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Introduction: Diabetes mellitus describes a metabolic disorder of multiple etiologies, characterized by chronic hyperglycemia, which induces a series of molecular events capable of leading to microvascular damage, affecting the blood vessels of the retina, causing diabetic retinopathy. Studies indicate that oxidative stress plays a central role in complications involving diabetes. Açaí (Euterpe oleracea) has attracted much attention given its antioxidant capacity and potential associated health benefits in preventing oxidative stress, one of the causes of diabetic retinopathy. The objective of this work was to evaluate the possible protective effect of açaí (E. oleracea) on the retinal function of mice with induced diabetes, based on full field electroretinogram (ffERG).
Methods: We opted for mouse models with induced diabetes by administration of a 2% alloxan aqueous solution and treatment with feed enriched with açaí pulp. The animals were divided into 4 groups: CTR (received commercial ration), DM (received commercial ration), DM + açaí (E. oleracea-enriched ration) and CTR + açaí (E. oleracea-enriched ration). The ffERG was recorded three times, 30, 45 and 60 days after diabetes induction, under scotopic and photopic conditions to access rod, mixed and cone responses, in addition to monitoring the weight and blood glucose of the animals during the study period. Statistical analysis was performed using the two-way ANOVA test with Tukey’s post-test.
Results: Our work obtained satisfactory results with the ffERG responses in diabetic animals treated with açaí, where it was observed that there was no significant decrease in the b wave ffERG amplitude of this group over time when compared to the results of the Diabetic group not treated with açaí, which showed a significant reduction of this ffERG component.
Discussion: The results of the present study show, for the first time, that treatment with an açaí-enriched diet is effective against the decrease in the amplitude of visual electrophysiological responses in animals with induced diabetes, which opens a new horizon for the prevention of retinal damage in diabetic individuals from treatment with açaí base. However, it is worth mentioning that our findings consist of a preliminary study and further researches and clinical trials are needed to examine açaí potential as an alternative therapy for diabetic retinopathy.
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1 INTRODUCTION
The pathology known as diabetes mellitus (DM) is within ten main causes of death in Western countries. This disease presents a multiple etiology of metabolic disorder, which induces chronic hyperglycemia and disorders of carbohydrates, proteins, and fats metabolism, a direct result of losses in the secretion of insulin, the action of insulin, or both (Alberti and Zimmet, 1998; Pizova, 2018). The development of DM is composed of several pathogenic processes including the autoimmune destruction of pancreatic cells (DM type 1) or abnormalities that result in resistance to insulin action (DM type 2), in both cases result in inefficient insulin activity in target tissues (Kesavulu et al., 2000).
The chronic hyperglycemia characteristic of DM induces a series of molecular events capable of leading to microvascular damage, affecting the blood vessels of the retina, this is one of the most common complications of DM called diabetic retinopathy (DR) (Khalil, 2017; Wang and Lo, 2018; Ansari et al., 2022). It is known that the predisposition of developing DR is directly proportional to the age of the patient, duration of diabetes, hypertension, and poor glycemic control (Shukla and Tripathy, 2022). According to International Diabetes Federation (IDF) 537 million (10,5%) adults (20–79 years) live with diabetes in 2021 (Sun et al., 2022) and a recent systematic review has concluded that the global prevalence of DR among people with diabetes is estimated at 22.27% (Teo et al., 2021). This is a very worrying data because, in the world panorama, DR is one of the main causes of visual loss and blindness, which generates several disorders to the patient besides the economic impact (Sivakumar et al., 2005; Ozawa et al., 2011; Sivaprasad et al., 2012; Leasher et al., 2016).
Studies indicate that oxidative stress plays a central role in complications involving diabetes (Brownlee, 2001; Reis et al., 2008; Ola et al., 2018; Wang and Lo, 2018; Kang and Yang, 2020; Ansari et al., 2022). The oxidative stress occurs by a serious imbalance between oxidants agents, (which includes reactive oxygen species (ROS) and reactive nitrogen species (NRS)) and endogenous antioxidant (like GSH, glutathione peroxidase, and catalase) (Taniyama and Griendling, 2003; Jones, 2006). Several metabolic pathways are associated with the pathogenesis of DR due to hyperglycemia present in DM, such as glucose auto-oxidation, activation of the polyol pathway, formation of advanced non-enzymatic glycosylation products (AGEs), and hexosamine pathways, developing oxidative stress and inflammation (Maritim et al., 2003; Fong et al., 2004; Ola et al., 2018; Wang and Lo, 2018; Kang and Yang, 2020; Ansari et al., 2022).
The antioxidant and anti-inflammatory activity of some compounds present in foods has aroused scientific interest due to the potential effect on the prevention of tissue injuries caused by oxidative stress, the primary cause of many chronic diseases due to cell damage that, in turn, can promote physiological dysfunctions and cell death, such as diabetic retinopathy in patients with DM. In this context, açaí (Euterpe oleracea Mart.), a species belonging to the palm tree (Arecaceae) family, native to countries in the Amazon region of tropical South and Central America, including Brazil, Ecuador, and Venezuela (de Oliveira et al., 2019), has been used in several studies as a potential antioxidant and anti-inflammatory agent that prevents injury to physiological systems (Udani et al., 2011; Gironés-Vilaplana et al., 2014; Brasil et al., 2017; Faria E Souza et al., 2017; da Silva Cristino Cordeiro et al., 2018; de Bem et al., 2018b; De Bem et al., 2018a; Kim et al., 2018; Souza-Monteiro et al., 2019; Magalhães et al., 2020).
