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Introduction:The purine analog 6-thioguanine (6TG), an old drug approved in the 60s to treat acute myeloid leukemia (AML), was tested in the diabetic retinopathy (DR) experimental in vivo setting along with a molecular modeling approach.Methods:A computational analysis was performed to investigate the interaction of 6TG with MC1R and MC5R. This was confirmed in human umbilical vein endothelial cells (HUVECs) exposed to high glucose (25 mM) for 24 h. Cell viability in HUVECs exposed to high glucose and treated with 6TG (0.05–0.5–5 µM) was performed. To assess tube formation, HUVECs were treated for 24 h with 6TG 5 µM and AGRP (0.5–1–5 µM) or PG20N (0.5–1–5–10 µM), which are MC1R and MC5R antagonists, respectively. For the in vivo DR setting, diabetes was induced in C57BL/6J mice through a single streptozotocin (STZ) injection. After 2, 6, and 10 weeks, diabetic and control mice received 6TG intravitreally (0.5–1–2.5 mg/kg) alone or in combination with AGRP or PG20N. Fluorescein angiography (FA) was performed after 4 and 14 weeks after the onset of diabetes. After 14 weeks, mice were euthanized, and immunohistochemical analysis was performed to assess retinal levels of CD34, a marker of endothelial progenitor cell formation during neo-angiogenesis.Results:The computational analysis evidenced a more stable binding of 6TG binding at MC5R than MC1R. This was confirmed by the tube formation assay in HUVECs exposed to high glucose. Indeed, the anti-angiogenic activity of 6TG was eradicated by a higher dose of the MC5R antagonist PG20N (10 µM) compared to the MC1R antagonist AGRP (5 µM). The retinal anti-angiogenic effect of 6TG was evident also in diabetic mice, showing a reduction in retinal vascular alterations by FA analysis. This effect was not observed in diabetic mice receiving 6TG in combination with AGRP or PG20N. Accordingly, retinal CD34 staining was reduced in diabetic mice treated with 6TG. Conversely, it was not decreased in diabetic mice receiving 6TG combined with AGRP or PG20N.Conclusion:6TG evidenced a marked anti-angiogenic activity in HUVECs exposed to high glucose and in mice with DR. This seems to be mediated by MC1R and MC5R retinal receptors.Keywords: 6-thioguanine, diabetic retinopathy, melanocortin receptors, angiogenesis, drug discovery
1 INTRODUCTION
Diabetic retinopathy (DR), one of the most severe diabetic complications, is the leading cause of blindness among working people in industrialized countries, with a significant socio-economic impact (Wild et al., 2004; Brownlee, 2005; Fletcher et al., 2005). The early and less severe DR form, known as non-proliferative DR (NPDR), is associated with long-term diabetes with inadequate glycemic control (Bloomgarden, 2009; Araszkiewicz and Zozulinska-Ziolkiewicz, 2016). NPDR is characterized by microaneurysms, microhemorrhages, retinal vascular abnormalities, exudates, and retinal occlusion (Park, 2016; Altmann and Schmidt, 2018). The progression to proliferative DR (PDR), the highly disabling pathology with the risk of pre-retinal hemorrhages and secondary retinal detachments (Dao-Yi et al., 2001), is triggered by the formation of the retinal ischemic area and the consequent stimulation of the vascular endothelial growth factor (VEGF) actions (Kollias and Ulbig, 2010). These lead to retinal neo-angiogenesis and increased vascular permeability (Arrigo et al., 2022).
Currently, anti-VEGF therapy is the pharmacological gold standard for DR; however, its management remains still challenging, with the 40% of inadequately treated NPDR cases evolving to PDR within 12 months (Hendrick et al., 2015; Wang and Lo, 2018). Therefore, new anti-angiogenic molecules targeting retinal vessel remodeling and angiogenesis could be considered novel pharmacological tools to prevent the DR progression (Lieth et al., 2000; Barber, 2003; Barber et al., 2011; Fehér et al., 2018). With regard to this finding, the purine analog 6-thioguanine (6TG), an old drug approved in the 60s to treat acute myeloid leukemia (AML), has shown a remarkable anti-angiogenic activity in AML experimental and clinical settings, by modulating endothelial cell motility, sprout formation, collagen gel invasion, and morphogenesis (Presta et al., 2002). Thus, 6TG could be repurposed as a drug to deal with pathologies characterized by pathological angiogenesis, such as DR.
We hereby identified, through a virtual screening approach, 6TG as a putative melanocortin receptor type 1 and type 5 (MC1R and MC5R) ligand, using the same in silico repurposing campaign, which was previously carried out by our group (Gesualdo et al., 2021). In this regard, since it has already been demonstrated that retinal MC1R and MC5R ligands exert an anti-angiogenic effect, beneficial for DR resolution (Maisto et al., 2017; Rossi et al., 2021), we have analyzed the binding of 6TG to MC1R and MC5R, through a structure-based computational approach. To confirm the computational findings, we investigated the interaction between 6TG and melanocortin receptors by using selective MC1R and MC5R antagonists in human umbilical vein endothelial cells (HUVECs) exposed to high glucose and in a mouse model of early DR.
2 MATERIALS AND METHODS
2.1 Molecular modeling, virtual screening, MM-GBSA calculations, and molecular dynamics simulations
Computational studies have been carried out within the Schrödinger Maestro environment, specifically using the modules of the drug discovery bundle. For methodology regarding homology modeling, molecular dynamics simulation, molecular docking, and virtual screening of approved FDA compounds, please refer to our previous paper authored by Gesualdo et al., 2021. Human MC1 and MC5 receptor (hMC1R and hMC5R) structures were modeled using the FASTA files from accession numbers Q01726.2 and NP_005904.1 as primary sequences for hMC1R and hMC5R, respectively. Homology models were built using the X-ray structure of human melanocortin receptor 4 (PDB:6W25) as a common template. Models were optimized through the all-atom molecular dynamics (MD) simulation of membrane protein systems in explicit water. MD trajectories were clustered, and clusters were chosen on the basis of affinity for known selective MC1R and MC5R compounds (Gesualdo et al., 2021). The molecular docking of 6TG was carried out with the extreme precision option of Glide within the Schrödinger Maestro environment. The complexes 6TG/hMC1R and 6TG/hMC5R were subjected to MM-GBSA calculations, and residues within 15 Å from the ligands were set free to move during the minimization protocol, applying the VSGB 2.0 implicit solvation model and implicit membrane model.
