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Abstract

:

Age-related macular degeneration (AMD) is the main cause of blindness in developed countries. AMD is characterized by the formation of drusen, which are lipidic deposits, between retinal pigment epithelium (RPE) and the choroid. One of the main molecules accumulated in drusen is 7-Ketocholesterol (7KCh), an oxidized-cholesterol derivative. It is known that 7KCh induces inflammatory and cytotoxic responses in different cell types and the study of its mechanism of action is interesting in order to understand the development of AMD. Sterculic acid (SA) counteracts 7KCh response in RPE cells and could represent an alternative to improve currently used AMD treatments, which are not efficient enough. In the present study, we determine that 7KCh induces a complex cell death signaling characterized by the activation of necrosis and an alternative pyroptosis mediated by P2X7, p38 and GSDME, a new mechanism not yet related to the response to 7KCh until now. On the other hand, SA treatment can successfully attenuate the activation of both necrosis and pyroptosis, highlighting its therapeutic potential for the treatment of AMD.
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1. Introduction


Age-related macular degeneration (AMD) is the leading cause of legal blindness in people older than 65 years in developed countries. This disease affects the macula, is related to aging and is characterized by a gradual loss of central vision [1,2,3,4]. There are mainly two types of AMD, called dry AMD and wet AMD, of which dry AMD is the milder and more common form of the disease [1,5,6]. As a consequence of aging, waste material not digested by retinal pigment epithelium cells (RPE) accumulates around it, forming yellowish specific extracellular deposits called drusen, which is the first hallmark of the disease [6,7,8,9,10]. Given the importance of the RPE in drusen formation, currently, much of the research focuses on this part of the retina [11]. The increase in the number and size of drusen causes the molecules inside them, mainly lipid compounds, cholesterol derivatives and unfolded-oxidized proteins, to start promoting different inflammatory and cytotoxic responses that damage the RPE, triggering the development of dry AMD [3,8,10,12,13]. Due to its slow progress, dry AMD does not usually provoke the complete loss of vision [3].



Wet AMD, by contrast, is the most severe form of AMD and it is characterized by the abnormal growth of choroidal vessels from the macula through the RPE in a process called choroidal neovascularization (CNV) [1,3,6,11]. At some point, during this process, blood and fluids will leak, damaging the macula and causing the irreversible loss of central vision [5,6]. Anti-VEGF therapies are the only treatment currently available for AMD patients, which are not exempt from serious side effects. In addition, there are patients who do not respond well or can develop resistance, causing a decrease in the efficacy of these treatments [1,5,6,14,15,16]. For these reasons, there is an urgent need to search for new therapeutic targets that allow the development of new therapies.



One of these alternative therapeutic targets is 7-Ketocholesterol (7KCh), an oxidized form of cholesterol or oxysterol strongly connected with the development of AMD, as it forms and accumulates in drusen as a consequence of aging [17,18,19,20,21,22]. It is known that 7KCh can trigger oxidative stress, inflammation and cell death responses in different cell types, including retinal cells, although its response seems to depend on the cell type and the dose used [13,23,24,25,26,27,28,29,30,31,32,33,34]. The investigation of the mechanism of action of 7KCh in retinal cells could provide a new perspective on the molecular mechanisms that can lead to the development of AMD.



On the other hand, sterculic acid (SA), a natural cyclopropane fatty (Figure 1) acid obtained from the plant Sterculia foetida, has been described as the most potent functional antagonist of 7KCh in retinal cells [23,24,33,34,35], being able to protect RPE cells against 7KCh deleterious effects at low concentrations, as well as being able to reduce laser-induced choroidal neovascularization in a rat model [23,24,34]. These results suggest that SA could be a good alternative to the treatment of ocular diseases, such as AMD [35,36]. SA is known to inhibit Stearoyl coenzyme-A desaturase 1 (SCD1) activity, an enzyme from de novo lipogenesis, both in vitro and in vivo [37,38,39]. However, its protective effect against the 7KCh response is independent of the inhibition of SCD1 [35,36].



In our previous work, we performed genome-wide transcriptomic analysis in RPE cells in order to unravel the molecular pathways induced by 7KCh in these cells, as well as the mechanisms by which SA is able to protect against this response. We found that 7KCh exposure modulates the expression of several genes associated with lipid metabolism, reticulum stress, inflammation and cell death and activates signaling pathways related to these genes, such as unfolded protein response (UPR), the classical MAPK pathway and the JNK and p38 pathways. Co-treatment with SA significantly reversed gene expression alterations as well as attenuated the activation of these pathways [34]. In the present work, we continued with the study of the signaling induced by 7KCh in RPE cells, focusing on the cell death pathways activated by this oxysterol. Similarly, we have evaluated the protective effect of SA on the 7KCh-induced cytotoxic response.




2. Materials and Methods


2.1. Cell Lines and Culture


mRPE cells were obtained as a gift from Dr. SP Becerra, from the National Eye Institute (NIH, Bethesda, MD, USA). These cells came from the eyes of 3- to 5-year-old Rhesus monkeys, and were maintained for two weeks in a monolayer until biochemical and physiological markers characteristic of differentiated tissue were expressed [40]. DMEM/F12 1:1 medium (Hyclone-Thermo Scientific, Waltham, MA, USA) was used to grow the cells. Cell culture medium was supplemented with 5% fetal bovine serum (Invitrogen, Alcobendas, Madrid, Spain), 1.5% of sodium pyruvate, 1% of penicillin/streptomycin and 1% of non-essential amino-acids (Hyclone-Thermo Scientific, Waltham, MA, USA). Cultured cells were kept in an atmosphere of 37 °C, 5% CO2 and 85% humidity.




