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Diabetic retinopathy (DR), one of the most common complications of diabetes mellitus, is characterized by degeneration of retinal neurons and neoangiogenesis. Until today, the pharmacological approaches for DR are limited and focused on counteracting the end-stage of this neurodegenerative disease, therefore efforts should be carried out to discover novel pharmacological targets useful to prevent DR development. Hyperglycemia is a major risk factor for endothelial dysfunction and vascular complication, which subsequently may trigger neurodegeneration. We previously demonstrated that, in the rat retina, hyperglycemia activates a new molecular cascade implicating, up-stream, protein kinase C βII (PKC βII), which in turn leads to a higher expression of vascular endothelial growth factor (VEGF), via the mRNA-binding Hu-antigen R (HuR) protein. VEGF is a pivotal mediator of neovascularization and a well-known vasopermeability factor. Blocking the increase of VEGF via modulation of this cascade can thus represent a new pharmacological option to prevent DR progression. To this aim, proper in vitro models are crucial for drug discovery, as they allow to better identify promising effective molecules. Considering that endothelial cells are key elements in DR and that hyperglycemia triggers the PKCβII/HuR/VEGF pathway, we set up two distinct in vitro models applying two different stimuli. Namely, human umbilical vein endothelial cells were exposed to phorbol 12-myristate 13-acetate, which mimics diacylglycerol whose synthesis is triggered by diabetic hyperglycemia, while human retinal endothelial cells were treated with high glucose for different times. After selecting the optimal experimental conditions able to determine an increased VEGF production, in search of molecules useful to prevent DR development, we investigated the capability of troxerutin, an antioxidant flavonoid, to counteract not only the rise of VEGF but also the activation of the PKCβII/HuR cascade in both in vitro models. The results show the capability of troxerutin to hinder the hyperglycemia-induced increase in VEGF in both models through PKCβII/HuR pathway modulation. Further, these data confirm the key engagement of this cascade as an early event triggered by hyperglycemia to promote VEGF expression. Finally, the present findings also suggest the potential use of troxerutin as a preventive treatment during the early phases of DR.
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INTRODUCTION
Diabetic retinopathy (DR) is characterized by degeneration of retinal neurons and neoangiogenesis (Rossino and Casini, 2019). DR is among the leading causes of blindness and it is the principal cause of impaired vision in working-age patients (Leasher et al., 2016; Wong and Sabanayagam, 2020). Moreover, roughly 98% of patients with type 1 diabetes and approximately 78% with type 2 diabetes for more than 15 years will face DR (Nicholson and Schachat, 2010).
Clinically, DR is classified into two stages: non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). NPDR represents the early stage of DR, wherein increased vascular permeability and capillary occlusion are two main features in the retinal vasculature. PDR, a more advanced stage of DR, is characterized by neovascularization, which is followed by microvascular occlusions leading to progressive retinal ischemia (Wang and Lo, 2018; Semeraro et al., 2019). Although DR has been traditionally considered a retinal microvasculature disease, a neurodegenerative view of the disease has recently emerged. Notably, retinal neurodegeneration is an early process that cannot be reversed. To this regard, hyperglycemia, together with lipid accumulation, is an important amplifier of oxidative stress, which causes dysregulation of cell metabolism and participates in limiting antioxidant defenses during the development of DR. Indeed, diabetes-induced oxidative stress is considered as a key component that dysregulates neurotrophic factors and activates apoptosis, thereby damaging retinal neurons (Ola et al., 2017).
Moreover, the study of DR may have relevance also for other neurodegenerative conditions. Indeed, recent literature data (Wang et al., 2021; Yang et al., 2022) underscore the contribution of vascular cellular elements in neurodegenerative diseases such as Alzheimer’s dementia, making the cellular processes involving them a pivotal element in the study of the mechanisms triggering and sustaining neurodegeneration and in the discovery of new druggable targets. Within this context DR offers a model to study the events taking place at the vascular/neuronal interface (Lynch and Abràmoff, 2017).
Accordingly, these processes are also regulated by numerous mediators, including vascular endothelial growth factor (VEGF, also referred as VEGF-A), which is involved in various events underlying DR progression (Duh et al., 2017). Notably, VEGF is physiologically required for regulating the proliferation and growth of endothelial cells during vasculogenesis. However, several pathological conditions occurring in the course of diabetes upregulate the expression of VEGF (Behl and Kotwani, 2015; Kida et al., 2021), which therefore may lead to increased endothelium permeability, decreased inhibition of pro-apoptotic proteins, activation of various inflammatory mediators, and ultimately neoangiogenesis. Of note, VEGF has a primary role in promoting vascular hyperpermeability, indeed by inducing phosphorylation of endothelial tight junction proteins modulates their degradation, finally fostering blood-retinal barrier disruption (Hicklin and Ellis, 2005; Moran et al., 2016). Moreover, in the retina, hyperglycemia-associated diabetes leads to the generation of diacylglycerol (DAG) that activates protein kinase C (PKC), especially the beta isoform, which is involved in the positive control of VEGF expression (Amadio et al., 2010; Geraldes and King, 2010).
In previous studies, we identified a novel molecular cascade involved in the development of diabetic retinopathy. Specifically, we showed that upon PKCβII activation, the mRNA-binding HuR/ELAV protein is phosphorylated and can bind to VEGF transcript, thus contributing to abnormally enhanced VEGF expression in the retinal tissue (Amadio et al., 2008, 2010). Incidentally, ELAV (embryonic lethal abnormal visual) are RNA-binding proteins (RBP) able to affect the post-synthesis fate of the targeted mRNAs, from the nucleus to the cytoplasm, primarily increasing their cytoplasmic stability and/or translation rate. This family includes HuR, the ubiquitously expressed one, and three neuron-specific members, namely HuB, HuC, and HuD (Pascale and Govoni, 2012; Bronicki and Jasmin, 2013).
