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In diabetic retinopathy (DR), high blood glucose drives chronic oxidative stress and inflammation that trigger alterations of the neurovascular balance finally resulting in vascular abnormalities and retinal cell death, which converge towards altered electroretinogram (ERG). In the last years, a growing body of preclinical evidence has suggested that nutrients with anti-inflammatory/antioxidant properties can be able to hamper DR progression since its very early stages. In the present study, we used a streptozotocin-induced rat model of DR, which mimics most aspects of the early stages of human DR, to test the preventive efficacy of a novel compound containing cyanidin-3-glucoside (C3G), verbascoside and zinc as nutrients with antioxidant and anti-inflammatory properties. Western blot, immunofluorescence and electroretinographic analyses demonstrated a dose-dependent inhibition of oxidative stress- and inflammation-related mechanisms, with a significant counterpart in preventing molecular mechanisms leading to DR-associated vasculopathy and its related retinal damage. Preventive efficacy of the compound on dysfunctional a- and b-waves was also demonstrated by electroretinography. The present demonstration that natural compounds, possibly as a consequence of vascular rescue following ameliorated oxidative stress and inflammation, may prevent the apoptotic cascade leading to ERG dysfunction, adds further relevance to the potential application of antioxidants as a preventive therapy to counteract DR progression.
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INTRODUCTION
Diabetic retinopathy (DR) is a leading cause of acquired visual impairment in developed countries. DR is characterized by a chronic progression, which might result asymptomatic for several years before the occurrence of overt clinical evidence (Al-Kharashi, 2018). Major signs of DR are morpho functional alterations of retinal vascularization, primarily manifested as a significant increase in vascular leakage, and macular oedema deriving from the blood retinal barrier (BRB) breakdown (Klaassen et al., 2013). Noteworthy, the onset of relevant clinical signs of DR corresponds to advanced stages of the disease that marks a point of no return (Sinclair and Schwartz, 2019). These aspects render the clinical management of DR a challenging topic and feeds the research of treatment approaches to intervene on the early stages of the disease in order to prevent or delay DR progression.
Although the clinical symptoms of DR are almost exclusively attributed to dysfunctional vascularization, DR consists in a complex interplay of pathological processes affecting the integrity of the neurovascular unit since its early stages (Simό et al., 2018; Rossino et al., 2019). In fact, prolonged exposure to high glucose leads to metabolic stress that affects the BRB and the highly specialized neural connections, responsible for vision processes (Feng et al., 2012; Mi et al., 2014). In particular, hyperglycemia initiates an early increase of reactive oxygen species (ROS), which triggers the activation of endogenous antioxidant response through increased levels of nuclear factor erythroid 2-related factor 2 (Nrf2) leading to the transcription of antioxidant enzymes such as heme oxygenase-1 (HO-1) (Kang and Yang, 2020). However, antioxidant defenses are overwhelmed by ROS accumulation thus producing the onset of oxidative stress (Kowluru and Chan, 2007).
Oxidative stress activates inflammation that exacerbates ROS production, both events converging on retinal cell degeneration and altered vascularization (Tang and Kern 2011). Among the several players that participate to the early vascular pathology that characterizes DR, vascular endothelial growth factor (VEGF) and its regulatory transcription factor hypoxia inducible factor-1 (HIF-1) play an important role and their increase takes place in response to hyperglycemia-induced hypoxic environment (Gu et al., 2019). VEGF overexpression induces the loss of tight-junction proteins and subsequent alterations in the BRB integrity (Qaum et al., 2001). Therefore, the early neurovascular dysfunction appears to be strictly related to a series of metabolic unbalances deriving from the hyperglycemic condition of which common denominators are oxidative stress and inflammation (Al-Kharashi, 2018). Their importance along the progression of DR is further corroborated by the fact that strategies already approved for the management of advanced DR, such as treatments with anti-VEGF drugs and the use of steroids, have been found to interfere on inflammatory pathways (Giurdanella et al., 2015; Bucolo et al., 2018). On the other hand, the efficacy of dietary compounds with antioxidant/anti-inflammatory properties has been largely studied for their extensive bioactivity and limited risk of side effects (Rossino and Casini, 2019). However, clinical trials using antioxidants in DR have provided controversial results and much preclinical evidence is still needed to demonstrate the efficacy of antioxidant compounds to counteract the multifactorial nature of DR (Garcia-Medina et al., 2020). In this respect, the use of a multicomponent formula may further improve antioxidant efficacy as the different compounds contained in the mixture may exert multi-target and multifunctional effects by acting at different levels of the same signaling cascade or by modulating different cascades (Leena et al., 2020).
Among natural compounds exerting antioxidant/anti-inflammatory properties, anthocyanin subcomponents, and in particular cyanidins, have been shown to display a good uptake rate, a low decay and a significant clinical relevance, thus resulting one of the most pharmaceutically promising class of nutrients (Khoo et al., 2017). Among cyanidins, cyanidin-3-glucoside (C3G), the most abundant anthocyanin, has a predominant antioxidant capacity that has been reported in several diabetic complications including DR (Sasaki et al., 2007; Wang et al., 2016; Li et al., 2018; Qin et al., 2018).
Additional antioxidant/anti-inflammatory compounds belong to the extensive family of phenylpropanoids, a class of plant-derived polyphenols, which are biosynthesized from the amino acid phenylalanine (Alipieva et al., 2014). Of them verbascoside exerts an anti-inflammatory role due to its ROS scavenging, antioxidant and iron chelating properties (Perron and Brumaghim, 2009; Burgos et al., 2020) although its potential role in DR remains to be established. In addition to plant-derived antioxidant compounds, the activation of enzymes involved in antioxidant defenses has been related to the activity of zinc (Kamińska et al., 2021). Zinc itself is not redox active but is a cofactor that exerts an indirect redox activity by regulating mitochondrial function and, therefore, the rate of ROS generation (Marreiro et al., 2017).
The individual antioxidant efficacy of C3G, verbascoside and zinc has been demonstrated in several experimental models of ocular diseases including DR, glaucoma and age-related macular degeneration (Miao et al., 2013; Chen et al., 2019; Nomi et al., 2019; Oliveira et al., 2020), but information is lacking about their combined efficacy in preventing the early signs of experimental DR.
In the present study, we investigated the efficacy of a compound including C3G, verbascoside and zinc using the chemically induced streptozotocin (STZ) rat model of diabetes, which has been routinely used in preclinical studies and therapeutic drug investigations. This model that mimics the early stages of DR in humans, is characterized by an increased expression of oxidative stress and inflammation markers resulting in VEGF-induced retinal vasopermeability that causes BRB breakdown and retinal dysfunction (Naderi et al., 2019). In STZ rats, we evaluated the preventive efficacy of the compound on oxidative stress, inflammation, gliotic responses and apoptotic markers. In addition, its preventive efficacy on neuroretinal components responsible for vision processes was also assessed by electroretinography.