2.2. Cell Treatments


Cells were seeded in P100 plates for DNA, RNA and protein purification at a density of 1.2 × 106 cells/plate or in 12-well plates for cell viability assays at a density of 100,000 cells/plate. Cells were allowed to attach and 100% confluency was reached after 24 h after seeding. Then, the culture media was replaced with serum-free media for 24 h and, after that, treatments were added. Cells were treated with 15–20 μM 7KCh (Sigma-Aldrich, Madrid, Spain) alone or with 10 μM SA (chemically synthesized by the Center for Applied Chemistry and Biotechnology, PPQF, University of Alcalá, Alcalá de Henares, Spain), 1–10 μg/mL og Cycloheximide (CHX, Sigma-Aldrich, Madrid, Spain), 5–25 μM of Caspase 3 inhibitor Z-DEVD-FMK (Merck, Darmstadt, Germany), 3–10 μM of RIPK1 inhibitor Necrostatin-1 (Nec-1, Cayman Chemical, Ann Arbor, MI, USA), 0.5–2 μM of MLKL inhibitor Necrosulfonamide (NSA, Tocris, Bristol, UK), 5 μM of P2X7 inhibitor A-839977 (Santa Cruz Biotechnology, Dallas, TX, USA), 25–75 μM of pannexin-1 inhibitor Carbenoxolone (CBX, Sigma-Aldrich, Madrid, Spain), 20 μM of JNK inhibitor SP600125 (StressMarq Bioscience Inc., Victoria, BC, Canada) or 40 μM of p38 inhibitor SB203580 (Sigma-Aldrich, Madrid, Spain). Then, 7KCh was prepared in β-cyclodextrin (Sigma-Aldrich, Madrid, Spain) as previously described [13,24]; SA, Z-DEVD-FMK, Nec-1, NSA, A-839977, CBX, SP600125 and SB203580 were dissolved in DMSO (Sigma-Aldrich, Madrid, Spain) and CHX was dissolved in absolute ethanol.




2.3. Cell Viability Assays


CellTitter 96 Aqueous One Solution Reagent MTS assay (Promega, Madison, WI, USA) was used to validate the toxicity or protective effect of the different treatments following the manufacturer’s guidelines. Cells were washed two times with 1X PBS and then MTS reagent was added at a ratio of 1:10 in culture medium. Plates were incubated at 37 °C and absorbance was measured at baseline and after 4 h of incubation using a Biotek Synergy H4 multi-mode plate reader (BioTek Instruments, Covina, CA, USA). The results were presented as a percentage of viability with respect to the control cells.




2.4. DNA Laddering


Cell extracts were obtained from cells in culture, collecting both floating cells and cells adhered to the plate. Once harvested, cells were centrifuged (1000 rpm, 5 min) to remove residual media and washed with 1× PBS at 4 °C. The resulting pellet was resuspended in 250 μL of Tris-EDTA (tris (hydroxymethyl) aminomethane-ethylenediaminetetraacetic acid)/Triton X-100 buffer (10 mM Tris pH 8, 1 mM EDTA and 0.2% v/v Triton X-100, Sigma-Aldrich, Madrid, Spain) to extract the DNA from the cells by lysis. Then, extracts were incubated for 10 min on ice and centrifuged for 15 min at 4 °C and 13,000× g. The supernatant was then incubated with 10 mg/mL RNAse-A (Macherey-Nagel, Dueren, Germany) at 37 °C for 1 h, and with 20 μM proteinase K (Abm, Richmond, BC, Canada) and 10% SDS (sodium dodecyl sulfate, Sigma-Aldrich, Madrid, Spain) at 50 °C for 1 h in order to remove RNA and protein debris. To precipitate the DNA, 0.1 volume of 5 M NaCl (Sigma-Aldrich, Madrid, Spain) and one volume of isopropanol (Sigma-Aldrich, Madrid, Spain) at −20 °C were added to the samples, which were incubated on ice for 10 min. Afterward, the samples were centrifuged for 15 min at 4 °C and 13,000× g, and the resulting pellet was resuspended in 12 μL of Tris-EDTA buffer (10 mM Tris pH 8, 1 mM EDTA). Finally, the DNA concentration was calculated using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Madrid, Spain) using Tris-EDTA buffer as a blank.



The DNA laddering pattern of bands was visualized by running 1 μg of DNA from each sample mixed with loading buffer (6× Loading buffer, Thermo Fisher Scientific, Madrid, Spain) on 2% agarose gel electrophoresis in TAE buffer (Tris-Acetate-EDTA, Alfa Aesar, Haverhill, MA, USA) with GelRed® (10,000× GelRed Nucleid Acid Stain, Biotium, Fremont, CA, USA) as the nucleic intercalating agent. Gels were run for 3 h at 50 V and bands were visualized under UV light in a Gel-Doc EQ System Universal Hood II transilluminator (Bio-Rad, Hercules, CA, USA). Images were taken using the Quantity One 4.6.3. program (Bio-Rad, Hercules, CA, USA).




2.5. In Vivo Immunofluorescence


DNA fluorescent staining was used to study the morphology of the cell nucleus in order to identify the different types of cell death depending on the state of the DNA. Cells were stained in vivo with 1:2000 Hoechst 33342 (Sigma-Aldrich, Madrid, Spain), 1:2000 propidium iodide (Sigma-Aldrich, Alcobendas, Madrid, Spain) or 1:10,000 YO-PRO1 (Invitrogen, Alcobendas, Madrid, Spain). The fluorochromes were directly added to the medium, to avoid losing dead cells floating in the medium, and incubated for 20 min at 37 °C. Cells were visualized and photographed at various times using a TSC SP5 confocal microscope (Leica, Wetzlar, Germany) in the case of Hoechst and propidium iodide co-staining, or the Incucyte® Live-Cell Analysis System (Sartorius, Göttingen, Germany) in the case of propidium iodide and YO-PRO1 co-staining. Image analysis was carried out using the Image J 1.52h (Fiji, National Institute of Health, Bethesda, MD, USA) and Incucyte® 2022A (Sartorius, Göttingen, Germany) programs, respectively. The excitation/emission wavelengths were 350/461 nm for Hoechst, 535/625 nm for propidium iodide and 488/515 nm for YO-PRO1.