Concerning the therapeutic approach, it should be emphasized that treatments for DR are limited and they are mainly focused on the end-stage of this neurodegenerative disease (Duh et al., 2017), therefore efforts should be carried out to discover novel pharmacological targets useful to prevent DR development.
We reasoned that blocking the increase of VEGF through the modulation of the PKCβII/HuR cascade may represent a new pharmacological option to prevent DR progression. This target may also be of interest in other neurodegenerative conditions associated with derangement of the vascular/neuronal interface such as in brain ischemia.
As previously mentioned, hyperglycemia is an important amplifier of oxidative stress, and some studies show that diabetes-induced retinal vascular dysfunction can be indeed prevented by inhibitors of reactive oxygen species (Kowluru et al., 2001). Within this context, it is worth inspecting the beneficial effects of various natural compounds such as flavonoids. As potent antioxidants, flavonoids have been considered useful molecules to protect neurons in the diabetic retina (Al-Dosary et al., 2017; Ola et al., 2017), also by counteracting VEGF production (Chung et al., 2005).
Troxerutin is a flavonoid derived from Saphora japonica characterized by a free radical scavenging ability likely responsible for the cytoprotective effect observed in different cell types (Panat et al., 2016).
Troxerutin is a hydroxyethylrutoside; thus, most of its pharmacodynamic and pharmacokinetic properties were evaluated based on this structure (Vinothkumar et al., 2014). There are few direct studies on the pharmacokinetics profile of troxerutin in humans. The oral absorption is not high (it is estimated at approximately 10%). However, it should be noted that the oral absorption of flavonoids is a complex process, and their degree of absorption depends not only on the lipophilicity of the molecules, but also on the influence of transporters and enzymes on the membrane surface (Xin et al., 2018). The maximum reported plasma concentration of hydroxyethylrutosides is 142 μg/L that was reached following a single dose of 900 mg orally administered. This substance has a half-life of 24 h after oral administration and 1 h after intravenous use, suggesting the possibility of once a day oral administration (Aziz et al., 2015). Like other flavonoids, it undergoes hepatic metabolism and is eliminated predominantly via the bile system, thus it should be taken with caution in patients with hepatic impairment (Ramelet, 2017). To the best of our knowledge, the maximum daily dose that has ever been used in humans is 7,000 mg orally (Glacet-Bernard et al., 1994). Troxerutin has a safe profile and can cause few adverse reactions, mostly minor gastrointestinal discomfort (Aronson, 2016).
Interestingly, this flavonoid has been shown to reduce neovascularization and VEGF protein production in the retina of diabetic rats (Chung et al., 2005). Moreover, in humans, one study showed that troxerutin given at high doses effectively counteracts retinal vein occlusion thanks to its rheologic properties (Glacet-Bernard et al., 1994).
Therefore, considering that endothelial cells are key elements in DR and that hyperglycemia is a critical factor for diabetes development, we employed two distinct endothelial cell lines applying two different stimuli with the aim of mimicking a hyperglycemia-induced VEGF upregulation via activation of PKCβII/HuR cascade. Namely, human umbilical vein endothelial cells (HUVEC) were exposed to PMA (phorbol 12-myristate 13-acetate), which mimics DAG whose synthesis is triggered by diabetic hyperglycemia (Dasevcimen and King, 2007), while human retinal endothelial cells (HREC) were treated with a high glucose concentration for different times.
We then identified the optimal experimental conditions able to determine an increased production of VEGF in both cellular models. Subsequently, in search of molecules useful to prevent DR development, we investigated the capability of troxerutin to counteract not only the rise of VEGF but also the activation of the PKCβII/HuR cascade in both in vitro models.
MATERIALS AND METHODS
Cell cultures and treatment
HUVEC were obtained from Sigma, plated in 25 cm2 flasks, and cultured in an all-in-one ready-to-use medium (Endothelial Cell Growth Medium; Sigma-Aldrich, Milan, Italy). The flasks were incubated at 37°C in a humidified atmosphere containing 5% CO2. Cells were treated with PMA at 100 nM and/or troxerutin at different concentrations (see results).
HREC were obtained from Innoprot, plated in fibronectin-coated 75 cm2 flasks, and cultured in a specific medium (Endothelial Cell Medium; Innoprot, Bizkaia, Spain) with the addition of 10% Fetal Bovine Serum (FBS), Endothelial Cell Growth Supplement (ECGS), 100 units/mL penicillin and 100 μg/ml streptomycin solution. The flasks were incubated at 37°C in a humidified atmosphere containing 5% CO2. Cells were treated with high glucose concentration (25 mM) and/or troxerutin at different concentrations (see results).
MTT assay
Mitochondrial enzymatic activity was estimated by MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Sigma-Aldrich). A cell suspension of 3.5 x105 cells/well (for 24 and 48 h) and 5 x104 cells/well (for 72 h and 1 week) in 200 μL was seeded into 96-well plates. Following each treatment, we performed MTT assay following the protocol published in our previous paper (Marchesi et al., 2020). The absorbance values were measured at 595 nm using a Synergy HT microplate reader (BioTek Instruments, Vermont, United States), and the results were expressed as % with respect to control.
Western blotting
Proteins were measured according to Bradford’s method using bovine albumin as an internal standard. Proteins were diluted in 2x SDS (Sodium Dodecyl Sulphate) protein gel loading solution, boiled for 5 min, and separated onto 12% SDS-PAGE. The anti-HuR mouse monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, United States), the anti-PKCβII mouse monoclonal antibody (Santa Cruz Biotechnology) and the anti-VEGF rabbit monoclonal antibody (Abcam, Cambridge, MA, United States) were diluted based on each data sheet instructions. Concerning the specific Western blotting procedure, we followed the protocol published in our previous paper (Marchesi et al., 2020). Densitometric analysis were performed using the ImageJ image-processing program.
