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Introduction: Oxidative stress-prompted degeneration of the retinal pigment epithelium (RPE) notably contributes to the onset of age-related macular degeneration (AMD). However, the pathways leading to RPE deterioration and possible preventative strategies are not yet completely comprehended.Methods: Ferroptosis was assayed through the evaluation of lipid peroxidation (C11-BODIPY and MDA), reactive oxygen species (ROS), transmission electron microscopy (TEM), iron content measurement, q-PCR, western blotting, and immunofluorescence. To assess the structure and retinal function of RPE in mice, ERG (electroretinography), OCT (optical coherence tomography), and H&E (hematoxylin and eosin) staining were employed. Network pharmacology methods were utilized to elucidate the potential mechanisms underlying melatonin's protective effects against ferroptosis in RPE cells in AMD. Genetic engineering techniques were applied to investigate the regulatory relationships among phosphatidylinositol 3-kinase (PI3K), protein kinase-B (AKT), murine double minute-2 (MDM2), protein 53 (P53), and solute carrier family 7 member 11 (SLC7A11). In vitro knockdown experiments of MDM2 were conducted to explore its regulatory role in ferroptosis within RPE cells.Results: Aβ1-40 can trigger ferroptosis in RPE cells. Melatonin can inhibit the oxidative stress and ferroptosis induced by Aβ1-40 in RPE cells. Melatonin exhibits a protective effect on Aβ1-40-induced AMD, significantly improving the structure of the mouse retina and RPE layer, and facilitating the restoration of visual function. Network pharmacology methods revealed that the potential targets of melatonin in AMD are closely related to ferroptosis, and indicated that the predominant pathways are significantly associated with the PI3K/AKT/MDM2/P53 signaling pathway. Knocking down the specific expression of MDM2 can significantly weaken the inhibitory effect of melatonin on oxidative stress and ferroptosis.Discussion: Melatonin can suppress cell death by ferroptosis in RPE via the PI3K/AKT/MDM2/P53 pathway, thereby preventing and decelerating the progression of AMD.Keywords: ferroptosis, melatonin, retinal pigment epithelium, age-related macular degeneration, Aβ1-40
1 INTRODUCTION
Retinal pigment epithelium (RPE) cells, positioned as a polarized monolayer at the juncture of the outer retina and the choroid, play a crucial role in preserving the structural and functional stability of the environment it inhabits, particularly on both the apical (photoreceptors) and basal (Bruch’s membrane and choroidal blood supply) sides (Hansman et al., 2024; Paraoan et al., 2020). RPE cells, characterized by their heightened metabolic requirements, dense mitochondrial concentration, high levels of reactive oxygen species, and abundant blood flow in the macula, are situated in a highly oxidative environment. Subsequently, oxidative stress-mediated damage to these cells is a key factor in the development of Age-related macular degeneration (AMD) (Dieguez et al., 2019). AMD (Age-related Macular Degeneration) is a common ocular disorder, regarded as a significant factor contributing to central vision impairment in people aged 50 and above (Deng et al., 2022; Guymer and Campbell, 2023). Key risk factors for AMD encompass aging (above 50 years), environmental impacts, and genetic susceptibility (Basyal et al., 2024). Among the environmental impacts, smoking, exposure to blue light, and consumption of a high-fat diet stand out (Basyal et al., 2024; Cougnard-Gregoire et al., 2023). Moreover, people with a familial history of AMD or who carry genetic markers for AMD susceptibility are also at a heightened risk (Bhumika and Bora, 2024). These factors can interact, damaging the macula and initiating an inflammatory feedback loop, which may eventually result in central vision impairment or loss (Kaarniranta et al., 2020). Clinically, progress has been made in delaying wet AMD by inhibiting the growth of new blood vessels, but about 30% of wet AMD patients still experience no improvement in vision (Deng et al., 2022). Numerous risk factors are associated with dry AMD, yet an effective therapeutic approach has not been established to date (Cabral de Guimaraes et al., 2022; Kim and Lad, 2021). Therefore, exploring therapeutic drugs, targets, and mechanisms of action for early AMD, especially dry AMD, is of great significance.
Ferroptosis is a type of regulated cell demise requiring iron, primarily characterized by the overabundance of iron ions, reactive oxygen species (ROS) derived from metabolic byproducts, and phospholipids with polyunsaturated fatty acid chains (PUFA-PL). This results in the peroxidation of lipids in certain cell and cytoplasmic membranes, thereby inducing ferroptosis (Jiang et al., 2021). Ferroptosis significantly affects the course of diseases, including malignant growths and degenerative neurological afflictions (Tang D. et al., 2021), but its mechanism of action in AMD remains to be elucidated. Iron is vital for the visual phototransduction in the retina. Yet, an overload of iron, along with a decline in antioxidant defenses, increases the vulnerability of aged retinas to cell damage triggered by oxidative stress (Ugarte et al., 2013). Potential mechanisms underlying AMD encompass oxidative stress-induced cell death in retinal pigment epithelium (RPE) cells, leading to subsequent death of photoreceptor cells in the retina (Kaufmann and Han, 2024). Grasping the mechanisms responsible for the disturbance of iron and redox balance in RPE cells is essential for elucidating how ferroptosis contributes to the development of AMD (Zhao et al., 2021). Ferroptosis is significantly involved in the development of AMD, as indicated by the alleviation of RPE cell loss, photoreceptor death, and retinal dysfunction by Ferrostatin-1, which is triggered by sodium iodate (Yang et al., 2022).
Melatonin (MEL), an endocrine hormone with neurologic functions, is predominantly synthesized and discharged by the pineal gland following a circadian rhythm (Boutin et al., 2024). In addition to regulating biological rhythms and other physiological functions, melatonin can also regulate blood pressure, act as an antioxidant, protect against apoptosis, safeguard cells from oxidative stress damage, and has immunomodulatory and anti-tumor effects across various biological fields (Galano and Reiter, 2018). Melatonin exerts influence on the mitochondria and modulates retinal oxidative stress, inflammation, and apoptosis. It has been demonstrated to safeguard photoreceptors and the RPE from photic injury, implying that ferroptosis might significantly contribute to the etiology of AMD (Mehrzadi et al., 2020). These studies suggest that melatonin has the potential to prevent and treat AMD. The PI3K/AKT signaling pathway regulates various fundamental cellular functions, including cell growth, proliferation, and survival (Xie et al., 2019). Relevant studies have demonstrated that melatonin stimulates the PI3K/AKT pathway via the MT1 and MT2 receptor pathways (Wang et al., 2019). Phosphorylated AKT can stimulate the ubiquitin ligase MDM2 of P53 through phosphorylative modification, thereby inhibiting the expression of P53 (Acauan et al., 2015). Research suggests that an increase in P53 expression leads to a decrease in SLC7A11 and GPX4 expression, which in turn speeds up ferroptosis in cells (Kang et al., 2019). Therefore, we speculate that melatonin could inhibit ferroptosis in RPE through related mechanisms, thus serving a therapeutic role in AMD. However, the molecular mechanism by which melatonin ameliorates AMD by mitigating specific death of RPE cells remains unclear and warrants further investigation.
Our previous research has used Aβ1-40 to construct a dry AMD model (Chen J. et al., 2022). This study confirmed that ferroptosis occurred in RPE cells induced by Aβ1-40. We further investigated the neuroprotective role of melatonin in ferroptosis and its pathways of action, which holds substantial importance for a deeper comprehension of melatonin’s function in dry AMD.
2 MATERIALS AND METHODS
2.1 Obtaining molecular frameworks and therapeutic targets of melatonin
The PubChem is an open-access repository of chemical information (Kim, 2016). Informations related to melatonin, such as CID, CAS number, SMILESE format, 2D and 3D structure, etc. can be obtained through PubChem database, which is beneficial for the identification of potential melatonin targets. The corresponding information of melatonin was input into TCMSP database (Yee et al., 2024), Swiss Target Prediction database (Fu et al., 2023), drugbank database (Reisdorf et al., 2017), pharmmapper database (Huang et al., 2018), etc., to find all the melatonin target proteins of melatonin as far as possible. The Uniprot database (Bowler-Barnett et al., 2023) facilitated the conversion of melatonin’s target proteins into their equivalent canonical gene nomenclature, specified for “Human” species, which were then uploaded to the STRING database (Crosara et al., 2018) for the elimination of disconnected targets, resulting in a network diagram of melatonin’s target genes.
2.2 Identification of potential therapeutic targets for melatonin in AMD
To further investigate the medicinal action of melatonin in the context of AMD, our study draws on research ideas similar to those reported in other network pharmacology. The Target of AMD disease was screened by GeneCards database, Swiss Target Prediction database and pharmmapper database, and The official gene nomenclature of the corresponding targets was acquired. Wayne analysis was conducted on the WeisenXin analytical tool (Tang et al., 2023) to map the targets of melatonin and AMD, identifying therapeutic candidates for age-related macular degeneration and organizing the potential targets of melatonin in AMD treatment.
2.3 Analyzing the network of intersecting genetic elements