2.6. RNA Purification and Quantitative Real-Time PCR (qRT-PCR)


Total RNA was isolated from cell cultures in 1 mL of TRIzol (Invitrogen, Madrid, Spain) and purified using the RNAsy mini kit (Qiagen, Valencia, CA, USA) and DNAse I (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. Then, reverse-transcription was carried out with 1 μg of total RNA, random primers and the SuperScript III kit (Invitrogen, Madrid, Spain) to obtain the first-strand cDNA. Then, cDNA was mixed with forward and reverse primers to a concentration of 0.3 μM (Table 1) and SYBR Green PCR Master Mix. Then, a 7300 Real-Time PCR System (Applied Biosystems, Madrid, Spain) was used to take quantitative measurements in the following cycling conditions: initial denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. In order to validate the amplicon specificity, a dissociation curve was implemented from 60 °C to 95 °C. The interpolation of the Ct value from the corresponding standard line was used to calculate the gene expression levels using 18S rRNA expression to normalize the results.




2.7. Western Blotting


Protein extracts were obtained using RIPA buffer (Thermo Scientific, Madrid, Spain) containing protease (EDTA-free complete, Roche, Basilea, Switzerland) and phosphatase (PhosStop, Roche, Basilea, Switzerland) inhibitors from scraped cells in culture. The centrifugation of homogenates for 30 min at 15,000× g was performed to collect supernatants and the protein concentration was determined using a BCA kit (Pierce, Rockford, IL, USA) and a Biotek Synergy H4 multi-mode plate reader (BioTek Instruments, Covina, CA, USA), following the manufacturer’s instructions. Samples were prepared by mixing 20 μg of protein with 4× sample buffer (Invitrogen, Madrid, Spain) and 10× sample-reducing agent (Invitrogen, Madrid, Spain), and were then heated at 70 °C for 10 min. Then, 4–12% SDS-polyacrylamide gels (Invitrogen, Madrid, Spain) were used to run both the samples and the molecular weight marker SeeBlue plus 2 prestained standard (Invitrogen, Madrid, Spain). Then, protein transfer was performed onto 0.2 μm polyvinylidene difluoride (PVDF) membranes (iBlot system, Invitrogen, Madrid, Spain) and blocking was carried out at room temperature for 2 h with 5% non-fat dry milk in 1× TBS (tris buffered saline) and 0.1% Tween (Sigma-Aldrich, Madrid, Spain).



For protein identification, membranes were incubated overnight at 4 °C with different primary antibodies: α-p-p38 1:5000 (#4511, Cell Signaling, Danvers, MA, USA), α-p38 1:5000 (#8690, Cell Signaling, Danvers, MA, USA), α-GSDMD 1:1000 (ab210070, Abcam, Cambridge, UK), α-GSDME 1:1000 (ab215191, Abcam, Cambridge, UK) or α-cleaved-Caspase 3 1:1000 (#9664, Cell Signaling, Danvers, MA, USA). The detection of α-Actin 1:10,000 (#A5441, Sigma-Aldrich, Madrid, Spain) was utilized to standardize protein levels. To visualize immunoreactivity, membranes were incubated with α-rabbit (#7074, Cell Signaling, Danvers, MA, USA) or α-mouse (715-035-1514, Jackson Immunoresearch Lab. West Grobe, PA, USA) and chemiluminescence Clarity Western ECL kit (Bio-Rad, Hercules, CA, USA), and exposed to X-ray films (Amersham Hyperfilm ECL, GE Healthcare, Buckinghamshire, UK) or the ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA).




2.8. Statistical Analysis


GraphPad Prism 6 was used to perform statistical analysis. Data were presented as means ± SEM (standard error of the means) and were considered statically significant when p ≤ 0.05. Normally distributed data were analyzed by ANOVA testing followed by Sidak or Tukey’s post hoc test, following program recommendations. Student’s t-test was used for comparisons of two conditions.





3. Results


3.1. 7KCh-Induced Cell Death Is Not Mediated by Apoptosis in mRPE Cells


We treated mRPE cells with 15–20 μM 7KCh with or without 10 μM SA for 24 h (Figure 2) in order to validate the toxicity effect of 7KCh and the protection of SA, as previously described [34,35]. Once again, a dose-dependent decrease in cell viability was observed with 7KCh treatment, as well as a decrease in this effect when adding SA. With the aim to find out the type of cell death induced by 7KCh in mRPE cells, we evaluated the participation of apoptosis in this cytotoxic response, as in our previous work, we showed an alteration in the expression of several genes involved in this pathway, such as APAF1, GADD45A, PMAIP1 or TP53I3 [34]. First, cells were treated with the Caspase 3 inhibitor Z-DEVD-FMK in the concentration range of 5–25 μM and 15 μM 7KCh (Figure 3A). No protective effect was observed over 7KCh-induced cell death. Since apoptosis involves the synthesis of specific proteins to be activated [41,42], such as PUMA or NOXA, the next approach was to inhibit protein synthesis with CHX. Treatment with 1–10 μg/mL CHX for 24 h could not protect mRPE cells against the toxicity of 15 μM 7KCh (Figure 3B). Lastly, we evaluated whether treatment with 15–20 μM 7KCh with or without 10 μM SA caused DNA laddering fragmentation, characteristic of apoptosis, in mRPE cells. However, the ladder fragmentation pattern observed in the positive control (1% v/v ethanol) did not occur in 7KCh-treated cells (Figure 3C), indicating that apoptosis is not induced in response to 7KCh in mRPE cells.




