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Abstract

:

Diabetic retinopathy (DR) is the leading cause of vision loss and a critical complication of diabetes with a very complex etiology. The build-up of reactive oxygen species (ROS) due to hyperglycemia is recognized as a primary risk factor for DR. Although spermidine, a naturally occurring polyamine, has been reported to have antioxidant effects, its effectiveness in DR has not yet been examined. Therefore, in this study, we investigated whether spermidine could inhibit high glucose (HG)-promoted oxidative stress in human retinal pigment epithelial (RPE) cells. The results demonstrated that spermidine notably attenuated cytotoxicity and apoptosis in HG-treated RPE ARPE-19 cells, which was related to the inhibition of mitochondrial ROS production. Under HG conditions, interleukin (IL)-1β and IL-18’s release levels were markedly increased, coupled with nuclear factor kappa B (NF-κB) signaling activation. However, spermidine counteracted the HG-induced effects. Moreover, the expression of nucleotide-binding oligomerization domain-like receptor (NLR) protein 3 (NLRP3) inflammasome multiprotein complex molecules, including TXNIP, NLRP3, ASC, and caspase-1, increased in hyperglycemic ARPE-19 cells, but spermidine reversed these molecular changes. Collectively, our findings demonstrate that spermidine can protect RPE cells from HG-caused injury by reducing ROS and NF-κB/NLRP3 inflammasome pathway activation, indicating that spermidine could be a potential therapeutic compound for DR treatment.
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1. Introduction


As the prevalence of diabetes has escalated continuously in recent decades, the incidence of diabetes-related complications has also increased [1,2]. Diabetic retinopathy (DR), the most persistent and severe diabetes complication, is a critical cause of visual impairment and vision loss, and hyperglycemia is a pivotal cause of DR pathogenesis [3,4]. Chronic hyperglycemia causes damage to the retinal blood vessels, and the retina, particularly the retinal pigment epithelial (RPE) cells, is very vulnerable to a hyperglycemic environment [5,6]. RPE cells, which reside at the interface between the neural retina and choroidal capillaries, play an important role in visual function, and their dysfunction due to excessive circulating glucose levels is closely related to the pathology of DR [7,8].



Recent studies have revealed that oxidative and inflammatory stress caused by high glucose (HG) conditions critically contribute to the initiation and progression of DR. According to previous studies, oxidative stress, which causes reactive oxygen species (ROS) accumulation due to hyperglycemia, is a key factor in DR-associated RPE cell damage [9,10,11]. A large number of intracellular ROS triggers inflammation and leads to the induction and progression of chronic diseases, including DR. Although there are multiple sources of ROS within cells, the mitochondria are the central site of ROS generation, which directly stimulates pro-inflammatory cytokine secretion and promotes pathological conditions [12]. Under HG conditions, mitochondrial ROS levels also increase, resulting in the activation of a chronic pro-inflammatory state [13,14].



Previous studies have reported that the nucleotide-binding oligomerization domain-like receptor (NLR) protein 3 (NLRP3) inflammasome signaling pathway is involved in DR [15]. This pathway is a critical component of innate non-specific immunity that promotes inflammatory responses to remove pathogens from physiological systems. Abnormal activation of inflammasomes has been related to age-related diseases, for example, diabetes, in which the gene and protein levels of NLRP3 inflammasome multiprotein complex molecules, apoptosis-associated speck-like proteins containing a caspase recruitment domain (ASC), and caspase-1 are notably upregulated in DR patients [16,17]. The NLRP3 inflammasome pathway is initiated when pathogenic molecules, such as damage-associated or pathogen-associated molecular patterns, are perceived by host cells. In canonical signaling, NLRP3 inflammasome priming leads to the nuclear translocation of pro-inflammatory nuclear factor kappa B (NF-κB), increasing the expression of target proteins, including NLRP3, ASC, pro-caspase-1, pro-interleukin (IL)-1β, and pro-IL-18, resulting in inflammatory responses [18].