ELISA assay for vascular endothelial growth factor
The VEGF protein release into the medium was estimated with the respective ELISA kit (Enzo LifeScience, Farmingdale, NY, United States), according to the relative manufacturer’s instructions.
This test is based on quantitative sandwich enzyme immunoassay technique, where a VEGF specific monoclonal antibody is already pre-coated on a microplate. Standards and samples were pipetted into the wells and any VEGF present was bound by the immobilized antibody. According to the manufacturer’s instructions, we performed a specific number of washes to remove unbound substances. After that, an enzyme-linked polyclonal antibody specific for VEGF was added to the wells. The plate was then washed to remove any unbound antibody-enzyme reagent, a substrate solution was added, and the color developed in proportion to the amount of VEGF bound in the initial step. The color development was stopped with HCl 1N, and the yellow intensity of the color was measured (450 nm) by means of a Synergy HT microplate reader (BioTek Instruments).
Statistical analysis
The GraphPad Prism statistical package (version 7, San Diego, CA, United States) was used for the statistical analysis. The data were analyzed by analysis of variance (ANOVA) followed, when significant, by an appropriate post hoc comparison test, as detailed in the legends. Differences were considered statistically significant when p-value ≤ 0.05. The results are expressed as mean ± SD. The N in the legend figure indicates the number of independent experiments, each with 2–3 replicates.
RESULTS
In the first part of the study, we exposed HUVEC to different concentrations of PMA and evaluated the intracellular protein expression of VEGF. The results obtained by Western blotting technique indicate that PMA challenge induces a significant increase in the intracellular content of VEGF following 48 h of exposure at 100 nM (Figure 1A). Using this condition, in parallel, we measured the amount of VEGF released in the HUVEC medium using ELISA technique. As depicted in Figure 1B, HUVEC challenged with 100 nM PMA for 48 h show increased extracellular levels of VEGF.
[image: Figure 1]FIGURE 1 | (A) Effect of PMA on VEGF intracellular content in HUVEC cells. Cells were exposed to PMA (100 nM) for 48 h. Densitometric analysis of VEGF protein levels. The results are expressed as mean grey levels ratios (mean ± S.D.) of VEGF/α-tubulin immunoreactivities × 1000 measured by Western blotting (upper side: cropped Western blotting images and lower side: densitometric analysis). (B) Effect of PMA on VEGF release in the medium of HUVEC cells. Cells were exposed to PMA (100 nM) for 48 h. VEGF protein levels were measured by ELISA. The results are expressed in pg/mL (mean ± S.D.). *p < 0.05, Student’s t-test for both intracellular and released VEGF, n = 4 independent experiments. CTR, control; PMA, phorbol 12-myristate 13-acetate.
Subsequently, using a direct in vitro approach, we assessed in HUVEC whether troxerutin could affect cell viability. For this purpose, we performed a MTT cytotoxicity assay. The effect of troxerutin addition to the culture medium was tested at different concentrations (10 nM–1 mM) for 24 and 48 h. In the adopted experimental conditions, we found that troxerutin was safe at all the tested concentrations and times of exposure (Supplementary Figure S1). Indeed, a tested product is considered to have a cytotoxic potential only when the cell viability decreases to <70% in comparison to the control group (Srivastava et al., 2018). Considering that, in our experimental conditions, troxerutin was safe up to 1 mM, we performed the following experiments using troxerutin at this concentration. However, to be more confident, we performed additional MTT assays to verify the cell viability of HUVEC exposed for 48 h to more elevated concentrations of troxerutin (10 and 30 mM). The results indicate that even these higher concentrations of troxerutin do not affect the mitochondrial activity of HUVEC cells (data not shown).
In light of the previous findings (see Figure 1), we evaluated the combined effect of PMA (100 nM) and troxerutin (1 mM) exposure on the PKCβII/HuR/VEGF cascade in HUVEC.
The data, depicted in Figure 2, indicate the capability of troxerutin 1 mM to counteract the increase of both PKCβII and VEGF, the latter both intracellularly (Figure 2A) and in the medium (Figure 2B), induced by PMA treatment. In preliminary experiments, we also explored lower concentrations of troxerutin (10 nM, 100 nM and 1 μM), but none of them was able to hinder the VEGF rise induced by PMA, therefore for the following experiments we used troxerutin at 1 mM. Notably, the mM range is in agreement with the effective concentrations of the compound, found in literature, able to produce an antioxidant action when employing cellular models (Panat et al., 2016).
[image: Figure 2]FIGURE 2 | Effect of PMA and troxerutin on VEGF intracellular content (A) and on its release in the medium (B) in HUVEC. HUVEC were co-exposed to PMA (100 nM) and troxerutin (1 mM) for 48 h. The results are expressed as mean grey levels ratios (mean ± S.D.) of VEGF/α-tubulin immunoreactivities × 1000 measured by Western blotting [(A); upper side: cropped Western blotting images and lower side: densitometric analysis] and VEGF amount in pg/mL (mean ± S.D.) evaluated by ELISA (B). Effect of PMA and troxerutin on PKCβII (C) and HuR (D) intracellular content in HUVEC. HUVEC were co-exposed to PMA (100 nM) and troxerutin (1 mM) for 48 h. The results are expressed as mean grey levels ratios (mean ± S.D.) of PKC βII/α-tubulin and HuR/α-tubulin immunoreactivities × 1000 measured by Western blotting (upper side a cropped Western blotting image and lower side densitometric analysis). *p < 0.05, **p < 0.01, ***p < 0.001, Dunnett’s Multiple Comparisons test, n = 4–8 independent experiments for both intracellular and medium levels. CTR, control; PMA, phorbol 12-myristate 13-acetate; Troxo, troxerutin.