Therefore, 6TG/hMC1R and 6TG/hMC5R complexes were inserted in a 30 Å3 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) lipid membrane system according to the output from the OMP database (https://opm.phar.umich.edu/). The TIP3P water model was selected, each system was neutralized, and NaCl was added to a final 150 mM concentration. The system ionization state was set for a pH = 7.4. Following the membrane protein equilibration protocol, 50 ns NPγT ensemble production runs were carried out. The simulations were analyzed, within the Schrödinger Maestro environment, and ligand–receptor interactions were described in terms of protein–ligand contact frequency, protein and ligand root mean deviation (RMSD), and protein–ligand root mean square fluctuation.
2.2 Compounds
6TG and streptozotocin (STZ) were purchased, respectively, from R&D system (Milan, Italy, 4061) and Santa Cruz Biotechnology (Heidelberg, Germany, sc-200719). The MC1R antagonist AGRP and the MC5R antagonist PG20N were synthetized as previously described (Carotenuto et al., 2015; Merlino et al., 2018; 2019).
2.3 Cell viability and tube formation assay
The effects of 6TG were assessed in vitro on HUVECs, purchased from Lonza (Milan, Italy), grown in a basal medium (cod. EGM2, Lonza), and enriched with SingleQuots™ (Palinski et al., 2021).
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was carried out to determine cell viability, starting from 1 × 104 HUVECs/well, seeded in 96-well plates (Li et al., 2017). HUVECs were then cultured for 14 h under normal (5 mmol/L) or high (25 mmol/L) glucose conditions (respectively, NG or HG groups) (Xu et al., 2020) and exposed for 24 h to 6TG dissolved in EGM-2 media (6TG groups) at different concentrations (0.05–0.5–5 µM). All the treatments were carried out in quadruplicate. At the end of the treatments, MTT (1:10, Elabscience) was added to the medium, and the plates were incubated at 37°C for 4 h. Then, the medium was removed, and dimethyl sulfoxide (DMSO, 150 μL/well) was added to solubilize the formazan crystals. Optical density (OD) at 570 nm was determined using a microplate reader (TECAN 2000 Infinity). HUVEC viability was expressed as a percentage (%) of the control group (NG).
For the tube formation assay, 6 × 104 HUVECs were grown in μ-slide IbiDI culture plates with reduced Matrigel (GIBCO Lonza) (Palinski et al., 2021). NG or HG cells were exposed at 6TG 5 µM alone or in combination with MCR antagonists, dissolved in a phosphate saline buffer (PBS). Specifically, HUVECs were exposed to the following combinations: 6TG (5 µM) + AGRP (0.5–1–5 µM) and 6TG (5 µM) + PG20N (0.5–1–5–10 µM). All the treatments were carried out in quadruplicate. After capturing images using the ZEISS confocal microscope, the branch number for each field (n = 3) was quantified using ZEN Microscopy software (ZEISS, Germany).
2.4 Animals
For the induction of the in vivo DR model, a single dose of STZ (65 mg/kg) (Gesualdo et al., 2021) was used to induce diabetes in 6-week-old C57BL/6J male mice (23.4 ± 2.1 g) (Envigo, Italy). All the animal experimental procedures, in line with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research, were approved by the Italian Ministry of Health (number 522/2019-PR, 19 July 2019) and by the Institutional Ethical Committee of the “Vasile Goldis” Western University of Arad (number 135, 1 March 2019). Mice had free access to standard chow and mineral water in single standard cages and were exposed to controlled temperature, humidity, and light/dark (12 h/12 h) cycle.
After an overnight fast, mice received a single intraperitoneal (i.p.) injection of sodium citrate (SCT) buffer (pH 4.5) as non-diabetic controls (CTR group) or STZ (65 mg/kg) freshly dissolved in 50 mM SCT (STZ group). Blood glucose levels were measured after 4 h fasting, using a one-touch glucometer (Accu-Chek Active, Roche Diagnostics, United States). Only STZ mice with blood glucose levels beyond 2.5 g/L on two consecutive weeks were considered diabetic (Gesualdo et al., 2021) and were included in the study to test the effects of intravitreal injections of 6TG. Because this study has been designed as a proof-of-concept, the intravitreal administration of 6TG was used to reach reproducible drug levels in the retina.
Four mice per group were randomized as follows: I—non-diabetic mice, used as controls (CTR group); II—non-diabetic mice receiving 6TG (2.5 mg/kg) intravitreally (CTR + 6TG); III—diabetic mice receiving PBS (pH 7.4) intravitreally (STZ group); IV–V–VI—diabetic mice receiving intravitreal injections of 6TG (0.5–1–2.5 mg/kg) (STZ + 6TG); VII–VIII—diabetic mice receiving intravitreal injections of the MC1R antagonist AGRP and 6TG (1–2.5 mg/kg) (STZ + 6TG + AGRP group); IX–X—diabetic mice receiving intravitreal injections of the MC5R antagonist PG20N and 6TG (1–2.5 mg/kg) (STZ + 6TG + PG20N).
Specifically, STZ and STZ + 6TG mice received intravitreal injections (5 µL) of PBS or 6TG (0.5–1–2.5 mg/kg) (Oancea et al., 2017) after 2 weeks from STZ injection (T0), and then every 4 weeks (at 4 and 8 weeks, respectively, indicated as T2 and T3) (Figure 1) (Gesualdo et al., 2021). 6TG was dissolved in DMSO and then diluted in PBS to a final concentration of 0.1% DMSO (Tsai et al., 2009; Seo and Suh, 2017). STZ + 6TG + ANTA MCR groups received intravitreal injections (5 µL) of the MC1R antagonist AGRP (14.3 µM in sterile PBS) or the MC5R antagonist PG20N (130 nM in sterile PBS) (Rossi et al., 2021) at T0, followed by intravitreal injections of 6TG (1–2.5 mg/kg) after 24 h. The same procedures were repeated every 4 weeks, at T2 and T3 (Figure 1).
[image: Figure 1]FIGURE 1 | Timeline of the experimental design. STZ, streptozotocin; SCT, sodium citrate; FA, fluorescein angiography; i.v., intravitreal. This figure was created with BioRender.com.
2.5 Intravitreal injections and fluorescein angiography
