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Abstract

:

Type 2 diabetes (T2D) affects a large part of the adult population and impairs its quality of life. Because of this, natural compounds with antioxidant, anti-inflammatory and hypoglycemic properties have been used as adjuvants. Among these compounds, resveratrol (RV) stands out, a polyphenol that has been studied in several clinical trials, the results of which are controversial. We conducted a randomized clinical trial on 97 older adults with T2D to evaluate the effect of RV on oxidative stress markers and sirtuin 1, using doses of 1000 mg/day (EG1000, n = 37) and 500 mg/day (EG500, n = 32) compared with a placebo (PG, n = 28). Biochemical markers, oxidative stress and sirtuin 1 levels were measured at baseline and after six months. We observed a statistically significant increase (p < 0.05) in total antioxidant capacity, antioxidant gap, the percentage of subjects without oxidant stress and sirtuin 1 levels in EG1000. In the PG, we observed a significant increase (p < 0.05) in lipoperoxides, isoprostanes and C-reactive protein levels. An increase in the oxidative stress score and in the percentage of subjects with mild and moderate oxidative stress was observed too. Our findings suggest that 1000 mg/day of RV exerts a more efficient antioxidant effect than 500 mg/day.
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1. Introduction


Type 2 diabetes (T2D) is a metabolic and chronic disease that arises due to inefficiency in the body in the use and/or production of insulin, whose hormone is involved in glucose metabolism, which triggers hyperglycemia [1]. T2D is a public health problem in the world. In this sense, a prevalence of 10.5% (536.6 million people) has been estimated, projecting an increase to 12.2% (783.2 million) by 2045 in the population aged 20 to 79, being significantly higher in older adults [2]. This is worrisome since, in the long term, hyperglycemia gives rise to the appearance of micro- and macrovascular complications that affect the functionality of organs such as the eyes, kidneys and heart, which has a negative impact on the quality of life of those with T2D in addition to representing a huge burden on the health system [3]. It has been shown that the hyperglycemia that characterizes T2D is partially responsible for the excessive production of free radicals (FR) and/or reactive oxygen species (ROS), which cause oxidative damage to biomolecules since excess glucose in the blood auto-oxidizes and generates ROS; therefore, if they are not counteracted by the antioxidant systems, they alter the physiology of the cells, whose biochemical disorder is defined as oxidative stress (OS) [4]. Excess ROS interferes with nerve conduction and alters the functionality of renal cells, favoring the appearance of neuropathy and nephropathy, which are highly recurrent complications in T2D [5]. In addition, the elevated production and accumulation of ROS also occur during the aging process, which is why OS levels are significantly higher in older adults with T2D [6,7].



In this context, alternative therapeutic options have been proposed to attenuate oxidative damage and thereby delay the onset of T2D complications. In this sense, one of the most widely used is resveratrol (RV), a compound from the stilbenes family that, due to its polyphenolic nature, is capable of donating electrons to FR and ROS, which is why it is considered a powerful antioxidant [8,9,10]. In this regard, several investigations have shown that RV could be useful in the treatment of chronic non-communicable diseases, whose pathophysiology involves OS and inflammation, as occurs with neurodegenerative, cardiovascular and metabolic diseases since it also has anti-inflammatory properties [11,12,13,14,15]. The therapeutic mechanisms of RV are largely attributed to its ability to activate sirtuin 1 (SIRT1), a deacetylase enzyme that, once activated, stimulates AMP-dependent protein kinase (AMPK) and is the interaction between both proteins, which manages to improve biogenesis and mitochondrial function, increase insulin sensitivity, attenuate oxidative damage and regulate metabolic homeostasis [16,17,18]. In some studies, carried out in animal models with T2D, it has been shown that RV exerts antioxidant, anti-inflammatory and even hypoglycemic effects; however, clinical trials have shown controversial results [19,20,21]. Such discrepancies have been attributed to differences in the age and health conditions of the participants, the duration of the interventions and the doses used, which range from 10 mg/day to 3000 mg/day [22]. In this sense, in a systematic review and meta-analysis carried out by our research group, we found that doses greater than 100 mg/day have a hypoglycemic effect, although this effect is greater with doses of 500–1000 mg/day [23]. This suggests that the therapeutic properties of RV occur in a dose-dependent manner, so the aim of this study was to evaluate the effect of the oral administration of RV at a dose of 500 mg/day compared with 1000 mg/day on markers of SIRT1 and SIRT1 in older adults with T2D.




2. Results


Figure 1 presents the general scheme of the study.



2.1. Clinical Parameters (BMI and Blood Pressure)


Table 1 presents the data on the clinical and anthropometric characteristics of the three study groups. No differences were observed between the groups at the end of the 6-month follow-up.




2.2. Biochemical Parameters


Regarding biochemical parameters, a statistically significant decrease (p < 0.05) was observed in triglyceride levels in the EG1000 after the intervention (baseline, 170 ± 69 vs. six months, 147 ± 46 mg/dL). Likewise, a significant increase (p < 0.05) was found in the CRP values in the PG after 6 months of follow-up (baseline, 0.37 ± 0.4 vs. six months, 0.48 ± 0.5 mg/dL); as can be seen in Table 2, no change was observed in the rest of the biochemical parameters evaluated.