Concerning HuR protein, we observed a trend, although not significant, towards an increased amount of HuR after PMA exposure that was prevented by troxerutin co-exposure. Nevertheless, since the activation of HuR, through its phosphorylation, is an early event, we assessed changes in HuR phosphorylation status following both PMA and the combined treatment (PMA and troxerutin). After 12 h of PMA administration, we found that HuR phosphorylation was significantly increased at serine residue (p < 0.05) and that this rise was prevented by the presence of troxerutin (data not shown).
The second part of the study was conducted on HREC, another relevant cell line within the setting of DR, which are cells isolated from the human healthy retina. We firstly investigated the effect of troxerutin on HREC cell viability/proliferation. Based on the results on HUVEC cells, we decided to focus on the mM range for troxerutin concentrations. Troxerutin’s effect on HREC was tested at different concentrations starting from 1 to 30 mM for 72 h (values % ± S.D.: CTR: 100 ± 4.4; Troxo 1 mM: 103 ± 4.1; Troxo 10 mM: 92.2 ± 4.6; Troxo 30 mM: 71.1 ± 6.4). We observed a slight (around 30%) decrease in cell viability only at 30 mM after 72 h of troxerutin incubation, which is still above the “biocompatibility” threshold. As for HUVEC, we decided to perform the following experiments using troxerutin at 1 mM.
We then investigated the effect of troxerutin on HREC cell viability/proliferation in the presence of continuous high glucose challenge for 72 h and 7 days; to be thorough, we also explored shorter times (24 h, 48 h). The glucose concentration was selected according to Giurdanella et al. work (Giurdanella et al., 2017). The results show no changes in the mitochondrial activity following treatment with glucose (25 mM) at any of the investigated times (Supplementary Figure S2). Further, we also did not observe any change in the mitochondrial activity following the co-incubation of glucose and troxerutin (1 mM) for 72 h and 7 days (data not shown).
Thereafter, intracellular protein levels of VEGF were evaluated following 72 h (Figure 3A) and 7 days (Figure 3B) of high glucose (25 mM) exposure with and without troxerutin (1 mM). A significant rise in VEGF protein levels was detected after exposure to high glucose at both times of incubation. Notably, troxerutin 1 mM was able to counteract this increase in VEGF in both the experimental conditions. Moreover, VEGF release was assessed in the medium following 72 h and 7 days of high glucose challenge where we observed a significant increase in VEGF release after 7 days of high glucose exposure. Again, the co-incubation with troxerutin prevented this rise (Figure 3C).
[image: Figure 3]FIGURE 3 | Combined effect of high glucose and troxerutin on VEGF in HREC. VEGF was evaluated in the total homogenates of HREC following exposure for 72 h (A) and 7 days (B) to high glucose levels (25 mM) with or without troxerutin (1 mM). Upper side: cropped representative Western blotting images. Lower side: densitometric analysis. The results are expressed as mean grey levels ratios (mean ± S.D.) of VEGF/α-tubulin immunoreactivities × 1000 measured by Western blotting. (C) VEGF release was evaluated by ELISA following 7 days exposure to high glucose levels (25 mM) with or without troxerutin (1 mM). The results are expressed in pg/mL (mean ± S.D.). *p < 0.05, **p < 0.01, Dunnett’s Multiple Comparisons test, n = 4–8 independent experiments. CTR, control; HG, high glucose; Troxo, troxerutin.
As for HUVEC, we then investigated whether the co-administration of continuous high glucose and troxerutin for 72 h and 7 days was able to affect PKCβII and HuR proteins (Figure 4). Preliminary experiments were also performed at 24 and 48 h (data not shown); however, 72 h and 7 days were the best conditions to further explore the PKCβII/HuR/VEGF pathway. After 72 h of high glucose exposure, we observed a statistically significant increase in PKCβII protein levels (Figure 4A), while no changes were observed in HuR protein (Figure 4B). To this last regard, as previously mentioned for HUVEC, we cannot exclude an activation of HuR itself at this time. Of interest, troxerutin was able to counteract the rise in PKCβII induced by the high glucose stimulus. Following 7 days of continuous glucose exposure, the entire cascade was overexpressed; indeed, we observed an increase in the content of all the examined proteins (Figures 4C,D). Again, troxerutin was able to counteract the rise in the intracellular content of PKCβII/HuR proteins induced by such a prolonged high glucose stimulus.
[image: Figure 4]FIGURE 4 | Combined effect of high glucose and troxerutin on PKCβII and HuR in HREC. PKCβII and HuR were evaluated in the total homogenates of HREC following exposure for 72 h (A,B) and 7 days (C,D) to high glucose levels (25 mM) with or without troxerutin (1 mM). Upper side: cropped Western blotting images. Lower side: densitometric analysis. The results are expressed as mean grey levels ratios (mean ± S.D.) of PKCβII/α-tubulin and HuR/α-tubulin immunoreactivities × 1000 measured by Western blotting. *p < 0.05, **p < 0.01, Dunnett’s Multiple Comparisons test, n = 4–8 independent experiments. CTR, control; HG, high glucose; Troxo, troxerutin.
DISCUSSION
The study of the events at the interface of vascular/neuronal cells assumes a critical importance in the investigations of DR progression which is sustained by hyperglicemia (Ceriello, 2000; Madsen-Bouterse and Kowluru, 2008; Sun et al., 2010; Cecilia et al., 2019; Meza et al., 2019). Notably, aberrations in endothelial function often precede many of the abnormalities observed in diabetes and may even precede neurodegeneration. To this last regard, it should be underscored that, besides endothelial cells, the neural retina as well could represent an additional target for drug discovery given that the involvement of neuroretina has been found in an in vivo model of early DR (Platania et al., 2019).
Although several molecular mechanisms have been invoked to explain the dysfunctions associated with elevated glucose levels, the primary mechanism underlying the endothelial dysfunction in diabetes mellitus remains largely unknown (Maruhashi and Higashi, 2021). Suggested mechanisms include the polyol pathway flux, oxidative stress, and non-enzymatic glycation (Brownlee, 2005). Within this context, a relevant place is undoubtedly taken by PKC, whose activation is related to many vascular abnormalities (Dasevcimen and King, 2007). PKC comprises at least ten serine-threonine kinases that are widely expressed and engaged in a variety of cellular processes (Battaini and Mochlyrosen, 2007; Govoni et al., 2010). It is worth noting that hyperglycemia causes an increase in DAG, the physiological PKC activator. Although other PKC can also be implicated, the PKCβ appears to be the isoenzyme that is largely activated in the retina among the other isoforms (Bucolo et al., 2021). We previously showed that activated PKCβII is able to stimulate the RBP HuR, via phosphorylation, which in turn targets VEGF mRNA, finally leading to an increased amount of the correspondent VEGF protein (Amadio et al., 2010; Bucolo et al., 2021).