For intravitreal injections, mice were anesthetized with pentobarbital (45 mg/kg in saline) and received tetracaine (1%) for local anesthesia into the right eye, along with tropicamide (5%) for pupils’ dilatation. PBS, 6TG, AGRP, and PG20N preparations (5 μL) were injected into the mice vitreous with a sterile syringe fitted with a 30-gauge needle (Micro-fine; Becton Dickinson AG, Meylan, France), after performing anterior chamber paracentesis (5 μL) to avoid an intraocular pressure increase (Biswas et al., 2007).
For fluorescein angiography (FA), mice received an i.p. injection of 10% fluorescein (1 mL/kg, AK-Fluor; Akorn, Inc.). Retinal vasculature was evaluated with a Topcon TRC-50DX apparatus (Topcon, Tokyo, Japan) in the same animal after 4 weeks from STZ (T1) and then after 12 weeks from T0 (T4) (Figure 1), the first time point reported to be associated with marked vessel alterations in the same DR mouse model (Butler and Sullivan, 2015; Gesualdo et al., 2021; Rossi et al., 2021). Vessel abnormalities (VAs), reported as mean observed at T1 and T4 by two different ophthalmologists unaware of the treatment, were scored at T4 as 0 = absence of VA; 1 = presence of vessel thinning; 2 = presence of vessel thinning and tortuosity; 3 = presence of thinning, tortuosity, and/or crushing; 4 = presence of vessel thinning and tortuosity, venous beading, and rosary-like vessels (Gesualdo et al., 2021).
After FA at T4, mice were euthanized to remove the eyes for immunohistochemical analysis. These were placed in cooled PBS, fixed in 10% neutral buffered formalin, and paraffin-embedded.
2.6 Immunohistochemistry
After deparaffinization, 5-μm ocular sections were incubated overnight at 4°C with the CD34 primary antibody (1:100; sc-74499 Santa Cruz Biotechnology, United States), which was used as a marker of endothelial progenitor cells (EPCs) during neo-angiogenesis (Di Filippo et al., 2014). After being washed with PBS, the sections were incubated with the biotin-conjugated anti-mouse IgG secondary antibody and avidin–biotin peroxidase complex (DBA, Milan, Italy). Then, six microscopic fields for each retina (n = 4 per group) were visualized at ×200 magnification and analyzed by an expert pathologist (intra-observer variability 5%) unaware of the experimental protocol. CD34 positive particles per area were expressed as % of the positive stained area/total area.
2.7 Statistical analysis
Statistical analysis was performed using GraphPad Prism v.8 (GraphPad Software, La Jolla, CA, United States). Differences were considered statistically significant for p values < 0.05 by one-way ANOVA, followed by Tukey’s multiple comparisons test.
3 RESULTS
3.1 Virtual screening, molecular docking, and MM-GBSA calculations
Virtual screening carried out by Gesualdo et al. (2021) provided evidence for 6TG favorable binding for the hMC1 receptor (ΔGbinding = −23 kcal/mol), but virtual screening on hMC5R did not evidence any binding for 6TG. We indeed carried out extreme precision molecular docking of 6TG to predict the binding at hMC1 and hMC5; therefore, complexes have been optimized through the MM-GBSA calculation. We found that for the 6TG/hMC5R complex, the binding was characterized by a lower ΔGbinding −68.05 kcal/mol, compared to the ΔGbinding predicted for the optimized 6TG/hMC1R complex, −40.29 kcal/mol (Figure 2). The difference of approximately 20 kcal/mol for the 6TG/hMC1 receptor complex, as previously reported by Gesualdo et al. (2021), is related to the difference in MM-GBSA rescoring carried out within the virtual screening process, which does not consider the implicit model for the membrane.
[image: Figure 2]FIGURE 2 | Thioguanine (6TG) interaction with hMC1 and hMC5 receptors during 50 ns simulation. (A) hMC1R root mean square fluctuation (blue line) during molecular dynamics simulation of the 6TG/hMC1 complex embedded in an explicit membrane model. 6TG RMSD is represented with a red line. The frequency of thioguanine contacts with hMC1R was below 35% during 50 ns simulation, and 6TG was preferentially exposed to the solvent, outside of the hMC1R-binding pocket. (B) hMC5R root mean square fluctuation (blue line) during molecular dynamics simulation of the 6TG/hMC5 complex embedded in an explicit membrane model. 6TG RMSD is represented with a red line. The frequency of thioguanine contacts with hMC5R was above 30% during the 50 ns simulation. Tioguanine was found to bind with a high frequency to Glu92 (also through a water bridge), Ile 106, Asp 119, Phe 118, and Asn 278.
3.2 Molecular dynamics simulations
To explain ΔGbinding differences between 6TG/hMC1 and 6TG/hMC5 complexes, we carried out 50 ns of molecular dynamics simulation of these two complexes in an explicit water–membrane model. We found that besides a greater number of contacts of 6TG at hMC1R, compared to the 6TG/hMC5 complex, 6TG/hMC1 was characterized by increased protein RMSF (particularly at the first extracellular loop, ECL1) and increased ligand RMSD, in comparison to the 6TG/hMC5 complex (Figures 2, 3).
[image: Figure 3]FIGURE 3 | Thioguanine (6TG) binds with the hMC5 receptor with few residues but with a high frequency. (A) hMC1R root mean square fluctuation (RMSF, blue line) and 6TG contacts (green lines). (B) hMC5R root mean square fluctuation (RMSF, blue line) and 6TG contacts (green lines). (C) Frequency (interaction fraction) of contacts of 6TG with hMC1R during 50 ns of simulation. Tioguanine binds to hMC1R through several contacts but with a frequency below 35% (interaction fraction <0.35). (D) Frequency (interaction fraction) of contacts of 6TG with hMC1R during 50 ns of simulation. Tioguanine binds to hMC5R with few contacts but with a high frequency, also above 150% (interaction fraction >1.5). Interaction fraction above 1 stands for multiple forms of interaction with a given amino acid (H-bond, water bridge, hydrophobic, and coulombic).
Additionally, the number of contacts of 6TG at hMC1 had a lower frequency during 50 ns simulation, compared to the frequency of contacts of 6TG at the hMC5 receptor (Figure 3). Overall, the computational approaches evidenced that 6TG binding at the hMC5 receptor is more stable than binding at the hMC1 receptor.
3.3 Cell viability in HUVECs
6TG (0.05–0.5–5 µM) did not show any toxic effects in HUVECs exposed to normal glucose (5 mmol/L, NG) and has not reduced cell viability (Supplementary Figure S1S). Similarly, cell viability of HUVECs exposed to high glucose (25 mmol/L, HG; 94% ± 5%) did not show any reduction when treated with 6TG 0.05 µM (89% ± 1%, p > 0.05 vs. HG) and 0.5 µM (89% ± 10%, p > 0.05 vs. HG), while 6TG 5 µM significantly increased HUVEC viability (120% ± 10%, p < 0.05 vs. HG) (Figure 4A).