2.3. OS Markers


A statistically significant increase (p < 0.05) was found in the concentration of lipoperoxides and 8-isoprostanes in the PG after the intervention (LPO: baseline, 0.219 ± 0.07 vs. six months, 0.282 ± 0.07 µmol/L; 8-Iso: baseline, 61 ± 24 vs. six months, 76 ± 35 pg/mL). We also observed a significant increase (p < 0.05) in TAC and GAP in EG1000 after RV treatment (TAC: baseline, 1003 ± 247 vs. six months, 1225 ± 249 µmol/L; GAP: baseline 283 ± 242 vs. six months, 434 ± 234). Likewise, SOD activity decreased in the PG (baseline, 171 ± 15 vs. six months, 167 ± 10 IU/L; p < 0.05). A statistically significant increase in the oxidative stress score (OSS) was also found (baseline, 1.9 ± 1 vs. six months, 2.8 ± 1; p < 0.05). The rest of the evaluated markers did not show significant changes after six months (Table 3).



Regarding the OS index (OSI), an increase was found in the percentage of individuals without OS in EG1000 (baseline, 13 vs. six months, 35%; p < 0.05). Likewise, the percentages of moderate OS (MOS) and severe OS (SOS) decreased (MOS: baseline, 27 vs. six months, 13%; SOS: baseline, 22 vs. six months, 83%; p < 0.05) after the intervention. In the EG500, a significant increase (p < 0.05) was found in the percentage of individuals without OS (baseline, 10 vs. six months, 28%). In the PG, we observed a significant decrease in the percentage of subjects without OS (baseline, 21 vs. six months, 7%; p < 0.05) and in subjects with mild OS (baseline, 43 vs. six months, 29%; p < 0.05), while the percentage of individuals with moderate OS increased after the intervention (baseline, 29 vs. six months, 54%; p < 0.05), as seen in Table 4.




2.4. SIRT1 Concentration


Regarding the concentration of SIRT1, we observed a statistically significant increase in EG1000 (baseline, 1.5 ± 1 vs. six months, 3.1 ± 2 ng/mL; p < 0.05) after six months of follow-up, as shown in Figure 2.




2.5. Adverse Events


None of the participants reported adverse events attributable to RV administration.





3. Discussion


In recent decades, RV has been one of the most studied nutraceuticals in numerous research groups. In this sense, in some experiments carried out in vitro and in animal models, its antioxidant, anti-inflammatory, hypoglycemic, neuroprotective, anti-aging and even antineoplastic effects have been demonstrated, for which reason it is recognized as a product of natural origin with great potential as a therapeutic agent for cardiovascular, neurodegenerative and metabolic diseases [24,25], among which T2D stands out, whose prevalence, incidence and lethality have family, social and economic implications. T2D represents a great burden on health systems because of its high frequency of complications, which increases the need for hospital care and severely affects the resources of diabetic people and their families, in addition to deteriorating their quality of life [26]. Despite the efforts of the medical community with conventional treatments, it has not been possible to reduce the prevalence and incidence of T2D or the development of micro- and macrovascular complications in diabetic subjects, which is why complementary antioxidant and anti-inflammatory treatments have been proposed [27]. In this regard, although these effects of RV have been demonstrated in animal models with induced diabetes, the evidence in clinical trials shows inconsistent results, so research on the potential beneficial effects of RV on humans is a relevant and current topic [19,20,21].



On the other hand, it has also been proposed that RV could exert a hypotensive effect due to its ability to induce the production of nitric oxide (NO), a potent vasodilator that is produced in the vascular endothelium [28,29]. However, this effect has only been observed in hypertensive people. In accordance with the above, in our clinical trial, we did not observe such an effect, which suggests that RV could have a specific modulatory effect that responds to high blood pressure figures. It has also been reported that RV stimulates the coactivator of the receptor gamma-1α, which is activated by peroxisomal proliferators (PGC-1α), a transcription factor that regulates genes that modulate the storage of body fat; thus, through this pathway, it could induce weight loss and decrease BMI [30]. This effect has been observed in studies carried out on subjects with obesity (BMI > 30 kg/m2) [30,31]; however, in our study, a decrease in BMI was not observed because our population did not present with obesity. Therefore, this result also suggests a specific modulating effect of RV on lipolysis, similar to that observed on blood pressure.