Spermidine is a natural polyamine compound present in many edible plants and all living organisms, and it is critically involved in the maintenance of cellular homeostasis. Spermidine is involved in various cellular functions, including DNA synthesis, differentiation, proliferation, and migration [19,20]. In addition to these cellular functions, spermidine plays a biological function in the alleviation of ROS. For example, spermidine directly scavenges hydrogen peroxide (H2O2) and hydroxyl radicals and exerts protective effects against DNA oxidation [21]. In addition, spermidine suppresses pro-inflammatory cytokine secretion by blocking NF-κB signaling pathway activation, which could potentially exert therapeutic effects on development of age-related diseases, such as osteoarthritis [22]. However, the beneficial effects of spermidine for oxidative stress and inflammation in hyperglycemic RPE cells and its mechanism of action remain unclear. The present study examines the potential beneficial restorative effect of spermidine on ROS-mediated NF-κB/NLRP3 inflammasome activation in HG-induced hyperglycemic RPE cells.




2. Results


2.1. Spermidine Reduced HG-Induced Decrease in Cell Viability and Apoptosis


A 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay was conducted to examine the effect of spermidine on the proliferation of ARPE-19 cells cultured under HG conditions. Compared to the control group, spermidine did not show a notable difference in cell viability at the range of concentrations used in the current study, but the HG group demonstrated decreased cell proliferation in a concentration-dependent manner (Figure 1A,B). Based on this result, the 25 mM glucose-treated group was set as the HG conditions, and the pre-treatment concentration of the spermidine was set as 10 μM. As demonstrated in Figure 1C, the 10 μM spermidine pre-treatment notably suppressed the cytotoxic effect of HG on ARPE-19 cell viability and reversed the decrease in cell proliferation induced by the HG treatment, similar to N-acetyl cysteine (NAC) pretreatment group, in which NAC is a potent antioxidant Next, we evaluated whether the inhibition of ARPE-19 cell viability by HG was related to the induction of apoptosis and whether spermidine could suppress it. As indicated in Figure 1D,E, flow cytometry results revealed a marked increase in apoptosis in cells cultured under HG conditions, but the upward trend in the HG-mediated apoptosis rate was notably attenuated in the presence of spermidine and NAC.




2.2. Spermidine Ameliorated HG-Induced Intracellular ROS Generation


As decreased cell viability and the induction of apoptosis by HG stimulation were blocked, not only by spermidine but also by the ROS scavenger, NAC, we examined whether the beneficial effect of spermidine against HG-induced cytotoxicity was related to the mitigation of oxidative stress in ARPE-19 cells. In both the flow cytometry and fluorescence microscopy results using 5,6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) staining, which reflects the amount of intracellular ROS generation, high ROS levels were detected in cells cultured under HG conditions; however, pre-treatment with spermidine or NAC prior to HG treatment reduced the ROS content by >50% compared to HG conditions (Figure 2), indicating that spermidine has potent ROS scavenging activity.




2.3. Spermidine Attenuated HG-Induced Mitochondrial ROS Generation


To determine whether mitochondria were the central source of the ROS under HG conditions, superoxide levels generated from the mitochondria were quantified by flow cytometry using MitoSOX staining. Similar to the DCF-DA results, the levels of the mitochondrial superoxide dramatically increased in cells cultured under HG conditions, which was further confirmed by the increased MitoSOX fluorescence intensity observed using fluorescence microscopy (Figure 3). However, spermidine dramatically abrogated HG-induced superoxide production, suggesting that spermidine relieved oxidative stress by blocking the production of the superoxide, a major ROS produced in the mitochondria under HG conditions.




2.4. Spermidine Alleviated HG-Induced Inflammatory Response


Next, we assessed the secretion of pro-inflammatory cytokines in the supernatants of ARPE-19 cells cultured under HG in the presence or absence of spermidine to explore the blocking effect of spermidine on the HG-promoted inflammatory response. Enzyme-linked immunosorbent assay (ELISA) results indicated that HG stimulation increased the inflammatory response, as revealed by enhanced levels of IL-1β and IL-18, but not in cells treated with spermidine alone (Figure 4A,B). Additionally, the protein expression was elevated under HG conditions (Figure 4C). However, after the spermidine intervention, the levels and protein expression of these inflammatory factors were increased by the HG and were markedly reduced compared to those in the HG group (Figure 4C,D). These results showed that spermidine counteracted HG-induced inflammation in ARPE-19 cells.