3.2. Activation of Necrosis in Response to 7KCh in mRPE Cells


We then studied the role of necrosis in the toxicity mechanisms of 7KCh in mRPE cells. The control and 15 μM 7KCh-treated cells were stained with Hoechst and propidium iodide to assess for the presence of necrotic nuclei (Figure 4A). The percentage of mRPE cells exposed to 7KCh positive for propidium iodide was approximately 55% with respect to the total number of cells observed quantified with Hoechst staining (Figure 4B). In addition, the nucleus of these cells presented a ring shape (white arrows), with the genetic material being released from the nucleus (Figure 4A), as occurs in necrosis. In order to verify the implication of necrosis processes in the 7KCh-induced response, mRPE cells were also treated with two necroptosis inhibitors: 3–10 μM Necrostatin-1 (Nec-1) as the RIPK1 inhibitor (Figure 4C), and 0.5–2 μM Necrosulfonamide (NSA) as the MLKL inhibitor (Figure 4D). Both inhibitors could successfully attenuate 15 μM 7KCh-induced toxicity. Taken together, these results indicate that at least a significant part of the 7KCh-induced cell death in mRPE cells is mediated by necrotic processes.




3.3. The P2X7 Receptor Is Involved Is the Cell Death Response to 7KCh in mRPE Cells and Participates in p38 Activation and in Necrotic Processes


A pannexin-1-independent involvement of the P2X7 purinoceptor in the 7KCh-initiated necrosis response has been previously described in ARPE-19 cells [22], so we decided to check whether the same occurs in the mRPE cell line. Cells were treated for 24 h with the P2X7 inhibitor A-839977 at a concentration of 5 μM or with the pannexin-1 inhibitor Carbenoxolone (CBX) at concentrations of 25–75 μM in combination with 15–20 μM 7KCh, and cell viability was evaluated with MTS assay. The addition of A-839977 (Figure 5A), but not CBX (Figure 5B), protected mRPE cells against 7KCh cell death, indicating the participation of P2X7 in the cytotoxic response induced by 7KCh, but with the independence of pannexin 1.



To further study the role of P2X7 in cell death induced by 7KCh, YO-PRO1 was used to label the cells, as this fluorochrome is capable of entering through the pores formed by this receptor when activated [43]. Cells were treated with 5 μM A-839977 and 15 μM 7KCh, and then simultaneously stained with propidium iodide and YO-PRO1 (Figure 6A). Cells positive for propidium iodide (red), YO-PRO1 (green) or both fluorochromes (merge) were quantified with respect to the total number of cells observed in the brightfield at 6 h, 12 h and 24 h. In mRPE cells treated with 7KCh, an increase in the number of nuclei positive for propidium iodide and/or YO-PRO1 was observed (Figure 6B). Moreover, the internalization of YO-PRO1 occurred before the internalization of propidium iodide since, at all times, the evaluated percentage of cells stained with YO-PRO1 was higher than that of cells stained with propidium iodide, although the difference narrowed over time. Approximately 8% of cells stained with propidium iodide and 20% with YO-PRO1 were observed at 6 h; 20% of cells were stained with propidium iodide and 33% with YO-PRO1 at 12 h; and 45% of cells were positive for propidium iodide and 60% for YO-PRO1 at 24 h. In addition, practically all cells positive for propidium iodide were also positive for YO-PRO1 (Figure 6B, merge). P2X7 inhibition with A-839977 significantly reduced the number of cells stained with both propidium iodide and YO-PRO1 at 12 h and 24 h (also at 6 h in the case of YO-PRO1). This indicates that in response to 7KCh, the P2X7 receptor is activated before necrosis begins and, in turn, participates in its induction. Furthermore, the percentage of cells solely stained with YO-PRO1 suggests the involvement of at least a second type of cell death, in addition to necrosis, in response to 7KCh-induced toxicity in mRPE cells.




3.4. SA Prevents the Activation of Necrosis and P2X7 Induced by 7KCh in mRPE Cells


To verify the ability of SA to inhibit necrosis and P2X7 activation, mRPE cells were treated with 10 μM and 15 μM 7KCh and simultaneously stained with propidium iodide and YO-PRO1 (Figure 7A). The total number of cells labeled with each one of the fluorochromes was counted, again, at 6 h, 12 h and 24 h with respect to the total number of cells observed in brightfield (Figure 7B). The percentages of cells positive for propidium iodide and YO-PRO1 with 7KCh treatment were similar to those observed in Figure 6. The addition of 10 μM SA significantly decreased the entry of propidium iodide in evaluated mRPE cells at all times, as well as the internalization of YO-PRO1 after 12 h (Figure 7B). These data show that SA can attenuate both 7KCh-induced necrosis and P2X7 activation in mRPE cells due to the decreased internalization of propidium iodide and YO-PRO1, respectively.




3.5. 7KCh-Induced p38 Phosphorylation Is Mediated by P2X7 Activation


As in our previous work, the participation of p38 in the induction of cell death in response to 7KCh in mRPE cells was observed [34]. Therefore, we decided to assess the effect of P2X7 inhibition on p38 activation. The p38 phosphorylation status was evaluated by Western blot in mRPE cells treated with 20 μM 7KCh in combination with 10 μM SA and 5 μM A-839977 for 24 h (Figure 8A). A significant decrease in p38 phosphorylation levels was observed with the addition of both SA and A-839977 compared to 7KCh alone (Figure 8B). Although the effect of P2X7 inhibition on p38 activation was less than with SA treatment, these results indicate that at least an important part of p38 phosphorylation is mediated by the activation of P2X7.