Incorporating the intersecting targets into the STRING database, we assembled the protein-protein interaction (PPI) network model and imported it into Cytoscape 3.9.1 software. Employing the CytoNCA plugin, we analyzed the topological parameters of each node within the network to construct the core target selection network. Using a network analysis approach, we analyzed the degree information of PPI network nodes and selected the top 20 genes (with a degree of at least 13) as key targets. FerrDb database (Zhou et al., 2023) integrates data from 3,429 iron-related literature in PubMed, offering information on 232 iron-related diseases, 264 iron-driven genes, 238 iron-inhibitory genes, 298 iron-inducers, and 249 iron-inhibitors. As of the current version, these data continue to be updated. We utilized the FerrDb database to understand the relationship between the top 20° targets and ferroptosis.
2.4 Analysis of KEGG pathways and molecular docking of potential targets of melatonin in AMD
Integrating the intersecting target genes into the Metascape platform (Zhou et al., 2019) facilitated GO and KEGG enrichment analyses, which were visualized using an OMICS analytics platform. Melatonin’s structure was illustrated with ChemDraw software, and its PDB file was constructed in Discovery Studio 2019, refined in AutoDockTools 1.5.6, and archived in PDBQT format. The human PI3K protein’s PDB file was retrieved from the Protein Data Bank (PDB), processed in AutoDockTools 1.5.6, and saved in PDBQT format. AutoDock Vina 1.1.2 was employed for the preprocessing and optimization of the receptor protein and ligand molecules, with the docking box delineated around the PI3K’s active site, and the semi-flexible docking approach was executed to acquire the docking results of melatonin with the human PI3K protein.
2.5 Cell culture
The ARPE-19 cell line (ATCC, USA) was cultured in DMEM/F12 medium (1:1) (Procell Life Science & Technology, Wuhan, China), and incubated in a 37°C incubator (Thermo Fisher, USA) with 5% CO2. The culture medium was replaced 1 day before the experiment, with 1 × 10 ^ 4 cells per well for 96-well plates, 4 × 10 ^ 5 cells per well for 6-well plates, 2 × 10 ^ 4 cells per well for 24-well plates, 5 × 10 ^ 5 cells per well for 6 cm dishes. Prior to further experimentation, cells were pretreated with melatonin at concentrations ranging from 0 to 200 μM (inclusive of 10 μM, 50 μM, and 100 μM) for a duration of 24 h. Subsequently, the cells were subjected to either a 48-h treatment with Aβ1-40 dissolved in DMSO at a concentration of 10 μM or a 24-h treatment with erastin dissolved in DMSO at a concentration of 5 μM.
2.6 Assessments of cellular viability in vitro
Cells were seeded into 96-well plates at a density of 1 × 10 ^ 4 cells per well with five replicate wells per group using the CCK-8 assay kit (MeiLun Biotech, Dalian, China). Following an initial 24-h incubation, the cells were primed with several concentrations of Melatonin for 24 h before being activated with Aβ1-40 at 10 μM for 48 h. CCK-8 assay solution (10 μL) was applied to each well, and after incubating for intervals between 0.5 and 4 h, the absorbance of the samples was assessed at 450 nm with a microplate photometer. The relative cell viability was calculated in comparison to the blank control group.
2.7 siRNA transfection
MDM2 siRNA (GenePharma, Shanghai, China) was utilized to suppress the expression of MDM2.The Si-MDM2 sequence is: 5′- CAG​GCA​AAT​GTG​CAA​TAC​CAA​CA -3′. Cells were inoculated into 6-well plates at a rate of 4 × 10 ^ 5 cells per well, and they were cultivated to achieve 60%–70% confluence before the transfection procedure. The transfection was carried out using gp-Transfection-Mate (GenePharma, Shanghai, China) with MDM2 siRNA or NC siRNA at a concluding level of 20 nM. After 8 h of MDM2 siRNA transfection in ARPE-19 cells, the medium was replaced with complete growth medium, and the cells were incubated overnight before proceeding to the next steps of the experiment.
2.8 Transmission electron microscope
Following various interventions on ARPE-19 cells, the cells underwent overnight fixation in 2.5% glutaraldehyde phosphate at 4°C, followed by postfixation in 2% osmium tetroxide buffer, dehydration, and embedding in Epon812 resin (Merck). Slices of 70 nm in thickness were prepared and then stained with uranyl acetate and lead citrate, and subsequently analyzed under a transmission electron microscope (HITACHI, HT7800, Japan).
2.9 Iron content analysis and detection of LPO (lipid peroxidation)
ARPE-10 cells were seeded in six-well plates and incubated at 37°C in a 5% CO2 incubator overnight. After treatment with various interventions, intracellular Fe2+ and LOS were visualized using fluorescence imaging. FerroOrange (Dojindo Laboratories, Kumamoto, Japan) at 1 μM was added to the cells and incubated for 30 min before observation with a Leica inverted fluorescence microscope. The C11-BODIPY 581/591(Thermo Fisher Scientific, USA) at 10 μM was introduced to the cells, incubated for 30 min, and then observed using the same microscope. Fluorescence imaging was performed at Texas Red (590 nm) and FITC (510 nm) channels, and the fluorescence intensity ratio at these wavelengths was calculated to assess the level of lipid peroxidation.
2.10 MDA measurement
Post various interventions on ARPE-19 cells, cells were lysed for supernatant collection. Assessment of protein levels was conducted with the aid of a BCA protein quantification kit. A mixture of 0.1 mL supernatant and 0.2 mL TBA was heated at 100°C for 15 min, cooled to room temperature, and centrifuged at room temperature with 1000 g for 10 min. A 200 μL portion of the supernatant was pipetted into a 96-well plate, and the absorbance at 532 nm was recorded with a microplate reader to assess MDA concentrations.
2.11 GSH measurement
Adequate numbers of cells (≥106) were collected for each sample, subjected to two to three freeze-thaw cycles between freezing in liquid nitrogen and thawing in a 37°C water bath, then centrifuged to obtain the supernatant which was kept on ice. Protein concentration in the supernatant was evaluated. A corresponding volume of supernatant was blended with GSH reagent in the prescribed proportion, incubated at room temperature for 2 min, and thereafter, the absorbance was quantified using a plate reader to compute the GSH content.
2.12 ROS measurement
Post a 48-h period of plating and drug treatment, 1 mL of DCTH-DA at 10 μM per well was added and kept in the dark at 37°C for 20 min. The cells were rinsed three times with PBS before being observed under a Leica inverted fluorescence microscope from Germany.
2.13 Western blot assay
Extraction of proteins from ARPE-19 cells and mouse RPE-choroid complexes was facilitated by RIPA buffer, enhanced with protease inhibitor formulations, and protein concentrations were determined with a BCA protein assay kit (Meilunbio, Dalian, China). A fivefold concentrated protein loading buffer was added at a 4:1 dilution, followed by heating for 5–10 min to denature proteins. Equivalent quantities of protein (20 μg for cellular samples and 40 μg for ocular samples) were resolved using a 4%–20% gradient SDS-PAGE gel and then transferred to a 0.45 μm PVDF membrane. After blocking with 5% non-fat milk at ambient temperature for 2 h, the membrane was subsequently incubated with the primary antibodies (Anti-TFR, Anti-ACSL4, Anti-NRF2, Anti-SLC7A11, Anti-Gpx4, Anti-FTH1, Anti-β-actin, Anti-P-PI3K, Anti-PI3K, Anti-P-AKT, Anti-AKT, Anti-P-MDM2, Anti-MDM2, Anti-P53) with overnight incubation at 4°C. The ensuing day, the protein bands were treated with HRP-linked secondary antibodies, goat anti-rabbit or anti-mouse IgG (H&L), diluted to 1:10,000, for a duration of 1–2 h at ambient temperature. The bands were identified using an ECL luminescent reagent and imaged with a gel imaging system, with β-Actin as a reference control.
2.14 RNA extraction and q-PCR
Total RNA was extracted from post-intervention ARPE-19 cells or murine retina-RPE-choroid complex using TRIzol reagent and subsequently reverse transcribed into cDNA. Quantitative real-time PCR was conducted on the ThermoFisher 7,500 Real-Time PCR system, Singapore, to ascertain gene transcription levels. The details of the primers used in this research are presented in Table 1.
TABLE 1 | Sequences of PCR primers.
[image: Table 1]Table 1 RT-PCR primer sequences are as follows. The abbreviation list includes: ACSL-4 for acyl-CoA synthetase long chain family member 4; GPX4 for glutathione peroxidase 4; TFRC for transferrin receptor; SLC7A11 for solute carrier family 7 member 11; and GSH for glutathione synthetase.
2.15 Immunocytochemistry (ICC) analysis
The ARPE-19 cell line was cultured in 24-well plates that featured glass coverslips at the base. Following the experimental treatment, the cells were rinsed using PBS and subjected to 4% paraformaldehyde fixation for 15 min. Cell permeabilization was facilitated using a 0.5% concentration of Triton X-100 detergent in PBS for 5 min, followed by incubation with a 10% goat serum solution at room temperature for 1 h to avoid non-specific antibody interactions. Coverslips from 24-well plates were detached, and post-serum removal, cells underwent primary antibody incubation at 4°C overnight or 37°C for 2 h. Following specimen washing, they were incubated with a FITC-labeled secondary antibody in darkness at room temperature for 1 h. Subsequently, cell nuclei were subjected to DAPI staining for 5 min. An antiquenching mounting solution was applied to inhibit fluorescence decay, followed by microscopic observation and documentation of the cells.
2.16 Haematoxylin and eosin staining (HE)
Ocular tissues from treated mice were excised and preserved in 4% neutral-buffered formalin for 24 h, then processed through a graded ethanol series and encapsulated in paraffin. Paraffin-embedded blocks were secured to a microtome, from which thin sections (5–8 μm) were produced and transferred onto glass slides. Paraffin-embedded sections were cleared of wax, followed by H&E staining, and subsequently mounted and resin-fixed. Observation and photography of the tissue structure were conducted using an inverted microscope.
2.17 Optical coherence tomography (OCT)
After anesthesia intervention on the mice, tropicamide was administered to dilate their pupils, followed by fundus scanning using SS-OCT to obtain clear OCT images of the fundus.