Brasil and collaborators observed that animals fed a diet supplemented by açaí did not have neither visual impairment under mercury poisoning, in the vast majority of visual responses assessed, nor MeHg-induced oxidative stress in retinal tissue (Brasil et al., 2017). In another study, it was observed that the use of açaí decreased kidney damage due to the reduction of inflammation, oxidation stress, and improving the renal filtration barrier (da Silva Cristino Cordeiro et al., 2018). De Bem and cols showed that the treatment with açaí associated with physical exercises increases the antioxidant defense and protects diabetic rats against hepatic steatosis (de Bem et al., 2018b).
Furthermore, some studies have shown positive effects of E. oleracea attributed to its antioxidant potential on neurodegenerative diseases (de Oliveira et al., 2019; D’Amico et al., 2022), anxiety-like behavior (de Carvalho et al., 2022) and model of aging (Remigante et al., 2022).
Since it is known that diabetes induces oxidative stress and inflammation in the retina leading to neuronal death, flavonoids have provided good results to prevent or treat diabetic retinopathy due to anti-inflammatory, antioxidant properties (Matos et al., 2020). As these are the main bioactive components of açaí and E. oleracea has gained prominence in recent years as it has substantially higher antioxidant capacity compared to most dark colored fruits and vegetables (Bichara and Rogez, 2011) we chose this functional food to use in our study.
Several studies had showed positive effects of flavonoids in DR (Ola et al., 2018; Matos et al., 2020) as well as effects of açaí in different models (de Oliveira et al., 2019; D’Amico et al., 2022; de Carvalho et al., 2022; Remigante et al., 2022), including DM models (da Silva Cristino Cordeiro et al., 2018; De Bem et al., 2018a; de Bem et al., 2018b) and protection against retinal electrical response impairment induced by toxic agent (Brasil et al., 2017), however there is no studies testing the acai effect in retinal function in DR model.
In the present study, we tested, for the first time, the hypothesis that açaí acts in the prevention of neurophysiological injuries in the retina of diabetic mice using Electroretinogram (ERG) as a functional integrity measure of the visual system.
2 METHODS
2.1 Animals
The animals used to perform the experiments were adult Swiss mice (25–32 g—male and female) obtained from the Experimentation Laboratory of the Biological Sciences Institute (ICB) of the Federal University of Pará (UFPA). The animals were maintained in polypropylene cages, with a maximum of four animals and 12 h light-dark cycle at 25°C ± 1°C. All experiments were conducted in accordance with the use and care of animals in Ophthalmic and Vision Research (ARVO) and were approved by the Ethics Committee on Experimental Animals of the Federal University of Pará (UFPA). (CEPAE-UFPA: BIO 033.2015).
2.2 Diet and experimental groups
The pulp of the pasteurized açaí (E. oleracea) was obtained from a local distributor. The diet was elaborated according to the Association of Official Analytical Chemistry (1989) and Reeves et al. (Reeves et al., 1993). The pallets formed of E. oleracea-enriched (EO-enriched) rations were made from the commercial ration bran (PURINA Company Cia, São Paulo, Brazil) mixture with the açaí pulp (10:1 g/g), utilizing the ultrapure aqueous medium. The pallets were warmed at 60°C for 3 h and used in all experimental diet procedures and kept under refrigeration ∼4°C, protected from light until the moment of use. The preparation of EO-enriched ration was done at intervals of 3-4 days.
The animals were divided into four groups: Control group 1 (n = 4), called CTR, Diabetes group 1 (n = 4), called DM–both groups received commercial ration without açaí; Control group 2 (n = 4), called CTR + AÇAÍ; and Diabetes group 2 (n = 4), called DM + AÇAÍ–both groups received ration enriched with açaí after diabetes induction.
2.3 Diabetes induction
The diabetes was induced in the two diabetes groups by administration of 2% alloxan aqueous solution, with a dose of 170 mg/kg of alloxan (Alloxan monohydrate, Sigma-Aldrich, St. Louis, MO, United States) dissolved in 0.2 mL of saline (0.9%) intraperitoneally injected. The animals of two control groups received only 0.2 mL of saline solution. Animals with glycemia above 200 mg/dL (16 mmol/L) were considered diabetic. Confirmation of the diabetes was made 48 h after the induction by an automated process using a glycemic meter (OnCall® Plus, brand ACON Laboratories, Inc.) through blood collection performed with a slight incision in the animal’s tail after fasting previous 12 h. The body mass and blood glucose for all groups were monitored every 15 days and started in the same day of diabetes induction, continuing during the experiment period in all experimental groups.
2.4 Electroretinogram (ffERG)
The full field Electroretinogram (ffERG) was the clinical and laboratory electro functional test chosen to evaluate a retinal function of the experimental groups. Electroretinographic experiments were records three times, 30, 45, and 60 days after the induction of diabetes. The study design can be seen in Figure 1. The animals were adapted to the dark for at least 14 h (“overnight”) in the experiment room. The animals were anesthetized with an intraperitoneal injection of ketamine hydrochloride solution (100 mg/kg)/xylazine hydrochloride (6 mg/kg), the pupils were dilated with a drop of 1% tropicamide eye drops (Mydriacyl Alcon®), the animals them were transferred to a Faraday cage.
[image: Figure 1]FIGURE 1 | Graphical scheme of study design. The animals were feed with açaí-enriched diet for 28 days and in the next day were subjected to diabetes induction (Day 0). Then, ffERG (full field electroretinogram) was recorded at 30, 45, and 60 days after diabetes induction (Day 30, 45, and 60, respectively).