[image: Figure 4]FIGURE 4 | Effects of 6TG on HUVEC viability and angiogenesis under high glucose conditions. (A) MTT assay assessing HUVEC viability. Cells were cultured in normal glucose (5 mmol/L) (NG), high glucose (25 mmol/L) (HG), and treated with 6TG 0.05–0.5–5 µM (HG+6TG). Cell viability was reported as a percentage (%) of NG ± SD (n = 4). #p < 0.05 vs. NG; *p < 0.05 vs. HG. (B) Representative images of the Matrigel assay for (C) the number of branches/field (as a marker of angiogenesis) formed by HUVEC (N = 4) cultured in high glucose (25 mmol/L) (HG) and treated with 6TG 5 µM (HG+6TG) alone and combined with the MCR1 antagonist AGRP (0.5–1–5 µM) (HG+6TG + AGRP) or with the MCR5 antagonist PG20N (0.5–1–5–10 µM) (HG+6TG + PG20N). *p < 0.05 vs. HG; ^ p < 0.05 vs. HG+6TG 5; §p < 0.05 vs. HG+6TG + AGRP (0.5–1); °p < 0.05 vs. HG+6TG + PG20N (0.5–1–5). Scale bar: 100 µm.
3.4 Angiogenesis assessment in HUVECs
The number of branches in HUVECs exposed to HG (30 ± 3) was significantly reduced by 6TG 5 µM (12 ± 2, p < 0.05 vs. HG). The anti-angiogenic effect of 6TG 5 µM on HUVECs exposed to HG was eradicated by the MC3R antagonist AGRP 5 µM (55 ± 13, p < 0.05 vs. HG + 6TG 5) and the MC5R antagonist PG20N 10 µM (28 ± 6, p < 0.05 vs. HG + 6TG 5). 6TG 5 µM co-treatment with AGRP 0.5–1 µM (respectively, 2 ± 1 and 9 ± 3, both p > 0.05 vs. HG + 6TG 5) or PG20N 0.5–1–5 µM (respectively, 2 ± 1, 7 ± 2 and 4 ± 2, all p > 0.05 vs. HG + 6TG 5) had no effects on HUVECs exposed to HG (Figures 4B, C).
3.5 Fluorescein angiography assessment
FA evaluations in non-diabetic mice receiving intravitreal injections of 6TG 2.5 mg/kg (CTR + 6TG group) evidenced a retinal VAs score (0.3 ± 0.2) like non-diabetic mice (CTR group; 0.2 ± 0.1), with a normal vessel caliber and course. At 14 weeks (T4) after STZ injection, retinal VAs were evident in both diabetic mice (STZ group), showing irregular vessel caliber and thinning with marked vessel tortuosity (2.9 ± 0.3, p < 0.05 vs. CTR), and diabetic mice receiving intravitreal injections of 6TG at the dose of 0.5 mg/kg (STZ + 6TG 0.5 group) showed the presence of microaneurysms and arteriovenous nicking (2.7 ± 0.3, p > 0.05 vs. STZ). Conversely, higher 6TG doses (1 and 2.5 mg/kg) intravitreally injected in diabetic mice (STZ + 6TG 1 and STZ + 6TG 2.5 groups) significantly reduced the retinal VAs score. In particular, the 1 mg/kg STZ + 6TG group showed diffused vessel tortuosity (2.0 ± 0.2, p < 0.05 vs. STZ) and 2.5 mg/kg STZ + 6TG evidenced marked vessel thinning and rare microaneurysms (1.7 ± 0.3, p < 0.05 vs. STZ). Both 6TG doses 1 and 2.5 mg/kg were not effective in reducing the VAs score at T0 when intravitreally administered in combination with the MC1R antagonist AGRP 14.3 µM (STZ + 6TG + AGRP group) or the MC5R antagonist PG20N 130 nM (STZ + 6TG + PG20N group). Indeed, STZ + 6TG 1 + AGRP mice evidenced an irregular vessel caliber with stacking of red blood cells and blood column stasis (3.0 ± 0.2, p < 0.05 vs. STZ + 6TG 1), as well as the STZ + 6TG 2.5 + AGRP group, showing an irregular vessel caliber and vessel thinning (3.0 ± 0.2, p < 0.05 vs. STZ + 6TG 2.5). Similarly, in STZ + 6TG 1 +PG20N and STZ + 6TG 2.5 + PG20N groups, a hyperfluorescent area along the vessel course as microaneurysm (2.8 ± 0.1, p < 0.05 vs. STZ + 6TG 1) and an irregular vessel caliber and thinning were present, respectively (2.6 ± 0.2, p < 0.05 vs. STZ + 6TG 2.5) (Figures 5A, B).
[image: Figure 5]FIGURE 5 | Effects of 6TG on retinal vascular alterations in diabetic mice. (A) Representative FA analyses showing the mouse retina (n = 4 per group) after 4 weeks of STZ (T1) and after 12 weeks from T0 (T4). CTR: normal vascularization; CTR+6TG normal vessel caliber and course; STZ: irregular vessel caliber and thinning, with marked vessel tortuosity (arrow); STZ+6TG 0.5: microaneurysm and arteriovenous nicking (arrow); STZ+6TG 1: diffused vessel tortuosity (arrow); STZ+6TG 2.5: marked vessel thinning, rare microaneurysms (arrow); STZ+6TG 1 + AGRP: irregular vessel caliber with stacking of red blood cells and blood column stasis (arrow); STZ + 6TG 2.5 + AGRP: irregular vessel caliber and vessel thinning (arrow); STZ + 6TG 1 + PG20N: hyperfluorescent area along the vessel course as microaneurysm (arrow); STZ + 6TG 2.5 + PG20N: irregular vessel caliber and thinning (arrow). (B) Vessel abnormalities at T4 graded from 0 to 4, based on the presence of vessel thinning, tortuosity, venous beading, and rosary-like vessels. CTR: non-diabetic control mice; CTR+6TG: non-diabetic mice receiving 6-TG (2.5 mg/kg) intravitreally; STZ: diabetic mice receiving PBS (pH 7.4) intravitreally; STZ+6TG: diabetic mice receiving intravitreal injections of 6-TG (0.5–1–2.5 mg/kg); STZ + 6TG + AGRP: mice receiving intravitreal injections of the MCR1 antagonist AGRP (14.3 µM) and 6-TG (1–2.5 mg/kg); STZ+6TG + PG20N: diabetic mice receiving intravitreal injections of the MCR5 antagonist PG20N (130 nM) and 6-TG (1–2.5 mg/kg). *p < 0.05 vs. CTR; ^ p < 0.05 vs. STZ; §p < 0.05 vs. STZ+6TG (same dose).
3.6 Retinal CD34 staining in STZ mice
CTR and CTR + 6TG groups exhibited weak CD34-positive retinal staining (respectively, 23% ± 4% and 22% ± 3%) as a marker of neo-angiogenesis (Di Filippo et al., 2014), predominantly in the outer plexiform layer (OPL) and in the inner nuclear layer (INL). This was significantly increased in the OPL and INL of STZ mice (53 ± 5, p < 0.05 vs. HG) and STZ mice receiving 6TG 0.5 mg/kg intravitreally (STZ+6TG 0.5; 50 ± 9, p > 0.05). Conversely, intravitreal injections of 6TG 1 mg/kg and 2.5 mg/kg were able to significantly reduce CD34 retinal labeling in both OPL and INL of STZ mice (respectively, 33% ± 4% and 31% ± 6%, both p < 0.05 vs. STZ). Interestingly, the combination with AGRP 14.3 µM reverted the 6TG (1–2.5 mg/kg) effects, by showing high CD34 retinal staining (respectively, 48% ± 12% and 56% ± 6%, both p < 0.05 vs. STZ+6TG at the same dose), as well as the combination of 6TG (1–2.5 mg/kg) with PG20N 130 nM (respectively, 49% ± 7% and 50% ± 7%, both p < 0.05 vs. STZ + 6TG at the same dose) (Figures 6A, B).