It should be emphasized that, currently, the most commonly used treatments for DR are mainly aimed at patients who are in the more advanced phases of the disease. Although in many cases these treatments slow the progression of DR and present some effectiveness in preventing vision loss, they are not effective in all patients and are invasive therapies, so new, more compliant therapies that are more effective especially in the early stages of DR are needed (Matos et al., 2020). Therefore, taking into account the lack of compounds useful to prevent the development of this neurodegenerative disease, blocking VEGF upregulation, through the modulation of the PKCβII/HuR pathway, can constitute a novel pharmacological target that can be exploited in drug discovery in the search of effective molecules against DR.
Within this context, even though numerous studies have sought to identify possible treatments for the prevention and treatment of DR, little attention has been given to natural compounds. Indeed, molecules such as flavonoids have been proven to have significant antioxidant and anti-inflammatory effects (Rossino and Casini, 2019). In many animal models and human studies, it has been shown that flavonoids, a large family of compounds that are extracted from plants, can prevent or attenuate complications associated with DR, as they can modulate lipid and carbohydrate metabolism and insulin resistance, mitigate hyperglycemia, suppress oxidative stress and inflammatory processes (Testa et al., 2016).
In this context, we investigated the capability of troxerutin, an antioxidant flavonoid, to affect the PKCβII/HuR/VEGF molecular pathway. In addition to the described antioxidant action (Panat et al., 2016; Al-Dosary et al., 2017; Ola et al., 2017), troxerutin has been also reported to exert several additional pharmacological effects, including anti-inflammatory, antihyperlipidemic, and nephroprotective. Besides, it is suggested to be endowed with some therapeutic roles against neurodegenerative, cardiovascular diseases and diabetes (Zamanian et al., 2020). To this last regard, in a clinical study, the troxerutin-treated group, as compared with the placebo one, showed significant improvement in visual acuity, retinal circulation times, and macular edema; further, treated subjects exhibit diminished progression of ischemia and decreased red blood cell aggregability (Glacet-Bernard et al., 1994). Moreover, in diabetic rats, oral administration of troxerutin at the early stage of DR has been shown to significantly reduce VEGF protein levels compared to controls (Chung et al., 2005).
As mentioned before, we used two different endothelial cell lines challenged with two distinct stimuli: HUVEC with PMA and HREC with glucose. HUVEC cell line provides a classic model system to study many aspects of endothelial functions and disease-associated alterations, such as normal and abnormal angiogenesis, oxidative stress, and inflammation-related pathways. Indeed, HUVEC have been tested to demonstrate stimulation-dependent angiogenesis and key endothelial cell signaling pathways (Kocherova et al., 2019). As a stimulus, we selected PMA, a direct activator of PKC since it mimics its physiologic stimulator, DAG. Indeed, in retinal vascular cells, the early biochemical changes associated with diabetic hyperglycemia leads to the generation of DAG (Dasevcimen and King, 2007). Therefore, PMA is an appropriate stimulus to mimic some of the earliest events induced by high glucose on endothelial cells. Our present data show a significantly increased protein content of VEGF, at both intracellular and extracellular levels, after 48 h of PMA challenge in HUVEC cells. This rise in VEGF seems to rely upon the engagement of the PKCβII/HuR cascade, which acting at post-transcriptional level favors the expression of VEGF. These results confirm our previous findings showing, both in vitro (Amadio et al., 2008, 2012; Platania et al., 2020) and in vivo (Amadio et al., 2010; Bucolo et al., 2021), the key implication of the RNA binding protein ELAV/HuR in modulating VEGF expression.
Of interest, we document that troxerutin is able to successfully counteract VEGF increase and to hinder, upstream, the activation of the PKCβII/HuR pathway.
A subsequent approach was the use of HREC cells, which are isolated from the human retina and have become a valuable model to examine the effects of diabetes as a whole on the mechanisms of retinal endothelial cell damage and repair (Malek et al., 2018). In this model, we challenged the cells with a physiologic stimulus, glucose, for 72 h and 7 days. Specifically, we observed an increase in VEGF levels, both intracellularly and extracellularly, following the glucose challenge. Once again, the rise in VEGF is mediated by the activation of PKCβII/HuR pathway. Indeed, we observed an upregulation of this cascade, which was more evident following 7 days of glucose exposure. In this last regard and in agreement with our previous work (Amadio et al., 2010; Bucolo et al., 2021), we can hypothesize that HuR, besides promoting VEGF protein expression, can affect not only the expression of PKCβII but also its own expression. Of note, we also document that troxerutin, again, is able to prevent the hyperglycemia-dependent VEGF increase and PKCβII/HuR upregulation.
It should be stressed that troxerutin counteracts the increase of VEGF in both models without suppressing the physiological production of VEGF, which has instead beneficial functions for endothelial cells (Amadio et al., 2016). Indeed, we did not find any significant difference in the amount of VEGF between controls and troxerutin-treated samples (i.e., controls versus troxerutin + PMA or troxerutin + high glucose). These results confirm previous data (Amadio et al., 2010) and support the concept that the activation of this cascade is only responsible for the abnormal/detrimental production of VEGF.