The ffERG records are obtained through the electrodes, positioned as follows: active silver-filament electrode positioned on the cornea with 2% methylcellulose eye drops to protect the surface of the cornea; a subcutaneous steel needle electrode in the eyelid was used as the reference electrode (model F-E3-48, Grass instruments, Warwick, United States); and a Gold disk skin electrode placed in the ear of the animal served as the ground electrode (model F-E6SHC-12) fixed by electrolytic paste (Ten20, DO WEAVER) applied to the electrode, to facilitate electric conduction. The procedure is done with the animals already positioned in the Faraday cage (46.5 × 40.3 × 30 cm), 30 cm from the photo stimulator. These procedures were performed in the dark with the assistance of a low-intensity red light.
The light stimuli were presented by photo-stimulator (Model PS33-PLUS, Grass Technologies, Warwick, United States) with different intensities, duration, and interval. The stimuli protocol was based on the standards established by Harazny et al. (Harazny et al., 2009).
The rod-driven response was obtained in an adaptation condition during the overnight period with stimulus intensity at ∼0.09 cd∙s∙m−2. In addition to the isolated rod-driven response, it was the measure of the combined rod-cone responses, called the mixed 1, under stimulation at 0.378 cd∙s∙m−2, and mixed 2, at 10.215 cd∙s∙m−2. After recording the scotopic responses, the animals were light-adapted for 10 min to obtain photopic cone single flash responses stimulated by flashes of 10.215 cd∙s∙m−2.
The intervals between stimuli for the responses in scotopic conditions were 15 s and responses under photopic conditions, was 1 s. Light-evoked responses from retinal tissue were amplified 50,000 x with a AC amplifier (Model P511, Grass Technologies, Warwick, United States), filtered between 0.3 and 300 Hz and digitalized with an analog-digital interface (National Instruments, Austin, TX). The data acquisition program used was Labview 3.0 (National Instruments, Austin, TX).
In the present work, the ffERG component analyzed was only the b-wave amplitude (positive ERG component generated in inner nuclear retinal layer, reflecting bipolar ON cells and Müller cells activity), which was measured from the trough of the a-wave or from the baseline to the peak of the b-wave and expressed in microvolt (µV).
2.5 Statistical analysis
Results were submitted to statistical analysis using the program GraphPad Prism 5, where the mean and the standard deviation of the experimental groups were determined. The data were, then, compared by the one-way ANOVA followed by Tukey post-tests. Values of p < 0.05 were considered statistically significant.
3 RESULTS
3.1 Body mass and glycemia monitoring
Body mass and blood glucose are shown at 30, 45, and 60 days after diabetes induction (Figures 2, 3). However, the diabetic group could only be followed up to 45 days after induction; this group did not survive up to 60 days. All groups showed an increase in body mass over time (Figure 2). At 30 days, the mean body weight of the CTR group was 27 g, the CTR + Açaí group 27.67 g, the DM group 25.67 g, the DM + Açaí group 26 g, with no statistical difference (p > 0.05). In 45 days, the DM and CTR + Açaí groups had the lowest mean body weight compared to the other groups, but without statistical difference (p > 0.05). In addition, in 60 days, the CTR, CTR + Açaí and DM + Açaí groups again presented similar weight 30, 32.3, and 31.33 g, respectively, and without statistical difference (p > 0.05).
[image: Figure 2]FIGURE 2 | Mass body (g) monitoring after diabetes induction. Values are means ± SD. At 30, 45, and 60 days after diabetes induction, there was no statistical difference in the comparison of body mass between groups (p > 0.05).
[image: Figure 3]FIGURE 3 | Blood glucose levels (mg/dL) monitoring after diabetes induction. Values are means ± SD. ** p < 0.001 CTR and CTR + Açaí vs. DM in 30 days, * p < 0.01 CTR and CTR + Açaí vs. DM + Açaí in 30 days, * p < 0.0001 CTR and CTR + Açaí vs. DM and DM + Açaí in 45 days, * p < 0.001 CTR and CTR + Açaí vs. DM + Açaí in 60 days.
The blood glucose monitoring showed that CTR and CTR + Açaí group remained of blood glucose levels about 100 mg/dL, whereas in the DM group and DM + Açaí remained the mice presented mean values ranging from 400 to ≥600 mg/dL over the days after diabetes induction (Figure 3). Thereby, DM and DM + Açaí groups did not differ from each other but presented blood glucose higher than CTR and CTR + Açaí groups, confirming the induction of diabetes.
3.2 Full field electroretinogram (ffERG)
In Table 1 we have compiled all responses of medium amplitude. The amplitudes refer to the b-wave responses of each applied protocol.
TABLE 1 | Amplitudes responses compilation from b-wave by all ERG protocols.
[image: Table 1]3.2.1 Scotopic response (rods)
Under dark adaptation, the amplitude of rod-driven responses decreased significantly in DM animals within the first 30 days after diabetes induction, mean 149.54 μV (±12.78, p < 0.001) (Figure 4A). On the other hand, the DM + Açaí animals had a mean response amplitude of 182.87 μV (±11.24) similar and without significant difference to the CRT 202.41 ± 7.96 μV and CRT + Açaí 200.19 ± 22.74 μV groups (p > 0.05). At Day 45, there was a greater decrease in the response amplitude of the DM group (69.72 ± 13.28 μV, p < 0.001), in relation to the CRT, CRT + Açaí and DM + Açaí groups, which maintained similar responses and without significant difference (p > 0.05), 188.19 ± 19.81 μV, 199.26 ± 20.76 μV, 179.04 ± 8.47 μV, respectively. At Day 60, the CRT, CRT + Açaí and DM + Açaí groups maintained similar average response amplitudes and without significant difference between the groups 174.68 ± 15 μV, 191.49 ± 10.62 μV, 164.35 ± 24.3 μV, respectively (p > 0.05). Unfortunately, at 60 days, the diabetic animals did not resist, and we did not have amplitude measurements for this group.