2.5. Spermidine Mitigated HG-Induced NF-κB Signaling Activation


Since NF-κB is a nuclear transcription factor that has an important role required for the transcription of inflammation-related factors, we verified whether the blocking of HG-promoted inflammation by spermidine is dependent on the NF-κB pathway. According to the results of immunoblotting and immunofluorescence presented in Figure 5, NF-κB protein levels in cells cultured under HG conditions significantly increased in the nuclear fraction rather than in the cytoplasmic fraction, and phosphorylated (p)-NF-κB was also preferentially expressed in the nucleus. Additionally, the expression levels of p-IκB-α increased in the cytoplasm, whereas the expression of IκB-α decreased. However, in the presence of spermidine, the nuclear localization of the HG-induced NF-κB, as well as the expression patterns of p-IκB-α and IκB-α, decreased, similar to that of the control group. These results suggest that spermidine alleviates HG-primed NF-κB activation, thereby reducing the associated inflammatory response.




2.6. Spermidine Attenuated HG-Induced NLRP3 Inflammasome Activation


NF-κB-induced NLRP3 inflammasome activation plays a critical role in the onset and development of DR, and the NLRP3 inflammasome is known to be a multiprotein complex that mediates pro-inflammatory cytokine secretion, which includes IL-1β and IL-18. Since spermidine attenuated the HG-induced secretion of IL-1β and IL-18, as well as NF-κB activation, we further investigated whether these inhibitory effects contributed to the blocking of the NLRP3 inflammasome pathway. Based on our immunoblotting results, the expression levels of TXNIP, an NLRP3 interacting molecule, and the NLRP3 inflammasome multiprotein complex molecules, ASC and caspase-1, were upregulated under HG conditions, whereas spermidine reduced these effects, similar to the control group (Figure 6A,B). To confirm these results, fluorescence and immunofluorescence assays were conducted to measure intracellular caspase-1 activity and NLRP3 expression levels. The results demonstrated that caspase-1 activity and NLRP3 levels were notably enhanced under HG conditions and were reduced by spermidine to levels similar to those in the control (Figure 6C–E).





3. Discussion


DR is a complication of diabetes that causes eye deterioration. Among various physiological markers, elevated glucose levels are pathogenic characteristics of DR. It is well documented that hyperglycemia promotes increased oxidative stress and inflammatory responses in DR [23]. Diabetes is accompanied by elevated free radical production and an impaired antioxidant defense system, indicating a critical contribution of ROS to the onset, progression, and pathological consequences of the disease. Mitochondrial ROS are considered a major endogenous cellular source of increased oxidative stress and are emerging as key risk factors for diabetic complications [24]. Several studies have demonstrated that antioxidants exert beneficial effects on the onset and progression of DR [24,25]. Spermidine alleviates oxidative stress by decreasing sensitivity to ROS [26]. In the current study, we assessed the protective effects of spermidine against oxidative stress and inflammation in RPE cells under HG conditions.



We treated RPE cells with HG (25 mM) to mimic hyperglycemia and measured both intracellular and mitochondrial ROS levels. Based on the results, both intracellular and mitochondrial ROS levels were markedly increased in RPE cells, confirming that hyperglycemic conditions are characterized by high oxidative stress. A previous study reported that HG increased the production of mitochondrial ROS, which is a main cause of hyperglycemic cellular dysfunction [27]. They reported that exogenous HG treatment to cells promoted an increase in cytosolic Ca2+, leading to mitochondrial fragmentation and ROS generation. Furthermore, HG induced an increase in antioxidant enzymes, such as catalase and glutathione peroxidase (GPx), in human umbilical vein endothelial cells, indicating that HG levels are associated with an increase in oxidative stress [28]. Although the antioxidant capacity and elevated ROS production were not investigated in the current study, antioxidant genes such as catalase, GPx, and superoxide dismutase could be suppressed, leading to ROS overwhelming the antioxidant capacity and resulting in a state of oxidative stress, which further contributes to the pathogenesis of DR. In addition, co-treatment with spermidine notably suppressed both the intracellular and mitochondrial ROS levels in our study. Although supraphysiological levels of spermidine may promote greater ROS production, optimal treatment with spermidine induces protective effects on intracellular oxidative stress levels.