Taken together, the present findings emphasize the engagement of the PKCβII/HuR cascade as an early event triggered by hyperglycemia to promote the expression of VEGF, the primary player in vascular hyperpermeability and endothelial proliferation. Indeed, we confirmed the key involvement of this cascade in two different endothelial cell lines challenged with two distinct stimuli able to directly induce hyperglycemia (high glucose itself) or mimic one of the early consequences of glycemic conditions (the synthesis of DAG) (see Figure 5). Blocking the activation of this pathway can thus constitute a new pharmacological approach to face DR development. Therefore, both models can be helpful within the drug discovery field to assess the potential effect of different compounds as a preventive therapeutic option such as troxerutin. In this regard, we show here that, remarkably, troxerutin is able to preempt the hyperglycemia-induced increase in VEGF in both in vitro models, thus suggesting its potential use in DR. It seems that troxerutin ameliorates diabetic retinopathy by downregulating neoangiogenesis factors as well as hindering free radical production, since the latter plays a central role in neuronal degeneration by activating the inflammatory and apoptotic pathways. Indeed, protecting retinal neurons from oxidative stress and hindering VEGF upregulation, together with the consequent vascular damage, through the use of natural substances such as troxerutin may be an efficacious strategy for a preventive treatment during the early phases of DR. However, we cannot exclude the possibility that troxerutin may also act at retinal level also via additional mechanisms. For example, a recent work documented that among the gene pathways networks commonly dysregulated in DR retinas are included those linked to fibrosis, another key hallmark of DR that is presently targeted by pharmacological research (Platania et al., 2018). Indeed, troxerutin has been shown to be endowed with an antifibrogenic action (Geetha et al., 2015), therefore future experiments may explore the capability of troxerutin to also counteract retinal fibrosis. Further, considering the implication of genes associated to platelet activation in DR (Platania et al., 2018) and that troxerutin has been reported to improve retinal viscosity microcirculation (Malinska et al., 2019) future studies may also address the effect of troxerutin on platelets function.
[image: Figure 5]FIGURE 5 | Outline of the effect of troxerutin on the PKCβII/HuR/VEGF cascade activated by hyperglycemia in endothelial cells. The figure shows the engagement of the PKCβII/HuR cascade in determining the increase in VEGF expression within the events triggered by hyperglycemia and indicates the upstream effect of troxerutin in counteracting the upregulation of the entire cascade. We did not investigate in deep the mechanisms of troxerutin-induced reduction in VEGF expression, but it can be supposed that troxerutin may inhibit the over-expression of PKC or its targets in these diabetic in vitro models. The analysis of the troxerutin targets through the Swiss TargetPrediction software (http://www.swisstargetprediction.ch) shows that troxerutin may indeed interact with several PKCs, including PKCβII, thus suggesting that additional mechanisms may be studied upstream/downstream its antioxidant actions to better characterize the effect of this substance.
Nevertheless, despite all these beneficial effects, troxerutin is manly present into the market in multi-component supplements, hence the present data may direct the market towards the development of troxerutin-based preparations specifically addressed to ocular diseases. Further, future efforts should also be done to explore whether mechanisms as those here described take place at the doses and times that are used in systemic administration in humans, and also following the use of topical formulations. Moreover, it will be of interest to investigate whether the described pathway and troxerutin have a role also in events taking place at the level of cerebral vascular endothelial cells exposed to high glucose concentrations.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
FF: Investigation, Data Curation, Writing—Original Draft; NM: Methodology, Investigation, Formal Analysis, Data Curation; LC: Investigation; LL: Review; CC: Review and Editing; AB: Investigation; SG: Conceptualization, Review and Editing. AP: Conceptualization, Methodology, Writing—Review and Editing, Supervision.
FUNDING
This study was partially funded by Bausch & Lomb- Iom S.p.A. with a grant to SG and AP and partially supported by a grant to AP from MIUR, PRIN 2020 (2020FR7TCL_003).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.951833/full#supplementary-material
SUPPLEMENTARY FIGURE S1 | Effect of troxerutin on HUVEC mitochondrial activity. HUVEC were exposed to different concentrations of troxerutin for 24 and 48 h. Absorbance values obtained after the MTT assay are expressed as mean percentages ± S.D. over controls (CTR, 100%), n=8 independent experiments. CTR, control.
SUPPLEMENTARY FIGURE S2 | Effect of glucose exposure on HREC mitochondrial activity. HREC were exposed to high glucose (25 mM) in continuous contact for 24 h, 48 h, 72 h and 7 days. The results are expressed as mean ± S.D. related to MTT measures as a percentage of controls (CTR, 100%), n=8 independent experiments. CTR, control; HG, continuous high glucose.
REFERENCES
 Al-Dosary, D. I., Alhomida, A. S., and Ola, M. S. (2017). Protective effects of dietary flavonoids in diabetic induced retinal neurodegeneration. Curr. Drug Targets 18, 1468–1476. doi:10.2174/1389450117666161003121304
 Amadio, M., Bucolo, C., Leggio, G. M., Drago, F., Govoni, S., and Pascale, A. (2010). The PKCbeta/HuR/VEGF pathway in diabetic retinopathy.Biochem. Pharmacol. 80, 1230–1237. doi:10.1016/j.bcp.2010.06.033
 Amadio, M., Govoni, S., and Pascale, A. (2016). Targeting VEGF in eye neovascularization: What’s new?Pharmacol. Res. 103, 253–269. doi:10.1016/j.phrs.2015.11.027
 Amadio, M., Osera, C., Lupo, G., Motta, C., Drago, F., Govoni, S., et al. (2012). Protein kinase C activation affects, via the mRNA-binding Hu-antigen R/ELAV protein, vascular endothelial growth factor expression in a pericytic/endothelial coculture model. Mol. Vis. 18, 2153–2164.