[image: Figure 4]FIGURE 4 | Full field electroretinogram b-wave amplitude s monitoring after diabetes induction. Values are means ± SD. (A) Scotopic response (Rods): ** p < 0.001 CTR and CTR + Açaí vs. DM in 30 days; * p < 0.01 DM + Açaí vs. DM in 30 days; *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 45 days; + p < 0.01 CTR + Açaí vs. CRT and DM + Açaí in 45 days (B) Scotopic combined response (Mix 1): *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 30 days; *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 45 days; + p < 0.01 CRT vs. CTR + Açaí in 45 days; ++ p < 0.01 DM + Açaí vs. CTR + Açaí in 45 days (C) Scotopic combined response (Mix 2): *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 30 days; + p < 0.01 DM + Açaí vs. CTR + Açaí in 30 days; *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 45 days; + p < 0.01 DM + Açaí vs. CTR + Açaí in 45 days (D) Cone response: *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 30 days; *** p < 0.0001 CTR, CTR + Açaí and DM + Açaí vs. DM in 45 days; + p < 0.01 CRT vs. CTR + Açaí in 60 days; ++ p < 0.01 CTR + Açaí vs. DM + Açaí in 60 days.
3.2.2 Scotopic combined response (rods and cones)
In the protocols of combined responses from rods and cones (Mix 1 and Mix 2) we obtained a very similar behavior of the responses when we tested just rods. Here, DM group had a significant reduction in the average amplitude of the b-wave responses comparing with the other groups at 30 days after diabetes induction in the Mix1 (DM = 141.47 ± 9.09 μV, p < 0.0001) and Mix2 (DM = 194.82 ± 14.00 μV, p < 0.0001) protocol (Figures 4B, 4C). In the same period, the DM + Açaí group maintained responses without statistical difference for the CTR group (p > 0.05), however, the CRT + Açaí group showed significantly greater responses than the CRT and DM + acai groups in the Mix2 protocol in 30 days (p < 0.01). In 45 days, the DM group, in both protocols, again presented a decrease in response amplitude 62.23 ± 10.72 μV (p < 0.0001) in the Mix1 protocol and 168.47 ± 9.53 μV (p < 0.0001) in the Mix2 protocol, these responses were significantly lower than the amplitudes recorded by the CRT, CRT + Açaí and DM + Acaí groups. At 45 days, we also observed amplitudes of ERG response between the CRT and DM + açaí groups did not differ between each other (p > 0.05) but they had amplitudes statistically smaller than the amplitudes of the responses of the CRT + Açaí group in both protocols (Figures 4B, 4C). At 60 days, we noticed amplitudes with no significant difference between the CRT and DM + açaí and DM + açaí groups in mix1 or mix2 protocol (p > 0.05).
3.2.3 Photopic response (cones)
In the isolated responses of cones 30 days after the induction of diabetes, the CRT group had an average amplitude of 270.35 ± 11.86 μV, with no statistical difference for the average amplitude of the DM + açaí group 245.88 ± 13.39 μV and CRT + açaí 263.06 ± 12.85 μV (p > 0.05). In contrast, the DM group (181.47 ± 8.66 μV, p < 0.0001) had a significantly lower ERG response amplitude compared to the other groups. As described in previously protocols in this paper, the responses of the cone system on the ERG had reduced amplitude in 45 days in the DM group, 127.07 ± 9.54 μV comparing with the other groups (p < 0.0001). During this period, the mean cone responses were 217.22 ± 4.97 μV for the CRT group, 209.23 ± 17.53 μV for the DM + açaí group and 231.71 ± 22.51 μV for the CRT + açaí group, with no statistical difference between these three groups (p > 0.05). At 60 days, we found a statistical difference in response amplitude between the DM + Açaí group vs. the CRT (p < 0.01) and CRT + Açaí (p < 0.01) groups (Figure 4D), with a lower amplitude in the DM + Açaí group.
4 DISCUSSION
The results of our work show that treatment with açaí-enriched diet was effective against the decrease in b-wave amplitude in mice with induced diabetes (DM + Açaí group), preventing diabetes from impairing the functions of retinal cells reflected in the attenuated responses of the ERG in the animals of the DM group. Our data mainly showed that the retinal functional responses of diabetic animals that received açaí-enriched diet did not statistically differ from the responses of the control groups in almost all protocols tested (except in cone response at day 60), these results demonstrate a potential neuroprotective effect of açaí against the damage promoted by diabetes in the retina, reflecting on the preservation of retinal function. The present result about mass body corroborates the previous studies carried out by our group using a similar fortified feed that showed that EO-enriched diet did not influence the animals mass body (Brasil et al., 2017; de Carvalho et al., 2022).
Regarding the analysis of the glycemia of the animals, the control group that received diet supplemented with açaí did not have an increase in glycemia throughout the study period, which can be clarified by Souza et al. (Oliveira de Souza et al., 2010), who in their work showed that the açaí pulp has a low sugar content and is not considered a rich source of carbohydrates, not causing possible harm to the group and should not cause an increase in the glycemic rate of the CTR + Açaí group. Our results of blood glucose level corroborate the study of da Silva Cristino Cordeiro et al. (2018) that fund no difference between the group of rats with streptozotocin (STZ)-induced diabetes and those streptozotocin (STZ)-induced diabetes treated daily with E. oleracea Mart. seed extract (200 mg/kg per day, in drinking water), for 45 days (da Silva Cristino Cordeiro et al., 2018).
On the other hand, this result is in disagreement with some studies that show an antidiabetic effect with açaí-induced blood glucose reduction, probably due to differences in experimental design, such as the part of the plant used, form of apresentation/prodution (açaí seed extract, for example, instead of pulp), route of administration and treatment duration (de Oliveira et al., 2015; De Bem et al., 2018a). The lack of effect of the experimental diet on blood glucose shows that the beneficial effect on retinal function is not related to the control of hyperglycemia.