2.18 Electroretinography (ERG)
The mice underwent an intervention and were then subjected to a 12-h dark adaptation period before the next experiment. While the mice were anesthetized, pre-treatment was administered, and mydriasis was induced using red light. The reference and ground electrodes were attached to the forehead and tail, respectively, while the electrode on the cornea was carefully positioned on the test eye. The examination was conducted using the PuREC system with Version 3.0.0 (MAYO CORPORATION, Japan). After the baseline stabilized, four different light stimulus intensities (0.9, 1.8, 3.0, 3.9 log cd·sec/m2) were used for detection, and the recorded waveforms and numerical data were saved. All ERGs (electroretinograms) were conducted at the same time of day.
2.19 Animal
Compliance with the ARVO Statement was maintained throughout all experiments, and the institutional animal ethics committee at Chongqing Medical University (Ethics code: Chongqing, China, IACUC-CQMU-2023–0355) endorsed all project-affiliated animal procedures. Male C57BL/6 strain mice, weighing 20–25 g and 6–8 weeks of age, were obtained from the Experimental Animal Research Center of Chongqing Medical University. Subsequently, we euthanized the mice by cervical dislocation under anesthesia.
2.20 Animal treatment
In in vivo experiments, mice were anesthetized with 1.5% pentobarbital sodium at 5 μL/g via intraperitoneal injection. A microsyringe was used under a microscope to inject Aβ1-40 (2 μL of a 350 μM solution) into vitreous cavity of mice in the intervention group, while the control group eyes were injected with 1 × PBS (2 μL) as a control. After 3 days, each mouse received daily intraperitoneal injection of either melatonin at 10 mg/kg, melatonin at 40 mg/kg, or 0.09% saline. After a 2-week pretreatment period, the mice were utilized for subsequent experiments. After SS-OCT imaging for fundus examination in the anesthetized mice, the mice were euthanized, their eyes were enucleated, and either subjected to H&E staining or prepared for separation of the retina-RPE-choroid complex for q-PCR and WB experiments. The experimental timeline is depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Timeline of experimental design in vivo. Mice were allocated across four groups: Control, Aβ1-40 only, low-dose melatonin (10 mg/kg) with Aβ1-40 (Aβ1-40 + L-Mel), and high-dose melatonin (40 mg/kg) with Aβ1-40 (Aβ1-40 + H-Mel).
2.21 Materials
Melatonin, Erastin, and Fer-1 were acquired from MedChemExpress (New Jersey, USA). The CCK-8 assay kit was sourced from Meilun Biotech of China. The Malondialdehyde (MDA) assay kit, GSSG/GSH quantification kit, and ROS kit were acquired from BIOPRIMACY of China. C11-BODIPY(581/591) was purchased from Thermo Scientific (Waltham, MA, USA). Aβ1-40 was obtained from apeptides of China. FerroOrange was acquired from Dojindo (Kumamoto, Kyushu, Japan). ARPE-19 cells were sourced from ATCC(Maryland, USA). DMEM/F12 medium, penicillin/streptomycin, and fetal bovine serum (FBS) were obtained from Procell Life Science & Technology (Wuhan, China). Si-MDM2 was sourced from GenePharma (Shanghai, China). All protein antibodies were obtained from Affinity (China Co., Ltd., China). All q-PCR primers were sourced from agbio (China Co., Ltd., China).
2.22 Statistical analysis
All experiments were conducted at least three times, and the results are reported as the mean ± standard error of the mean (SEM ± SD). For normally distributed data, statistical comparisons among multiple groups were conducted using one-way ANOVA with Bonferroni correction. Unpaired t-tests or ordinary two-way ANOVA were used for comparisons between two groups. GraphPad Prism 9.0 software was employed for all statistical analyses. Statistical significance was set at a P-value <0.05, denoted as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns indicates non-significance.
3 RESULTS
3.1 Ferroptosis is the primary pathological process of Aβ1-40-induced RPE cell degeneration
Amyloid beta (Aβ) plays a crucial role in the composition of drusen and can induce damage to RPE cells by activating inflammatory responses (Do et al., 2019; Jo et al., 2020). Consequently, it affects the onset and progression of AMD, suggesting that Aβ may be one of the key factors involved in early-stage AMD (Chen J. et al., 2021). Aβ has been utilized to provoke inflammatory injury in RPE cells and replicate the pathological alterations found in AMD eye conditions (!!! INVALID CITATION; Liu et al., 2015). We applied the CCK-8 assay to determine the viability of ARPE-19 cells subsequent to exposure to Aβ1-40. The CCK-8 assay results indicated that, at concentrations of 10 and 20 μmol/L, Aβ1-40 progressively inhibited the viability of ARPE-19 cells (Figure 2A). Considering that 10 μmol/L was the threshold to ensure 50% cell survival, we selected a concentration of 10 μmol/L Aβ1-40 for subsequent experiments. We used GSH and MDA kits to detect the expression of GSH and MDA in ARPE-19 cells. As the concentration of Aβ1-40 increased, the expression of GSH gradually decreased (Figure 2B), while the expression of MDA gradually increased (Figure 2C). we detected that the 48-h administration of Erastin or Aβ1-40 to ARPE-19 cells resulted in heightened mitochondrial membrane density and reduced mitochondrial volume via TEM, signified by red arrows (Figure 2D). Using TEM, we observed that following 48-h treatment of ARPE-19 cells with Erastin or Aβ1-40, there was an increase in mitochondrial membrane density and a decrease in mitochondrial volume (indicated by red arrows) (Figure 2D). Upon staining cells with FerroOrange (for ferrous ion detection), we discovered that cells treated with Aβ1-40 exhibited excessive accumulation of ferrous ions, with a dose-dependent increase in orange fluorescence intensity (Figures 2E, F). By staining cells with DCTH-DA fluorescent probe to detect intracellular ROS expression, we found that green fluorescence intensity increased as the concentration of Aβ1-40 increased (Figures 2G, H). The immunofluorescence results (Figures 2I, J) further suggested that the expression of GPX4 in cells decreased in a concentration-dependent manner following induction by Aβ1-40. We utilized WB analysis to assess the expression of ferroptosis-related proteins in cells and observed that TFR1 expression levels rose in a dose-responsive way, whereas NRF2, SLC7A11, GPX4, and FTH1 expression levels fell in a dose-responsive manner (Figures 2K–P). Furthermore, we employed q-PCR to examine the expression of ferroptosis-related genes in cells and discovered that the expression levels of ACSL4 and TFRC rose in a concentration-dependent manner, whereas the expression levels of SLC7A11, GSH, and GPX4 decreased in a similar concentration-dependent pattern (Figure 2Q).
[image: Figure 2]FIGURE 2 | Ferroptosis is the primary pathological process of Aβ1-40-induced RPE cell degeneration (A) The ARPE-19 cell was exposed to varying concentrations of Aβ1-40 for 48 h, and a CCK8 assay was utilized to assess cell viability. Following the exposure of ARPE-19 cells to various concentrations of Aβ1-40 for 48 h, the levels of GSH (B) and MDA (C) were determined. (D) TEM imaging of the mitochondrial ultrastructure in ARPE-19 cells after treatment with Erastin at 5 μM and Aβ1-40 at 10 μM for 48 h is shown (red arrows indicate mitochondria, scale bar: 1.0 μm). (E) FerroOrange staining (scale bar: 500 μm) was used to assess intracellular ferrous ion levels, with results quantitatively analyzed using (F) ImageJ. ROS levels were detected with (G) DCFH-DA staining (scale bar: 100 μm) and quantitatively analyzed with (H) ImageJ. (I) Immunofluorescence (scale bar: 50 μm) was employed to evaluate GPX4 protein expression levels, with quantitative analysis performed using (J) ImageJ. (K–O) Semi-quantitative (P) Western blot analysis was conducted to detect protein expression levels of TFR1, NRF2, SLC7A11, GPX4, and FTH1 in cells. (Q) mRNA expression levels of ACSL4, TFRC, SLC7A11, GSH, and GPX4 were examined via qPCR analysis. n = 3 (except n = 5 in CCK8), mean ± SD. one-way ANOVA with Bonferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.2 Melatonin inhibits Aβ1-40-induced ferroptosis in RPE
To explore the protective effect of melatonin on Aβ1-40-induced ferroptosis in RPE cells, we initially assessed the impact of a range of melatonin concentrations on the viability of ARPE-19 cells treated with Aβ1-40 using the CCK-8 assay. Results from the CCK-8 assay demonstrated that a melatonin concentration of 100 μmol/L rescued the survival rate of ARPE-19 cells (Figure 3A). We employed GSH and MDA assay kits to evaluate the impact of varying concentrations of melatonin on the levels of GSH and MDA in Aβ1-40-induced ARPE-19 cells. As the concentration of melatonin increased, the levels of GSH gradually increased (Figure 3B), and the levels of MDA gradually decreased (Figure 3C). Using TEM, we observed that ARPE-19 cells treated with both melatonin and Aβ1-40, in contrast to Aβ1-40-only treated cells, displayed higher mitochondrial membrane density and reduced mitochondrial size (mitochondria indicated by red arrows) (Figure 3D). Upon FerroOrange staining for ferrous ion detection, we observed that cells treated with Aβ1-40 accumulated an excess of ferrous ions, whereas those cotreated with melatonin and Aβ1-40 exhibited markedly decreased orange fluorescence (Figures 3E, F). By staining cells with DCTH-DA fluorescent probe to detect intracellular ROS expression, we observed enhanced green fluorescence in ARPE-19 cells treated with Aβ1-40, while the fluorescence was markedly reduced in cells co-treated with melatonin and Aβ1-40 (Figures 3G, H). Results from immunofluorescence assays (Figures 3I, J) demonstrated that TFR1 expression levels were lower in the melatonin + Aβ1-40 group as compared to the Aβ1-40. To further investigate the protective effects of Fer-1, an inhibitor of ferroptosis, and melatonin on the ARPE-19 cell line, Western blot analysis was employed to assess the expression levels of proteins associated with ferroptosis within the cells. We observed that Aβ1-40 treatment increased TFR1 and ACSL4, while reducing SLC7A11, GPX4, and FTH1. However, cotreatment with Fer-1 + Aβ1-40 and melatonin + Aβ1-40 groups restored the expression of these proteins related to ferroptosis (Figures 3K–P). Furthermore, q-PCR was employed to assess the expression levels of genes associated with ferroptosis within cells. We observed that the expression level of TFRC was higher in the Aβ1-40-exposed group compared to the Control, whereas the expression levels of SLC7A11, GSH, and GPX4 were lower. However, the expression patterns of these genes were restored in the group with melatonin cotreatment with Aβ1-40 (Figure 3Q).
