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ORIGINAL ARTICLE

Brazil nut (Bertholletia excelsa) and metformin abrogate cardiac complication in fructose/STZ-induced type 2 diabetic rats by attenuating oxidative stress and modulating the MAPK-mTOR/NFkB/IL-10 signaling pathways
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Abstract

Background: The global prevalence of diabetic heart complication has been on the increase, and some of the drugs that are currently used to treat diabetes mellitus (DM) have not been able to mitigate this complication.

Objective: This study determines the effect of Brazil nut (Bertholletia excelsa) and metformin on diabetic cardiomyopathy (DCM) in fructose/streptozotocin (STZ)-induced type 2 diabetic rats and also characterizes using Gas Chromatography Mass Spectrophotometry and Fourier Transform Infrared the bioactive compounds in 50% aqueous ethanol extract of Brazil nut.

Design: After inducing type 2 DM, 30 male albino Wistar rats were separated into five groups that comprised of six rats per group, and they were treated as follows: groups 1 (Control) and 2 (Diabetic control) rats received rat pellets and distilled water; group 3 (Diabetic + Brazil nut) received rat pellets and Brazil nut extract (100 mg/kg, orally) dissolved in distilled water, group 4 (Diabetic + metformin) received metformin (100 mg/kg, orally) dissolved in distilled water, while group 5 (Diabetic + Brazil nut + metformin) received oral administrations of Brazil nut (100 mg/kg) and metformin (100 mg/kg) dissolved in distilled water. This study lasted for 6 weeks. The dose of Brazil nut used was selected from our pilot study on the minimum therapeutic dose of different concentrations of Brazil nut extract.

Results: STZ administration induced insulin resistance, hyperglycemia, loss of weight, dyslipidemia, oxidative stress, inflammation, apoptosis, alteration of mammalian target of rapamycin, mitogen-activated protein kinase, heart function markers (creatine kinase MB, lactate dehydrogenase, and aspartate amino transaminase), and heart histology of the diabetic control, which was ameliorated after treatment with Brazil nut and metformin, but their combined treatment was better than the single treatments.

Conclusion: This study shows that Brazil nut contains several bioactive compounds that support its biological properties as well as its candidature as a complementary therapy to metformin in mitigating cardiac complications arising from DM in rats.
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Popular scientific summary


	Brazil nut mitigated STZ induced pathological changes in the heart of rats but its combination with metformin were better than the single treatments especially in glycemic control

	Current study reveals the prospects of Brazil nut as a promising complementary therapy to metformin in achieving glycemic control and attenuating cardiac complication arising from diabetes mellitus in rats.



Diabetes mellitus (DM) is a serious metabolic disorder of the 21st century that has evolved into a global pandemic due to its associated morbidity and mortality (1, 2). One of the organs that is affected by prolonged DM is the heart (3). Prolonged DM triggers the development of diabetic cardiomyopathy (DCM) in the absence of atherosclerosis and hypertension by altering the structure and functions of the heart. DCM has been implicated in heart failure in diabetic patients (4–6).

Although metformin and other interventions such as acarbose, sulfonylurea, thiazolidinedione, dipeptidyl peptidase 4 (DPP4) inhibitor, etc. are currently used to treat type 2 diabetes mellitus (T2DM), many patients with T2DM progress to develop DCM, and this has been associated with diabetes-related deaths globally. In fact, earlier studies reported that 65–70% of diabetic patients died of cardiomyopathy in the last two decades, making it the major cause of mortality for both type 1 and type 2 diabetic subjects (7). The increasing global prevalence of DCM has, therefore, drawn the attention of researchers to the need for concerted efforts on ways of preventing or mitigating it.

While the pathogenesis of DCM has been reported to be multifactorial, studies have provided an insight into the progression from DM to the development of DCM to be: prolonged exposure of the heart to hyperglycemia leads to advanced glycation end products (AGE) generation, hyperinsulinemia (due to insulin resistance), and hyperlipidemia (as a result of increased mobilization of free fatty acids). Increased AGE formation and peroxidation of lipids in the myocardium lead to oxidative stress. Increased oxidative stress triggers an inflammatory state due to nuclear factor kappa B (NFkB) activation that activates other proinflammatory mediators. Oxidative stress also activates the apoptotic and renin angiotensin aldosterone signaling pathways as well as causes cardiac hypertrophy. The pathological changes lead to myocardial fibrosis, endothelial dysfunction, and, eventually, cardiomyopathy in diabetic patients (3, 5, 6).

Prolonged hyperglycemia induces reactive oxygen species (ROS) generation in the myocardium as stated earlier, altering the balance between the proapoptotic and antiapoptotic members of the Bcl-2 family, inducing apoptosis in the myocardium with resultant loss of cardiomyocytes (8). The mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase that controls the growth of cells and homeostasis. Hyperglycemia-mediated activation of mTOR in the cardiovascular system has also been associated with cardiac and vascular remodeling and dysfunction that lead to DCM due to decreased insulin signaling (9). Furthermore, emerging evidence has also connected hyperglycemia-instigated aberrant activation of P38 mitogen-activated protein kinase (P38 MAPK) with cardiac and vascular remodeling and dysfunction, while the inhibition of P38 MAPK prevents the development of DCM (3). MAPK activation under diabetic condition was linked with increased oxidative stress and inflammation (10, 11). Given that antioxidants have the capacity to mitigate oxidative stress and chronic inflammation due to their electron donating ability, there has been an increased research effort in the use of natural products from plants to treat diseases that are associated with oxidative stress and inflammation.

Nuts have been identified as rich sources of antioxidants, phenolic compounds with antioxidant, and anti-inflammatory properties that could be of benefit in mitigating several diseases that are linked to oxidative stress and inflammation (12).

Brazil nut (Bertholletia excelsa. Humb. & Bonpl.) belongs to the tree of the Amazon Rainforest. The nut is widely found in South American countries, such as Bolivia, Brazil, Peru, South-Eastern Colombia, Guayana, Southern Venezuela, and in other countries of the world (13). Brazil nut is known to be a very good source of selenium, polyunsaturated fatty acids, and vitamins (12, 13). A few of the pharmacological properties that have been ascribed to Brazil nut include antioxidant and anti-inflammatory properties (13), and antiproliferative (14) and antihypertensive properties (13). Although the antidiabetic property of Brazil nut has also been reported, its potential benefit in preventing or treating DCM has not been reported (12).

Metformin is a biguanide and the first-choice drug for T2DM treatment due to its commendable blood glucose-lowering effect, the low risk of hypoglycemia, and decreased tendency to gain weight, which have been associated with its usage (15, 16). Although metformin was suggested to have the potential to reduce the risk of developing cardiovascular diseases in diabetic subjects, this is yet to be confirmed (16) as while some studies reported that metformin reduced the blood pressure of some animals and human subjects with DM, preventing the development of microvascular complications (15, 17–20), other studies found no effect on blood pressure reduction with metformin treatment in diabetic subjects (21, 22). In addition, although monotherapy with metformin decreases the risk of hypoglycemia, it is reportedly unable to achieve glycemic control (through HbA1c reduction) in prolonged treatment, thereby exposing diabetic patients to the risk of long-term diabetic complications (23). Recently, combination therapy with metformin or other antidiabetic drugs has been recommended for DM as it could achieve better glycemic control due to synergism and complementary action of combination therapies (23, 24).

Although the antidiabetic properties of Brazil nut and metformin have been reported (12, 15, 16), the possibility of combining them to achieve better glycemic control and prevent the development of DCM has not been reported in the literature. Due to these reasons, the present study sought to study the effect of combined administration of Brazil nut and metformin on oxidative stress, apoptosis, and the MAPK-mTOR/NFkB/interleukin 10 (IL-10) signaling pathways in the heart of fructose/streptozotocin (STZ)-induced type 2 diabetic rats, and to analyze the bioactive compounds in 50% aqueous ethanol extract of the Brazil nut using Gas Chromatography Mass Spectrophotometry (GCMS) and Fourier Transform Infrared Spectroscopy (FTIR).

Materials and methods

Chemicals

Commercial ELISA assay kits from MyBioSource (United States), Elab Science (China), and Cusabio (United States) were used for this study. Fructose and STZ were purchased from Sigma Chemical Company, United States. Other reagents and chemicals used that were not listed here were also of the highest grade.

Plant experiment

Five hundred grams of Brazil nuts was purchased from the market. The nuts were washed, dried, and pulverized to flour (450 g). Thereafter, the flour was dissolved in 3 L of 50% aqueous ethanol and left for 24 h. On the following day, the nuts were filtered using a muslin cloth, and the filtrates were concentrated at 50oC in an oven, for 7 days to obtain the crude extract. The weight of the extract was 39.18 g with a percentage yield of 8.71%. One gram of the extract was analyzed for its mineral content using the inductively coupled plasma optical emission spectrometry. Another portion of the extract (2 g) was analyzed for its proximate composition using standard procedures. The remaining extract was dissolved in water and used for acute toxicity, minimum therapeutic dose, antidiabetic, GCMS, and FTIR studies. The selenium content of the extract was determined to be 4.31 ± 0.24 µg/g (Table 1).




