo models have proven that agomelatine synchronizes circadian rhythms, probably through MT1/MT2-receptor interaction [25]. The activation of MT1/MT2 synergically works with the blockage of the 5-HT2c receptor, resulting in neurogenesis induction, synaptic remodeling, and glutamate signaling, which explains agomelatine’s antidepressant role [24]. Curiously, serotonin has been associated with the progression of several cancer types, including CRC, and serotonin-receptor inhibitors may be used as therapy [26]. Along with the aforementioned influence of circadian rhythms and MT1/MT2 on cancer development and progression, this suggests that agomelatine could be used as a treatment for CRC. However, to date, no studies exploiting this alternative function have been reported.



An interconnected pathway of regulation exists between melatonin, circadian clocks, and SIRT1 [27]. Agomelatine also regulates SIRT1 in several models of disease [28,29]. In this study, we evaluate the use of agomelatine as an antitumor therapy in established colorectal cell lines in vitro and in vivo in nude mice. We also analyze the implication of the SIRT1/PRX1 pathway in the regulation of the rhythmicity of core clock genes by agomelatine.




2. Materials and Methods


2.1. Cell Culture and Reagents


The colorectal adenocarcinoma cell lines HCT-116 (p53 wild type) and HCT-116 p53 null (Horizon Discovery Ltd., Cambridge, UK) were grown under standard conditions (37 °C and 5% CO2 in a humid atmosphere) using RPMI 1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin (Gibco; Invitrogen, Carlsbad, CA, USA). For the experiments that required cell synchronization, cells were cultured in serum-free medium for 6 h prior to the initiation of the experiment [1]. Next, the cells were cultured in media with serum in the conditions required for the experiments carried out.



Melatonin, agomelatine, fluorouracil (5-FU), and the remaining reagents employed in this study were obtained from Sigma-Aldrich (Sigma Chemical Co., St。 Louis, MO, USA).




2.2. Cell Viability Assay


Cell viability was analyzed with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 4000 cells were seeded per well in a 96-well plate in a final volume of 100 μL. Twenty-four hours later, the cells were treated with different drugs and concentrations for 24, 48, and 72 h. Once the treatment was stopped, 10 μL of MTT (5 mg/mL) was added and the plate was incubated for 4 h at 37 °C and 5% CO2. Subsequently, 100 μL of lysis buffer (20% SDS in 50% formamide, pH 4.7) was added, and the plate was kept at 37 °C and 5% CO2 overnight. Optical density was measured with a Triad Multimode Microplate reader (Cultek SL, Madrid, Spain) at 570 nm.




2.3. Sphere-Formation Assay


Three-dimensional spheroids were generated and cultured in the InSphero GravityPLUSTM Hanging Drop System (PerkinElmer), according to the manufacturer’s instructions. Briefly, cells were seeded at a density of 2500 cells per well in a 96-well GravityPLUSTM Plate and placed in a 5% humidified CO2 incubator at 37 °C. After 3 days in culture, cells formed visible spheroids that were transferred to the GravityTRAPTM Plate and allowed to grow for 4 more days. Every 2 days, the medium was changed. Subsequently, spheroids were treated with different doses of melatonin and agomelatine for 3 more days. Spheroids were imaged using a 4× objective on the image module of an EnSightTM plate reader (PerkinElmer, Waltham, MA, USA). Acquired Images were automatically analyzed by the Kaleido 2.0 software.




2.4. Clonogenic Assay


Cells were seeded in 6-well plates at a concentration of 103 cells/well and left to grow 72 h. Next, cells were treated for 72 h. Subsequently, the medium was changed, and cells were allowed to grow under standard conditions for 10 more days. To perform fixation and staining of colonies, the medium was removed, and the cells were incubated for 5 min with 0.5% crystal-violet-oxalate solution in 50% methanol. Colonies with more than 50 cells were counted.




2.5. Cell-Cycle Analysis


The percentage of cells in each cell-cycle phase was determined based on the cellular DNA content in at least 20,000 nuclei. Cells were seeded in 6-well plates and after treatments, they were harvested, washed with PBS, and fixed with 200 μL of 70% ice-cold ethanol at 4 °C for 30 min. Next, cells were washed with a solution of PBS containing 2% BSA and incubated in 500 μL of PI/RNase solution (Immunostep SL; Salamanca, Spain) at room temperature in darkness for 15 min. The percentages of cells in G0/G1, S, and G2/M phases were determined using a BD FACSAria IIIu flow cytometer (Becton Dickinson, BD Biosciences; Franklin Lakes, NJ, USA) from the Cytometry and Microscopy Research Service of the Biosanitary Research Institute of Granada. Experiments were performed at least three times and three samples per group were analyzed in each case.




2.6. Apoptosis Assay


The percentages of apoptotic cells in response to the different treatments were analyzed using a FITC Annexin V Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, the cells were seeded in 6-well plates, and after treatments they were harvested and washed with PBS and concentrated at 1 × 106 cells/mL. About 105 cells (100 μL) were incubated with Annexin V-FITC and propidium iodide at room temperature and in darkness for 15 min. The samples were immediately analyzed using a BD FACSAria IIIu flow cytometer (Becton Dickinson, BD Biosciences; Franklin Lakes, NJ, USA) from the Cytometry and Microscopy Research Service of the Biosanitary Research Institute of Granada. The percentage of apoptosis was calculated by taking into account the sum of percentages of apoptotic cells (Annexin-FITC+/PI−) and late apoptotic cells (Annexin-FITC+/PI+).




2.7. Real-Time PCR


Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA was reverse-transcribed by RT-PCR into cDNA using the commercial kit, AccuScriptTM High Fidelity 1st Strand cDNA Synthesis Kit (Stratagene, Austin, TX, USA), according to the manufacturer’s instructions.



About 5 μL of the cDNA was amplified with specific primers for Per1, Per2, Per3, Cry1, Clock, Bmal1, Nr1d2, SIRT1, PRX1, and UBC (Table S1). Furthermore, PCR reactions with SYBER-green were performed using the Mx3000P qPCR System (Stratagene, Austin, TX, USA). Relative expression was calculated using UBC as a reference gene. Standard curves for each gene were made by plotting Ct values versus log cDNA dilution.




2.8. Immunoblot


Proteins were isolated from the lysed cells in RIPA buffer supplemented with protease inhibitors) for 30 min at 4 °C. The amount of proteins was quantified through Bradford assay, and samples were loaded in equal amounts (50 µg) into 12% SDS-polyacrylamide gels. The proteins resolved were transferred into PVDF-transfer membranes using a Bio-Rad Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The blots were probed with the appropriate antibodies for caspase-3 (Santa Cruz Biotechnology, dilution 1:200), p53 (Santa Cruz Biotechnology, dilution 1:200), and ꞵ-Actin (Santa Cruz Biotechnology, dilution 1:200). As secondary antibody, HRP-conjugated anti-mouse antibody (Santa Cruz Biotechnology, dilution 1:50.000) was used. Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare, Chicago, Il, USA) was applied before luminography for protein detection in a ChemiDoc MP System (Bio-Rad Inc., Hercules, CA, USA).




2.9. In Vivo Anti-Tumor Xenograft Studies


Female athymic Balb/c (nu/nu) mice (Charles Rivers Laboratory, Wilmington, MA, USA) housed in a regular 12:12 light–dark (LD) cycle (lights on at 08:00 h) were used for the in vivo studies. The mice were maintained in quarantine for a week before the subcutaneous injection of 2.5 × 106 HCT-116 and HCT-116-p53-null cells suspended in 100 μL of RPMI 1640 medium into the right and left sides, respectively. Once the tumor size reached about 50–100 mm3, the animals were randomly divided into 4 groups (n = 8) and intraperitoneally treated for 2 weeks. Groups were as follows: (1) control (vehicle, three times per week); (2) melatonin (5 mg/kg, three times per week); (3) agomelatine (5 mg/kg, three times [er week); (4) 5-fluorouracil (50 mg/kg, two times per week). The agomelatine and melatonin groups were treated two hours before lights off, whereas the 5-fluorouracil group was treated 2 h after lights on. The tumor growth was measured three times per week and calculated by the formula V = (4π/3) × (width/2)2 × (length/2). Blood of each animal was extracted to analyze different biochemical parameters (glucose, urea, uric acid, AST, ALT, and amylase) by a Cobas c311 analyzer (Roche Diagnostics, Basel, Switzerland). Two weeks after the initiation of the treatments, the animals were sacrificed, and the tumors were extracted.