 Amadio, M., Scapagnini, G., Lupo, G., Drago, F., Govoni, S., and Pascale, A. (2008). PKCbetaII/HuR/VEGF: A new molecular cascade in retinal pericytes for the regulation of VEGF gene expression.Pharmacol. Res. 57, 60–66. doi:10.1016/j.phrs.2007.11.006
 Aronson, J. (2016). “Troxerutin,” in Meyler’s side effects of drugs (Amsterdam, Netherlands: Elsevier), 219. doi:10.1016/B978-0-444-53717-1.01605-X
 Aziz, Z., Tang, W. L., Chong, N. J., and Tho, L. Y. (2015). A systematic review of the efficacy and tolerability of hydroxyethylrutosides for improvement of the signs and symptoms of chronic venous insufficiency. J. Clin. Pharm. Ther. 40, 177–185. doi:10.1111/jcpt.12247
 Battaini, F., and Mochlyrosen, D. (2007). Happy birthday protein kinase C: Past, present and future of a superfamily. Pharmacol. Res. 55, 461–466. doi:10.1016/j.phrs.2007.05.005
 Behl, T., and Kotwani, A. (2015). Exploring the various aspects of the pathological role of vascular endothelial growth factor (VEGF) in diabetic retinopathy. Pharmacol. Res. 99, 137–148. doi:10.1016/j.phrs.2015.05.013
 Bronicki, L. M., and Jasmin, B. J. (2013). Emerging complexity of the HuD/ELAVl4 gene; implications for neuronal development, function, and dysfunction. RNA 19, 1019–1037. doi:10.1261/rna.039164.113
 Brownlee, M. (2005). The pathobiology of diabetic complications: A unifying mechanism.Diabetes 54, 1615–1625. doi:10.2337/diabetes.54.6.1615
 Bucolo, C., Barbieri, A., Viganò, I., Marchesi, N., Bandello, F., Drago, F., et al. (2021). Short-and long-term expression of vegf: A temporal regulation of a key factor in diabetic retinopathy. Front. Pharmacol. 12, 707909. doi:10.3389/fphar.2021.707909
 Cecilia, O.-M., José Alberto, C.-G., José, N.-P., Ernesto Germán, C.-M., Ana Karen, L.-C., Luis Miguel, R.-P., et al. (2019). Oxidative stress as the main target in diabetic retinopathy pathophysiology. J. Diabetes Res. 2019, 8562408–8562421. doi:10.1155/2019/8562408
 Ceriello, A. (2000). Oxidative stress and glycemic regulation. Metabolism. 49, 27–29. doi:10.1016/S0026-0495(00)80082-7
 Chung, H., Choi, S., Ahn, B., Kwak, H., Kim, J., and Kim, W. (2005). Efficacy of troxerutin on streptozotocin-induced rat model in the early stage of diabetic retinopathy. Arzneimittelforschung. 55, 573–580. doi:10.1055/s-0031-1296907
 Dasevcimen, N., and King, G. (2007). The role of protein kinase C activation and the vascular complications of diabetes. Pharmacol. Res. 55, 498–510. doi:10.1016/j.phrs.2007.04.016
 Duh, E. J., Sun, J. K., and Stitt, A. W. (2017). Diabetic retinopathy: Current understanding, mechanisms, and treatment strategies. JCI Insight 2, e93751. doi:10.1172/jci.insight.93751
 Geetha, R., Radika, M. K., Priyadarshini, E., Bhavani, K., and Anuradha, C. V. (2015). Troxerutin reverses fibrotic changes in the myocardium of high-fat high-fructose diet-fed mice. Mol. Cell. Biochem. 407, 263–279. doi:10.1007/s11010-015-2474-3
 Geraldes, P., and King, G. L. (2010). Activation of protein kinase C isoforms and its impact on diabetic complications. Circ. Res. 106, 1319–1331. doi:10.1161/CIRCRESAHA.110.217117
 Giurdanella, G., Lazzara, F., Caporarello, N., Lupo, G., Anfuso, C. D., Eandi, C. M., et al. (2017). Sulodexide prevents activation of the PLA2/COX-2/VEGF inflammatory pathway in human retinal endothelial cells by blocking the effect of AGE/RAGE. Biochem. Pharmacol. 142, 145–154. doi:10.1016/j.bcp.2017.06.130
 Glacet-Bernard, A., Coscas, G., Chabanel, A., Zourdani, A., Lelong, F., and Samama, M. M. (1994). A randomized, double-masked study on the treatment of retinal vein occlusion with troxerutin. Am. J. Ophthalmol. 118, 421–429. doi:10.1016/S0002-9394(14)75791-5
 Govoni, S., Amadio, M., Battaini, F., and Pascale, A. (2010). Senescence of the brain: Focus on cognitive kinases. Curr. Pharm. Des. 16, 660–671. doi:10.2174/138161210790883732
 Hicklin, D. J., and Ellis, L. M. (2005). Role of the vascular endothelial growth factor pathway in tumor growth and angiogenesis. J. Clin. Oncol. 23, 1011–1027. doi:10.1200/JCO.2005.06.081
 Kida, T., Oku, H., Osuka, S., Horie, T., and Ikeda, T. (2021). Hyperglycemia-induced VEGF and ROS production in retinal cells is inhibited by the mTOR inhibitor, rapamycin. Sci. Rep. 11, 1885. doi:10.1038/s41598-021-81482-3
 Kocherova, I., Bryja, A., Mozdziak, P., Angelova Volponi, A., Dyszkiewicz-Konwińska, M., Piotrowska-Kempisty, H., et al. (2019). Human umbilical vein endothelial cells (HUVECs) Co-culture with osteogenic cells: From molecular communication to engineering prevascularised bone grafts. J. Clin. Med. 8, 1602. doi:10.3390/jcm8101602
 Kowluru, R. A., Tang, J., and Kern, T. S. (2001). Abnormalities of retinal metabolism in diabetes and experimental galactosemia. VII. Effect of long-term administration of antioxidants on the development of retinopathy.Diabetes 50, 1938–1942. doi:10.2337/diabetes.50.8.1938
 Leasher, J. L., Bourne, R. R. A., Flaxman, S. R., Jonas, J. B., Keeffe, J., Naidoo, K., et al. (2016). Global estimates on the number of people blind or visually impaired by diabetic retinopathy: A meta-analysis from 1990 to 2010. Diabetes Care 39, 1643–1649. doi:10.2337/dc15-2171
 Lynch, S. K., and Abràmoff, M. D. (2017). Diabetic retinopathy is a neurodegenerative disorder. Vis. Res. 139, 101–107. doi:10.1016/j.visres.2017.03.003
 Madsen-Bouterse, S. A., and Kowluru, R. A. (2008). Oxidative stress and diabetic retinopathy: Pathophysiological mechanisms and treatment perspectives. Rev. Endocr. Metab. Disord. 9, 315–327. doi:10.1007/s11154-008-9090-4
 Malek, G., Busik, J., Grant, M. B., and Choudhary, M. (2018). Models of retinal diseases and their applicability in drug discovery. Expert Opin. Drug Discov. 13, 359–377. doi:10.1080/17460441.2018.1430136
 Malinska, H., Hüttl, M., Oliyarnyk, O., Markova, I., Poruba, M., Racova, Z., et al. (2019). Beneficial effects of troxerutin on metabolic disorders in non-obese model of metabolic syndrome. PLoS ONE 14, e0220377. doi:10.1371/journal.pone.0220377
 Marchesi, N., Barbieri, A., Fahmideh, F., Govoni, S., Ghidoni, A., Parati, G., et al. (2020). Use of dual-flow bioreactor to develop a simplified model of nervous-cardiovascular systems crosstalk: A preliminary assessment. PLoS ONE 15, e0242627. doi:10.1371/journal.pone.0242627
 Maruhashi, T., and Higashi, Y. (2021). Pathophysiological association between diabetes mellitus and endothelial dysfunction. Antioxidants 10, 1306. doi:10.3390/antiox10081306
 Matos, A. L., Bruno, D. F., Ambrósio, A. F., and Santos, P. F. (2020). The benefits of flavonoids in diabetic retinopathy. Nutrients 12, 3169. doi:10.3390/nu12103169
