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Abstract:



Insulin resistance participates in the glycaemic control disruption in type 2 diabetes mellitus (T2DM), by reducing muscle glucose influx and increasing liver glucose efflux. GLUT4 (Slc2a4 gene) and GLUT2 (Slc2a2 gene) proteins play a fundamental role in the muscle and liver glucose fluxes, respectively. Resveratrol is a polyphenol suggested to have an insulin sensitizer effect; however, this effect, and related mechanisms, have not been clearly demonstrated in T2DM. We hypothesized that resveratrol can improve glycaemic control by restoring GLUT4 and GLUT2 expression in muscle and liver. Mice were rendered obese T2DM in adult life by neonatal injection of monosodium glutamate. Then, T2DM mice were treated with resveratrol for 60 days or not. Glycaemic homeostasis, GLUT4, GLUT2, and SIRT1 (sirtuin 1) proteins (Western blotting); Slc2a4, Slc2a2, and Pck1 (key gluconeogenic enzyme codifier) mRNAs (RT-qPCR); and hepatic glucose efflux were analysed. T2DM mice revealed: high plasma concentration of glucose, fructosamine, and insulin; insulin resistance (insulin tolerance test); decreased Slc2a4/GLUT4 content in gastrocnemius and increased Slc2a2/GLUT2 content in liver; and increased Pck1 mRNA and gluconeogenic activity (pyruvate tolerance test) in liver. All alterations were restored by resveratrol treatment. Additionally, in both muscle and liver, resveratrol increased SIRT1 nuclear content, which must participate in gene expression regulations. In sum, the results indisputably reveals that resveratrol improves glycaemic control in T2DM, and that involves an increase in muscle Slc2a4/GLUT4 and a decrease in liver Slc2a2/GLUT2 expression. This study contributes to our understanding how resveratrol might be prescribed for T2DM according to the principles of evidence-based medicine.
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1. Introduction


Diabetes mellitus (DM) is an epidemic metabolic disease, whose incidence is exponentially growing around the world [1]. Type 2 diabetes mellitus (T2DM) represents more than 90% of diabetic subjects, and has been related to obesity [2]. Insulin resistance plays a key role in the disruption of glycaemic homeostasis in T2DM, which leads to pancreatic beta cell failure [2]. Long-term evolution of T2DM is accompanied by the development of macro and microvascular diseases [3], which determine high morbidity and mortality. The continuous and constant improvement of glycaemic control is recognized as the best approach to reduce the development or progression of chronic complications in DM [4].



Since insulin resistance plays a vital role in the pathophysiology of T2DM, insulin sensitizer agents occupy the first place in the T2DM pharmacopeia, and new agents with this potential effect have been extensively investigated. Among several new compounds already investigated to treat T2DM, resveratrol has shown to be quite promising [5,6]. Resveratrol is a natural polyphenol widely found in several plants, mainly in grapes and blueberries [7]. Its biological effect is mainly related to the activation of a NAD+-dependent histone deacetylase sirtuin 1 (SIRT1) [5]. SIRT1 can be found in both cytosolic and nuclear compartments; in the latter, it can directly regulate gene expression [8].



Resveratrol has been reported to have a glycaemia-lowering effect in normal rats and mice [9,10], high-fat fed mice [11], and T2DM mice [12,13,14], as well as in non-diabetic obese [15] and in overweight T2DM humans [16,17]. However, most of these studies, especially in humans, reveal meagre results regarding glycaemic control, and drug-related mechanisms of action, which would strengthen resveratrol’s beneficial effect.



Glycaemic homeostasis results from an orchestrated regulation of several territorial glucose fluxes into and out of extracellular/blood compartments [18,19]. Some of these fluxes are highly variable and tightly regulated, thus altering glycaemia rapidly and prominently. This involves the skeletal muscle glucose uptake and the hepatic glucose outflow [18,19,20]. These fluxes are highly regulated by insulin, and insulin resistance is characterized by reduced skeletal muscle uptake and/or increased hepatic efflux of glucose, both concurring to increase plasma glucose concentration [18,19,20].



