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Abstract

:

Bixin (C25H30O4; 394.51 g/mol) is the main apocarotenoid found in annatto seeds. It has a 25-carbon open chain structure with a methyl ester group and carboxylic acid. Bixin increases the expression of antioxidant enzymes, which may be interesting for counteracting oxidative stress. This study investigated whether bixin-rich annatto extract combined with metformin was able to improve the disturbances observed in high-fat diet (HFD)-induced obesity in mice, with an emphasis on markers of oxidative damage and antioxidant defenses. HFD-fed mice were treated for 8 weeks with metformin (50 mg/kg) plus bixin-rich annatto extract (5.5 and 11 mg/kg). This study assessed glucose tolerance, insulin sensitivity, lipid profile and paraoxonase 1 (PON-1) activity in plasma, fluorescent AGEs (advanced glycation end products), TBARSs (thiobarbituric acid-reactive substances), and the activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in the liver and kidneys. Treatment with bixin plus metformin decreased body weight gain, improved insulin sensitivity, and decreased AGEs and TBARSs in the plasma, liver, and kidneys. Bixin plus metformin increased the activities of PON-1, SOD, CAT, and GSH-Px. Bixin combined with metformin improved the endogenous antioxidant defenses in the obese mice, showing that this combined therapy may have the potential to contrast the metabolic complications resulting from oxidative stress.
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1. Introduction


Obesity and overweight are highly prevalent clinical conditions and act as risk factors for the development of type 2 diabetes mellitus (T2DM). These conditions trigger cellular processes responsible for the development of insulin resistance, culminating in chronic hyperglycemia typical of DM [1]. On the other hand, chronic hyperglycemia contributes to the establishment of glycoxidative stress, which is responsible for tissue damage, induced by the glycation of macromolecules and the excessive production of advanced glycation end products (AGEs) and reactive oxygen species (ROS) [2]. Therefore, the adoption of therapeutic regimens that can reduce both glycemia and glycoxidative stress becomes important, aiming to mitigate the complications of these metabolic diseases [3].



Metformin is the most used drug for the treatment of T2DM, as it acts efficiently in glycemic control, mainly through the inhibition of hepatic gluconeogenesis [4]. However, despite its good efficiency in controlling glycemia, metformin therapy can cause important adverse effects, which are responsible for treatment abandonment in up to 10% of cases [5]. Furthermore, the glycemic control achieved with the use of metformin is not able to prevent the development of long-term complications of T2DM given its mechanisms related to metabolic memory, which is defined as the persistence of complications caused by hyperglycemia even after the achievement of glycemic control due to several detrimental changes triggered by AGEs and ROS [6].



Bioactive compounds of natural origin become interesting in the search for complementary options to the traditional therapy for T2DM, as many of them have antioxidant and antiglycation activities. Among these interesting natural bioactive compounds are carotenoids. Carotenoids have a chemical structure that allows the accommodation of unpaired electrons from radical species, which makes them potent antioxidants. Bixin (C25H30O4; 394.51 g/mol) is the main apocarotenoid (70–80%) constituent of seeds from annatto (Bixa orellana L.), which grows in tropical countries from Central and South America to India, Indonesia, and East Africa. Annatto is widely used in popular cuisine as a condiment. Bixin has a 25-carbon open chain structure with double bonds and contains a methyl ester group and carboxylic acid. It is a carotenoid pigment with reddish-orange tonality. Bixin and annatto extracts are known for their antioxidant properties and beneficial effects on the prevention and treatment of various diseases [7,8]. Bixin can interact with important transcription factors to promote effective cellular responses in controlling lipid metabolism and combating oxidative stress, including peroxisome proliferator-activated receptor γ (PPARγ) and nuclear factor erythroid 2-related factor 2 (NRF-2) [9,10].



It seems interesting to explore combined therapy strategies based on the use of a traditional antidiabetic drug (such as metformin) and a natural bioactive compound (such as bixin), aiming to achieve responses related to glycemic control and mitigating the mechanisms associated with metabolic memory and glycoxidative stress. However, both metformin and bixin have low bioavailability [11,12], which makes it difficult to promote their pharmacological effects in vivo. This situation can be overcome by incorporating bixin into pharmaceutical delivery systems, including nanostructured lipid systems, which allow greater interaction with the aqueous environment and biological membranes, increasing absorption and reducing the need for high doses of drugs during oral administration [13,14].



The proposal of this study was to investigate the impacts of a bixin-rich annatto extract, alone or co-administered with metformin and delivered in a nanostructured lipid system, on physiometabolic parameters, glycoxidative stress biomarkers, and antioxidant defenses in an in vivo model system of obesity and insulin resistance.




2. Results


2.1. Physiological and Biochemical Parameters


From the fifth week of the experiment, the mice fed an HFD showed a significant increase in their body weight gain in comparison with the corresponding values of the C group. From the 12th week, the HFD-fed mice belonging to the M, B1, B2, MB1, and MB2 groups had low body weight gain in comparison with the mice from the H group (Figure 1).



As expected, the H mice exhibited decreased food intake, accompanied by increased energy intake. Treatments with bixin-rich annatto extract and metformin, alone or in combination, were not able to promote changes in either the food or energy intake of the HFD-fed mice until the end of the treatments (Figure 2).



There were significant increases in the weights of the epididymal white adipose tissues of the H and V mice in relation to these corresponding values for the C mice. This finding, together with the increase in body weight gain, indicates that the production of an in vivo model system of obesity occurred in the mice fed an HFD. Treatments of the HFD-fed mice with metformin or bixin-rich annatto extract (both doses), alone or in combination, decreased the weights of their epididymal white adipose tissues in comparison with the corresponding values for the H mice (Table 1). Treatments with metformin or 5.5 and 11 mg/kg bixin-rich annatto extract, alone or in combination, also decreased the weights of their brown adipose tissues in comparison with the values from the C group (Table 1). The weights of the livers of the mice treated with metformin + 5.5 mg/kg bixin-rich extract also decreased when compared with the values found in the mice from the H group (Table 1).



No significant differences were observed in the weights of the kidneys, hearts, or gastrocnemius skeletal muscles between the experimental groups studied (Table 1).



The mice from the H and V groups had high plasma levels of total cholesterol and high-density lipoprotein cholesterol (HDL-cholesterol) and low levels of triglycerides when compared to the values found in the mice from the C group. The mice from the M, B1, B2, MB1, and MB2 groups had low levels of triglycerides when compared to the mice from the C group, without differences in comparison to the values found in the mice from the H and V groups. The plasma levels of cholesterol were significantly decreased in the mice from the M, B1, B2, MB1, and MB2 groups in comparison to the values of the H group, while the HDL-cholesterol levels were decreased in the mice from the M, MB1, and MB2 groups when compared to the corresponding values of the H group (Table 2).



No changes were observed in the plasma levels of creatinine, uric acid, albumin, or ALT among the groups (Table 2).




2.2. Glucose Tolerance and Insulin Sensitivity


In the oral glucose tolerance test (OGTT), 15 min after glucose overload, the mice from the H and V groups had higher glycemic peaks than the values found in the mice from the C group. After 120 min, the mice from the H and V groups continued to have elevated glycemic values when compared to the corresponding values for the C group (Figure 3A,C). Therefore, glucose intolerance occurred in the mice from the H and V groups (Figure 3B,D).