MATERIALS AND METHODS
Reagents
Rabbit polyclonal anti-NRF2 (catalog n. ab92946), rabbit polyclonal anti-HO-1 (catalog n. ab13243), rabbit polyclonal anti-NF-kB p65 (catalog n. ab16502), rabbit monoclonal anti-HIF-1α (catalog n. ab179483), rabbit monoclonal anti-Bax (catalog n. ab182733), rabbit polyclonal anti-Bcl-2 (catalog n. ab194583), rabbit polyclonal anti-cleaved caspase 3 (catalog n. ab2302), rabbit monoclonal anti-GFAP (catalog n. ab207165), goat polyclonal anti-rabbit conjugated with either Alexa-Fluor 555 (catalog n. ab150078) or Alexa-Fluor 488 (catalog n. ab150077) antibodies were purchased from Abcam (Cambridge, United Kingdom). Rabbit polyclonal anti-pNF-kB p65 (Ser 536) (catalog n. sc-33020), mouse monoclonal anti-IL-6 (catalog n. sc-57315), rabbit polyclonal anti-VEGF (catalog n. sc-507) antibodies were purchased from Santa Cruz Biotechnology, Inc (Dallas, TX, United States). Rabbit polyclonal anti-ZO-1 (catalog n. 40-2200), mouse monoclonal anti-Claudin 5 (catalog n. 35-2500) antibodies were purchased from Invitrogen (Waltham MA, United States). Mouse monoclonal anti-β-actin (catalog n. A2228), rabbit polyclonal anti-mouse HRP-conjugated (catalog n. A9044) antibody were purchased from Sigma-Aldrich (St. Louis, MO, United States). Rabbit monoclonal anti-cleaved caspase 3 (catalog n. 9664S) antibody used for immunofluorescence was purchased from Cell Signaling Technology (Danvers, MA, United States). Goat polyclonal anti-rabbit HRP-conjugated (catalog n. 170-6515) antibody was purchased from Bio-Rad Laboratories, Inc (Hercules, CA, United States).
Animals
Animals were managed in accordance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research. The present study is also in agreement with the European Communities Council Directive (2010/63/UE) and the Italian guidelines for animal care (DL 26/14). The experimental protocol was authorized by the Commission for Animal Wellbeing of the University of Pisa (protocol no. 133/2019-PR, February 14, 2019). Efforts to reduce both the number and suffering of the animals were made in accordance with the 3Rs principles for ethical use of animals in scientific research. Male Sprague Dawley rats (8 weeks old, about 200 g weight) were purchased from Envigo Italy (San Pietro al Natisone, Italy). Animals were housed in a regulated environment (23 ± 1°C, 50 ± 5% humidity) with 12 h light/dark cycles (lights on at 08:00 a.m.) and fed with a standard diet and water ad libitum. Thirty-two rats were used. They were divided in four groups of eight rats each: control, STZ untreated, STZ-treated with the low dose of the mixture and STZ-treated with the high dose (see below). To evaluate the effect of the compound on weight, glycemia and visual function of healthy rats, additional six rats were supplemented with the compound.
STZ-Induced Model of Diabetes and Treatments
STZ (Sigma-Aldrich, St. Louis, MO, United States) diluted in citrate buffer, pH 4.5, was intraperitoneally injected at 65 mg/kg. Age-matched rats treated with vehicle were considered as the control group. Blood glucose was measured 3 days after the injection by tail sampling using a OneTouch Ultra glucometer (LifeScan Inc, Milpitas, CA, United States) to confirm the diabetic induction. Animals were considered diabetic if glycemia was ≥250 mg/dl. Blood glucose level was then regularly checked once a week for the entire experimental period. Among diabetic rats, 16 animals for each group were treated with a compound including Oryza sativa L. seeds (C3G titrated at 20%), Verbascum thapsus L (verbascoside titrated at 10%) and zinc gluconate (zinc titrated at 13.23%) with a content ratio of 60:30:10, respectively. The compound was diluted in water at 84 mg/ml and administered at low dose (100 µL containing 1.0 mg of C3G, 0.25 mg of verbascoside and 0.125 mg of zinc) or high dose (300 µL containing 3.0 mg of C3G, 0.75 mg of verbascoside and 0.375 mg of zinc). Dosage range corresponds to that recommended in humans, normalized by the body surface area for interspecies drug dosage translation (Nair and Jacob, 2016). Rats were treated once daily by oral gavage for 30 days after STZ administration. Thirty days after STZ administration, the animals underwent to electroretinography. In Table 1, the experimental groups, the schedule of treatment, the amount of daily administered components and the number of rats for each experimental group are shown.
TABLE 1 | Experimental groups and schedule of treatments.
[image: Table 1]Electroretinogram
In the four groups, retinal function was examined with scotopic full-field electroretinogram (ERG). Before ERG, rats underwent overnight dark-adaptation and subsequent anesthesia with intraperitoneal injection of 30 mg/kg sodium pentobarbital. Pupils were dilated with a topical drop of 1% tropicamide (Allergan S.p.A.) and the body temperature was kept constantly at 37.5°C by a heating pad. The electrophysiological signals were recorded using silver/silver chloride corneal ring electrodes inserted under the lower eyelids to avoid visual field obstruction. In order to prevent dryness and clouding of the ocular surface, saline solution drops were intermittently instilled. Each corneal electrode was referred to a needle electrode inserted subcutaneously at the level of the corresponding frontal region, and the ground electrode was inserted subcutaneously at the tail root. Scotopic ERG, which primarily measures rod function, was evoked by flashes of increasing light intensities ranging from −3.4 to one log cd-s/m2 generated through a Ganzfeld stimulator (Biomedica Mangoni, Pisa, Italy). An interval of 20 s between light flashes was adjusted to allow response recovery. Scotopic responses were collected simultaneously from both eyes, amplified at 10000x gain, filtered with a 0.2–500 Hz bandpass and digitized at 5 kHz rate with a data acquisition device (Biomedica Mangoni). ERG waveforms were analyzed using a customized program (Biomedica Mangoni). In the absence of light stimulation, the electrical activity was measured to evaluate noise amplitude. In accordance with the International Society for Clinical Electrophysiology guidelines, the a-wave amplitude was measured from the pre-stimulus baseline to the negative through of the a-wave while the b-wave amplitude was retrieved from the through of the a-wave to the peak of the b-wave. Data were pooled and reported as mean amplitude ±SEM (in μV). Intensity-response function of the b-wave was fitted to the following modified Naka-Rushton function (Naka and Rushton, 1966):
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In this equation, V is the amplitude of the b-wave (in μV), I is the stimulus intensity (in log cd-s/m2), V0 is the nonzero baseline effect, Vmax is the saturated amplitude of the b-wave (in μV) and k is the stimulus intensity that evokes b-waves of half-maximum amplitude (in log cd-s/m2); n, which was constrained to unity, is a dimensionless constant that controls the slope of the function and represents the degree of heterogeneity of retinal sensitivity.