We must highlight the fact that the animals in the DM group did not survive up to 60 days of treatment, in contrast to the DM + Açaí group, which remained alive throughout the test period. Despite proving our hypothesis that açaí acts as a neuroprotector against the deleterious effects of diabetes on the visual system, the fact that diabetic animals treated with açaí remained alive after 60 days was very curious and shows that even at “toxic” doses of alloxan animals treated with açaí remained alive for a long time. This result shows a protective effect of açaí that goes beyond the visual system and that should be investigated in further studies.
With the analysis of the records obtained by the ERG, it was possible to observe the decrease in the amplitude of the b wave of the diabetes group in all types of responses evaluated (scotopic stick, mixed scotopic of 1 and 2 and photopic) in 30 and 45 days. The amplitude most affected was the mixed scotopic response 1 (which is related to the rod and cone response), resulting in a loss of about 43% at 30 days and 71% at 45 days after the induction of diabetes, resulting in a decrease in wave b in relation to the CRT, CRT + Açaí and DM + Açaí groups.
In our study, induced diabetic retinopathy affected the responses of cones and rods, as there was a reduction in the amplitude of the b wave under conditions of scotopic and photopic adaptation, indicating deficits in the different retinal cells responsible for this component (bipolar ON cells and Müller cells). These data were also compatible with the data obtained by Abdelkader (Abdelkader, 2013) in ERG with humans, where changes in scotopic and photopic responses were obtained, and Kohzaki et al. (Kohzaki et al., 2008) reporting a decrease in b wave amplitude.
The data from this work could demonstrate the maintenance of the amplitude of the b wave of the animals that received the diet enriched with açaí in most of the ERG responses, possibly due to its antioxidant and anti-inflammatory effect caused by the açaí in the retina of the mice with diabetes, since these two pathways are the main ones involved in DR. Such effects may be related to the presence of flavonoids, especially anthocyanins, in açaí. Corroborating a similar work carried out by (Ozawa et al. (Ozawa et al., 2011), where ERG impairment due to oxidative stress in mouse retinal neuronal cells is suppressed due to antioxidant administration, which suppresses local ROS.
Brasil et al. (2017) demonstrated significant results using a diet enriched with açaí as a prevention of the impairment caused by MeHg intoxication in the ERG of rats, they also shown an oxidative damage in retinal tissue MeHg-induced and prevented by açaí supplementation, suggesting this pathway as possible cause of preservation of retinal function (Brasil et al., 2017).
Acquaviva et al. (2003) demonstrated that anthocyanins cyanidin-3-glucoside and cyanidin-3-rutinoside had a protective effect on DNA, showed dose-dependent free radical scavenging activity, and significantly inhibited xanthine oxidase activity (Acquaviva et al., 2003). These anthocyanins were the most predominant in the analysis of açaí pulp (Pacheco-Palencia et al., 2009).
Some studies show positive effects of açaí on neurodegenerative diseases which have oxidative stress and neuroinflammation as their basis (de Oliveira et al., 2019). D'Amico et al. (2022) showed that orally supplementation with Açaí berry (500 mg/kg) in an experimental models of Parkinson’s Disease (PD) was able to mitigates PD progression reducing motor and non-motor symptom and neuronal cell death of the dopaminergic tract. The authors attribute the found effects probably to the bioactive components with antioxidant and anti-inflammatory functions. ALNasser et al. (2022) suggest açaí berry as a potential natural treatment for Alzheimer’s Disease (AD), once they showed anti-cholinesterase and antioxidant capabilities of the aqueous and ethanolic extracts. Thereby, açaí berry may limit the pathological deficits found in AD (ALNasser et al., 2022).
In addition, recently our group showed that E. oleracea-enriched diet provided anxiolytic-like effects and improves memory consolidation in rats, probably due to the reduced levels of lipid peroxidation (markers of oxidative damage) in the hippocampus (de Carvalho et al., 2022).
Açaí extract also presented beneficial effects against Age-Related Oxidative Stress in a d-Gal-induced model of aging in human erythrocytes. Since aging of these cells is related to oxidative stress and E. oleracea presents antioxidante properties, this functional food could improve the functions of erythrocytes and, consequently, the homeostasis of the organism as a whole, counteracting age-related changes (Remigante et al., 2022).
The present work demonstrated, for the first time, that a diet enriched with E. oleracea fruit pulp is able to prevent electrophysiological impairment induced by diabetic retinopathy. However other benefits of flavonoids in diabetic retinopathy are already known (Ola et al., 2018; Matos et al., 2020).
Experimental studies have shown that dietary flavonoids induce reduction in oxidative stress in diabetic retina. Among the most studied to improve retinal damage are the flavonoid families: flavanones, flavanols, flavonols, isoflavones, flavones and anthocyanins. Their known antioxidants effects may improve the retinal degenerative factors in diabetes by ameliorating the altered levels of neurodegenerative factors, angiogenic factors, preventing the disruption of the blood–retinal barrier (BRB), decrease the release of proinflammatory mediators, improve the oxidative state, prevent the reduction in retina thickness by attenuating apoptosis and neurodegeneration, and to ameliorate the level of neurotrophic factors which are necessary for the maintenance of neuronal retina (Ola et al., 2018; Matos et al., 2020). Clinical studies have shown that consumption of flavonoids, in both diet or supplements, exerts beneficial effects at different stages: preventing the onset of diabetes, the development of Diabetic Retinopathy in diabetics and prevent the worsening of Diabetic Retinopathy (Matos et al., 2020).