[image: Figure 6]FIGURE 6 | Effects of 6TG on CD34 retinal neo-angiogenesis in diabetic mice. (A) Representative retinal IHC images showing C34 labeling (black arrow), as a marker of neo-angiogenesis after 12 weeks from T0 (T4) in CTR, CTR + 6TG, STZ, STZ + 6TG, STZ + 6TG + AGRP, and STZ + 6TG + PG20N groups. Scale bar: 20 µm. (B) Percentage (%) of the CD34-positive stained area/total area analyzed (n = 4). *p < 0.05 vs. CTR; ^ p < 0.05 vs. STZ; §p < 0.05 vs. STZ+6TG (same dose). CTR: non-diabetic control mice; CTR+6TG: non-diabetic mice receiving 6-TG (2.5 mg/kg) intravitreally; STZ: diabetic mice receiving PBS (pH 7.4) intravitreally; STZ+6TG: diabetic mice receiving intravitreal injections of 6-TG (0.5–1–2.5 mg/kg); STZ+6TG + AGRP: mice receiving intravitreal injections of the MCR1 antagonist AGRP (14.3 µM) and 6-TG (1.–2.5 mg/kg); STZ+6TG + PG20N: diabetic mice receiving intravitreal injections of the MCR5 antagonist PG20N (130 nM) and 6-TG (1.–2.5 mg/kg); INL: inner nuclear layer; IPL: inner plexiform layer; ONL: outer nuclear layer; OPL: outer plexiform layer.
4 DISCUSSION
Retinal neovascularization, a PDR hallmark, is a multiphasic process that starts with basal membrane degradation by activated retinal endothelial cells (Kusuhara et al., 2018). Then, these cells migrate and proliferate, leading to sprout formation in the stromal space. The formation of vascular loops is then followed by the capillary tube development and new basal membrane deposition. Each phase of this process represents a potential target for the inhibitory action of angiostatic molecules, potentially able to prevent DR complications and improve DR prognosis (Presta et al., 2002; Barber et al., 2011). Retinal endothelial cell activation is mainly triggered by VEGF-A, an endothelial cell-specific mitogen growth factor (Simons et al., 2016; Gui et al., 2020). Along with other angiogenic factors such as fibroblast growth factor (FGF), placental growth factor (PlGF), platelet-derived growth factor (PDGF), and angiopoietin-1/2 (Ang-1/2), VEGF-A is overproduced in retinal endothelial cells, following hyperglycemia, inflammation, hypoxia, advanced glycation end products (AGEs), and oxidative stress (Gui et al., 2020). In addition to VEGF-A, the expression of VEGF receptors 1 and 2 (VEGFR1 and VEGFR2) is induced by AGEs, stimulating, respectively, endothelial cell sprouting and vascular permeability (Wu et al., 2014; Kanda et al., 2017; Gesualdo et al., 2021). Diabetic macular edema (DME) is strongly associated with DR severity. The current gold standard for DME treatment is using intravitreal injections of anti-VEGF agents or steroids (Tomita et al., 2021). In particular, the current therapeutic approaches, mainly targeting VEGF-A, involve using monoclonal antibodies such as ranibizumab, brolucizumab, faricimab, and bevacizumab (off-label), as well as fusion proteins such as aflibercept (Zhao and Singh, 2018).
Recently, we have shown that the reduction in retinal VEGF-A, VEGFR1, VEGFR2, and blood retinal barrier alterations could be obtained in a DR mouse model by the selective activation of melanocortin receptors 1 and 5 (MC1R and MC5R) (Gesualdo et al., 2021; Rossi et al., 2021). MC1R and MC5R agonists also led to a restoration of antioxidant enzymes in primary retinal cells exposed to high glucose, with the consequent reduction in pro-inflammatory markers (Maisto et al., 2017). Interestingly, by a drug repurposing study, we suggested that, in addition to their selective agonists, MC1R and MC5R could have a good affinity also for some Food and Drug Administration (FDA)-approved compounds (Gesualdo et al., 2021). In particular, the sphingosine 1-phosphate receptor agonist fingolimod, approved for relapsing–remitting multiple sclerosis (RR-MS) therapy (Cohen et al., 2010; Kappos et al., 2010), emerged as a potential MCR1 agonist by a structure-based computational approach (Gesualdo et al., 2021). This was confirmed also in a DR mouse model by the selective MCR1 blockade. Although the molecular dynamic and structural simulations were less straightforward for MCR5, the in vivo experiments blocking this receptor suggested the interaction between MC5R and fingolimod (Gesualdo et al., 2021). By the same virtual screening approach as evidenced by Gesualdo et al. (2021), 6TG (labeled as L01) has shown a predicted binding free energy −23 kcal/mol for hMC1R. In the same virtual screening campaign, 6TG has not been identified as a ligand for hMC5R. Therefore, we carried out an extreme precision docking protocol of 6TG to predict again the 6TG pose for hMC1 receptor and de novo for hMC5R. These two complexes have been rescored and optimized with MM-GBSA calculations and simulated in an explicit water–POPC) membrane environment. MM-GBSA rescoring for 6TG/hMC1R evidenced a more favorable binding free energy of approximately 20 kcal/mol, when compared to the predicted value reported in Gesualdo et al. (2021), and this difference could be related to the parameters regarding the implicit membrane model, which were added in the hereby presented study. MM-GBSA rescoring evidenced a higher affinity of 6TG for hMC5R, when compared to the value predicted for hMC1R. These data have been confirmed by molecular dynamics simulation of the two complexes. 6TG binds with low and stable RMSD to the hMC5R receptor, and ligand–protein contacts have a greater interaction fraction, when compared to the 6TG-hMC1R complex. These findings correlated with the higher concentration of the hMC5R antagonist used to revert anti-angiogenic effects of 6TG in the in vitro experiments hereby presented.