[image: Figure 3]FIGURE 3 | Melatonin inhibits Aβ1-40-induced ferroptosis in RPE cells (A) ARPE-19 cells were incubated with diverse concentrations of melatonin for 24 h, then stimulated with 10 μM Aβ1-40 for 48 h, and cell viability was subsequently assessed with CCK-8. After different treatments, (B) GSH and (C) MDA levels were quantified. After subjecting ARPE-19 cells to various treatment conditions (Aβ1-40, melatonin, and melatonin + Aβ1-40), we examined mitochondrial ultrastructure using (D) TEM, with red arrows indicating mitochondria and a scale bar of 1.0 μm. (E) FerroOrange stainingwas used to detect ferrous ion levels, with results quantified using (F) ImageJ, and (G) DCFH-DA stainingwas used to detect reactive oxygen species (ROS), with quantification also performed with (H) ImageJ. (I) Immunofluorescence analysis was conducted to assess TFR1 protein expression levels, with quantification results obtained using (J) ImageJ. Protein expression levels of TFR1, ACSL4, SLC7A11, GPX4, and FTH1 in ARPE-19 cells following various treatment conditions were assessed using (P) Western blot analysis and (K–O) semi-quantitative detection. (Q) Quantitative PCR analysis was conducted to assess the mRNA expression levels of ACSL4, TFRC, SLC7A11, GSH, and GPX4 in ARPE-19 cells after a 32-h period, with some groups pre-treated with melatonin for 24 h, followed by Aβ1-40 treatment for 8 h before testing. n = 3 (except n = 5 in CCK8), mean ± SD, one-way ANOVA with Bonferroni correction, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3.3 Identification and evaluation of putative therapeutic targets for AMD mediated by melatonin
Two-dimensional and three-dimensional structures of melatonin, along with associated data, were obtained from PubChem (Compound ID 896; CAS number 8041–44-9, etc.) (Figure 4A). By searching through literature and four databases (Drugbank, TCSMP, SwissTargetPrediction, and PharmMapper), a total of 266 melatonin target genes were obtained. Furthermore, a total of 3629 AMD-associated targets were extracted from GeneCards. We entered the selected drug and disease targets into the web-based bioinformatics tool at http://www.bioinformatics.com.cn/and discovered 75 common genes. To comprehend the full spectrum of cellular functional interactions between gene expression and associated proteins, and to elucidate the roles of these proteins in cellular expression, the identified targets were inputted into the STRING database for the purpose of building a model of protein-protein interactions (PPI) network. The resulting network model was loaded into Cytoscape version 3.9.1, employing the CytoNCA extension to analyze the topological parameters of each node within the network. Significance of network targets was assessed considering three key filtering criteria: connectivity, betweenness, and closeness. This led to the construction of a network of core targets to identify key targets (Figure 4B).
[image: Figure 4]FIGURE 4 | Identification and Evaluation of Putative Therapeutic Targets for AMD Mediated by Melatonin. (A) Information and 2D, 3D structures of melatonin. (B) Venn diagram illustrating the interaction between melatonin and AMD, along with the construction of a core target PPI (Protein-Protein Interaction) network diagram. (C) The comprehensive target set of melatonin, candidate targets of melatonin in AMD (convergence of therapeutic and pathological targets), and the top 20 targets based on degree ranking in the protein-protein interaction (PPI) network assessment for melatonin’s potential targets in AMD. (D) The top 20 targets ranked by connectivity values in the protein-protein interaction network analysis for melatonin’s potential targets in AMD, with genes highlighted in red diagonal boxes being related to ferroptosis. (E) KEGG pathway enrichment analysis for melatonin’s candidate targets associated with AMD, highlighting red-boxed pathways as potentially influenced by melatonin. (F) Molecular docking studies exploring interactions between melatonin and genes implicated in therapeutic pathways.
By conducting additional network analysis, the connectivity degree of each node in the aforementioned PPI network was calculated and sorted. The top 20 genes with degree values ≥ 13 were identified as key targets. The first figure depicts all targets of melatonin, the second figure illustrates the potential targets of melatonin for AMD (intersection of drug and disease targets), and the third figure presents the top 20 targets ranked by degree values from the PPI network analysis of potential targets (Figure 4C). We sorted the top 20 genes based on their degree values and presented them in a bar chart. By searching the ferroptosis database, we found that most of these targets are related to ferroptosis (with ferroptosis-related genes marked by red diagonal boxes). These include EGFR (Zhan et al., 2023), PTGS2 (Zhou et al., 2021), MDM2 (Chen et al., 2024), PARP1 (Li et al., 2022), AR (Zhang Z. et al., 2023), MAPK8 (Xia et al., 2023), IDH2 (Peng et al., 2024), PIK3CA (Chen H. et al., 2022), and others (Figure 4D).
To achieve a more profound comprehension of the gene functions and their roles in the signaling pathways of potential targets for AMD related to melatonin, we submitted these targets to Metascape for Gene Ontology-based functional enrichment analysis and KEGG pathway enrichment analysis. With the bioinformatics analytical toolkit, we rendered the enrichment analyses visually. The top 20 signaling pathways from the KEGG results, along with their regulating targets, were used to assemble a network depicting ‘target-pathway’ relationships using Cytoscape 3.9.1 software, with potentially relevant signaling pathways highlighted by red boxes (Figure 4E). Further predicting the interaction pattern and binding affinity between melatonin and proteins within these pathways, we performed molecular docking studies with melatonin and PI3K. The findings revealed an affinity energy of −6.8 kcal/mol between the small molecule and the receptor, suggesting a strong binding interaction. Melatonin mainly interacts with residues on the A chain of PI3K, establishing hydrogen bonds with ARG (Figure 4F).
3.4 Melatonin inhibits Aβ1-40-induced ferroptosis in ARPE-19 cells through the PI3K/AKT/MDM2/P53 pathway
In order to substantiate the process through which melatonin curbs ferroptosis within ARPE-19 cell lines, an initial step involved assessing the protein expression levels subsequent to the application of Aβ1-40 in these cells. Compared to the control group, our analysis indicated a decrease in the concentrations of p-PI3K, p-AKT, and p-MDM2. In contrast, the levels of their non-phosphorylated counterparts (PI3K, AKT, and MDM2) showed negligible changes. The reduced p-MDM2 was unable to exert its inhibitory function on P53, leading to overexpression of P53, which in turn inhibited SLC7A11. However, melatonin reversed this phenomenon (Figures 5A, B). Additionally, we used the C11-BODIPY 581/591 probe to detect intracellular lipid ROS expression and observed this phenomenon using fluorescence imaging. The results indicated that Aβ1-40 induction in ARPE-19 cells enhanced lipid peroxidation (green fluorescence) and weakened the reduced state (red fluorescence), with an increased ratio of the oxidized state to the reduced state. Again, melatonin reversed this phenomenon (Figures 5C, D).
[image: Figure 5]FIGURE 5 | The inhibitory effect of melatonin on ferroptosis in ARPE-19 cells depends on the expression of MDM2 After treating ARPE-19 cells with different interventions (control, Aβ1-40, melatonin + Aβ1-40) for 72 h (cells were pretreated with F12 or melatonin for 24 h, followed by treatment with F12 or Aβ1-40 for 48 h before performing the corresponding assays), the protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-MDM2, MDM2, P53, and SLC7A11 in the cells were detected by (A) Western blot and (B) semi-quantitative analysis. Lipid peroxidation in live cells was detected by (C) C11-BODIPY staining (scale bar: 100 μm) and quantitatively analyzed using (D) ImageJ. After treating ARPE-19 cells with MDM2 knockdown (siMDM2) and the same interventions for 72 h (cells were pretreated with F12 or melatonin for 24 h, followed by treatment with F12 or Aβ1-40 for 48 h before performing the corresponding assays), lipid peroxidation in live cells was detected by (F) C11-BODIPY staining (scale bar: 100 μm) and quantitatively analyzed using (E) ImageJ. The protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-MDM2, MDM2, P53, and SLC7A11 in the cells were detected by (G) Western blot and (H) semi-quantitative analysis. n = 3, mean ± SD, one-way ANOVA with Bonferroni correction, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
To further investigate the mechanism, we conducted subsequent experiments using ARPE-19 cells transfected with MDM2-siRNA (siMDM2). We employed the C11-BODIPY 581/591 probe to detect intracellular lipid ROS expression, and fluorescence imaging revealed enhanced lipid peroxidation (green fluorescence) and weakened reduction (red fluorescence) in Aβ1-40-induced ARPE-19 cells. However, melatonin was unable to reverse this phenomenon (Figures 5E, F). The Western blot analysis demonstrated a marked reduction in the levels of both phosphorylated MDM2 (p-MDM2) and total MDM2 proteins within the cells following the introduction of MDM2-siRNA, effectively silencing the MDM2 gene. Furthermore, knocking down MDM2 expression had no effect on the expression of upstream signals such as p-PI3K, PI3K, p-AKT, and AKT. Simultaneously, melatonin intervention no longer resulted in the downregulation of the downstream signal P53 and the restoration of SLC7A11 expression.