3.6. 7KCh Treatment Does Not Induce Classical Pyroptosis Mediated by GSDMD and NLRP3 in mRPE Cells


The last type of cell death to be evaluated was pyroptosis, with which the activation of P2X7 has been also associated [44]. To validate the involvement of this signaling pathway, the expression levels of CASP1, NLRP3, GSDMD, IL1B and IL18 were evaluated in mRPE cells treated with 15 μM 7KCh by RT-qPCR (Figure 9A). An increase in the expression levels of CASP1 and IL1B was observed. No change was detected in GSDMD or IL18 expression levels, and, in the case of NLRP3, its expression could not even be quantified. On the other hand, the inhibition of Caspase 1 was not able to attenuate either the inflammation or the toxicity induced by 15 μM 7KCh in mRPE cells. Furthermore, we could not detect GSDMD activation by Western blot (Figure 9B) in mRPE cells treated with 7KCh. In fact, the band corresponding to the complete protein of around 53 KDa could not be detected in any of the mRPE cell samples. This band could be observed in the human RPE cell line ARPE-19, used as the positive control. Instead, two smaller bands, possibly non-specific, were observed in the mRPE cell samples. Taken together, these results suggest that classical pyroptosis is not activated in the 7KCh-induced cytotoxic response in mRPE cells.




3.7. 7KCh Induces an Alternative Pyroptosis Mechanism Mediated by the Activation of P2X7, p38 and GSDME


The data obtained in our previous work from the transcriptome of mRPE cells showed an increase in the expression levels of the DFNA5 gene in cells treated with 15 μM 7KCh [34]. This gene codes for the GSDME protein, belonging to the same family of proteins as GSDMD and with a similar function, but with a difference in that it is activated by Caspase 3 [45]. The ability of 7KCh to promote the processing and activation of GSDME (N-GSDME) and Caspase 3 (C-Caspase 3) was verified by Western blot in mRPE cells treated with 20 μM alone or in combination with 10 μM SA for 6 h, 12 h and 24 h, or with the P2X7 inhibitor A-839977 at a concentration of 5 μM after 24 h of treatment (Figure 10A). The band corresponding to the active form of GSDME, of approximately 35 KDa, was observed after 12 h of treatment, with 20 μM 7KCh, reaching its highest levels of activation at 24 h. Caspase 3 activation was not detected until 24 h of exposition to 7KCh and, in addition, a long exposure of about 17–19 KDa was necessary to be able to visualize this band, showing a minimal activation of Caspase 3 despite the evident activation of GSMDE. Moreover, Caspase 3 inhibition could not prevent GSDME activation (Figure 10B), suggesting that there must be an alternative protease to Caspase 3 capable of promoting the cleavage of the N-terminus of GSDME. The addition of 10 μM SA reduced the activation of GSDME both at 12 h and 24 h, as well as Caspase 3 cleavage at 24 h. Treatment with 5 μM A-839977 could also prevent GSMDE and Caspase 3 activation at 24 h, validating the role of P2X7 in 7KCh-induced GSDME-mediated pyroptosis in mRPE cells.



On the other hand, the transcription of DFNA5 is promoted by p53 [45]. Among the kinases capable of activating p53 by phosphorylation are both JNK and p38, previously described by our research group as being activated in response to 7KCh in mRPE cells [34]. The effect of JNK inhibition with 20 μM SP600125 and p38 inhibition with 40 μM SB203580 on GSMDE activation induced by 20 μM 7KCh was evaluated by Western blot (Figure 10C). Only treatment with SB203580, or with a combination of SP600125 with SB203580, could prevent GSDME activation. With SP600125 treatment, however, GSDME activation was still observed, albeit slightly less than with 7KCh treatment alone. This suggests that the p38-mediated phosphorylation of p53 could be responsible for the increased levels of DFNA5 transcription and, taken together, these results show an alternative pyroptotic mechanism in response to 7KCh in mRPE cells mediated by the activation of P2X7, p38 and GSDME.





4. Discussion


In this work, we described a new mechanism of cell death induced by 7KCh in mRPE cells mediated by necrosis and alternative pyroptosis associated with GSDME. Once again, SA treatment was able to successfully attenuate this signaling, highlighting the importance of SA as a functional antagonist of 7KCh.



First of all, we evaluated the role of apoptosis in the cytotoxic response of 7KCh. Apoptosis and oxyapoptophagy are the main cell death mechanisms described for 7KCh, and, in general, for oxysterols [25,29,46,47,48,49,50,51,52,53,54,55,56]. Oxyapoptophagy is a type of cell death characteristic of oxysterols that combines the activation of apoptosis and autophagy [25,29,49,50,51,52,54,56]. In our previous work, we showed alterations in the expression of several genes associated with apoptosis with 7KCh-treatment in mRPE cells, such as APAF1, GADD45A, PMAIP1 and TP53I3 [34], suggesting that apoptosis is induced in response to 7KCh in these cells. However, the data obtained in the present work did not support the participation of apoptosis, and consequently, oxyapoptophagy in the cytotoxic response of 7KCh in retinal cells. To begin with, Caspase 3 inhibition with Z-DEVD-FMK could not attenuate 7KCh-induced cell death in mRPE cells (Figure 3B) and, despite the cleavage of Caspase 3 observed by Western blot (Figure 10A), long exposures of the films (more than 1 h of exposition) were needed in order to visualize the band, which also appeared when cell death had been already triggered (Figure 10A). This suggests that, although Caspase 3 is cleavage, its activation is not determinative for the induction of cell death in response to 7KCh. Moreover, when protein synthesis activation, which is needed for apoptosis activation [41,42], was inhibited with CHX, no change in cell viability was observed either (Figure 3B), nor could the DNA laddering fragmentation pattern characteristic of apoptosis be detected (Figure 3C). Therefore, although there might be some induction of apoptosis in response to 7KCh, its activation is late and not decisive for triggering cell death induced by this oxysterol in mRPE cells.