Regarding the effect of RV on the control of T2D, RV has been shown to reduce blood glucose levels due to the increase in the expression of the glucose transporter (GLUT4) in skeletal muscle cells, improving its uptake, use and storage [15]. It has also been proposed that RV protects the islet cells of Langerhans from oxidative damage, increases their viability, restores β cell secretory functions and normalizes insulin secretion, which gradually restores the signaling pathway of insulin and contributes to glycemic control [12,32]. In this sense, in some clinical trials, it has been reported that, with doses between 200 and 1000 mg/day of RV, the levels of glucose, insulin, HbA1c and insulin resistance are reduced [33,34,35,36] in subjects with T2D younger than 50 years. Likewise, in two randomized double-blind placebo-controlled clinical trials carried out on individuals older than 60 years, using doses of 500 and 800 mg/day, respectively, a hypoglycemic effect was demonstrated after 4 and 8 months of treatment [37,38]. This effect in older adults has been consistent, as reported in the meta-analyses published by Hausenblas et al. (2014) [39] and Liu et al. (2014) [40]. In contrast, in our study, we did not observe significant changes in glucose and HbA1c levels after 6 months of treatment, results that coincide with what was reported in two double-blind randomized clinical trials, in which 150 mg/day doses of RV were administered for 30 days in subjects with DM2 younger than 50 years [41,42]. These results may be due to the dose and duration of the interventions, which may be insufficient to observe the hypoglycemic effects of RV. The results of our clinical trial also coincide with those obtained in two double-blind randomized clinical trials in which doses of 500 and 1000 mg/day of RV were administered for 6 months and 5 weeks, respectively, both in subjects older than 60 years [43,44], in whom no significant changes were found in insulin sensitivity, glycemic control, glucose levels or HbA1c. Likewise, in the meta-analysis conducted by Jeyaraman et al. (2020), they also did not find a hypoglycemic effect in subjects 60 years of age or older [45]. The findings of the mentioned studies agree with what was observed in a systematic review and meta-analysis carried out by our research group, in which it was found that the effects of RV are notably less on people over 60 years of age compared with younger people since, in parallel with the low bioavailability of RV, adults over 60 years of age present with absorption problems at the intestinal level and have a reduced capacity to metabolize RV, in addition to OS related to aging, for which reason it has been suggested that doses at high rates and interventions of longer duration (6 months or more) be used in this age group [46].



Regarding the lipid-lowering effect, we observed a statistically significant decrease in the serum concentration of triglycerides in EG1000, which can be attributed to the ability of RV to decrease the absorption of fatty acids and de novo lipogenesis, in addition to increasing fat mobilization and inducing the β-oxidation of fatty acids [47]. This lipid-lowering effect is consistent with what was observed in the meta-analysis carried out by Cao et al. (2022), who found that the oral administration of RV significantly reduces serum triglyceride levels [48].



In the present study, a significant increase in CRP was also observed in the PG after follow-up, which may be due to chronic low-grade inflammation arising as a consequence of the hyperglycemia that characterizes T2D [49]. In this sense, it has been shown that hyperglycemia promotes the excessive formation of advanced glycation end products (AGEs), and these activate nuclear factor κB (NFκB), which triggers the transcription of pro-inflammatory cytokine promoter genes, and, in turn, the latter stimulate the production of CRP in the liver, which is why the protein is elevated in individuals with T2D [49,50], as was observed in the PG. In contrast, in EG1000, no significant changes were observed after RV administration, as it is able to block NFκB activation and prevent increased CRP production [51].



Regarding OS markers, RV has been shown to exert antioxidant effects through two mechanisms: (i) through direct interaction with RL and ROS and (ii) through its ability to increase the activity of antioxidant enzymes [52]. In this sense, the first mechanism is due to the polyphenolic nature of RV, mainly the free hydroxyl group in position 4, since the extraction of its hydrogen allows electrons to be mobilized throughout the chemical structure of RV and gives it redox characteristics, which allow it to interact with FR and ROS, making it an excellent scavenger of hydroxyl, peroxide and superoxide [52,53]; as a consequence of this activity, it can minimize or prevent the oxidation of polyunsaturated fatty acids that are abundant in cell membranes, protecting them from oxidative damage [52,53,54]. In line with this, the results of two randomized double-blind clinical trials found a significant decrease in malondialdehyde (MDA) levels, a direct biomarker of lipid peroxidation in membranes, with doses of 200 and 500 mg/day of RV in subjects with T2D [33,55]. In our clinical trial, we observed a statistically significant decrease in LPO (MDA) levels in EG1000 and an increase in the same marker in the PG, which is consistent with the antioxidant effect of RV reported in other studies. Likewise, we observed a significant increase in 8-isoprostane (8-Iso) concentration in the PG and a significant decrease in EG1000, demonstrating the antioxidant effect of RV; 8-Iso is formed as a secondary product of lipid peroxidation, whose molecule is similar in structure to prostaglandins and is currently considered the gold standard for measuring oxidative damage to membranes [56], which agrees with the results observed in the PG. The second mechanism of RV is through the increase in the activity of antioxidant enzymes (SOD, GPx, Cat), responsible for eliminating excess FR and ROS to prevent oxidative damage [57]. These three enzymes work together to protect cells from ROS. First, SOD dismutates the superoxide anion into hydrogen peroxide, and later, GPx and Cat degrade it into oxygen and water [58]. This effect is achieved through its interaction with erythroid-derived nuclear factor 2 (Nrf2), a transcription factor that modulates the expression of genes containing antioxidant response elements (AREs). The activation of the Nrf2/ARE pathway promotes the expression of antioxidant genes and stimulates the production of SOD, GPx and Cat enzymes, whose function is to eliminate ROS [58,59]. In this sense, it has been observed that RV activates Nrf2 through the activation of AMPK, which, in turn, stimulates the Nrf2/ARE pathway and, as a result, increases the production of antioxidant enzymes [58,59,60]. In our study, we found a non-significant increase in SOD activity in EG1000 and a statistically significant decrease in the PG, which agrees with what was stated above, as well as with the results of two randomized double-blind clinical trials in which an increase in SOD activity was observed with RV treatments in doses of 500 and 800 mg/day, and a decrease in the activity of the enzyme was observed in groups treated with a placebo [55,61]. The authors of these studies also reported that TAC was elevated after RV administration, as occurred in the EG1000 of our clinical trial. In addition to this, we observed that, after the follow-up, the antioxidant gap (GAP) increased in the EG1000. The GAP is a calculation that provides information about the antioxidant activity of plasma components other than uric acid and albumin, such as α-tocopherol, ascorbic acid, transferrin and other antioxidants obtained from the diet, for example, RV [62], which explains the increase in GAP in the EG1000 after six months of orally administering 1000 mg/day of RV.



Regarding the oxidative stress score (OSS), a statistically significant increase was observed in the PG, and a decrease was observed in EG1000. In this sense, the decrease in the OSS is the result of an increase in TAC and GAP, which counteracts ROS and attenuates oxidative damage to the membranes, reflected in the decrease in LPO and 8-isoprostane levels. Although the activity of the SOD and GPx enzymes did not increase significantly with the OSS value, we can infer that the antioxidant enzymes evaluated act in an integral and efficient manner to counteract high ROS concentrations. Regarding the oxidative stress index (OSI), a decrease was found in the percentage of individuals with moderate and severe OS in EG1000, while in the PG, the proportions of subjects without OS and mild OS decreased, and that of moderate OS increased. This is consistent with what has been reported in the literature since the group that received 1000 mg/day of RV showed a higher antioxidant effect compared with the subjects that received 500 mg/day treatment.



We also observed a statistically significant increase in SIRT1 concentrations in the EG1000, which is consistent with the proposed mechanism of RV [63,64]. In this sense, SIRT1 has an effect on the regulation of autophagy, mitophagy, mitochondrial biogenesis, the expression of antioxidant enzymes and the suppression of NFκB, among others [63]. Likewise, the production, expression and activity of SIRT1 can be modified by RV in an allosteric way [64] so that an increase in SIRT1 levels provides indirect information on the effects of RV [63]. On the other hand, when SIRT1 is stimulated, it deacetylates and activates the LKB1 protein kinase, which phosphorylates and activates AMPK, thereby attenuating oxidative damage, improving insulin resistance and restoring energy homeostasis [64]. Regarding the role of SIRT1 in energy metabolism, scientific evidence suggests that it increases oxidative phosphorylation through the deacetylation of PGC-1α and thereby functions as a regulator of mitochondrial biogenesis in the liver and muscle [65]; PGC-1α controls the expression of genes that regulate biogenesis and mitochondrial activity, decreasing lipid accumulation and increasing glucose uptake, thereby improving energy metabolism [66]. In relation to the antioxidant effect of RV through SIRT1, it has been shown that SIRT1 stimulates AMPK, and this negatively regulates NADPH oxidase, the enzyme responsible for producing ROS, and induces an increase in the expression of SOD, the final result of which is a decreased OS [67]. SIRT1 also regulates the acetylation of FOXO family transcription factors, involved not only in lipid and glucose metabolism but also in the response to OS. In this regard, it has been observed that the SIRT1–AMPK interaction stimulates the transcriptional activity of FOXO3, and the expression of manganese-dependent SOD (MnSOD) is induced in cells that overexpress FOXO3 [68]. Likewise, the transcriptional activity of FOXO3 triggers the inhibition of NADPH oxidase, and, therefore, the production of ROS is reduced; therefore, through SIRT1 and FOXO3, the RV decreases the amount of ROS and increases the expression of MnSOD, mechanisms through which it attenuates OS [69]. In addition, it has been proposed that the complex formed by the SIRT1-FOXO3-PGC-1α interaction activates Nfr2; as has been pointed out, it is a transcriptional regulator of the expression of genes involved in the antioxidant response since it promotes MnSOD production and other enzymes that provide antioxidant protection to mitochondria [70]. The mentioned mechanisms explain how SIRT1 mitigates OS and prevents oxidative damage to cells, which has been evidenced in cell cultures, where it has been observed that a moderate overexpression of SIRT1 protects cells from OS, while a deficiency in SIRT1 induces an increase in the production of ROS [69,70,71]. However, the relationship between SIRT1 and OS is more complex than it seems since SIRT1 is involved in redox-dependent cellular processes such that, just as SIRT1 can influence the redox state of cells, the redox state is capable of altering the production and enzymatic activity of SIRT1 through post-translational modifications (phosphorylations, S-nitrosylations and carbonylations). In some cases, these alterations can be detrimental to cells and influence the pathogenesis of chronic diseases involving SG; such is the case for T2D [71]. In this sense, the activation of SIRT1 by RV induces the proposed antioxidant mechanisms only if adequate redox conditions are achieved since SIRT1 is a protein sensitive to the redox state, and if this does not foster the adequate conditions, activation by RV is insufficient in exerting antioxidant effects. Considering the above, the results of our investigation demonstrate a more efficient antioxidant effect of RV at doses of 1000 mg/day compared with doses of 500 mg/day, which also coincides with an increase in SIRT1 levels induced by RV.



There are several foods and beverages that contain RV: (i) 150 mL of red wine contains up to 2.15 mg; (ii) 250 mL of red grape juice contains 1.25 mg; (iii) 250 g of dehydrated red grapes contains 1.6 mg; (iv) 150 g of frozen strawberries contains 1.56 mg; (v) 125 g of blueberries contains 2.41 mg; and (vi) 250 g of peanuts contains 1.3 mg [10,72]. The daily consumption of these foods can provide <10 mg of RV, which is insufficient to exert therapeutic effects [72]. In this regard, our study did not control the amount of RV consumed through the diet; however, the RV obtained from food does not reach sufficient amounts to influence the results obtained. In addition, considering that the participants are diabetic, the consumption of said foods would have to be assessed since most of them contain sugar, and their consumption can trigger the elevation of blood glucose levels.



Finally, none of the participants reported adverse events during the intervention. In this sense, RV is considered a safe compound for human consumption since it does not exert secondary or toxic effects at relatively high doses (1000–2000 mg/day). In fact, with doses of 2.5 to 5 g/day, only mild gastrointestinal effects occur, such as nausea, vomiting and diarrhea [54,73].




4. Materials and Methods


A double-blind randomized clinical trial was carried out, previously approved by the Bioethics and Biosafety Committee of the Universidad Nacional Autónoma de México (UNAM) FES Zaragoza (FESZ/DEPI/CI/037/20) and registered in ISRCTN (ISRCTN15172592).



4.1. Population and Study Design


A call was made through social networks to recruit the study population according to the following selection criteria: men and women between 60 and 74 years of age, with a clinical diagnosis of T2D treated with metformin and/or glibenclamide as a hypoglycemic agent, without kidney or liver damage, residents of Mexico City. A total of 213 candidates agreed to participate in the study, of which 124 met the established inclusion criteria and signed the informed consent (Figure 1). Weight, height, body mass index (BMI) and blood pressure were measured for all participants entering the study. Blood samples were also taken to evaluate biochemical parameters, such as glucose, HbA1c, total cholesterol, HDL cholesterol, triglycerides, uric acid, urea and complete blood count, as well as for the measurement of OS markers (lipoperoxidation; 8-isoprostanes; activities of the antioxidant enzymes superoxide dismutase, glutathione peroxidase and catalase; and total antioxidant capacity), SIRT1 levels and C-reactive protein (CRP).



After performing the baseline measurements of all the clinical and biochemical parameters, a person outside our research team randomly assigned the 124 participants using the online tool “randomizer.com”, integrating the following 3 study groups: (i) experimental group 1000 mg/day (EG1000), n = 40 participants who received 1000 mg/day of trans-resveratrol, divided into 2 capsules, each containing 500 mg; (ii) experimental group 500 mg/day (EG500), n = 43 participants who were administered 500 mg/day of trans-resveratrol, divided into 2 capsules, each containing 250 mg; (iii) placebo group (PG), n = 41 participants who received daily 2 capsules identical in appearance to those of the other two groups but whose content was a placebo (Figure 1). Treatments were performed with synthetic trans-resveratrol (>99% purity) and a mixture of crystalline microcellulose with magnesium stearate as anti-caking, dispersing and stabilizing agents. The aforementioned mixture of excipients was used as a placebo since both compounds are considered “safe for human consumption” by the FDA, as well as inert. The treatments for the three study groups were prepared by “Productos Naturales Anáhuac S.A. de C.V.” Randomization and assignment to groups were blinded for the participants and for the personnel in charge of the investigation until the final analysis of all the data collected during the study was carried out. The treatments (capsules) were delivered to the participants in an identical presentation in shape, color, size and weight, regardless of the group to which they were administered. In addition, they were contained in opaque bottles labeled with the names of the participants, which were delivered monthly by a person unrelated to the investigation. The deliveries were made out for 6 months, and adherence to the treatment was verified by counting the remaining capsules in the bottles. During the intervention, the research team maintained telephone contact with the participants to identify possible unwanted effects. After 6 months, all the initial measurements were performed again; however, during the follow-up, 27 participants dropped out of the study for various reasons, so only 97 data were analyzed (EG1000 n= 37, EG500 n= 32, PG n = 28), as presented in Figure 1.




4.2. Measurement of Clinical Parameters (Weight, Height, BMI and Blood Pressure)


The weight of the participants in underwear was measured using a calibrated scale (Torino, Tecno Logica Mexicana, Mexico City, Mexico®). To measure the height, the participants were placed standing with their heels together, keeping the buttocks, shoulders and head in contact with an aluminum stadiometer graduated in millimeters (SECA®, Hamburg, Germany), with their eyes facing forward and the Frankfurt plane parallel down. The BMI was calculated by dividing the weight (expressed in kg) by the square of the height (expressed in meters) (IMC = kg/m2). Blood pressure was determined in accordance with the provisions of NOM-030-SSA-1999 for the prevention, detection, diagnosis, treatment and control of arterial hypertension. Each participant was asked to sit in a chair with a backrest, with one arm uncovered and flexed on a support. A stethoscope and a sphygmomanometer coupled with a mercury column were used to measure systolic and diastolic blood pressure [74].




4.3. Measurement of Biochemical Parameters


After fasting for 8 to 10 h, blood samples were obtained with vacutainer equipment in tubes (Beckton-Dickinson, NJ, USA) with an EDTA anticoagulant to perform a complete blood count and quantify the percentage of HbA1c. Likewise, samples were taken without an anticoagulant for biochemical tests (glucose, total cholesterol, HDL-cholesterol, triglycerides, uric acid, urea). Blood count was performed with a whole blood sample in a hematology analyzer (Spincell, Spinreact, Girona, Spain). The measurement of the biochemical parameters and the CRP was carried out with serum samples using an autoanalyzer (Selectra Junior, Siemens, Munich, Germany) through colorimetric and turbidimetry techniques, respectively. HbA1c was measured in EDTA anticoagulated blood samples via turbidimetry in the Selectra Junior autoanalyzer.




4.4. Measurement of OS Markers


Blood was drawn into heparinized tubes for the measurement of OS markers.



4.4.1. Lipoperoxidation (LPO)


This determination was performed on a heparinized plasma sample, as described by Jentzsch [75]. We used malondialdehyde (MDA) as a lipid peroxidation marker since it is one of the main oxidation bioproducts of polyunsaturated fatty acids, as well as the main reactive molecule of thiobarbituric acid (TBA). Each MDA molecule contained in the sample reacts with two TBA molecules to form a pink-colored compound, whose absorbance is measured at 535 nm. To obtain the MDA concentration, the absorbance was interpolated in a calibration curve.




4.4.2. 8-Isoprostane (8-Iso)


To measure the concentration of 8-isoprostane, we used plasma samples obtained from blood with EDTA. We also used the 8-isoprostane EIA kit (Cayman Chemical, Ann Arbor, MI, USA). The basis of this measurement is the competition between 8-isoprostane and an 8-isoprostane–acetylcholinesterase conjugate for the binding of a certain number of 8-isoprostane-specific antibodies. The amount of 8-isoprostane tracer remains constant, but the levels of 8-isoprostane in the sample vary such that the amount of tracer that binds to the specific antibody of the 8-isoprostane is inversely proportional to the concentration of 8-isoprostane in the sample. The antibody–8-isoprostane complex binds to a second antibody, and upon the addition of the corresponding substrate, a yellow-colored compound is formed, which is measured spectrophotometrically at 412 nm. The intensity of the color is inversely proportional to the amount of 8-isoprostane present in the analyzed sample.




4.4.3. Superoxide Dismutase (SOD)


To measure SOD activity, a heparinized blood sample and the Ransod commercial kit (Randox Laboratories Ltd., Crumlin, UK) were used. The method is based on what was described by McCord and Fridovich [76], in which the reaction between xanthine and xanthine oxidase (XOD) produces superoxide radicals that react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium to form formazan red. The SOD present in the sample neutralizes the superoxide radicals and inhibits the formation of formazan red, so the activity of the enzyme is directly proportional to the degree of inhibition. The kinetics of the reaction was measured spectrophotometrically at 505 nm.




4.4.4. Glutathione Peroxidase (GPx)


To measure the GPx, the method reported by Plagia and Valentine [77] was used. A heparinized blood sample and the commercial Ransel kit (Randox Laboratories Ltd., Crumlin, UK) were required. The GPx present in the sample to be analyzed catalyzes the oxidation of glutathione (GSH) via cumene hydroperoxide in the presence of glutathione reductase (GR) and NADPH; then, the oxidized glutathione (GSSG) is converted into its reduced form with the concomitant oxidation of NADPH into NADP+. This reaction causes a decrease in absorbance, which was measured at 340 nm in a spectrophotometer.




4.4.5. Catalase (Cat)


To quantify the activity of this enzyme, the method described by Aebi [78] was used, in which H2O2 is used as a substrate and the continuous decrease in its concentration is monitored using its decomposition due to the action of the enzyme. The decrease in absorbance at 240 nm was measured since said decrease is proportional to the catalase activity.




4.4.6. SOD/GPx Ratio


The calculation was made using the values obtained for each enzyme. It is a theoretical model that provides information about the biochemical interactions of enzymes.




4.4.7. Total Antioxidant Capacity (TAC)


In this technique, a sample of heparinized plasma and a commercial total antioxidant status kit (Randox Laboratories Ltd., Crumlin, UK) were used. For the measurement, the peroxidase enzyme is combined with H2O2 and 2,2′-azido-diethylbenzothialinsulfonate; this results in the production of the ABTS+ cation, which presents a bluish-green coloration. The antioxidants contained in the sample suppress this coloration, this being proportional to the concentration of antioxidants [79]. The kinetics of the reaction was measured at 600 nm. All spectrophotometric measurements were performed on a Multiskan Go Microplate spectrophotometer (Thermo Scientific, Denver, CO, USA).




4.4.8. GAP Calculation


We applied the following formula to calculate the antioxidant gap (GAP):


GAP = (TAC − [(albumin (mmol) × 0.69) + uric acid (mmol)])












4.4.9. Calculation of Oxidative Stress Score (OSS)


In this calculation, we used cutoff points previously established by our research group for the following markers: LPO ≥ 0.340 mmol/L, SOD ≤ 170 IU/mL, GPx ≤ 5500 IU/L, Cat ≤ 0.9 mmol/L, SOD/GPx ≥ 0.023 and GAP ≤ 190 mmol/L. For each datum outside the cutoff values, one point was awarded, and a sum was made to obtain the OSS. The OSS value is directly proportional to OS levels [62].




4.4.10. OS Index (OSI)


This index was obtained by categorizing the OSS as follows [62]:



0 points: Without OS;



1–2 points: Mild OS;



3–4 points: Moderate OS;



5–6 points: Severe OS.





4.5. Measurement of SIRT1


SIRT1 quantification was performed using the double sandwich ELISA technique. We used a monoclonal anti-human SIRT1 antibody and a biotinylated detection antibody. Samples and biotinylated antibodies were added to ELISA plate wells and then washed with buffer. Then, avidin–peroxidase conjugate was added to the wells, and the corresponding substrate was added. The reaction mixture turned blue and then turned yellow upon the addition of acid. The absorbance of the colored compound was read at 450 nm on a Multiskan Go Microplate spectrophotometer (Thermo Scientific, Denver, CO, USA).




4.6. Statistical Analysis


Frequencies and percentages for qualitative variables, mean and standard deviation for quantitative variables were calculated. Comparisons were made using the repeated measures of ANOVA and McNemar, with a 95% confidence interval. A value of p < 0.05 was considered an indication of a statistically significant test. All statistical analyses were performed using the SPSS 21 software.





5. Conclusions


Our findings suggest that the consumption of RV at a dose of 1000 mg/day exerts a more efficient antioxidant effect than a dose of 500 mg/day, which coincides with a statistically significant increase in SIRT1 levels in older adults with T2D. This provides evidence suggesting that the consumption of RV in doses of at least 1000 mg/day for 6 months or more could be an adjunctive treatment that reduces the incidence of micro- and macrovascular complications linked to T2D.
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Figure 1. General study flowchart. Abbreviations: EG1000, group supplemented with 1000 mg/day of RV; EG500, group supplemented with 500 mg/day of RV; PG, placebo group. 
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Figure 2. SIRT1 concentration in study groups: baseline and after six months. Data are presented as mean ± SE. A statistically significant increase (1.5 ± 0.15 vs. 3.1 ± 0.20 ng/mL; p < 0.05) in EG1000 is observed after follow-up. 
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Table 1. Clinical parameters (BMI and blood pressure) at baseline and after six months in the study groups.
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Parameter

	
EG1000

(n = 37)

	
EG500

(n = 32)

	
Placebo

(n = 28)






	

	
Baseline

	
Six months

	
Baseline

	
Six months

	
Baseline

	
Six months




	
Age (years)

	
66 ± 6

	
63 ± 7

	
64 ± 5




	
BMI (kg/m2)

	
27.6 ± 4.4

	
27.7 ± 4.2

	
27.8 ± 3.6

	
27.9 ± 4.0

	
28.3 ± 3.4

	
27.9 ± 3.0




	
SBP (mmHg)

	
127 ± 16

	
124 ± 12

	
128 ± 17

	
127 ± 14

	
127 ± 10

	
123 ± 10




	
DBP (mmHg)

	
84 ± 6

	
82 ± 9

	
84 ± 13

	
86 ± 8

	
82 ± 7

	
82 ± 9








BMI: body mass index, SBP: systolic blood pressure, DBP: diastolic blood pressure. Data are presented as mean ± SD. ANOVA of repeated measures.
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Table 2. Biochemical parameters of the study groups at baseline and after six months.
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Parameters

	
EG1000

(n = 37)

	
EG500

(n = 32)

	
Placebo

(n = 28)






	

	
Baseline

	
Six months

	
Baseline

	
Six months

	
Baseline

	
Six months




	
Hemoglobin (g/dL)

	
14 ± 1

	
14 ± 2

	
14 ± 1

	
15 ± 2

	
14 ± 2

	
14 ± 2




	
Hematocrit (%)

	
45 ± 4

	
45 ± 4

	
45 ± 6

	
46 ± 5

	
45 ± 6

	
46 ± 5




	
Glucose (mg/dL)

	
169 ± 73

	
186 ± 83

	
185 ± 65

	
203 ± 77

	
189 ± 74

	
184 ± 67




	
Urea (mg/dL)

	
33 ± 8

	
36 ± 14

	
33 ± 14

	
33 ± 15

	
36 ± 11

	
38 ± 17




	
Creatinine (mg/dL)

	
0.92 ± 0.2

	
0.92 ± 0.2

	
0.96 ± 0.2

	
1.0 ± 0.33

	
0.95 ± 0.2

	
1.01 ± 0.3




	
Uric acid (mg/dL)

	
4.5 ± 1.6

	
4.0 ± 1.3

	
4.4 ± 1.8

	
3.8 ± 0.9

	
5.1 ± 1.9

	
4.6 ± 1.4




	
Total cholesterol (mg/dL)

	
200 ± 44

	
202 ± 69

	
196 ± 41

	
211 ± 70

	
198 ± 42

	
210 ± 47




	
Triglycerides (md/dL)

	
170 ± 69

	
147 ±46 *

	
219 ± 115

	
221 ± 122

	
197 ± 85

	
205 ± 62




	
HDL-cholesterol (mg/dL)

	
61 ± 26

	
56 ± 16

	
54 ± 16

	
53 ± 15

	
54 ± 17

	
52 ± 11




	
Albumin (g/dL)

	
4.3 ± 0.3

	
4.8 ± 0.6

	
4.4 ± 0.4

	
4.9 ± 0.5

	
4.3 ± 0.3

	
4.8 ± 0.5




	
CRP (mg/dL)

	
0.23 ± 0.3

	
0.22 ± 0.4

	
0.22 ± 0.2

	
0.33 ± 0.3

	
0.37 ± 0.4

	
0.48 ± 0.5 *




	
HbA1c (%)

	
7.9 ± 2.0

	
7.8 ± 1.8

	
8.0 ± 2.0

	
8.1 ± 1.5

	
7.7 ± 2.2

	
8.0 ± 1.7








HbA1c: glycosylated hemoglobin; CRP: C reactive protein. Data are presented as mean ± SD. ANOVA of repeated measures. Tukey test as post hoc, * p < 0.05.
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Table 3. OS markers in the study groups: baseline and after six months.
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Parameters

	
EG1000

(n = 37)

	
EG500

(n = 32)

	
Placebo

(n = 28)






	

	
Baseline

	
Six months

	
Baseline

	
Six months

	
Baseline

	
Six months




	
LPO (µmol/L)

	
0.230 ± 0.08

	
0.212 ± 0.04

	
0.236 ± 0.09

	
0.229 ± 0.06

	
0.219 ± 0.07

	
0.282 ± 0.07 *




	
8-Iso (pg/mL)

	
60 ± 25

	
45 ± 27

	
56 ± 29

	
53 ± 38

	
61 ± 24

	
76 ± 35 †




	
GPx (UI/L)

	
7181 ± 3794

	
8362 ± 2910

	
8219 ± 3616

	
8926 ± 3010

	
7635 ± 2988

	
7329 ± 3049




	
Cat (×104 UI/gHb)

	
3.0 ± 1

	
2.9 ± 1

	
2.9 ± 1

	
2.7 ± 1

	
2.9 ± 1

	
2.3 ± 1




	
TAC (µmol/L)

	
1003 ± 247

	
1225 ± 249 *

	
1016 ± 216

	
1014 ± 269

	
1004 ± 202

	
993 ± 217




	
SOD (Ul/L)

	
167 ± 15

	
173 ± 12

	
172 ± 16

	
178 ± 10

	
171 ± 15

	
167 ± 10 †




	
SOD/GPx ratio

	
0.030 ± 0.01

	
0.023 ± 0.01

	
0.027 ± 0.01

	
0.026 ± 0.01

	
0.026 ± 0.01

	
0.023 ± 0.01




	
GAP

	
283 ± 242

	
434 ± 234 ‡

	
288 ± 221

	
202 ± 284

	
276 ± 175

	
205 ± 229




	
OSS

	
2.5 ± 1

	
1.3 ± 1

	
2.0 ± 1

	
1.7 ± 1

	
1.9 ± 1

	
2.8 ± 1 *








LPO: lipoperoxides; 8-Iso: isoprostanes; GPx: glutathione peroxidase; Cat: catalase; TAC: total antioxidant capacity; SOD: superoxide dismutase; OSS: oxidative stress score. Data are presented as mean ± SD. ANOVA of repeated measures. Tukey test as post hoc, * p < 0.05 placebo vs. EG1000; † p < 0.05 placebo vs. (EG1000 and EG500); ‡ p < 0.05 EG1000 vs. (EG500 and placebo).
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Table 4. Oxidative stress index in the study groups: baseline and after six months.
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EG1000

(n = 37)

	
EG500

(n = 32)

	
Placebo

(n = 28)






	

	
Baseline

	
Six months

	
Baseline

	
Six months

	
Baseline

	
Six months




	
Without OS

	
5 (13%)

	
13 (35%) *

	
3 (10%)

	
9 (28%) *

	
6 (21%)

	
2 (7%) *




	
Mild OS

	
14 (38%)

	
18 (49%)

	
19 (59%)

	
15 (47%)

	
12 (43%)

	
8 (29%) *




	
Moderate OS

	
10 (27%)

	
5 (13%) *

	
9 (28%)

	
8 (25%)

	
8 (29%)

	
15 (54%) *




	
Severe OS

	
8 (22%)

	
1 (3%) *

	
1 (3%)

	
0 (0%)

	
2 (7%)

	
3 (10%)








OS: oxidative stress. McNemar test, * p < 0.05 baseline vs. after six months.
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