3.5 Experiments demonstrated that melatonin inhibited Aβ1-40-induced ferroptosis in RPE and photoreceptor degeneration in vivo
In our study, we explored the therapeutic potential of melatonin in vivo by administering it daily via intraperitoneal injection to mitigate Aβ1-40-induced ferroptosis in RPE and photoreceptor degeneration in mice. Our results demonstrated that a 2-week melatonin treatment, initiated 3 days post-intraocular Aβ1-40 injection, led to a significant improvement in the morphology and functionality of RPE cells and photoreceptors in the mice. H&E staining revealed disrupted continuity of the RPE layer, loss and swelling of RPE cells (mRPE marked with red arrows) in the retina after Aβ1-40 treatment, while pretreatment with different concentrations of melatonin significantly rescued the RPE (Figure 6A), indicating a satisfactory therapeutic effect of melatonin. SS-OCT examination showed structural disorder and signal weakening of the outer retinal and RPE layers after Aβ1-40 intervention, which was improved by pretreatment with different concentrations of melatonin (Figure 6B). To evaluate the alterations in visual capabilities of mice, we employed full-field ERG to measure the reaction of rod photoreceptors to light exposure in darkness. Compared with normal mice, the ERG curves of mice exposed to Aβ1-40 intervention were significantly reduced, indicating retinal functional damage. Melatonin effectively prevented the decline in magnitudes of the a-wave and b-wave responses in a dark environment after Aβ1-40 induction, demonstrating its improvement of retinal function (Figure 6C). Quantification of the b-wave amplitudes in ERG also suggested melatonin’s improvement of retinal function (Figure 6D). Western blot results showed that compared with normal mice, both TFR1 and ACSL4 were upregulated, while SLC7A11, GPX4, and FTH1 were downregulated in the retina-RPE-choroid complex of mice exposed to Aβ1-40 intervention. However, in mice treated with melatonin, the expression levels of these proteins were restored (Figures 6E, F). Additionally, we validated the impact of melatonin on genes associated with ferroptosis within the retina-RPE-choroid complex tissue using q-PCR. The q-PCR data revealed that in mice subjected to Aβ1-40 treatment, there was an increase in the expression of TFRC and ACSL4, and a decrease in GSH and SLC7A11 in contrast to the control group. However, the mRNA levels of these genes were significantly restored to normal after the introduction of melatonin (Figure 6G).
[image: Figure 6]FIGURE 6 | Melatonin have inhibited Aβ1-40-induced ferroptosis in RPE and degeneration of photoreceptors in vivo. After intravitreal injection of Aβ1-40 (350 μM/2 mL) for 3 days, mice were treated with different concentrations of melatonin (10 mg/kg, 40 mg/kg) via intraperitoneal injection for 2 weeks. Morphological changes and cell proliferation in the RPE were observed through (A) H&E staining (scale bar: 100 μm). Abnormal changes in the RPE and disruption of retinal structure were observed through (B) SS-OCT (scale bar: 1,000 μm). The visual function of mice under different interventions (control, Aβ1-40, melatonin + Aβ1-40) was measured using (C) full-field ERG after 1 day of dark adaptation, and (D) ImageJ was used for quantitative analysis of the amplitude values of the Scotopic B-WAVE. The levels of TFR1, ACSL4, SLC7A11, and GPX4 proteins in the retina-RPE-choroid complex of mice across various treatment groups were identified by employing (E) Western blotting and (F) semi-quantitative evaluation methods.The transcriptional levels of TFRC, ACSL4, GSH, and SLC7A11 were ascertained utilizing (G) q-PCR. n = 3, mean ± SD, one-way ANOVA with Bonferroni correction, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
4 DISCUSSION
AMD is a prevalent condition responsible for significant vision loss among the elderly. Its etiology is multifactorial, involving advanced age, genetic predispositions, and environmental influences. The condition progresses as extracellular deposits build up in the retina’s outer layers, culminating in the degeneration of photoreceptors and the consequent loss of central vision (Fleckenstein et al., 2024). Currently, there is no effective treatment for early AMD, particularly the dry AMD. Management focuses on reducing risk factors and using dietary supplements (Schultz et al., 2021). Therefore, the development of new drugs or treatment methods for AMD holds significant importance. In this study, we found that both mouse and cellular models induced by Aβ1-40 exhibited significant oxidative stress and ferroptosis. Melatonin effectively alleviated Aβ1-40-induced ferroptosis through the PI3K/AKT/MDM2/P53 axis (Figure 7), Offering a novel therapeutic strategy for the management of age-related macular degeneration (AMD).
[image: Figure 7]FIGURE 7 | Schematic representation of how melatonin suppresses ferroptosis and ameliorates AMD via the PI3K-AKT-driven MDM2/P53/SLC7A11 pathway. The stimulation of MDM2 results in the inhibition of P53, thereby effectively reducing ferroptosis in AMD.This figure was created using Figdraw.
Ferroptosis represents a distinct type of cell demise characterized by iron-mediated phospholipid peroxidation, which is governed by an array of cellular metabolic processes. These include the management of iron, maintenance of redox balance, mitochondrial function, and signaling pathways implicated in various diseases (Jiang et al., 2021; Tang D. et al., 2021). Recent studies indicate that ferroptosis plays a role in the pathogenesis and progression of a variety of diseases, including but not limited to cancer (Chen X. et al., 2021), Parkinson’s disease (Bao et al., 2021), kidney disease (Gupta et al., 2023), and others. Emerging research further supports the notion that ferroptosis contributes to the initiation and advancement of AMD. Research conducted by Urvi Gupta and colleagues has shown that elevated levels of LCN2 (lipocalin-2) in the RPE of dry AMD murine models lead to a decrease in autophagy, triggering the inflammasome and initiating ferroptosis (Gupta et al., 2023). Zhimin Tang and team have identified that modulating HO-1-driven ferroptosis in RPE cells represents a potent approach for retinal preservation, potentially preventing the onset of AMD (Tang Z. et al., 2021). Amyloid beta (Aβ), a key constituent of drusen, is capable of inflicting harm on the RPE cells through the activation of inflammatory pathways, which in turn, can expedite the development of the early stages of AMD (Muraleva et al., 2019). We hypothesize that Amyloid beta can also exacerbate the progression of AMD by inducing ferroptosis in RPE cells. In this study, we found that Aβ1-40 induction in ARPE-19 cells led to increased mitochondrial membrane density and smaller mitochondria (Figure 2), which are important characteristics of ferroptosis (Khatun et al., 2024), and similar findings have been reported in previous literature (Tang Z. et al., 2021). Accumulation of intracellular Fe2+ is one of the typical manifestations of ferroptosis. We detected increased Fe2+ levels in Aβ1-40-induced cells using FerroOrange staining. The increased Fe2+ specifically elevated levels of oxidative stress and lipid peroxidation, including increased expression of MDA and ROS, and decreased expression of GSH which is an important protein that inhibits ferroptosis. We confirmed abnormal expression of ferroptosis-related molecules ACSL4, TFR1, NRF2, SLC7A11, GPX4, and FTH1 through WB, immunofluorescence, and q-PCR. These studies demonstrate that ferroptosis is the primary pathological process by which Aβ1-40-induced oxidative stress causes RPE degeneration.
Melatonin is known not only for its role in regulating human physiological functions (Muraleva et al., 2019), but also for its capacity to combat cellular oxidative stress (Reiter et al., 2016). A historical cohort analysis revealed that melatonin supplementation is linked to a decreased likelihood of developing and advancing AMD (Jeong et al., 2024). Kai Wang and colleagues have reported that melatonin mitigates NaIO3-triggered mitochondrial autophagy in ARPE-19 cells through the suppression of ROS-induced HIF-1α interaction with the BNIP3/LC3B signaling pathway (Wang et al., 2022). Nevertheless, the potential of melatonin to mitigate Aβ1-40-induced AMD through the inhibition of ferroptosis has yet to be elucidated. Our study explored the impact of melatonin on ferroptosis triggered by Aβ1-40 in the context of age-related macular degeneration. We found that melatonin significantly improved cell viability, reduced Aβ1-40-induced ferroptosis in RPE cells, and improved mitochondrial membrane density and size within the cells, as confirmed by transmission electron microscopy (Figure 3). Additionally, melatonin decreased the expression of intracellular Fe2+, ROS, and MDA, a lipid ROS byproduct, and reversed the abnormal expression of key ferroptosis biomarkers such as TFR1, ACSL4, SLC7A11, GPX4, and FTH1. These confirm that melatonin can attenuate Aβ1-40-induced degeneration of RPE cells by inhibiting ferroptosis in vitro.
Expanding our comprehension of the therapeutic potential of melatonin in AMD, we conducted in vivo studies to assess its effects on ferroptosis. Administering melatonin via intraperitoneal injections was found to safeguard photoreceptor cells against ferroptosis in a dry AMD model by curbing sodium iodate (NaIO3)-induced cell mortality (Zhi et al., 2024). In our in vivo experiments, we confirmed that melatonin ameliorated the disruption of the outer retinal structure and abnormalities in the RPE layer following intravitreal injection of Aβ1-40, and played a crucial role in preserving the integrity of the retinal structure (Figure 6). The primary goal of mitigating RPE cell damage is to protect retinal function and visual function. By conducting full-field ERG to assess changes in retinal function, we found that melatonin reversed the decline in a-wave and b-wave amplitudes induced by Aβ1-40 and demonstrated an improvement in retinal function. Additionally, we also observed that melatonin reversed the expression of ferroptosis-related factors such as TFR1, ACSL4, SLC7A11, and GPX4 at mRNA and protein expression levels. Our in vitro results indicated that melatonin significantly inhibited ferroptosis in AMD induced by Aβ1-40.