Given the absence of apoptosis, we next studied the role of necrosis in the response to 7KCh in retinal cells. Unlike apoptosis, there have not been many studies that describe an induction of necrosis in response to 7KCh [22,48,57], and, in some cases, it has been ruled out as a mechanism of cell death [51]. Treatment with 7KCh in mRPE cells increased the internalization and the number of nuclei stained with propidium iodide, which showed a necrotic morphology (Figure 4A). In addition, the percentage of nuclei stained with propidium iodide with 15 μM 7KCh treatment was approximately 50% (Figure 4B), coinciding with the percentage of cell death observed in mRPE cells by MTS assay with the same dose of 7KCh (Figure 2). Moreover, treatment with Nec-1 and NSA, two necroptosis inhibitors, could attenuate 7KCh-induced toxicity in mRPE cells (Figure 4C,D). This indicates that at least an important part of the cytotoxicity caused by 7KCh in mRPE cells is mediated by necrotic processes. On the other hand, this necrosis seems to be associated with P2X7 purinoceptor activation, since its inhibition with A-839977 protected mRPE cells from 7KCh-induced toxicity (Figure 5A) and significantly decreased the internalization of propidium iodide (Figure 6). P2X7-like purinoceptors are ATP-activated receptors that act as ion channels and form pores in the membrane, allowing the entry of several molecules such as the fluorescent probe YO-PRO1, which can be used to study the aperture of these receptors [43]. We observed, with exposure to 7KCh, an increase in the number of positive nuclei for YO-PRO1 after 6 h of treatment, and practically all of the labeling with propidium iodide colocalized with YO-PRO1 staining (Figure 6 and Figure 7), validating P2X7 implication in necrosis activation induced by 7KCh in mRPE cells. SA treatment successfully reduced the internalization of both fluorochromes, implying an inhibition of both necrosis induction and P2X7 opening (Figure 7), and highlighting the therapeutic potential of this molecule.



P2X7 receptors are associated with the activation of inflammation through inflammasome formation and with various types of cell death, including apoptosis, necrosis and pyroptosis [22,43,44,58,59]. P2X7 involvement in 7KCh-induced necrosis has been previously described in ARPE-19 cells, which was independent of pannexin 1 activation [22], supporting our results. We also checked the effect of P2X7 inhibition on p38 activation, as we had previously described an implication of this protein in the induction of cell death promoted by 7KCh in mRPE cells [34]. A-839977 significantly reduced p38 phosphorylation levels induced in response to 7KCh (Figure 8), as well as SA treatment, in agreement with our previous work [34]. This indicates that an important part of p38 activation is dependent on the induction of P2X7 receptors, consistent with previous reports [43,60,61].



The last type of cell death to be evaluated was pyroptosis, since P2X7 activation has also been related to these mechanisms and pyroptotic cells are also labeled with propidium iodide [43,44,59]. Pyroptosis is a mechanism of inflammatory cell death and the canonical or classical pathway is characterized by the activation of NLRP3 inflammasome, which is responsible for the activation of Caspase 1. Once activated, Caspase 1 promotes the cleavage of the GSDMD N-terminus end, which forms pores in the membrane through which IL-1β and IL-18 are released, followed by the entire cytosolic content [42,62,63]. Although the induction of the NLRP3 inflammasome in response to 7KCh has been reported several times [18,19,24], no direct association between 7KCh and pyroptosis has been established so far. In the genome-wide analysis study carried out in our previous work, we described an increase in the gene expression of CASP1 in 7KCh-treated cells [34]. In the present work, we confirmed this gene expression alteration by qRT-PCR and observed a modulation of IL1B expression in response to 7KCh (Figure 9A). However, no changes in the expression levels of GSDMD and IL18 were seen, and the expression of NLRP3 could not even be detected. Interestingly, despite detecting the expression of GSDMD, the band corresponding to the protein was not observed by Western blot in mRPE cells (Figure 9B). In the transcriptome analysis of our previous work, the expression of GSDMD could also be detected in all of the samples tested, but with a relatively low number of counts compared to the number of counts quantified in ARPE-19 cells (approximately 80 counts in ARPE-19 cells and 25 counts in mRPE cells). This could explain why, in mRPE cells, the GSDMD protein is not observed, since the levels of GSDMD would be too low to be detected, but can be observed in ARPE-19 cells, used as the positive control. Taken together, these results indicate that the canonical pyroptosis pathway is not involved in the response to 7KCh.



Transcriptome sequencing data also showed a positive regulation of DFNA5, the gene that codes GSDME, with 7KCh [34]. GSDME belongs to the same family of proteins as GSDMD and also acts as an effector protein for pyroptosis. The cleavage of the N-terminus end of GSDME in a ~35 KDa fragment is induced by the action of Caspase 3 instead of Caspase 1, which means that GSDME can be activated independently of the NLRP3 inflammasome [45,62,63,64,65,66]. Both GSDME and Caspase 3 cleavage were observed in mRPE cells treated with 20 μM 7KCh (Figure 10A). However, as mentioned above, long exposures were required for the detection of Caspase 3, whereas this was not the case for the visualization of active GSDME. Furthermore, contrary to what might be expected, it was observed that while GSDME activation was already detected after 12 h of exposure to 20 μM 7KCh, Caspase 3 cleavage was not visualized until 24 h. Similarly, Caspase 3 inhibition could not prevent GSDME cleavage (Figure 10B), suggesting that an alternative protein to Caspase 3 must exist, being capable of promoting GSDME activation. In this way, it seems to be GSDME itself that increases Caspase 3 activation in a positive feedback loop, since it has been described that GSDME can also promote Caspase 3 induction [45,65].



Regarding the cleavage of GSDME, the appearance, on some occasions, of two intermediate bands in mRPE cells is striking (Figure 10A): a lower band than that corresponding to the complete protein, and another of about 38 KDa higher than that corresponding to active GSDME (~35 KDa). These intermediate bands can be even seen in control cells, suggesting some basal GSDME processing under normal conditions, but without the protein becoming activated. In those treatments where there is no cell and GSDME has not been activated yet, such as the control or treatment with 20 μM 7KCh at 6 h, these intermediate bands can be seen. When GSDME begins to activate, as in 20 μM 7KCh after 12 h of treatment, the upper intermediate band disappears, although the ~38 KDa band can still be seen. In contrast, when GSDME is fully activated, such as during 24 h of treatment with 20 μM 7KCh, the ~35 KDa band is most strongly detected, while the two intermediate bands have disappeared, indicating that GSDME is fully cleaved and active. The presence of several intermediate bands of GSDME has also been visualized in several previous studies [67,68,69], although, for the moment, there has been no work that confirms that they are intermediate cleavages.