Elevated ROS production activates different signaling pathways. Typically, H2O2 activates the NF-κB signaling pathway, as demonstrated in different experimental models, including ARPE-19 cells [29,30]. In addition, upstream kinases that are oxidized by ROS can also activate the NF-κB signaling pathway. For example, this pathway can also be activated by serine/threonine Akt/protein kinase B [31]. H2O2 regulates IκB kinase (IKK)-dependent NF-κB activation through the NIK/IKK, phosphatidylinositol 3-kinase/phosphatase, and tensin homolog/Akt pathways [31]. Previous studies have shown that HG-induced oxidative stress promoted ROS production through the rapid activation of the mitogen-activated protein kinase, ERK1/2 [27], which is a well-known upstream regulator of NF-κB during stress responses. Similarly, HG conditions activated the ERK signaling pathway [32], which regulates NF-κB activation and its target genes’ expression. Furthermore, HG increased mRNA expression levels and the activation of toll-like receptor 4 [33,34], which also activates the NF-κB transcription factor. The NLRP3 inflammasome is a multiprotein complex that promotes inflammatory reactions within cells. NLRP3 becomes activated dependent on the NF-κB signaling pathway in hepatocytes [35]. As shown in our results, HG conditions upregulated the nuclear levels of NF-κB and its target NLRP3-associated TXNIP, as well as the NLRP3 multiprotein complex molecules, NLRP3, ASC, pro-IL-1β, and pro-IL18. However, spermidine reversed this pro-inflammatory condition and suppressed cytokine production and NLRP3 multiprotein complex molecules to levels comparable to those of the control group. Therefore, the current study showed that spermidine effectively suppresses NLRP3 signaling by suppressing upstream mitochondrial ROS-mediated NF-κB activation in hyperglycemic RPE cells (Figure 7).




4. Materials and Methods


4.1. Cell Culture and Treatment


ARPE-19 cells were acquired from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured as described in the previous study [36]. In brief, cells were cultured in a Dulbecco’s Modified Eagle’s Medium/F-12 supplemented with fetal bovine serum (10%), penicillin (100 U/mL), and streptomycin (100 U/mL) at 37 °C under atmospheric conditions at 5% CO2. The cells were pre-treated with or without the indicated concentrations of spermidine and/or NAC for 1 h before inducing oxidative damage with glucose for 48 h.




4.2. Cell Proliferation Assay


Cell viability was observed under different treatment settings and investigated using an MTT assay (Sigma-Aldrich Co., St. Louis, MO, USA). The experimental procedures followed the manufacturer’s manual [37].




4.3. Apoptosis Assay


Apoptotic cells were assessed by flow cytometry with an Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection supply (BD Biosciences, San Jose, CA, USA). The experimental procedures followed the manufacturer’s manual [38].




4.4. Measurement of ROS Generation


ROS production in the total of the cells and mitochondria was detected using DCF-DA (Thermo Fisher Scientific, Waltham, MA, USA) and MitoSox (Molecular Probes, Eugene, OR, USA) fluorescence probes, respectively. The experimental procedures followed the previous study [39].




4.5. Analysis of Cytokine Levels


Following different treatments, cell supernatants were gathered, and IL-1β and IL-18 levels were examined using ELISA kits (R&D Systems Inc., Minneapolis, MN, USA). The experimental procedures followed the manufacturer’s manual and the previous study [40].




4.6. Western Blot Analysis


Cells were subject to lysis using a RIPA buffer or a nuclear and cytoplasmic protein extraction supply (Thermo Fisher Scientific), following the supplier’s instructions. After protein quantification, experimental procedures followed the previous study [41]. Antibodies were acquired from Thermo Fisher Scientific, Cell Signaling Technology Inc. (Beverly, MA, USA), Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), and Abcam (Cambridge, UK). For all primary antibodies used in this study, see the Supplementary Information. Primary antibodies, sources, dilutions, and product information are listed in Table S1. Target proteins were detected using a chemiluminescence reagent (Thermo Fisher Scientific).




4.7. Immunofluorescence for NF-κB and NLRP3


Immunofluorescence analysis to detect phosphorylated (p)-NF-κB and NLRP3 in cells cultured for 1 or 48 h with or without spermidine was conducted following the previous study [42].




4.8. Caspase-1 Activity Measurement


Caspase-1 activity in the cell-free supernatants of HG-stimulated cells with or without spermidine was detected using a Caspase-1/ICE fluorescence assay kit (R&D Systems Inc.). The experimental procedures followed the manufacturer’s manual.




4.9. Statistical Analysis


Data were analyzed and visualized by one-way analysis of variance using Tukey’s post hoc test in GraphPad Prism version 8.4.2 (GraphPad Software Inc., La Jolla, CA, USA).