Our research delves deeper into the mechanisms by which melatonin mitigates ferroptosis associated with AMD. Lei Tang and colleagues have reported that melatonin deactivates microglial cells and enhances the stability of the inner blood-retinal barrier (iBRB) by suppressing the PI3K/Akt/Stat3/NF-κB signaling cascade (Tang et al., 2022). Our computational analysis further disclosed that the potential melatonin targets in AMD were predominantly associated with the KEGG pathways, particularly within the PI3K/AKT/MDM2 signaling cascade. Molecular docking experiments demonstrated that melatonin could form stable hydrogen bonds with PI3K, and its binding energy indicated a good interaction force (Figure 4). Fan Zhang et al. confirmed that overexpression of p53 could inhibit the expression of Slc7a11 and induce ferroptosis in the retina, while melatonin provided neuroprotective effects against retinal ischemia-reperfusion (RIR) injury by inhibiting p53-driven ferroptosis (Zhang F. et al., 2023). Ganxiao Chen et al. found that licorice chalcone A could alleviate ferroptosis in doxorubicin-induced cardiotoxicity through the PI3K/AKT/MDM2/p53 pathway (Chen et al., 2024). Therefore, we infer that melatonin can also inhibit ferroptosis and alleviate AMD through the PI3K/AKT/MDM2/P53 axis. Melatonin primarily influences ocular functions through its interaction with G protein-coupled receptors, specifically the melatonin receptor subtypes 1 (MT1) and/or 2 (MT2) (Felder-Schmittbuhl et al., 2024; Rosen et al., 2012). Both of these receptors are extensively distributed in the photoreceptors and retinal pigment epithelium of vertebrates, with their stimulation triggering distinct signaling cascades in a tissue-specific manner (Mehrzadi et al., 2020; Felder-Schmittbuhl et al., 2024). When melatonin concentrations are high, it can directly exert antioxidant effects and indirectly activate MT receptors in a combined manner to exert its effects (Rosen et al., 2012). At present, it is unclear if the cytoprotective action of melatonin on RPE cells is mediated through receptor-dependent or independent pathways, and additional studies are planned to elucidate this in the forthcoming period. Our research results indicate that melatonin can also reverse the expression of downstream molecules through the PI3K/AKT/MDM2/P53 axis, and low expression of P53 induces upregulation of Slc7a11, thereby inhibiting Aβ1-40-induced ferroptosis in RPE cells. Furthermore, when we knocked down the expression of MDM2, melatonin could no longer reverse P53-mediated ferroptosis. Subsequently, we observed similar manifestations by detecting lipid reactive oxygen species (ROS) (Figure 5). This confirms that melatonin inhibits ferroptosis in RPE cells through the PI3K/AKT/MDM2/P53 axis, further alleviating the occurrence of AMD.
In this study, we verified that Amyloid beta, one of the main components of drusen, can exacerbate RPE cell damage through ferroptosis, thereby accelerating the progression of AMD. Melatonin protects against Amyloid beta-induced RPE degeneration by inhibiting ferroptosis, and its mechanism of action is mediated through the PI3K/AKT/MDM2/P53 pathway. Previous research has demonstrated an association between melatonin use and a reduced risk of the onset and progression of Age-Related Macular Degeneration (AMD) (Jeong et al., 2024). Studies have suggested that daily administration of 3 mg of melatonin may protect the retina and delay macular degeneration (Yi et al., 2005), although the underlying mechanisms of its action remain incompletely understood. Our study indicates that targeting the specific death of Retinal Pigment Epithelium (RPE) cells may represent a novel approach for the prevention and treatment of AMD. Furthermore, we delve into the potential mechanisms by which melatonin acts as a candidate therapeutic agent in AMD treatment. There are also limitations in our study, such as whether the protective effect of melatonin on RPE cells involves receptor-dependent or receptor-independent mechanisms, which we will further investigate in future work.
DATA AVAILABILITY STATEMENT
The data presented in the study are deposited in the ScienceDB repository, available at: https://www.scidb.cn/s/n22QJj.
ETHICS STATEMENT
The animal study was approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University (Chongqing, China, IACUC-CQMU-2023-0355). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
PW: Conceptualization, Formal Analysis, Writing–original draft. LZ: Data curation, Investigation, Resources, Writing–original draft. YD: Methodology, Supervision, Visualization, Writing–original draft. JL: Formal Analysis, Software, Writing–original draft. YH: Resources, Validation, Writing–original draft. QS: Formal Analysis, Writing–original draft. HP: Funding acquisition, Writing–review and editing. XW: Project administration, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Supported by Natural Science Foundation of Chongqing of China (CSTB2024NSCQ-MSX0705).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Acauan, M. D., Figueiredo, M. A., Cherubini, K., Gomes, A. P., and Salum, F. G. (2015). Radiotherapy-induced salivary dysfunction: structural changes, pathogenetic mechanisms and therapies. Arch. Oral Biol. 60 (12), 1802–1810. doi:10.1016/j.archoralbio.2015.09.014
 Bao, W. D., Pang, P., Zhou, X. T., Hu, F., Xiong, W., Chen, K., et al. (2021). Loss of ferroportin induces memory impairment by promoting ferroptosis in Alzheimer's disease. Cell Death Differ. 28 (5), 1548–1562. doi:10.1038/s41418-020-00685-9
 Basyal, D., Lee, S., and Kim, H. J. (2024). Antioxidants and mechanistic insights for managing dry age-related macular degeneration. Antioxidants (Basel) 13 (5), 568. doi:10.3390/antiox13050568
 Bhumika, B. N. S., and Bora, P. S. (2024). Genetic insights into age-related macular degeneration. Biomedicines 12 (7), 1479. doi:10.3390/biomedicines12071479
 Boutin, J. A., Liberelle, M., Yous, S., Ferry, G., and Nepveu, F. (2024). Melatonin facts: lack of evidence that melatonin is a radical scavenger in living systems. J. Pineal Res. 76 (1), e12926. doi:10.1111/jpi.12926
 Bowler-Barnett, E. H., Fan, J., Luo, J., Magrane, M., Martin, M. J., Orchard, S., et al. (2023). UniProt and mass spectrometry-based proteomics-A 2-way working relationship. Mol. Cell Proteomics 22 (8), 100591. doi:10.1016/j.mcpro.2023.100591
 Cabral de Guimaraes, T. A., Daich Varela, M., Georgiou, M., and Michaelides, M. (2022). Treatments for dry age-related macular degeneration: therapeutic avenues, clinical trials and future directions. Br. J. Ophthalmol. 106 (3), 297–304. doi:10.1136/bjophthalmol-2020-318452
 Chen, G., Luo, S., Guo, H., Lin, J., and Xu, S. (2024). Licochalcone A alleviates ferroptosis in doxorubicin-induced cardiotoxicity via the PI3K/AKT/MDM2/p53 pathway. Naunyn Schmiedeb. Arch. Pharmacol. 397 (6), 4247–4262. doi:10.1007/s00210-023-02863-1
 Chen, H., Qi, Q., Wu, N., Wang, Y., Feng, Q., Jin, R., et al. (2022b). Aspirin promotes RSL3-induced ferroptosis by suppressing mTOR/SREBP-1/SCD1-mediated lipogenesis in PIK3CA-mutant colorectal cancer. Redox Biol. 55, 102426. doi:10.1016/j.redox.2022.102426
 Chen, J., Sun, J., Hu, Y., Wan, X., Wang, Y., Gao, M., et al. (2021a). MicroRNA-191-5p ameliorates amyloid-β(1-40) -mediated retinal pigment epithelium cell injury by suppressing the NLRP3 inflammasome pathway. Faseb J. 35 (4), e21184. doi:10.1096/fj.202000645RR
 Chen, J., Zhao, L., Ding, X., Wen, Y., Wang, L., Shu, Q., et al. (2022a). Aβ1-40 oligomers trigger neutrophil extracellular trap formation through TLR4-and NADPH oxidase-dependent pathways in age-related macular degeneration. Oxid. Med. Cell Longev. 2022, 6489923. doi:10.1155/2022/6489923
 Chen, X., Kang, R., Kroemer, G., and Tang, D. (2021b). Broadening horizons: the role of ferroptosis in cancer. Nat. Rev. Clin. Oncol. 18 (5), 280–296. doi:10.1038/s41571-020-00462-0
 Cougnard-Gregoire, A., Merle, B. M. J., Aslam, T., Seddon, J. M., Aknin, I., Klaver, C. C. W., et al. (2023). Blue light exposure: ocular hazards and prevention-A narrative review. Ophthalmol. Ther. 12 (2), 755–788. doi:10.1007/s40123-023-00675-3
 Crosara, K. T. B., Moffa, E. B., Xiao, Y., and Siqueira, W. L. (2018). Merging in-silico and in vitro salivary protein complex partners using the STRING database: a tutorial. J. Proteomics 171, 87–94. doi:10.1016/j.jprot.2017.08.002
 Deng, Y., Qiao, L., Du, M., Qu, C., Wan, L., Li, J., et al. (2022). Age-related macular degeneration: epidemiology, genetics, pathophysiology, diagnosis, and targeted therapy. Genes Dis. 9 (1), 62–79. doi:10.1016/j.gendis.2021.02.009
 Dieguez, H. H., Romeo, H. E., Alaimo, A., González Fleitas, M. F., Aranda, M. L., Rosenstein, R. E., et al. (2019). Oxidative stress damage circumscribed to the central temporal retinal pigment epithelium in early experimental non-exudative age-related macular degeneration. Free Radic. Biol. Med. 131, 72–80. doi:10.1016/j.freeradbiomed.2018.11.035
 Do, K. V., Kautzmann, M. I., Jun, B., Gordon, W. C., Nshimiyimana, R., Yang, R., et al. (2019). Elovanoids counteract oligomeric β-amyloid-induced gene expression and protect photoreceptors. Proc. Natl. Acad. Sci. U. S. A. 116 (48), 24317–24325. doi:10.1073/pnas.1912959116
 Felder-Schmittbuhl, M. P., Hicks, D., Ribelayga, C. P., and Tosini, G. (2024). Melatonin in the mammalian retina: synthesis, mechanisms of action and neuroprotection. J. Pineal Res. 76 (3), e12951. doi:10.1111/jpi.12951
 Fleckenstein, M., Schmitz-Valckenberg, S., and Chakravarthy, U. (2024). Age-related macular degeneration: a review. Jama 331 (2), 147–157. doi:10.1001/jama.2023.26074
 Fu, L., Zhao, L., Li, F., Wen, F., Zhang, P., Yang, X., et al. (2023). Pharmacological mechanism of quercetin in the treatment of colorectal cancer by network pharmacology and molecular simulation. J. Biomol. Struct. Dyn. 42, 7065–7076. doi:10.1080/07391102.2023.2235589