Detection of Vascular Leakage by Evans Blue Dye Perfusion
After electroretinography, two rats per group were anesthetized with an intraperitoneal injection of 30 mg/kg sodium pentobarbital and perfused through the left ventricle with 0.5% Evans blue dye (Sigma-Aldrich) in phosphate-buffer saline (PBS) that was allowed to circulate for 10 min. The animals were then sacrificed, and retinas were dissected and flat mounted onto microscope slides. Retinas were then examined by an epifluorescence microscope (Ni-E; Nikon Europe, Amsterdam, Netherlands) and the images were acquired using a 10x plan apochromat objective and a digital camera (DS-Fi1c camera; Nikon-Europe).
Western Blot
In six rats per group, eyes were enucleated and alternatively used for Western blot analysis in explanted retinas or immunohistochemistry (see below). For Western blot, retinas were lysed with RIPA lysis buffer (Santa Cruz Biotechnology, Dallas, TX, United States) implemented with phosphatase and proteinase inhibitor cocktails (Roche Applied Science, Indianapolis, IN, United States). Protein content was evaluated by Micro BCA protein assay (Thermo Fisher Scientific, Waltham, MA, United States). Fourty micrograms of proteins per sample were separated by SDS-PAGE (4–20%; Bio-Rad Laboratories, Inc., Hercules, CA, United States) and gels were subsequently transblotted onto nitrocellulose membranes (Bio-Rad Laboratories, Inc.). Membranes were blocked with 5% skim milk for 1 h at room temperature and then incubated overnight at 4°C with the solutions of primary anti-NRF2 (1:1,000), anti-HO-1 (1:500), anti-pNF-kB p65 (Ser 536) (1:100), anti-NF-kB p65 (1:1,000), anti-IL-6 (1:100), anti-HIF-1α (1:1,000), anti-VEGF (1:100), anti-ZO-1 (1:500), anti-Claudin 5 (1:500), anti-Bax (1:500), anti-Bcl-2 (1:500), anti-cleaved caspase 3 (1:500), anti-β-actin (1:2500) antibodies. Thereafter, membranes were incubated for 2 h at room temperature with appropriate HRP-conjugated secondary anti-mouse or anti-rabbit (1:5,000) antibodies. Blots were developed using the Clarity western enhanced chemiluminescence substrate (Bio-Rad Laboratories, Inc.) and the images were acquired by the ChemiDoc XRS+ (Bio-Rad Laboratories, Inc.). The optical density (OD) relative to the target bands (Image Lab 3.0 software; Bio-Rad Laboratories, Inc.) was normalized to the corresponding OD of β-actin as loading control or nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) p65 as appropriate.
Measurement of ROS Levels
ROS levels were measured using the general oxidative stress probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Invitrogen, CA, United States). DCFH-DA, a nonfluorescent dye, is cleaved by esterase activity to yield dichlorodihydrofluorescein (DCFH), which is subsequently oxidized by ROS to form fluorescent dichlorofluorescein (DCF). Retinal samples containing 20 μg proteins were incubated with 50 μM DCFHDA in 96-well plates. After 60 min at 37°C, fluorescence intensity was detected over 60 min using a microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany) at excitation 488 nm and emission 525 nm. The relative ROS levels were expressed as arbitrary fluorescence units per μg of protein.
Immunofluorescence
Enucleated eyes were immersion-fixed in 4% paraformaldehyde in 0.1 M PBS for 2 h at room temperature. Fixed eyes were transferred to 25% sucrose in 0.1 M PBS and stored at 4°C. Following the inclusion in cryo-gel medium, fixed samples were cut into 10 µm thick coronal sections and mounted onto glass slides. Mounted sections were then incubated with the solutions of primary anti-HO-1 (1:500), anti-GFAP (1:400) or anti-cleaved caspase 3 (1:400) antibodies diluted in 0.1 M PBS containing 0.1% v/v Triton X-100, overnight at 4°C. Mounted sections were incubated with goat polyclonal anti-rabbit secondary antibodies conjugated with Alexa-Fluor 555 (ab150078, Abcam, Cambridge, United Kingdom; dilution: 1:200) or Alexa-Fluor 488 (ab150077, Abcam; dilution: 1:200) diluted in 0.1 M PBS containing 0.1% v/v Triton X-100 for 2 h at room temperature. Finally, retinal sections were coverslipped with Fluoroshield mounting medium containing 4′, 6-diamidino-2-phenylindole (DAPI; Abcam). In order to analyze the outer BRB, the retinal pigmented epithelium (RPE)-choroid complexes were isolated from fixed eyes and incubated for 72 h at 4°C in anti-ZO-1 antibody (1:100 in 0.1 M PB containing 1.0% Triton X-100). Subsequently, they were incubated for 48 h at 4 °C in anti-rabbit secondary antibody conjugated with Alexa-Fluor 488 (1:200) followed by 0.1 M PB rinsing. Four radial incisions were made in the RPE-choroid complexes that were flat-mounted on gelatin-coated glass slides. Images of retinal sections or RPE-choroid flatmounts were acquired through an epifluorescence microscope (Nikon-Europe) at 20× and 40x, respectively using a digital camera (Nikon-Europe). The quantification of the GFAP immunostaining was performed by averaging the fluorescence intensity of five coronal sections (4 images per section) randomly chosen from each retina (6 retinas per group). Fluorescence intensity was calculated on grayscale images normalized for the background by measuring the mean gray level using the analysis tool of Adobe Photoshop. The thickness of the outer nuclear layer (ONL) was measured as the interface between the outer plexiform layer and photoreceptor inner segment, while the thickness of the inner nuclear layer (INL) was measured as the interface between the outer plexiform layer and the inner plexiform layer. The quantification of ONL and INL thickness was performed by averaging measurements from five coronal sections (4 images per section) randomly chosen from each retina (6 retinas per group).