Interestingly, 6TG (2-amino 6-mercaptopurine), along with 6-metilmercaptourine (6MP) riboside, has shown anti-angiogenic properties (Presta et al., 1999; 2002). These are both pro-drugs commonly used in the management of cancer, post-transplant immunosuppression, and autoimmune diseases (Petit et al., 2008). After intestinal and hepatic metabolism, 6MP and 6TG are transformed into thioguanine nucleotides, by replacing the endogenous purine guanine during DNA synthesis, causing DNA strand breaks and modulating gene expression (Vora et al., 2019). In this contest, purine analogs can interfere with molecular mechanisms of intracellular signaling and growth factors, including VEGF (Keshet and Ben-Sasson, 1999). In particular, 6TG was able to inhibit neo-angiogenesis in endothelial GM 7373 cells, in the chick embryo chorioallantoic membrane, and in the rabbit cornea (Presta et al., 1999). Accordingly, 6TG has been found effective as a potential anti-angiogenic molecule since it reduced endothelial cell proliferation induced by VEGF or fibroblast growth factor-2 (FGF2), thus inhibiting endothelial cell sprouting (Presta et al., 2002). In vivo, 6TG prevented neovascularization stimulated by VEGF, FGF2, or human leukemia cells (LIK) in the chick embryo chorioallantoic membrane (Presta et al., 2002). Based on the above findings, we tested 6TG effects in the retinal angiogenesis process to assess the prevention or delay of the onset and/or progression of DR using the mouse model. Before the in vivo study, we evaluated the safety profile of HUVECs. The compound had no detrimental effects on HUVEC viability under normal or high glucose conditions at all the doses tested. This is in line with the previous evidence reporting 6TG as able to promote apoptosis only in cancer cells (Laera et al., 2019; Li et al., 2020). In particular, 5 µM 6TG significantly increased the cell viability of HUVECs exposed to high glucose and also reduced their vasculogenic activity, confirming its anti-angiogenic effects previously reported in endothelial cells or the chick embryo chorioallantoic membrane, as well as in AML patients showing a reduced bone marrow microvessel density when treated with 6TG (Padró et al., 2000; Presta et al., 2002; Dean, 2012). It is worth noting that AML is frequently associated with severe retinal alterations characterized by retinal microvascular involvement, such as choroidal thickness and abnormalities in retinal circulation, known as leukemic retinopathy (Yang et al., 2023). The anti-angiogenic effects of 6TG (1 and 2.5 mg/kg) were also shown in a DR mouse model by FA analysis, evidencing a reduction in retinal vascular alterations present in diabetic mice, such as irregular vessel caliber, vessel tortuosity and thinning, microaneurysm, or arteriovenous nicking. A further confirmation was obtained by immunohistochemical analysis, showing a remarkable reduction in retinal CD34 staining, a marker of pathological retinal neovascularization, in diabetic mice treated with 6TG (Kollias and Ulbig, 2010; Kady et al., 2017). Interestingly, the selective blocking of MC1R and MC5R reversed the effects of 6TG both in vitro and in vivo settings. In particular, a higher dose of MC5R antagonist was necessary to eradicate the anti-angiogenic effects of 6TG on HUVECs exposed to high glucose, compared to the MC1R antagonist. This corroborates the results of our simulations, showing that 6TG seems to have a higher affinity for MC5R. The MC1R and MC5R selective antagonist suppressed the protective effects of 6TG on vessel abnormalities, as evidenced by FA analysis. Furthermore, CD34 staining was evident in the retina of diabetic mice receiving 6TG co-administered with MC1R and MC5R antagonists. We already demonstrated that MC1 and MC5 receptor agonists inhibit angiogenesis, decreasing the VEGF-A release, while MC1 and MC5 receptor antagonists increased VEGF-A retinal levels (Gesualdo et al., 2021). Tioguanine has been found to decrease VEGF protein levels through ERK pathway inhibition in malignant glioma cells (U87 cells) (Mukhopadhyay et al., 1998). These findings were also confirmed in breast cancer cells (MCF-7) treated with 10 μM 6TG (Gallwitz et al., 2002). In our study, 6TG elicited anti-angiogenic effects in vitro and in vivo through MC1 and MC5 activation; however, further studies are needed to investigate the modulation on VEGF-A levels in the retina treated with 6TG. In conclusion, the present findings suggest a new repurposing of 6TG to handle DR. Future research should focus also on topical 6TG delivery using innovative and stable ocular formulation.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was approved by the Italian Ministry of Health (number 522/2019-PR, 19 July 2019) and by the Institutional Ethical Committee of the “Vasile Goldis“ Western University of Arad (number 135, 1 March 2019). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MT: writing–original draft, methodology, investigation, formal analysis, and conceptualization. CG: writing–original draft, methodology, investigation, formal analysis, and conceptualization. CL: writing–original draft, methodology, and investigation. MR: writing–original draft, methodology, and investigation. FF: writing–original draft, methodology, and investigation. IP: writing–original draft, methodology, and investigation. EM: writing–original draft, methodology, and investigation. PG: writing–original draft, methodology, and investigation. FP: writing–original draft, methodology, and investigation. AH: data curation, writing–original draft, methodology, and investigation. FS: writing–original draft. MD’A: writing–review and editing, supervision, project administration, and conceptualization. CB: writing–review and editing. FL: writing–review and editing and formal analysis. FD: methodology, investigation, and writing–original draft. SR: writing–review and editing, supervision, project administration, funding acquisition, conceptualization, and writing–original draft. CBMP: writing–original draft, editing and investigation.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Italian Ministry of Education, University and Research, grant number PRIN 2020FR7TCL. C.B.M.P. has been supported by the funding PON Ricerca e Innovazione D.M. 1062/21–Contratti di ricerca, from the Italian Ministry of University (MUR) (contract #: 08-I-17629-2).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1375805/full#supplementary-material
REFERENCES
 Altmann, C., and Schmidt, M. H. H. (2018). The role of microglia in diabetic retinopathy: inflammation, microvasculature defects and neurodegeneration. Int. J. Mol. Sci. 19, 110. doi:10.3390/ijms19010110
 Araszkiewicz, A., and Zozulinska-Ziolkiewicz, D. (2016). Retinal neurodegeneration in the course of diabetes-pathogenesis and clinical perspective. Curr. Neuropharmacol. 14, 805–809. doi:10.2174/1570159X14666160225154536
 Arrigo, A., Aragona, E., and Bandello, F. (2022). VEGF-targeting drugs for the treatment of retinal neovascularization in diabetic retinopathy. Ann. Med. 54, 1089–1111. doi:10.1080/07853890.2022.2064541