Therefore, intake of foods rich in flavonoids such as açaí would limit oxidative stress and thus prevent neurovascular damage, visual function impairment, and consequently the development or worsening of Diabetic Retinopathy.
5 CONCLUSION
In conclusion, diabetes provoked b-wave amplitude decreases in all the ERG protocols tested, rod, mixed and cone responses at 30 and 45 days after induction of diabetes, while the açaí-enriched diet was able to prevent electrophysiological impairment induced by diabetic retinopathy in all almost the protocols. Furthermore, the E. oleracea-enriched diet did not affect the animals nor prevent diabetes-induced hyperglycemia. However, it is worth mentioning that it is a preliminary study and further researches and clinical trials are needed to examine açaí potential as an alternative therapy for diabetic retinopathy.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee on Experimental Animals of the Federal University of Pará (UFPA). (CEPAE-UFPA: BIO 033.2015).
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This research was supported by the following grants: CNPq/Universal #459499/2014-9 (FAFR and BDG); CNPq/Universal #436717/2018-2 (BDG and FAFR); CAPES/PROCAD/Amazônia #21/2018 (FAFR); AB was fellow by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—AB (CAPES).
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.
REFERENCES
 Abdelkader, M. (2013). Multifocal electroretinogram in diabetic subjects. Saudi J. Ophthalmol. 27, 87–96. doi:10.1016/j.sjopt.2012.03.003
 Acquaviva, R., Russo, A., Galvano, F., Galvano, G., Barcellona, M. L., Li Volti, G., et al. (2003). Cyanidin and cyanidin 3- O -β-D-glucoside as DNA cleavage protectors and antioxidants. Cell Biol. Toxicol. 19, 243–252. doi:10.1023/B:CBTO.0000003974.27349.4e
 Alberti, K. G. M. M., and Zimmet, P. Z. (1998). Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1: Diagnosis and classification of diabetes mellitus. Provisional report of a WHO consultation. Diabet. Med. 15, 539–553. doi:10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S
 Alnasser, M. N., Mellor, I. R., and Carter, W. G. (2022). A preliminary assessment of the nutraceutical potential of acai berry (euterpe sp.) as a potential natural treatment for Alzheimer’s disease. Molecules 27, 4891. doi:10.3390/molecules27154891
 Ansari, P., Tabasumma, N., Snigdha, N. N., Siam, N. H., Panduru, R. V. N. R. S., Azam, S., et al. (2022). Diabetic retinopathy: An overview on mechanisms, pathophysiology and pharmacotherapy. Diabetology 3, 159–175. doi:10.3390/diabetology3010011
 Bichara, C. M. G., and Rogez, H. (2011). “Açai (euterpe oleracea martius),” in Postharvest biology and technology of tropical and subtropical fruits ( Elsevier), Amsterdam, Netherlands, 1–27e. doi:10.1533/9780857092762.1
 Brasil, A., Rocha, F. A. D. F., Gomes, B. D., Oliveira, K. R. M., de Carvalho, T. S., Batista, E. D. J. O., et al. (2017). Diet enriched with the Amazon fruit açaí (Euterpe oleracea) prevents electrophysiological deficits and oxidative stress induced by methyl-mercury in the rat retina. Nutr. Neurosci. 20, 265–272. doi:10.1080/1028415X.2015.1119378
 Brownlee, M. (2001). Biochemistry and molecular cell biology of diabetic complications. Nature 414, 813–820. doi:10.1038/414813a
 da Silva Cristino Cordeiro, V., de Bem, G. F., da Costa, C. A., Santos, I. B., de Carvalho, L. C. R. M., Ognibene, D. T., et al. (2018). Euterpe oleracea mart. Seed extract protects against renal injury in diabetic and spontaneously hypertensive rats: Role of inflammation and oxidative stress. Eur. J. Nutr. 57, 817–832. doi:10.1007/s00394-016-1371-1
 D’Amico, R., Impellizzeri, D., Genovese, T., Fusco, R., Peritore, A. F., Crupi, R., et al. (2022). Açai berry mitigates Parkinson’s disease progression showing dopaminergic neuroprotection via nrf2-HO1 pathways. Mol. Neurobiol. 59, 6519–6533. doi:10.1007/s12035-022-02982-5
 De Bem, G. F., Costa, C. A., Santos, I. B., Cristino Cordeiro, V. da S., Marins de Carvalho, L. C. R., Vieira de Souza, M. A., et al. (2018). Antidiabetic effect of euterpe oleracea mart. (açaí) extract and exercise training on high-fat diet and streptozotocin-induced diabetic rats: A positive interaction. PLoS One 13, e0199207. doi:10.1371/journal.pone.0199207
 de Bem, G. F., da Costa, C. A., da Silva Cristino Cordeiro, V., Santos, I. B., de Carvalho, L. C. R. M., de Andrade Soares, R., et al. (2018). Euterpe oleracea Mart. (açaí) seed extract associated with exercise training reduces hepatic steatosis in type 2 diabetic male rats. J. Nutr. Biochem. 52, 70–81. doi:10.1016/j.jnutbio.2017.09.021
 de Carvalho, T. S., Brasil, A., Leão, L. K. R., Braga, D. V., Santos-Silva, M., Assad, N., et al. (2022). Açaí (Euterpe oleracea) pulp-enriched diet induces anxiolytic-like effects and improves memory retention. Food Nutr. Res. 66. doi:10.29219/fnr.v66.8851
 de Oliveira, N. K. S., Almeida, M. R. S., Pontes, F. M. M., Barcelos, M. P., de Paula da Silva, C. H. T., Rosa, J. M. C., et al. (2019). Antioxidant effect of flavonoids present in euterpe oleracea martius and neurodegenerative diseases: A literature review. Cent. Nerv. Syst. Agents Med. Chem. 19, 75–99. doi:10.2174/1871524919666190502105855
 de Oliveira, P. R. B., da Costa, C. A., de Bem, G. F., Cordeiro, V. S. C., Santos, I. B., de Carvalho, L. C. R. M., et al. (2015). Euterpe oleracea mart.-derived polyphenols protect mice from diet-induced obesity and fatty liver by regulating hepatic lipogenesis and cholesterol excretion. PLoS One 10, e0143721. doi:10.1371/journal.pone.0143721
 Faria E Souza, B. S., Carvalho, H. O., Taglialegna, T., Barros, A. S. A., da Cunha, E. L., Ferreira, I. M., et al. (2017). Effect of euterpe oleracea mart. (Açaí) oil on dyslipidemia caused by cocos nucifera L. Saturated fat in wistar rats. J. Med. Food 20, 830–837. doi:10.1089/jmf.2017.0027
 Fong, D. S., Aiello, L. P., Ferris, F. L., and Klein, R. (2004). Diabetic retinopathy. Diabetes Care 27, 2540–2553. doi:10.2337/diacare.27.10.2540