Statistical Analysis
Graph Pad Prism 8.0.2 software (Graph-Pad Software, Inc., San Diego, CA, United States) was used for the statistical analyses. Differences among groups were assessed through one-way or two-ways ANOVA followed by Tukey’s or Bonferroni’s multiple comparison post hoc test, respectively. Differences with p < 0.05 were considered significant. All data are expressed as means ± SEM of the indicated n values.
RESULTS
The Compound Does Not Affect Body Weight and Glycemia
Control rats displayed a significant age-dependent gain of weight. In line with previous findings (Furman, 2015), STZ injection resulted in markedly lower body weight as compared to controls (p < 0.01, Figure 1A). Following STZ administration, blood glucose levels were significantly increased and remained higher than in controls until the animals underwent to ERG recordings and were subsequently sacrificed (p < 0.0001 vs control, Figure 1B). Blood glucose levels did not significantly differ between STZ rats either untreated or treated with the compound at both doses. Control rats treated with the compound displayed an age-dependent gain of weight and blood glucose levels comparable to those of untreated controls (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Longitudinal evaluation of body weight (A) and blood glucose (B) in controls, STZ-untreated rats or STZ rats treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. Data are expressed as mean ± SEM. Statistical significance was assessed by two-ways ANOVA followed by Bonferroni’s multiple comparison post-hoc test (N = 8).
The Compound Protects the Retina From Oxidative Stress and Inflammation
The preventive efficacy of the compound was tested on ROS generation. Levels of specific markers of oxidative stress and inflammation known to play a crucial role in the early progression of DR (Al-Kharashi, 2018) were also measured. As shown in Figure 2A,, STZ rats displayed a significant increase in ROS generation as compared to controls (p < 0.001 vs control). STZ rats treated with the compound at low dose showed lower levels of ROS as compared to untreated STZ (p < 0.01 vs STZ), although still resulting significantly higher than in controls (p < 0.01 vs control). In STZ rats treated with the compound at high dose, ROS levels were comparable to those measured in controls (p > 0.05 vs control). Oxidative stress was evaluated by analyzing the protein levels of NRF2, a ROS-sensitive transcriptional factor, and HO-1, one of the antioxidant enzymes involved in defensive responses to oxidative stress (Kang and Yang., 2020). As shown in Figures 2B, C, the densitometric analysis of immunoblots revealed a significant increment in both Nrf2 and HO-1 in STZ rats as compared to controls (p < 0.01 vs control). This increment was partially attenuated by the compound at low dose (p < 0.05 vs STZ), but completely prevented by the high dose (p < 0.001 vs STZ; p < 0.05 vs low dose). As shown in Figure 2D, immunofluorescence analysis revealed a faint HO-1 immunoreactivity in control retinas mainly confined to the ganglion cell layer (GCL). In retinas of STZ rats, HO-1 immunoreactivity was significantly increased in the GCL and expanded toward the outer retina, clearly depicting vertical processes in the inner plexiform layer (IPL) and cellular profiles localized in the inner nuclear layer (INL). Retinas of rats treated with compound at low dose displayed a less evident HO-1 immunostaining as compared to untreated STZ rats, with rare spots in the GCL and residual labeling in the IPL and INL. HO-1 immunostaining was not detectable in the IPL and INL following the treatment with high dose, while a basal labeling was observed in the GCL similarly to what found in the control retina.
[image: Figure 2]FIGURE 2 | Effects of the compound on ROS levels and markers of oxidative stress (A) ROS levels in controls, STZ untreated or STZ treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. Representative Western blots and densitometric analysis of NRF2 (B) and HO-1 (C) in controls, STZ untreated or STZ rats treated with either the low dose or the high dose. β-actin was used as loading control. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 6). *p < 0.05, **p < 0.01 and ***p < 0.001 vs control; §p < 0.05, §§p < 0.01 and §§§p < 0.001 vs STZ; #p < 0.05 vs low dose-treated STZ (D) Representative images of retinal cross sections immunolabeled for HO-1 (red) and counterstained with DAPI (blue). Scale bar, 50 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
The protein levels of the phosphorylated form of the p65 subunit of NF-kB, a master transcriptional regulator of pro-inflammatory factors and interleukin 6 (IL-6), a related pro-inflammatory cytokine (Liu et al., 2017), were also measured. As shown in Figures 3A, B, STZ rats displayed a marked increase in pNF-KB and IL-6 as compared to controls (p < 0.001 vs control). STZ rats treated with the compound at low dose showed lower levels of both markers as compared to untreated STZ (p < 0.01 vs STZ), although still resulting significantly higher than in controls (p < 0.01 vs control). On the other hand, in STZ rats treated with the high dose, the levels of pNF-kB and IL-6 were comparable to those measured in controls (p > 0.05 vs control). The activation of inflammatory processes triggers glial reactivity, which participates to the chronic inflammatory response (Rübsam et al., 2018). The reactive phenotype of glial cells was analyzed by immunostaining with glial fibrillary acidic protein (GFAP), a well-established marker of gliosis (Figure 3C). In control retinas, basal GFAP labeling was confined to the GCL. In contrast, STZ retinas showed an evident increment of GFAP immunoreactivity in the GCL together with densely immunopositive processes spreading across retinal layers as a typical hallmark of Müller cell reactivity. Comparable immunostaining could be detected in retinas of low dose-treated rats, although GFAP immunoreactivity was less prominent both in the GCL and in Müller cell processes. On the other hand, retinas of rats treated with the high dose displayed a GFAP immunostaining almost similar to that of controls, with the usual basal staining and barely detectable immunoreactive vertical processes. As shown in Figure 3D, quantitative analysis of fluorescence intensity showed a marked increment in GFAP immunoreactivity in STZ rat as compared to controls (p < 0.001). In STZ rats treated with the low dose, GFAP immunoreactivity was significantly lower than in untreated STZ rats (p < 0.001 vs STZ), while STZ rats treated with the high dose displayed GFAP immunofluorescence intensity comparable to that of controls (p > 0.05 vs control).
[image: Figure 3]FIGURE 3 | Effects of the compound on inflammatory and gliosis markers. Representative Western blots and densitometric analysis of levels of pNF-kB (A) and IL-6 (B) in controls, STZ untreated or STZ rats treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. Levels of pNF-kB were normalized to NF-kB levels, while IL-6 was normalized to the loading control β-actin. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 6). **p < 0.01 and ***p < 0.001 vs control; §§p < 0.01 and §§§p < 0.001 vs STZ; ##p < 0.01 vs low dose treated STZ (C) Representative images of retinal cross sections immunolabeled for GFAP (green) and counterstained with DAPI (blue). Scale bar, 50 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer (D) Quantitative analysis of GFAP immunofluorescence intensity. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 6). **p < 0.01 and ***p < 0.001 vs control; §§p < 0.01 and §§§p < 0.001 vs STZ; #p < 0.05 and ##p < 0.01 vs low dose treated STZ.