The HFD-mice treated with metformin showed improvements in their glucose tolerance (Figure 3B,D). The mice from the M group exhibited low fasting glycemia, a minor glycemic peak after the glucose overload, and low glycemia levels after 120 min in the OGTT when compared to the corresponding values in the H and V groups (Figure 3A,C). Treatment with the bixin-rich annatto extract, alone or in combination with metformin, did not improve the glucose tolerance of the HFD-fed mice (Figure 3).



In the insulin tolerance test (ITT), after the administration of insulin, the mice from the H and V groups showed high glycemia levels throughout the monitoring period in comparison with the corresponding values for the C mice (Figure 4A,C). This finding supports the decreased insulin sensitivity in the mice from the H and V groups (Figure 3B,D).



Treatment with metformin or bixin-rich annatto extract (5.5 and 11 mg/kg) alone was able to improve the insulin sensitivity in the HFD-fed mice (Figure 4). The combined therapies between metformin and bixin-rich annatto extract, at both doses tested, improved insulin sensitivity as efficiently as the treatments with the bioactives alone, which suggests that the combined therapies maintained the beneficial effects of the isolated therapies on the insulin sensitivity of the HFD-fed mice.




2.3. Biomarkers of Glycoxidative Stress and Antioxidant Defenses in Plasma


The mice from the H group showed significantly high plasma levels of fluorescent AGEs (Figure 5A) and TBARSs (Figure 5B) when compared to the corresponding values for the C group. The V group also had high plasma levels of AGEs (Figure 5A) and TBARSs (Figure 5B) at similar values to those for the H group. Therefore, the establishment of glycoxidative stress in the H and V groups occurred as a probable consequence of glucose intolerance and chronic hyperglycemia.



There were significant decreases in the levels of fluorescent AGEs (Figure 5A) and TBARSs (Figure 5B) in the plasma of the M, B1, MB1, B2, and MB2 mice when compared to the corresponding values found in the H mice, without differences between treatments, suggesting that metformin and 5.5 and 11 mg/kg bixin-rich annatto extract decreased glycoxidative stress in the plasma of the HFD-fed mice.



The activity of the antioxidant enzyme paraoxonase-1 (PON-1) in the plasma of the H and V mice was significantly lower than values found in the C mice (Figure 5C).



Treatment with the lower dose (5.5 mg/kg) of bixin-rich annatto extract was not able to improve PON-1 activity. On the other hand, the HFD-fed mice treated with metformin or with bixin-rich annatto extract at the higher dose (11 mg/kg) recovered in their PON-1 activity, the levels of which were similar to those of the C group. About the combined therapies, treatment with metformin + 11 mg/kg bixin-rich annatto extract increased PON-1 activity in a similar way to the isolated therapies. On the other hand, the increase in PON-1 activity observed in the HFD-fed mice treated with metformin + 5.5 mg/kg bixin-rich annatto extract was higher than that based on the effects of bixin alone, suggesting that the combined therapy had an additive effect on triggering endogenous antioxidant defenses (Figure 5C).




2.4. Biomarkers of Glycoxidative Stress and Antioxidant Defenses in the Liver


The levels of fluorescent AGEs (Figure 6A) and TBARSs (Figure 6B) in the livers of the HFD-fed mice from the H and V groups were higher than the values found in the C group. In parallel, the activities of the antioxidant enzymes SOD (Figure 6C), CAT (Figure 6D), and GSH-Px (Figure 6E) were decreased in the H and V mice. These findings support the establishment of oxidative stress in the livers of mice fed an HFD.



The treatments with metformin and bixin-rich annatto extract (5.5 and 11 mg/kg), alone or in combination, significantly decreased the hepatic levels of AGEs (Figure 6A) and TBARSs (Figure 6B) in comparison with the values found in the H and V mice. In addition, the treatments with metformin and bixin-rich annatto extract at both doses, alone or in combination, increased the activity of CAT in the livers of the HFD-fed mice (Figure 6D). Conversely, when metformin and bixin-rich annatto extract (5.5 and 11 mg/kg) were administered alone, these bioactives did not improve the activities of SOD (Figure 6C) or GSH-Px (Figure 6E). On the other hand, the HFD-fed mice treated with metformin + bixin-rich annatto extract, at both doses, had notable increases in their activities of SOD (Figure 6C) and GSH-Px (Figure 6E), suggesting that the combined therapy had synergistic effects on triggering endogenous antioxidant defenses in the livers of these HFD-fed mice.




2.5. Biomarkers of Glycoxidative Stress and Antioxidant Defenses in the Kidneys


As well as their plasma and livers, the onset of oxidative stress was also observed in the kidneys of the HFD-fed mice. Increased levels of fluorescent AGEs (Figure 7A) and TBARSs (Figure 7B) were found in the kidneys of the HFD-fed mice from the H and V groups, whose values were higher than those in the C group. In addition, the activities of the antioxidant enzymes SOD (Figure 7C) and CAT (Figure 7D) were decreased in the kidneys of the H and V mice.



The levels of AGEs (Figure 7A) and TBARSs (Figure 7B) were significantly decreased in the kidneys of the mice treated with metformin and bixin-rich annatto extract (5.5 and 11 mg/kg), alone or in combination, when compared with the values found in the H and V mice. However, it is interesting to note that metformin did not improve the activities of the antioxidant enzymes SOD (Figure 7C), CAT (Figure 7D), or GSH-Px (Figure 7E).



Bixin-rich annatto extract, at both doses, alone or in combination with metformin, caused significant increases in the activities of SOD (Figure 7C), CAT (Figure 7D), and GSH-Px (Figure 7E) in the kidneys of the mice fed an HFD, whose effects were greater than those of metformin and maintained the antioxidant responses of bixin-rich annatto extract, which reinforces that the combined therapy had beneficial effects on triggering their endogenous antioxidant defenses.





3. Discussion


The present study provides evidence regarding the effects of a therapeutic strategy based on combining metformin and a bixin-rich annatto extract to combat metabolic disturbances. The main beneficial effects promoted by this combined therapy were the following: (i) bixin-rich annatto extract + metformin had antiobesogenic effects; (ii) bixin-rich annatto extract + metformin improved the insulin sensitivity of the HFD-fed mice; and (iii) bixin-rich annatto extract + metformin had the ability to trigger their endogenous antioxidant machinery.



The increase in the body weight gain and the accumulation of fat in the white adipose tissues of the mice maintained on an HFD occurred as expected in this in vivo model system of obesity. Before the beginning of the treatments (from week 1 to week 8), the HFD-fed mice showed higher body weight values than the corresponding values in the mice fed the control (C) diet, denoting the production of obesity. After the beginning of the treatments with metformin or bixin-rich annatto extract at 5.5 and 11 mg/kg, alone or in combination, the HFD-fed mice had decreases in their body weight gain when compared to untreated the HFD-fed mice (the H group). Furthermore, metformin and/or bixin-rich annatto extract partially prevented fat accumulation in their white adipose tissues. Therefore, an antiobesogenic effect can be attributed to the treatments with metformin and bixin-rich annatto extract, alone or in combination, without changes in food or energy intake. Previously, a study by Gutierrez and Romero [15] observed that the treatment of HFD-fed mice with bixin at doses of 5 and 10 mg/kg for 14 weeks also decreased their body weight gain without decreasing their food intake.



The establishment of obesity favors an increase in the concentrations of free fatty acids and circulating triglycerides, as well as hyperglycemia due to the development of insulin resistance, which is related to lipotoxicity, occurring in animals with obesity [16,17]. These changes favor, at least in part, an increase in the levels of ROS in the intracellular environment and subsequent mitochondrial dysfunction, with losses in β-oxidation and increases in the production of fatty acid radicals in the mitochondrial matrix, leading to events such as the uncoupling of electron transport chains, increased production of superoxide radical anions, and the establishment of oxidative stress [18].



Excess free fatty acids in the cytoplasm serve as a source of precursors for the synthesis of molecules such as diacylglycerol and ceramides, which participate in the development of insulin resistance, culminating in the inhibition of the translocation of vesicles containing the glucose transporter type 4 (GLUT 4) to the plasma membrane of myocytes and adipocytes, thus reducing glucose uptake and contributing to an increase in blood glucose levels [19]. This process is directly related to the results of the OGTT and ITT assays, which point to the establishment of glucose intolerance and insulin resistance, respectively, in the mice from the H and V groups.



The mice from the H and V groups had increased fasting glycemia levels in relation to the values of the mice fed the C diet. The mice fed an HFD and treated with metformin and bixin-rich annatto extract, alone or combination, had better glycemic control when compared to the mice from the H group. Therefore, there is favorable potential for these treatments since metformin + bixin-rich annatto extract improved insulin sensitivity in the animals with obesity.



Glucose intolerance and chronic hyperglycemia contribute to the onset of glycoxidative stress, characterized by an exacerbation of the generation of AGEs in tissues where the uptake of glucose occurs in a non-insulin-dependent manner, including the liver and kidneys [20]. The antihyperglycemic effects of metformin and bixin-rich annatto extract may have contributed to the decrease observed in the levels of fluorescent AGEs in the livers and kidneys of the mice fed an HFD, where the effects of the treatments were most evident. It is known that AGEs are capable of activating signaling pathways that culminate in the activation of kinases such as IKKβ (inhibitory kappa B kinase beta) and JNK (c-Jun N-terminal kinase), both related to the inhibitory phosphorylation of IRS-1 (insulin receptor substrate 1), leading to reduced insulin sensitivity. Apocarotenoids, including bixin, are capable of inhibiting the signaling pathways that activate IKKβ and JNK, contributing to the restoration of insulin sensitivity, which may be related to improvements in insulin sensitivity [21,22]. On the other hand, there are studies showing that the antihyperglycemic activity of bixin may be associated with its ability to reduce carbohydrate absorption via the inhibition of the enzymes α-glucosidase and α-amylase [15]. Additionally, the possibility that bixin may have improved the pancreatic function in the mice fed an HFD cannot be ruled out. Although there are no studies on the effects of bixin or other carotenoids acting as inhibitors of dipeptidyl peptidase-4 (DPP-4), there is growing evidence on bioactives from natural sources having antidiabetic activity via DPP-4 inhibition [23,24]. Furthermore, there is great encouragement of studies on bioactives of a natural origin that act as DPP-4 inhibitors since they possess significant antioxidant properties and their use may be an effective strategy for overcoming oxidative stress in pancreatic β-cells and other important tissues, in parallel to treating diabetes [25]. In this sense, considering the promising results of this study regarding the significant potential of bixin to trigger endogenous antioxidant defenses, this set of information greatly encourages future studies on the mechanism of the antihyperglycemic activity of bixin and its relation to the inhibition of DPP-4.



Metformin has low bioavailability, reaching an absorption rate between 40 and 60% of the administered dose (peak plasma concentration). This is explained by metformin being in its protonated form at a physiological pH, which makes it difficult for it to diffuse through biological membranes. In this context, metformin depends on membrane transporters to enter cells and promote its pharmacological effects [26]. Thus, it is necessary to administer high doses of metformin, and consequently, this increases the chances of adverse effects occurring. The use of a nanostructured lipid system makes it possible to overcome the problem of the low bioavailability of metformin since encapsulation allows greater absorption of the metformin carried in the structure of the vesicles that form the nanostructured system [27]. It can be assumed that once it is incorporated into a nanoemulsion, metformin does not primarily require the process to be mediated by the transporters present in enterocytes to access the cellular environment. Consequently, a low dose of metformin would be required to obtain its therapeutic effect.



The mice fed an HFD and treated with metformin showed low fasting glycemia values, improvements in their glucose tolerance, and increased insulin sensitivity when treated with a dose of 50 mg/kg of the drug, a lower dose than those used in studies with the same in vivo model system of obesity but without the use of a nanostructured lipid system [28,29].



A nanostructured lipid system can also be used to deliver bixin due to this system’s ability to increase the absorption of this apocarotenoid, also carried in the micelle’s structure and integrated into the lipid portion of the vesicle. Due to the amphipathic nature of the nanostructured lipid system, the interaction of bixin with the aqueous medium can be facilitated, increasing its absorption [30,31]. This conformation allows more efficient delivery of bixin, enabling its more evident antioxidant potential in the plasma, liver, and kidneys, as well as promoting improvements in insulin sensitivity.



After offering an HFD for 17 weeks, increases in the plasma levels of total cholesterol and HDL-cholesterol and a decrease in the levels of triglycerides were observed, reproducing previous findings of our laboratory [32]. This decrease in the plasma levels of triglycerides may be related to an increase in the tissue’s accumulation of this lipid promoted by the onset of obesity, observed mainly in the increases in the weight of the white adipose tissues of the animals maintained on the HFD.



The enzyme PON-1 is associated with HDL in plasma, and its activity is related to the protection of this lipoprotein and others, including low-density lipoprotein (LDL), from oxidation [33]. The PON-1 activity was significantly decreased in the plasma of the H and V mice. It is known that in a scenario of hyperglycemia, a decrease in PON-1 activity may be related to the occurrence of the glycation of this enzyme [34,35], which may explain, at least in part, the low PON-1 activity in the plasma of the mice from the H and V groups. In a previous study from our laboratory, we observed that treatment with 5.5 mg/kg of bixin-rich annatto extract for 50 days was also able to increase the PON-1 activity in the plasma of streptozotocin-induced diabetic rats. [36]. The increased PON-1 activities in the plasma of the HFD-fed mice treated with metformin, bixin-rich annatto extract at the highest dose, and combinations of metformin + bixin-rich annatto extract (the MB1 and MB2 groups) may be related to improvements observed in their glycemic control, culminating in less glycation of this enzyme [37].



The enzymes analyzed in this study are part of the first-line antioxidant defenses. Superoxide dismutase (SOD) is the first enzyme in ROS detoxification and the most powerful antioxidant enzyme in the cellular environment. Its activity consists of the dismutation of two superoxide radical anion molecules into hydrogen peroxide and molecular oxygen, thus reducing the damage potential of this reactive species. Catalase (CAT) acts on hydrogen peroxide molecules, reducing them into water and molecular oxygen and using iron and manganese ions as cofactors. The enzyme glutathione peroxidase (GSH-Px) acts on hydrogen peroxide, reducing it into water, but also catalyzes the reduction of lipoperoxides into their corresponding alcohols, mainly in the mitochondria [38,39].



Carotenoids and apocarotenoids, including bixin, are involved in the modulating pathways that activate NRF-2, a transcription factor that acts as a positive regulator of responses to oxidative stress [40]. Therefore, when activating NRF-2, there may be an increase in the expression of these first-line antioxidant enzymes [40,41], which may explain the results found in this study for the three antioxidant enzymes analyzed in the livers and kidneys of the HFD-fed mice treated with bixin-rich annatto extract. Previously, Assis and collaborators [36] also found increases in the activities of SOD and CAT in the livers of streptozotocin-induced diabetic rats treated with 5.5 mg/kg of bixin-rich annatto extract for 50 days.



With increases in the activities of antioxidant enzymes in the mice fed an HFD and treated with metformin or bixin-rich annatto extract, a decrease in the oxidative stress induced by obesity is expected. This was observed in the analysis of their TBARS levels. The animals treated with metformin or bixin-rich annatto extract, alone or in combination, showed significant decreases in the levels of TBARSs in their livers and kidneys. A similar result was found by Ma et al. [9], with a reduction in the levels of malondialdehyde, a biomarker of lipoperoxidation, and an increase in the activities of antioxidant enzymes in the kidneys of the mice through a mechanism dependent on NRF-2 activation in a CCl4-induced kidney inflammation model. Bixin and other carotenoids have important mechanisms of action in regulating inflammatory responses, modulating NF-kB activity and adipocyte differentiation. Carotenoids are involved in the activation of important components, including PPARγ, which is related to the activation of lipogenesis pathways [42]. The activation of PPARγ is fundamental to the differentiation of adipocytes, increasing the hydrolysis rates of the triglycerides present in lipoproteins via the activation of lipoprotein lipase; concomitantly, PPARγ promotes an increase in the transcription of genes involved in the uptake of fatty acids, including the fatty acid transport protein (FATP) and the fatty acid translocase (FAT/CD36) [43].



The activation of PPARγ can lead to a recovery in the lipid storage capacity of the adipose tissues via preservation of adipocytic function, contributing to increased insulin sensitivity [44]. In addition, the present study showed the antiobesogenic potential of both metformin and bixin-rich annatto extract, whether administered alone or in combination. In parallel, these treatments caused improvements in insulin sensitivity. These improvements may be related, at least in part, to the effects of bixin on PPARγ activation in the white adipose tissues. Since bixin is capable of activating PPARγ, its beneficial effects related to antiobesogenic potential and insulin sensitivity restoration may be a consequence of improvements in adipocyte function in a pathway that is not dependent on the dose administered to the animals.




4. Materials and Methods


4.1. Preparation of the Nanostructured Lipid System


The nanostructured lipid system had the following composition: oil phase: sunflower oil (5%); surfactant mixture: Brij O20/soy phosphatidylcholine—2:1 (10%); and aqueous phase: phosphate buffer (pH of 7.4) (85%). Bixin-rich annatto extract and metformin, alone or in combination, were incorporated into the oil phase and the surfactant mixture. Next, the aqueous phase was added, and the mixtures were sonicated with a rod sonicator (Q500 of QSonica®®, Newtown, CT, USA) in an ice bath (25 min at 30 s intervals every minute). The formulations containing the bioactives were centrifuged (11,180× g for 15 min) [45].



The formulations based on the nanostructured lipid system contained 1.1 or 2.2 mg/mL bixin-rich annatto extract and/or 10 mg/mL metformin, allowing them to reach final doses of 5.5 or 11 mg/kg bixin-rich annatto extract and/or 50 mg/kg metformin, respectively, alone or in combination.




4.2. Animal Model—Induction of Obesity/Insulin Resistance and Experiment Conclusion


C57BL-6J male mice with body weight values of 21 ± 0.17 g (4 weeks old) were obtained from Anilab (Animais de Laboratório, Criação e Comércio LTDA, Paulínia, Brazil). The mice were housed in polypropylene cages (two animals per cage) and maintained under a light/dark cycle (12 h) and controlled conditions of humidity (55 ± 5%) and temperature (23 ± 1 °C) at the Bioterium of the Department of Clinical Analysis (FCF/UNESP). During the acclimation period (2 weeks), a standard chow diet (Presence Nutrição Animal, Paulínia, São Paulo, Brazil) and water were offered to the mice ad libitum. Next, the mice were fed with a control diet (C; 3.85 kcal/g; 4% lipids) or with a high-fat diet (HFD; 5.40 kcal/g; 35% lipids) (Pragsoluções Biociências Serviços e Comércio Ltd., Jaú, Brazil) (Table S1 in the Supplementary Materials). The HFD enabled the development of obesity and insulin resistance.



The mice were divided into eight groups (n = 12 per group; total of 96 mice): the C group (non-obese mice fed a C diet), the H group (obese, HFD-fed mice), the V group (HFD-fed mice treated with a vehicle—the nanostructured lipid system), the M group (HFD-fed mice treated with 50 mg/kg metformin), the B1 group (HFD-fed mice treated with 5.5 mg/kg bixin-rich annatto extract), the MB1 group (HFD-fed mice treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich annatto extract), the B2 group (HFD-fed mice treated with 11 mg/kg bixin-rich annatto extract), and the MB2 group (HFD-fed mice treated with 50 mg/kg metformin + 11 mg/kg bixin-rich annatto extract). To allocate the animals into the experimental groups, stratified randomization was used. In addition, standardization of the median body weight values across the groups was applied to composing the experimental groups containing the HFD-fed mice. The inclusion criteria for the groups containing the HFD-fed mice were the animals having body weight values of approximately 30 g before the beginning of the treatments. The exclusion criteria for groups containing the HFD-fed mice were low body weight gain values.



All the treatments were administered orogastrically (gavage). Annato extract powder rich in bixin (Bixa orellana L., 60% bixin, Lichnoflora Pesquisa e Desenvolvimento em Produtos Naturais Ltd., Ribeirão Preto, Brazil) and metformin (99.56% metformin hydrochloride, Abhilash Chemicals and Pharmaceuticals, Madurai, India) were incorporated into a nanostructured lipid system. The doses of bixin-rich annatto extract (5.5 and 11 mg/kg) were chosen based on our previous study [36], and the dose of metformin (50 mg/kg) was based on studies performed in mice under experimental models of obesity/insulin resistance and treated with metformin [28,29], and we reduced the dose of the drug since it was administered in a nanostructured lipid system. The experiment was performed for 17 weeks; the mice were treated for the last 8 weeks via daily gavage (5 μL/g animal) between 08:00 and 09:00 h from the 9th to the 17th weeks. The mice from the V group received the vehicle (the nanostructured lipid system without metformin or bixin-rich annatto extract) via daily gavage (5 μL/g animal). Finally, to mimic the oral treatments, the mice from the C and H groups received water by gavage.



Their body weight and food intake were monitored weekly throughout the experimental period. By multiplying their food intake values (g) by the energy values (kcal) provided for the diets, the energy intake values were obtained. The oral glucose tolerance test (OGTT) was performed at week 15 (which corresponded to 6 weeks of treatments). In 12 h-fasted mice, the OGTT was performed at 11:00 a.m. after gavage with 1 g/kg glucose (glucose overload). Their glycemia levels were monitored before (0 min) and after (15, 30, 60, 90, and 120 min) the glucose overload. A drop of peripheral blood was obtained from the mice’s tails to determine their glycemia levels, which were measured by a glucometer (Abbott Diabetes Care Ltd., São Paulo, Brazil) [46]. The insulin tolerance test (ITT) was performed at week 16 (which corresponded to 7 weeks of treatments). In 2 h-fasted mice, the ITT was performed at 01:00 p.m. with an intraperitoneal injection of insulin (0.4 UI/kg). Their glycemia levels were monitored before (0 min) and after (15, 30, 45, and 60 min) the administration of insulin [46].



At week 17 (which corresponded to 8 weeks of treatments), the mice were fasted for 6 h and anesthetized by intraperitoneal administration of xylazine–ketamine (16 mg/kg xylazine–90 mg/kg ketamine). Next, the mice were euthanized by exsanguination via cardiac puncture under anesthesia, and blood samples were collected into heparinized tubes and then centrifuged (700× g for 10 min at 25 °C) to obtain plasma samples. Their livers, kidneys, hearts, gastrocnemius skeletal muscles, epididymal white adipose tissues, and interscapular brown adipose tissues were removed, weighed, snap-frozen in liquid nitrogen, and frozen (−80 °C).



All the experimental procedures were previously approved by the Committee for Ethics in Animal Experimentation at the School of Pharmaceutical Sciences, UNESP (CEUA/FCF/CAr no 19/2019).




4.3. Analysis of Plasma Biochemical Markers


Their plasma levels of glucose, total cholesterol, high-density lipoprotein cholesterol (HDL-cholesterol), triglycerides, albumin, alanine aminotransferase (ALT), creatinine, and uric acid were measured using commercial kits (Labtest Diagnostica SA, Lagoa Santa, Brazil).




4.4. Analysis of Glycoxidative Stress Biomarkers


In the plasma and livers, fluorescent AGEs were measured using 1.2 M chloroform, 0.12 M trichloroacetic acid, and 0.1 M sodium hydroxide (plasma) or 2.4 M chloroform (liver homogenates) [47]. In the kidney homogenates, fluorescent AGEs were measured using 0.1 M sodium hydroxide [48]. Next, the tubes containing these samples were vigorously shaken, and then the tubes were maintained at 10 ± 2 °C for 30 min, followed by centrifugation (10,000× g for 10 min at 10 °C). Tissue supernatants were used to measure the fluorescence intensity relative to the AGEs, with excitation and emission wavelengths of 370 nm and 440 nm, respectively, in a microplate multi-mode reader with the split set at 16 nm (Synergy H1TM, BioTek Instruments Inc., Winooski, VT, USA). The results were expressed as arbitrary units (AU) of fluorescence per milligram of protein.



Deproteinized tissue samples (plasma, livers, and kidneys) were used to determine the lipid peroxidation products via a thiobarbituric acid (TBA) assay [49]. The thiobarbituric acid-reactive substances (TBARSs), including malondialdehyde, were measured via spectrofluorescence (with excitation and emission wavelengths of 510 nm and 553 nm, respectively) in the plasma and via spectrophotometry (535 nm) in the livers and kidneys. The results were expressed in terms of μmol/L (plasma) and μmol/g tissue (livers and kidneys).




4.5. Analysis of Endogenous Antioxidant Defenses


The livers and kidneys were used to determine the activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), and the plasma samples were used to determine the activity of paraoxonase 1 (PON-1), according to standardized methods.



Sample preparations: The livers and kidneys (0.1 g) were prepared in 1 mL sodium phosphate buffer (10 mmol/L, pH 7.4) at 4 °C. The homogenates were then centrifuged at 10,000× g for 10 min at 4 °C. The activities of SOD, CAT, and GSH-Px were measured in the liver and kidney supernatants.



The SOD activity was measured by monitoring the inhibition of the reduction of nitroblue tetrazolium (NBT). Xanthine oxidase catalyzes xanthine’s oxidation, and superoxide anion radical (O2•−) molecules are produced, which reduce NBT into a formazan. The SOD present in the sample catalyzes the dismutation of O2•−, inhibiting the reduction of NBT, which is monitored at 550 nm. The results were expressed in terms of U/mg protein. One SOD unit is defined as the amount of the enzyme required to inhibit the rate of NBT reduction by 50% [50].



The CAT activity was monitored by the consumption of hydrogen peroxide (H2O2) at 230 nm. The results were expressed in terms of μmol of H2O2 consumed/min/mg protein [51].



The GSH-Px activity was determined by monitoring the oxidation of the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) into NADP+. GSH-Px catalyzes the oxidation of the reduced form of glutathione (GSH) in the presence of H2O2. Glutathione in its oxidized form (GSSG) is reduced into GSH by glutathione reductase (GSH-Rd), with the concomitant oxidation of NADPH into NADP+, monitored at 340 nm. The results were expressed in terms of μmol of NADPH oxidized/min/mg protein [52].



The activity of PON-1 in the plasma was measured by monitoring p-nitrophenol at 405 nm, which is released after paraoxon’s hydrolysis by PON-1 [36]. The results were expressed in terms of U/mg HDL-cholesterol (unit = μmoL paraoxon hydrolyzed/min).



The protein levels in the tissue samples were determined according to Lowry et al. [53] to correct the results for SOD, CAT, GSH-Px, and fluorescent AGEs.




4.6. Statistical Analysis


The data are expressed as mean ± standard error of mean (SEM). To compare the intergroup differences, one-way analysis of variance followed by the Student–Newman–Keuls test was used. To compare the intragroup changes in the body weight values relative to week 0, a paired Student’s t-test was used. The data were considered statistically different at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Statistical analyses were performed using GraphPad Prism 6.01 (GraphPad Software, San Diego, CA, USA).





5. Conclusions


Combining current medicines with bioactives of a natural origin might be an interesting therapeutic strategy to attenuate or even prevent the complications occurring in obesity and diabetes mellitus. In this regard, the present study showed that metformin combined with bixin-rich annatto extract had antiobesogenic effects and decreased the cholesterol levels and improved the insulin sensitivity in mice fed a high-fat diet, which represents the maintenance of metformin’s effects and bixin’s effects when they are administered alone. In addition, metformin + bixin-rich annatto extract triggered cytoprotective mechanisms that counteracted the harmful impacts of oxidative stress by increasing their endogenous antioxidant defenses. To the best of our knowledge, by targeting not only obesity, hyperglycemia, and insulin resistance but also hypercholesterolemia and oxidative stress, this study provides the first evidence of a therapeutic strategy based on the combination of bixin and metformin for combating the complications of metabolic disturbances resulting from oxidative stress.
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References


	



Obri, A.; Serra, D.; Herrero, L.; Mera, P. The Role of Epigenetics in the Development of Obesity. Biochem. Pharmacol. 2020, 177, 113973. [Google Scholar] [CrossRef]

	



Ott, C.; Jacobs, K.; Haucke, E.; Navarrete Santos, A.; Grune, T.; Simm, A. Role of Advanced Glycation End Products in Cellular Signaling. Redox Biol. 2014, 2, 411–429. [Google Scholar] [CrossRef]

	



Iacobini, C.; Vitale, M.; Pesce, C.; Pugliese, G.; Menini, S. Diabetic Complications and Oxidative Stress: A 20-Year Voyage Back in Time and Back to the Future. Antioxidants 2021, 10, 727. [Google Scholar] [CrossRef]

	



Adak, T.; Samadi, A.; Ünal, A.Z.; Sabuncuoğlu, S. A Reappraisal on Metformin. Regul. Toxicol. Pharmacol. 2018, 92, 324–332. [Google Scholar] [CrossRef]

	



Nasri, H.; Rafieian-Kopaei, M. Metformin: Current knowledge. J. Res. Med. Sci. 2014, 19, 658–664, Erratum in: J. Res. Med. Sci. 2024, 29, 6. [Google Scholar] [CrossRef]

	



Testa, R.; Bonfigli, A.R.; Prattichizzo, F.; La Sala, L.; De Nigris, V.; Ceriello, A. The “Metabolic Memory” Theory and the Early Treatment of Hyperglycemia in Prevention of Diabetic Complications. Nutrients 2017, 9, 437. [Google Scholar] [CrossRef]

	



Enayati, A.; Assadpour, E.; Jafari, S.M. Bixin—Properties and Applications. In Handbook of Food Bioactive Ingredients; Jafari, S.M., Rashidinejad, A., Simal-Gandara, J., Eds.; Springer: Cham, Switzerland, 2023. [Google Scholar] [CrossRef]

	



Vilar, D.A.; Vilar, M.S.; de Lima e Moura, T.F.; Raffin, F.N.; de Oliveira, M.R.; Franco, C.F.; de Athayde-Filho, P.F.; Diniz, M.F.; Barbosa-Filho, J.M. Traditional uses, chemical constituents, and biological activities of Bixa orellana L.: A review. Sci. World J. 2014, 2014, 857292. [Google Scholar] [CrossRef]

	



Ma, J.Q.; Zhang, Y.J.; Tian, Z.K.; Liu, C.M. Bixin Attenuates Carbon Tetrachloride Induced Oxidative Stress, Inflammation and Fibrosis in Kidney by Regulating the Nrf2/TLR4/MyD88 and PPAR-γ/TGF-Β1/Smad3 Pathway. Int. Immunopharmacol. 2021, 90, 107117. [Google Scholar] [CrossRef]

	



Roohbakhsh, A.; Karimi, G.; Iranshahi, M. Carotenoids in the Treatment of Diabetes Mellitus and Its Complications: A Mechanistic Review. Biomed. Pharmacother. 2017, 91, 31–42. [Google Scholar] [CrossRef]

	



Foretz, M.; Guigas, B.; Viollet, B. Metformin: Update on mechanisms of action and repurposing potential. Nat. Rev. Endocrinol. 2023, 19, 460–476. [Google Scholar] [CrossRef]

	



Shahid-ul-Islam; Rather, L.J.; Mohammad, F. Phytochemistry, Biological Activities and Potential of Annatto in Natural Colorant Production for Industrial Applications—A Review. J. Adv. Res. 2016, 7, 499–514. [Google Scholar] [CrossRef]

	



Dima, C.; Assadpour, E.; Dima, S.; Jafari, S.M. Bioactive-Loaded Nanocarriers for Functional Foods: From Designing to Bioavailability. Curr. Opin. Food Sci. 2020, 33, 21–29. [Google Scholar] [CrossRef]

	



Salvi, V.R.; Pawar, P. Nanostructured Lipid Carriers (NLC) System: A Novel Drug Targeting Carrier. J. Drug Deliv. Sci. Technol. 2019, 51, 255–267. [Google Scholar] [CrossRef]

	



Gutierrez, R.M.; Romero, R.V. Effects of bixin in high-fat diet-fed-induced fatty liver in C57BL/6J mice. Asian Pac. J. Trop. Biomed. 2016, 6, 1015–1021. [Google Scholar] [CrossRef]

	



Lytrivi, M.; Castell, A.L.; Poitout, V.; Cnop, M. Recent Insights into Mechanisms of β-Cell Lipo- and Glucolipotoxicity in Type 2 Diabetes. J. Mol. Biol. 2020, 432, 1514–1534. [Google Scholar] [CrossRef]

	



Zhou, K.; Yee, S.W.; Seiser, E.L.; Van Leeuwen, N.; Tavendale, R.; Bennett, A.J.; Groves, C.J.; Coleman, R.L.; Van Der Heijden, A.A.; Beulens, J.W.; et al. Variation in the Glucose Transporter Gene SLC2A2 Is Associated with Glycemic Response to Metformin. Nat. Genet. 2016, 48, 1055–1059. [Google Scholar] [CrossRef]

	



Meex, R.C.R.; Watt, M.J. Hepatokines: Linking Nonalcoholic Fatty Liver Disease and Insulin Resistance. Nat. Rev. Endocrinol. 2017, 13, 509–520. [Google Scholar] [CrossRef]

	



Benador, I.Y.; Veliova, M.; Liesa, M.; Shirihai, O.S. Mitochondria Bound to Lipid Droplets: Where Mitochondrial Dynamics Regulate Lipid Storage and Utilization. Cell Metab. 2019, 29, 827–835. [Google Scholar] [CrossRef]

	



González, P.; Lozano, P.; Ros, G.; Solano, F. Hyperglycemia and Oxidative Stress: An Integral, Updated and Critical Overview of Their Metabolic Interconnections. Int. J. Mol. Sci. 2023, 24, 9352. [Google Scholar] [CrossRef]

	



Roehrs, M.; Conte, L.; da Silva, D.T.; Duarte, T.; Maurer, L.H.; de Carvalho, J.A.M.; Moresco, R.N.; Somacal, S.; Emanuelli, T. Annatto Carotenoids Attenuate Oxidative Stress and Inflammatory Response after High-Calorie Meal in Healthy Subjects. Food Res. Int. 2017, 100, 771–779. [Google Scholar] [CrossRef]

	



Roehrs, M.; Figueiredo, C.G.; Zanchi, M.M.; Bochi, G.V.; Moresco, R.N.; Quatrin, A.; Somacal, S.; Conte, L.; Emanuelli, T. Bixin and Norbixin Have Opposite Effects on Glycemia, Lipidemia, and Oxidative Stress in Streptozotocin-Induced Diabetic Rats. Int. J. Endocrinol. 2014, 2014, 839095. [Google Scholar] [CrossRef] [PubMed]

	



Shaikh, S.; Lee, E.J.; Ahmad, K.; Ahmad, S.S.; Lim, J.H.; Choi, I. A Comprehensive Review and Perspective on Natural Sources as Dipeptidyl Peptidase-4 Inhibitors for Management of Diabetes. Pharmaceuticals 2021, 14, 591. [Google Scholar] [CrossRef]

	



Chhabria, S.; Mathur, S.; Vadakan, S.; Sahoo, D.K.; Mishra, P.; Paital, B. A review on phytochemical and pharmacological facets of tropical ethnomedicinal plants as reformed DPP-IV inhibitors to regulate incretin activity. Front. Endocrinol. 2022, 13, 1027237. [Google Scholar] [CrossRef]

	



Singh, A.K.; Yadav, D.; Sharma, N.; Jin, J.O. Dipeptidyl Peptidase (DPP)-IV Inhibitors with Antioxidant Potential Isolated from Natural Sources: A Novel Approach for the Management of Diabetes. Pharmaceuticals 2021, 14, 586. [Google Scholar] [CrossRef]

	



Tulipano, G. Integrated or Independent Actions of Metformin in Target Tissues Underlying Its Current Use and New Possible Applications in the Endocrine and Metabolic Disorder Area. Int. J. Mol. Sci. 2021, 22, 13068. [Google Scholar] [CrossRef]

	



Kenechukwu, F.C.; Isaac, G.T.; Nnamani, D.O.; Momoh, M.A.; Attama, A.A. Enhanced circulation longevity and pharmacodynamics of metformin from surface-modified nanostructured lipid carriers based on solidified reverse micellar solutions. Heliyon 2022, 8, e09100. [Google Scholar] [CrossRef]

	



Guo, W.R.; Liu, J.; Cheng, L.D.; Liu, Z.Y.; Zheng, X.B.; Liang, H.; Xu, F. Metformin Alleviates Steatohepatitis in Diet-Induced Obese Mice in a SIRT1-Dependent Way. Front. Pharmacol. 2021, 12, 704112. [Google Scholar] [CrossRef]

	



Zhou, Z.Y.; Ren, L.W.; Zhan, P.; Yang, H.Y.; Chai, D.D.; Yu, Z.W. Metformin exerts glucose-lowering action in high-fat fed mice via attenuating endotoxemia and enhancing insulin signaling. Acta Pharmacol. Sin. 2016, 37, 1063–1075. [Google Scholar] [CrossRef] [PubMed]

	



Rostamabadi, H.; Falsafi, S.R.; Jafari, S.M. Nanoencapsulation of Carotenoids within Lipid-Based Nanocarriers. J. Control. Release 2019, 298, 38–67. [Google Scholar] [CrossRef] [PubMed]

	



Enayati, A.; Rezaei, A.; Falsafi, S.R.; Rostamabadi, H.; Malekjani, N.; Akhavan-Mahdavi, S.; Kharazmi, M.S.; Jafari, S.M. Bixin-loaded colloidal nanodelivery systems, techniques and applications. Food Chem. 2023, 412, 135479. [Google Scholar] [CrossRef]

	



Costa, M.C.; Lima, T.F.O.; Arcaro, C.A.; Inacio, M.D.; Batista-Duharte, A.; Carlos, I.Z.; Spolidorio, L.C.; Assis, R.P.; Brunetti, I.L.; Baviera, A.M. Trigonelline and Curcumin Alone, but Not in Combination, Counteract Oxidative Stress and Inflammation and Increase Glycation Product Detoxification in the Liver and Kidney of Mice with High-Fat Diet-Induced Obesity. J. Nutr. Biochem. 2020, 76, 108303. [Google Scholar] [CrossRef]

	



Koren-Gluzer, M.; Aviram, M.; Meilin, E.; Hayek, T. The Antioxidant HDL-Associated Paraoxonase-1 (PON1) Attenuates Diabetes Development and Stimulates β-Cell Insulin Release. Atherosclerosis 2011, 219, 510–518. [Google Scholar] [CrossRef] [PubMed]

	



Shokri, Y.; Variji, A.; Nosrati, M.; Khonakdar-tarsi, A.; Kianmehr, A.; Kashi, Z.; Bahar, A.; Bagheri, A.; Mahrooz, A. Importance of Paraoxonase 1 (PON1) as an Antioxidant and Antiatherogenic Enzyme in the Cardiovascular Complications of Type 2 Diabetes: Genotypic and Phenotypic Evaluation. Diabetes Res. Clin. Pract. 2020, 1, 108067. [Google Scholar] [CrossRef] [PubMed]

	



Chistiakov, D.A.; Melnichenko, A.A.; Orekhov, A.N.; Bobryshev, Y.V. Paraoxonase and Atherosclerosis-Related Cardiovascular Diseases. Biochimie 2017, 132, 19–27. [Google Scholar] [CrossRef]

	



Assis, R.P.; Arcaro, C.A.; Gutierres, V.O.; Oliveira, J.O.; Costa, P.I.; Baviera, A.M.; Brunetti, I.L. Combined Effects of Curcumin and Lycopene or Bixin in Yoghurt on Inhibition of LDL Oxidation and Increases in HDL and Paraoxonase Levels in Streptozotocin-Diabetic Rats. Int. J. Mol. Sci. 2017, 18, 332. [Google Scholar] [CrossRef]

	



Koren-Gluzer, M.; Aviram, M.; Hayek, T. Paraoxonase1 (PON1) Reduces Insulin Resistance in Mice Fed a High-Fat Diet, and Promotes GLUT4 Overexpression in Myocytes, via the IRS-1/Akt Pathway. Atherosclerosis 2013, 229, 71–78. [Google Scholar] [CrossRef]

	



Ighodaro, O.M.; Akinloye, O.A. First Line Defence Antioxidants-Superoxide Dismutase (SOD), Catalase (CAT) and Glutathione Peroxidase (GPX): Their Fundamental Role in the Entire Antioxidant Defence Grid. Alex. J. Med. 2018, 54, 287–293. [Google Scholar] [CrossRef]

	



Pisoschi, A.M.; Pop, A.; Iordache, F.; Stanca, L.; Predoi, G.; Serban, A.I. Oxidative Stress Mitigation by Antioxidants—An Overview on Their Chemistry and Influences on Health Status. Eur. J. Med. Chem. 2021, 209, 112891. [Google Scholar] [CrossRef] [PubMed]

	



Xue, L.; Zhang, H.; Zhang, J.; Li, B.; Zhang, Z.; Tao, S. Bixin Protects against Particle-Induced Long-Term Lung Injury in an NRF2-Dependent Manner. Toxicol. Res. 2018, 7, 258–270. [Google Scholar] [CrossRef]

	



Xu, Z.; Kong, X.Q. Bixin Ameliorates High Fat Diet-Induced Cardiac Injury in Mice through Inflammation and Oxidative Stress Suppression. Biomed. Pharmacother. 2017, 89, 991–1004. [Google Scholar] [CrossRef]

	



Luisa-Bonet, M.; Canas, J.A.; Ribot, J.; Palou, A. Carotenoids and Their Conversion Products in the Control of Adipocyte Function, Adiposity and Obesity. Arch. Biochem. Biophys. 2015, 572, 112–125. [Google Scholar] [CrossRef] [PubMed]

	



Echeverría, F.; Ortiz, M.; Valenzuela, R.; Videla, L.A. Long-Chain Polyunsaturated Fatty Acids Regulation of PPARs, Signaling: Relationship to Tissue Development and Aging. Prostaglandins Leukot. Essent. Fat. Acids 2016, 114, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, G.J.; Holder, J.C. PPAR-γ Agonists: Therapeutic Role in Diabetes, Inflammation and Cancer. Trends Pharmacol. Sci. 2000, 21, 469–474. [Google Scholar] [CrossRef]

	



de Freitas, E.S.; da Silva, P.B.; Chorilli, M.; Batista, A.A.; de Oliveira Lopes, E.; da Silva, M.M.; Leite, C.Q.; Pavan, F.R. Nanostructured lipid systems as a strategy to improve the in vitro cytotoxicity of ruthenium(II) compounds. Molecules 2014, 19, 5999–6008. [Google Scholar] [CrossRef]

	



Motta, B.P.; Pinheiro, C.G.; Figueiredo, I.D.; Cardoso, F.N.; Oliveira, J.O.; Machado, R.T.A.; da Silva, P.B.; Chorilli, M.; Brunetti, I.L.; Baviera, A.M. Combined Effects of Lycopene and Metformin on Decreasing Oxidative Stress by Triggering Endogenous Antioxidant Defenses in Diet-Induced Obese Mice. Molecules 2022, 27, 8503. [Google Scholar] [CrossRef]

	



Zilin, S.; Naifeng, L.; Bicheng, L.; Jiping, W. The determination of AGE-peptides by flow injection assay, a practical marker of diabetic nephropathy. Clin. Chim. Acta 2001, 313, 69–75. [Google Scholar] [CrossRef]

	



Pokupec, R.; Kalauz, M.; Turk, N.; Turk, Z. Advanced glycation endproducts in human diabetic and non-diabetic cataractous lenses. Graefe’s Arch. Clin. Exp. Ophthalmol. 2003, 241, 378–384. [Google Scholar] [CrossRef]

	



Kohn, H.I.; Liversedge, M. On a new aerobic metabolite whose production by brain is inhibited by apomorphine, emetine, ergotamine, epinephrine, and menadione. J. Pharmacol. Exp. Ther. 1944, 82, 292–300. [Google Scholar]

	



Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 1971, 44, 276–287. [Google Scholar] [CrossRef]

	



Beers, R.F., Jr.; Sizer, I.W. A spectrophotometric method of measuring the breakdown of hydrogen peroxide by catalase. J. Biol. Chem. 1952, 195, 133–140. [Google Scholar] [CrossRef]

	



Rush, J.W.; Sandiford, S.D. Plasma glutathione peroxidase in healthy young adults: Influence of gender and physical activity. Clin. Biochem. 2003, 36, 345–351. [Google Scholar] [CrossRef] [PubMed]

	



Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 17 01202 g001] 





Figure 1. Body weight of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Evolution of body weight (A,B) and total weight gain from week 0 to week 17 (C,D). Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001. a, differences from C; b, differences from H. 
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Figure 2. Food and energy intake of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Food intake (A,C) and energy intake (B,D). Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at p < 0.05. 
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Figure 3. Glucose tolerance of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Oral glucose tolerance test (OGTT) (A,C) and AUC of OGTT (B,D). Results are expressed as mean ± standard error. AUC: area under the curve; C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at ** p < 0.01 and *** p < 0.001. a, differences from C; b, differences from H; c, differences from V. 
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Figure 4. Insulin sensitivity of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Insulin tolerance test (ITT) (A,C) and AUC of ITT (B,D). Results are expressed as mean ± standard error. AUC: area under the curve; C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001. a, differences from P; b, differences from H; c, differences from V. 
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Figure 5. Biomarkers of glycoxidative damage and antioxidant defenses in plasma of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Fluorescent AGEs (A), TBARSs (B), and activity of PON-1 (C). Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001. a, differences from P; b, differences from H; c, differences from V; d, differences from M; e, differences from B1. 
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Figure 6. Biomarkers of glycoxidative damage and antioxidant defenses in livers of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Fluorescent AGEs (A), TBARSs (B), and activities of SOD (C), CAT (D), and GSH-Px (E). Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01 and *** p < 0.001. a, differences from P; b, differences from H; c, differences from V; d, differences from M; e, differences from B1; f, differences from B2. 
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Figure 7. Biomarkers of glycoxidative damage and antioxidant defenses in kidneys of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Fluorescent AGEs (A), TBARSs (B), and activities of SOD (C), CAT (D), and GSH-Px (E). Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001. a, differences from P; b, differences from H; c, differences from V; d, differences from M. 
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Table 1. Weights of tissues (mg/mm of tibia) of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract.
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	Groups
	C
	H
	V
	M
	B1
	B2
	MB1
	MB2





	Liver
	59.5 ± 1.0
	64.1 ± 1.9
	58.3 ± 2.2
	57.4 ± 1.8
	57.2 ± 1.6
	57.5 ± 1.8
	55.0 ± 1.8 b
	57.9 ± 2.2



	Kidneys
	9.2 ± 0.6
	10.4 ± 0.7
	9.7 ± 0.7
	9.1 ± 0.6
	9.4 ± 0.8
	9.7 ± 0.7
	9.1 ± 0.4
	6.7 ± 0.3



	Heart
	7.0 ± 0.2
	7.4 ± 0.1
	7.1 ± 0.2
	7.1 ± 0.2
	7.3 ± 0.2
	7.1 ± 0.2
	7.1 ± 0.2
	7.1 ± 0.2



	Muscles (gastrocnemius)
	8.1 ± 0.1
	8.4 ± 0.2
	8.1 ± 0.1
	8.1 ± 0.1
	8.1 ± 0.1
	8.2 ± 0.1
	8.1 ± 0.1
	8.1 ± 0.1



	WAT

(epididymal)
	26.7 ± 1.5
	66.4 ± 5.3 a
	54.6 ± 3.8 a,b
	41.2 ± 5.0 b
	37.4 ± 2.9 b
	43.3 ± 4.0 b
	44.2 ± 4.8 a,b
	42.1 ± 3.2 b



	BAT

(interscapular)
	4.1 ± 0.2
	3.8 ± 0.3
	3.5 ± 0.2
	3.0 ± 0.2 a
	2.9 ± 0.1 a
	3.2 ± 0.2 a
	3.2 ± 0.2 a
	3.1 ± 0.2 a







Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at p < 0.05. a, differences from C; b, differences from H.













 





Table 2. Plasma levels of biochemical markers in plasma of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract.
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	Groups
	C
	H
	V
	M
	B1
	B2
	MB1
	MB2





	Triglycerides

(mg/dL)
	53.4 ± 7.1
	41.3 ± 8.4 a
	41.6 ± 5.5 a
	38.6 ± 10.1 a
	38.1 ± 8.0 a
	39.8 ± 5.3 a
	39.4 ± 10.5 a
	39.5 ± 6.2 a



	Total Cholesterol

(mg/dL)
	98.3 ± 3.3
	135.6 ± 15.8 a
	131.2 ± 19.4 a
	107.3 ± 14.1 b
	113.3 ± 9.6 b
	112.3 ± 14.1 b
	108.5 ± 8.7 b
	116.0 ± 9.4 b



	HDL-Cholesterol

(mg/dL)
	79.3 ± 2.5
	108.3 ± 15.1 a
	99.8 ± 7.5 a
	89.7 ± 14.4 b
	94.2 ± 2.8
	94.0 ± 8.3
	90.1 ± 6.6 b
	90.8 ± 12.2 b



	Creatinine

(mg/dL)
	0.16 ± 0.003
	0.15 ± 0.002
	0.16 ± 0.004
	0.15 ± 0.003
	0.16 ± 0.011
	0.16 ± 0.003
	0.16 ± 0.003
	0.15 ± 0.003



	Uric Acid

(mg/dL)
	0.4 ± 0.02
	0.4 ± 0.02
	0.3 ± 0.03
	0.3 ± 0.03
	0.4 ± 0.09
	0.4 ± 0.04
	0.4 ± 0.04
	0.4 ± 0.07



	Albumin

(g/dL)
	2.1 ± 0.02
	2.1 ± 0.03
	2.1 ± 0.03
	2.1 ± 0.04
	2.1 ± 0.03
	2.1 ± 0.02
	2.1 ± 0.03
	2.1 ± 0.03



	ALT

(U/L)
	24.8 ± 2.3
	28.4 ± 4.4
	27.3 ± 2.4
	21.4 ± 2.4
	24.4 ± 1.6
	21.5 ± 3.1
	24.1 ± 2.5
	23.0 ± 4.0







Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at p < 0.05. a, differences from C; b, differences from H.
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