 Meza, C. A., La Favor, J. D., Kim, D.-H., and Hickner, R. C. (2019). Endothelial dysfunction: Is there a hyperglycemia-induced imbalance of NOX and NOS?Int. J. Mol. Sci. 20, 3775. doi:10.3390/ijms20153775
 Moran, E. P., Wang, Z., Chen, J., Sapieha, P., Smith, L. E. H., and Ma, J. (2016). Neurovascular cross talk in diabetic retinopathy: Pathophysiological roles and therapeutic implications. Am. J. Physiol. Heart Circ. Physiol. 311, H738–H749. doi:10.1152/ajpheart.00005.2016
 Nicholson, B. P., and Schachat, A. P. (2010). A review of clinical trials of anti-VEGF agents for diabetic retinopathy. Graefes Arch. Clin. Exp. Ophthalmol. 248, 915–930. doi:10.1007/s00417-010-1315-z
 Ola, M. S., Ahmed, M. M., Shams, S., and Al-Rejaie, S. S. (2017). Neuroprotective effects of quercetin in diabetic rat retina. Saudi J. Biol. Sci. 24, 1186–1194. doi:10.1016/j.sjbs.2016.11.017
 Panat, N. A., Maurya, D. K., Ghaskadbi, S. S., and Sandur, S. K. (2016). Troxerutin, a plant flavonoid, protects cells against oxidative stress-induced cell death through radical scavenging mechanism. Food Chem. 194, 32–45. doi:10.1016/j.foodchem.2015.07.078
 Pascale, A., and Govoni, S. (2012). The complex world of post-transcriptional mechanisms: Is their deregulation a common link for diseases? Focus on ELAV-like RNA-binding proteins. Cell. Mol. Life Sci. 69, 501–517. doi:10.1007/s00018-011-0810-7
 Platania, C. B. M., Leggio, G. M., Drago, F., Salomone, S., and Bucolo, C. (2018). Computational systems biology approach to identify novel pharmacological targets for diabetic retinopathy. Biochem. Pharmacol. 158, 13–26. doi:10.1016/j.bcp.2018.09.016
 Platania, C. B. M., Maisto, R., Trotta, M. C., D’Amico, M., Rossi, S., Gesualdo, C., et al. (2019). Retinal and circulating mi RNA expression patterns in diabetic retinopathy: An in silico and in vivo approach. Br. J. Pharmacol. 14665, 2179–2194. doi:10.1111/bph.14665
 Platania, C. B. M., Pittalà, V., Pascale, A., Marchesi, N., Anfuso, C. D., Lupo, G., et al. (2020). Novel indole derivatives targeting HuR-mRNA complex to counteract high glucose damage in retinal endothelial cells. Biochem. Pharmacol. 175, 113908. doi:10.1016/j.bcp.2020.113908
 Ramelet, A.-A. (2017). “Venoactive drugs,” in Sclerotherapy (Amsterdam, Netherlands: Elsevier), 426–434. doi:10.1016/B978-0-323-37726-3.00014-9
 Rossino, M. G., and Casini, G. (2019). Nutraceuticals for the treatment of diabetic retinopathy. Nutrients 11, 771. doi:10.3390/nu11040771
 Semeraro, F., Morescalchi, F., Cancarini, A., Russo, A., Rezzola, S., and Costagliola, C. (2019). Diabetic retinopathy, a vascular and inflammatory disease: Therapeutic implications. Diabetes Metab. 45, 517–527. doi:10.1016/j.diabet.2019.04.002
 Srivastava, G. K., Alonso-Alonso, M. L., Fernandez-Bueno, I., Garcia-Gutierrez, M. T., Rull, F., Medina, J., et al. (2018). Comparison between direct contact and extract exposure methods for PFO cytotoxicity evaluation. Sci. Rep. 8, 1425. doi:10.1038/s41598-018-19428-5
 Sun, J., Xu, Y., Sun, S., Sun, Y., and Wang, X. (2010). Intermittent high glucose enhances cell proliferation and VEGF expression in retinal endothelial cells: The role of mitochondrial reactive oxygen species. Mol. Cell. Biochem. 343, 27–35. doi:10.1007/s11010-010-0495-5
 Testa, R., Bonfigli, A., Genovese, S., De Nigris, V., and Ceriello, A. (2016). The possible role of flavonoids in the prevention of diabetic complications. Nutrients 8, 310. doi:10.3390/nu8050310
 Vinothkumar, R., Vinoth Kumar, R., Karthikkumar, V., Viswanathan, P., Kabalimoorthy, J., and Nalini, N. (2014). Oral supplementation with troxerutin (trihydroxyethylrutin), modulates lipid peroxidation and antioxidant status in 1, 2-dimethylhydrazine-induced rat colon carcinogenesis. Environ. Toxicol. Pharmacol. 37, 174–184. doi:10.1016/j.etap.2013.11.022
 Wang, W., and Lo, A. (2018). Diabetic retinopathy: Pathophysiology and treatments. Int. J. Mol. Sci. 19, 1816. doi:10.3390/ijms19061816
 Wang, Z., Zhang, Q., Lin, J.-R., Jabalameli, M. R., Mitra, J., Nguyen, N., et al. (2021). Deep post-GWAS analysis identifies potential risk genes and risk variants for Alzheimer’s disease, providing new insights into its disease mechanisms. Sci. Rep. 11, 20511. doi:10.1038/s41598-021-99352-3
 Wong, T. Y., and Sabanayagam, C. (2020). Strategies to tackle the global burden of diabetic retinopathy: From epidemiology to artificial intelligence. Ophthalmologica. 243, 9–20. doi:10.1159/000502387
 Xin, X., Zhang, M., Li, X., Lai, F., and Zhao, G. (2018). Biocatalytic synthesis of acylated derivatives of troxerutin: Their bioavailability and antioxidant properties in vitro. Microb. Cell Fact. 17, 130. doi:10.1186/s12934-018-0976-x
 Yang, A. C., Vest, R. T., Kern, F., Lee, D. P., Agam, M., Maat, C. A., et al. (2022). A human brain vascular atlas reveals diverse mediators of Alzheimer’s risk. Nature 603, 885–892. doi:10.1038/s41586-021-04369-3
 Zamanian, M., Bazmandegan, G., Sureda, A., Sobarzo-Sanchez, E., Yousefi-Manesh, H., and Shirooie, S. (2020). The protective roles and molecular mechanisms of troxerutin (vitamin P4) for the treatment of chronic diseases: A mechanistic review. Curr. Neuropharmacol. 19, 97–110. doi:10.2174/1570159X18666200510020744
Conflict of interest: Author LL was employed by Bausch & Lomb—Iom S.p.A.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Fahmideh, Marchesi, Campagnoli, Landini, Caramella, Barbieri, Govoni and Pascale. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-951833-g005.gif





OPS/images/fphar-13-951833-g003.gif





OPS/images/fphar-13-951833-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effect of troxerutin in counteracting hyperglycemia-induced VEGF upregulation in endothelial cells: a new option to target early stages of diabetic retinopathy?		Introduction

		Materials and methods		Cell cultures and treatment

		MTT assay

		Western blotting

		ELISA assay for vascular endothelial growth factor

		Statistical analysis





		Results

		Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









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

Effect of troxerutin in
counteracting hyperglycemia-
induced VEGF upregulation in
endothelial cells: a new option
to target early stages of diabetic

retinopathy?





OPS/images/fphar-13-951833-g001.gif





OPS/images/fphar-13-951833-g002.gif
e










OPS/images/crossmark.jpg
©

|





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