VEGF-Induced Vascular Permeability and BRB Breakdown Are Prevented by the Compound
Oxidative and inflammatory processes have a direct impact on molecular mechanisms regulating the vascular homeostasis through the alteration of the HIF-1-dependent pathway and the consequent dysregulation of angiogenic factors such as VEGF (Semeraro et al., 2015). As shown in Figure 4, HIF-1α levels were significantly increased in STZ rats as compared to controls (p < 0.0001). The increment in HIF-1α was significantly attenuated by the compound in a dose-dependent fashion (low dose p < 0.001 vs STZ; high dose p < 0.0001 vs STZ), with the high dose maintaining HIF-1α to control levels (p > 0.05 vs control; Figure 4A). Similarly, STZ rats displayed a marked increase in VEGF levels as compared to controls (p < 0.0001). The administration of the compound dose-dependently prevented VEGF accumulation with increased efficacy of the high dose (p < 0.0001 vs low dose), although VEGF levels were still higher than in controls (high dose p < 0.05 vs control; Figure 4B).
[image: Figure 4]FIGURE 4 | Effects of the compound on vascular-related markers. Representative Western blots and densitometric analysis of HIF-1α (A) and VEGF (B) in controls, STZ untreated or STZ rats treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. β-actin was used as loading control. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 6). *p < 0.05 and ***p < 0.001 vs control; §§p < 0.01 and §§§p < 0.001 vs STZ; ##p < 0.01 vs low dose treated STZ.
BRB dysfunction resulting from altered HIF-1α-VEGF axis was evaluated by analyzing the levels of zonula occludens 1 (ZO-1) and Claudin 5 as components of the inter-endothelial tight junctions. The BRB integrity was also assessed with the Evans Blue dye perfusion of retinal vessels (for inner BRB) and with ZO-1 immunostaining in RPE-choroid flatmounts (for outer BRB). As shown in Figures 5A, B, the levels of ZO-1 and Claudin five were drastically decreased in STZ retinas (p < 0.0001 vs control). The treatment with the compound was found to prevent protein loss with dose-dependent efficacy (low dose p < 0.05 vs STZ; high dose p < 0.0001 vs STZ), with the high dose displaying ZO-1 and Claudin five levels comparable to those of controls (p > 0.05 vs control). As shown in Figure 5C, in STZ rats, the dysregulation of BRB markers was correlated with inner BRB breakdown. In fact, Evans blue, a dye that binds to plasma proteins, was restricted to the vascular lumen in control retinas. Contrariwise, several focal points of extravasation were visible in STZ retinas. The vascular leakage was still evident in STZ rats treated with the compound at low dose, while the extravasation appeared more contained or even absent in retinas of rats treated with the high dose. ZO-1 immunostaining in RPE-choroid flatmounts from STZ rats revealed the presence of large holes between RPE cells indicating a significant loss of tight junctions leading to outer BRB breakdown (Figure 5D). Supplementation with the compound dose-dependently prevented tight junction loss with no apparent differences between controls and STZ rats treated with the high dose.
[image: Figure 5]FIGURE 5 | Effects of the compound on BRB markers and vascular leakage. Representative Western blots and densitometric analysis of ZO-1 (A) and Claudin 5 (B) in controls, STZ untreated or STZ rats treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. β-actin was used as loading control. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 6). *p < 0.05 and ***p < 0.001 vs control; §p < 0.05 and §§§p < 0.001 vs STZ; ###p < 0.001 vs low dose treated STZ (C) Representative images of whole-mounted retinas after Evans blue dye perfusion. Vascular leakage is indicated by the white arrows. Scale bar, 200 μm (D) Representative images of RPE-choroid flatmounts stained with ZO-1. White arrows indicate large holes appeared between the RPE cells Scale bar, 20 μm.
The Compound Protects the Retina From Apoptosis and ERG Dysfunction
A growing body of evidence has underlined that early DR is characterized by apoptosis-related degenerative processes and vascular abnormalities that concur to ERG dysfunction (Barber and Baccouche, 2017). Whether the compound might influence the levels of proapoptotic markers was assessed by evaluating the ratio of pro-apoptotic Bax to anti-apoptotic Bcl-2 proteins as a major checkpoint in the apoptotic pathway. Downstream to the Bax/Bcl-2 ratio, levels of activated caspase 3 as the major effector protease driving the programmed cell death were also determined. As shown by the representative blots and the densitometric analysis in Figures 6A, B, the Bax/Bcl-2 ratio and the levels of caspase 3 were significantly increased in STZ rats as compared to controls (p < 0.0001). Treatment with the compound dose-dependently prevented the STZ-induced increase in Bax/Bcl-2 ratio and caspase 3, with a partial efficacy of the low dose (p < 0.001 vs STZ), while their increase was completely prevented by the high dose (p < 0.0001 vs STZ; p > 0.05 vs control). The evidence of attenuated levels of caspase 3 was further supported by immunofluorescence analysis (Figure 6C). In STZ rats, increased caspase 3 was localized to cellular profiles in the GCL and INL as compared to controls in which caspase 3 immunostaining was absent. After the low dose, caspase 3-immunopositive cells were less evident and faintly stained, although some cellular profiles localized to the GCL and INL were still visible. Conversely, no caspase 3-immunopositive cell profiles could be observed after the high dose.