2.10. Statistical Analysis


All the experiments were performed at least in triplicate and data were expressed as mean ± SEM. To obtain circadian parameters, we determined the correct distribution (data interdependency and normal distribution) for each set of time-series data by lag plots/Q-test and normal probability plots/K-S test and, next, we calculated the acrophase and amplitude through the cosinor method using the TSA (Time Series Analysis—Cosinor 8.0 Lab View January 2020) software (http://www.euroestech.com/, accessed on 21 January 2020). Detection of rhythm was achieved by rejection of the zero-amplitude hypothesis with 95% certainty, as reflected by the p value. The amplitude (i.e., the difference between the peak or trough and the mean value of a cosine curve), acrophase (i.e., the phase angle of the peak of a cosine curve), and midline estimating statistic of rhythm (MESOR) (i.e., the average value of cosine curve fitted to the data) were compared where applicable using 48-h trial period, since, in some cases, the oscillation period of the genes studied was close to this time. Nevertheless, comparisons were also performed using a 24-h test period (Tables S2–S5), with similar results obtained at both periods. Data from fitted curves were transferred to GraphPad Prism (GraphPad, La Jolla, SD, USA). Rhythm characteristics (MESOR, amplitude, acrophase) for each variable were compared by a non-parametric test [30,31].





3. Results


3.1. Agomelatine Inibits the Growth of Human CRC Cells in a p53-Dependent Manner


Two established CRC cell lines, HCT-116 (wild-type p53) and HCT-116 p53 null, were used to evaluate the antiproliferative effects of agomelatine in vitro. Cells were cultured in the presence of increasing concentrations of agomelatine (0–1 mM) for 24, 48, and 72 h. Treatment of both cell lines with agomelatine led to a dose-dependent inhibitory effect on cell growth at all times studied (Figure S1a,b). Similarly, the effect of melatonin was dose-dependent in both cell lines, although in HCT-116-p53-null cells, the indoleamine reduced cell growth significantly after 48 h treatment and at the highest dose studied (1 mM) (Figure S1c,d). We next compared the effects of both drugs regarding the p53 status of the cells at 72 h. Treatment of both cells lines with agomelatine inhibited cell growth significantly from the lowest dose used (0.1 mM), although the effect was higher in the HCT-116 than in the HCT-116 p53 null (Figure 1a). As we expected, melatonin was more effective on the HCT-116 than on the HCT-116 p53 null. As shown in Figure 1b, melatonin significantly inhibited the HCT-116’s growth from 0.25 mM, whereas in the HCT-116 p53 null, the effect was statistically significant from 0.5 mM. These results indicate that agomelatine is more potent than melatonin in inhibiting CRC growth in vitro.



We also conducted a clonogenic assay for up to 10 days after treatment to evaluate the long-term effects of agomelatine and melatonin on the cancer-cell survival (Figure 1c). Notably, the number of colonies in the HCT-116 cells reduced after the treatments with agomelatine (0.5 mM) and melatonin (1 mM), although the effect of agomelatine was significantly higher (p < 0.01) (Figure 1d). Only agomelatine (0.5 mM) was able to reduce the number of colonies in the HCT-116-p53-null cells (Figure 1d).



To corroborate these results, we also performed a 3D-culture model. To identify the sizes of the spheroids formed (Figure 1e), images were obtained and, subsequently, the perimeter was calculated (Figure 1f). According to the results described in the 2D model, both agomelatine (0.5 mM) and the melatonin (1 mM) reduced the sizes of the spheroids in the HCT-116, and agomelatine was more potent than melatonin (p < 0.001) at the doses used. In the HCT-116-p53-null cells, only agomelatine was able to reduce the sizes of the spheroids formed.




3.2. Agomelatine Induces Cell-Cycle Arrest and Caspase-Dependent Apoptosis in CRC Cells


The cell-cycle distribution after agomelatine and melatonin treatments was assessed by flow cytometry (Figures S2 and S3). The treatment with 0.5 mM of agomelatine for 72 h induced accumulation in the G2/M phase of the cycle in the HCT-116 (33.25 ± 1.91% of agomelatine-treated cells in the G2/M vs. 23.35 ± 1.42% of control cells in the same phase) and the HCT-116 p53 null (35.50 ± 1.13% of agomelatine-treated cells in the G2/M vs. 19.90 ± 1.42% of control cells in the same phase). Agomelatine treatment also resulted in a decrease in the number of cells in the G1 phase in the HCT-116 (33.25 ± 5.24% in the agomelatine-treated group vs. 69.47 ± 1.72% in the control cells) and HCT-116 p53 null (54.90 ± 2.07% in the agomelatine-treated group vs. 73.00 ± 2.68% in the control cells). The treatment of the cells with 0.25 mM agomelatine produced similar variations in cell-cycle distribution in the HCT-116-p53-null cells (Figure 2a,b).



The treatment with 1 mM melatonin for 72 h induced accumulation in the G1 phase of the cycle in the HCT-116 (78.70 ± 3.33% of melatonin-treated cells versus 68.5 ± 1.83% of control cells). This was associated with a decrease in the number of cells in the G2/M (17.70 ± 1.91% in the melatonin-treated group vs. 25.60 ± 1.42% in control cells). In the HCT-116-p53-null cells, we found an accumulation of cells in the G2/M phase (28.10 ± 1.91% of melatonin-treated cells versus 19.00 ± 2.73% of control cells) and a decrease in the G1 phase (64.00 ± 4.33% in the melatonin-treated group vs. 73.00 ± 4.59% in the control cells). The treatment with 0.5 mM melatonin did not produce any significant variations in the cell-cycle distribution in either of the two lines tested (Figure 2c,d).



In addition to the effects on the cell growth and cell cycle in vitro, we studied whether agomelatine and melatonin induced cell death through apoptosis using annexin V and propidium iodide and analyzing cell populations stained by flow cytometry (Figures S4 and S5).



The treatment with agomelatine induced a high percentage of apoptosis in both cell lines after 72 h at the doses studied (Figure 3a). Differences were found in the number of apoptotic cells in the two lines, although they were only observed at the lowest dose of agomelatine used (0.25 mM), and were greater in the HCT-116 cells (Figure 3a). When we used melatonin as a treatment for 72 h, we found increased apoptosis in the two cell lines tested only at 1 mM, while a smaller concentration of the indolamine (0.5 mM) did not produce cytotoxicity in either of the two lines analyzed. As expected, the percentage of cell death by apoptosis was higher in both cell lines treated with agomelatine.



As shown in Figure 3c, the cell death induced by agomelatine was caspase-dependent, since this treatment induced increased the expression of active caspase-3 (cleaved caspase-3), at least at the higher doses used (0.5 mM), in the HCT-116 and HCT-116-null cells.




3.3. Regulation of Tumor Growth In Vivo by Agomelatine


To study their effect on tumor growth in vivo and to analyze possible side effects after treatment with both drugs, the HCT-116 and HCT-116-p53-null cell lines were injected into the right and left flanks of the immunosuppressed Balb/c nu/nu mice, respectively. Agomelatine and melatonin were injected at a dose of 5 mg/kg of body weight three times per week. A group of animals injected with 5-fluorouracil (5-FU) at a dose of 50 mg/kg twice per week was also used. This treatment was chosen to compare the effects of both agomelatine and melatonin, since it remains the first-line treatment for CRC, both alone (capecitabine) or in combination with other drugs (oxaliplatin and irinotecan, among others). The protein p53 serves as the major route for the anti-cancer effect of 5-FU and determines the cellular sensitivity to cytotoxic 5-FU [32] In fact, the absence of an active p53 drastically reduces its effectiveness [33].



At the doses used, all the drugs reduced the sizes of the tumors generated by the HCT-116 cells. In this case, agomelatine and 5-FU showed similar levels of potency (p < 0.05 vs. non-treated mice). Melatonin showed an almost statistically significant effect (p = 0.076) (Figure 4a). In the tumors generated by the HCT-116-p53-null cells, only agomelatine was able to reduce their size (p < 0.05), and its effect was significantly different from that of the 5-FU (p < 0.01) (Figure 4b). At the systemic level, agomelatine and melatonin led to an increase in blood glucose and alanine transaminase (ALT), whereas the treatment with 5-FU induced an increase in ALT levels (Figure S6).




3.4. Agomelatine Regulates p53-Protein Levels in In Vitro and In Vivo Models of CRC


Melatonin and 5-FU regulate the expression of p53 protein levels and, as mentioned above, the presence of p53 is crucial for 5-FU’s effectiveness [32,33,34]. As an analogue of melatonin, we analyzed whether agomelatine also regulated the levels of p53 in our in vitro and in vivo models. As shown in Figure 5a, agomelatine induced a small increase in the expression of the p53 protein after 72 h of treatment in the HCT-116 cells, although no effect was found after melatonin treatment at this point. Similar results were found in the in vivo model, in which the 5-FU displayed the highest effect (Figure 5b). As expected, the expression of the p53 protein was absent in the in vitro and in vivo models derived from the HCT-116-p53-null line (Figure 5).




3.5. Agomelatine Regulates Circadian-Clock Genes’ Rhythmicity in CRC Cell Lines In Vitro


Next, we analyzed the involvement of circadian-clock genes in the effects on the cell growth and viability induced by agomelatine and melatonin in both cell lines. Given that the effect of 0.5 mM agomelatine on cell growth was significant from 24 h in both cell lines, after cell-culture synchronization by serum shock for 6 h, the cells were cultured in the presence of 10% FBS and treated with vehicle, 0.5 mM agomelatine, or 1 mM melatonin for 48 h. The expressions of Per1-3, Cry1, Clock, Bmal1, and Nr1d2 were analyzed every 4 h (Figure 6).



We found a statistically significant rhythmicity in all the genes studied in the HCT-116 and HCT-116-p53-null cells (Table 1 and Table 2). However, these cells showed some differences in the characteristics of their rhythmicity (Table 2). The acrophase of the Per2, Cry1, Bmal1, and Nr1d2 showed an advance in phase in the HCT-116-p53-null cells versus their isogenic HCT-116 cells. The MESOR levels of the Per1 and Per3 were lower in the HCT-116-p53-null cells than in the HCT-116 cells, but this parameter of Bmal1 was higher in the cell line HCT-116 p53 null. There were also differences in the amplitudes of some of the genes between these cells, although these were smaller than those found for the acrophase and the MESOR. The Per2 and Nr1d2 showed lower amplitudes in the HCT-116-p53-null cells than in the HCT-116, while this parameter was higher for the Bmal1.



The treatments with agomelatine and melatonin in the HCT-116 control cells maintained the rhythmicity of the genes studied, albeit with some differences (Table 1). Both drugs induced an advance in phase in the acrophase of the Per1, Per2, Per3, and Cry1; however, the effect of agomelatine was significantly higher in all these genes, except in the case of the Per3, in which both treatments had a similar effect. Only agomelatine induced a delay in the acrophase of the Nr1d2. No significant effects were found on the acrophase in the Clock or Bmal1. Agomelatine increased the MESOR in the Bmal1 and decreased it in the Nr1d2, while melatonin increased this parameter in the Clock. Both treatments increased the amplitude in the Per3. Agomelatine increased the amplitude in the Per2 and decreased it in the Nr1d2. Melatonin treatment decreased the amplitude in Per1 compared with the agomelatine treatment, while increased it in the Clock.



Similar to the results found in the HCT-116 cells, both treatments maintained the rhythmicity of the genes analyzed in the HCT-116-p53-null cells (Table 2). In these cells, only agomelatine was able to induce an advance in phase in the acrophase of the Per1, Per3, and Cry1 compared with the non-treated cells, whereas Per2 and Clock acrophase showed a delay in phase. Agomelatine also increased the MESOR in the Per1, Clock, and Nr1d2, while it decreased the MESOR in the Cry1. Melatonin also enhanced the MESOR in the Clock and reduced it in the Bmal1. Agomelatine increased the amplitude in the Per3 and Nr1d2. Melatonin did not change this parameter in any of the genes studied in this cell line.



We also analyzed the rhythmicity of the Sirt1 in the non-treated cells and after the agomelatine and melatonin treatments in both cell lines (Figure 7). The HCT-116 cells showed a delay in phase in the acrophase and lower MESOR levels than the HCT-116-p53-null cells (Table 3). Agomelatine and melatonin changed the acrophase of the genes in both types of cell, but while agomelatine induced an advance in phase of this parameter, melatonin delayed it. Melatonin also increased the amplitude of the SIRT1 rhythmicity.



In order to find differences between the mechanisms of action of agomelatine and melatonin that could explain the differences in rhythmicity found between the genes studied in the two cell lines, we also analyzed the PRX1 in the non-treated cells and after the agomelatine and melatonin treatments (Figure 8). The PRX1 acrophase in the HCT-116 cells showed an advance in phase but lower MESOR than in the HCT-116-p53-null cells (Table 4). Agomelatine and melatonin induced changes in different parameters in the HCT-116 cells (Figure 8a). Melatonin induced an advance in phase in the acrophase and the MESOR of the gene, while agomelatine delayed this parameter. By contrast, agomelatine induced an advance in phase in the acrophase and decreased the MESOR of the PRX1 in the HCT-116-p53-null cells (Figure 8b), while melatonin did not induce changes in any of the rhythmic parameters in this gene (Table 4).





4. Discussion


This study describes, for the first time, the potential use of agomelatine as a treatment for CRC. Agomelatine inhibited cell growth in our in vitro and in vivo models of this disease and induced cell-cycle arrest and caspase-dependent apoptotic cell death. We propose that agomelatine exerted these effects through the regulation of the rhythmicity of several core Clock genes. The effect of agomelatine was independent of the p53, although this treatment decreased the cell growth more efficiently in the in vitro models of cells harboring the wild-type p53.



Similarly, melatonin induced cell-growth inhibition in vitro and in vivo and cell-cycle arrest. However, it was not able to increase apoptosis, as expected. These effects were only observed in the presence of the wild-type p53, since p53 activation is critical for the oncostatic effect of melatonin, encouraging p53 accumulation at the cellular level [34]. However, the expression of the protein increases transiently, displaying a maximum at three hours after the treatment of with melatonin cells [34]. This could explain the lack of effect found in our study, in which the effect on the p53-protein levels was assessed after 72 h of melatonin treatment. The inhibition of tumor growth after the treatment with melatonin was related to the inhibition of cell progression from the G0/G1 phase to the S phase. This effect was dependent on the p53 status, since melatonin induces the activation of p53 and p21. The observed increase in the percentage of apoptosis after the treatment with the indoleamine may have been due to the blockade of the Akt/MDM2 pathway, an effect that was previously observed in gastric cancer cells [35]. Increased apoptosis and cell-cycle arrest should trigger the activation of the caspase-3 pathway, as described for hepatocarcinoma cells [36]. Considering these observations, in our model, the fact that we did not observe an increase in caspase-3 expression after melatonin treatment may have been due to the small increase in apoptosis we obtained.



Intracellular melatonin signaling through its receptors can also be affected by the status of p53. It has been reported that the expression of the membrane (MT1 and MT2) receptors of melatonin decreases in patients with colon cancer [22], but mainly in those with mutations in the p53 gene [23], although melatonin levels and the expression of nuclear (RORα) receptors do not change [22]. On the other hand, several works previously showed the implication of melatonin receptors in its oncostatic actions in this disease [37,38]. This could indicate that non-selective MT1/MT2 agonists with a higher affinity with these receptors than melatonin itself could be of interest in the treatment of CRC [22]. In line with this observation, we found that agomelatine was more potent than melatonin, at least in the in vitro and in vivo models in which the tumor-suppressor gene p53 was in its wild form. In this case, agomelatine seemed to induce a slight increase in the p53 protein levels at the time at which it was analyzed. In addition, agomelatine was more potent than the indoleamine in inhibiting cell growth in the in vitro models with the non-active p53. Interestingly, unlike melatonin, as described above, agomelatine inhibited tumor growth in vivo in the cases with the non-functional p53, indicating that mechanisms other than p53 regulation may be involved in its mechanism of action, at least under these conditions. Agomelatine has been shown to be more effective than melatonin when used as a treatment for insomnia, depression, or obesity-associated comorbidities [39,40,41]. Agomelatine is a non-selective agonist of MT1 and MT2 receptors, with a higher affinity with these receptors than melatonin itself [42]. In addition, agomelatine has a longer half-life and better oral absorption [43]. On the other hand, agomelatine is a serotonin-HT-2c- and -HT-2b-receptor antagonist. The involvement of serotonin in tumor growth, differentiation, and gene expression has long been known. In fact, its mitogenic effect has been demonstrated in various types of cancer, including prostate, bladder, breast, and colon cancer [44]. In the specific case of colon cancer, selective serotonin reuptake inhibitors (SSRIs), which increase its concentration in nerve terminals both centrally and peripherally, have been shown to have preventive effects [45].



In our in vitro model, we found the resynchronization of circadian rhythmicity by agomelatine and melatonin in vitro. Both drugs regulated Per1, Per2, Per3, Cry1, and Clock in cells harboring the wild-type p53. The change induced in the characteristics of the rhythms analyzed (i.e., amplitude, acrophase, and/or MESOR) was always higher after the treatment with agomelatine. In these cells, agomelatine also regulated Bmal1 and Nr1d2. The deletion of p53 induced a loss of effect in both drugs, although agomelatine was also found to be more potent than melatonin. In this type of cell, we also found a decrease in the number of circadian genes regulated by both drugs, indicating the influence of the circadian clock on the antiproliferative effect of these treatments. Previous reports showed that melatonin regulates the circadian clock after the activation of MT1 and MT2 receptors at the central level [39] and in cancer [46], whereas agomelatine acts at the central level in a complementary and possibly synergistic manner on the MT1 and MT2 receptors of melatonin and the HT2c receptor of serotonin to resynchronize circadian rhythms [47,48], which could explain the greater effect found after the treatment with agomelatine.



The SIRT1 is a NAD+ dependent class III histone deacetylase, which is involved in the control of cellular redox homeostasis [6]. It regulates the circadian clock by activating the transcription of BMAL1 and Clock [6], and the intracellular levels of SIRT1 and NAD+ oscillate with a circadian pattern [7]. Although the exact role of SIRT1 is not well understood, it has been implicated in tumor growth and resistance to therapy in several types of cancer, including CRC [49,50]. An important relationship between melatonin, the circadian clock, and SIRT1 has been described, although it remains unclear whether SIRT1 is a key mediator of circadian-clock regulation by melatonin or whether melatonin acts through circadian genes to regulate SIRT1 [51]. Peroxiredoxins (PRX) are a family of conserved enzymes involved in the regulation of peroxide levels. The oxidation-reduction states of PRX1 proteins exhibit self-sustained oscillation in the absence of TTFL mechanisms. In addition, the knockdown of PRX1 proteins affects circadian rhythms in nucleated cells, indicating that the oxidation-reduction cycle of PRX1 is interconnected with the main circadian-clock cycle [52]. Furthermore, Tp53 and SIRT1 are mediators of these connections [52], which are important regulators of circadian-clock-gene expression [8,53,54]. In fact, in the present study, we found that agomelatine and melatonin can regulate the rhythmicity of SIRT1, regardless of p53, although they differ in the characteristics of the rhythmicity affected. Interestingly, only agomelatine was able to regulate the oscillations of the PRX1 in both the wild-type p53 and p53 null cells, whereas melatonin only affected it in the wild-type p53 cells. Further research is warranted to determine the mechanism underlying these differences. The antioxidant ability of melatonin is extended to the regulation of the expression and activity of PRX1 [55], although there are no available data regarding the role of p53 in this action of the indoleamine.



The antitumor efficacy of 5-FU is due to its ability to induce cell-cycle arrest and p53-dependent apoptosis [56]. Similarly to melatonin, several lines of research demonstrated that this chemotherapeutic agent has a reduced ability to inhibit cell growth in CRC with mutated or inactive p53 [57]. In this study, we used the treatment with 5-FU as a control for the in vivo model carrying p53 null tumors, and only agomelatine was able to reduce tumor growth in these animals. Although the side effects found at the systemic level were similar after the three treatments, the 5-FU induced the greatest increase in AST activity. At the metabolic level, melatonin treatment produced an increase in glucose and alanine-aminotransferase levels, probably due to the role of melatonin in processes such as glycogenesis or glycolysis [36].




5. Conclusions


Recent studies have shown that some anti-depressant treatments also exert an anti-tumor effect, which is due to the modification of the tumor environment or the alteration of the immune response. This is the case in colon-cancer , in which the use of fluoxetine inhibits the transcriptional activity of NF-kappa B, and the proliferation of cells [58]. In addition, in general, the use of these drugs does not present a large number of side effects in the organism [59]. Therefore, taking into account the fact that treatment with antidepressant drugs after a cancer diagnosis is quite frequent, if it is possible to perform both treatments with the same drug, as is the case with agomelatine, conferring a double benefit. In addition, the presence of a non-functional p53 has been implicated in 5-FU resistance in CRC patients [57]. This barrier could be overcome with treatment with agomelatine, since it has similar effectiveness regardless of p53 status, at least in the xenograft model used in this study.
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Abbreviations




	5-FU
	5-fluorouracil



	Ago
	agomelatine



	ALT
	alanine transaminase



	ARE
	anti-oxidant-response element



	BMAL
	brain and muscle ARNT-like



	Clock
	circadian locomotor cycles kaput



	CRC
	colorectal cancer



	Cry
	cryptocrome



	CSCs
	cancer stem cells



	Cul3
	cullin 3



	Keap1
	kelch-like ECH-associated protein 1



	Mel
	melatonin



	MESOR
	midline estimating statistic of rhythm



	MT
	melatonin receptor



	NAD
	nicotinamide adenine dinucleotide



	Nr1d2
	nuclear receptor subfamily 1 group D member 2



	Nrf2
	nuclear factor erythroid 2 related factor-2



	Per
	period



	PR
	percentage of rhythm



	Prx-1
	peroxiredoxin-1



	RORα
	RAR-related orphan receptor alpha



	SIRT1
	sirtuin 1



	TTFL
	transcription–translation feedback loops.







References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.-H.; Chen, Y.-X.; Fang, J.-Y. Comprehensive Review of Targeted Therapy for Colorectal Cancer. Signal Transduct. Target. Ther. 2020, 5, 22. [Google Scholar] [CrossRef]

	



Vodenkova, S.; Buchler, T.; Cervena, K.; Veskrnova, V.; Vodicka, P.; Vymetalkova, V. 5-Fluorouracil and Other Fluoropyrimidines in Colorectal Cancer: Past, Present and Future. Pharmacol. Ther. 2020, 206, 107447. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, I.; Reddy, A.B. Molecular Mechanisms of the Circadian Clockwork in Mammals. FEBS Lett. 2014, 588, 2477–2483. [Google Scholar] [CrossRef]

	



Tang, B.L. Sirt1 and the Mitochondria. Mol. Cells 2016, 39, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Kleszcz, R.; Paluszczak, J.; Baer-Dubowska, W. Targeting Aberrant Cancer Metabolism—The Role of Sirtuins. Pharmacol. Rep. 2015, 67, 1068–1080. [Google Scholar] [CrossRef] [PubMed]

	



Nakahata, Y.; Sahar, S.; Astarita, G.; Kaluzova, M.; Sassone-Corsi, P. Circadian Control of the NAD+ Salvage Pathway by CLOCK-SIRT1. Science 2009, 324, 654–657. [Google Scholar] [CrossRef] [PubMed]

	



Asher, G.; Gatfield, D.; Stratmann, M.; Reinke, H.; Dibner, C.; Kreppel, F.; Mostoslavsky, R.; Alt, F.W.; Schibler, U. SIRT1 Regulates Circadian Clock Gene Expression through PER2 Deacetylation. Cell 2008, 134, 317–328. [Google Scholar] [CrossRef] [PubMed]

	



Bellet, M.M.; Orozco-Solis, R.; Sahar, S.; Eckel-Mahan, K.; Sassone-Corsi, P. The Time of Metabolism: NAD+, SIRT1, and the Circadian Clock. Cold Spring Harb. Symp. Quant. Biol. 2011, 76, 31–38. [Google Scholar] [CrossRef]

	



Edgar, R.S.; Green, E.W.; Zhao, Y.; van Ooijen, G.; Olmedo, M.; Qin, X.; Xu, Y.; Pan, M.; Valekunja, U.K.; Feeney, K.A.; et al. Peroxiredoxins Are Conserved Markers of Circadian Rhythms. Nature 2012, 485, 459–464. [Google Scholar] [CrossRef]

	



Yang, Y.; Li, X.; Peng, L.; An, L.; Sun, N.; Hu, X.; Zhou, P.; Xu, Y.; Li, P.; Chen, J. Tanshindiol C Inhibits Oxidized Low-Density Lipoprotein Induced Macrophage Foam Cell Formation via a Peroxiredoxin 1 Dependent Pathway. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 882–890. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.-J.; Ahn, J.-Y.; Liang, P.; Ip, C.; Zhang, Y.; Park, Y.-M. Human Prx1 Gene Is a Target of Nrf2 and Is Up-Regulated by Hypoxia/Reoxygenation: Implication to Tumor Biology. Cancer Res. 2007, 67, 546–554. [Google Scholar] [CrossRef]

	



Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox. Signal. 2018, 29, 1727–1745. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S.; Khan, H.; Majumdar, A. Crosstalk between Sirtuins and Nrf2: SIRT1 Activators as Emerging Treatment for Diabetic Neuropathy. Metab. Brain Dis. 2022, 37, 2181–2195. [Google Scholar] [CrossRef] [PubMed]

	



Kelleher, F.C.; Rao, A.; Maguire, A. Circadian Molecular Clocks and Cancer. Cancer Lett. 2014, 342, 9–18. [Google Scholar] [CrossRef]

	



Van der Jeught, K.; Xu, H.-C.; Li, Y.-J.; Lu, X.-B.; Ji, G. Drug Resistance and New Therapies in Colorectal Cancer. World J. Gastroenterol. 2018, 24, 3834–3848. [Google Scholar] [CrossRef]

	



Lee, Y. Roles of Circadian Clocks in Cancer Pathogenesis and Treatment. Exp. Mol. Med. 2021, 53, 1529–1538. [Google Scholar] [CrossRef]

	



García-Costela, M.; Escudero-Feliú, J.; Puentes-Pardo, J.D.; San Juán, S.M.; Morales-Santana, S.; Ríos-Arrabal, S.; Carazo, Á.; León, J. Circadian Genes as Therapeutic Targets in Pancreatic Cancer. Front. Endocrinol. 2020, 11, 638. [Google Scholar] [CrossRef]

	



León, J.; Casado, J.; Ruiz, S.M.J.; Zurita, M.S.; González-Puga, C.; Rejón, J.D.; Gila, A.; de Rueda, P.M.; Pavón, E.J.; Reiter, R.J.; et al. Melatonin Reduces Endothelin-1 Expression and Secretion in Colon Cancer Cells through the Inactivation of FoxO-1 and NF-κβ. J. Pineal Res. 2014, 56, 415–426. [Google Scholar] [CrossRef]

	



Wei, J.-Y.; Li, W.-M.; Zhou, L.-L.; Lu, Q.-N.; He, W. Melatonin Induces Apoptosis of Colorectal Cancer Cells through HDAC4 Nuclear Import Mediated by CaMKII Inactivation. J. Pineal Res. 2015, 58, 429–438. [Google Scholar] [CrossRef]

	



Kannen, V.; Marini, T.; Zanette, D.L.; Frajacomo, F.T.; Silva, G.E.B.; Silva, W.A.; Garcia, S.B. The Melatonin Action on Stromal Stem Cells within Pericryptal Area in Colon Cancer Model under Constant Light. Biochem. Biophys. Res. Commun. 2011, 405, 593–598. [Google Scholar] [CrossRef] [PubMed]

	



León, J.; Casado, J.; Carazo, Á.; Sanjuán, L.; Maté, A.; Rueda, P.M.; de Cueva, P.; de la Quiles, R.; Ruíz, S.; Ruíz-Extremera, Á.; et al. Gender-Related Invasion Differences Associated with MRNA Expression Levels of Melatonin Membrane Receptors in Colorectal Cancer. Mol. Carcinog. 2012, 51, 608–618. [Google Scholar] [CrossRef] [PubMed]

	



Casado, J.; Iñigo-Chaves, A.; Jiménez-Ruiz, S.M.; Ríos-Arrabal, S.; Carazo-Gallego, Á.; González-Puga, C.; Núñez, M.I.; Ruíz-Extremera, Á.; Salmerón, J.; León, J. AA-NAT, MT1 and MT2 Correlates with Cancer Stem-Like Cell Markers in Colorectal Cancer: Study of the Influence of Stage and P53 Status of Tumors. Int. J. Mol. Sci. 2017, 18, 1251. [Google Scholar] [CrossRef] [PubMed]

	



Guardiola-Lemaitre, B.; De Bodinat, C.; Delagrange, P.; Millan, M.J.; Munoz, C.; Mocaër, E. Agomelatine: Mechanism of Action and Pharmacological Profile in Relation to Antidepressant Properties. Br. J. Pharm. 2014, 171, 3604–3619. [Google Scholar] [CrossRef] [PubMed]

	



Mairesse, J.; Silletti, V.; Laloux, C.; Zuena, A.R.; Giovine, A.; Consolazione, M.; Van Camp, G.; Malagodi, M.; Gaetani, S.; Cianci, S.; et al. Chronic Agomelatine Treatment Corrects the Abnormalities in the Circadian Rhythm of Motor Activity and Sleep/Wake Cycle Induced by Prenatal Restraint Stress in Adult Rats. Int. J. Neuropsychopharmacol. 2013, 16, 323–338. [Google Scholar] [CrossRef]

	



Kannen, V.; Bader, M.; Sakita, J.Y.; Uyemura, S.A.; Squire, J.A. The Dual Role of Serotonin in Colorectal Cancer. Trends Endocrinol. Metab. 2020, 31, 611–625. [Google Scholar] [CrossRef]

	



Soni, S.K.; Basu, P.; Singaravel, M.; Sharma, R.; Pandi-Perumal, S.R.; Cardinali, D.P.; Reiter, R.J. Sirtuins and the Circadian Clock Interplay in Cardioprotection: Focus on Sirtuin 1. Cell. Mol. Life Sci. 2021, 78, 2503–2515. [Google Scholar] [CrossRef]

	



Mahmoud, A.M.; Abd El-Ghafar, O.A.M.; Alzoghaibi, M.A.; Hassanein, E.H.M. Agomelatine Prevents Gentamicin Nephrotoxicity by Attenuating Oxidative Stress and TLR-4 Signaling, and Upregulating PPARγ and SIRT1. Life Sci. 2021, 278, 119600. [Google Scholar] [CrossRef]

	



Mahmoud, N.M.; Elshazly, S.M.; Hassan, A.A.; Soliman, E. Agomelatine Improves Streptozotocin-Induced Diabetic Nephropathy through Melatonin Receptors/SIRT1 Signaling Pathway. Int. Immunopharmacol. 2023, 115, 109646. [Google Scholar] [CrossRef]

	



Refinetti, R. Non-Parametric Procedures for the Determination of Phase Markers of Circadian Rhythms. Int. J. Biomed. Comput. 1992, 30, 49–56. [Google Scholar] [CrossRef]

	



Orozco-Solis, R.; Ramadori, G.; Coppari, R.; Sassone-Corsi, P. SIRT1 Relays Nutritional Inputs to the Circadian Clock through the Sf1 Neurons of the Ventromedial Hypothalamus. Endocrinology 2015, 156, 2174–2184. [Google Scholar] [CrossRef] [PubMed]

	



Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-Fluorouracil: Mechanisms of Action and Clinical Strategies. Nat. Rev. Cancer 2003, 3, 330–338. [Google Scholar] [CrossRef] [PubMed]

	



Violette, S.; Poulain, L.; Dussaulx, E.; Pepin, D.; Faussat, A.-M.; Chambaz, J.; Lacorte, J.-M.; Staedel, C.; Lesuffleur, T. Resistance of Colon Cancer Cells to Long-Term 5-Fluorouracil Exposure Is Correlated to the Relative Level of Bcl-2 and Bcl-X(L) in Addition to Bax and P53 Status. Int. J. Cancer 2002, 98, 498–504. [Google Scholar] [CrossRef] [PubMed]

	



Santoro, R.; Marani, M.; Blandino, G.; Muti, P.; Strano, S. Melatonin Triggers P53Ser Phosphorylation and Prevents DNA Damage Accumulation. Oncogene 2012, 31, 2931–2942. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.; Ma, S.-J.; Luo, J.-H.; Zhang, H.; Wang, R.-X.; Liu, H.; Li, L.; Zhang, Z.-G.; Zhou, R.-X. Melatonin Induces the Apoptosis and Inhibits the Proliferation of Human Gastric Cancer Cells via Blockade of the AKT/MDM2 Pathway. Oncol. Rep. 2018, 39, 1975–1983. [Google Scholar] [CrossRef]

	



Samec, M.; Liskova, A.; Koklesova, L.; Zhai, K.; Varghese, E.; Samuel, S.M.; Šudomová, M.; Lucansky, V.; Kassayova, M.; Pec, M.; et al. Metabolic Anti-Cancer Effects of Melatonin: Clinically Relevant Prospects. Cancers 2021, 13, 3018. [Google Scholar] [CrossRef]

	



Winczyk, K.; Fuss-Chmielewska, J.; Lawnicka, H.; Pawlikowski, M.; Karasek, M. Luzindole but Not 4-Phenyl-2- Propionamidotetralin (4P-PDOT) Diminishes the Inhibitory Effect of Melatonin on Murine Colon 38 Cancer Growth In Vitro. Neuro Endocrinol. Lett. 2009, 30, 657–662. [Google Scholar]

	



Karasek, M.; Carrillo-Vico, A.; Guerrero, J.M.; Winczyk, K.; Pawlikowski, M. Expression of Melatonin MT(1) and MT(2) Receptors, and ROR Alpha(1) Receptor in Transplantable Murine Colon 38 Cancer. Neuro Endocrinol. Lett. 2002, 23, 55–60. [Google Scholar]

	



Liu, J.; Clough, S.J.; Hutchinson, A.J.; Adamah-Biassi, E.B.; Popovska-Gorevski, M.; Dubocovich, M.L. MT1 and MT2 Melatonin Receptors: A Therapeutic Perspective. Annu. Rev. Pharm. Toxicol. 2016, 56, 361–383. [Google Scholar] [CrossRef]

	



Diez-Echave, P.; Vezza, T.; Algieri, F.; Ruiz-Malagón, A.J.; Hidalgo-García, L.; García, F.; Morón, R.; Sánchez, M.; Toral, M.; Romero, M.; et al. The Melatonergic Agonist Agomelatine Ameliorates High Fat Diet-Induced Obesity in Mice through the Modulation of the Gut Microbiome. Biomed. Pharm. 2022, 153, 113445. [Google Scholar] [CrossRef]

	



Kim, H.K.; Yang, K.I. Melatonin and Melatonergic Drugs in Sleep Disorders. Transl. Clin. Pharm. 2022, 30, 163–171. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Zou, D.; Yang, X.; Xue, X.; Zuo, L.; Zhou, Q.; Hu, R.; Wang, Y. Melatonin Inhibits Colon Cancer RKO Cell Migration by Downregulating Rho-associated Protein Kinase Expression via the P38/MAPK Signaling Pathway. Mol. Med. Rep. 2017, 16, 9383–9392. [Google Scholar] [CrossRef] [PubMed]

	



Kast, R.E. Agomelatine or Ramelteon as Treatment Adjuncts in Glioblastoma and Other M1- or M2-Expressing Cancers. Contemp. Oncol. Współczesna Onkol. 2015, 2, 157–162. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqui, E.J.; Shabbir, M.A.; Mikhailidis, D.P.; Mumtaz, F.H.; Thompson, C.S. The Effect of Serotonin and Serotonin Antagonists on Bladder Cancer Cell Proliferation. BJU Int. 2006, 97, 634–639. [Google Scholar] [CrossRef]

	



Pantaleo, M.A.; Palassini, E.; Labianca, R.; Biasco, G. Targeted Therapy in Colorectal Cancer: Do We Know Enough? Dig. Liver Dis. 2006, 38, 71–77. [Google Scholar] [CrossRef]

	



Hill, S.M.; Belancio, V.P.; Dauchy, R.T.; Xiang, S.; Brimer, S.; Mao, L.; Hauch, A.; Lundberg, P.W.; Summers, W.; Yuan, L.; et al. Melatonin: An Inhibitor of Breast Cancer. Endocr. Relat. Cancer 2015, 22, R183–R204. [Google Scholar] [CrossRef]

	



de Bodinat, C.; Guardiola-Lemaitre, B.; Mocaër, E.; Renard, P.; Muñoz, C.; Millan, M.J. Agomelatine, the First Melatonergic Antidepressant: Discovery, Characterization and Development. Nat. Rev. Drug Discov. 2010, 9, 628–642. [Google Scholar] [CrossRef]

	



Tardito, D.; Molteni, R.; Popoli, M.; Racagni, G. Synergistic Mechanisms Involved in the Antidepressant Effects of Agomelatine. Eur. Neuropsychopharmacol. 2012, 22, S482–S486. [Google Scholar] [CrossRef]

	



Jung-Hynes, B.; Reiter, R.J.; Ahmad, N. Sirtuins, Melatonin and Circadian Rhythms: Building a Bridge between Aging and Cancer. J. Pineal Res. 2010, 48, 9–19. [Google Scholar] [CrossRef]

	



Ríos-Arrabal, S.; Muñoz-Gámez, J.A.; Jiménez-Ruíz, S.M.; Casado-Ruíz, J.; Artacho-Cordón, F.; León-López, J. Circadian Regulation of Colon Cancer Stem Cells: Implications for Therapy; IntechOpen: London, UK, 2016; ISBN 978-953-51-2545-7. [Google Scholar]

	



Mayo, J.C.; Sainz, R.M.; González Menéndez, P.; Cepas, V.; Tan, D.-X.; Reiter, R.J. Melatonin and Sirtuins: A “Not-so Unexpected” Relationship. J. Pineal Res. 2017, 62, e12391. [Google Scholar] [CrossRef]

	



Ray, S.; Valekunja, U.K.; Stangherlin, A.; Howell, S.A.; Snijders, A.P.; Damodaran, G.; Reddy, A.B. Circadian Rhythms in the Absence of the Clock Gene Bmal1. Science 2020, 367, 800–806. [Google Scholar] [CrossRef] [PubMed]

	



Miki, T.; Matsumoto, T.; Zhao, Z.; Lee, C.C. P53 Regulates Period2 Expression and the Circadian Clock. Nat. Commun. 2013, 4, 2444. [Google Scholar] [CrossRef] [PubMed]

	



Nakahata, Y.; Kaluzova, M.; Grimaldi, B.; Sahar, S.; Hirayama, J.; Chen, D.; Guarente, L.P.; Sassone-Corsi, P. The NAD+-Dependent Deacetylase SIRT1 Modulates CLOCK-Mediated Chromatin Remodeling and Circadian Control. Cell 2008, 134, 329–340. [Google Scholar] [CrossRef] [PubMed]

	



Torres, F.F.; Bernardo, V.S.; de Paula, C.P.; da Silva, J.P.M.D.O.; de Almeida, E.A.; da Cunha, A.F.; da Silva, D.G.H. Influence of Melatonin Treatment on Cellular Mechanisms of Redox Adaptation in K562 Erythroleukemic Cells. Genes 2022, 13, 2337. [Google Scholar] [CrossRef]

	



Sun, X.-X.; Dai, M.-S.; Lu, H. 5-Fluorouracil Activation of P53 Involves an MDM2-Ribosomal Protein Interaction. J. Biol. Chem. 2007, 282, 8052–8059. [Google Scholar] [CrossRef]

	



Bunz, F.; Hwang, P.M.; Torrance, C.; Waldman, T.; Zhang, Y.; Dillehay, L.; Williams, J.; Lengauer, C.; Kinzler, K.W.; Vogelstein, B. Disruption of P53 in Human Cancer Cells Alters the Responses to Therapeutic Agents. J. Clin. Investig. 1999, 104, 263–269. [Google Scholar] [CrossRef]

	



Stopper, H.; Garcia, S.B.; Waaga-Gasser, A.M.; Kannen, V. Antidepressant Fluoxetine and Its Potential against Colon Tumors. World J. Gastrointest. Oncol. 2014, 6, 11–21. [Google Scholar] [CrossRef]

	



Zheng, Y.; Chang, X.; Huang, Y.; He, D. The Application of Antidepressant Drugs in Cancer Treatment. Biomed. Pharm. 2023, 157, 113985. [Google Scholar] [CrossRef]








[image: Antioxidants 12 00926 g001 550] 





Figure 1. Inhibition of viability on HCT-116 and HCT-116-p53-null cells by (a) agomelatine and (b) melatonin. The results represent the mean ± SD of three experiments performed in quadruplicate. * p < 0.05 vs. C; ** p < 0.01 vs. C; *** p < 0.001 vs. C; ## p < 0.01 vs. the same concentration of agomelatine (Ago) or melatonin (Mel); # p < 0.05 vs. the same concentration of melatonin (Mel) or agomelatine (Ago). (c) Representative example of colony-formation assay and (d) graphical representation of three experiments in HCT-116 and HCT-116-p53-null cells after treatment with agomelatine (Ago) (0.5 mM) and melatonin (Mel) (1 mM) versus control (C) cells. Results are presented as means ± SD. *** Values of p < 0.001 versus C; ## p < 0.01 vs. agomelatine; ### p < 0.001 vs. agomelatine. In other experiments, (e) HTC-116 and HCT-116-p53-null cells were cultured in a 3D model and (f) the size of the spheroids was measured in control and after agomelatine (Ago) (0.5 mM) and melatonin (Mel) (1 mM) treatments during 72 h. ** Values of p < 0.01 vs. C; *** p < 0.001 vs. C; ## p < 0.01 vs. melatonin; ### p < 0.001 vs. melatonin. 
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Figure 2. Percentage distribution in the different stages of the cell-cycle after treatment of HCT-116 and HCT-116-p53-null cells with agomelatine (Ago) (a,b) and melatonin (Mel) (c,d). Data represent the mean ± SD of three experiments performed in triplicate. ** Values of p < 0.01 vs. C; *** p < 0.001 vs. C. ## p < 0.01 vs. lower doses of treatment; ### p < 0.001 vs. lower doses of treatment. 
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Figure 3. Percentage of apoptosis in HCT-116 and HCT-116-p53-null cells after agomelatine (a) and melatonin (b) treatments. Data represent the mean ± SD of three experiments performed in duplicate. * Values of p < 0.05 vs. C; ** p < 0.01 vs. C; *** p < 0.001 vs. C; ## p < 0.01 vs. HCT-116. (c) Expression of cleaved caspase-3 after treatment for 72 h with different doses of melatonin (Mel) and agomelatine (Ago) on HCT-116 and HCT-116 p53 null. 
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Figure 4. Tumor growth in the four groups of nude mice (controls and those treated with agomelatine, melatonin, or 5-FU, as described in Materials and Methods) in cell-line-derived xenografts in either (a) HCT-116 or (b) HCT-116 p53 null. Data represent mean ± SEM. * p < 0.05 vs. control mice; ## p < 0.01 vs. 5-FU group. (c) Representative images of tumors in control and treated mice in cell-line-derived xenografts. C: control; Mel: melatonin; Ago: agomelatine; 5-FU: 5-fluorouracil. 
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Figure 5. Expression levels of p53-protein in response to the treatments (a) with 0.5 mM agomelatine (Ago) and 1 mM melatonin (Mel) in the in vitro model, and (b) with agomelatine (Ago), melatonin (Mel), and 5-5-fluorouracil (FU) in tumors derived from HCT-116 and HCT-116-p53-null cell lines. 
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Figure 6. Characteristics of the rhythms obtained for Period 1 (Per1) (a,b), Period 2 (Per2) (c,d), Period 3 (Per3) (e,f), cryptocrome1 (Cry1) (g,h), circadian locomotor cycles kaput (Clock) (i,j), brain and muscle ARNT-like (Bmal1) (k,l) and nuclear receptor subfamily 1 group D member 2 (Nr1d2) (m,n) gene after agomelatine (Ago) and melatonin (Mel) treatments in the HCT-116 and HCT-116-p53-null cell lines. Curve fittings under the different conditions were performed using a 48-h test period. 
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Figure 7. Characteristics of each of the rhythms obtained for sirtuin 1 (SIRT1) gene after agomelatine (Ago) and melatonin (Mel) treatments in the HCT-116 (a) and HCT-116-p53-null (b) cell lines. Curve fittings under the different conditions were performed using a 48-h test period. 
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Figure 8. Circadian rhythms obtained for peroxiredoxin 1 (PRX1) gene after agomelatine (Ago) and melatonin (Mel) treatments in the HCT-116 (a) and HCT-116-p53-null (b) cell lines. Curve fittings under the different conditions were performed using a 48-h test period. 
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Table 1. Results of the cosinor analysis of the clock genes’ expression after agomelatine or melatonin treatment in the HCT-116 cell line.
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Gene

	
Treatment

	
PR 1

	
p-Value 2

	
Amplitude (A.U.) 3

	
Acrophase (h) 4

	
MESOR (A.U.)






	
Per1

	
Control

	
29.41

	
0.03

	
5.17 ± 1.45

	
3.06 ± 1.91

	
9.77 ± 0.99




	
Ago 0.5

	
42.85

	
0.003

	
6.06 ± 1.22

	
45.30 ± 1.53 ***

	
10.40 ± 0.86




	
Mel 1

	
34.77

	
0.008

	
2.24 ± 0.53 #

	
32.83 ± 2.00 ***,###

	
8.25 ± 0.39




	
Per2

	
Control

	
31.66

	
0.006

	
0.076 ± 0.018

	
2.76 ± 1.19

	
0.28 ± 0.01




	
Ago 0.5

	
42.02

	
0.001

	
0.140 ± 0.003 *

	
9.35 ± 0.08 ***

	
0.25 ± 0.02




	
Mel 1

	
27.81

	
0.003

	
0.088 ± 0.024

	
6.58 ± 2.09 ***,###

	
0.26 ± 0.02




	
Per3

	
Control

	
25.36

	
0.008

	
0.33 ± 0.09

	
17.47 ± 1.15

	
0.72 ± 0.07




	
Ago 0.5

	
60.62

	
0.0001

	
0.91 ± 0.14 *

	
6.06 ± 0.68 ***

	
0.94 ± 0.09




	
Mel 1

	
31.33

	
0.002

	
0.96 ± 0.25 *

	
5.55 ± 1.44 ***

	
0.83 ± 0.18




	
Cry1

	
Control

	
63.01

	
<0.0001

	
1.62 ± 0.22

	
1.79 ± 1.02

	
3.81 ± 0.15




	
Ago 0.5

	
73.64

	
<0.0001

	
2.19 ± 0.21

	
9.47 ± 0.48 ***

	
3.48 ± 0.16




	
Mel 1

	
37.72

	
0.0004

	
1.79 ± 0.42

	
4.55 ± 1.31 **,###

	
3.90 ± 0.29




	
Clock

	
Control

	
57.99

	
<0.0001

	
0.101 ± 0.015

	
13.14 ± 1.13

	
0.18 ± 0.01




	
Ago 0.5

	
56.69

	
0.001

	
0.111 ± 0.019

	
11.76 ± 2.97

	
0.16 ± 0.01




	
Mel 1

	
56.75

	
<0.0001

	
0.189 ± 0.029 **,###

	
10.77 ± 1.16

	
0.26 ± 0.02 ***,###




	
Bmal1

	
Control

	
61.01

	
<0.0001

	
0.0088 ± 0.0012

	
12.99 ± 1.06

	
0.014 ± 0.001




	
Ago 0.5

	
71.30

	
<0.0001

	
0.0138 ± 0.0015

	
10.47 ± 0.84

	
0.025 ± 0.001 ***




	
Mel 1

	
38.63

	
0.0003

	
0.0092 ± 0.0020

	
10.85 ± 1.67

	
0.016 ± 0.001 ###




	
Nr1d2

	
Control

	
48.84

	
<0.0001

	
1.73 ± 0.32

	
12.19 ± 0.63

	
3.79 ± 0.22




	
Ago 0.5

	
55.56

	
<0.0001

	
0.94 ± 0.15 **

	
3.32 ± 0.55 ***

	
2.86 ± 0.11 ***




	
Mel 1

	
57.84

	
<0.0001

	
1.89 ± 0.28 ##

	
11.55 ± 0.56 ###

	
3.74 ± 0.20 ###








1 PR: percentage of rhythm; 2 p-value: zero-amplitude test; 3 A.U.: arbitrary units; 4 h: hours. Comparisons of parameters under the different conditions were performed using a 48-h test period. * Values of p < 0.05 vs. control, ** p < 0.01 vs. control, *** p < 0.001 vs. control; # p < 0.05 vs. agomelatine, ## p < 0.01 vs. agomelatine, ### p < 0.001 vs. agomelatine.
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Table 2. Results of the cosinor analysis of the clock genes’ expression after agomelatine or melatonin treatment in the HCT-116-p53-null cell line.
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Gene

	
Treatment

	
PR 1

	
p-Value 2

	
Amplitude (A.U.) 3

	
Acrophase (h) 4

	
MESOR (A.U.)






	
Per1

	
Control

	
47.47

	
0.0001

	
2.42 ± 0.45

	
3.01 ± 0.65

	
6.11 ± 0.33 †




	
Ago 0.5

	
51.58

	
0.003

	
2.54 ± 1.22

	
4.80 ± 3.68 ***

	
8.36 ± 0.86 **




	
Mel1

	
68.24

	
<0.0001

	
2.2 ± 0.26

	
2.61 ± 0.41 ###

	
6.13 ± 0.19 ##




	
Per2

	
Control

	
61.90

	
<0.0001

	
0.22 ± 0.03†

	
4.89 ± 0.48 †††

	
0.34 ± 0.02




	
Ago 0.5

	
44.57

	
0.0001

	
0.19 ± 0.04

	
1.29 ± 1.16 ***

	
0.29 ± 0.03




	
Mel 1

	
56.40

	
<0.0001

	
0.25 ± 0.04

	
5.44 ± 0.56 ###

	
0.32 ± 0.03




	
Per3

	
Control

	
40.65

	
0.0002

	
0.13 ± 0.03

	
6.02 ± 0.71

	
0.37 ± 0.02 ††




	
Ago 0.5

	
65.87

	
<0.0001

	
0.21 ± 0.03 *

	
42.48 ± 0.95 ***

	
0.37 ± 0.02




	
Mel 1

	
56.89

	
<0.0001

	
0.17 ± 0.02

	
6.41 ± 1.16 ###

	
0.34 ± 0.02




	
Cry1

	
Control

	
78.47

	
<0.0001

	
2.19 ± 0.20

	
5.73 ± 0.34 †††

	
4.16 ± 0.14




	
Ago 0.5

	
79.43

	
<0.0001

	
2.13 ± 0.17

	
9.11 ± 0.42 *

	
3.25 ± 0.13 ***




	
Mel 1

	
67.89

	
<0.0001

	
1.88 ± 0.22

	
6.51 ± 0.44

	
3.82 ± 0.16 ##




	
Clock

	
Control

	
41.13

	
0.0002

	
0.05 ± 0.01 †

	
11.99 ± 1.59

	
0.16 ± 0.01




	
Ago 0.5

	
73.01

	
0.0001

	
0.04 ± 0.01

	
4.57 ± 0.76 ***

	
0.19 ± 0.01 **




	
Mel 1

	
56.47

	
<0.0001

	
0.06 ± 0.01

	
8.86 ± 1.17 ##

	
0.19 ± 0.01 **




	
Bmal1

	
Control

	
58.43

	
<0.0001

	
0.018 ± 0.003 †††

	
35.12 ± 1.09 †††

	
0.025 ± 0.002 †††




	
Ago 0.5

	
50.78

	
<0.0001

	
0.011 ± 0.002

	
39.95 ± 1.31

	
0.022 ± 0.001




	
Mel 1

	
37.40

	
0.0004

	
0.010 ± 0.002

	
37.92 ± 1.56

	
0.020 ± 0.002 *




	
Nr1d2

	
Control

	
45.84

	
<0.0001

	
1.41 ± 0.27 ††

	
35.29 ± 1.44 †††

	
3.25 ± 0.19




	
Ago 0.5

	
71.46

	
<0.0001

	
3.78 ± 0.41 ***

	
37.66 ± 0.84

	
5.54 ± 0.29 ***




	
Mel 1

	
44.92

	
0.0001

	
2.08 ± 0.40 ##

	
36.94 ± 1.47

	
4.07 ± 0.28 ###








1 PR: percentage of rhythm; 2 p-value: zero-amplitude test; 3 A.U.: arbitrary units; 4 h: hours. Comparisons of parameters at the different conditions were performed using a 48-h test period. * Values of p < 0.05 vs. control, ** p < 0.01 vs. control, *** p < 0.001 vs. control; ## p < 0.01 vs. agomelatine, ### p < 0.001 vs. agomelatine. † p < 0.05 vs. HCT-116, †† p < 0.01 vs. HCT-116, ††† p < 0.001 vs. HCT-116.
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Table 3. Results of the cosinor analysis of Sirt1-gene expression after agomelatine or melatonin treatment in the HCT-116 and HCT-116-p53-null cell lines.
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Cell Line

	
Treatment

	
PR 1

	
p-Value 2

	
Amplitude (A.U.) 3

	
Acrophase (h) 4

	
MESOR (A.U.)






	
HCT-116

	
Control

	
47.58

	
<0.0001

	
0.367 ± 0.071

	
2.80 ± 0.92

	
1.37 ± 0.15




	
Ago 0.5

	
47.05

	
<0.0001

	
0.456 ± 0.084

	
22.31 ± 1.41 ***

	
1.23 ± 0.16




	
Mel 1

	
80.65

	
<0.0001

	
0.483 ± 0.042

	
0.52 ± 0.24 ***,###

	
1.96 ± 0.13




	
HCT-116 p53 null

	
Control

	
34.8

	
0.0009

	
0.392 ± 0.093

	
16.42 ± 1.82 †††

	
3.48 ± 0.17 †††




	
Ago 0.5

	
35.92

	
0.0006

	
0.518 ± 0.114

	
25.48 ± 1.12 ***

	
3.91 ± 0.18




	
Mel 1

	
62.29

	
<0.0001

	
0.766 ± 0.102 **

	
4.59 ± 0.34 ***,###

	
4.14 ± 0.17








1 PR: percentage of rhythm; 2 p-value: zero-amplitude test; 3 A.U.: arbitrary units; 4 h: hours. Comparisons of parameters at the different conditions were performed using a 48-h test period. ** p < 0.01 vs. control, *** p < 0.001 vs. control; ### p < 0.001 vs. agomelatine. ††† p < 0.001 vs. HCT-116.













[image: Table] 





Table 4. Results of the cosinor analysis of PEX1-gene expression after agomelatine or melatonin treatment in the HCT-116 and HCT-116-p53-null cell lines.
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Cell Line

	
Treatment

	
PR 1

	
p-Value 2

	
Amplitude (A.U) 3

	
Acrophase (h) 4

	
MESOR (A.U.)






	
HCT-116

	
Control

	
38.04

	
0.0004

	
45.7 ± 10.2

	
3.38 ± 0.56

	
329 ± 7




	
Ago 0.5

	
74.50

	
<0.0001

	
70.4 ± 7.4

	
3.27 ± 0.31

	
232 ± 5 ***




	
Mel 1

	
67.01

	
<0.0001

	
71.6 ± 8.7

	
32.54 ± 0.93 ***,###

	
368 ± 6 ***,###




	
HCT-116 p53 null

	
Control

	
38.90

	
0.0003

	
54 ± 12

	
0.63 ± 0.79 ††

	
591 ± 8 †††




	
Ago 0.5

	
64.23

	
<0.0001

	
81 ± 10

	
3.83 ± 0.39 ***

	
447 ± 8 ***




	
Mel 1

	
46.83

	
<0.0001

	
65 ± 12

	
1.71 ± 0.62 ##

	
583 ± 9 ###








1 PR: percentage of rhythm; 2 p-value: zero-amplitude test; 3 A.U.: arbitrary units; 4 h: hours. Comparisons of parameters at the different conditions were performed using a 48-h test period *** p < 0.001 vs. control; ## p < 0.01 vs. agomelatine, ### p < 0.001 vs. agomelatine. †† p < 0.01 vs. HCT-116, ††† p < 0.001 vs. HCT-116.
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