The glucose flow into or out of cells is processed by a variety of one, or more, glucose transporter proteins [21]. In skeletal muscle, glucose uptake is mediated by GLUT4 (solute carrier family 2, facilitated glucose transporter member 4) protein, codified by the Slc2a4 (solute carrier family 2 member 4) gene [22]. GLUT4, stored in intracellular vesicles, can be rapidly translocated to the plasma membrane in response to insulin [22], and this mechanism is fundamental to the postprandial glycaemic regulation. Differently, in hepatocytes, the glucose flux is mediated by GLUT2 (solute carrier family 2, facilitated glucose transporter member 2) protein, codified by the Slc2a2 (solute carrier family 2 member 2) gene [21]. The GLUT2, primarily located in hepatocyte plasma membrane, can transport glucose bidirectionally, and that depends on the substrate concentration gradient: in the postprandial state the glucose influx is favoured, whereas in the fasting state, increased intracellular glucose production favours the glucose efflux [20]. Thus, GLUT2-mediated glucose transport is not directly, but indirectly, regulated by insulin, according to the hormone regulation of the glucose concentration gradient. In postprandial state, high insulin levels stimulate hepatocyte glucose utilization, lowering intracellular concentration of glucose, thus generating a glucose influx gradient [20]. In the fasting state, low insulin levels release the gluconeogenic activity, thus generating intracellular glucose and a glucose efflux gradient [20].



As pointed out above, loss of glycaemic control in T2DM involves reduced muscle glucose influx and increased hepatic glucose efflux, which are directly related to reduced GLUT4 and increased GLUT2 expression, respectively [21,22]. In this context, we hypothesize that resveratrol could improve glycaemic control in T2DM, acting as an insulin sensitizer, and for that it must regulate GLUT4 and GLUT2 expressions, the molecular markers of glucose fluxes in muscle and liver.




2. Results


2.1. Resveratrol Restored Glycemic Homeostasis in T2DM Mice, without Attenuation of Body Weight Gain


At the age of 27 weeks, the T2DM mice were obese (Table 1), as evinced by elevated body weight and adipose tissue mass, as well as by increased Lee’s index value (p < 0.001 vs. ND). Conversely, the body length and gastrocnemius weight were decreased in T2DM mice (p < 0.001 and p < 0.01 vs. ND, respectively). The resveratrol treatment did not change the final data related to the obesity development (Table 1); however, the gastrocnemius mass was partially recovered (T2DMR vs. T2DM, p < 0.01). Furthermore, the body weight evolution during the 60-day resveratrol treatment (Figure 1A,B) also revealed an increased body weight gain in both T2DM and T2DMR mice, as compared to ND (p < 0.001).


Figure 1. Resveratrol restored insulin resistance of T2DM mice, but did not alter obesity. Body weight evolution (A,B) and insulin sensitivity (C,D) were analysed in non-diabetic (ND), type 2 diabetic (T2DM) and resveratrol-treated type 2 diabetic (T2DMR) mice. (A) Body weight evolution; (B) area under the curve (AUC) of the body weight evolution during 60-day resveratrol treatment; (C) Blood glucose values; and (D) the blood glucose disappearance constant (kITT) during the insulin tolerance test (ITT). Data are expressed as mean ± SEM of 10 (body weight) or seven (ITT) animals, and were analysed by one-way ANOVA with the Newman-Keuls post-test. *** p < 0.001 vs. ND; ## p < 0.01 vs. T2DM.
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Table 1. Morphometric and metabolic characteristics of the non-diabetic (ND), type 2 diabetic (T2DM), and resveratrol-treated type 2 diabetic (T2DMR) mice.