DFNA5 is associated with the development of sensorineural deafness and, in tumor cells, it has been shown to act as a tumor suppressor gene. In different tissues and cell types, it has been described that DFNA5 transcription is induced by p53 through a binding site for this protein located in intron 1 of the gene [45,70,71]. The regulation and activation of p53 is complex, since it presents several phosphorylation, acetylation, methylation and ubiquitination sites, and it is a target of multiple enzymes. Among proteins capable of phosphorylate p53, we can find both JNK and p38 [45,72]. The inhibition of p38, but not JNK, attenuated GSDME activation in mRPE cells (Figure 10C), indirectly suggesting that the activation of p53 through p38 might be responsible for the increased expression of the gene that codes for GSDME. These results are in agreement with our previous work, where we showed that p38, but not JNK, was implicated in cell death induced by 7KCh in mRPE cells [34]. P2X7 inhibition not only decreased p38 phosphorylation, as mentioned above (Figure 8), but also reduced GSDME activation (Figure 10A). This confirms the involvement of P2X7 in pyroptosis and suggests that 7KCh activates an alternative pyroptotic mechanism mediated by P2X7, p38 and GSDME in mRPE cells not previously described. On the other hand, treatment with 10 μM SA, in addition to decreasing the activation of both P2X7 (Figure 7) and p38 (Figure 6), was able to prevent GSDME cleavage at 12 h and 24 h of treatment, as well as Caspase 3 cleavage at 24 h (Figure 10A). These results indicate that SA acts at various levels of the 7KCh-induced response and, once again, highlights its therapeutic potential, postulating it as the most potent functional antagonist of 7KCh in retinal cells.



GSDME activation could explain why, although there is a little induction, apoptosis is not fully triggered, since when Caspase 3 activates GSDME, the initial apoptotic response culminates in pyroptosis instead of apoptosis [45]. In addition, pyroptosis is sometimes considered a secondary necrosis or one of the types of regulated necrosis, and some studies have described that GSDME can induce necrosis [45,66,67,73,74,75]. Thus, the necrosis and pyroptosis observed in mRPE cells in response to 7KCh might be related. The activation of P2X7 would first induce the pyroptotic response, which would end up triggering necrosis. This could explain why, with 7KCh-treatment, the internalization of YO-PRO1 is observed before propidium iodide labeling, and there is always a percentage of cells only stained with YO-PRO1 that, as cell death progresses, are also stained with propidium iodide (Figure 6 and Figure 7).