 Gironés-Vilaplana, A., Mena, P., Moreno, D. A., and García-Viguera, C. (2014). Evaluation of sensorial, phytochemical and biological properties of new isotonic beverages enriched with lemon and berries during shelf life. J. Sci. Food Agric. 94, 1090–1100. doi:10.1002/jsfa.6370
 Harazny, J., Scholz, M., Buder, T., Lausen, B., and Kremers, J. (2009). Electrophysiological deficits in the retina of the DBA/2J mouse. Doc. Ophthalmol. 119, 181–197. doi:10.1007/s10633-009-9194-5
 Jones, D. P. (2006). Redefining oxidative stress. Antioxid. Redox Signal 8, 1865–1879. doi:10.1089/ars.2006.8.1865
 Kang, Q., and Yang, C. (2020). Oxidative stress and diabetic retinopathy: Molecular mechanisms, pathogenetic role and therapeutic implications. Redox Biol. 37, 101799. doi:10.1016/j.redox.2020.101799
 Kesavulu, M. M., Girl, R., Kameswara Rao, B., and Apparao, C. H. (2000). Lipid peroxidation and antioxidant enzyme levels in type 2 diabetics with microvascular complications. Diabetes Metab. 26, 387–392.
 Khalil, H. (2017). Diabetes microvascular complications—a clinical update. Diabetes & Metabolic Syndrome Clin. Res. Rev. 11, S133–S139. doi:10.1016/j.dsx.2016.12.022
 Kim, H., Simbo, S. Y., Fang, C., McAlister, L., Roque, A., Banerjee, N., et al. (2018). Açaí (: Euterpe oleracea Mart.) beverage consumption improves biomarkers for inflammation but not glucose- or lipid-metabolism in individuals with metabolic syndrome in a randomized, double-blinded, placebo-controlled clinical trial. Food Funct. 9, 3097–3103. doi:10.1039/c8fo00595h
 Kohzaki, K., Vingrys, A. J., and Bui, B. v. (2008). Early inner retinal dysfunction in streptozotocin-induced diabetic rats. Investigative Opthalmology Vis. Sci. 49, 3595–3604. doi:10.1167/iovs.08-1679
 Magalhães, T. S. S. D. A., Macedo, P. C. D. O., Converti, A., and de Lima, Á. A. N. (2020). The use of euterpe oleracea mart. As a new perspective for disease treatment and prevention. Biomolecules 10, 813. doi:10.3390/biom10060813
 Maritim, A. C., Sanders, R. A., and Watkins, J. B. (2003). Diabetes, oxidative stress, and antioxidants: A review. J. Biochem. Mol. Toxicol. 17, 24–38. doi:10.1002/jbt.10058
 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
 Ola, M. S., Al-Dosari, D., and Alhomida, A. S. (2018). Role of oxidative stress in diabetic retinopathy and the beneficial effects of flavonoids. Curr. Pharm. Des. 24, 2180–2187. doi:10.2174/1381612824666180515151043
 Oliveira de Souza, M., Silva, M., Silva, M. E., de Paula Oliveira, R., and Pedrosa, M. L. (2010). Diet supplementation with acai (Euterpe oleracea Mart.) pulp improves biomarkers of oxidative stress and the serum lipid profile in rats. Nutrition 26, 804–810. doi:10.1016/j.nut.2009.09.007
 Ozawa, Y., Kurihara, T., Sasaki, M., Ban, N., Yuki, K., Kubota, S., et al. (2011). Neural degeneration in the retina of the streptozotocin-induced type 1 diabetes model. Exp. Diabetes Res. 2011, 108328. doi:10.1155/2011/108328
 Pacheco-Palencia, L. A., Duncan, C. E., and Talcott, S. T. (2009). Phytochemical composition and thermal stability of two commercial açai species, Euterpe oleracea and Euterpe precatoria. Food Chem. 115, 1199–1205. doi:10.1016/j.foodchem.2009.01.034
 Pizova, N. V. (2018). Diabetic neuropathy. Medical Council , 68–75. doi:10.21518/2079-701X-2018-18-68-75
 Reeves, P. G., Nielsen, F. H., and Fahey, G. C. (1993). AIN-93 purified diets for laboratory rodents: Final report of the American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J. Nutr. 123, 1939–1951. doi:10.1093/jn/123.11.1939
 Reis, J. S., Veloso, C. A., Mattos, R. T., Purish, S., and Nogueira-Machado, J. A. (2008). Estresse oxidativo: Revisão da sinalização metabólica no diabetes tipo 1. Arq. Bras. Endocrinol. Metabol. 52, 1096–1105. doi:10.1590/s0004-27302008000700005
 Remigante, A., Spinelli, S., Straface, E., Gambardella, L., Caruso, D., Falliti, G., et al. (2022). Açaì (euterpe oleracea) extract protects human erythrocytes from age-related oxidative stress. Cells 11, 2391. doi:10.3390/cells11152391
 Shukla, U. V., and Tripathy, K. (2022). Diabetic retinopathy. In: StatPearls . Treasure Island (FL): StatPearls Publishing
 Sivakumar, R., Ravindran, G., Muthayya, M., Lakshminarayanan, S., and Velmurughendran, C. U. (2005). Diabetic retinopathy analysis. J. Biomed. Biotechnol. 2005, 20–27. doi:10.1155/JBB.2005.20
 Sivaprasad, S., Gupta, B., Crosby-Nwaobi, R., and Evans, J. (2005). Prevalence of diabetic retinopathy in various ethnic groups: a worldwide perspective. Surv Ophthalmol 57, 347–370. doi:10.1016/j.survophthal.2012.01.004
 Souza-Monteiro, J. R., Arrifano, G. P. F., Queiroz, A. I. D. G., Mello, B. S. F., Custodio, C. S., Macedo, D. S., et al. (2019). Antidepressant and antiaging effects of açaí (euterpe oleracea mart.) in mice. Oxid. Med. Cell Longev. 2019, 3614960. doi:10.1155/2019/3614960
 Sun, H., Saeedi, P., Karuranga, S., Pinkepank, M., Ogurtsova, K., Duncan, B. B., et al. (2022). IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res. Clin. Pract. 183, 109119. doi:10.1016/j.diabres.2021.109119
 Taniyama, Y., and Griendling, K. K. (2003). Reactive oxygen species in the vasculature: Molecular and cellular mechanisms. Hypertension 42, 1075–1081. doi:10.1161/01.HYP.0000100443.09293.4F
 Teo, Z. L., Tham, Y.-C., Yu, M., Chee, M. L., Rim, T. H., Cheung, N., et al. (2021). Global prevalence of diabetic retinopathy and projection of burden through 2045: Systematic review and meta-analysis. Ophthalmology 128, 1580–1591. doi:10.1016/j.ophtha.2021.04.027
 Udani, J. K., Singh, B. B., Singh, V. J., and Barrett, M. L. (2011). Effects of açai (euterpe oleracea mart.) berry preparation on metabolic parameters in a healthy overweight population: A pilot study. Nutr. J. 10, 45. doi:10.1186/1475-2891-10-45
 Wang, W., and Lo, A. (2018). Diabetic retinopathy: Pathophysiology and treatments. Int. J. Mol. Sci. 19, 1816. doi:10.3390/ijms19061816
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 de Oliveira, Brasil, Herculano, Rosa, Gomes and Rocha. 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-14-1143923-t001.jpg
b-wave amplitude of scotopic response