Table 1.Nutrient composition of Brazil nut extract.


	Nutrient
	Composition





	Protein
	13.5



	Fat
	54.8



	Carbohydrates
	15.61



	Energy value
	609.64



	Selenium
	4.31



	Sodium
	0.09



	Potassium
	2.05



	Calcium
	3.98



	Magnesium
	1.15



	Phosphorous
	0.94



	Iron
	99.0



	Zinc
	108.18



	Copper
	55.52



	Protein, fat, and carbohydrates- g/100 g; Energy value- kcal/100 g; Se, Sodium, Potassium, Calcium, Magnesium, Phosphorous, Iron, Zinc, and Copper- µg/g.





Determination of lethal dose (LD50) of Brazil nut extract

The method of Lorke (25) was used. Eighteen male rats weighing between 140 and 150 g were divided into 6 groups of 3 rats each, following 7 days of acclimation to their feeds and water. The animals were orally administered different doses of the extract in increasing order of 10, 100, 1,000, 1,600, 2,900, and 5,000 mg/kg body weight. Following each administration, the rats were kept in stainless cages and monitored for signs of toxicity and for mortality within 24 h. Water and feeds were provided to the rats ad libitum. The LD50 of the extract was obtained as 2,154 mg/kg, and on the basis of the LD50 value, the doses of 100, 200, and 400 mg/kg were selected as the low, intermediate, and high doses, respectively, based on the OECD guideline.

Determination of the minimum therapeutic dose of Brazil nut extract

Thirty male albino rats, aged 6 weeks old, were used for this study. Following 1 week of acclimatization, the rats were divided into two groups: control (five rats) and diabetic (25 rats). The control received rat pellets and distilled water for 14 days, while the disease group received rat pellets and 10% fructose drinking water (w/v) for 14 days initially and were subsequently given normal drinking water during the remaining period of the study. At the evening of the 14th day, the rats in the two groups were fasted overnight for 14 h, and the next day, their baseline blood glucose levels were determined. Thereafter, freshly prepared STZ solution (0.5 g dissolved in 25 mL of 0.1M fresh solution of sodium citrate buffer, pH 4.5) was given as an intraperitoneal injection to the rats in the disease group as a single dose at 40 mg/kg body weight (26, 27). Rats with fasting blood glucose readings that were equal to or higher than 200 mg/dL, which were determined 3 days after STZ administration, were regarded to have T2DM (26) and were advanced to the main study. Twenty diabetic rats were selected and were sub-divided into groups 2–5 with five rats per group, while the control group served as the first group, and the rats were treated as follows:


Group 1 (Control): Normal rats that were given rat pellets

Group 2 (Diabetic): Diabetic rats that were also given rat pellets

Group 3 (Study group 1): Diabetic rats that received rat pellets and oral administration of Brazil nut extract (100 mg/kg) dissolved in water

Group 4 (Study group 2): Diabetic rats that received rat pellets and oral administration of Brazil nut extract (200 mg/kg) dissolved in water.

Group 5 (Study group 3): Diabetic rats that received rat pellets and oral administration of Brazil nut extract (400 mg/kg) dissolved in water. At the end of the period of treatment (42 days), the rats were fasted overnight, and on the next day, blood was collected from their tail vein; their blood glucose concentrations were determined using a glucometer (Acute Check). The doses that were selected for this pilot study were based on the low, intermediate, and high doses of the extract that were gotten from the LD50 study. The rats were thereafter sacrificed under ketamine (90 mg/kg) anesthesia, and blood was collected from their femoral veins and centrifuged (at 3,000 × g for 10 min) to obtain their sera, which were analyzed for insulin, creatine kinase myoglobin (CK-MB), and aspartate amino transaminase (AST) activities. The least dose of the extract that showed a therapeutic effect toward mitigating DM (seen as significantly decreased blood glucose and serum insulin concentrations of the study groups compared to the diabetic group) and DCM (seen as significantly decreased CK-MB and AST activities of the study groups compared to the diabetic group) was selected as the mean therapeutic dose of the extract. The nutrient composition of the rat pellets (feed) is presented in Table 2. As shown in Figs. 1, 2, and Table 3, the minimum therapeutic dose of the extract was obtained as 100 mg/kg, and it was used in the main study. Furthermore, given the Se content of the extract, this dose of the extract could provide the daily Recommended Dietary Allowance (RDA) for selenium for diabetic patients (60 kg man) as given by the National Institutes of Health (NIH), the US Department of Health and Human Services (DHHS), and the US Department of Agriculture (USDA) (12, 28, 29).






Table 2.Nutrient composition of rat feeds.


	Nutrient
	Composition





	Protein
	18



	Fat
	10



	Carbohydrates
	31



	Crude fiber
	10



	Energy value
	286



	Selenium
	0.02



	Protein, fat, carbohydrates, and crude fiber- g/100 g; Energy value- Kcal/100 g; Se- µg/g.








Table 3.Effect of different concentrations of Brazil nut extract on some muscle function markers in the sera of fructose/STZ-induced type 2 diabetic rats (Pilot study).


	Parameters
	Control
	Diabetic
	Study group 1
	Study group 2
	Study group 3





	CK-MB
	5.02 ± 0.73
	8.81 ± 0.46a
	7.33 ± 0.66b
	6.57 ± 0.55b
	6.43 ± 0.74b,c



	AST
	120.32 ± 9.67
	173.33 ± 5.21a
	152.67 ± 6.72b
	146.96 ± 7.17b
	150.98 ± 5.62b



	Values are reported as means ± SD. aP < 0.05 in comparison with the control. Values are reported as means ± SD. bP < 0.05 in comparison with the diabetic group; cP < 0.05 in comparison with study group 1; dP < 0.05 in comparison with study group 2. N = 5 rats per group. Creatine kinase MB (CK-MB) and aspartate amino transaminase (AST) – U/L. Study group 1- Diabetic + Brazil nut (100 mg/kg); Study group 2- Diabetic + Brazil nut (200 mg/kg); Study group 3- Diabetic + Brazil nut (400 mg/kg).





Fig. 1.Effect of different concentrations of Brazil nut extracts on the blood glucose concentrations of rats (Pilot study). Values are reported as means ± SD. aP < 0.05 in comparison with the control. bP < 0.05 in comparison with the diabetic group; cP < 0.05 in comparison with study group 1; dP < 0.05 in comparison with study group 2. N = 5 rats per group. Study group 1: Diabetic + Brazil nut (100 mg/kg); Study group 2: Diabetic + Brazil nut (200 mg/kg); Study group 3: Diabetic + Brazil nut (400 mg/kg).
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Fig. 2.Effect of different concentrations of Brazil nut extracts on the serum insulin concentrations of rats (Pilot study). Values are reported as means ± SD. aP < 0.05 in comparison with the control. bP < 0.05 in comparison with the diabetic group; cP < 0.05 in comparison with study group 1; dP < 0.05 in comparison with study group 2. N = 5 rats per group. Study group 1: Diabetic + Brazil nut (100 mg/kg); Study group 2: Diabetic + Brazil nut (200 mg/kg); Study group 3: Diabetic + Brazil nut (400 mg/kg).
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Antidiabetic study (main study)

Forty male albino Wistar rats aged 6 weeks old and weighing between 120 and 140 g were recruited for this study. The rats were acclimatized for 1 week to their diets and environment before the commencement of this study. Ethical approval for this study was obtained from our Institutional Animal Committee with approval number of LL20230002. The rats were handled in line with the guidelines for the care and use of laboratory animals as was reported by the United States National Institute of Health (NIH Publications No. 80-23, revised in 1996).

Induction of T2DM

Following the period of acclimatization, the rats were divided into two groups: control (6 rats) and disease (34 rats). The control group received rat pellets and distilled water for 14 days, while the disease group received rat pellets and 10% fructose drinking water (w/v) for 14 days initially and were subsequently given normal drinking water during the remaining period of the study.

At the evening of the 14th day, the rats in the two groups were fasted overnight for 14 h, and on the next day, their baseline blood glucose levels were determined. Thereafter, freshly prepared STZ solution (500 mg mixed with 25 mL of 0.1M fresh buffer solution of sodium citrate, pH 4.5) was given as an intraperitoneal injection to the rats in the disease group as a single dose at 40 mg/kg body weight. The rats that had fasting blood glucose readings ≥ 200 mg/dL, which was determined 3 days after the STZ administration, were regarded to have T2DM and were advanced to the main study. Twenty-four diabetic rats were selected and were subcategorized into groups 2–5, which comprised of six rats each, while the control group was taken as the first group, and the rats were subsequently treated as follows:


Group 1 (Control): Normal rats that were given rat pellets.

Group 2 (Diabetic control): Diabetic rats that were also given rat pellets.

Group 3 (Diabetic + Brazil nut): Diabetic rats that received rat pellets and oral administration of Brazil nut extract (100 mg/kg) dissolved in water.

Group 4 (Diabetic + metformin): Diabetic rats that received rat pellets and oral administration of metformin (100 mg/kg) dissolved in distilled water.

Group 5 (Diabetic + Brazil nut + metformin): Diabetic rats that received rat pellets and oral administration of Brazil nut extract (100 mg/kg) and metformin (100 mg/kg) dissolved in distilled water.



The choice of the dose of metformin was from previous studies (30). The daily food intakes and weekly body weights of the rats were measured throughout the duration of the animal study. At the end of the treatment period (6 weeks) and after an overnight fast, their body weights were measured. Blood samples were collected from their tail vein, and their blood glucose concentrations were determined using a glucometer (Acute Check). The rats were subsequently sacrificed under ketamine (90 mg/kg) anesthesia, and blood was collected from their femoral veins. The collected blood samples were divided into two portions: the first portion was put into plain tubes and centrifuged at 2,000 × g for 20 min, to get the sera, which was analyzed for C-reactive protein (CRP), CK-MB, lactate dehydrogenase (LDH), AST, total cholesterol, triacylglycerol, low-density lipoprotein cholesterol (LDL), very low-density lipoprotein cholesterol, and insulin concentration. The second portion was put into heparin tubes for HbA1C assay. The hearts of the rats were collected, blotted, weighed, and dissected into two portions: one portion was fixed in 10% formalin and used for histology studies, while the other portion was used for lipid peroxidation, antioxidant, anti-inflammatory, MTOR, p-38 MAPK, apoptotic markers (Bcl-2 and caspase-3), and total protein assays.

Histology of the heart

The excised heart tissues were processed for histology, which consisted of embedding in molten paraffin, cooling to form blocks of paraffin, sectioning at 5 µm and hematoxylin, and eosin (H&E) staining for viewing under a light microscope. Pictures of the hearts were taken at × 400 using a light microscope.

Determination of serum insulin, insulin resistance, and blood levels of HbA1C

Assay for serum insulin assay was done using insulin assay kits (Monobind Inc). The values were reported as µU/mL. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using this formula: HOMA-IR = [Serum insulin (µU/mL) × fasting blood glucose (mg/dL)/405] (31, 32). Assay for HbA1C concentrations in the whole blood of the rats was carried out using the method of Karl et al. (33).

Assay for inflammatory markers in the serum and heart

The CRP levels in the sera of the rats were measured using CRP assay kits obtained from Monobind Inc. (34). The results were reported as ng/mL. Assay for NF-kB and IL-10 concentrations in the hearts of the rats was done using Rat’s NFkB and IL-10 ELISA assay kits (Elabscience), following the manufacturer’s instructions. Results obtained were expressed as picogram/mg protein.

Determination of serum levels of heart muscle function markers

Serum activities of CK-MB were measured using CK-MB ELISA kit (CUSABIO, USA), and results were reported as U/L. LDH and AST activities in the rats’ sera were determined using Agappe assay kits (35, 36), and results were reported as U/L.

Determination of lipid profile in the sera

The serum concentrations of total cholesterol, TAG, and HDL were determined using Randox assay kits. VLDL was calculated using the Frieldwald formula of TAG/5, while LDL was calculated as total cholesterol – (VLDL + HDL) (37).

Assay of lipid peroxidation and antioxidant markers in the heart

Lipid peroxidation was measured by determining the heart concentrations of malondialdehyde (MDA) using the spectrophotometric method that was described by Buege and Aust (38). Results were reported as µmol/mg protein. Superoxide dismutase (SOD) activity in the heart of the rats was investigated following the procedure of Sun and Zigma (39), and results were reported as units/mg of protein. One unit of SOD activity was expressed as µmol of epinephrine consumed/min/mg protein. Glutathione peroxidase (GPx) activity was determined using the method of Rotruckjt et al. (40). Catalase (CAT) activity in the hearts of the rats was analyzed following the procedure of Sinha (41), and the results were reported as units/mg protein. One unit of CAT activity was defined as the amount of enzyme that catalyzes the decomposition of 1 μmol of hydrogen peroxide/min/mg protein. Glutathione-S-transferase activity was determined following the procedure of Habig et al. (42), and results were reported as units/mg protein. One unit of GST activity was expressed as nmol of substrate hydrolyzed/min/mg protein. Total proteins in the hearts of the rats were determined using the method of Tietz (34).

Assay for apoptotic markers in the heart

The levels of Bcl-2 and caspase 3 in the hearts of the rats were measured using ELISA assay kits (Rat Bcl-2, Cusabio, USA and Rat Caspase 3 ELISA Kits-MyBioSource, USA) by following the manufacturer’s instructions. Results obtained were reported as ng/g of protein for Bcl-2 and pmol/g of protein for caspase 3.

Assay for MTOR and p38-MAPK concentrations in the heart

The concentrations of MTOR and p38-MAPK in the hearts of the rats were measured with ELISA assay kits (Rat mTOR and P38 MAPK, ELISA Kits-MyBioSource) by following the procedure described by their manufacturers. Results obtained were reported as pg/mg protein for MTOR and p38-MAPK.

GC-MS analysis of Brazil nut extract

The GCMS investigation of the bioactive molecules in the Brazil nut extract was determined by following the procedure of Ganesh and Mohankumar (43). The extract was reconstituted in the 50% aqueous ethanol and filtered using a 0.22 µm nylon filter before injection into the GC-MS chromatogram. The bioactive compounds in the extract were identified by comparing the mass spectra of the peaks of the extract with known spectra from the database of the National Institute’s Standard and Technology.

FTIR analysis of Brazil nut extract

For GC-FT IR analysis, a Bio-Radiation Digilab FTS-45A spectrometer that was coupled to a Bio-Radiation Tracer equipped with a liquid Nitrogen cooled narrow-band MCT detector and coupled to a HP 5,890 series II gas chromatograph was used. The samples were eluted on a J and W DB-1 column 30 m × 0.25 mm (i.d.)/0.25 μm flick width with helium as stream gas (split injection mode). Deposition tip and transmission line were held above 200°C. Absorbance spectra were recorded from 4,000 to 700 cm-1 at a spectral resolution of 1 cm-1.

Statistical analysis

Data generated were subjected to statistical analysis using the IBM statistical package for social sciences (SPSS Statistics 29, United States). Results were reported as means ± standard deviations. One-way analysis of variance followed by Duncan Multiple Range Test was used for multiple comparisons and post hoc tests. The significance of the data sets was kept at P < 0.05. Graphs were generated using GraphPad Prism version 9.5.1 (GraphPad Software Inc., San Diego, CA, USA).

Results

Effect of different doses of Brazil nut extract on the blood glucose and serum insulin concentrations of fructose/STZ-induced type 2 diabetic rats (pilot study)

Figure 1 shows the effect of different doses of Brazil nut extract on the blood glucose concentrations of fructose/STZ-induced type 2 diabetic rats. As shown in the figure, there were significant increases (P < 0.05) in the blood glucose concentrations of the diabetic group compared to the control group. On the contrary, the blood glucose concentrations of the study groups were significantly decreased (P < 0.05) compared to the diabetic group. Furthermore, the blood glucose concentrations of the rats in study group 3 were significantly decreased (P < 0.05) compared to groups 1 and 2.

Figure 2 shows the effect of different doses of Brazil nut extract on the serum insulin concentrations of fructose/STZ-induced type 2 diabetic rats. As shown in the figure, there were significant decreases (P < 0.05) in the serum insulin concentrations of the diabetic group compared to the control group. On the contrary, the serum insulin concentrations of the study groups were significantly decreased (P < 0.05) compared to the diabetic group. In addition, the serum insulin concentrations of the rats in study group 3 were significantly decreased (P < 0.05) compared to groups 1 and 2.

Table 3 shows the effect of different doses of Brazil nut extracts on the serum CK-MB and AST activities of fructose/STZ-induced type 2 diabetic rats. As shown in the table, there were significant elevations (P < 0.05) in the serum CK-MB and AST activities of the diabetic group compared to the control group. On the contrary, the serum CK-MB and AST activities of the study groups were significantly decreased (P < 0.05) compared to the diabetic group. Furthermore, the serum CK-MB activity of study group 3 was significantly decreased (P < 0.05) compared to study group 1.

Main study

Blood glucose, serum insulin levels, HOMA-IR, and whole blood HbA1C levels

Table 4 shows the effect of Brazil nut and metformin on the blood glucose, serum insulin, and HOMA-IR values of fructose/STZ-induced type 2 diabetic rats. As shown in the table, significant elevation (P < 0.05) was found in the blood glucose concentrations of the diabetic group compared to the control group. The blood glucose concentrations of the rats were decreased to significant levels (P < 0.05) in the control group compared to the diabetic group by supplementation with Brazil nut, metformin, or combination of both. In addition, the blood glucose concentrations of the diabetic rats that received Brazil nut and metformin were decreased to significant levels (P < 0.05) compared to the diabetic rats that received Brazil nut alone.




Table 4.Effect of Brazil nut and metformin on the blood glucose, serum insulin, HOMA-IR, and glycated hemoglobin levels in fructose/STZ-induced type 2 diabetic rats.


	Parameters
	Control
	Diabetic
	Diabetic + Brazil nut
	Diabetic + Metformin
	Diabetic + BN + Met





	Glucose
	66.83 ± 11.99
	292.67 ± 22.82a
	155.17 ± 15.80b
	131.50 ± 8.09b,c
	108.17 ± 20.79b,c,d



	Insulin
	4.08 ± 0.50
	2.72 ± 0.31a
	3.54 ± 0.68b
	3.42 ± 0.29b
	3.50 ± 0.40b



	HOMA-IR
	0.68 ± 0.16
	2.05 ± 0.44a
	1.37 ± 0.39b
	1.11 ± 0.10b
	0.94 ± 0.22b,c



	HbA1C
	4.77 ± 0.46
	7.90 ± 1.20a
	7.33 ± 0.54
	7.29 ± 0.67
	6.11 ± 0.59b,c,d



	Values are reported as means ± SD. aP < 0.05 in comparison with the control. bP < 0.05 in comparison with the diabetic group; cP < 0.05 in comparison with the Brazil nut group; dP < 0.05 in comparison with the metformin group. N = 6 rats per group. BN: Brazil nut; Met: Metformin; Glucose: mg/dL; Insulin: µIU/mL; HOMA-IR: Homeostatic model assessment of insulin resistance; HbA1C: Glycated hemoglobin-%.





The serum insulin concentrations of the diabetic control group were decreased to significant proportions (P < 0.05) compared to the control group. However, the serum insulin concentrations of the rats were significantly elevated (P < 0.05) compared to the diabetic group when supplementation with Brazil nut, metformin, or combination of both.

Significant elevations (P < 0.05) were observed for the HOMA-IR values of the diabetic group compared to the control group. In contrast, the HOMA-IR values of the diabetic rats that received Brazil nut, metformin, or combination of both were decreased to significant levels (P < 0.05) compared to the diabetic group. Furthermore, the HOMA-IR values of the diabetic rats that received Brazil nut and metformin were significantly decreased (P < 0.05) compared to diabetic rats that received Brazil nut alone.

Significant elevations (P < 0.05) were observed for the HbA1C levels of the diabetic group compared to the control group. Although the HbA1C levels of the diabetic rats had no significant effect (P > 0.05) when intervention with Brazil nut or metformin, combined administration of Brazil nut and metformin decreased to significant levels (P < 0.05) compared to the diabetic group. The HbA1C levels of the rats decreased to significant levels (P < 0.05) when intervention with a combination of Brazil nut and metformin compared to either Brazil nut or metformin.

Organ weights and body weights of rats

Table 5 presents the effect of Brazil nut and metformin on the relative heart weights and final body weights of fructose/STZ-induced type 2 diabetic rats. Although there were no significant changes (P > 0.05) in the absolute heart weights of the rats across the groups (Table 5), results shown in Table 3 revealed significant elevation (P < 0.05) in the relative heart weight of the diabetic group compared to the control group, but this elevation was declined (P < 0.05) following supplementation with Brazil nut, metformin, or combination of both. In addition, the relative weights of the hearts of the diabetic rats that received Brazil nut and metformin were significantly decreased (P < 0.05) compared to diabetic rats that received metformin alone.




Table 5.Effect of Brazil nut and metformin on the relative heart weights and final body weights of fructose/STZ-induced type 2 diabetic rats.


	Parameters
	Control
	Diabetic
	Diabetic + Brazil nut
	Diabetic +Metformin
	Diabetic + BN + Met





	Heart weight (g)
	0.56 ± 0.08
	0.63 ± 0.09
	0.54 ± 0.14
	0.56 ± 0.10
	0.55 ± 0.10



	RHWT (g/100 g)
	0.33 ± 0.04
	0.55 ± 0.01a
	0.43 ± 0.09b
	0.48 ± 0.04b
	0.40 ± 0.07b,d



	Final body weight (g)
	168.03 ± 19.04
	114.27 ± 16.58a
	123.22 ± 11.36
	116.72 ± 10.19
	135.20 ± 11.31b,d



	Values are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic group; dP < 0.05 in comparison with the metformin group. N = 6 rats per group. BN: Brazil nut; Met: Metformin; RHWT: Relative Heart Weight.





As shown in Table 5, the final body weight of the diabetic group was significantly decreased (P < 0.05) compared to the control group. Although no significant change (P > 0.05) was observed in the final body weights of the diabetic rats that received Brazil nut or metformin compared to the diabetic group, the final body weights of the diabetic rats that received Brazil nut and metformin increased significantly (P < 0.05) compared to the diabetic group. Additionally, the final body weights of the diabetic rats that received Brazil nut and metformin increased significantly (P < 0.05) compared to the rats that received metformin alone.

Lipid peroxidation and antioxidant markers in the heart of fructose/STZ-induced type 2 diabetic rats

Table 6 shows the effect of Brazil nut and metformin on the lipid peroxidation and antioxidant markers in the heart of fructose/STZ-induced type 2 diabetic rats. Data presented in Table 6 showed significant elevation (P < 0.05) in MDA concentration in the heart of the diabetic group, which was attenuated to significant levels (P < 0.05) after supplementing with Brazil nut, metformin, or combination of both.




Table 6.Effect of Brazil nut and metformin on the lipid peroxidation and antioxidant markers in the heart of fructose/STZ-induced type 2 diabetic rats.


	Parameters
	Control
	Diabetic
	Diabetic + Brazil nut
	Diabetic + Metformin
	Diabetic + BN + Met





	MDA
	0.55 ± 0.09
	1.12 ± 0.21a
	0.79 ± 0.12b
	0.81 ± 0.12b
	0.75 ± 0.07b



	SOD
	7.18 ± 0.82
	3.94 ± 0.62a
	6.12 ± 0.68b,d
	5.12 ± 0.54b
	5.94 ± 0.24b,d



	GPx
	53.39 ± 5.58
	21.81 ± 3.11a
	28.30 ± 4.38b
	29.30 ± 5.87b
	38.11 ± 3.04b,c,d



	CAT
	4.25 ± 0.40
	2.57 ± 0.45a
	3.50 ± 0.68b
	3.48 ± 0.35b
	3.52 ± 0.74b



	GST
	440.77 ± 76.69
	364.32 ± 76.42
	432.26 ± 72.52
	380.32 ± 43.68
	386.89 ± 37.33



	Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group; cP < 0.05 in comparison with the Brazil nut group; dP < 0.05 in comparison with the metformin group; N = 6 rats per group. BN: Brazil nut; Met: Metformin; MDA: Malondialdehyde (µmol/mg protein); SOD: Superoxide dismutase; GPx: Glutathione peroxidase; CAT: Catalase; GST: Glutathione-S-Transferase- Units/mg protein.





Significant reductions (P < 0.05) were observed for the SOD, GPx, and CAT activities in the heart of the diabetic group, which were reversed following supplementation with Brazil nut, metformin, or combination of both. Furthermore, the SOD activities of the diabetic rats that received Brazil nut alone and the diabetic rats that received Brazil nut and metformin were significantly elevated (P < 0.05) compared to the diabetic rats that received metformin alone; the GPx activity in the heart of the diabetic rats that received Brazil nut and metformin was significantly elevated (P < 0.05) compared to the diabetic rats that received either Brazil nut or metformin.

No significant differences (P > 0.05) were observed for GST activity in the hearts of all the rats across the groups.

Serum levels of muscle function markers

Table 7 presents the effect of Brazil nut and metformin on some muscle function markers in the sera of fructose/STZ-induced type 2 diabetic rats. As shown in the table, significant elevations (P < 0.05) in the serum CK, LDH, and AST activities of the diabetic group were observed compared to the control group, and these elevations were declined to significant levels (P < 0.05) following supplementation with Brazil nut, metformin, or combination of both. Furthermore, the AST activity of the diabetic rats that received a combination of Brazil nut and metformin was significantly reduced (P < 0.05) compared to the diabetic rats that received either Brazil nut or metformin.




Table 7.Effect of Brazil nut and metformin on some muscle function markers in the sera of fructose/STZ-induced type 2 diabetic rats.


	Parameters
	Control
	Diabetic
	Diabetic + Brazil nut
	Diabetic + Metformin
	Diabetic + BN + Met





	CK-MB
	6.17 ± 0.49
	8.56 ± 0.82a
	7.38 ± 0.80b
	7.51 ± 0.47b
	7.41 ± 0.85b



	LDH
	148.68 ± 6.87
	190.74 ± 18.21a
	171.41 ± 12.15b
	167.67 ± 11.20b
	166.20 ± 8.38b



	AST
	118.89 ± 11.26
	161.80 ± 12.78a
	143.85 ± 5.92b
	147.87 ± 6.15b
	130.90 ± 8.43b,c,d



	Values are reported as means ± SD. aP < 0.05 in comparison with the control. Values are reported as means ± SD. bP < 0.05 in comparison with the diabetic group; cP < 0.05 in comparison with the Brazil nut group; dP < 0.05 in comparison with the metformin group. N = 6 rats per group. BN: Brazil nut; Met: Metformin; CK-MB: Creatine kinase MB; LDH: Lactate dehydrogenase; AST: Aspartate amino transaminase- U/L.





Serum lipid profile levels of fructose/STZ-induced type 2 diabetic rats

Table 8 presents the effect of Brazil nut and metformin on the serum lipid profile of fructose/STZ-induced type 2 diabetic rats. As shown in the table, significant elevation (P < 0.05) was observed for the total cholesterol levels of the diabetic group compared to the control group, and supplementation with Brazil nut, metformin, or combination of both decreased (P < 0.05) the elevated total cholesterol levels of the diabetic rats compared to the diabetic group. No remarkable change (P > 0.05) was observed in the TAG and VLDL concentrations of all the rats across the groups. The LDL concentration of the diabetic group was significantly elevated (P < 0.05) compared to the control group. Supplementation with Brazil nut, metformin, or combination of both significantly decreased (P < 0.05) the LDL concentrations of the rats in contrast to the diabetic group. Furthermore, the HDL concentration of the diabetic group was significantly decreased (P < 0.05) compared to the control group. Supplementation with Brazil nut, metformin, or combination of both significantly increased (P < 0.05) the HDL concentrations of the rats compared to the diabetic group. As well, the HDL concentrations of the diabetic rats that received Brazil nut and metformin were significantly elevated (P < 0.05) compared to the diabetic rats that received Brazil nut alone.




Table 8.Effect of Brazil nut and metformin on the serum lipid profile of fructose/STZ-induced type 2 diabetic rats (mg/dL).


	Parameters
	Control
	Diabetic
	Diabetic + Brazil nut
	Diabetic + Metformin
	Diabetic + BN + Met





	TCHOL
	129.81 ± 10.80
	173.17 ± 14.54a
	143.25 ± 15.40b
	150.20 ± 6.83b
	153.41 ± 7.49b



	TAG
	107.17 ± 38.08
	114.49 ± 24.77
	101.55 ± 11.75
	114.45 ± 6.61
	120.76 ± 32.28



	VLDL
	21.43 ± 7.61
	22.90 ± 4.95
	20.31 ± 2.35
	22.89 ± 1.32
	24.15 ± 6.46



	LDL
	66.98 ± 18.57
	119.60 ± 26.10a
	88.03 ± 12.06b
	83.99 ± 13.51b
	85.89 ± 14.35b



	HDL
	41.40 ± 6.07
	26.52 ± 10.29a
	34.91 ± 3.27b
	41.00 ± 3.82b
	43.37 ± 4.76b,c



	Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group; cP < 0.05 in comparison with the Brazil nut group. N = 6 rats per group. BN: Brazil nut; Met: Metformin; TCHOL: Total cholesterol; TAG: Triacylglycerol; VLDL: Very low-density lipoprotein cholesterol; LDL: low-density lipoprotein cholesterol; HDL: High-density lipoprotein cholesterol.





Serum and cardiac concentrations of inflammatory markers and total proteins

Figure 3 shows the effect of Brazil nut and metformin on the serum concentrations of the inflammatory marker-CRP in fructose/STZ-induced type 2 diabetic rats. Data presented in Fig. 3 showed significant elevation (P < 0.05) in the serum CRP concentration of the diabetic group compared to the control group. The elevated serum CRP concentration of the diabetic group was significantly decreased (P < 0.05) following supplementation with Brazil nut or combination of Brazil nut and metformin, but not with metformin. As well, the CRP concentrations of the diabetic rats that received Brazil nut and metformin were significantly decreased (P < 0.05) compared to the diabetic rats that received metformin alone.

Fig. 3.Effect of Brazil nut and metformin on C-reactive protein concentration in the sera of fructose/STZ-induced type 2 diabetic rats. Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group; dP < 0.05 in comparison with the metformin group. N = 6 rats per group.
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Figure 4 shows the effect of Brazil nut and metformin on the cardiac concentrations of some inflammatory markers (NFkB and IL-10) and total proteins in fructose/STZ-induced type 2 diabetic rats. As shown in Fig. 4, the cardiac concentration of NFkB in the diabetic group was significantly elevated (P < 0.05) compared to the control group, whereas the cardiac NFkB concentration of the diabetic rats that were supplemented with Brazil nut, metformin, or combination of both decreased to significant levels (P < 0.05) compared to the diabetic group. Furthermore, the cardiac concentration of NFkB in the diabetic rats that received Brazil nut and metformin was significantly declined (P < 0.05) compared to the diabetic rats that received either Brazil nut or metformin.

Fig. 4.Effect of Brazil nut and metformin on inflammatory markers (NFkB -Nuclear factor kappa B and interleukin 10) and total proteins in the heart of fructose/STZ-induced type 2 diabetic rats. Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group; cP < 0.05 in comparison with the Brazil nut group; dP < 0.05 in comparison with the metformin group. N = 6 rats per group. Inflammatory markers.
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As well, the cardiac concentration of IL-10 in the diabetic group was significantly elevated (P < 0.05) compared to the control group, whereas the cardiac concentration of IL-10 in the diabetic rats that received Brazil nut, metformin, or combination of both decreased to significant levels (P < 0.05) compared to the diabetic group. Furthermore, the cardiac concentration of IL-10 in the diabetic rats that received Brazil nut and metformin was significantly declined (P < 0.05) compared to the diabetic rats that received metformin alone.

Our study found mild decreases in the total protein concentrations in the heart of the diabetic group albeit the decreases were not significant (P > 0.05). No significant change (P > 0.05) was observed in the total protein concentrations in the hearts of the diabetic rats that received Brazil nut, metformin, or combination of both compared to the diabetic group.

Cardiac concentrations of apoptotic markers in fructose/STZ-induced type 2 diabetic rats

Figure 5 presents the effect of Brazil nut and metformin on the cardiac concentrations of Bcl-2 and caspase 3 in fructose/STZ-induced type 2 diabetic rats. As shown in Fig. 5, the cardiac Bcl-2 concentration in the diabetic group was significantly decreased (P < 0.05) compared to the control group, and this decrease was reversed to significant levels (P < 0.05) after supplementing with Brazil nut, metformin, or combination of both. Furthermore, the Bcl-2 concentration of the diabetic rats that received metformin was significantly higher (P < 0.05) than that of the rats in the Brazil nut group, while the Bcl-2 concentration of the rats that received Brazil nut and metformin was significantly higher (P < 0.05) than the rats that received Brazil nut or metformin.

Fig. 5.Effect of Brazil nut and metformin on the concentrations of apoptotic markers in the heart of fructose/STZ-induced type 2 diabetic rats. Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group; cP < 0.05 in comparison with the Brazil nut group; dP < 0.05 in comparison with the metformin group. N = six rats per group.
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As shown in Fig. 5, the cardiac caspase 3 concentration of the diabetic group was significantly increased (P < 0.05) compared to the control group. The cardiac caspase 3 concentrations of the rats that supplementation with Brazil nut, metformin, or combination of both significantly decreased (P < 0.05) compared to the diabetic group. In addition, the caspase 3 concentration of the rats that received Brazil nut and metformin was significantly lower (P < 0.05) than the rats that received Brazil nut alone.

Cardiac concentration of MTOR in fructose/STZ-induced type 2 diabetic rats

Figure 6 shows the effect of Brazil nut and metformin on the cardiac concentration of MTOR in fructose/STZ-induced type 2 diabetic rats. As was shown in the figure, the cardiac concentration of MTOR in the diabetic group was significantly elevated (P < 0.05) compared to the control group, and this elevation was declined to significant levels (P < 0.05) following supplementation with Brazil nut, metformin, or combination of both. Furthermore, the cardiac concentration of MTOR in the diabetic rats that were given a combination of Brazil nut and metformin was significantly decreased (P < 0.05) in contrast to the diabetic rats that received Brazil nut alone.

Fig. 6.Effect of Brazil nut and metformin on the Mammalian Target of Rapamycin (MTOR) signaling pathway in the heart of fructose/STZ-induced type 2 diabetic rats. Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group; cP < 0.05 in comparison with the Brazil nut group. N = six rats per group.
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Cardiac activity of p38 MAPK in fructose/STZ-induced type 2 diabetic rats

Figure 7 presents the effect of Brazil nut and metformin on the cardiac activity of p38 MAPK in fructose/STZ-induced type 2 diabetic rats. As shown in Fig. 7, the cardiac p38 MAPK activity of the diabetic group was significantly elevated (P < 0.05) compared to the control group, and this elevation declined to significant levels (P < 0.05) following supplementation with Brazil nut, metformin, or combination of both.

Fig. 7.Effect of Brazil nut and metformin on MAPK signaling pathway in the heart of fructose/STZ-induced type 2 diabetic rats. Data are reported as means ± SD. aP < 0.05 in comparison with the control; bP < 0.05 in comparison with the diabetic control group. MAPK (P38 Mitogen Activated Protein Kinase). N = 6 rats per group.
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Histology results

Figure 8 shows the effect of Brazil nut and metformin on the histology of the hearts of fructose/STZ-induced type 2 diabetic rats (×400) (H&E). As described in Fig. 8 (a), the heart histology of the control group (x400) (H/E) showed normal cardiac tissue with well-outlined cardiac muscle (CM) and cardiac fiber (CF). In the diabetic group (Fig. 8b), there was degeneration of their cardiac tissue with myocardiac inflammation (MI), myocardiac atrophy (MA), and inactive cardiac cells. In the diabetic + Brazil nut group (Fig. 8c), their heart histology showed mild healing of the cardiac tissue with moderate myocardiac inflammation (MI). In the diabetic + metformin group (Fig. 8d), their heart histology showed mild healing of the cardiac tissue with moderate myocardiac inflammation (MI). In the diabetic + Brazil nut + metformin group (Fig. 8e), their heart histology showed moderate inflammatory cells (MIsC) and increase in the number of active myocardiac cells (CCs).

Fig. 8.Effect of Brazil nut and metformin on the histology of the heart tissue of fructose/STZ-induced type 2 diabetic rats. (a) Histology of the muscle of the control group (x400) (H/E) shows normal cardiac tissue with well-outlined cardiac muscle (CM) and cardiac fiber (CF). (b) Histology of the cardiac muscle of the diabetic control group (x400) (H/E) shows degeneration with myocardiac inflammation (MI), myocardiac atrophy (MA), and inactive cardiac cells. (c) Histology of the cardiac muscle of the diabetic + brazil nut group (x400) (H/E) shows mild healing with moderate myocardiac inflammation (MCI). (d) Histology of the cardiac muscle of the diabetic + metformin group (x400) (H/E) shows mild healing with moderate myocardiac inflammation (MCI). (e) Histology of the cardiac muscle of the diabetic + brazil nut + metformin group (x400) (H/E) shows moderate inflammatory cells (IC) and increase in the number of active myocardiac cells (CC).
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Plant studies

Result of GC-MS analysis of Brazil nut extract

Table 9 displays the GCMS assay results of the bioactive molecules in the 50% aqueous ethanol extract of Brazil nut and the biological activities of some identified compounds in the extract, while Fig. 9 presents the GCMS Chromatogram of the Brazil nut extract. GCMS chromatogram of the Brazil nut extract showed the presence of 40 peaks, corresponding to 40 compounds, which were identified as follows.




Table 9.Results of GCMS analysis of Brazil nut extract


	S/N
	Retention time
	Name of compound
	Peak area%
	Class of compound
	Biological activity





	1
	2.696
	1,3-Cyclopentanedione, 2,2-dimethy 1.
	3.942
	Organic compound
	Unknown



	2
	2.982
	4H-Pyran-4-one, 2,3-dihydro-3,5-di hydroxy-6-methyl-
	13.22
	Flavonoid
	Antimicrobial, antioxidant, and anti-inflammatory property (44).



	3
	3.268
	1-Propylimidazole-2-thione
	2.26
	Organic compound
	Unknown



	4
	3.485
	Oxalic acid, isohexyl nonyl ester
	0.36
	Ester
	Anti-inflammatory and antitumor properties (45–49).



	5
	3.628
	5-Hydroxymethylfurfural
	37.49
	Organic compound
	Antioxidant, anti-inflammatory, anti-allergic, and anti-sickling properties (50, 51)



	6
	3.999
	1-Cyclohexene-1-carboxylic acid
	2.07
	Cyclic organic compound
	Antimicrobial, anti-inflammatory, antioxidant properties (52, 53)



	7
	4.193
	Octahydropyrrolo[1, 2-a]pyrazine
	1.31
	Phytol
	Antioxidant and anti-inflammatory properties (54)



	8
	4.273
	cis-2-Ethyl-2-hexen-1-ol
	0.29
	Organic compound
	Unknown



	9
	4.325
	Pentanoic acid, ethyl ester
	0.21
	Fatty acid ester
	Flavor enhancer



	10
	4.422
	7-Octenoic acid ethyl ester
	0.19
	Ester
	Unknown



	11
	4.736
	1-Ethyl-2-hydroxymethylimidazole
	0.17
	Imidazole
	Unknown



	12
	4.805
	3-Furanmethanol
	0.63
	Furan
	Unknown



	13
	4.954
	Thiazole, 5-ethenyl-4-methyl-
	0.51
	Thiazole
	Unknown



	14
	5.096
	Oxazole, 2,4-dimethyl-
	0.18
	Organic compound
	Antimicrobial, anti-inflammatory, antidiabetic, anti-obesity, antioxidant properties (55)



	15
	5.182
	2-Chloropropionic acid, hexadecyl ester
	0.19
	Ester
	Unknown



	16
	5.245
	Cyclopropanecarboxylic acid, 2-methyl-2-(4-methyl-3-pentenyl)-, trans-(.+-.)-
	0.27
	Organic compound
	Unknown



	17
	5.365
	Docosyl heptyl ether
	1.01
	Ester
	Unknown



	18
	5.497
	2(5H)-Furanone, 3,5,5-trimethyl-
	0.73
	Furanone
	Unknown



	19
	5.565
	l-(+)-Ascorbic acid 2,6-dihexadecanoate
	0.17
	Organic compound
	Antibacterial, antioxidant, anti-inflammatory, antitumor, and wound healing properties (56, 57)



	20
	5.634
	2,3,5,6-Tetrafluoroanisole
	0.54
	Organic compound
	Unknown



	21
	5.725
	6,8-Dioxa-3-thiabicyclo(3,2,1)oct e 3,3-dioxide
	2.79
	Organic compound
	Unknown



	22
	5.919
	Benzoic acid, 3-isothiocyanato-
	0.4
	Organic compound
	Unknown



	23
	6.462
	3-Morpholinopropyl isothiocyanate
	11.59
	Organosulfur compound
	Antioxidant and anticarcinogenic (58)



	24
	6.742
	Cyclohexane, 1,1’-oxybis-
	0.33
	Organic compound
	Unknown



	25
	6.817
	l-[-]-4-Hydroxy-1-methylproline
	0.6
	Organic compound
	Unknown



	26
	7.045
	2(5H)-Thiophenone
	0.16
	Organic compound
	Unknown



	27
	7.097
	Oxalic acid, monoamide, N-(3-(N-morpholinyl)propyl)-, pentyl ester
	0.17
	Organic compound
	Unknown



	28
	7.183
	Propan-1-one, 1-(4-ethoxyphenyl)-3 -morpholino-2-phenyl-
	0.77
	Organic compound
	Unknown



	29
	7.514
	3-Deoxy-d-mannoic lactone
	1.26
	Organic compound
	Antibacterial activity (59)



	30
	7.583
	Hexadecanoic acid, methyl ester
	1.10
	Ester
	Antioxidant, anti-androgenic, and hypocholesterolemic properties (60)



	31
	7.726
	Hexadecenoic acid, Z-11-
	0.40
	Unsaturated fatty acid
	Antimicrobial properties



	32
	7.834
	n-Hexadecanoic acid
	4.58
	Fatty acid
	Antioxidant, anti-inflammatory, antimicrobial, anti-androgenic, hypocholesterolemic, and 5-alpha reductase inhibitory properties (61, 62)



	33
	8.16
	Phenol, 2-chloro-4-cyclohexyl
	0.28
	Organic compound
	Unknown



	34
	8.486
	11-Octadecenoic acid, methyl ester,
	1.22
	Ester
	Antidiarrhoea (63)



	35
	8.60
	Methyl stearate
	0.39
	Fatty acid methyl ester
	



	36
	8.731
	Oleic acid
	5.97
	Monounsaturated fatty acid
	Antidiabetic, antioxidant, anti-inflammatory, hypocholesterolemic, and anti-atherosclerosis properties (64–66)



	37
	8.829
	Octadecanoic acid
	0.58
	Fatty acid
	Hypocholesterolemic and anti-inflammatory properties (62, 67)



	38
	9.429
	11-Hexacosyne
	0.18
	Alkane
	



	39
	10.446
	Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester)
	0.45
	Ester
	Antioxidant and hypercholesterolemic properties (68, 69)



	40
	11.435
	9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl)ethyl ester
	1.06
	Ester
	Antimicrobial, anti-inflammatory, anticancer, and diuretic properties (70)



	GC-MS: Gas chromatography mass spectrophotometry.





Fig. 9.GC-MS chromatogram of Brazil nut extract.
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Compound 1 was identified as 2,2-dimethy 1,3-cyclopentanedione with a retention time (RT) of 2.696 and a percentage peak area (PA) of 3.942. Compound 2 was identified as 4H-Pyran-4-one, 2,3-dihydro-3,5-di hydroxy-6-methyl- with an RT of 2.982 and a PA of 13.22. Compound 3 was identified as 1-propylimidazole-2-thione with an RT of 3.268 and a PA of 2.26. Compound 4 was identified as oxalic acid, isohexyl nonyl ester with an RT of 3.485 and a PA of 0.36. Compound 5 was identified as 5-hydroxymethylfurfural with an RT of 3.628 and a PA of 37.49. Compound 6 was identified as 1-cyclohexene-1-carboxylic acid with an RT of 3.999 and a PA of 2.07. Compound 7 was identified as octahydropyrrolo[1,2-a]pyrazine with an RT of 4.193 and a PA of 1.31. Compound 8 was identified as cis-2-ethyl-2-hexen-1-ol with an RT of 4.273 and a PA of 0.29. Compound 9 was identified as pentanoic acid, ethyl ester with an RT of 4.325 and a PA of 0.21. Compound 10 was identified as 7-octenoic acid ethyl ester with an RT of 4.422 and a PA of 0.19. Compound 11 was identified as 1-ethyl-2-hydroxymethylimidazole with an RT of 4.736 and a PA of 0.17. Compound 12 was identified as 3-furanmethanol with an RT of 4.805 and a PA of 0.63. Compound 13 was identified as thiazole, 5-ethenyl-4-methyl- with an RT of 4.954 and a PA of 0.51. Compound 14 was identified as oxazole, 2,4-dimethyl- with an RT of 5.096 and a PA of 0.18. Compound 15 was identified as 2-chloropropionic acid, hexadecyl ester with an RT of 5.182 and a PA of 0.19. Compound 16 was identified as cyclopropanecarboxylic acid, 2-met hyl-2-(4-methyl-3-pentenyl)-, trans-(+)- with an RT of 5.245 and a PA of 0.27. Compound 17 was identified as docosyl heptyl ether with an RT of 5.365 and a PA of 1.01. Compound 18 was identified as 2(5H)-furanone, 3,5,5-trimethyl- with an RT of 5.497 and a PA of 0.73. Compound 19 was identified as l-(+)-ascorbic acid 2,6-dihexadecanoate with an RT of 5.565 and a PA of 0.17. Compound 20 was identified as 2,3,5,6-tetrafluoroanisole with an RT of 5.634 and a PA of 0.54. Compound 21 was identified as 6,8-dioxa-3-thiabicyclo(3,2,1)octa ne 3,3-dioxide with an RT of 5.725 and a PA of 2.79. Compound 22 was identified as benzoic acid, 3-isothiocyanato- with an RT of 5.919 and a PA of 0.4. Compound 23 was identified as 3-morpholinopropyl isothiocyanate with an RT of 6.462 and a PA of 11.59. Compound 24 was identified as cyclohexane, 1,1’-oxybis- with an RT of 6.742 and a PA of 0.33. Compound 25 was identified as l-[-]-4-hydroxy-1-methylproline with an RT of 6.817 and a PA of 0.60. Compound 26 was identified as 2(5H)-thiophenone with an RT of 7.045 and a PA of 0.16. Compound 27 was identified as oxalic acid, monoamide, N-(3-(N-morpholinyl)propyl)-, pentyl ester with an RT of 7.097 and a PA of 0.17. Compound 28 was identified as propan-1-one, 1-(4-ethoxyphenyl)-3-morpholino-2-phenyl- with an RT of 7.183 and a PA of 0.77. Compound 29 was identified as 3-deoxy-d-mannoic lactone with an RT of 7.514 and a PA of 1.26. Compound 30 was identified as hexadecanoic acid, methyl ester with an RT of 7.583 and a PA of 1.10. Compound 31 was identified as Z-11-hexadecenoic acid with an RT of 7.726 and a PA of 0.40. Compound 32 was identified as n-hexadecanoic acid with an RT of 7.834 and a PA of 4.58. Compound 33 was identified as phenol, 2-chloro-4-cyclohexyl with an RT of 8.16 and a PA of 0.28. Compound 34 was identified as 11-octadecenoic acid, methyl ester with an RT of 8.486 and a PA of 1.22. Compound 35 was identified as methyl stearate with an RT of 8.60 and a PA of 0.39. Compound 36 was identified as oleic acid with an RT of 8.731 and a PA of 5.97. Compound 37 was identified as octadecanoic acid with an RT of 8.829 and a PA of 0.58. Compound 38 was identified as 11-hexacosyne with an RT of 9.429 and a PA of 0.18. Compound 39 was identified as 2-hydroxy-1-(hydroxymethyl)ethyl ester)hexadecanoic acid with an RT of 10.446 and a PA of 0.45, while compound 40 was identified as 9-octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl)ethyl ester with an RT of 11.435 and a PA of 1.06.

FTIR results of Brazil nut extract

Table 10 shows the functional groups that were identified with FTIR in the Brazil nut extract, while Fig. 10 shows the FTIR spectra of the extract. FTIR analysis of the Brazil nut extract showed many peaks, representing the functional groups that are present in the extract. The band at 3,276 cm-1 broad shows O-H stretching of alcoholic and phenolic groups, while the band at 2,922 cm-1 is due to SP3 -C-H stretching. The absorption band at 1,744 cm-1 is due largely to carbonyl C = O stretching of fatty acids, ketones, and esters. The presence of strong peaks at 3,276 cm-1 in the FTIR assay correlates with the GCMS assay that identified the presence of alcohols, fatty acids, esters, and phenolic compounds as the major components of the extract.




Table 10.Functional groups identified with Fourier transform infrared spectroscopy


	Extract
	Wavenumber (cm-1)
	Functional group
	Compounds identified





	Ethanol/water
	3276.3
	O-H stretching
	Phenolic groups or Alcohol



	
	2922.2
	C-H stretching
	Lipids, proteins



	
	1744.4
	C = O stretching
	Aldehydes, Fatty acids, Ketones, Esters



	
	1625.1
	C = N stretching
	Amide



	
	1095.8
	PO2- stretching
	Phosphate ion





Fig. 10.Fourier-transform infrared spectra of Brazil nut extract.
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Discussion

This study showed that fructose/STZ administration to the diabetic group induced insulin resistance and type 2 diabetes, which were evident from their decreased serum insulin concentrations, elevated blood glucose levels, HOMA-IR, and HbA1C values compared to the control group. Previous studies showed that IR and decreased insulin secretion are central to the development of DM (71). The decreased insulin concentration and elevated levels of glucose and HOMA-IR in the diabetic rats were reversed following supplementation with Brazil nut, metformin, or combination of both, a finding that suggests the antidiabetic properties of Brazil nut or its combination with metformin. Our result corroborates earlier reports of Nascimento et al. (12) on the antidiabetic properties of Brazil nut. Furthermore, metformin demonstrated better glucose lowering properties than Brazil nut, and combined administration of Brazil nut and metformin demonstrated better glucose reduction than Brazil nut or metformin monotherapy and better attenuation of IR than Brazil nut monotherapy, and this is noteworthy.

HbA1C is an early glycation end product that is used to assess glycemic control in diabetic patients (72). Although intervention with Brazil nut or metformin did not attenuate the elevated HbA1C concentrations of the diabetic rats, combined administration of Brazil nut and metformin diminished the elevated HbA1C concentrations of the diabetic rats, suggesting better control of glycaemia with a combination of Brazil nut and metformin.

This study further showed cardiac hypertrophy (increased relative heart weight) and decreased mean body weight for the diabetic group. As a matter of fact, organ and body weights are important markers of plants or drug toxicity (11). Previous studies reported weight loss in diabetic condition (11, 73). Weight loss as obtained in the current study for the diabetic group could be attributed to diminished insulin secretion, leading to elevated muscle protein catabolism to make up for the carbohydrates that are not available to be used as an energy source (74). This study showed diminished cardiac hypertrophy following supplementation with Brazil nut, metformin, or combination of both. Furthermore, intervention with Brazil nut and metformin polytherapy impeded weight loss in the diabetic rats unlike Brazil nut or metformin monotherapy, and the rats that received a combination of Brazil nut and metformin were found to weigh better than the rats that received metformin alone. Current study therefore indicates the potential usefulness of Brazil nut as a complementary therapy to metformin, in mitigating STZ-induced cardiac toxicity and weight loss.

Increased ROS production in the heart of diabetic subjects contributes to the incidence and progression of DCM (75). This study found diabetes-instigated increased cardiac oxidative stress as evidenced from the increased heart level of the lipid peroxidation indicator-MDA but decreased SOD activity, GPx activity, and CAT activity in the diabetic heart. Previous studies showed that interventional measures that either blunt ROS generation or augmented myocardial antioxidant defense systems are of efficacy in mitigating diabetes-instigated cardiomyopathy (75, 76). Therefore, the decreased MDA concentrations but increased SOD, GPx, and CAT activities in the hearts of the diabetic rats that were supplemented with Brazil nut, metformin, or combination of both suggest the promising role of Brazil nut as a single or complementary therapy to metformin in mitigating diabetes-instigated cardiac oxidative stress. Our study further shows that Brazil nut demonstrated better SOD enhancing property than metformin, and its combination with metformin demonstrated better SOD and GPx enhancing properties than metformin. In addition, combined administration of Brazil nut and metformin demonstrated better GPx enhancing properties than Brazil nut or metformin. Current study therefore reveals that Brazil nut potentiated the antioxidant property of metformin, and its combination with metformin demonstrated better antioxidant properties than Brazil nut or metformin monotherapies.

The non-significant changes in the cardiac GST activities of all the rats across the groups might suggest the non-participation of GST in abrogation of diabetes-instigated cardiac oxidative stress in the current study.

The effect of Brazil nut and metformin on diabetes-instigated systemic inflammation was determined by measuring the serum CRP concentrations of the rats. CRP is an acute phase protein that is produced by the liver in response to inflammation, and while it is regarded as an early marker of a disease condition, increased CRP levels have also been found in chronic inflammation (77). Our current study found elevated serum CRP levels in the diabetic group, a finding that corroborates previous reports of Gupta et al. (78) and Al-Rasheed et al. (79) on elevated CRP levels in diabetic animals. Interestingly, the elevated serum CRP levels in the diabetic group were attenuated following interventions with Brazil nut or its combination with metformin (unlike metformin alone), suggesting the anti-inflammatory properties of these interventions.

Next, we determined the effect of Brazil nut and metformin on diabetes-instigated cardiac inflammation by measuring the cardiac concentrations of NFkB and IL-10 in the rats.

Chronic hyperglycemia and its accompanying ROS generation can lead to the release of pro-inflammatory cells, leading to NFkB activation (5). NFkB activation is central to the release of pro-inflammatory (80) and anti-inflammatory cytokines, including IL-10, an anti-inflammatory cytokine that is released by the interleukin family in response to inflammation (81). Therefore, the increased cardiac concentrations of NFkB and IL-10 in the diabetic control group infer diabetes-instigated cardiac inflammation. Cardiac inflammation has also been reported to promote degenerative changes in the cardiac tissue, including cardiomyocyte damage that culminates in DCM (79). The decreased cardiac concentration of NFkB and IL-10 in the diabetic rats following supplementation with Brazil nut, metformin, or combination of both suggests the protective action of Brazil nut, metformin, or combination of both against diabetes-induced cardiac inflammation. In addition, this study shows that Brazil nut and metformin combinatorial therapy demonstrated better protective action against diabetes-instigated cardiac inflammation than Brazil nut or metformin monotherapy. Our study found no significant change in the cardiac total protein concentrations of all the rats across the groups, and while this cannot be explained in this study, it is noteworthy.

CK-MB, LDH, and AST are sensitive cardiac function markers (5, 79, 82). In addition, CK-MB is a specific indicator of the impairment of the myocardium (83). These molecules are released from cardiac muscle cells into the circulation during myocardial injury or pathology, leading to their elevated serum levels (5, 79, 82, 83). Previous studies reported that during hyperglycemia, increased generation of ROS leads to alteration of the cell membrane of cardiomyocytes through interaction with their membrane components, leading to the release of CK-MB, AST, and LDH from damaged cardiac cells into the circulation (8). As such, serum levels of CK-MB, LDH, and AST have been reported to be elevated during DCM (5, 79, 82).

Our study found remarkable elevation in the serum activities of CK-MB, LDH, and AST in the diabetic group, which corroborates previous reports (8, 82, 83). This elevation might have arisen from increased membrane permeability of the cardiomyocytes and subsequent release of these enzymes from the cardiac cells into the circulation, as a result of oxidative damage to the myocardium that was brought on by fructose/STZ-induced hyperglycemia. The elevated serum activities of CK-MB, LDH, and AST were abrogated upon supplementation with Brazil nut, metformin, or combination of both. Our study further shows that a combination of Brazil nut and metformin mitigated elevated serum AST activities of the diabetic rats better than Brazil nut or metformin monotherapies. This study reveals the cardioprotective actions of these interventions in the diabetic heart, which were found to be better with the combined therapies than the monotherapies. The cardiac protective actions of these interventions as obtained in this study may not be unconnected to their antioxidant property, which could have prevented the cardiomyocytes from oxidative damage instigated by fructose/STZ.

Dyslipidemia refers to an elevation in blood concentrations of total cholesterol or LDL and decreased concentrations of HDL (Fodor, 2011). Dyslipidemia is another cause of DCM, and it is characterized by elevated circulating concentrations of TC or LDL and low levels of HDL (3). Dyslipidemia promotes the deposition of TAG and cholesterol in the myocardium, leading to diastolic dysfunction, inflammation, cardiac IR, and fibrosis (3, 79). Our results show the development of dyslipidemia in the diabetic group as seen from the elevated TC and LDL as well as the decreased HDL concentrations in the sera of this group.

Brazil nut, metformin, or combination of both mitigated diabetes-induced dyslipidemia, leading to lower TC and LDL as well as higher LDL concentrations in the diabetic rats that were treated with these interventions compared to the diabetic group.

We further showed that fructose/STZ-induced type 2 DM instigated apoptosis induction in the hearts of the diabetic group. This was evident from the decreased concentration of the antiapoptotic marker-Bcl-2 and the increased concentration of the proapoptotic marker-caspase 3 in the heart of the diabetic group relative to the control. Brazil nut, metformin, and combination of both demonstrated the capacity to blunt cardiac apoptosis induced by fructose/STZ as seen from the increased concentration of Bcl-2 but decreased concentration of caspase 3 in the hearts of the rats that received these interventions. Similar reports on the attenuation of apoptosis by Brazil nut were given by Cury et al. (84). Again, combined administration of Brazil nut and metformin was better than the single treatments in abrogating fructose/STZ-induced cardiac apoptosis, as evidenced from the increased Bcl-2 concentrations of the rats in the Brazil nut + metformin group compared to the rats in the Brazil nut or metformin group.

Compelling evidence has shown that p38-MAPK was aberrantly upregulated in experimental and clinical studies on DM, and its inhibition prevented the development of DCM (3, 85). p38-MAPK has also been suggested as a promising therapeutic target for blunting DCM (3). Furthermore, mTOR is reported to be central to the induction of cardiac hypertrophy after stress, and its inhibition has been reported to improve cardiac function during DCM (75, 86). The increased cardiac concentrations of p38 MAPK and mTOR in the diabetic group further affirm diabetes-induced myocardial changes in the diabetic group. Previous studies found that metformin inhibited MAPK signaling, inducing insulin secretion in T2DM (87), a finding that corroborates our study. Our study further demonstrates the ability of Brazil nut and metformin polytherapy to improve diabetes-induced alteration of the cardiac tissue, as seen from the reduced cardiac concentrations of p38 MAPK and MTOR in the heart of the diabetic rats that were given these interventions.

The outcome of the heart histology of the experimental rats supports the biochemical results that we obtained, further affirming the protective action of Brazil nut or its combination with metformin against diabetes-instigated cardiac complication. Combined administration of Brazil nut and metformin improved the cardiac histology of the diabetic rats better than either Brazil nut or metformin, indicating better protection against fructose/STZ-induced cardiac complication with Brazil nut and metformin than either Brazil nut or metformin. This study therefore highlights the promising potential of Brazil nut as a complementary therapy to metformin in mitigating cardiac complication arising from fructose/STZ diabetes in rats. Previous studies reported that exposure of rats to a low dose (75 mg) of Brazil nut resulted to their protective action against renal inflammation and apoptosis in a rat model of ischemia and reperfusion injury, whereas exposure of rats to 150 mg of Brazil nut exacerbated the renal expression of cyclooxygenase-2 in rats with ischemia and reperfusion injury (84). The cardiac protective action of Brazil nut as demonstrated in this study suggests that the consumption of this nut at the studied dose is necessary to maximize its protective action against diabetic cardiac complication in rats. This dose might also help to meet the daily nutritional requirement of selenium for diabetic patients since Se from Brazil nut is reported to be bioavailable with its bioavailability, comparable to that of other inorganic forms of Se (88).

Functional group identification in FTIR analysis is based on FT-IR peaks arising from stretching and bending liberations (89, 90). The GC–MS and FTIR analyses of the Brazil nut extract clearly showed the presence of alcohols, fatty acids, esters, and phenolic compounds as the principal components of the extract. The presence of these compounds in the extract with antioxidant, anti-inflammatory, and antidiabetic properties might explain the antioxidant, anti-inflammatory, and antidiabetic properties of the extract as demonstrated in this study.

In conclusion, this study shows that Brazil nut potentiated the antidiabetic property of metformin, and its combination with metformin exerted better glycemic control and protective action against diabetes-instigated cardiomyopathy than either Brazil nut or metformin. This makes Brazil nut a promising complementary therapy to metformin that could be useful in achieving glycemic control and preventing the development of DCM. Finally, this study shows that Brazil nut contains several bioactive compounds that support its biological activities as obtained in this study.
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