 Barber, A. J. (2003). A new view of diabetic retinopathy: a neurodegenerative disease of the eye. Prog. Neuro-Psychopharmacology Biol. Psychiatry 27, 283–290. doi:10.1016/S0278-5846(03)00023-X
 Barber, A. J., Gardner, T. W., and Abcouwer, S. F. (2011). The significance of vascular and neural apoptosis to the pathology of diabetic retinopathy. Invest. Ophthalmol. Vis. Sci. 52, 1156–1163. doi:10.1167/iovs.10-6293
 Biswas, S., Bhattacherjee, P., Paterson, C. A., Maruyama, T., and Narumiya, S. (2007). Modulation of ocular inflammatory responses by EP1 receptors in mice. Exp. Eye Res. 84, 39–43. doi:10.1016/j.exer.2006.08.013
 Bloomgarden, Z. T. (2009). A1C: recommendations, debates, and questions. Diabetes Care 32, e141–e147. doi:10.2337/dc09-zb12
 Brownlee, M. (2005). The pathobiology of diabetic complications: a unifying mechanism. Diabetes 54, 1615–1625. doi:10.2337/diabetes.54.6.1615
 Butler, M. C., and Sullivan, J. M. (2015). A novel, real-time, in vivo mouse retinal imaging system. Invest. Ophthalmol. Vis. Sci. 56, 7159–7168. doi:10.1167/iovs.14-16370
 Carotenuto, A., Merlino, F., Cai, M., Brancaccio, D., Yousif, A. M., Novellino, E., et al. (2015). Discovery of novel potent and selective agonists at the melanocortin-3 receptor. J. Med. Chem. 58, 9773–9778. doi:10.1021/acs.jmedchem.5b01285
 Cohen, J. A., Barkhof, F., Comi, G., Hartung, H.-P., Khatri, B. O., Montalban, X., et al. (2010). Oral fingolimod or intramuscular interferon for relapsing multiple sclerosis. N. Engl. J. Med. 362, 402–415. doi:10.1056/NEJMoa0907839
 Dao-Yi, Y., PhD, S. J. C., PhD, E. S. M., PhD, P. K. Y., Fracp, G. J., and Fracp, M. E. C. (2001). Pathogenesis and intervention strategies in diabetic retinopathy. Clin. Exper Ophthalmol. 29, 164–166. doi:10.1046/j.1442-9071.2001.00409.x
 Dean, L. (2012). “Thioguanine therapy and TPMT and NUDT15 genotype,” in Medical genetics summaries ed . Editors V. M. Pratt, S. A. Scott, M. Pirmohamed, B. Esquivel, B. L. Kattman, and A. J. Malheiro (Bethesda (MD): National Center for Biotechnology Information (US))). Available at: http://www.ncbi.nlm.nih.gov/books/NBK100663/ (Accessed December 11, 2023). 
 Di Filippo, C., Zippo, M. V., Maisto, R., Trotta, M. C., Siniscalco, D., Ferraro, B., et al. (2014). Inhibition of ocular aldose reductase by a new benzofuroxane derivative ameliorates rat endotoxic uveitis. Mediat. Inflamm. 2014, 857958–857959. doi:10.1155/2014/857958
 Fehér, J., Taurone, S., Spoletini, M., Biró, Z., Varsányi, B., Scuderi, G., et al. (2018). Ultrastructure of neurovascular changes in human diabetic retinopathy. Int. J. Immunopathol. Pharmacol. 31, 394632017748841. doi:10.1177/0394632017748841
 Fletcher, E. L., Phipps, J. A., and Wilkinson-berka, J. L. (2005). Dysfunction of retinal neurons and glia during diabetes. Clin. Exp. Optometry 88, 132–145. doi:10.1111/j.1444-0938.2005.tb06686.x
 Gallwitz, W. E., Guise, T. A., and Mundy, G. R. (2002). Guanosine nucleotides inhibit different syndromes of PTHrP excess caused by human cancers in vivo. J. Clin. Invest 110, 1559–1572. doi:10.1172/JCI11936
 Gesualdo, C., Balta, C., Platania, C. B. M., Trotta, M. C., Herman, H., Gharbia, S., et al. (2021). Fingolimod and diabetic retinopathy: a drug repurposing study. Front. Pharmacol. 12, 718902. doi:10.3389/fphar.2021.718902
 Gui, F., You, Z., Fu, S., Wu, H., and Zhang, Y. (2020). Endothelial dysfunction in diabetic retinopathy. Front. Endocrinol. 11, 591. doi:10.3389/fendo.2020.00591
 Hendrick, A. M., Gibson, M. V., and Kulshreshtha, A. (2015). Diabetic retinopathy. Prim. Care Clin. Office Pract. 42, 451–464. doi:10.1016/j.pop.2015.05.005
 Kady, N., Yan, Y., Salazar, T., Wang, Q., Chakravarthy, H., Huang, C., et al. (2017). Increase in acid sphingomyelinase level in human retinal endothelial cells and CD34+ circulating angiogenic cells isolated from diabetic individuals is associated with dysfunctional retinal vasculature and vascular repair process in diabetes. J. Clin. Lipidol. 11, 694–703. doi:10.1016/j.jacl.2017.03.007
 Kanda, A., Dong, Y., Noda, K., Saito, W., and Ishida, S. (2017). Advanced glycation endproducts link inflammatory cues to upregulation of galectin-1 in diabetic retinopathy. Sci. Rep. 7, 16168. doi:10.1038/s41598-017-16499-8
 Kappos, L., Radue, E.-W., O’Connor, P., Polman, C., Hohlfeld, R., Calabresi, P., et al. (2010). A placebo-controlled trial of oral fingolimod in relapsing multiple sclerosis. N. Engl. J. Med. 362, 387–401. doi:10.1056/NEJMoa0909494
 Keshet, E., and Ben-Sasson, S. A. (1999). Anticancer drug targets: approaching angiogenesis. J. Clin. Invest. 104, 1497–1501. doi:10.1172/JCI8849
 Kollias, A. N., and Ulbig, M. W. (2010). Diabetic retinopathy: early diagnosis and effective treatment. Dtsch. Ärzteblatt Int. 107, 75–83. doi:10.3238/arztebl.2010.0075
 Kusuhara, S., Fukushima, Y., Ogura, S., Inoue, N., and Uemura, A. (2018). Pathophysiology of diabetic retinopathy: the old and the new. Diabetes Metab. J. 42, 364–376. doi:10.4093/dmj.2018.0182
 Laera, L., Guaragnella, N., Giannattasio, S., and Moro, L. (2019). 6-Thioguanine and its analogs promote apoptosis of castration-resistant prostate cancer cells in a BRCA2-dependent manner. Cancers 11, 945. doi:10.3390/cancers11070945
 Li, H., An, X., Li, Q., Yu, H., and Li, Z. (2020). Construction and analysis of competing endogenous RNA network of MCF-7 breast cancer cells based on the inhibitory effect of 6-thioguanine on cell proliferation. Oncol. Lett. 21, 104. doi:10.3892/ol.2020.12365
 Li, T., Song, X., Zhang, J., Zhao, L., Shi, Y., Li, Z., et al. (2017). Protection of human umbilical Vein endothelial cells against oxidative stress by MicroRNA-210. Oxidative Med. Cell. Longev. 2017, 3565613–3565711. doi:10.1155/2017/3565613
 Lieth, E., Gardner, T. W., Barber, A. J., and Antonetti, D. A.Penn State Retina Research Group (2000). Retinal neurodegeneration: early pathology in diabetes. Clin. Exper Ophthalmol. 28, 3–8. doi:10.1046/j.1442-9071.2000.00222.x
 Maisto, R., Gesualdo, C., Trotta, M. C., Grieco, P., Testa, F., Simonelli, F., et al. (2017). Melanocortin receptor agonists MCR 1-5 protect photoreceptors from high-glucose damage and restore antioxidant enzymes in primary retinal cell culture. J. Cell. Mol. Med. 21, 968–974. doi:10.1111/jcmm.13036
 Merlino, F., Tomassi, S., Yousif, A. M., Messere, A., Marinelli, L., Grieco, P., et al. (2019). Boosting fmoc solid-phase peptide synthesis by ultrasonication. Org. Lett. 21, 6378–6382. doi:10.1021/acs.orglett.9b02283