CTR + agaf DM DM + agaf
Days Mean SD N Mean SD n Mean SD n Mean SD n
30 202.41 7.96 4 200.19 2274 4 149.54 1278 4 182.87 11.24 4
45 188.19 | 19.81 4 | 199.26 20.76 [ 4 69.72 | 13.28 4 | 179.04 847 | 4

60 174.68 15.00 4 191.49 10.62 1 - - - 16435 2430 4

b-wave amplitude of combined response (mix 1)

CTR CTR + Agai DM DM + Aai
Days Mean sD N Mean sD n Mean SD n Mean sD n
30 247.96 12.03 4 242,07 34.00 4 14147 9.09 1 24419 1634 4
45 L2 12.89 1130 [ 245.66 11.00 [ s 62.23 1072 Ca 19874 2430 4
60 143.73 1241 4 143.63 5.00 4 - - - 124.80 18.10 4

b-wave amplitude of combined response (mix 2)

CIR CTR + Agai DM DM + Agai
Days Mean D n Mean sD n Mean sD n Mean sD n
30 293.16 443 4 31252 13.45 4 194.82 14.00 4 28464 933 4
45 259.25 15.10 4 270,01 2001 4 168.47 ost a4 w07 1834 4
60 252.70 1434 4 259.92 17.54 4 - - - 21538 2250 4

b-wave amplitude of cone response

CTR CTR + Agai DM DM + Agai
Days Mean SD n Mean SD n Mean SD n Mean sD n
30 270.35 1186 4 | 263.06 12.85 4 18147 8.66 4 24588 1339 4
45 217.22 1497 1 23171 2251 4 127.07 9.54 4 20923 17.53 4

60 19236 5.4 4 194.24 5.00 4 — - — 17084 1227 4






OPS/images/fphar-14-1143923-g003.gif





OPS/images/fphar-14-1143923-g004.gif
/
/
4

[
@ ot e s






OPS/xhtml/nav.xhtml
Contents

		Cover

		Neuroprotective effects of açaí (Euterpe oleracea Mart.) against diabetic retinopathy		1 Introduction

		2 Methods		2.1 Animals

		2.2 Diet and experimental groups

		2.3 Diabetes induction

		2.4 Electroretinogram (ffERG)

		2.5 Statistical analysis





		3 Results		3.1 Body mass and glycemia monitoring

		3.2 Full field electroretinogram (ffERG)





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









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






OPS/images/fphar-14-1143923-g001.gif





OPS/images/fphar-14-1143923-g002.gif









OPS/images/crossmark.jpg
©

|





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