[image: Figure 6]FIGURE 6 | Effects of the compound on apoptotic markers. Representative Western blots and densitometric analysis of Bax/Bcl-2 ratio (A) and cleaved caspase 3 (B) in controls, STZ untreated or STZ rats treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. The levels of cleaved caspase 3 were normalized to the loading control β-actin. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 6). **p < 0.01 and ***p < 0.001 vs control; §§§p < 0.001 vs STZ; #p < 0.05 and ##p < 0.01 vs low dose treated STZ (C) Representative images of retinal cross sections immunolabeled for cleaved caspase 3 (green) and counterstained with DAPI (blue). Scale bar, 50 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
To evaluate whether protective efficacy of the compound might be reflected on preventing STZ-induced visual dysfunction, we analyzed the outer and inner retinal activity using scotopic ERG recordings. Under scotopic condition, a-wave reflects the activity of rods, while b-wave reflects the activity of bipolar cells and Müller glia. Figure 7A shows representative mixed a- and b-waves recorded at light intensities of one log cd-s/m2. As shown in Figures 7B, C, In STZ rats treated with the low dose, ERG responses were partially preserved. In fact, at maximal stimulus intensity of 1 log cd-s/m2, the a-wave amplitude, although not significantly different from that measured in STZ rats (196.5 ± 10.8, p > 0.05 vs STZ), showed a tendency toward an increase, while the b-wave amplitude was significantly higher than in STZ rats (518.2 ± 15.7, p < 0.01 vs STZ). After treatment with the high dose, a-and b-wave amplitudes were significantly higher than in STZ rats (a-wave 251.2 ± 12.8; b-wave 682.2 ± 24.8 p < 0.001 vs STZ) and in low dose-treated rats (p < 0.01 vs low dose), but still lower than in controls (p < 0.05). No significant effects on ERG responses were found in control rats treated with the compound either at low or high dose (Supplementary Figure S2). As shown in Figures 7D, E, a- and b-wave amplitude increased with increasing stimulus intensity. A clear a-wave developed at a light intensity of approximately −1.6 log cd-s/m2. Compared to controls, STZ rats showed a reduction in the amplitude of both the a-wave and the b-wave at light intensities ranging from −1.6 to one log cd-s/m2 (p < 0.001 vs control) although the thickness of both ONL and INL measured in untreated STZ rats did not differ from that measured in controls (Supplementary Figure S3). As shown in Figure 7E, b-wave amplitudes over increasing light intensities were fitted using the Naka-Rushton equation to evaluate the post-receptor response amplitude (Vmax) and the retinal sensitivity (k). As shown in Table 2, in STZ rats, the values of Vmax and k were significantly lower than in controls (p < 0.001). In STZ rats treated with the low dose, Vmax values were significantly higher than those in untreated STZ rats, whereas k values were almost comparable. On the contrary, in STZ rats treated with the high dose, the values of both Vmax and k were significantly higher than in untreated STZ rats.
[image: Figure 7]FIGURE 7 | Effects of the compound on scotopic ERG responses (A) Representative scotopic ERG waveforms recorded at one log cd-s/m2 light intensity. Quantitative analysis of the scotopic a- (B) and b-wave (C) amplitudes recorded at one log cd-s/m2 light intensity in controls, STZ-untreated rats or STZ rats treated with either the low dose (C3G, 1.0 mg; verbascoside, 0.25 mg and zinc, 0.125 mg) or the high dose (C3G, 3.0 mg; verbascoside, 0.75 mg and zinc, 0.375 mg) of the compound. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (N = 8). *p < 0.05 and ***p < 0.001 vs control; §§p < 0.01 and §§§p < 0.001 vs STZ; ##p < 0.01 vs low dose treated STZ. Quantitative analysis of the scotopic a- (D) and b-wave (E) amplitudes recorded at increasing light intensities. Lines indicate the Naka-Rushton fit of the variation of the b-wave amplitude depending on stimulus intensity. Statistical significance was assessed by two-ways ANOVA followed by Bonferroni’s multiple comparison post-hoc test (N = 8).
TABLE 2 | Parameters obtained from b-wave amplitude using the Naka-Rushton function.
[image: Table 2]DISCUSSION
Recently, much effort has been devoted to preclinical studies in which preventive treatments have been tested in order to stop/delay DR progression. Here, preclinical data on the efficacy of antioxidant compounds in preventing the occurrence of pathological signs that characterize DR have been collected and discussed in light of their possible application to humans.
Currently, the recommended treatment for severe non-proliferative or proliferative DR is photocoagulation and intravitreal injections of anti-VEGF associated, or not, with focal laser for diabetic macular oedema (DME). Anti-VEGF therapy not only counteracts new vessel proliferation but also interferes with inflammatory processes that have a considerable role in the pathogenesis of DME. In particular, VEGF accumulation induced by high blood glucose triggers major inflammatory processes and several drugs are already approved in clinical practice to handle DME. Anti-VEGF agents act also with mechanisms that interfere with inflammatory pathways. In particular, inflammation-induced dropout of pericytes leads to the formation of aberrant capillaries through VEGF accumulation, which reverberates on inflammatory pathways thus contributing to further compromise pericyte viability (Giurdanella et al., 2015). The complex network of pro-inflammatory factors involved in DME represents the rationale for its treatment by intravitreal steroids. In particular, repeated dexamethasone implants have been found to correlate well with DME duration with a better efficacy than anti-VEGF treatments (Bucolo et al., 2018).
Among the major limitations of treatments against vascular complications that characterize DR, late beginning of therapy is the greatest obstacle to cure the disease. In fact, in a high percentage of diabetic patients, inadequate control of metabolic parameters is a major cause of chronic complications including progressive DR. Approximately 15% of patients may show some degree of DR at the time of diabetes first diagnosis although severe microvascular complications will develop many years later. Early diagnosis of DR is the best tool to prevent or delay vision loss, but DR has been long considered as an asymptomatic disease and its progression to advanced stages has reduced the effectiveness of treatments (Corcóstegui et al., 2017; Rodríguez et al., 2019). Current work using subtle analysis of ERG waveforms in diabetic patients has allowed ophthalmologists to reach early diagnosis of non-proliferative DR and to evaluate the possibility to intervene at early stages when the retinal neuro-vascular unit is not yet seriously compromised (Ahmadieh et al., 2021). In this respect, natural plant extracts or their naturally occurring components have been shown to be very proficient in the prevention and treatment of DR. In preclinical studies, treatments with protective compounds that inhibit oxidative stress and inflammation have been shown to counteract the pathological signs of DR although clinical trials dealing with the effect of antioxidants on human DR have provided limited results that are often controversial (Garcia-Medina et al., 2020).
At the preclinical level, the STZ model of diabetes is a well-established and useful tool to investigate complications of diabetes including DR, although its progression to visual dysfunction, which in humans take years to be established, in rodents occur early after STZ injection. However, some limitations need to be considered when approaching the translation to clinics. The induction of diabetes with STZ consists in the acute disruption of pancreatic beta cells and the drastic interruption of insulin production. Therefore, it results in an all-or-nothing phenomenon in which different predispositions or risks of diabetes and, subsequently, different risks of developing DR, are not reproducible.
After STZ injection, elevated blood glucose concentration induced by pancreatic β-cell disruption, initiates an early increase of ROS, which overwhelms endogenous antioxidant defences and leads to early inflammation, increased levels of both HIF-1α and VEGF, increased vascular permeability that causes BRB breakdown leading to decreased visual function (Rodríguez et al., 2019).