5. Conclusions


Our study demonstrated that spermidine was effective in suppressing NLRP3 inflammasome activation by downregulating NLRP3-associated and NLRP3-associated signaling complex molecules, such as TXNIP, NLRP3, ASC, and caspase-1, through mitochondrial ROS-mediated NF-κB activation in hyperglycemic RPE cells.
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Figure 1. Inhibition of high glucose (HG)-induced cytotoxicity and apoptosis by spermidine in ARPE-19 cells. Cells were grown for 48 h in a medium with various concentrations of spermidine (A) and glucose (B) or pre-treated with spermidine (10 μM) or N-acetyl cysteine (NAC, 10 mM) for 1 h and cultured for an additional 48 h under HG (25 mM glucose) conditions (C–E). (A–C) Viable cells were measured using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay. (D,E) Apoptotic cells were assessed using flow cytometry with Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining. Representative images of flow cytometry (D) and quantification results (E) are shown. Numerical data are shown as the mean ± SD of three independent experiments. a–c Bars with different letters are significantly different at p < 0.05. 
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Figure 2. Suppression of HG-induced intracellular reactive oxygen species (ROS) accumulation by spermidine in ARPE-19 cells. Cells pre-treated with spermidine or NAC for 1 h were cultured in a growth culture medium containing HG for 1 h and then stained with 5,6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA). (A,B) Representative images of flow cytometry (A) and quantification results (B) are shown. (C,D) Representative images (green) of ROS within cells are demonstrated by fluorescence microscopy (200×). The nuclei (blue) were stained with 4′,6-diamidino-2-phenylindole DAPI, (C). The quantification results are shown (D). Numerical data are shown as the mean ± SD of three independent experiments. a–c Bars with different letters are significantly different at p < 0.05. 
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Figure 3. Suppression of HG-induced mitochondrial ROS accumulation by spermidine in ARPE-19 cells. Cells pre-treated with spermidine for 1 h were cultured in a growth culture medium including HG for 1 h and then stained with a MitoSOX red mitochondrial superoxide indicator. (A,B) Representative images of flow cytometry (A) and quantification results (B) are shown. (C,D) Representative images (red) of mitochondrial ROS visualized by fluorescence microscopy (400×). The nuclei (blue) were stained with DAPI (C). The quantification results (D) are shown. Numerical data are shown as the mean ± SD of three independent experiments. a–c Bars with different letters are significantly different at p < 0.05. 
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Figure 4. Attenuation of HG-induced cytokines and their protein expression by spermidine in ARPE-19 cells. (A,B) Concentration of interleukin (IL)-1β (A) and IL-18 (B) released in supernatant of cells exposed to HG with or without spermidine measured using enzyme-linked immunosorbent assay (ELISA) kits. (C,D) Levels of the proteins of interest were assessed by Western blotting (C), and the quantification results are shown (D). Numerical data are shown as the mean ± SD of three independent experiments. a–c Bars with different letters are significantly different at p < 0.05. 
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Figure 5. Inhibition of HG-induced nuclear factor kappa B (NF-κB) activation by spermidine in ARPE-19 cells. (A,B) Cells pre-treated with spermidine for 1 h were further cultured in a medium containing HG for another 1 h, and then Western blot analysis was conducted using nuclear and cytoplasmic fractions (A). The quantification results are shown (B). (C,D) Cellular localization of phosphorylated (p)-NF-κB p65 (green) in cells cultured under the same experimental setting observed by immunofluorescence (400×). Nuclei (blue) were counterstained with DAPI (C), and the quantification results are shown (D). Numerical data are shown as the mean ± SD of three independent experiments. a–d Bars with different letters are significantly different at p < 0.05. 
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Figure 6. Suppression of HG-induced NLRP3 inflammasome by spermidine in ARPE-19 cells. (A,B) Cells pre-treated with spermidine for 1 h were further cultured in a medium containing HG for another 48 h, and then Western blot analysis was conducted (A). The quantification results are shown (B). (C) Caspase-1 activity was assessed with a fluorescence assay kit. (D,E) Cellular localization of NLRP3 (red) in cells cultured under the same experimental setting observed by immunofluorescence (400×). Nuclei (blue) were counterstained with DAPI (D). The quantification results are shown (E). Numerical data are presented as the mean ± SD of three independent experiments. a–c Bars with different letters are significantly different at p < 0.05. 
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Figure 7. Schematic diagram of inhibitory effects of spermidine on mitochondrial ROS-mediated NF-κB/NLRP3 signaling activation, leading to alleviation of inflammation in hyperglycemic retinal pigment epithelial cells. 
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