 Merlino, F., Zhou, Y., Cai, M., Carotenuto, A., Yousif, A. M., Brancaccio, D., et al. (2018). Development of macrocyclic peptidomimetics containing constrained α,α-dialkylated amino acids with potent and selective activity at human melanocortin receptors. J. Med. Chem. 61, 4263–4269. doi:10.1021/acs.jmedchem.8b00488
 Mukhopadhyay, D., Tsiokas, L., and Sukhatme, V. P. (1998). High cell density induces vascular endothelial growth factor expression via protein tyrosine phosphorylation. Gene Expr. 7, 53–60.
 Oancea, I., Movva, R., Das, I., Aguirre De Cárcer, D., Schreiber, V., Yang, Y., et al. (2017). Colonic microbiota can promote rapid local improvement of murine colitis by thioguanine independently of T lymphocytes and host metabolism. Gut 66, 59–69. doi:10.1136/gutjnl-2015-310874
 Padró, T., Ruiz, S., Bieker, R., Bürger, H., Steins, M., Kienast, J., et al. (2000). Increased angiogenesis in the bone marrow of patients with acute myeloid leukemia. Blood 95, 2637–2644. doi:10.1182/blood.V95.8.2637
 Palinski, W., Monti, M., Camerlingo, R., Iacobucci, I., Bocella, S., Pinto, F., et al. (2021). Lysosome purinergic receptor P2X4 regulates neoangiogenesis induced by microvesicles from sarcoma patients. Cell Death Dis. 12, 797. doi:10.1038/s41419-021-04069-w
 Park, S. S. (2016). Cell therapy applications for retinal vascular diseases: diabetic retinopathy and retinal Vein occlusion. Invest. Ophthalmol. Vis. Sci. 57, ORSFj1-ORSFj10. doi:10.1167/iovs.15-17594
 Petit, E., Langouet, S., Akhdar, H., Nicolas-Nicolaz, C., Guillouzo, A., and Morel, F. (2008). Differential toxic effects of azathioprine, 6-mercaptopurine and 6-thioguanine on human hepatocytes. Toxicol. Vitro 22, 632–642. doi:10.1016/j.tiv.2007.12.004
 Presta, M., Belleri, M., Vacca, A., and Ribatti, D. (2002). Anti-angiogenic activity of the purine analog 6-thioguanine. Leukemia 16, 1490–1499. doi:10.1038/sj.leu.2402646
 Presta, M., Rusnati, M., Belleri, M., Morbidelli, L., Ziche, M., and Ribatti, D. (1999). Purine analogue 6-methylmercaptopurine riboside inhibits early and late phases of the angiogenesis process. Cancer Res. 59, 2417–2424.
 Rossi, S., Maisto, R., Gesualdo, C., Trotta, M. C., Ferraraccio, F., Kaneva, M. K., et al. (2021). Corrigendum to “activation of melanocortin receptors MC1 and MC5 attenuates retinal damage in experimental diabetic retinopathy.”. Mediat. Inflamm. 2021, 9861434–9861442. doi:10.1155/2021/9861434
 Seo, S., and Suh, W. (2017). Antiangiogenic effect of dasatinib in murine models of oxygen-induced retinopathy and laser-induced choroidal neovascularization. Mol. Vis. 23, 823–831.
 Simons, M., Gordon, E., and Claesson-Welsh, L. (2016). Mechanisms and regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol. Cell Biol. 17, 611–625. doi:10.1038/nrm.2016.87
 Tomita, Y., Lee, D., Tsubota, K., Negishi, K., and Kurihara, T. (2021). Updates on the current treatments for diabetic retinopathy and possibility of future oral therapy. JCM 10, 4666. doi:10.3390/jcm10204666
 Tsai, T. I., Bui, B. V., and Vingrys, A. J. (2009). Dimethyl sulphoxide dose–response on rat retinal function. Doc. Ophthalmol. 119, 199–207. doi:10.1007/s10633-009-9191-8
 Vora, A., de Lemos, J. A., Ayers, C., Grodin, J. L., and Lingvay, I. (2019). Association of galectin-3 with diabetes mellitus in the Dallas heart study. J. Clin. Endocrinol. Metabolism 104, 4449–4458. doi:10.1210/jc.2019-00398
 Wang, W., and Lo, A. (2018). Diabetic retinopathy: pathophysiology and treatments. IJMS 19, 1816. doi:10.3390/ijms19061816
 Wild, S., Roglic, G., Green, A., Sicree, R., and King, H. (2004). Global prevalence of diabetes: estimates for the year 2000 and projections for 2030. Diabetes Care 27, 1047–1053. doi:10.2337/diacare.27.5.1047
 Wu, M.-H., Ying, N.-W., Hong, T.-M., Chiang, W.-F., Lin, Y.-T., and Chen, Y.-L. (2014). Galectin-1 induces vascular permeability through the neuropilin-1/vascular endothelial growth factor receptor-1 complex. Angiogenesis 17, 839–849. doi:10.1007/s10456-014-9431-8
 Xu, E., Hu, X., Li, X., Jin, G., Zhuang, L., Wang, Q., et al. (2020). Analysis of long non-coding RNA expression profiles in high-glucose treated vascular endothelial cells. BMC Endocr. Disord. 20, 107. doi:10.1186/s12902-020-00593-6
 Yang, L., Chen, Y., Zhang, Y., Shen, T., and Shen, X. (2023). Changes in retinal circulation and choroidal thickness in patients with acute myeloid leukemia detected by optical coherence tomography angiography. Front. Med. 10, 1117204. doi:10.3389/fmed.2023.1117204
 Zhao, Y., and Singh, R. P. (2018). The role of anti-vascular endothelial growth factor (anti-VEGF) in the management of proliferative diabetic retinopathy. DIC 7, 212532–212610. doi:10.7573/dic.212532
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.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Trotta, Gesualdo, Lepre, Russo, Ferraraccio, Panarese, Marano, Grieco, Petrillo, Hermenean, Simonelli, D’Amico, Bucolo, Lazzara, De Nigris, Rossi and Platania. 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-15-1375805-g005.gif
‘ @)

@@ rez;]m m@

L m-
@1 @m





OPS/images/fphar-15-1375805-g006.gif





OPS/images/fphar-15-1375805-g003.gif
i

R






OPS/images/fphar-15-1375805-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ocular pharmacological and biochemical profiles of 6-thioguanine: a drug repurposing study		Introduction:

		Methods:

		Results:

		Conclusion:

		1 Introduction

		2 Materials and methods		2.1 Molecular modeling, virtual screening, MM-GBSA calculations, and molecular dynamics simulations

		2.2 Compounds

		2.3 Cell viability and tube formation assay

		2.4 Animals

		2.5 Intravitreal injections and fluorescein angiography

		2.6 Immunohistochemistry

		2.7 Statistical analysis





		3 Results		3.1 Virtual screening, molecular docking, and MM-GBSA calculations

		3.2 Molecular dynamics simulations

		3.3 Cell viability in HUVECs

		3.4 Angiogenesis assessment in HUVECs

		3.5 Fluorescein angiography assessment

		3.6 Retinal CD34 staining in STZ mice





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









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






OPS/images/fphar-15-1375805-g001.gif
o1

8
FVIRY





OPS/images/fphar-15-1375805-g002.gif









OPS/images/crossmark.jpg
©

|





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