There is convincing evidence that throughout the pathologic process of DR, oxidative stress plays an important role. In fact, a series of metabolic pathways altered by the exposure to high glucose concurrently result in the increment of ROS production in the retina. The excess in glucose undergoing glycolysis and citric acid cycle compels the increment in mitochondrial electron transport reaching the maximum threshold, and thus forcing the electron transfer to molecular oxygen generating radical species. In addition, chronic exposure to hyperglycemia favors the nonenzymatic glycation of proteins and lipids leading to the accumulation of advanced glycation end products (AGEs). Besides causing the loss of protein structure and function, AGEs can bind their receptors driving the downstream activation of NADPH oxidases, thus enhancing ROS generation. ROS accumulation triggers the endogenous antioxidant response masterly regulated by the redox sensitive transcriptional factor NRF2, which in turn mediates the increment in antioxidant enzymes such as HO-1 (Kang and Yang, 2020). However, the high glucose-driven ROS accumulation overcomes the endogenous capacity of antioxidant enzymes, which is further hindered by the high-glucose mediated activation of metabolic pathways driving the depletion of enzymatic cofactors. Both the ROS increment and the antioxidant depotentiation initiate a cascade of events leading to retinal damage (Kowluru and Chan, 2007).
ROS increase also reverberates on the stimulation of the inflammatory response that further promotes oxidative damage. Indeed, ROS accumulation triggers the activation of NF-kB, a transcription factor involved in the modulation of the inflammatory response, which in turn regulates the expression of pro-inflammatory cytokines, such as IL-6 (Liu et al., 2017). In particular, inflammatory cytokines contribute to further amplify retinal cell damage by recruiting and activating immune cells as well as by increasing the levels of mediators responsible for the BRB dysfunction (Semeraro et al., 2015).
Pro-inflammatory stimuli result in macroglia activation as identified by GFAP overexpression, which can be considered as a marker for gliosis. In the healthy retina, GFAP is expressed only in astrocytes and not in Müller cells, whereas in the diseased retina, Müller cells exhibit dense GFAP immunostaining that has been widely used as a cellular marker for retinal pathological injury (Vecino et al., 2016).
Inflammation and gliosis lead to cell injury both in the neuroretina and in retinal blood vessels, thus promoting neuronal and vascular dysfunction. In particular, capillary closure and non-perfusion that develop relatively early after the onset of diabetes participate to establish hypoxic condition in the retina. Hypoxia causes the upregulation of HIF-1α, although HIF-1α increase may also occur as a direct consequence of hyperglycaemia independently on hypoxia (Xiao et al., 2013). HIF-1α accumulation leads to an increased production of VEGF that is a target of HIF-1. Upregulation of the VEGF signalling pathway ultimately leads to the dysfunction of inner and outer BRB with the loss of tight junctions integrity between neighbouring endothelial cells of both retinal microvasculature endothelium and RPE cells (Antonetti et al., 1999). Tight junction proteins including Claudin five and ZO-1, play a pivotal role in maintaining the BRB function through the regulation of the transport of solutes and molecules (Eshaq et al., 2017). The BRB breakdown results in the leakage of blood contents from retinal and choroidal vessels to the surrounding tissue which reverberate on inflammatory and ischemic processes leading to neuroretinal cell damage and ERG dysfunction (Xu and Le, 2011; Klaassen et al., 2013).
Retinal cell death is driven by the activation of apoptotic cascade, as also confirmed here by the altered Bax/Bcl-2 ratio, ultimately leading to the activation of caspase 3, a critical enzyme involved in apoptosis execution. As shown by the present findings, active caspase 3 is mostly localized to the inner retina in agreement with previous results indicating a significant involvement of inner retinal cells in apoptotic processes that characterize DR (Li et al., 2008; Sasaki et al., 2010; Thounaojam et al., 2017; Amato et al., 2018) while the outer retina is rather preserved at least soon after blood glucose increase (Park et al., 2003).
As a consequence of retinal damage, ERG becomes dysfunctional as demonstrated by the decreased amplitude of the scotopic a-wave arising from photoreceptor hyperpolarization, and the b-wave that reflects bipolar cell depolarization leading to potassium outflux that is buffered by Muller cells, which produce a transretinal current participating to b-wave generation (Dong and Hare, 2000 PMID 10824262). ERG dysfunction occurs at 4 weeks after STZ injection in agreement with previous longitudinal studies demonstrating that in the STZ model, ERG responses are unaffected by hyperglycemia up to 3 weeks after diabetes onset (Li et al., 2002; Shinoda et al., 2007; Cammalleri et al., 2017; Amato et al., 2018).
Impairment of scotopic ERG components might be reconducted to alterations of the activity of both photoreceptors and inner retinal cells. In this respect, despite no evidence of reduced thickness of the outer retina in which no apoptotic activity was detected, decreased amplitude of the a-wave is indicative of early photoreceptor suffering in line with previous reports demonstrating early degenerative changes of photoreceptors and pigment epithelium prior to apoptotic events (Énzsöly et al., 2014; Liu et al., 2016). On the other hand, the increased apoptotic activity in the inner retina as demonstrated by the presence of caspase 3-positive cells together with Müller cell gliosis, correlates well with altered b-waves that are known to be early and extensively affected in DR as a sign of inner retina dysfunction (Li et al., 2002).
Ongoing apoptotic processes in the inner retina were not correlated with reduced thickness of the INL in line with previous findings demonstrating that apoptosis becomes manifest as early as 4 weeks after STZ injection to then progress over an extended period of time, eventually leading to a later reduction in the retinal layer thickness (Barber et al., 1998).
As shown by the present results hyperglycaemia-induced cascade leading to ERG dysfunction is prevented by diet administration with antioxidant compounds including C3G, verbascoside and zinc starting on the day of STZ injection and persisting until the fourth week after, when the rats have undergone to ERG recording.
Most chronic diseases including diabetes are worsened by a deficiency of essential antioxidant nutrients, a condition that is further impaired by deficits in their absorption and utilization (Shi et al., 2020). Although major efforts to support the clinical benefits of vitamin and antioxidant interventions to reduce the risk and severity of vision loss, nutraceutical therapy is still limited and more large scales studies in DR are needed to overcome the limitations of clinical trials. Large clinical trials such as the AREDS2 formulation was a major improvement, bringing together natural antioxidants for the treatment of macular degeneration (AREDS2 Research Group et al., 2012; Shi et al., 2020). In this respect, decreased incidence of blindness in patients with macular degeneration have been observed in the zinc supplemented elderly (Prasad and Bao, 2019). Results from clinical trials about the efficacy of natural antioxidants in DR patients are highly variable and, in some cases, controversial. However, a general tendency towards the efficacy of antioxidants in combination has been reported to match the need of counteracting the wide spectrum of pathogenic mechanisms characterizing DR (Garcia-Medina et al., 2020). For instance, the supplementation with lutein, alpha-tocopherol, niacin, beta-carotene, zinc and selenium has been found to delay DR progression in patients with type 2 diabetes, although no effects on visual acuity have been detected (Garcia-Medina et al., 2011). In contrast, ameliorated visual acuity, but no efficacy on retinal thickness have been determined in patients with type 2 diabetes following the treatment with combined antioxidants including carotenoids, racemic compounds, vitamins and botanical extracts (Chous et al., 2016).