7KCh is one of the main molecules accumulated in drusen and its relationship with the development of AMD is well established [17,18,19,20,22,23,24,30,34,35,76]. In the current work, we showed that 7KCh induces a cell death mechanism in retinal cells characterized by the induction of necrosis and pyroptosis, and mediated by the activation of P2X7, p38 and GSDME. There have been several studies that have associated P2X7 activation with the pathogenesis of AMD, both in vivo and in vitro [22,44,59]. Recent publications have also described the induction of GSDME in retinal cells exposed to all-trans-retinal, another molecule associated with the development of AMD [65,77]. Thus, the characterization of the response induced by 7KCh in retinal cells offers new opportunities to search for alternative therapeutic targets for this disease. On the other hand, we have demonstrated, once again, the ability of SA to counteract the harmful effect of 7KCh on mRPE cells, in agreement with previous studies [23,24,34,35,36], being able to act at various levels of the response induced by this oxysterol. For these reasons, SA is currently the molecule that works best to attenuate the effect of 7KCh in retinal cells and it is presented as a new opportunity to complement or improve the therapies used to treat AMD. Although there is still a long way to go and further research is needed, the present work is a step forward in the study of the mechanism of action of 7KCh in the pathogenesis of AMD and in the therapeutic potential of SA to target the effect of this oxysterol.
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Figure 1. Chemical structure of sterculic acid (image obtained from Pubchem, https://pubchem.ncbi.nlm.nih.gov/compound/Sterculic-acid#section=2D-Structure, accessed on 26 October 2023, CID: 12921). 
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Figure 2. Cell toxicity induced by 7KCh and protective effect exerted by SA in mRPE cells. Cell viability was determined by MTS assay in mRPE cells treated with 15–20 μM 7KCh and 10 μM SA for 24 h. Data are expressed over the control and presented as a mean ± SEM of at least three different experiments. The dashed line is a guidance mark of the control value. The ANOVA test was used for statistical analysis, followed by the Sidak post hoc test. *** p < 0.001; **** p < 0.0001. 
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Figure 3. Participation of apoptosis in the toxic response induced by 7KCh in retinal cells. (A) Cell viability was determined by MTS assay in mRPE cells treated with 15 μM 7KCh and 5–25 μM Z-DEVD-FMK for 24 h. (B) Cell viability was determined by MTS assay in mRPE cells treated with 15 μM 7KCh and 1–10 μg/mL CHX for 24 h. (C) DNA laddering was detected by electrophoresis in mRPE cells treated with 15–20 μM 7KCh and 10 μM SA for 24 h. CHX and Z-DEVD-FMK were added with pretreatment for 2 h with respect to 7KCh. M.W., molecular weight. Data are expressed over the control and represented as mean ± SEM of at least three different experiments. The dashed line is a guidance mark of the control value. The ANOVA test was used for statistical analysis, followed by the Sidak post hoc test. ** p < 0.01; *** p < 0.001. 
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Figure 4. 7KCh-induced necrosis in mRPE cells. (A) Representative images obtained in vivo by confocal microscopy in the control and 7KCh-exposed mRPE cells for 24 h stained with Hoechst (blue) and propidium iodide (IP, red). White arrow indicates an example of necrotic core. (B) Quantification of the percentage of nuclei stained with propidium iodide. Data expressed as the mean ± SEM of seven independent fields. (C) Cell viability determined by MTS assay in mRPE cells trated with 15 μM 7KCh and 3–10 μM Nec-1 or (D) 0.5–2 μM NSA. Data are expressed over the control and represented as mean ± SEM of at least three different experiments. Dashed line is a guidance mark of the control value. The ANOVA test was used for statistical analysis, followed by the Sidak post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 5. Effect of P2X7 inhibition on 7KCh-induced cell death. (A) Cell viability was determined by MTS assay in mRPE cells treated with 15–20 μM 7KCh and 5 μM A-839977 for 24 h. (B) Cell viability was determined by MTS assay in mRPE cells treated with 15 μM 7KCh and 25–75 μM CBX. Data are expressed over the control and represented as mean ± SEM of at least three different experiments. The dashed line is a guidance mark of the control value. The ANOVA test was used for statistical analysis, followed by the Sidak post hoc test. * p < 0.05; ** p < 0.01; **** p < 0.0001. 
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Figure 6. Involvement of the P2X7 receptor in 7KCh-induced toxicity in mRPE cells stained with propidium iodide (red) and YO-PRO 1 (green). (A) Representative images obtained in vivo in brightfield and fluorescence of mRPE cells treated with 15 μM 7KCh and/or 5 μM A-839977 for 24 h using Incucyte® equipment. Merge (yellow) represents the combination of propidium iodide and YO-PRO1 fluorescence. (B) Percentage of cells stained with propidium iodide (IP), YO-PRO1 and both fluorochromes (merge) at 6 h, 12 h and 24 h of treatment with respect to the total cell number quantified in brightfield. Data are expressed as the mean ± SEM of four independent fields. The ANOVA test was used for statistical analysis, followed by Tukey’s post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 7. SA attenuation of necrosis and P2X7 activation induced in response to 7KCh in mRPE cells stained with propidium iodide (red) and YO-PRO1 (green). (A) Representative images obtained in vivo in brightfield and fluorescence of mRPE cells treated with 15 μM 7KCh and/or 10 μM SA for 24 h using Incucyte® equipment. Merge (yellow) represents the combination of propidium iodide and YO-PRO1 fluorescence. (B) Percentage of cells stained with propidium iodide (IP), YO-PRO1 and both fluorochromes (merge) at 6 h, 12 h and 24 h of treatment with respect to the total cell number quantified in brightfield. Data are expressed as the mean ± SEM of four independent fields. The ANOVA test was used for statistical analysis, followed by Tukey’s post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 8. Effect of P2X7 inhibition on 7KCh-induced p38 phosphorylation. (A) Western blot estimation of phosphorylated p38 (p-p38) levels in mRPE cells exposed to 20 μM 7KCh alone or in combination with 10 μM SA or 5 μM A-839977 for 24 h. (B) Quantification of p-p38 levels over p38 levels. Data are represented as mean ± SEM of three different experiments. The dashed line is a guidance mark of the control value. The ANOVA test was used for statistical analysis, followed by Tukey’s post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 9. Classic pyroptosis in the cytotoxic response induced by 7KCh in mRPE cells. (A) Quantification of RT-qPCR of CASP1, GSDMD, IL1B and IL18 expression levels in mRPE cells treated with 15 μM 7KCh for 24 h, normalized with respect to 18S expression. (B) Western blot detection of GSDMD in mRPE cells exposed to 12–20 μM 7KCh. Statistical analysis in (A) was carried out using Student’s t-test. Data are expressed over the control and represented as mean ± SEM of at least three different experiments. The dashed line is a guidance mark of the control value. * p < 0.05; ** p < 0.01. 
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Figure 10. GSDME activation in mRPE cells exposed to 7KCh. (A) Western blot detection of GSDME cleavage (N-GSDME) and Caspase 3 cleavage (C-Caspase 3) in mRPE cells treated with 20 μM 7KCh alone or in combination with 10 μM SA at 6–24 h, and in combination with 5 μM A-839977 at 24 h. (B) Western blot detection of N-GSDME in mRPE cells treated with 20 μM 7KCh alone or in combination with 15 μM Z-DEVD-FMK for 24 h. (C) Western blot detection of N-GSDME in mRPE cells treated with 20 μM 7KCh alone or with 20 μM SP600125 and/or 40 μM SB203580 for 24 h. SP600125 and SB203580 were added with pretreatment for 2 h with respect to 7KCh. 
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Table 1. Primers used in this work in mRPE cells.
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	Gene
	Oligonucleotide Sequence





	18S—Forward
	5′-ATGCTCTTAGCTGAGTGTCCCG-3′



	18S—Reverse
	5′-ATTCCTAGCTGCGGTATCCAGG-3′



	CASP1—Forward
	5′-CCATTCCCCTCCTACCCTGA-3′



	CASP1—Reverse
	5′-TGCTTCGTCTTCCTTTTTGGC-3′



	GSDMD—Forward
	5′-CGAAGATCACGGGTGGGG-3′



	GSDMD—Reverse
	5′-GCAGGATTTTGTGCTCTGGC-3′



	IL1B—Forward
	5′-ACACTCCGGGATGCACAGC-3′



	IL1B—Reverse
	5′-CCCAAGGCCACAGGTATTTT-3′



	IL18—Forward
	5′-ACCAAGGAAATCGGCCCCTA-3′



	IL18—Reverse
	5′-CCATACCTCTAGGCTGGCTATC-3′



	NLRP3—Forward
	5′-GGCTGGAGCTGTTGAAATGG-3′



	NLRP3—Reverse
	5′-CCCTTTGCACGAAGTCCTCC-3′
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