	

	
ND

	
T2DM

	
T2DMR






	
Body weight (g)

	
43.0 ± 1.06

	
54.2 ± 1.48 ***

	
52.7 ± 1.09 ***




	
Length (cm)

	
10.70 ± 0.17

	
9.20 ± 0.13 ***

	
9.46 ± 0.13 ***




	
Lee index

	
32.7 ± 0.46

	
40.3 ± 0.52 ***

	
39.2 ± 0.40 ***




	
Adipose tissue weight (g)

	
1.01 ± 0.09

	
2.07 ± 0.20 ***

	
2.39 ± 0.16 ***




	
Skeletal muscle weight (mg)

	
156.7 ± 6.7

	
110.0 ± 8.2 **

	
136.6 ± 12.5 **,##




	
Plasma insulin (ng/mL)

	
0.73 ± 0.28

	
5.34 ± 0.90 ***

	
1.63 ± 0.73 ##




	
Plasma glucose (mg/dL)

	
132.0 ± 14.0

	
243.6 ± 18.9 ***

	
133.9 ± 8.5 ###




	
Plasma fructosamine (µmol/L)

	
131.8 ± 4.90

	
202.0 ± 25.8 *

	
118.7 ±12.8 #




	
Plasma triglycerides (mg/dL)

	
100.0 ± 11.5

	
225.6 ± 38.2 *

	
128.80 ± 33.2 #








Adipose tissue, epididymal white adipose tissue; skeletal muscle, gastrocnemius. Data are expressed as mean ± SEM of 10 animals, and were compared by one-way ANOVA, Student Newman-Keuls post-test. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. ND; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. T2DM.








Concerning the metabolic data, the T2DM mice presented higher plasma insulin, glucose, fructosamine, and triglycerides levels (Table 1), and the insulin tolerance test confirmed the insulin-resistant condition of these mice (Figure 1C,D). Resveratrol treatment reversed all metabolic data above to similar values of ND mice.




2.2. Resveratrol Increased Expression of Slc2a4/GLUT4 and Nuclear SIRT1 Protein Content in Gastrocnemius Muscle


Aiming to address the involvement of skeletal muscle in the regulation of whole-body glucose homeostasis, we evaluated the Slc2a4 mRNA and GLUT4 protein content in gastrocnemius. In the gastrocnemius of T2DM mice (Figure 2A,B), the mRNA of Slc2a4 was reduced by 32% (p < 0.001 vs. ND) and the protein content of GLUT4 was reduced by 50% (p < 0.05 vs. ND). Resveratrol treatment partially restored the mRNA content, and completely restored the protein content (Figure 2A,B). Considering that SIRT1 is the main mediator of resveratrol effects, and plays a significant role in the regulation of gene expression, we evaluated the total SIRT1 content in the nuclear compartment. Although no differences were observed between ND and T2DM mice (Figure 2C), resveratrol treatment increased SIRT1 nuclear content by 126% (p < 0.05 vs. ND and T2DM).


Figure 2. Resveratrol restored Slc2a4 mRNA and GLUT4 protein expression in skeletal of T2DM mice. Slc2a4 mRNA (A); GLUT4 protein (B), and nuclear SIRT1 protein (C) were analysed in gastrocnemius skeletal muscle of non-diabetic (ND), type 2 diabetic (T2DM), and resveratrol-treated type 2 diabetic (T2DMR) mice. In (A), Slc2a4 mRNA was normalized by Atp5b mRNA (ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide); In (B,C), representative images of GLUT4 and SIRT1 proteins and respective Ponceau-stained membranes are shown. Data are expressed as mean ± SEM of 5–7 animals, and were analysed by one-way ANOVA with the Newman-Keuls post-test. * p < 0.05 and *** p < 0.001 vs. ND; # p < 0.05, and ## p < 0.01 vs. T2DM.
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2.3. Resveratrol Decreased Expression of Slc2a2/GLUT2 and Increased Nuclear SIRT1 Protein Content in Liver


Aiming to address the role of hepatic territory in the regulation of whole-body glucose homeostasis, we evaluated the Slc2a2 mRNA and GLUT2 protein content (Figure 3A,C). Under the T2DM condition, the Slc2a2 mRNA and GLUT2 protein content increased by 90% and 27% (p < 0.05 vs. ND), respectively, and resveratrol treatment reversed these alterations. Nuclear SIRT1 in hepatic territory was unchanged comparing ND with T2DM mice (Figure 3D). However, resveratrol treatment in T2DM mice increased the nuclear SIRT1 by 173% (p < 0.001 vs. ND and T2DM).


Figure 3. Resveratrol restored Slc2a2 and Pck1 mRNAs and GLUT2 protein expression in the liver of T2DM mice. Slc2a4 mRNA (A), GLUT2 protein (C), Pck1 mRNA (B), and nuclear SIRT1 protein (D) were analysed in the liver of non-diabetic (ND), type 2 diabetic (T2DM), and resveratrol-treated type 2 diabetic (T2DMR) mice. In (A,B), Slc2a2 and Pck1 mRNAs were normalized by Gapdh mRNA (glyceraldehyde-3-phosphate dehydrogenase); in (C,D), representative images of GLUT4 and SIRT1 proteins and respective Ponceau-stained membranes are shown. Data are expressed as mean ± SEM of 5–7 animals, and were analysed by one-way ANOVA with the Newman-Keuls post-test. * p < 0.05 and *** p < 0.001 vs. ND; # p < 0.05, and ### p < 0.001 vs. T2DM.
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In order to predict the hepatic gluconeogenic activity, the expression of phosphoenolpyruvate carboxykinase 1 (Pck1) gene, which codifies the key gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK), was measured (Figure 3B); the Pck1 mRNA increased by 123% in T2DM (p < 0.05 vs. ND), and resveratrol reversed this effect (p < 0.05 vs. T2DM). To confirm the functional relevance of these data, i.e., the hepatic gluconeogenic activity, the pyruvate tolerance test was performed (Figure 4A,B). The results evinced that the glucose production in response to the pyruvate overload was three-fold higher in T2DM than in ND mice (p < 0.01), and resveratrol treatment reversed this data (p < 0.05 vs. T2DM).


Figure 4. Resveratrol reduced in vivo gluconeogenic activity in T2DM mice. Blood glucose (A) and area under the curve (AUC) of blood evolution (B) during pyruvate tolerance test were analysed in non-diabetic (ND), type 2 diabetic (T2DM), and resveratrol-treated type 2 diabetic (T2DMR) mice. Data are expressed as mean ± SEM of 3 animals, and were analysed by one-way ANOVA with the Newman-Keuls post-test. *** p < 0.01 vs. ND; ## p < 0.05 vs. T2DM.
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2.4. Resveratrol Attenuates mRNA Content of Pro-Inflammatory Cytokines in White Adipose Tissue


Although no differences were observed in periepididymal adipose tissue weight after resveratrol treatment, we assessed the mRNA content of pro-inflammatory-related genes in this territory, considering that: (1) T2DM is associated to a chronic low-grade inflammation state; and (2) resveratrol has been described as having anti-inflammatory effects. In adipose tissue of T2DM mice (Figure 5A–D) the mRNA of Tnf, Il6, Rela, and Nfkb1 was increased in comparison to ND mice (p < 0.05 to p < 0.001). The resveratrol treatment partially reversed the expression of Tnf and Rela (p < 0.05 vs. T2DM), and totally reversed the expression of Nfkb1 (p < 0.05 vs. T2DM).


Figure 5. Resveratrol attenuated pro-inflammatory cytokine expression in epididymal adipose tissue of T2DM mice. Interleukin 6 (Il6, A); tumour necrosis factor (Tnf, B); nuclear factor kappa B subunit 1 (Nfkb1, C); and RELA proto-oncogene NF-κB subunit (Rela, D) mRNAs were measured in epididymal adipose tissue of non-diabetic (ND), type 2 diabetic (T2DM) and resveratrol-treated type 2 diabetic (T2DMR) mice. All target mRNAs were normalized by Actb mRNA (actin beta). Data are expressed as mean ± SEM of seven animals, and were analysed by one-way ANOVA with the Newman-Keuls post-test. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. ND; # p < 0.05 vs. T2DM.
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3. Discussion


The present study investigated the effectiveness of resveratrol on the glycaemic control in a model of obese T2DM mice. Nearly half a century ago, neonatal administration of MSG to mice was described as capable of inducing obesity in adult life, and that was associated to hypothalamic lesions [23]. Later on, after the participation of hepatic and muscular insulin resistance in the pathophysiology of T2DM was clear [24], our group observed that adult MSG mice develop hyperglycaemia with insulin resistance [25,26,27,28], thus characterizing an obese T2DM experimental model. Interestingly, the serious glycaemic impairment courses with hyperinsulinemia in T2DM mice, a profile not observed in humans, in whom the loss of glycaemic control only appears when plasma insulin levels start to decrease [24]. This difference must be a consequence of the high proliferative capacity of mice pancreatic islets.



As expected, the mice became severely obese, and developed a T2DM based on their high levels of plasma glucose and fructosamine. Furthermore, the mice were also extremely insulin resistant, as indicated by their hyperinsulinemia and low glucose decay during the insulin tolerance test. Importantly, the 60-day resveratrol treatment completely restored the glycaemic homeostasis of the obese T2DM mice, although they showed no weight loss in response to the treatment. An anti-hyperglycaemic effect was described in Zucker rats subjected to a similar treatment with resveratrol [29], although hyperglycaemia was not so high as in the present study. On the other hand, the anti-obesity effects of resveratrol are variable, probably due to variable experimental models and resveratrol doses and times of treatment [30,31,32,33]. It is important to highlight that, in the present obese T2DM mice, resveratrol recovered the glycaemic homeostasis completely, without attenuation of body or fat mass, pointing out that the metabolic effects are unrelated to weight loss.



The pathophysiology of insulin resistance, related to the development and progression of T2DM, involves reduced skeletal muscle glucose uptake and/or increased hepatic glucose outflow. Due to this, the present study evaluated the expression of glucose transporter isoforms GLUT4 and GLUT2, which are molecular markers of muscle influx and liver efflux of glucose, respectively.



Skeletal muscle accounts for approximately 75% of whole-body insulin-stimulated glucose disposal [34,35], which explains the central role of muscle in the insulin resistance induced impairment of glycemic homeostasis, especially in the postprandial period. The present results clearly show that the Slc2a4 gene and GLUT4 protein expression, which are decreased in T2DM, recovered in response to resveratrol, and that can explain previous considerations that resveratrol can improve muscle glucose uptake in high-fat-fed rats [36]. GLUT4 was described to increase just in one db/db mouse treated with resveratrol [10], and the effects of resveratrol on glycaemic homeostasis in that study were not clearly convincing. Additionally, increased insulin-induced GLUT4 translocation to the plasma membrane, but not total protein expression, was suggested in muscles from insulin-resistant rats treated with resveratrol [37]; however, this effect was not confirmed in isolated muscle cells [38].



Once the present data revealed, for the first time, that resveratrol increases the GLUT4 protein expression in muscle from T2DM mice, by a mechanism that involves enhanced Slc2a4 gene expression, we logically thought this would be related to SIRT1-mediated intranuclear effect of resveratrol. Indeed, resveratrol increased the nuclear SIRT1 content in muscle. Several studies have reported that SIRT1 activation by resveratrol leads to deacetylation of the PPAR-G-coactivator 1 (PGC1), enhancing its activity [30,39]. Importantly, PGC1 is a potent enhancer of the Slc2a4 gene transcription [40]. Furthermore, we cannot exclude a deacetylase effect of SIRT1 directly into the Slc2a4 gene promoter, impairing the activity of enhancer factors. Together, these mechanisms can explain a SIRT1-mediated resveratrol-induced improvement of Slc2a4/GLUT4 expression.



The participation of the liver in the impairment of glycaemic control in T2DM has been related to the increased GLUT2 expression. However, to allow greater glucose efflux, it is necessary to increase the glucose production in the hepatocyte, which is guaranteed by increased gluconeogenic activity [41,42]. The present data reveal that T2DM increased the expression of Slc2a2 and Pck1 genes, which codify the glucose transporter and the key gluconeogenic enzyme, respectively. These molecular markers indicated increased hepatic glucose outflow, which was observed in response to an overload of the gluconeogenic precursor pyruvate. All these alterations are reversed by resveratrol, revealing a reduction in the glucose hepatic outflow, which must have contributed to improving the glycaemic control.



The results demonstrate that resveratrol treatment of T2DM mice increased nuclear SIRT1 content also in the liver, which was previously observed in insulin-treated T1DM rat, is also accompanied by a reduction in Slc2a2 gene expression [43]. Increased expression of Slc2a2/GLUT2 in the liver of T1DM diabetic rats was related to the enhanced activity of hepatocyte nuclear factor 1 alpha (HNF1alpha) [44]. Regarding that, in primary hepatocytes, the overexpression of SIRT1 was reported to decrease HNF1alpha transcriptional activity, with a consequent repression of its target gene Slc2a2 [45]. However, investigation of the deletion of SIRT1 in hepatocytes also showed a reduction in Slc2a2 expression, again through the HNF1alpha-mediated manner [46]. Moreover, in response to SIRT1 overexpression, Pck1 expression was reported to be upregulated [45], although other studies have described that SIRT1 regulates gluconeogenesis negatively by repressing Pck1 [39,47], as observed here.



Obesity, insulin resistance, and T2DM are closely associated with chronic inflammation [48], and that seems to primarily affect the white adipose tissue [49]. In this process, the adipose tissue increases pro-inflammatory cytokine production, and exports these cytokines to other territories [50]. Since anti-inflammatory effects have been attributed to resveratrol [51], that could be an additional mechanism involved in its beneficial effect. The results confirmed high inflammatory activity in adipose tissue of T2DM mice, as evinced by the increased expression of Tnf, Il6, Rela, and Nfkb1 genes. Additionally, resveratrol treatment reduced the expression of these inflammatory genes, except Il6. Considering those results, we can suggest that resveratrol triggered an anti-inflammatory activity in adipose tissue, which might also participate in its beneficial effect upon the glycaemic homeostasis in T2DM mice.



In view of the present results, we conclude that resveratrol recovers glycaemic homeostasis in T2DM mice, and that involves increased Slc2a4/GLUT4 expression in muscle and decreased Slc2a2/GLUT2 expression in the liver, which may be related to increased nuclear SIRT1 content. This study contributes to our understanding of how resveratrol might be prescribed for T2DM according to the principles of evidence-based medicine.




4. Materials and Methods


4.1. Animal Treatment


Obesity and type 2 diabetes (T2DM) was carried out by neonatal subcutaneous injections of monosodium glutamate (2 mg/g body weight) in male offspring mice (CD1) from day one to day five after birth [25]. Control mice received subcutaneous injections of 0.9% NaCl. Animals were weaned, fed standard rodent chow, and allowed access to water ad libitum until 19 weeks old, when half of the MSG animals started to be treated with resveratrol (Sigma Chemical Co., St. Louis, MO, USA), given in water, in a dose of 30 mg/Kg of body weight, for 60 days. According to the water intake, the resveratrol concentration in the water was weekly calculated, to preserve the prescribed dose. Then, three groups of animals were investigated: non-diabetic (ND), obese type 2 diabetic (T2DM), and T2DM treated with resveratrol (T2DMR). Food and water consumption was monitored twice a week. All procedures performed in this study were approved by the Ethical Committee for Animal Research of the Institute of Biomedical Sciences, University of São Paulo (004/2015).




4.2. Sample Collection


At the end of treatment (27-week-old mice), the animals were killed between 8 a.m. and 10 a.m. (after 4 h of food deprivation) under anesthesia (60 mg/kg body weight sodium pentobarbital, intraperitoneally). Firstly, the naso-anal length was measured to estimate the obesity degree by the Lee´s index (body weight (g)1/3/naso-anal length (cm)) × 100. After that, gastrocnemius muscle, epididymal white adipose tissue, and liver were sampled and stored at −70 °C for further analysis. After liver sampling, blood was collected from the heart left ventricle, centrifuged at 2000× g for 10 min at 4 °C, and the plasma was stored for glucose, fructosamine, insulin, and triglyceride concentration analyses.




4.3. Metabolic Analysis


The concentrations of plasma glucose, triglycerides, and fructosamine were determined by colorimetric assay and performed according to manufacturer recommendations (Labtest Diagnóstica SA, Lagoa Santa, MG, Brasil). The quantification of plasma insulin was determined by ELISA (enzyme linked immunonosorbent assay) and performed according to manufacturer recommendations (Cat. #EZRMI-13K, EMD Millipore Corporation, St. Charles, MO, USA).



Insulin tolerance test (ITT). Some animals were subjected to the ITT. Mice were food deprived for 4 h, and the test was performed at 10 a.m., under non-anesthetized condition. Tail blood was collected for determination of basal glycemia (0 min), then insulin was injected intraperitoneally (1 U/kg body weight), and tail blood was collected at 5, 10, 15, 20, and 30 min. Insulin sensitivity was analyzed by measuring the glucose disappearance constant (kITT), based on the linear regression of the Napierian logarithm of the glycemic values obtained from 5 to 30 min of the test [52].



Pyruvate tolerance test (PTT). Additional animals were subjected to the PTT. For this test, mice were food deprived for 12 h, and the test performed at 8 a.m. Anesthetized animals (60 mg/kg body weight sodium pentobarbital, intraperitoneally) were injected with pyruvate solution (0.25 g/mL), at a dose of 2 g/kg, intraperitoneally. Glycaemia was measured in tail blood at 0 (basal), 15, 30, and 60 min after the pyruvate injection. The area under the curve of glycemia after a pyruvate load was calculated by using GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA, USA), and represents the hepatic glucose production.



Western blotting analyses of GLUT4, GLUT2, and SIRT1. Muscle and liver samples were processed for GLUT4 and GLUT2, respectively, as previously described [43]. From muscle, a total cellular protein fraction was obtained, and from liver, a plasma membrane protein-enriched fraction was obtained. For SIRT1 analyses, nuclear proteins were extracted from both muscle and liver as described by Andrews and Faller [53]. Enrichment in nuclear protein was confirmed by measurement of the nuclear marker histone 1. Equal amounts of protein (30 to 100 μg, depending on the sample) were electrophoresed, transferred to a nitrocellulose membrane, and immunoblotted with anti-GLUT4 (EMD Millipore, Billerica, MA, USA, #07-1404), anti-GLUT2 (EMD Millipore, #07-1402), or anti-SIRT1 (Cell Signaling Technology, Danvers, MA, USA, mAB#8469) antibodies. The secondary conjugated antibody was used following specifications, and an enhanced chemiluminescence (ECL) procedure was performed. The optical densitometry of the blots and of the respective lanes, stained by Ponceau, was analyzed using Image J software (National Institutes of Health, Bethesda, MD, USA). The Ponceau-stained lane was used as loading control for normalization of the results [54]. The results were expressed as arbitrary units, related to the mean of the controls, which was set as 1.0.



RT-qPCR analyses of Slc2a4, Slc2a2, and Pck1. Gastrocnemius, periepididymal adipose tissue, and liver (100 mg) samples were used to obtain total RNA, by the TRIzol® method, according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA) was used to quantify total RNA in each sample. One µg of total RNA was used to perform the reverse transcriptase (RT) reaction, by adding oligo dT (100 µg/mL), 10 mM of each dNTP, 5X first-strand buffer, and 2 μL (200 U/μL) of M-MLV reverse transcriptase (Promega, Madison, WI, USA). The RT reaction was performed at 65 °C for 10 min, 37 °C for 60 min, and 95 °C for 10 min. The qPCR amplification of genes analyzed in muscle and liver was performed using a Taqman® PCR master mix kit (Applied Biosystems Inc., Foster City, CA, USA), and carried out in a StepOne Plus instrument (Applied Biosystems Inc.). The qPCR amplification of genes analyzed in adipose tissue was performed using SYBR® Green Real-Time PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and carried out in a StepOne Plus instrument (Applied Biosystem Inc.). Several reference genes were tested for their stability using the RefFinder software, and final choices were: ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide (Atp5b) for skeletal muscle; glyceraldehyde-3-phosphate dehydrogenase (Gapdh) for liver, and actin beta (Actb) for adipose tissue. Details of the Taqman® and SYBR® gene expression assays used for qPCR are described in Table 2. Gene expression results were calculated based on the 2–ΔΔCt method.



Table 2. Details of the Taqman® and SYBR® gene expression assays used for real-time polymerase chain reaction (qPCR).







	
Gene

	
Primers Sequence

	
Dye

	
Assay ID






	
Slc2a4

	
Inventoried

	
FAM

	
Mm01245502_m1




	
Slc2a2

	
Inventoried

	
FAM

	
Mm00446229_m1




	
Gapdh

	
Inventoried

	
VIC

	
Mm99999915_g1




	
Pck1

	
Inventoried

	
FAM

	
Mm01247058_m1




	
Atp5b

	
Inventoried

	
FAM

	
Mm00443967_g1




	
Tnf

	
F: GAACTGGCAGAAGAGGCACT

	
SYBR

	




	
R: GGTCTGGGCCATAGAACTGA




	
Il6

	
F: CCGGAGAGGAGACTTCACAG

	
SYBR

	




	
R: TCCAGTTTGGTAGCATCCATC




	
Actb

	
F: ACTGGGACGACATGGAGAAG

	
SYBR

	




	
R: GGGGTGTTGAAGGTCTCAAA




	
Rela

	
F: GCAAGGGCATTATCGACTCT

	
SYBR

	




	
R: CATAACGTTGCAGGAAGCTG




	
Nfkb1

	
F: CTGACCTGAGCCTTCTGGAC

	
SYBR

	




	
R: GCAGGCTATTGCTCATCACA








Assay ID identifies the specific TaqMan® RNA Assay (Applied Biosystems Inc., USA); SYBR® refers to SYBR® Green Real-Time PCR Master Mix (Termo Fisher Scientific). Slc2a4, solute carrier family 2 member 4; Slc2a2, solute carrier family 2 member 2; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; pck1, phosphoenolpyruvate carboxykinase 1; Atp5b, ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide; Tnf, tumor necrosis factor; Il6, interleukin 6; Actb, actin beta; Rela, RELA proto-oncogene, NF-κB subunit; Nfkb1, nuclear factor kappa B subunit 1.









4.4. Statistical Analysis


Results were expressed as the mean ± standard error of the mean (SEM). The means were compared by one-way analysis of variance (ANOVA), followed by Newman-Keuls post-test, after checking the variances by Bartlett’s test. Body weight gain during the treatment, and glycaemia variation during the pyruvate tolerance test, were analyzed by comparing the means of individual values of the area under the curve. Insulin sensitivity in the insulin tolerance test was analyzed by comparing the means of the individual values of the glucose disappearance constant (kITT). Differences were considered statistically significant at p ≤ 0.05.
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