Still, major limitation to the conflicting results of clinical trials in DR depends on the fact that antioxidant efficacy of natural compounds is generally tested on patients who already experienced disorders of visual processing at various levels. Instead, the specific interest would be to test the antioxidant efficacy of nutraceutical compounds by intervening on the early stages of DR to prevent/delay its progression to proliferative DR. In this respect, there is an increasing body of evidence about the role of antioxidants in the control of DR in animal models.
The present results in the STZ model of DR demonstrate the preventive efficacy of a novel compound containing C3G, verbascoside and zinc as nutrients with antioxidant and anti-inflammatory properties. The PK profile of C3G has been characterized by de Ferrars et al. (2014) demonstrating C3G retention in the plasma up to 6 h post-oral administration. In a recent work, C3G has been detected in the plasma from which it reaches the ocular tissue following oral administration (Amato et al., 2021) also in line with previous findings (Matsumoto et al., 2006). Orally administered verbascoside appears to be distributed to most tissues including the brain suggesting its ability to cross the blood-brain barrier (Wen et al., 2016). In addition, verbascoside, has been found to protect ocular tissues and fluids from naturally occurring oxidation (Mosca et al., 2014). The PK profile and biodistribution of zinc have been established in previous studies (Nève et al., 1991; Gilbert et al., 2019). Recently, zinc, orally administered, has been found to accumulate in the retina where it acts as cofactor for antioxidant enzymes (Kamińska et al., 2021). C3G is a potent inhibitor of oxidative stress and its antioxidant properties include the activation of endogenous anti-oxidant enzymes, quenching singlet oxygen, chelation of trace metals involved in free radical production, inhibition of ROS-promoting enzymes, ROS scavenger properties (Tena et al., 2020). ROS scavenging activates a downstream anti-inflammatory cascade leading to the inhibition of the NF-kB activity, the reduced release of pro-inflammatory cytokines and the inhibition of inflammasome activity (Min et al., 2010; Jin et al., 2018). Additional efficacy of C3G includes its capacity to counteract pathological neoangiogenesis by contrasting VEGF overexpression in response to high glucose (Matsunaga et al., 2010; Oliveira et al., 2020). Verbascoside has been reported to exert a major anti-inflammatory activity through the inhibition of NF-kB signalling and nitric oxide pathway, thus resulting in decreased inflammatory response (Wu et al., 2020). Interestingly, verbascoside has also been shown to directly interact with cell survival mechanisms by inhibiting autophagy-induced apoptosis (Chen et al., 2019). In diabetic condition, verbascoside has been established to inhibit endoplasmic reticulum stress and advanced glycation end-product formation (Liu et al., 2013; Galli et al., 2020). Zinc is known as a fundamental trace element involved in the structure and function of numerous enzymes regulating cellular processes and signalling pathways. Zinc potentiates the endogenous antioxidant response by increasing the activity of antioxidant proteins and enzymes that are transcribed by NRF2 (Jarosz et al., 2017). Zinc deficiency has been shown to correlate with ocular abnormalities such as cataract and retinal diseases including age-related macular degeneration and DR (Miao et al., 2013). In line with the negative effects of zinc deficiency, the supplementation of zinc, in combination with additional functional nutrients, has provided promising results to establish its potential for counteracting retinal diseases (Miao et al., 2013; Vishwanathan et al., 2013). However, the boundary line between the activity and the contribution of these hypothetical classes of natural molecules is complicated by the fact that many of the properties of each molecule are shared with the others. For instance, C3G may also activate endogenous antioxidant defenses, as played by zinc. In addition, verbascoside may exert an anti-inflammatory activity leading to reduced ROS generation thus amplifying the effect of zinc and C3G. In this respect, although a theoretical classification of the molecules could be done based on their individual bioactivity, an actual discrimination of each component activity in the context of a compound is difficult to retrieve. The efficacy of C3G, verbascoside and zinc has already been established in a model of light induced retinal damage in which the combined formula has been shown to exert marked antioxidant and anti-inflammatory effects resulting in a significant protection of photoreceptor morpho-functional integrity (Amato et al., 2021). Its application to DR is further stressed by the hypoglycaemic properties of the compounds included in the formula (Sasaki et al., 2007; Xiong et al., 2013; Sadri et al., 2017). However, as shown by the present results, glycemia is not affected by the formula presumably because the serious destruction of islet function by STZ renders the blood glucose difficult to control (Pang et al., 2020). Although the efficacy of the compound supplementation on pathological signs of DR is independent on glycemia control, oxidative stress- and inflammation-related mechanisms downstream hyperglycaemia are markedly counteracted with a significant counterpart in preventing BRB leakage, retinal cell death and retinal dysfunction.
CONCLUSION
One the major clinical problems of late stages of DR is irreversible visual loss due to the scarce availability of drugs restoring visual function once proliferative DR is established. Therefore, research work to investigate possible strategies to prevent DR progression should be accurately pursued. The fact that antioxidant/anti-inflammatory compounds, possibly through their protective efficacy on vascular damage may prevent the apoptotic cascade leading to ERG dysfunction, adds further relevance to their potential application as a preventive therapy to counteract DR progression. On the other hand, the glycemic control is the milestone for the management of diabetes and its related complications including DR. However, a significant number of diabetic patients undergoing glycemic control therapies still develop DR symptoms, thus highlighting the need of complementary therapies, other than those dedicated to blood glucose lowering. The present study demonstrates that antioxidant supplementation could represent a non-invasive solution to prevent or delay DR signs. Therefore, the translational goal of the present approach consists in its potential complementary role in combination with hypoglycemic drugs in order to further reduce the risk of DR onset and progression. However, the extrapolation of these experimental findings to the clinic is not straightforward as animal models of DR may not faithfully recapitulate all the pathologic signs seen in human DR. In this respect, neither macular edema nor proliferative retinopathy ever develop in STZ-rats, indicating that they are a suitable model for the early phase of human DR.
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