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Abstract

:

Obesity and high-fat diet (HF) are prevalent causes of oxidative stress (OS). Duodenal-jejunal omega switch (DJOS) is a bariatric procedure used for body mass reduction, extensively tested in animal models. We studied the long-term impact of bariatric surgery and an HF diet on the oxidative stress markers in erythrocytes and heart muscles of rats. We analyzed superoxide dismutase (SOD), catalase (CAT), glutathione transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx) activity and malondialdehyde (MDA) concentration in DJOS or SHAM (control) operated rats fed with different dietary protocols (control diet (CD) and high-fat diet (HF)), before and after the surgery (CD/CD, HF/HF, CD/HF, and HF/CD). We observed higher erythrocytes CAT, GST and GPx activity in DJOS-operated (vs. SHAM) rats fed with an HF/HF diet. For DJOS-operated rats, erythrocytes CAT and GPx activity and MDA concentration were significantly lower in CD/CD group. We observed increased heart muscle GR activity in SHAM-operated rats (vs. DJOS bariatric surgery) fed with an HF/HF diet. Change from HF to CD diet increased heart muscle GPx activity after DJOS bariatric surgery. Heart muscle SOD activity was lower in HF/HF and CD/CD groups after DJOS bariatric surgery (vs. SHAM). DJOS surgery significantly reduced heart muscle MDA concentration in HF/HF and HF/CD groups (vs. SHAM). We conclude that the selected dietary patterns had a stronger impact on oxidative stress markers in erythrocytes and heart muscle than DJOS bariatric surgery.
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1. Introduction


Oxidative stress is a phenomenon reflecting a negative impact that the loss of balance between prooxidative and antioxidative factors has on cells. Studies confirm that oxidative stress takes part in the development of obesity-related complication [1,2,3]. Elevated levels of reactive oxygen species (ROS) and the lower activity of antioxidative enzymes are indicators of oxidative stress [4,5,6]. Both obesity affecting individuals worldwide and a diet rich in fat are linked to oxidative stress and cause many unfavorable health consequences [4,5,7,8].



Erythrocytes are one of many types of cells in which redox imbalance may occur. The fatty acids in the membranes, the increased oxygen level and the hemoglobin presence inside make erythrocytes natural targets for free radicals [9]. The oxidative processes in the erythrocytes entail membrane injury, modifications of the membrane’s structural and functional elements, and changes in the membrane architecture. All these processes cause an increase in erythrocytes’ mean osmotic fragility and inhibition of Mg2+ and Ca2+ ATPase activities [10]. The erythrocytes’ survival rate in plasma of circulating blood depends on the structural and functional integrality of their membranes, which determines the mechanical behavior of the cells. Erythrocytes express several physiological defense mechanisms against intracellular oxidative stress, including cellular, enzymatic antioxidant systems: superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase (GST) [9,10]. Detoxification of hydroperoxides (by glutathione peroxidase (GPx) and catalase) and superoxide free radicals (by SOD) serves as important antioxidative markers in the cell [9,10].



The cardiac function is also impaired by oxidative damage to cellular proteins and membranes, leading to dysfunction of cardiomyocytes and/or their death through apoptosis and necrosis [11]. The heart muscle, due to its structure and function, uses more than 90% of the energy produced during mitochondrial respiration. A high-fat (HF) diet leads to the increased rate of fatty acid oxidation to meet the growing demand for adenosine triphosphate (ATP) needed for heart muscle contractions. That is why the mitochondrial dysfunction impairs the contractile performance of the heart [12] and, thus, obesity increases the risk of cardiovascular diseases [13].



Bariatric surgery is a treatment method which effectively reduces body weight and mortality [14,15]. Duodenal-jejunal omega switch (DJOS) is a kind of bariatric protocol with proximal loop duodeno-enterostomy that bypasses the foregut (foregut theory), and thus the hindgut is directly stimulated (hindgut theory) [16,17]. The advantage of DJOS is a bypass-like procedure, where the pylorus of the patient is saved. This modification prevents patients from symptoms characteristic for postgastrectomy conditions, such as dumping, diarrhea and dyspepsia [18,19]. Duodenal-jejunal omega switch (DJOS) is a very promising bariatric protocol that ameliorates glucose tolerance but is also a rather novel bariatric procedure [20,21,22,23]. That is why the long-term effects of this type of surgery are still studied, mainly in the animal models [20,21,22,23,24].



So far, several studies explored the influence of the diet, operation for weight loss and oxidative stress in animal models [20,21,22,23]. In these studies, the HF diet increased fat tissue amount [24] and oxidative stress levels in skeletal muscles [25], and operation for weight loss proved to diminish the oxidative stress in rats [26]. As far as we are concerned, only one study explored all three abovementioned components together, and it was our previous work performed on rats: we proved the influence of bariatric procedures and diet on the antioxidative enzymes activities and malondialdehyde (MDA) concentration in the soleus muscle [27]. This paper is the continuation of the complex research on the oxidative stress markers in different organs. So far, no studies related to models of oxidative stress markers, high-fat diet and bariatric procedures in the heart tissue and erythrocytes have been performed. This research aimed to investigate the effect of DJOS metabolic surgery combined with an HF and control (CD) diet on antioxidant status of the selected tissues. Based on our previous results [20,27,28], we hypothesized that the HF diet would induce oxidative stress and it would overcome beneficial effects of DJOS bariatric surgery.



In our experimental design, we applied the results from the human studies, showing that some patients failed to reduce the daily caloric intake after metabolic protocol, by keeping half of the rats on an HF diet, post-surgery. We also assumed that, after surgery, patients might change the dietary preferences from a low-calorie diet to more energy-dense food and vice versa. The present research studied the effects of DJOS surgery with a high-calorie diet on antioxidant status of the heart muscle and erythrocytes in rats, which, to the best of our knowledge, has not been reported to date.




2. Materials and Methods


2.1. Animals and Diets


The methodology of the experiment was the same as previously described [27]. We used 56 male 7-week-old Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, MA, USA) weighing 200 ± 7 g. Animals were kept in standard conditions: light–dark cycle 12:12, temperature 22 °C and humidity 40–60%. They also had constant access to water and rat food. Animals were becoming obese after two months’ feeding with a high-fat diet (HF) (EF RAT /E15744/Ssniff Spezialdiäten GmbH, Soest, Germany) composed of 27% carbohydrate, 59% fat and 14% protein. The control group of rats was fed with the control diet (CD) composed of 4.9% fat, 24% protein, 7% crude ashes and 4.7% crude fiber (Provimi Kliba AG, Kaiseraugst, Switzerland). Rats fed with HF and CD diet received, respectively, 5.04 and 3.59 kcal/g (23 and 15 kJ/g) of daily energy.



The experimental procedures were approved by the Local Ethical Committee for Animal Experimentation of the Medical University of Silesia (58/2014) and conducted according to Directive 2010/63/EU.




2.2. Experimental Design


After 7 days of acclimatization to the default conditions, the animals were randomly divided into two groups, CD (n = 28) and HF (n = 28), and kept on the respective diet for 2 months. After that time, the animals underwent one of the two types of the bariatric surgery: 14 animals underwent SHAM (control) procedure, and the other 14 underwent DJOS procedure (Figure 1A). After the procedure, half of the rats (n = 7) had the diet changed, and half of them remained on the same diet as previously (Figure 1A). Two months after DJOS and SHAM procedures, we collected the blood and heart tissue samples. The experimental procedures complied with the “3Rs” (Replacement, Reduction and Refinement) rule for performing more humane animal research [29].




2.3. Bariatric Procedures


The DJOS (duodenal-jejunal omega switch) procedure was done as previously reported [30]. Before DJOS surgery, the animals were anaesthetized with 2% isoflurane (AbbVie Deutschland GmbH & Co. KG, Wiesbaden, Germany). During the procedure: the animals maintained spontaneous breathing, and oxygen flow of 2 L/min was applied; we administered Xylazine (5 mg/kg, intraperitoneal (i.p.); Xylapan, Vetoquinol Biovet, Gorzów Wielkopolski, Poland) for analgesia and gentamicin (10 mg/kg, intramuscular (im); KRKA, Warszawa, Poland) for antibiotic prophylaxis. The entire duodenum and proximal jejunum were bypassed, whereas the stomach was left intact. The separation spot between the duodenum and the stomach was below the pylorus. The distal part of duodenum was closed with Prolene 6/0 (Ethicon, Somerville, New Jersey, United States). The duodeno-enterostomy was positioned above the Treitz ligament, located approximately at one-third of the total small-bowel length. The duodenojejunostomy was a hand-sewn (6-0 sutures), continuous end-to-side simple antecolic, extramucosal anastomosis. Carprofen (4 mg/kg, subcutaneous (sc); Rimadyl, Pfizer, Zürich, Switzerland) was used for analgesia for 3 consecutive days after the procedure.



To perform the SHAM (control) procedure, transections and re-anastomosis of the gastrointestinal tract were made at the analogous locations where enterotomies were performed for the DJOS so that the physiological passage of the food through the intestines could be maintained (Figure 1B,C). The anesthesia, analgesia, antibiotic prophylaxis and sutures applied were the same as for the DJOS procedure.




2.4. Blood Collection


Two months after the surgery, we collected blood samples (5 mL) from the right ventricle to the tubes with ethylenediaminetetraacetic acid (EDTA). Then we centrifuged the samples (5000 rpm, 10 min, 4 °C), to separate the erythrocytes, and washed the pellet with buffer solution (0.01 M PBS, 0.14 M NaCl, pH 7.4) three times. The separated erythrocytes were chilled to 4 °C and then stored at −80 °C, until the analysis. Before the analysis, the red blood cells were thawed, diluted with distilled water, and then they were chilled to 4 °C.




2.5. Tissue Collection


Two months post-surgery, we harvested 100 mg of cardiac tissue from the left ventricle and put it in 1 mL of a homogenizing buffer with protease inhibitors. The heart tissue was homogenized (1:10 w/v) in 0.9% NaCl with a glass homogenizer (Potter-Elvehjem PTFE, Sigma-Aldrich, Darmstadt, Germany) and then sonicated (Virsonic 100, VirTis, Gardiner, NY, USA). The lysate was centrifuged for 10 min, at 4000 rpm, at 4 °C, and treated as one independent sample. The tissue samples were then frozen and stored at −80 °C, until the analysis.




2.6. Oxidative Stress Markers’ Analysis


We analyzed the state of the antioxidant system in the heart tissue and erythrocytes. We determined the activity of total superoxide dismutase activity (SOD), catalase (CAT), glutathione reductase (glutathione disulfide reductase, GR, GSR), glutathione transferase (GST) and glutathione peroxidase (GPx). The lipid peroxidation was assessed by measuring malondialdehyde (MDA) concentration. In the heart muscle, we additionally determined the activity of Mn-dependent superoxide dismutase (MnSOD) and Cu–Zn superoxide dismutase activity (CuZnSOD).



2.6.1. Glutathione Reductase (GR) Activity (EC 1.8.1.7)


GR activity was determined by using the kinetic method and is expressed as μmoles of Nicotinamide adenine dinucleotide phosphate (NADPH) utilized in 1 min 1 g of hemoglobin (IU/g Hb) for hemolysate or per 1 g of protein (IU/g protein) for heart muscle samples [31]. This method is based on changes in the concentration of NADPH that react with oxidized glutathione. The changes in absorbance at 340 nm were measured with a PERKIN ELMER Victor X3 reader (PerkinElmer, Inc., Waltham, Massachusetts, United States).




2.6.2. Catalase (CAT) Activity (EC 1.11.1.6)


CAT activity was assessed, using the Aebi method [32]. In this method, the hemolysate or heart muscle homogenate is mixed with perhydrol in 50 mM TRIS/HCl buffer, pH 7.4, and the reaction is started by adding freshly prepared hydrogen peroxide. The rate of decomposition of hydrogen peroxide can be measured spectrophotometrically at 240 nm. CAT activity is expressed as units per 1 g of hemoglobin (IU/g Hb) for hemolysate, or per 1 g of protein (IU/g protein) for heart muscle samples.




2.6.3. Glutathione Peroxidase (GPx) Activity (EC 1.11.1.9)


GPx activity was measured by using the kinetic method [33], with t-butyl peroxide as a substrate. In this reaction, oxidized glutathione (GSSG) is regenerated in the presence of glutathione reductase (GR) and NADPH. GPx activity was expressed as μmoles of NADPH oxidized in 1 min per 1 g of hemoglobin (IU/g Hb) for hemolysate or per 1 g of protein (IU/g protein) for heart muscle samples.




2.6.4. Glutathione-S Transferase (GST) Activity (EC 2.5.1.18)


GST activity was estimated, using the Habig and Jakoby kinetic method [34]. The reaction mixture containing reduced glutathione was added to hemolysate/heart muscle samples. After initial stabilization, 1-chloro-2,3-dinitrobenzene (in ethyl alcohol solution) was added, and absorbance changes were monitored, using a PERKIN ELMER Victor X3 reader, at 340 nm wavelength, for at least 3 min. GST activity was expressed as μmoles of thioether formed within 1 min per 1 g of hemoglobin (IU/g Hb) for hemolysate, or per 1 g of protein (IU/g protein) for heart muscle samples.




2.6.5. Superoxide Dismutase (SOD) Activity (EC 1.15.1.1)


Total SOD activity was measured, using the Oyanagui method [35]. In this method, xanthine oxidase catalyzes the production of superoxide anion that reacts with hydroxylamine to produce nitroso ion. The latter combined with n-(1-naphthyl)ethylenediamine and sulfanilic acid gives a color combination that can be measured spectrophotometrically.



Potassium cyanide (KCN) inhibits CuZnSOD activity; hence, CuZnSOD activity was assessed by calculating the difference between total SOD and MnSOD activity. Total SOD activity was presented as nitrite units (NU) per mg of hemoglobin/protein. One NU is 50% blockage of nitrite ions formation as described by Oyanagui [35].




2.6.6. Malondialdehyde (MDA) Concentration


MDA concentration was measured by using the spectrophotometric method (wavelengths: 552 nm for emission and 515 nm for excitation; Perkin Elmer LS45 spectrofluorimeter, (PerkinElmer, Inc., Waltham, Massachusetts, United States) by Ohkawa et al. [36] and standard curve prepared for 1,1,3,3-tetraethoxypropane—the product of malondialdehyde and thiobarbituric acid reaction. MDA concentration was expressed in μmol/g protein for heart muscle and μmol/g Hb for erythrocytes.




2.6.7. Protein Concentration


Hemoglobin concentration in hemolysates was estimated according to a modified Drabkin method [37]. Protein concentration in the heart muscle tissue was assessed according to the Lowry method [38].





2.7. Statistical Analysis


Statistical analysis was performed, using STATISTICA 12.5 PL (StatSoft, Cracow, Poland). The mean value ± SD (for a normal distribution) was used, and median with lower–upper quartile range (for data with skewed or non-normal distribution) was chosen to express interval data. The Shapiro–Wilk test evaluated the distribution of variables and the quantile–quantile plot, and homogeneity of variances was checked by using the Levene’s test. The U Mann–Whitney test, the non-parametric Kruskal–Wallis test, or the two-way parametric ANOVA with post hoc contrast analysis was used for comparison of data. Logarithmic transformation for skewed data distribution was performed before analysis. A p < 0.05 was considered statistically significant, and all of the tests were two-tailed.





3. Results


The effect of DJOS and SHAM bariatric procedures on antioxidative systems of the erythrocytes is presented in Figure 2, Figure 3, Figure 4 and Figure 5, and the results for heart tissue are presented in Table 1. The effect of diet used pre- and post-surgery, in relation to DJOS and SHAM procedures, on antioxidative systems of the erythrocytes and the heart muscle is presented in Table 2.



3.1. Erythrocytes


3.1.1. Erythrocytes Glutathione Reductase (GR) Activity


GR activity in the erythrocytes of all experimental groups of animals that underwent DJOS and SHAM procedure was related to the diet used in the experiment (Figure 2A DJOS vs. SHAM, p < 0.001) and interaction between surgery and diet (Figure 2A DJOS vs. SHAM, p < 0.001), but it did not relate to the surgery itself (Figure 2A DJOS vs. SHAM, p = 0.897). When comparing the impact of the diet on GR activity between DJOS-operated and SHAM-operated animals, we noticed that the difference was significant for the HF/CD and CD/HF groups (Figure 2A and Table 2). GR activity of the DJOS-operated HF/CD group was significantly higher than in SHAM-operated HF/CD diet group, whereas GR erythrocyte’s activity in the DJOS-operated CD/HF group was significantly lower than in SHAM-operated CD/HF animals. The GR activity in erythrocytes of animals from the HF/HF and CD/CD study groups was at the same level in DJOS- and SHAM-operated rats.



GR erythrocyte’s activity significantly differed among DJOS-operated rats, with the highest activity in the HF/CD group and the lowest in the HF/HF group (Figure 2A and Table 2).



In SHAM-operated rats, the highest GR erythrocyte’s activity was observed in CD/HF group, while the lowest was in HF/CD group (Figure 2A and Table 2).




3.1.2. Erythrocytes Catalase (CAT) Activity


The type of diet applied in all studied groups (Figure 2B DJOS vs. SHAM, p < 0.001), the type of surgery (Figure 2B DJOS vs. SHAM, p < 0.05) and their mutual relation (Figure 2B DJOS vs. SHAM, p < 0.001) significantly influenced CAT activity.



Erythrocytes CAT activity in the DJOS-operated rats significantly differed when compared to CAT activity in SHAM-operated animals (Figure 2B and Table 2). It was significantly higher in the HF/HF group and significantly lower in the HF/CD group, CD/HF and CD/CD of DJOS-operated animals, when compared to the respective diet groups of animals that underwent SHAM surgery (Figure 2B and Table 2).



In the DJOS-operated rats, the erythrocytes CAT activity differed significantly among studied dietary groups, i.e., HF/HF and CD/HF, HF/HF and HF/CD, and HF/HF and CD/CD, with the lowest activity measured for the CD/HF diet group and the highest measured for the HF/HF group (Figure 2B and Table 2).



Erythrocytes CAT activity also differed significantly among studied diet groups of the animals that underwent SHAM surgery (Figure 2B and Table 2), but in this group of animals, the trend was the opposite: the lowest value of CAT activity was measured for the HF/HF group and the highest for the CD/HF group (Figure 2B and Table 2).




3.1.3. Erythrocytes Glutathione Peroxidase (GPx) Activity


The dietary pattern (Figure 2C DJOS vs. SHAM, p < 0.05), metabolic procedure (Figure 2C DJOS vs. SHAM, p < 0.01) and interaction between these two factors used in all experimental groups (Figure 2C DJOS vs. SHAM, p < 0.001) had a significant impact on the GPx activity in the erythrocytes. When comparing the animals that underwent DJOS surgery with these after SHAM procedure, we noticed significantly higher GPx activity in the HF/HF and HF/CD groups, and significantly lower activity in the CD/CD group for the DJOS-operated rats (Figure 2C and Table 2).



Erythrocytes GPx activity measured for DJOS-operated rats from four dietary groups differed significantly for the HF/HF and CD/HF, HF/HF and CD/HF, HF/CD and CD/HF, and also for the HF/CD and CD/HF group. The lowest GPx activity was noted for the CD/CD group, while the highest for the HF/HF diet group (Figure 2C and Table 2).



Erythrocytes GPx activity in SHAM-operated rats did not differ significantly for all four dietary groups (Figure 2C and Table 2).




3.1.4. Erythrocytes Glutathione-S-Transferase (GST) Activity


The inter-group comparison of erythrocytes GST activity did not depend on the type of the surgery performed (Figure 3 DJOS vs. SHAM, p = 0.417) but depended on the diet the rats were fed (Figure 3 DJOS vs. SHAM, p < 0.001) and the interaction between the diet and the type of surgery performed (Figure 3 DJOS vs. SHAM, p < 0.001). GST activity in the group of animals that underwent the DJOS procedure was significantly higher in the HF/HF group and lower in the CD/HF groups, when compared with the SHAM-operated rats (Figure 3 and Table 2).



Erythrocytes GST activity of animals that underwent DJOS surgery differed significantly in the HF/CD and CD/CD, HF/HF and HF/CD, CD/HF and CD/CD, and also in the HF/HF and CD/HF dietary groups. The highest GST activity was observed in the HF/HF dietary group, and the lowest GST activity was measured in erythrocytes of animals fed with the CD diet pre- and post-surgery (Figure 3 and Table 2).



Erythrocytes GST activity in SHAM-operated rats significantly differed for the HF/CD and CD/HF, HF/HF and CD/HF, HF/CD and CD/CD, and also for the CD/HF and CD/CD dietary groups (Figure 3 and Table 2).




3.1.5. Erythrocytes Total Superoxide Dismutase (SOD) Activity


The total SOD activity, compared between study groups of DJOS- and SHAM-operated animals, was influenced only by the diet type used pre- and post-surgery (Figure 4 DJOS vs. SHAM, p < 0.001). The type of the metabolic procedure and interaction between studied factors had no impact on the total SOD activity measured in the rats’ erythrocytes (Figure 4 DJOS vs. SHAM, p = 0.982 and p = 0.912, respectively).



Total SOD activity measured in the erythrocytes of DJOS-operated rats differed significantly for the HF/HF and CD/HF, HF/HF and HF/CD, and also for the HF/HF and CD/CD dietary groups. The lowest value of total SOD activity was observed for the CD/CD dietary group, whereas the highest value was measured for the HF/HF group (Figure 4 and Table 2).



Among SHAM-operated rats, the erythrocytes total SOD activity differed between the HF/HF and CD/CD, and the HF/HF and HF/CD groups. The highest SOD activity was noted for the HF/HF dietary group, whereas the lowest was noted for the CD/CD dietary group (Figure 4 and Table 2).




3.1.6. Erythrocytes Malondialdehyde (MDA) Concentration


In DJOS vs. SHAM study groups, the lipids peroxidation level significantly depended on the diet used before and after the surgery (Figure 5 DJOS vs. SHAM, p < 0.001), as well as on the interaction between surgery and diet (Figure 5 DJOS vs. SHAM, p < 0.001), but not on the type of the bariatric procedure per se (Figure 5 DJOS vs. SHAM, p = 0.788). Erythrocytes MDA concentration significantly increased in DJOS-operated rats from the HF/HF dietary group, when compared with the rats from the same dietary group of rats that underwent SHAM procedure. The opposite change was noted for the CD/CD study group (Figure 5 and Table 2).



Among DJOS-operated rats, the highest erythrocytes MDA concentration was detected in the HF/HF dietary group, whereas the lowest for the CD/CD dietary group (Figure 5 and Table 2).



In SHAM-operated rats, the erythrocytes MDA concentration differed significantly between the HF/CD and CD/CD, HF/HF and CD/CD, and also between the CD/HF vs. CD/CD dietary groups. The highest MDA concentration was measured for the HF/CD group, whereas the lowest MDA concentration for the CD/CD group (Figure 5 and Table 2).





3.2. Heart Muscle


3.2.1. Heart Muscle Glutathione Reductase (GR) Activity


Heart muscle GR activity was significantly influenced both by the diet and the surgery type and additionally by their mutual interaction (Table 1 DJOS vs. SHAM; Table 2).



The highest values of GR activity in the heart muscle were measured in the groups with an HF diet used pre- and post-DJOS and SHAM procedures, while the lowest activity of this enzyme was measured for groups of rats fed pre- and post-operatively with a CD diet. We observed that significantly higher levels of GR activity in the heart muscle were measured for SHAM-operated animals, and lower levels of GR activity were measured for DJOS-operated animals in the groups where an HF diet was used (HF/HF, HF/CD and CD/HF) (Table 1 and Table 2).



The highest heart muscle GR activity was observed in the HF/HF group of DJOS-operated rats, when compared with other dietary groups (Table 1 and Table 2). The same result was observed for rats from SHAM-operated groups.




3.2.2. Heart Muscle Catalase (CAT) Activity


Heart muscle CAT activity was significantly influenced by the dietary pattern diet used in the experiment, by the type of surgery performed and by the interaction between these two factors (Table 1 DJOS vs. SHAM; Table 2).



The effect of the surgery was most clearly observed in the HF/HF group, where the heart muscle CAT activity was fivefold higher in the SHAM-operated rats, when compared with DJOS-operated animals (Table 1 and Table 2).



The HF/HF dietary plan significantly reduced heart muscle CAT activity in comparison to the other dietary groups of DJOS-operated rats. Changing the diet from HF to CD after DJOS procedure significantly altered heart muscle CAT activity: It was almost two times higher in comparison with the HF/HF dietary group. The effect of surgery on heart muscle CAT activity was visible in all DJOS-operated animals, except for the HF/HF group, where a strong interference of the diet was observed.



Th HF diet used pre- and post-SHAM surgery significantly changed heart muscle CAT activity: It was three times higher than in the HF/CD, CD/HF and CD/CD dietary groups (Table 1 and Table 2).




3.2.3. Heart Muscle Glutathione Peroxidase (GPx) Activity


Inter-group analysis showed that heart muscle GPx activity depended on the surgery and the dietary pattern (Table 1 DJOS vs. SHAM; Table 2).



The general pattern of heart muscle GPx activity was similar for both types of procedure. Heart muscle GPx activity was significantly elevated in the HF/CD dietary group of DJOS-operated animals when compared with to the same dietary group of SHAM-operated animals (Table 1 and Table 2).



Among the DJOS-operated animals, heart muscle GPx activity of the HF/CD group was the highest, while GPx activity of the HF/HF group was the lowest. After the DJOS procedure, a switch of the dietary pattern from HF to CD significantly increased GPx activity, while the HF/HF dietary pattern reduced it significantly, when compared to the CD/CD group (Table 1 and Table 2).



We observed no significant differences between the different dietary protocols of SHAM-operated animals.




3.2.4. Heart Muscle Glutathione-S-Transferase (GST) Activity


Heart muscle GST activity was similar in all dietary groups both after DJOS and after SHAM surgery. Hence, no significant changes in heart muscle GST activity were observed, so the multiple comparisons in contrast analysis were not performed (Table 1 DJOS vs. SHAM; Table 2).




3.2.5. Heart Muscle Total Superoxide Dismutase (SOD) Activity


Heart muscle total SOD activity was significantly influenced by the dietary protocol, by the type of surgery performed and by the interaction between these two parameters (Table 1 DJOS vs. SHAM; Table 2).



Heart muscle total SOD activity was significantly lower in the HF/HF, CD/HF and CD/CD diet groups of DJOS-operated rats than in the respective groups of SHAM-operated rats (Table 1 and Table 2). DJOS surgery significantly reduced total SOD activity in the HF/HF and CD/CD dietary groups, when compared with the same group in SHAM-operated rats.



The diet change from CD to HF significantly increased heart muscle total SOD activity measured for DJOS-operated animals (Table 1 and Table 2). Each diet change, from HF to CD and from CD to HF, significantly increased heart muscle total SOD activity, when compared to the groups with no change in the diet in DJOS-operated rats (Table 1 and Table 2).



In SHAM-operated animals, an HF diet used pre- and post-surgery strongly increased total SOD activity when compared to the groups with the changed dietary pattern. In contrast to the DJOS-operated animals, change in the dietary pattern per se strongly decreased total SOD activity measured in the heart muscle of SHAM-operated animals (Table 1 and Table 2).




3.2.6. Heart muscle Mn-Dependent Superoxide Dismutase (MnSOD) Activity


Both DJOS and SHAM surgery and the dietary pattern had a significant impact on heart muscle MnSOD activity; however, the interaction between these two factors did not influence on the enzyme activity (Table 1 DJOS vs. SHAM; Table 2).



Significantly higher levels of heart muscle MnSOD activity were observed in the DJOS-operated rats fed with the HF/HF diet, in comparison to SHAM-operated animals.



The change from HF to CD diet resulted in increased heart muscle MnSOD activity, when compared with rats fed with HF pre-and post-DJOS procedure (Table 1 and Table 2).



In SHAM-operated animals, the heart muscle MnSOD in the HF/HF group was significantly reduced, when compared to other analyzed dietary groups (Table 1 and Table 2).




3.2.7. Heart Muscle Copper–Zinc Superoxide Dismutase (CuZnSOD) Activity


A combination of the dietary pattern used pre- and post-bariatric protocol had a significant influence on CuZnSOD activity in the heart muscle of DJOS and SHAM-operated rats (Table 1 DJOS vs. SHAM; Table 2). Nevertheless, the activity of CuZnSOD did not depend on the type of surgery applied in the experiment (Table 1 and Table 2).



Heart muscle CuZnSOD activity in the groups with the changed dietary pattern (HF/CD and CD/HF) was significantly higher in DJOS-operated animals, when compared to SHAM-operated animals, whereas the enzyme activity in groups with no change in the diet (CD/CD and HF/HF) was higher in SHAM-operated animals when compared to those DJOS-operated (Table 1 and Table 2).



Heart muscle CuZnSOD activity of DJOS-operated rats was higher in the groups with a change in the dietary pattern (from HF to CD and from CD to HF), when compared to the groups with no change in the diet (HF/HF and CD/CD).



The activity of heart muscle CuZnSOD was significantly lower in the groups of animals fed with CD diet before and/or after SHAM procedure (CD/HF and CD/CD) when compared to animals kept on the HF diet pre- and post-operatively. Heart muscle CuZnSOD activity in the HF/CD group was significantly higher in comparison with the CD/HF group, and it was significantly lower than in CD/CD group of SHAM-operated rats (Table 1 and Table 2).




3.2.8. Heart Muscle Malondialdehyde (MDA) Concentration


The process of lipid peroxidation in the heart muscle was significantly modified by the type of dietary pattern, by the bariatric protocol applied in the experiment and by the interaction between the diet and the surgery (Table 1 DJOS vs. SHAM; Table 2).



DJOS surgery significantly reduced MDA concentration in the heart muscle of animals fed with the HF/HF and HF/CD diet when compared with SHAM-operated animals (Table 1 and Table 2). MDA concentration in the heart muscle of animals from the CD/HF DJOS-operated group was significantly elevated when compared to the respective dietary group of SHAM-operated animals.



A change of diet from CD to HF resulted in a significant increase of MDA concentration in the heart muscle of DJOS-operated rats, when compared to other dietary groups of animals that underwent the same procedure (Table 1 and Table 2).



An HF diet used before and after SHAM surgery (HF/HF) and change from HF to CD diet (HF/CD) resulted in significantly higher MDA concentration when compared to the groups of rats fed with the CD diet before the surgery (Table 1 and Table 2). The HF/CD dietary pattern resulted in the highest MDA concentration within the SHAM-operated groups of rats.






4. Discussion


This paper is a continuation of the recently presented project by Skrzep-Poloczek et al. [27] that aimed to assess the relationship between bariatric surgery, high-fat (HF) diet and oxidative stress. Since the field of bariatric surgery develops intensively, systematic research is compulsory. Here we report the impact of bariatric surgery and high-fat diet on the oxidative stress markers in blood and heart muscle, in the experimental animal model [27,30].



4.1. Erythrocytes


We found that the influence of the diet on the erythrocytes glutathione reductase (GR) activity in DJOS (duodenal-jejunal omega switch) and SHAM-operated (control) rats was significantly higher in groups with the change in diet after the surgery (CD/HF and HF/CD, where CD stands for control diet) than in the rats fed with the same diet before and after surgical procedure (CD/CD and HF/HF). Endogenous defense mechanisms are often not effective enough to completely counteract or neutralize free radicals triggered by a high-fat diet [39]. This work may confirm the hypothesis that changes in GR activity profile may be assessed in relation to diverse dietary patterns, but not necessarily to DJOS or SHAM bariatric surgery methods. The highest catalase (CAT) activity in the heart muscle of rats maintained on the HF diet before and after DJOS surgery may suggest that the deleterious effect of the HF diet is stronger than the protective effect of DJOS surgery. A similar situation was detected for SHAM-operated rats from the CD/HF group: the change to an HF diet after the surgery caused a significantly higher ROS production, which was not observed in other study groups. The highest susceptibility to lipid peroxidation was found in the erythrocytes of rats fed with the HF diet. Changes in erythrocytes GR activity, compared to other analyzed enzymes, might be considered a compensatory mechanism neutralizing the negative impact of reactive oxygen species (ROS) on erythrocyte’s metabolism and being triggered under the conditions of ketogenic and obesogenic diet. Glutathione peroxidase (GPx) activity is frequently analyzed in erythrocytes as a marker of hemoglobin autoxidation and also of a regular generation of ROS and hydrogen peroxide [40]. In human studies, age, gender, lifestyle and ageing determined the antioxidant enzymes activity [41]. In accordance with this research, the HF diet significantly surged GPx activity in animals that underwent DJOS surgery. Other studies showed that GPx activity positively correlated with the circulating levels of oxidized LDL [42]. We might assume that the observed boost in GPx erythrocyte’s activity neutralizes the potential damage caused by oxidant factors. It is also known that the increased amount of visceral adipose tissue leads to more intensive ROS production [43,44,45]. Moreover, elevated levels of fatty acids in plasma of obese adults appear to trigger enzymes activity [46]. A hypercholesterolemic, atherogenic diet affects cholesterol/phospholipid ratio of erythrocyte’s membrane, consequentially changing its structural integrity and thus increasing cells’ osmotic frailty [47]. In this work, erythrocytes glutathione S-transferase (GST) activity was strongly stimulated by the HF diet both in DJOS- and SHAM-operated rats. The increase in GST activity surged by nutritional exposure to high-fat content provides plausible mechanistic evidence that the diet and ROS-induced inflammation significantly influence different pathological processes.



Oxidative stress is an essential factor that modulates the progression of complications triggered by diet-induced obesity, such as impaired glucose tolerance, in rats. Rats maintained on an HF diet showed increased body mass and increased levels of oxidative stress markers, including total superoxide dismutase (SOD) activity [48,49]. Cellular enzymatic antioxidants play a supportive role in defense against oxygen free radicals, and superoxide dismutase is one of the essential anti-ROS enzymes. Hyperlipidemia is regarded as a serious clinical manifestation of HF diet fed to rats [50]. Our results show that erythrocytes’ total SOD activity depended on the HF diet but not on the surgery performed in the experiment.



Obesity is an unconstrained risk factor for intensive oxidative lipid destruction and reduced activity of cellular protective enzymes. No study, neither in animals nor in humans, has yet to analyze malondialdehyde concentration in erythrocytes after the bariatric procedure in relation to HF and CD diets. The results of this study prove that an HF diet enhances lipid peroxidation in erythrocytes, expressed by elevated levels of malondialdehyde (MDA) in hemolysate, independently from the surgery, and this harmful dietary impact is stronger than the protective effect of bariatric surgery. Taking into account the information presented above, we may hypothesize that erythrocyte’s antioxidative enzymes activity depends more on the type of diet used pre- and post-operatively and the enzyme investigated than on the bariatric surgery. The results imply that the HF diet is the least favorable method of therapy, while the control diet (CD) is more beneficial in respect of oxidant–antioxidant status following bariatric surgery.



In our previous research, we demonstrated that the dietary pattern selected pre- and post-DJOS and SHAM protocols determines levels of oxidative stress, the activity of enzymatic and non-enzymatic systems in the soleus muscle of rats [27]. The present study, which is a continuation of the previous experiment, confirms that the antioxidant status is associated with the type of diet used pre- and post-operatively. However, we have found that the oxidative stress enzymes responses to diet and operation stimuli in erythrocytes are different from those observed previously in the skeletal muscle. In the former experiment, we found that feeding rats with the CD or HF diet before and after the operation was related to the lowest level of antioxidative enzymes activity, while diet change after the operation, from CD to HF or the reverse, remarkably exacerbated the ROS production and lipid peroxidation [27]. The main observation coming up from the present study is that the HF diet used before and after DJOS operation, as compared to the SHAM procedure, led to a significant increase in some antioxidative enzymes activity (CAT, GPx and GST) and MDA concentration, while using the CD diet before and after the surgery resulted in significantly lower antioxidative enzymes activity (CAT and GPx) and MDA concentration. After DJOS surgery, the activity of all investigated enzymes (except for GR) and MDA concentration were increased in rats fed according to the HF/HF dietary pattern, in comparison with rats fed according to the CD/CD dietary pattern. Remaining on the HF diet after the surgery led to more disturbances in oxidative stress, as measured by activity of enzymes and MDA concentration in erythrocytes than remaining on the CD diet, while, in our previous experiment, the most detrimental to the soleus muscle of the studied rats changing was the diet from HF to CD or the reverse.



The results of the presented study indicate that, in regard to oxidative stress in erythrocytes, it does matter what kind of diet is used before and after the procedure, and the control diet is always the choice of preference. This has the practical implication: In the future, whenever bariatric surgery procedures are concerned, the type of diet should be analyzed, especially in relation to human subjects.




4.2. Heart Muscle


A mechanism underlying heart failure in obese patients is related to the altered fat tissue amount, inflammatory processes and changed cardiac physiology that is convoluted by co-morbidities [51]. Morbid obesity may increase metabolic demands and shift the cardiomyocyte substrate usage from fatty acids to glucose [51]. As a consequence, this can impair glucose uptake and utilization and fatty acid ß-oxidation, and it can also lead to mitochondrial dysfunction and reactive oxygen species (ROS) generation [52]. Increased glutathione reductase (GR) activity seems to be a defensive mechanism preventing the over-quenching of intracellular ROS required for insulin signaling [53]. The increased glutathione production protects cardiac muscle against electromechanical dysfunction and cell death and is strongly connected with higher GR activity [54]. Our results show that heart muscle GR activity was strongly influenced by both studied factors: the type of diet and surgery applied. We observed a similar pattern of GR activity in all analyzed combinations of diets for DJOS- and SHAM-operated rats; nevertheless, heart muscle GR activity in DJOS-operated groups was lower than in SHAM-operated ones. The highest activity of this enzyme was measured for the HF/HF groups. DJOS surgery significantly affects GR activity in the heart muscle, when compared to SHAM-operated animals. Knowing that reactive oxygen species are responsible for the changes in GR activity, we hypothesized that DJOS surgery had a protective effect on ROS production and thus reduced the deleterious effect of selected combinations of dietary patterns.



The heart is particularly sensitive to oxidative stress, having lower levels of ROS scavengers such as copper–zinc superoxide dismutase (CuZnSOD), catalase (CAT) and glutathione reductase, (GPx) when compared to other organs, especially to the liver [55]. CAT is one of the enzymes neutralizing H2O2, and thus its activation in SHAM-operated rats fed with HF diet might be connected with the reduction of H2O2 pool in vivo. Cardiac oxidative stress and high CAT activity levels are correlated with boosted fat metabolism, high-fat diet and obesity [56]. We report a decrease in CAT activity in DJOS-operated rats fed with an HF diet pre- and post-surgery, when compared to the respective groups of SHAM-operated rats. Heart muscle CAT activity after DJOS surgery remained unchanged in the groups with different dietary patterns, except for the HF/CD group, where the change of the diet increased its activity. A significant increase in heart muscle CAT activity was reported for the HF/HF dietary group of SHAM-operated arts. Other study shows that the HF diet impaired CAT activity during ischemia/reperfusion injury and reduced the capacitance of the myocardium to scavenge reactive oxygen species produced during this injury. Nevertheless, the change from HF to CD significantly downregulated catalase protein expression back to the control-diet level [57]. That observation goes along with our results for DJOS-operated rats: Heart muscle CAT activity in the HF/CD group was similar to CD/CD dietary group of SHAM-operated rats (control). We suggest that exclusion of the first part of the digestive tract from contact with high-energy condensed food stimulates a reduction in CAT activity. This can support the thesis that feeding rats with a control diet before and/or after the surgery improved antioxidant reserve of their hearts. DJOS surgery significantly reduced the deleterious effect of HF/HF dietary pattern measured by CAT activity in the heart muscle tissue.



Our study showed limited differences in heart muscle glutathione peroxidase (GPx) activity between DJOS and SHAM-operated animals. Only the HF/CD group of DJOS-operated rats showed higher GPx activity when compared to the respective group of SHAM-operated animals. That may suggest that a change of diet from HF to CD stimulates a glutathione-dependent response in the cardiomyocytes of DJOS-operated rats.



Studies performed by Hill and Signal [58] on the rat experimental model confirmed that cardiac failure and myocardial infarction are related to the antioxidant capacity deficit and increased oxidative stress. Other studies showed that bariatric procedures efficiently amended cardiovascular risk and diminished overall mortality [15,59]. Nevertheless, the mechanisms that control these cardiovascular ameliorations stay unclear. The reduction of the body mass after surgery also stimulates normalization of blood pressure and improvements to left ventricular mass [60,61]. The correlations between serum oxidative stress markers and the results after effort go along with the hypothesis that redox markers correlate with cardiac contractility and cardiac output, as well as with impairment of peripheral blood flow, hypoxia and skeletal muscle function [62,63,64]. It is known that mitochondrial respiration in the cells and tissues increases after gastric bypass and sleeve gastrectomy, when compared with the preoperative status of the patients [65]. However, the impact of dietary modifications on cardiovascular outcomes before and after bariatric surgery is still not fully studied [66]. Total superoxidase dismutase (SOD) activity is a marker of primary defense acting against oxygen-derived free radicals and is significantly induced by exposure to oxidative stress. Total SOD activity also maintains the aerobic conditions of the cell [67]. Other studies on the HF diet reported elevated SOD activity in HF-diet-induced obese rats, which may be understood as a compensatory adaptation to oxidative stress in high-fat-diet-induced obesity [68]. In our study, different dietary patterns pre- and post-DJOS and SHAM surgery had a strong impact on total SOD activity measured in heart muscle. A change from an HF diet to a CD and from a CD to an HF caused an increase in total SOD activity in DJOS-operated rats in comparison to the groups that remained on the same type of the diet for the duration of the experiment. Conversely, a change of the diet after SHAM procedure led to a decrease in total SOD activity. Regarding the total SOD and CuZnSOD activities, our results show that, in relation to DJOS surgery, a change of the diet from HF to CD and/or from CD to HF caused an increase in activity of those two distinct enzymes in comparison to the groups that remained on the same type of the diet. The activity of CuZnSOD was strongly related to the type of dietary patterns used in the experiment. We observed similar patterns of heart muscle Mn-dependent superoxide dismutase (MnSOD) activity after DJOS and SHAM. MnSOD, which is active in the mitochondria, is responsible for more than 70% of the heart muscle total SOD activity and more than 90% of this enzyme activity in cardiomyocytes. The remaining activity of total SOD is covered by CuZnSOD, which is typically working in the cytosol [69]. A strong influence on MnSOD was reported in anthracycline-induced cardiomyopathy. Systemic anthracycline treatment significantly downregulated the expression of MnSOD mRNA, of the respective protein and reduced its enzymatic activity for approximately 21 days [70]. In our study, a change of the diet caused an increase in the heart muscle MnSOD activity in the DJOS- and SHAM-operated animals. Exclusion of 1/3 of the small intestine and change of diet stimulated the total SOD, MnSOD and CuZnSOD activities, which are the main scavengers of anion superoxide (O2−). The cardiac oxidative stress, as demonstrated by increased MnSOD and CuZnSOD activities, was higher in DJOS-operated rats when compared to SHAM-operated ones. More intense adaptive processes could explain the discrepancy between DJOS- and SHAM-operated animals after severe stress caused by duodenal-jejunal exclusion and metabolic intervention.



Lipid peroxidation is considered to be an element of obesity-induced pathology [71]. Elevated malondialdehyde (MDA) levels were observed in the plasma of patients with symptoms of congestive heart failure [72]. Our results show that obesity increased lipid peroxidation in cardiac muscle was higher in SHAM-operated animals fed with the HF diet, before and after the surgery, than in DJOS-operated groups. The heart muscle MDA cardiac concentration was significantly reduced in rats fed with a CD diet. DJOS surgery significantly reduced the risk factor for increasing lipid peroxidation. A significant increase in MDA concentration in the HF/CD group may suggest that change from a CD to an HF diet after DJOS surgery reduces antioxidant defense mechanisms. DJOS surgery had a beneficial effect on the MDA concentration in the groups fed only with the atherogenic, HF diet. A switch of the diet from HF to CD and/or from CD to HF significantly increased the heart muscle MDA concentration in groups after both types of surgery.



Several studies on heart failure have provided consequential reports that oxidative stress enhances under the conditions of heart failure and contributes to disease progression [73]. The pivotal role of oxidative stress is also well explained in diabetic cardiomyopathy, endemic cardiomyopathy (Keshan disease) and Chagas disease [74,75,76,77]. The cardiomyopathy includes, among others, asymptomatic diastolic dysfunction and end-stage left ventricular (LV) dilation with reduced systolic function. Moreover, studies show that, in obese subjects, the probability of heart failure increases by 30%–100% [51]. Metabolic surgery substantially changes heart muscle geometry, function and symptoms connected to obesity cardiomyopathy [51]. The detailed mechanisms of the cardiac failure amelioration after bariatric surgery remain unexplained, but they are likely related to the effect of significant fat tissue reduction on cardiac workload, on inflammatory processes and to positive weight-loss independent changes in the entero-cardiac axis [51]. Lifestyle and environmental and epigenetic interactions reflect on myocardial remodeling and heart failure, in which the oxidative stress plays an important role [73]. In this paper, based on the animal model, we report that type of diet per se, besides the bariatric surgery, is the main driver regulating oxidative stress in the heart muscle. The DJOS surgery, along with selected dietary plans, may be used to moderate the effects of oxidative stress in the cardiac tissue.





5. Conclusions


The selected dietary patterns had a stronger impact on oxidative stress markers in erythrocytes and heart muscle than the bariatric surgery. The diet significantly stimulated all analyzed enzymatic and non-enzymatic parameters in erythrocytes, while surgery had a significant impact only on catalase (CAT) and glutathione peroxidase (GPx) activity. Long-term application of the control diet and the change of the diets after the surgery led to significant improvement in the response to the oxidative stress after DJOS surgery. Although DJOS surgery has a positive impact on the regulation of metabolic processes and the reduction of oxidative stress, the HF diet is still the primary determinant. Further studies need to include the type of diet as a significant component influencing the effects of bariatric surgery on oxidative stress makers.







Author Contributions


B.S.-P. and D.M.S. conceived of the idea of the experiment; B.S.-P., A.D., W.K. and D.M.S. maintained the animals; D.M.S. and J.P. conducted the surgery; B.S.-P., D.M.S., M.I., K.N., J.G. and J.J. worked on the manuscript; B.S.-P., E.C. and D.M.S. analyzed data and performed statistical analysis; B.S.-P. and E.R. carried out the analysis. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Medical University of Silesia KNW-1-144/N/5/0.




Acknowledgments


The authors would like to acknowledge Anna Dulska for Figure 1 and Figure 2 graphic designs. Authors would like to thank Scott Richards for scientific English language correction and Katarzyna Michalczyk for text editing.




Conflicts of Interest


The authors declare that they have no conflicts of interest.




Data Availability


The original data are available after contact with the corresponding author.




References


	



Montezano, A.C.; Touyz, R.M. Reactive oxygen species and endothelial function-role of nitric oxide synthase uncoupling and Nox family nicotinamide adenine dinucleotide phosphate oxidases. Basic Clin. Pharmacol. Toxicol. 2012, 110, 87–94. [Google Scholar] [CrossRef]

	



Rolo, A.P.; Teodoro, J.S.; Palmeira, C.M. Role of oxidative stress in the pathogenesis of nonalcoholic steatohepatitis. Free Radic. Biol. Med. 2012, 52, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



Kunwar, A.; Priyadarsini, I.K. Free radicals, oxidative stress and importance of antioxidants in human health. J. Med. Allied Sci. 2011, 1, 53–60. [Google Scholar]

	



Keaney, J.F., Jr.; Larson, M.G.; Vasan, R.S.; Wilson, P.W.; Lipinska, I.; Corey, D.; Massaro, J.M.; Sutherland, P.; Vita, J.A.; Benjamin, E.J. Obesity and systemic oxidative stress: Clinical correlates of oxidative stress in the Framingham Study. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 434–439. [Google Scholar] [CrossRef] [PubMed]

	



Olusi, S.O. Obesity is an independent risk factor for plasma lipid peroxidation and depletion of erythrocyte cytoprotectic enzymes in humans. Int. J. Obes. Relat. Metab. Disord. 2002, 26, 1159–1164. [Google Scholar] [CrossRef]

	



Esterbauer, H.; Eckl, P.; Ortner, A. Possible mutagens derived from lipids and lipid precursors. Mutat. Res. 1990, 238, 223–233. [Google Scholar] [CrossRef]

	



Bloomer, R.J.; Kabir, M.M.; Marshall, K.E.; Canale, R.E.; Farney, T.M. Postprandial oxidative stress in response to dextrose and lipid meals of differing size. Lipids Health Dis. 2010, 9, 79. [Google Scholar] [CrossRef]

	



Manna, P.; Jain, S.K. Obesity, oxidative stress, adipose tissue dysfunction, and the associated health risks: Causes and therapeutic strategies. Metab. Syndr. Relat. Disord. 2015, 13, 423–444. [Google Scholar] [CrossRef]

	



Ben Saad, H.; Nasri, I.; Elwej, A.; Krayem, N.; Jarraya, R.; Kallel, C.; Zeghal, N.; Amara, I.B. A mineral and antioxidant-rich extract from the red marine algae Alsidium corallinum exhibits cytoprotective effects against potassium bromate-induced erythrocyte oxidative damages in mice. Biol. Trace Elem. Res. 2014, 160, 85–96. [Google Scholar] [CrossRef]

	



Cay, M.; Naziroğlu, M. Effects of intraperitoneally-administered vitamin E and seleniumon the blood biochemical and haematological parameters in rats. Cell Biochem. Funct. 1999, 17, 143–148. [Google Scholar] [CrossRef]

	



Finkel, T. Signal transduction by reactive oxygen species in non-phagocytic cells. J. Leukoc. Biol. 1999, 65, 337–340. [Google Scholar] [CrossRef] [PubMed]

	



Ventura-Clapier, R.; Garnier, A.; Veksler, V. Energy metabolism in heart failure. J. Physiol. 2004, 555, 1–13. [Google Scholar] [CrossRef]

	



Melanson, K.J.; McInnis, K.J.; Rippe, J.M.; Blackburn, G.; Wilson, P.F. Obesity and cardiovascular disease risk: Research update. Cardiol. Rev. 2001, 9, 202–207. [Google Scholar] [CrossRef] [PubMed]

	



Sjöström, L.; Narbro, K.; Sjöström, C.D.; Karason, K.; Larsson, B.; Wedel, H.; Lystig, T.; Sullivan, M.; Bouchard, C.; Carlsson, B.; et al. Effects of bariatric surgery on mortality in Swedish obese subjects. N. Engl. J. Med. 2007, 357, 741–752. [Google Scholar] [CrossRef] [PubMed]

	



Sjöström, L.; Peltonen, M.; Jacobson, P.; Sjöström, C.D.; Karason, K.; Wedel, H.; Ahlin, S.; Anveden, Å.; Bengtsson, C.; Bergmark, G.; et al. Bariatric surgery and long-term cardiovascular events. JAMA 2012, 307, 56–65. [Google Scholar] [CrossRef] [PubMed]

	



Nauck, M.A. Unraveling the science of incretin biology. Am. J. Med. 2009, 122, S3–S10. [Google Scholar] [CrossRef]

	



Rubino, F.; Gagner, F. Potential of surgery for curing type 2 diabetes mellitus. Ann. Surg. 2002, 236, 554–559. [Google Scholar] [CrossRef]

	



Grueneberger, J.M.; Karcz-Socha, I.; Marjanovic, G.; Kuesters, S.; Zwirska-Korczala, K.; Schmidt, K.; Karcz, W.K. Pylorus preserving loop duodeno-enterostomy with sleeve gastrectomy—Preliminary results. BMC Surg. 2014, 14, 20. [Google Scholar] [CrossRef]

	



Stygar, D.; Chełmecka, E.; Sawczyn, T.; Skrzep-Poloczek, B.; Poloczek, J.; Karcz, K.W. Changes of plasma FABP4, CRP, leptin, and chemerin levels in relation to different dietary patterns and duodenal-jejunal omega switch surgery in Sprague–Dawley rats. Oxid. Med. Cell. Longev. 2018, 2018, 2151429. [Google Scholar] [CrossRef]

	



Stygar, D.; Sawczyn, T.; Skrzep-Poloczek, B.; Karcz-Socha, I.; Doleżych, B.; Zawisza-Raszka, A.; Augustyniak, M.; Żwirska-Korczala, K.; Karcz, W.K. Ileal transposition in rats influenced glucose metabolism and HSP70 levels. Open Life Sci. 2015, 10, 278–284. [Google Scholar] [CrossRef]

	



Stygar, D.; Sawczyn, T.; Skrzep-Poloczek, B.; Poloczek, J.; Klosok, M.; Karcz-Socha, I.; Fink, J.M.; Skonieczna, M.; Dolezych, B.; Zwirska-Korczala, K.; et al. Metabolic surgery in Zucker rats influenced miRNA, caveolin-1 expression and lipid metabolism. Open Life Sci. 2015, 10, 451–460. [Google Scholar] [CrossRef]

	



Stygar, D.; Andrare, D.; Bażanów, B.; Chełmecka, E.; Sawczyn, T.; Skrzep-Poloczek, B.; Olszańska, E.; Karcz, K.W.; Jochem, J. The impact of DJOS surgery, a high fat diet and a control diet on the enzymes of glucose metabolism in the liver and muscles of Sprague-Dawley Rats. Front. Physiol. 2019, 10, 571. [Google Scholar] [CrossRef] [PubMed]

	



Stygar, D.; Skrzep-Poloczek, B.; Romuk, E.; Chełmecka, E.; Poloczek, J.; Sawczyn, T.; Maciarz, J.; Kukla, M.; Karcz, K.W.; Jochem, J.; et al. The influence of high-fat, high-sugar diet and bariatric surgery on HSP70 and HSP90 plasma and liver concentrations in diet-induced obese rats. Cell Stress Chaperones 2019, 24, 427–439. [Google Scholar] [CrossRef] [PubMed]

	



Auberval, N.; Dal, S.; Bietiger, W.; Pinget, M.; Jeandidier, N.; Maillard-Pedracini, E.; Schini-Kerth, V.; Sigrist, S. Metabolic and oxidative stress markers in Wistar rats after 2 months on a high-fat diet. Diabetol. Metab. Syndr. 2014, 6, 130. [Google Scholar] [CrossRef] [PubMed]

	



Pinho, R.A.; Sepa-Kishi, D.M.; Bikopoulos, G.; Wu, M.V.; Uthayakumar, A.; Mohasses, A.; Hughes, M.C.; Perry, C.G.R.; Ceddia, R.B. High-fat diet induces skeletal muscle oxidative stress in a fiber type-dependent manner in rats. Free Radic. Biol. Med. 2017, 110, 381–389. [Google Scholar] [CrossRef]

	



Wietzycoski, C.R.; Marchesini, J.C.D.; Al-Themyat, S.; Meyer, F.S.; Trindade, M.R. Improvement in oxidative stress after duodenojejunostomy in an experimental model of type 2 diabetes mellitus. Arq. Bras. Cir. Dig. 2016, 29 (Suppl. S1), 3–7. [Google Scholar] [CrossRef]

	



Skrzep-Poloczek, B.; Stygar, D.; Chelmecka, E.; Nabrdalik, K.; Romuk, E.; Poloczek, J.; Sawczyn, T.; Karcz, K.W.; Gumprecht, J. Antioxidant status in the soleus muscle of Sprague-Dawley rats in relation to duodenal-jejunal omega switch and different dietary patterns. Oxid. Med. Cell. Longev. 2018, 2018, 3795070. [Google Scholar] [CrossRef]

	



Skrzep-Poloczek, B.; Stygar, D.; Sawczyn, T.; Romuk, E.; Chełmecka, E.; Poloczek, J.; Dulska, A.; Kazura, W.; Karcz, K.W. Impact of ileal transposition surgical intervention on antioxidant status measured in liver tissue of obese Zucker Rats (Crl:ZUC-Leprfa). Oxid. Med. Cell. Longev. 2018, 2018, 7342451. [Google Scholar] [CrossRef]

	



Russell, W.M.S.; Burch, R.L. The Principles of Humane Experimental Technique; Methuen Co., Ltd.: London, UK, 1959. [Google Scholar]

	



Stygar, D.; Sawczyn, T.; Skrzep-Poloczek, B.; Owczarek, A.J.; Matysiak, N.; Michalski, M.; Mielańczyk, Ł.; Bażanów, B.; Ziora, P.; Choręza, P.; et al. The effects of duodenojejunal omega switch in combination with high-fat diet and control diet on incretins, body weight, and glucose tolerance in Sprague-Dawley rats. Obes. Surg. 2018, 28, 748–759. [Google Scholar] [CrossRef]

	



Carlberg, I.; Mannervik, B. Glutathione reductase. Methods Enzymol. 1985, 113, 484–490. [Google Scholar]

	



Aebi, H. Catalase in vitro. Methods Enzymol. 1984, 105, 121–126. [Google Scholar] [PubMed]

	



Mannervik, B. Glutathione peroxidase. Methods Enzymol. 1985, 113, 490–495. [Google Scholar] [PubMed]

	



Habig, W.H.; Jakoby, W.B. Assays for differentiation of glutathione S-transferases. Methods Enzymol. 1981, 77, 398–405. [Google Scholar] [PubMed]

	



Oyanagui, Y. Reevaluation of assay methods and establishment of kit for superoxide dismutase activity. Anal. Biochem. 1984, 142, 290–296. [Google Scholar] [CrossRef]

	



Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979, 95, 351–358. [Google Scholar] [CrossRef]

	



Balasubramaniam, P.; Malathi, A. Comparative study of hemoglobin estimated by Drabkin’s and Sahli’s methods. J. Postgrad. Med. 1992, 38, 8–9. [Google Scholar]

	



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

	



Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on human health. Pharmacogn. Rev. 2010, 4, 118–126. [Google Scholar] [CrossRef]

	



Ordonez, F.J.; Rosety-Rodriguez, M. Correlation between glutathione peroxidase activity and anthropometrical parameters in adolescents with Down syndrome. Res. Dev. Disabil. 2007, 28, 105–108. [Google Scholar] [CrossRef]

	



Pavao, M.; Cordeiro, C.; Costa, A.; Raposo, J.; Santos, M.; Neve, J.; Viegas-Crespo, A.M. Comparison of whole-blood glutathione peroxidase activity, levels of serum selenium, and lipid peroxidation in subjects from the fishing and rural communities of ‘Rabo de Peixe’ village, San Miguel Island, the Azores’ Archipelago, Portugal. Biol. Trace Elem. Res. 2003, 92, 27–40. [Google Scholar] [CrossRef]

	



Al-Gadani, Y.; El-Ansary, A.; Attas, O.; Al-Ayadhi, L. Metabolic biomarkers related to oxidative stress and antioxidant status in Saudi autistic children. Clin. Biochem. 2009, 42, 1032–1040. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, C.K.; Sindhu, K.K. Oxidative stress and metabolic syndrome. Life Sci. 2009, 84, 705–712. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, D.G.; Gongora, M.C.; Guzik, T.J.; Widder, J. Oxidative stress and hypertension. J. Am. Soc. Hypertens. 2007, 1, 30–44. [Google Scholar] [CrossRef] [PubMed]

	



Hermsdorff, H.H.; Puchau, B.; Volp, A.C.; Barbosa, K.B.; Bressan, J.; Zulet, M.A.; Martínez, A.J. Dietary total antioxidant capacity is inversely related to central adiposity as well as to metabolic and oxidative stress markers in healthy young adults. Nutr. Metab. (Lond.) 2011, 8, 59. [Google Scholar] [CrossRef] [PubMed]

	



Skalicky, J.; Muzakova, V.; Kandar, R.; Meloun, M.; Rousar, T.; Palicka, V. Evaluation of oxidative stress and inflammation in obese adults with metabolic syndrome. Clin. Chem. Lab. Med. 2008, 46, 499–505. [Google Scholar] [CrossRef] [PubMed]

	



Kempaiah, R.K.; Srinivasan, K. Beneficial influence of dietary curcumin, capsaicin and garlic on erythrocyte integrity in high-fat fed rats. J. Nutr. Biochem. 2006, 17, 471–478. [Google Scholar] [CrossRef] [PubMed]

	



Demori, I.; Voci, A.; Fugassa, E.; Burland, B. Combined effects of high-fat diet and ethanol induce oxidative stress in rat liver. Alcohol 2006, 40, 185–191. [Google Scholar] [CrossRef]

	



Gómez-Pérez, Y.; Amengual-Cladera, E.; Català-Niell, A.; Thomàs-Moyà, E.; Gianotti, M.; Proenza, A.M.; Lladó, I. Gender dimorphism in high-fat-diet induced insulin resistance in skeletal muscle of aged rats. Cell Physiol. Biochem. 2008, 22, 539–548. [Google Scholar] [CrossRef]

	



Ulla, A.; Alam, M.A.; Sikder, B.; Sumi, F.A.; Rahman, M.M.; Habib, Z.F.; Mohammed, M.K.; Subhan, N.; Hossain, H.; Reza, H.M. Supplementation of Syzygium cumini seed powder prevented obesity, glucose intolerance, hyperlipidemia and oxidative stress in high carbohydrate high fat diet induced obese rats. BMC Complement. Altern. Med. 2017, 17, 289. [Google Scholar] [CrossRef]

	



Kindel, T.L.; Stranden, J.L. Bariatric surgery as a treatment for heart failure: Review of the literature and potential mechanisms. Surg. Obes. Relat. Dis. 2018, 14, 117–122. [Google Scholar] [CrossRef]

	



Schulze, P.C.; Drosatos, K.; Goldberg, I.J. Lipid use and misuse by the heart. Circ. Res. 2016, 188, 1736–1751. [Google Scholar] [CrossRef] [PubMed]

	



Raza, H.; John, A.; Howarth, F.C. Alterations in glutathione redox metabolism, oxidative stress, and mitochondrial function in the left ventricle of elderly Zucker diabetic fatty rat heart. Int. J. Mol. Sci. 2012, 13, 16241–16254. [Google Scholar] [CrossRef] [PubMed]

	



Frasier, C.R.; Moukdar, F.; Patel, H.D. Redox-dependent increases in glutathione reductase and exercise preconditioning: Role of NADPH oxidase and mitochondria. Cardiovasc. Res. 2013, 98, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Saari, J.T.; Kang, Y.J. Weak antioxidant defenses make the heart a target for damage in copper-deficient rats. Free Radic. Biol. Med. 1994, 17, 529–536. [Google Scholar] [CrossRef]

	



Rindler, P.M.; Plafker, S.M.; Szweda, L.I.; Kinter, M. High dietary fat selectively increases catalase expression within cardiac mitochondria. J. Biol. Chem. 2013, 288, 1979–1990. [Google Scholar] [CrossRef] [PubMed]

	



Littlejohns, B.; Lin, H.; Angelini, G.D.; Halestrap, A.P.; Suleiman, M.S. Switching back to normal diet following high-fat diet feeding reduces cardiac vulnerability to ischaemia and reperfusion injury. Cell Physiol. Biochem. 2014, 34, 1090–1100. [Google Scholar] [CrossRef] [PubMed]

	



Hill, M.F.; Singal, P.K. Antioxidant and oxidative stress changes during heart failure subsequent to myocardial infarction in rats. Am. J. Pathol. 1996, 148, 291–300. [Google Scholar]

	



Heneghan, H.M.; