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Abstract

:

The World Health Organization aims to stop the rise of diabetes by 2025, and diet is one of the most efficient non-pharmacological strategies used to prevent it. Resveratrol (RSV) is a natural compound with anti-diabetic properties, and incorporating it into bread is a suitable way to make it more accessible to consumers as it can be included as part of their daily diet. This study aimed to evaluate the effect of RSV-enriched bread in preventing early type 2 diabetes cardiomyopathy in vivo. Male Sprague Dawley rats (3 weeks old) were divided into four groups: controls with plain bread (CB) and RSV bread (CBR), and diabetics with plain bread (DB) and RSV bread (DBR). Type 2 diabetes was induced by adding fructose to the drinking water for two weeks followed by an injection of streptozotocin (STZ) (40 mg/kg). Then, plain bread and RSV bread (10 mg RSV/kg body weight) were included in the rats’ diet for four weeks. Cardiac function, anthropometric, and systemic biochemical parameters were monitored, as well as the histology of the heart and molecular markers of regeneration, metabolism, and oxidative stress. Data showed that an RSV bread diet decreased the polydipsia and body weight loss observed in the early stages of the disease. At the cardiac level, an RSV bread diet diminished fibrosis but did not counteract the dysfunction and metabolic changes seen in fructose-fed STZ-injected rats.
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1. Introduction


Cardiovascular diseases (CVD) are the leading cause of death worldwide, accounting for approximately 32% of all deaths in 2021. This number is expected to continue to rise in the coming years [1]. A sedentary lifestyle, psychosocial stress, and unhealthy diets are the main modifiable risk factors for CVD in the population. These factors, when combined with non-modifiable risk factors such as age, genetic medical history, and other diseases, further increase the incidence of CVD [2,3]. Individuals with type 2 diabetes mellitus are at high risk for CVD, with up to a fourfold risk of stroke and a twofold risk of dying from myocardial infarction. Data from the International Diabetes Federation reveal a concerning rise of 16% in the number of diabetic adults worldwide since 2019, with around 90% being type 2 [4]. Diabetes cardiomyopathy is characterized by structural and functional changes in the heart, accelerating myocardial dysfunction. These changes include fibrosis, hypertrophy, reduced diastolic compliance, and cardiomyocyte apoptosis [5]. Given the clinical impact of diabetes as a cardiovascular risk factor, there has been a growing focus on implementing therapeutic strategies, pharmacological and non-pharmacological ones, to prevent or counteract diabetes-related cardiac maladaptive remodeling.



Diet is one of the most effective non-pharmacological strategies for CVD prevention and management. Consistent observations from various studies support the benefits of dietary habits towards consuming products rich in bioactive compounds, such as fruits and vegetables, olive oil, and whole grains [6,7,8]. In this context, trans-resveratrol (RSV), a natural stilbene found in grapevine Vinis vinifera, wine, and peanuts [9,10] and approved for consumption as an ingredient at 150 mg of RSV/day maximum [11], is quite interesting. RSV bioactivities comprise decreasing lipid peroxidation, platelet aggregation, vasodilation, and blood pressure. In the context of diabetes, RSV has been shown to improve the serum cholesterol and triglycerides profile, and glucose homeostasis by diminishing hyperglycemia, promoting insulin sensitivity, and protecting the islet β-cells [12,13].



In vivo studies have provided evidence of the health benefits of RSV in diabetes prevention. For example, a study conducted on diabetic adult mice revealed that a diet enriched with 100 mg of RSV/kg body weight (BW) per day for a year improved their cardiac function. The underlying protective mechanism seems to involve the activation of the NAD+-dependent deacetylase SIRT1 and the overexpression of sarcoplasmic calcium pump ATPase (SERCA), an important player in the regulation of heart contractibility [14]. Similarly, in diabetic Goto-Kakizaki rats, the intragastrical administration of 20 mg of RSV/kg BW for ten weeks improved glucose tolerance and homeostasis via SIRT1 activation coupled with the stimulation of AMP-activated protein kinase (AMPK) [15]. Moreover, diabetic Sprague Dawley rats treated with 1 mg of RSV/kg BW per day for five days in combination with insulin (4 IU/rat/day) showed improved systolic cardiac function and reduced oxidative stress and mortality rate [16]. A pilot study conducted on age-related glucose-intolerant people highlighted that RSV can improve insulin sensibility and meal tolerance [17]. However, the relationship between RSV doses and biological effects does not seem linear [18]. Clinical trials have demonstrated that RSV doses of 250 mg daily for three months, or 10 mg, 1 g, 1.5 g, and 2 g daily for one month, can improve insulin sensibility and glycemic index. Still, no effect was demonstrated in a trial with 500 mg of RSV twice daily for twenty-five weeks with washout periods [19].



The incorporation of RSV into processed food products has been proposed as a means to increase its daily consumption due to the low concentration of RSV in natural food products. Liquid food products have been fortified with RSV [20,21,22], and bread has been modified to act as a vehicle for RSV intake, allowing the protection of RSV in the bread-making process [23]. In this way, the consumption of bioactive compounds that are typically scarce in daily dietary habits can increase [24,25]. Thus, this study aims to evaluate the effect of functional bread with RSV in preventing early type-2-diabetes-induced cardiac remodeling through functional, histological, and molecular evaluations of cardiac muscle in a non-genetic rat model. Fructose-fed plus STZ-injected rats were used as a preclinical model of type 2 diabetes since it is cost-effective, easy to develop, and displays the same heart clinical features (e.g., stroke volume (SV) and peak filling rate (PFR) echography parameters, hypertrophy, and fibrosis) observed in humans with prediabetes [26,27,28,29].




2. Materials and Methods


2.1. Ethical Statement


The University Ethics Committee ORBEA—Órgão Responsável pelo Bem-Estar e Ética Animal—approved the experimental protocol, number 956-e-CITAB-2021. All the experiments performed on the animals were carried out under European and National legislation on the protection of animals used for scientific purposes (European Directive 2010/63/EU and Decree-Law no. 113/2013, respectively). The animal experiment was conducted at the animal house of the University of Trás-os-Montes and Alto Douro (UTAD), Portugal.




2.2. Rodents Food Preparation


Food preparation calculations were done assuming that rats need approximately 60 calories per day, equivalent to 5 to 6 g (0.16 to 0.19 oz) of food per 100 g (3.22 oz) of BW of the rat per day. The bread was prepared according to the base recipe reported [23]: 100 g of white wheat flour, 60 g of water, and 3 g of baker’s yeast, kneading until obtaining a non-stick-to-the-hand dough, left to rest for two hours in a warm and dry place, and baked in an oven preheated at 180 °C. All the bread was freeze-dried and milled to be well preserved until incorporation in rodent food pellets in an amount of 1% by Envigo (Barcelona, Spain).




2.3. Animal Housing and Chemicals


Forty-eight male Sprague Dawley rats who were three weeks old were bought from Envigo (Barcelona, Spain), and they remained for one week for acclimatization. The animals were kept in polycarbonate cages with smooth surfaces and rounded edges (1500U Eurostandard Type IV S, Tecniplast, Buguggiate, Italy), with three to five animals per cage. The bedding for the animals (corncob, Ultragene, Santa Comba Dão, Portugal) was changed every week, and in the case of diabetic animal groups, it was changed daily up to the third week of the experiment. The housing conditions were controlled during all experiments to a temperature of 22 ± 2 °C, humidity 60%, and light/dark cycle 12 h/12 h.



The food (Safe Diets, Augy, France) and water were ad libitum. Fructose and streptozotocin (STZ) were obtained from BioPortugal- Químico, Farmacêutica, Lda (Porto, Portugal).




2.4. Experimental Design


The animals were randomly divided into four groups, two control and two experimental groups. The control animals were fed plain bread (CB, n = 8) and bread with 10 mg/kg/day of RSV (CBR, n = 8); the fructose-fed and STZ-injected (fructose/STZ) animals were fed plain bread (DB, n = 16) and bread containing 10 mg of RSV/kg/day (DBR, n = 16). The number of animals in fructose/STZ groups was double that of the control groups due to the expected higher mortality rate.



The experiment started with one week of acclimatization, with a standard diet and plain water. After that period, the drinkable water of groups DB and DBR was replaced by 10% fructose water, prepared daily over 14 days to decrease the insulin sensibility, followed by an intraperitoneal STZ injection (40 mg/kg), prepared in a 0.1 M citrate buffer solution (pH 4.3) (week 3 of the experiment). The control groups, CB and CBR, kept drinking plain water and were injected with the vehicle instead of the STZ solution. In week 4 of the experiment, a standard diet enriched with plain bread was introduced in the CB and DB groups, and the CBR and DBR groups had access to a standard diet containing bread with 10 mg of RSV/kg/day. The experiment finished at the end of week 8 (Figure 1).



Glucose levels were measured in blood samples collected from the rats’ tail veins using a glucometer (GlucoMen® Areo 2K, A. Menarini Diagnostics, Florence, Italy) and blood test strips. Measurements were taken 2 h and 12 h after a meal during two time points: one week after the STZ injection (week 4 of the experiment) and two weeks after introducing a standard diet with bread (week 6), according to Figure 1. Body weight, water, and food intake were also monitored throughout the experiment. As the animals were housed in groups, food and water consumption was determined by measuring the amount of food and water intake in each cage. Animal welfare was evaluated using a humane endpoints table (Supplementary Table S2) based on CCAC guidelines and adapted from previous studies [30,31]. Several parameters were monitored, including posture, hair/tail appearance and grooming, Grimace scale (i.e., eyes and extremities, the position of ears and whiskers, nose/cheeks), walk, skin, mental and hydration status, response to external stimuli, stool appearance, convulsions, and response to mild abdominal palpation. For each parameter, a score from 0 to 3 was assigned to each animal. Rats were observed daily, and animal scores were recorded weekly. The score for each animal was calculated by summing the scores allocated to each parameter. If the animals’ humane endpoints score achieved the critical level, i.e., four or higher, they ought to be re-evaluated and, if necessary, removed from the study and humanely euthanized. Additionally, a score of three in certain parameters, such as body mass and mental condition, also indicated the need for euthanasia.



After an overnight fast of 12 h, the animals were weighed and anesthetized with ketamine/xylazine. Echocardiography was then performed before the animals were euthanized by exsanguination through cardiac puncture. Blood was collected for serum separation by centrifugation and stored at −80 °C for biochemical analysis. A complete necropsy was performed on each animal. The heart was divided into two parts, the apex was immediately processed for histological analysis, and the other portion was stored at −80 °C for biochemical analysis.




2.5. Echocardiographic Study


Immediately before the animals’ sacrifice, a transthoracic echocardiographic study was performed using the Logiq P6 (General Electric Healthcare, Milwaukee, WI, USA) ultrasound device equipped with a 12 MHz linear transducer. For this, the left region of the thoracic wall of the anesthetized animals was shaved using a machine clipper. The animals were placed in left lateral recumbency and the transducer was applied directly to the shaved region. Parasternal long-axis (PLAX), parasternal short-axis (PSAX), four-chamber view, and apical five-chamber view were obtained using B-mode, M-mode, Color Doppler, and Pulsed Doppler. The images were recorded in the ultrasound device and then exported and analyzed using Horos (https://horosproject.org, accessed on 12 November 2021), except for the aortic velocity time integral (AoVTI) measured in the ultrasound device. Measurements were obtained from standard views according to the accepted standards for rats.



The same researcher analyzed two representative cardiac cycles, and a mean value was calculated for each measurement. The thickness of the intraventricular septum (IVS) and left posterior ventricular wall (LVPW) in systole and diastole were obtained in PLAX B-mode. The left ventricle mass (LV mass) was calculated using the Troy formula, corrected for the body surface area. The aortic root diameter (Ao d) was measured in PLAX M-mode. The aortic velocity time integral (AoVTI) was measured using the ultrasound device in the apical five-chamber view. The heart rate (HR) was measured in PSAX M-mode. The left ventricle filling (E and A wave velocities) was assessed using Pulsed Doppler transmitral flow velocity tracings obtained just above the tip of the mitral leaflets in the four-chamber view. Fractional shortening (FS), stroke volume (SV), cardiac output (CO), and ejection fraction (EF) were obtained by applying formulas. FS and EF were derived from the left ventricle diameter at systole and diastole. SV was derived from Ao d and AoVTI, while CO was derived from SV and HR.




2.6. Biochemical Analysis in Serum Samples


Glucose (Glc) and triglycerides (TG) were assessed in blood-derived serum using Liquick Cor kits (Cormay, Lomianki, Poland) according to the manufacturer’s instructions. Insulin concentrations were measured by a mouse insulin ELISA kit (Invitrogen, Thermofisher, Waltham, MA, USA) according to the company’s instructions. The insulin sensitivity was assessed by calculating the quantitative insulin sensitivity check index (QUICKI), as previously reported [32]. For the determination of the inflammatory parameter C-reactive protein (CRP), and protein carbonylation and nitration, known markers of oxidative stress, slot-blot was performed. In brief, equal volumes of serum samples from animals of each group were slot-blotted under vacuum in a nitrocellulose membrane (Amersham™ Protan™, GE Healthcare Lifesciences) and incubated for 1 h with a primary antibody (rabbit anti-CRP, 1:1000, ab65842, Abcam, Cambridge, UK; mouse anti-nitrotyrosine (nitroTyr), MAB5404, Millipore Sigma, St. Louis, MO, USA; mouse anti-dinitrophenylhidrazone (DNP), 1:1000, MAB2223, Millipore Sigma). Incubation with secondary antibody and signal detection are detailed in Section 2.9.




2.7. Histological Analysis


Heart sections (apex side) were fixed in 4% (v/v) buffered paraformaldehyde, dehydrated through graded ethanol, and included in paraffin blocks. Consecutive sections (3 μm of thickness) of paraffin blocks were cut using a microtome and mounted on silane-coated slides. The slides were dewaxed in xylene, hydrated through graded ethanol, and washed in water. To determine the cardiomyocyte cross-sectional area (CSA) and fibrosis, the deparaffinized sections of cardiac tissue were stained with Sirius Red.



The digital images of tissue sections were captured using an optical microscope Zeiss Axio Imager Z1 (Carl Zeiss, Jena, Germany) equipped with a CCD monochromatic digital camera (Axiocam HRm, Jena, Germany) at ×200 and Axiovision software (Carl Zeiss, Jena, Germany). Structural changes in the heart tissue were qualitatively evaluated through a visual inspection of the colored photomicrograph images captured at ×200 magnification. The CSA of at least 500 cardiomyocytes per group was determined using ZEN Lite software (ZEN v3.2 (blue edition), Carl Zeiss, Jena, Germany).




2.8. Cardiac Muscle Preparation for Biochemical Analysis


Cardiac muscle sections were homogenized in HEPES buffer 10 mM, pH 7.4 with 0.1% Triton X-100 supplemented with protease inhibitor (200 mM PMSF), in the proportion of 50 mg/mL, using a Teflon pestle on motor-driven Potter–Elvehjem glass. The protein content of the cardiac muscle extracts was determined using the DC™ Protein Assay (Bio-Rad, Hercules, CA, USA) and following the manufacturer’s instructions. Bovine serum albumin was used as the protein standard.




2.9. Immunoblotting


Briefly, 30 μg of protein was diluted (1:2) in loading buffer (4% SDS (w/v); 125 mM of Tris, pH 6.8; 15% glycerol (v/v); 20% β-mercaptoethanol (v/v); 0.1% bromophenol blue) and incubated at 100 °C for 5 min. Loaded samples were electrophoresed on 12.5% SDS-PAGE at 200 volts, as previously described [33]. Gels were blotted onto a nitrocellulose membrane (Amersham™ Protan™, GE Healthcare Lifesciences, Milwaukee, WI, USA) at 200 mA for 2 h. The non-specific binding was blocked with 5% (w/v) non-fat dry milk in TBS-T (100 mM Tris, 1.5 mM NaCl, 0.5% Tween 20). Then, membranes were incubated with primary antibody to detect ATP synthase subunit beta (mouse anti-ATPβ, 1:1000, ab14730, Abcam), phosphofructokinase, muscle isoform (rabbit anti-PFKM, 1:1000, ab154804, Abcam), CAAT enhancer-binding protein beta (rabbit anti-CEBPβ, 1:1000, ab32358, Abcam), Cbp/P300-Interacting Transactivator 4 (rabbit anti-CITED4, 1:1000, mbs833529, MyBioSource, San Diego, CA, USA), connexin 43 (rabbit anti-Cx43, 1:1000, ab11370, Abcam), sirtuin 3 (rabbit anti-SIRT3, 1:1000, 26275, Millipore Sigma), glucose transporter type 4 (mouse anti-GLUT4, 1:1000, ab48547, Abcam), manganese superoxide dismutase (rabbit anti-MnSOD, 1:1000, ab13533, Abcam) or Electron Transfer Flavoprotein Dehydrogenase (rabbit anti-ETFDH, 1:1000, ab91505, Abcam). For protein carbonylation analysis, the samples were derivatized with 2,4-dinitrophenylhydrazine (DNPH) before electrophoresis, as described [34], and incubated with an anti-DNP antibody (mouse, 1:1000, MAB2223, Millipore Sigma). For the analysis of protein nitration in cardiac extracts, 10 μg of protein was slot-blotted into a nitrocellulose membrane (Amersham™ Protan™, GE Healthcare Lifesciences) under vacuum and incubated with anti-nitroTyr antibody (mouse, 1:1000, MAB5404, Millipore Sigma). Membranes were incubated for 1 h at room temperature or overnight at 4 °C. Then, membranes were washed 3 times for 10 min with TBS-T and incubated with secondary Horseradish Peroxidase (HRP)-conjugated anti-mouse or anti-rabbit antibodies (GE Healthcare Life Sciences, Milwaukee, WI, USA; diluted 1:1000 in 5% (w/v) non-fat dry milk in TBS-T) for 2 h at room temperature. Immunoreactive bands were detected by chemiluminescence (ECL; ClarityTM Western ECL Substrate #170-5060, Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. Images were obtained in a ChemiDoc™ Imaging System (Bio-Rad, Hercules, CA, USA) and analyzed with Image Lab (version 6.0, Bio-Rad, Hercules, CA, USA). The optical density (OD) values were expressed in arbitrary units. Protein loading was controlled by Ponceau S staining.




2.10. Citrate Synthase Activity


Citrate synthase (CS) activity was determined in cardiac muscle extracts by monitoring the reduction of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) at 412 nm as described in [35]. In brief, DTNB reacted with coenzyme A (thiol group) released by the reaction of acetyl-CoA with oxaloacetate. The reaction was followed spectrophotometrically at 412 nm (molar extinction coefficient of 13.6 mM−1·cm−1). The results are presented in nmol min−1 mg−1 protein.




2.11. Statistical Analysis


Values are presented as the mean ± standard deviation for all variables. The Kolmogorov–Smirnov test was performed to evaluate the normality of the data. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons post hoc test was used. Dunn’s multiple comparisons were performed when data did not pass the normality test. Results were considered significantly different when p < 0.05, and it was assumed a tendency for p < 0.1. GraphPad Prism (version 9.0) was the software used.





3. Results


3.1. Effect of Functional Bread with RSV and Fructose Feed/STZ Injection on Anthropometric and Welfare Parameters


During the protocol, one animal from the fructose/STZ group fed plain bread died. The mortality rate was 0% for other groups. Body temperature, water intake, food intake, and body weight were monitored throughout the protocol to check on the health status of the animals (Figure S1, supplementary data). A normal body temperature was maintained throughout the experiment. Fructose/STZ animals displayed an increase in food and water intake starting from the third week, with water intake increasing eightfold and food intake increasing onefold. In addition, these animals had excessive urine excretion, supporting the development of diabetes in fructose/STZ rats.



A significantly lower body weight of around 23% was also noticed in these animals (p < 0.05 vs. control groups, Table 1). The gastrocnemius mass was 40% and 30% lower in DB and DBR, respectively, compared with the controls (p < 0.05 DB and DBR vs. controls). Fructose/STZ rats showed no signs of impaired growth, given by no changes in the tibia length, but they presented limited weight gain, reflected by the lower body weight/tibia length ratio (Table 1), which significantly increased with an RSV bread diet (p < 0.05 DB vs. DBR). Regarding heart weight and the heart weight/tibia length ratio, these parameters were significantly lower in fructose/STZ animals (p < 0.05 vs. control groups).



A tendency for a higher welfare score was observed in fructose/STZ rats fed plain bread compared with control rats also fed plain bread (p = 0.08 for DB vs. CB; Table 1). Diet with RSV bread promoted a decrease in the welfare score in fructose/STZ rats (0.5 in DBR vs. 1.13 in DB, Table 1). According to the adapted Canadian Council on Animal Care—CCAC guidelines, the welfare scores in this study were below the critical animals’ welfare score of three [30,31]. Thus, the experimental protocol was deemed harmless, and by incorporating RSV into the bread diet, the animals’ welfare score trend was improved.




3.2. Systemic Adaptations to Fructose-Feeding plus Streptozotocin Administration and Functional Bread with RSV


Hyperglycemia development in fructose/STZ rats was confirmed through the monitoring of glucose (Glc) blood levels at fasting and feeding conditions at weeks 4 and 6 of the experiment (Figure S2a,b, supplementary data). Prediabetes is diagnosed in rats when fasting Glc levels are between 200 and 250 mg/dL, and diabetes when equal to or higher than 250 mg/dL [36]. According to Figure S2a, at week 4 and week 6, the feeding glycemia was higher than 200 mg/dL in fructose/STZ rats and close to 141 mg/dL in the control groups. However, fasting Glc levels were still below 200 mg/mL at week 6 in fructose/STZ groups (Figure S2b).



Circulating Glc, triglycerides (TG), and insulin levels were determined in blood samples collected at necropsy (Figure 2a–c). Glc levels tended to be twofold higher in fructose/STZ rats compared with controls fed RSV bread (p = 0.08 for DB vs. CBR), confirming fasting hyperglycemia at the end of the protocol (Figure 2a). The high variability of the circulating Glc levels noticed among fructose/STZ rats seems to be indicative of the acute glucose fluctuations seen in the initial stages of diabetes, also known as dysglycemia [37]. Moreover, TG serum levels showed no significant differences between groups, with all animals presenting similar values that were within the reference range for Sprague Dawley rats (20.35–87.61 mg/dL) [38]. On the other hand, fructose/STZ animals fed RSV bread exhibited higher insulin levels compared to those fed plain bread (p < 0.05 DBR vs. CBR and DB vs. CBR), which may indicate β-cell hyperfunction to overcome insulin resistance [39]. The assessment of insulin sensitivity through QUICKI revealed values of 0.223 ± 0.008 and 0.226 ± 0.005 for the control groups fed plain and RSV bread, respectively, and 0.210 ± 0.016 and 0.217 ± 0.014 for fructose/STZ animals, respectively. Statistical differences were observed between DB and CBR (p < 0.05), as also noticed in insulin secretion values, suggesting less insulin sensibility in fructose/STZ animals fed plain bread.



To investigate whether fructose/STZ-induced diabetes is linked with inflammation, we assessed the levels of CRP in the blood-derived serum. However, no significant changes were observed in the levels of this acute-phase protein (p > 0.05; Figure 2d), suggesting that there is no systemic inflammation at this stage of the disease. Furthermore, no alterations were seen in the levels of protein carbonylation and nitration (p > 0.05; Figure 2e,f), which are known markers of oxidative stress. These findings suggest that at this stage of the disease, fructose/STZ-induced diabetes is not primarily driven by systemic inflammation and oxidative stress.




3.3. The Influence of Fructose-Feeding plus Streptozotocin Administration and Functional Bread with RSV on Cardiac Function and Morphometry


The cardiac structure and function parameters of the four groups determined by echocardiographic evaluation are presented in Table 2. The intraventricular septum thickness (IVS) and left ventricular posterior wall thickness (LVPW) similarities between DB and CB groups suggest that fructose plus STZ did not interfere with these parameters but rather increased the left ventricular ejection time (LV ET) (p < 0.05 DB and DBR vs. CB), corroborating the reduced cardiac output (CO) and heart rate (HR) seen in these animals (p < 0.05 DB vs. CB). An RSV bread diet increased the LVPW and IVS values in fructose/STZ groups (p < 0.05 DBR vs. CBR and p < 0.05 for DB vs. DBR), suggesting some beneficial effect of RSV on fructose/STZ-associated cardiac adaptation. This contributes to the higher left ventricle mass (LV mass), with no significant changes in the left ventricle ejection time (LV ET). The shortening of left ventricle parameters (FS) was also higher in control and fructose/STZ groups fed RSV bread (p < 0.05 CBR and DBR vs. CB). The diastolic function indicator E/A was particularly higher in the control fed RSV bread group (p < 0.05 CB and DB vs. CBR).



At the cellular level, differences in cardiomyocytes CSA were observed between groups (Figure 3b,c), with significantly lower values observed in fructose/STZ rats. Moreover, a higher frequency of smaller cardiomyocytes was noticed in these animals, between 350 and 450 µm2 (Figure 3c). These results do not support HW/BW ratios, which were higher in DB and DBR groups (Table 1). Nevertheless, the qualitative analysis of tissue sections stained with Sirius Red revealed an increase in the staining intensity of the interstitial space in cardiac muscle sections of DB rats and, in a lesser extension, in the DBR group (Figure 3a). Thus, the increased accumulation of densely packed collagen fibers in interstitial space, a sign of cardiac dysfunction, seems to occur in fructose/STZ rats.




3.4. The Effect of Fructose-Feeding plus Streptozotocin Administration and Functional Bread with RSV on Molecular Markers of Cardiac Functionality and Regeneration


The content of connexin-43 (Cx43), a gap junction channel protein that regulates the passage of electrical impulses and small metabolites [40], was assessed in whole cardiac tissue extracts. No significant differences in the Cx43 content were observed between groups (Figure 4), suggesting no alterations in the regulation of cardiomyocyte electric activity.



We also examined levels of CCAAT/enhancer-binding protein beta-2 isoform (CEBPβ), a DNA-binding transcription factor linked to cell proliferation, differentiation, and non-pathologic cardiac hypertrophy [41,42]. However, no differences were observed among the groups in the levels of this protein. Another protein of interest is CITED4, named Cbp/p300-interacting transactivator with ED-rich carboxy-terminal domain 4, which plays a role in the growth and proliferation of cardiomyocytes [43] and is negatively regulated by CEBPβ [41]. Significantly lower levels of CITED4 were seen in the cardiac muscle from fructose/STZ rats fed plain bread (p < 0.05 DB vs. CB) but not in rats fed RSV bread.




3.5. The Influence of Fructose-Feeding plus Streptozotocin Administration and Functional Bread with RSV on Cardiac Metabolism and Oxidative Stress


To evaluate the metabolic adaptations of cardiac muscle to fructose-feeding plus STZ administration and diet with functional bread with RSV, markers of oxidative and glycolytic metabolism were measured. No differences in the levels of the glycolytic rate-limiting enzyme PFKM were noticed among groups, suggesting no alterations in the reliance on glucose for energetic purposes. A similar profile was noticed for the content of GLUT4, the predominant isoform, and insulin-dependent cardiac glucose transporter [44] (Figure 5a,b).



Meanwhile, significantly higher levels of ETFDH, an enzyme that makes the connection between fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) [45], were noticed in fructose/STZ rats (p < 0.05 DB vs. CB and DBR vs. CB; Figure 5c). These results illustrate that the hearts of fructose/STZ rats have a higher energy reliance on FAO for energy production. However, no alterations in the content of ATP synthase subunit beta from OXPHOS complex V were observed (Figure 5d). Moreover, no differences in CS activity, a rough marker of mitochondrial density, were verified in the heart of fructose/STZ rats compared to the controls. Still, a tendency to decrease CS activity was noticed in fructose/STZ animals fed RSV bread compared to their respective controls (p = 0.08 DBR vs. CBR, Figure 5e).



The content of the SIRT3, a deacetylase that modulates the activity of metabolic enzymes as OXPHOS complexes [46], was assessed and no differences were seen between groups (Figure 5g). MnSOD, a mitochondrial antioxidant enzyme and a target of SIRT3, was analyzed and significantly lower levels were noticed in fructose/STZ rats compared to the controls (p < 0.05 CB vs. DB), except for those fed RSV bread (Figure 5f). Moreover, no significant differences in the levels of carbonylated proteins, a marker of oxidative stress, were observed in fructose/STZ animals. Curiously, a significant decrease in protein carbonylation was noticed when these animals were fed RSV bread compared to their controls (p < 0.05 DBR vs. CBR, Figure 5h). Protein nitration was also evaluated. This protein modification results from the reaction of tyrosine residues with peroxynitrite, which is formed in the presence of superoxide anion and nitric oxide [47]. No changes in the protein nitration content were observed between groups (Figure 5i).





4. Discussion


4.1. Effect of Resveratrol-Rich Diet on Anthropometric and Systemic Parameters


This study aimed to evaluate the effect of RSV-enriched bread on preventing type-2-diabetes-related cardiomyopathy in a preclinical model. The non-genetic fructose/STZ rat model was chosen because it mimics the clinical pathogenesis seen in humans, particularly insulin resistance and partial pancreatic β-cell dysfunction. In fact, the combination of 10% fructose with a 40 mg/kg dose of STZ, which was used in this study, has been previously shown to induce damage to pancreatic β-cells without promoting their death nine weeks after STZ administration [27]. Since our study evaluated the effects of fructose/STZ five weeks after STZ administration, it is likely that the damage to islet cells was still relatively mild at this point. This may have resulted in higher biological variation in insulin secretion and glucose serum levels, which is consistent with what has been reported in humans with prediabetes [48]. Although no significant differences were seen in the circulating glucose levels in fructose/STZ rats compared to control ones (Figure 2a), 75% of animals from DB groups presented glucose levels higher than 250 mg/dL. Diet with RSV changed this trend, with only 25% of the rats from the DBR group evidencing glucose levels higher than 250 mg/dL.



At this stage of the disease, fructose/STZ rats also presented polydipsia, polyuria, polyphagia, and body weight loss, further supporting the development of diabetes. Hyperglycemia is known to cause excessive thirst as the body attempts to eliminate excess glucose through increased urine production [39]. In our study, a tendency for RSV to decrease polydipsia was observed in fructose/STZ animals (Figure S1 of supplementary data), possibly by regulating Glc levels [49]. Body weight loss may be a consequence of the reduced uptake of glucose by insulin-responsive tissues such as skeletal muscle and adipose tissue [39]. Indeed, the weight of gastrocnemius decreased 40% in DB and 30% in DBR animals relative to the controls (Table 1). The lesser body weight loss in fructose/STZ animals fed an RSV bread diet highlights the effect of RSV on attenuating insulin resistance, as shown by the higher QUICKI value in the DBR group compared to the DB one. Indeed, these animals kept or even increased the capacity to produce insulin [50], possibly to overcome insulin resistance, which characterizes the early stages of type 2 diabetes [50,51]. Previous studies reported an RSV normalizing effect on glycemia with lower doses of RSV (0.1, 1, and 5 mg of RSV/kg) and less time, and in animals with a more advanced state of hyperglycemia [16,52].



In this study, the controls and fructose/STZ animals exhibited normal triglycerides (TG) values, suggesting no changes in lipid metabolism, contrasting with other type 2 diabetes preclinical models that showed high TG levels [53,54,55]. However, none of these studies evaluated the early stages of diabetes. Additionally, we did not observe any signs of systemic inflammation or oxidative stress in the fructose/STZ groups, potentially supporting the early stages of type 2 diabetes.




4.2. Effect of Resveratrol-Rich Diet on Heart Remodeling


Diabetes-associated morbidity and mortality are mostly due to complications that may cause debilitating conditions, such as heart failure. Cardiac structural changes, such as left ventricle hypertrophy, are commonly found in type 2 diabetes patients, even in the early stages of the disease [56]. Left ventricle hypertrophy results from the increased thickness of the left ventricular posterior wall (LVPW) and intraventricular septum (IVS), contributing to higher left ventricular mass (LV mass) [56,57,58]. In this study, fructose/STZ animals did not present echography signs of left ventricle hypertrophy. Other parameters are typically lower in diabetes, such as CO [59], Ao d [60], and EF [61,62], also realized in this study, except for Ao d. This may be due to the fact that the fructose/STZ animals were in the prediabetic stage. Moreover, the decrease in CO in fructose/STZ rats when compared with control animals may be a consequence of decreased HR in these animals. The lower HR may be linked to a defect in the autonomic regulation of the nervous system, that continuously regulates heart rate, blood pressure, and other activities that maintain homeostasis without conscious effort [63]. These data suggest that the heart of fructose/STZ animals was hyperdynamic, which was previously reported in diabetic patients [64]. Nevertheless, fructose/STZ animals treated with RSV increased EF and showed higher IVS and LVPW, reflected by the higher FS, but without the impairment of the diastolic function commonly associated with type 2 diabetes [65], suggesting that RSV promotes modest cardiac remodeling.



Heart dysfunction has been associated with fibrosis, being usually found in subjects with advanced type 2 diabetes. Hyperglycemia and insulin resistance have been suggested to trigger this fibrotic response [66]. In fact, fibrosis was seen in the heart of fructose/STZ animals, which was related to increased HW/BW despite decreased cardiomyocytes CSA. However, an RSV bread diet tended to diminish this occurrence. In another study with diabetic Sprague Dawley rats fed a high-fat diet and given 10 mg/kg of RSV daily for eight weeks also decreased fibrosis and left ventricle hypertrophy [67]. These observations were concordant with the capacity of RSV to inhibit myocardial fibrosis by inhibiting collagen deposition [68] and by suppressing ROS production [69], precluding improved cardiac functionality.



The increased fibrosis seen in the heart of fructose/STZ rats was associated with decreased CITED4 levels (Figure 4). Together with CEBPβ, CITED4 regulates cardiomyocyte growth and proliferation [41,43]. Given the protective role of CITED4 against chronic pathological stresses [70], such as hyperglycemia and insulin resistance, lower levels of this protein may contribute to increased fibrosis, HW/BW, and decreased cardiac output. No other molecular signs of maladaptive cardiac remodeling were seen. Rats fed RSV-enriched bread presented values of CITED4 similar to the ones of the control groups, possibly explaining the histological signs of lower collagen deposition, and improved diastolic function.



A similar content of Cx43 was observed among groups, suggesting no alterations in the regulation of the electric activity of cardiac tissue induced by fructose/STZ treatment. The increased expression of this gap junction protein was reported in spontaneously diabetic Goto-Kakizaki rats, when compared with the non-diabetic Wistar-Clear rats [71]. In type 1 diabetic Sprague Dawley rats, Cx43 levels also increased 3 days after the establishment of diabetes, remaining elevated over 35 days of study [72]. Thus, our results possibly reflect an earlier stage of hyperglycemia-induced cardiac maladaptive remodeling. To better explore such remodeling, the main metabolic pathways that support the energetic needs of this organ were assessed.



In healthy conditions, most of the ATP needed for cardiac muscle contraction and other cellular processes is obtained from FAO (around 60%) and the remaining from glycolysis, which feeds OXPHOS with reducing equivalents. In the heart of fructose/STZ rats, no alterations in the expression of glycolytic PFKM were seen, neither in the content of GLUT4, suggesting no changes in the uptake and oxidation of glucose. However, a significantly higher content of ETFDH was seen in these animals, supporting a higher reliance on FAO for energetic purposes. These results are in accordance with the metabolic adaptation reported for the diabetic heart [73]. The cardiac muscle is highly dependent on GLUT4 for glucose uptake. Thus, low levels of GLUT4 may be expected in cases of insulin resistance, unlike that observed among the groups. Nevertheless, whole tissue levels were assessed, not reflecting the transporter available at the cell membrane for glucose uptake. In fact, a malfunction in GLUT4 translocation rather than a decline in the overall GLUT4 expression was previously reported in the diabetic heart [74].



FAO and OXPHOS are metabolic pathways harbored in the mitochondria. Mitochondrial dynamics play a key role in cardiac insulin resistance to support energy production and cell survival [75]. However, no alterations in the mitochondrial density were seen in fructose/STZ rats, as seen by the similar CS activities among groups. The content of ATP synthase subunit beta supports these results. Hence, each mitochondrion must increase its FAO efficiency. Still, the long-term FAO demands may increase reactive oxygen species (ROS) generation, promoting oxidative stress [76]. The defense capacity of cardiac cells against oxidative stress was accessed through the mitochondrial antioxidant enzyme MnSOD, of which the activity was reported to be downregulated by type 2 diabetes [77]. In the present study, fructose/STZ rats had a lower cardiac MnSOD content. This enzyme and others, such as OXPHOS complexes located at mitochondria, are under the control of SIRT3 for their activity regulation through deacetylation [46,78]. RSV was reported to activate SIRT3, thus improving ATP production in the diabetic heart [78,79]. However, there were no significant differences in the SIRT3 content among the experimental groups, and there were no signs of increased ROS production given by protein carbonylation and nitration. These findings are in contrast with other studies that observed an increase in oxidative stress biomarkers and a decrease in antioxidant enzymes in high-fat high-carbohydrates diet prediabetic-induced Sprague Dawley rats [80]. Overall, our data highlight a higher reliance of fructose/STZ rats on FAO to support the energetic needs of the heart, despite no apparent alterations in glycolysis and mitochondrial dynamics and increased ROS generation.



Taken together, our data support the early stages of maladaptive cardiac remodeling induced by hyperglycemia that resulted in increased fibrosis and HW/BW and decreased cardiac output. Notwithstanding, an RSV-enriched diet prevented some of the cardiac alterations observed in fructose/STZ rats, such as the decrease in the MnSOD and CITED4 expression, prevented extracellular collagen accumulation, increasing IVS, LVPW, FS, and EF cardiac parameters, and improved the animals’ overall welfare by diminishing BW loss and polydipsia. Even in control animals, RSV exerted beneficial effects on overall cardiac function.




4.3. Limitations


The present study has some limitations. The histological analysis of pancreas islets was not performed but would have provided a better understanding of the extent of fructose feed plus STZ injection and the effect of RSV on preventing pancreas damage and, thus, glycemia and insulin homeostasis. Nevertheless, this study intended to focus on cardiac remodeling changes and, therefore, general systemic parameters were evaluated, and our focus was on the functional, morphological, and biochemical analysis of the heart. While some indicators of metabolism and oxidative stress were evaluated, the determination of more parameters, particularly regulatory factors, would have provided a more comprehensive analysis of the impact of type 2 diabetes on the early adaptations of cardiac muscle. Finally, a time course study would be relevant to evaluate the effect of an RSV-enriched diet on the development of more advanced stages of type 2 diabetes and to investigate whether the beneficial effects observed in this study are sustained or increased over time.





5. Conclusions


Our study shows, for the first time, the impact of a functional bread with RSV integrated into a rodent diet in preventing the early systemic and cardiac adaptations associated with type 2 diabetes in a preclinical model. The RSV-enriched bread diet showed significant improvements in the welfare of fructose/STZ Sprague Dawley rats, specifically by reducing body weight loss and polydipsia. On the heart, RSV has preventive effects against the development of fibrosis and maladaptive cardiac remodeling. Our findings suggest that RSV bread may serve as a dietary intervention strategy for managing the early stages of type 2 diabetes and its associated complications.
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Figure 1. Experiment protocol scheme. 
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Figure 2. Circulating levels of glucose (a), triglycerides (b), and insulin (c), C-reactive protein (CRP) (d), 3-nitrotyrosine (nitroTyr), and (e) dinitrophenol (DNP) (f) assessed in blood-derived serum samples collected at necropsy. Values represent mean ± standard deviation in each group (* p < 0.05, ** p < 0.01). CB is the control group fed plain bread (n = 6), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 6); DB is the fructose/STZ group fed plain bread (n = 6), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 6). 
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Figure 3. Histological assessment of heart tissue sections stained with Sirius Red, where red areas represent collagen accumulation (a); boxplot of the cross-sectional areas (CSA) of cardiomyocytes (b): middle line represents the mean and whiskers the minimum and maximum area (**** p < 0.0001); and frequency distribution of CSA of cardiomyocytes (c). CB is the control group fed plain bread (n = 5), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 6); DB is the fructose/STZ group fed plain bread (n = 5), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 5). 
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Figure 4. Effects of RSV bread diet on cardiac function and regeneration: connexin 43 (Cx43) (a), Cbp/p300-interacting transactivator 1 (CITED) (b) and CCAAT/enhancer-binding protein beta-2 isoform (CEBPβ) (c). Values represent mean ± standard deviation in each group (* p < 0.05). CB is the control group fed plain bread (n = 6), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 6); DB is the fructose/STZ group fed plain bread (n = 6), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 6). 






Figure 4. Effects of RSV bread diet on cardiac function and regeneration: connexin 43 (Cx43) (a), Cbp/p300-interacting transactivator 1 (CITED) (b) and CCAAT/enhancer-binding protein beta-2 isoform (CEBPβ) (c). Values represent mean ± standard deviation in each group (* p < 0.05). CB is the control group fed plain bread (n = 6), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 6); DB is the fructose/STZ group fed plain bread (n = 6), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 6).



[image: Antioxidants 12 01066 g004]







[image: Antioxidants 12 01066 g005 550] 





Figure 5. Effects of RSV bread diet on the expression of metabolism biomarkers of cardiac muscle: insulin facilitated glucose transporter member 4 (GLUT4) (a), ATP-dependent 6-phosphofructokinase of muscle (PFKM) (b), electron transfer flavoprotein–ubiquinone oxidoreductase mitochondrial (ETFDH) (c), ATP synthase beta (ATPsβ) (d), and citrate synthase (CS) activity (e), and oxidative stress biomarkers: manganese superoxide dismutase mitochondrial (MnSOD) (f), NAD-dependent protein deacetylase sirtuin-3 (SIRT3) (g), dinitrophenol (DNP) for carbonyl groups detection (h), and 3-nitrotyrosine (nitroTyr) (i). Values represent mean ± standard deviation (* p < 0.05, ** p < 0.01). CB is the control group fed plain bread (n = 6), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 6); DB is the fructose/STZ group fed plain bread (n = 6), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 6). 
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Table 1. Anthropometric parameters, mortality rate, and welfare score of experimental groups.
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Experimental Groups




	
CB

	
CBR

	
DB

	
DBR






	
BW (g)

	
325.4 ± 41.6 ab

	
343.3 ± 16.0 c

	
241.9 ± 49.1 ac

	
263.1 ± 69.2 b




	
HW (g)

	
1.16 ± 0.04

	
1.28 ± 0.11 ab

	
0.97 ± 0.17 a

	
1.06 ± 0.23 b




	
Gastrocnemius (g)

	
4.60 ± 0.26 ab

	
4.58 ± 0.14 cd

	
2.77 ± 0.91 ac

	
3.22 ± 1.16 bd




	
Tibia (cm)

	
4.15 ± 0.13

	
4.25 ± 0.17 a

	
4.02 ± 0.19

	
3.99 ± 0.25 a




	
BW/tibia (g/cm)

	
78.4 ± 9.9 a

	
80.8 ± 3.8 bc

	
60.0 ± 11.3 ab

	
64.1 ± 14.2 ac




	
HW/BW (mg/g)

	
3.50 ± 0.20 ab

	
3.72 ± 0.28

	
4.05 ± 0.43 a

	
4.09 ± 0.45 b




	
HW/tibia (mg/cm)

	
0.284 ± 0.021 a

	
0.301 ± 0.028 bc

	
0.225 ± 0.024 ab

	
0.254 ± 0.040 c




	
Welfare score

	
0.13 ± 0.35

	
0.13 ± 0.35

	
1.13 ± 1.13

	
0.50 ± 0.82




	
Mortality (%)

	
0

	
0

	
6.25%

	
0








Values are means ± standard deviation of n animals in each group. The same letters represent significative differences (p < 0.05), comparing all groups to each other with the same parameter. BW, body weight; HW, heart weight. CB is the control group fed plain bread (n = 8), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 8); DB is the fructose/STZ group fed plain bread (n = 15), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 16).
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Table 2. Echocardiogram parameters of animal experiment.
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Groups of Treatment




	
CB

	
CBR

	
DB

	
DBR






	
IVS d (mm)

	
1.12 ± 0.18 a

	
1.21 ± 0.20 b

	
0.968 ± 0.172 b

	
1.40 ± 0.26 ab




	
LVPW d (mm)

	
1.11 ± 0.18 a

	
1.29 ± 0.29 b

	
0.994 ± 0.159 bc

	
1.51 ± 0.34 ac




	
IVS s (mm)

	
1.17 ± 0.23 a

	
1.17 ± 0.18 b

	
0.956 ± 0.165 c

	
1.47 ± 0.24 abc




	
LVPW s (mm)

	
1.21 ± 0.19 a

	
1.21 ± 0.24 b

	
0.925 ± 0.212 ab

	
1.65 ± 0.38 ab




	
LV mass (mm)

	
0.498 ± 0.104 a

	
0.604 ± 0.130

	
0.475 ± 0.121 b

	
0.723 ± 0.250 ab




	
LV ET (s)

	
82.9 ± 8.37 ab

	
93.9 ± 18.3 c

	
125.8 ± 18.5 ac

	
108.9 ± 20.0 b




	
Ao d (cm)

	
0.283 ± 0.042

	
0.299 ± 0.029

	
0.307 ± 0.027

	
0.283 ± 0.046




	
Ao VTI (cm)

	
3.94 ± 0.86 a

	
5.23 ± 1.20 ab

	
4.30 ± 0.82

	
3.81 ± 1.21 b




	
HR (bpm)

	
321.3 ± 25.8 ab

	
272.5 ± 37.9 c

	
190.0 ± 36.7 ac

	
217.5 ± 67.3 b




	
E (cm/s)

	
0.683 ± 0.117

	
0.812 ± 0.107 ab

	
0.600 ± 0.190 a

	
0.575 ± 0.168 b




	
A (cm/s)

	
0.427 ± 0.097 a

	
0.380 ± 0.149

	
0.385 ± 0.119

	
0.308 ± 0.067 a




	
E/A

	
1.64 ± 0.29 a

	
2.47 ± 1.01 ab

	
1.57 ± 0.21 b

	
1.90 ± 0.49




	
FS (%)

	
6.69 ± 3.30 ab

	
15.4 ± 7.4 a

	
11.2 ± 4.76

	
13.4 ± 6.9 b




	
SV (mL)

	
1.12 ± 0.30 a

	
1.56 ± 0.37 ab

	
1.36 ± 0.22

	
1.10 ± 0.45 b




	
CO (mL/min)

	
357.6 ± 98.1 a

	
420.6 ± 98.2 bc

	
241.2 ± 39.9 ab

	
292.4 ± 125.9 c




	
EF (%)

	
20.1 ± 10.1 ab

	
38.3 ± 14.7 b

	
27.9 ± 11.3

	
37.6 ± 17.1 a








Values are means ± standard deviation of animals in each group. The same letters represent significative differences, a, b, and c (p < 0.05), comparing the same parameters between each animal group. In each line, d in subscript means diastole, and s in subscript means systole; IVS—intraventricular septum thickness; LVPW—left ventricular posterior wall thickness; LV mass—left ventricle mass; LV ET—left ventricular ejection time; Ao—aorta; Ao VTI—aortic velocity time integral; HR—heart rate; E—peak early diastolic transmitral flow velocity; A—peak late transmitral flow velocity; FS—fractional shortening of left ventricle; SV—stroke volume; CO—cardiac output; EF—ejection fraction. CB is the control group fed plain bread (n = 8), and CBR is the group fed bread with 10 mg/kg of RSV a day (n = 8); DB is the fructose/STZ group fed plain bread (n = 7), and DBR is the one fed bread containing 10 mg/kg of RSV a day (n = 8).
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