 Galano, A., and Reiter, R. J. (2018). Melatonin and its metabolites vs oxidative stress: from individual actions to collective protection. J. Pineal Res. 65 (1), e12514. doi:10.1111/jpi.12514
 Gupta, U., Ghosh, S., Wallace, C. T., Shang, P., Xin, Y., Nair, A. P., et al. (2023). Increased LCN2 (lipocalin 2) in the RPE decreases autophagy and activates inflammasome-ferroptosis processes in a mouse model of dry AMD. Autophagy 19 (1), 92–111. doi:10.1080/15548627.2022.2062887
 Guymer, R. H., and Campbell, T. G. (2023). Age-related macular degeneration. Lancet 401 (10386), 1459–1472. doi:10.1016/S0140-6736(22)02609-5
 Hansman, D. S., Du, J., Casson, R. J., and Peet, D. J. (2024). Eye on the horizon: the metabolic landscape of the RPE in aging and disease. Prog. Retin Eye Res. 104, 101306. doi:10.1016/j.preteyeres.2024.101306
 Huang, H., Zhang, G., Zhou, Y., Lin, C., Chen, S., Lin, Y., et al. (2018). Reverse screening methods to search for the protein targets of chemopreventive compounds. Front. Chem. 6, 138. doi:10.3389/fchem.2018.00138
 Jeong, H., Shaia, J. K., Markle, J. C., Talcott, K. E., and Singh, R. P. (2024). Melatonin and risk of age-related macular degeneration. JAMA Ophthalmol. 142 (7), 648–654. doi:10.1001/jamaophthalmol.2024.1822
 Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 22 (4), 266–282. doi:10.1038/s41580-020-00324-8
 Jo, D. H., Cho, C. S., Kim, J. H., and Kim, J. H. (2020). Intracellular amyloid-β disrupts tight junctions of the retinal pigment epithelium via NF-κB activation. Neurobiol. Aging 95, 115–122. doi:10.1016/j.neurobiolaging.2020.07.013
 Kaarniranta, K., Uusitalo, H., Blasiak, J., Felszeghy, S., Kannan, R., Kauppinen, A., et al. (2020). Mechanisms of mitochondrial dysfunction and their impact on age-related macular degeneration. Prog. Retin Eye Res. 79, 100858. doi:10.1016/j.preteyeres.2020.100858
 Kang, R., Kroemer, G., and Tang, D. (2019). The tumor suppressor protein p53 and the ferroptosis network. Free Radic. Biol. Med. 133, 162–168. doi:10.1016/j.freeradbiomed.2018.05.074
 Kaufmann, M., and Han, Z. (2024). RPE melanin and its influence on the progression of AMD. Ageing Res. Rev. 99, 102358. doi:10.1016/j.arr.2024.102358
 Khatun, J., Gelles, J. D., and Chipuk, J. E. (2024). Dynamic death decisions: how mitochondrial dynamics shape cellular commitment to apoptosis and ferroptosis. Dev. Cell 59 (19), 2549–2565. doi:10.1016/j.devcel.2024.09.004
 Kim, J. B., and Lad, E. M. (2021). Therapeutic options under development for nonneovascular age-related macular degeneration and geographic atrophy. Drugs Aging 38 (1), 17–27. doi:10.1007/s40266-020-00822-6
 Kim, S. (2016). Getting the most out of PubChem for virtual screening. Expert Opin. Drug Discov. 11 (9), 843–855. doi:10.1080/17460441.2016.1216967
 Li, G., Lin, S. S., Yu, Z. L., Wu, X. H., Liu, J. W., Tu, G. H., et al. (2022). A PARP1 PROTAC as a novel strategy against PARP inhibitor resistance via promotion of ferroptosis in p53-positive breast cancer. Biochem. Pharmacol. 206, 115329. doi:10.1016/j.bcp.2022.115329
 Liu, C., Cao, L., Yang, S., Xu, L., Liu, P., Wang, F., et al. (2015). Subretinal injection of amyloid-β peptide accelerates RPE cell senescence and retinal degeneration. Int. J. Mol. Med. 35 (1), 169–176. doi:10.3892/ijmm.2014.1993
 Mehrzadi, S., Hemati, K., Reiter, R. J., and Hosseinzadeh, A. (2020). Mitochondrial dysfunction in age-related macular degeneration: melatonin as a potential treatment. Expert Opin. Ther. Targets 24 (4), 359–378. doi:10.1080/14728222.2020.1737015
 Muraleva, N. A., Kozhevnikova, O. S., Fursova, A. Z., and Kolosova, N. G. (2019). Suppression of AMD-like pathology by mitochondria-targeted antioxidant SkQ1 is associated with a decrease in the accumulation of amyloid β and in mTOR activity. Antioxidants (Basel) 8 (6), 177. doi:10.3390/antiox8060177
 Paraoan, L., Sharif, U., Carlsson, E., Supharattanasitthi, W., Mahmud, N. M., Kamalden, T. A., et al. (2020). Secretory proteostasis of the retinal pigmented epithelium: impairment links to age-related macular degeneration. Prog. Retin Eye Res. 79, 100859. doi:10.1016/j.preteyeres.2020.100859
 Peng, Q., Li, B., Song, P., Wang, R., Jiang, J., Jin, X., et al. (2024). IDH2-NADPH pathway protects against acute pancreatitis via suppressing acinar cell ferroptosis. Br. J. Pharmacol. 181, 4067–4084. doi:10.1111/bph.16469
 Reisdorf, W. C., Chhugani, N., Sanseau, P., and Agarwal, P. (2017). Harnessing public domain data to discover and validate therapeutic targets. Expert Opin. Drug Discov. 12 (7), 687–693. doi:10.1080/17460441.2017.1329296
 Reiter, R. J., Mayo, J. C., Tan, D. X., Sainz, R. M., Alatorre-Jimenez, M., and Qin, L. (2016). Melatonin as an antioxidant: under promises but over delivers. J. Pineal Res. 61 (3), 253–278. doi:10.1111/jpi.12360
 Rosen, R. B., Hu, D. N., Chen, M., McCormick, S. A., Walsh, J., and Roberts, J. E. (2012). Effects of melatonin and its receptor antagonist on retinal pigment epithelial cells against hydrogen peroxide damage. Mol. Vis. 18, 1640–1648. doi:10.1186/1471-2415-12-17
 Schultz, N. M., Bhardwaj, S., Barclay, C., Gaspar, L., and Schwartz, J. (2021). Global burden of dry age-related macular degeneration: a targeted literature review. Clin. Ther. 43 (10), 1792–1818. doi:10.1016/j.clinthera.2021.08.011
 Tang, D., Chen, M., Huang, X., Zhang, G., Zeng, L., Zhang, G., et al. (2023). SRplot: a free online platform for data visualization and graphing. PLoS One 18 (11), e0294236. doi:10.1371/journal.pone.0294236
 Tang, D., Chen, X., Kang, R., and Kroemer, G. (2021a). Ferroptosis: molecular mechanisms and health implications. Cell Res. 31 (2), 107–125. doi:10.1038/s41422-020-00441-1
 Tang, L., Zhang, C., Lu, L., Tian, H., Liu, K., Luo, D., et al. (2022). Melatonin maintains inner blood-retinal barrier by regulating microglia via inhibition of PI3K/Akt/Stat3/NF-κB signaling pathways in experimental diabetic retinopathy. Front. Immunol. 13, 831660. doi:10.3389/fimmu.2022.831660
 Tang, Z., Ju, Y., Dai, X., Ni, N., Liu, Y., Zhang, D., et al. (2021b). HO-1-mediated ferroptosis as a target for protection against retinal pigment epithelium degeneration. Redox Biol. 43, 101971. doi:10.1016/j.redox.2021.101971
 Ugarte, M., Osborne, N. N., Brown, L. A., and Bishop, P. N. (2013). Iron, zinc, and copper in retinal physiology and disease. Surv. Ophthalmol. 58 (6), 585–609. doi:10.1016/j.survophthal.2012.12.002
 Wang, K., Chen, Y. S., Chien, H. W., Chiou, H. L., Yang, S. F., and Hsieh, Y. H. (2022). Melatonin inhibits NaIO(3)-induced ARPE-19 cell apoptosis via suppression of HIF-1α/BNIP3-LC3B/mitophagy signaling. Cell Biosci. 12 (1), 133. doi:10.1186/s13578-022-00879-3
 Wang, X., Meng, K., He, Y., Wang, H., Zhang, Y., and Quan, F. (2019). Melatonin stimulates STAR expression and progesterone production via activation of the PI3K/AKT pathway in bovine theca cells. Int. J. Biol. Sci. 15 (2), 404–415. doi:10.7150/ijbs.27912
 Xia, Y., Xiang, L., Yao, M., Ai, Z., Yang, W., Guo, J., et al. (2023). Proteomics, transcriptomics, and phosphoproteomics reveal the mechanism of talaroconvolutin-A suppressing bladder cancer via blocking cell cycle and triggering ferroptosis. Mol. Cell Proteomics 22 (12), 100672. doi:10.1016/j.mcpro.2023.100672
 Xie, Y., Shi, X., Sheng, K., Han, G., Li, W., Zhao, Q., et al. (2019). PI3K/Akt signaling transduction pathway, erythropoiesis and glycolysis in hypoxia (Review). Mol. Med. Rep. 19 (2), 783–791. doi:10.3892/mmr.2018.9713
 Yang, M., Tsui, M. G., Tsang, J. K. W., Goit, R. K., Yao, K. M., So, K. F., et al. (2022). Involvement of FSP1-CoQ(10)-NADH and GSH-GPx-4 pathways in retinal pigment epithelium ferroptosis. Cell Death Dis. 13 (5), 468. doi:10.1038/s41419-022-04924-4
 Yee, J. L., Huang, C. Y., Yu, Y. C., and Huang, S. J. (2024). Potential mechanisms of guizhi fuling wan in treating endometriosis: an analysis based on TCMSP and DisGeNET databases. J. Ethnopharmacol. 329, 118190. doi:10.1016/j.jep.2024.118190
 Yi, C., Pan, X., Yan, H., Guo, M., and Pierpaoli, W. (2005). Effects of melatonin in age-related macular degeneration. Ann. N. Y. Acad. Sci. 1057, 384–392. doi:10.1196/annals.1356.029
 Zhan, M., Ding, Y., Huang, S., Liu, Y., Xiao, J., Yu, H., et al. (2023). Lysyl oxidase-like 3 restrains mitochondrial ferroptosis to promote liver cancer chemoresistance by stabilizing dihydroorotate dehydrogenase. Nat. Commun. 14 (1), 3123. doi:10.1038/s41467-023-38753-6
 Zhang, F., Lin, B., Huang, S., Wu, P., Zhou, M., Zhao, J., et al. (2023b). Melatonin alleviates retinal ischemia-reperfusion injury by inhibiting p53-mediated ferroptosis. Antioxidants (Basel) 12 (6), 1173. doi:10.3390/antiox12061173
 Zhang, Z., Xie, T., Zhang, S., Yin, H., Zhang, X., Zhang, S., et al. (2023a). Second generation androgen receptor antagonist, TQB3720 abrogates prostate cancer growth via AR/GPX4 axis activated ferroptosis. Front. Pharmacol. 14, 1110146. doi:10.3389/fphar.2023.1110146
 Zhao, T., Guo, X., and Sun, Y. (2021). Iron accumulation and lipid peroxidation in the aging retina: implication of ferroptosis in age-related macular degeneration. Aging Dis. 12 (2), 529–551. doi:10.14336/AD.2020.0912
 Zhi, X., Lu, H., Ma, D., Liu, J., Luo, L., Wang, L., et al. (2024). Melatonin protects photoreceptor cells against ferroptosis in dry AMD disorder by inhibiting GSK-3B/Fyn-dependent Nrf2 nuclear translocation. Biochim. Biophys. Acta Mol. Basis Dis. 1870 (2), 166969. doi:10.1016/j.bbadis.2023.166969
 Zhou, N., Yuan, X., Du, Q., Zhang, Z., Shi, X., Bao, J., et al. (2023). FerrDb V2: update of the manually curated database of ferroptosis regulators and ferroptosis-disease associations. Nucleic Acids Res. 51 (D1), D571–d582. doi:10.1093/nar/gkac935
 Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-09234-6
 Zhou, Y., Zhou, H., Hua, L., Hou, C., Jia, Q., Chen, J., et al. (2021). Verification of ferroptosis and pyroptosis and identification of PTGS2 as the hub gene in human coronary artery atherosclerosis. Free Radic. Biol. Med. 171, 55–68. doi:10.1016/j.freeradbiomed.2021.05.009
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Wu, Zhao, Du, Lu, He, Shu, Peng and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1543575-g005.gif
A

G ‘o - i+

oraone - +
e (8508
1
o
ar — 00
puoue [T sskoa
wouz [T = ssua
P2 =
PENIT Y

o W —] 2100






OPS/images/fphar-16-1543575-g006.gif





OPS/images/fphar-16-1543575-g003.gif





OPS/images/fphar-16-1543575-g004.gif
Meltorin

Pubcrn CO8%

oy

Conoical sNLES:

0-CINCCCI= G200






OPS/images/fphar-16-1543575-g007.gif





OPS/images/fphar-16-1543575-t001.jpg
Gen Forward primer

ACSL-4 GCTACTTGCCTTTGGCTCA

Gpxd | GAGGCAAGACCGAAGTAAACTAC
TERC CTGAACCAATACAGAGCAGACA
SLC7A1L TCTCCAAAGGAGGTTACCTGC
GSH GGGAGCCTCTTGCAGGATAAA

B-actin CATCCGTAAAGACCTCTATGCCAAC

Reverse primer

GGTCAGAGAGTGTAAGCGGA

CCGAACTGGTTACACGGGAA

GGAAGTAGCACGGAAGAAGTC

AGACTCCCCTCAGTAAAGTGAC

GAATGGGGCATAGCTCACCAC

ATGGAGCCACCGATCCACA






OPS/xhtml/nav.xhtml
Contents

		Cover

		Melatonin protects retinal pigment epithelium cells against ferroptosis in AMD via the PI3K/AKT/MDM2/P53 pathway		Introduction

		Methods

		Results

		Discussion

		1 Introduction

		2 Materials and methods		2.1 Obtaining molecular frameworks and therapeutic targets of melatonin

		2.2 Identification of potential therapeutic targets for melatonin in AMD

		2.3 Analyzing the network of intersecting genetic elements

		2.4 Analysis of KEGG pathways and molecular docking of potential targets of melatonin in AMD

		2.5 Cell culture

		2.6 Assessments of cellular viability in vitro

		2.7 siRNA transfection

		2.8 Transmission electron microscope

		2.9 Iron content analysis and detection of LPO (lipid peroxidation)

		2.10 MDA measurement

		2.11 GSH measurement

		2.12 ROS measurement

		2.13 Western blot assay

		2.14 RNA extraction and q-PCR

		2.15 Immunocytochemistry (ICC) analysis

		2.16 Haematoxylin and eosin staining (HE)

		2.17 Optical coherence tomography (OCT)

		2.18 Electroretinography (ERG)

		2.19 Animal

		2.20 Animal treatment

		2.21 Materials

		2.22 Statistical analysis





		3 Results		3.1 Ferroptosis is the primary pathological process of Aβ1-40-induced RPE cell degeneration

		3.2 Melatonin inhibits Aβ1-40-induced ferroptosis in RPE

		3.3 Identification and evaluation of putative therapeutic targets for AMD mediated by melatonin

		3.4 Melatonin inhibits Aβ1-40-induced ferroptosis in ARPE-19 cells through the PI3K/AKT/MDM2/P53 pathway

		3.5 Experiments demonstrated that melatonin inhibited Aβ1-40-induced ferroptosis in RPE and photoreceptor degeneration in vivo





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Melatonin protects retinal
pigment epithelium cells against
ferroptosis in AMD via the PI3K/
AKT/MDM2/P53 pathway





OPS/images/fphar-16-1543575-g001.gif
Yoticar, _vohical__, (@ connol  (n=12)

Ap1-40. Vehical -
.
week AB140.

o,

Apt0 | Mol omgkg
aye > Zweoks

Mol tomgikg 1
ot tomgkg 1 (@R Apt-sorLmEL (1=12
Tweaks ) s

(A o





OPS/images/fphar-16-1543575-g002.gif
o

v

TERT (B |00

NRF2 i o | 0400

o 3

Y L
fictn mm - -] 0105

FTHI










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





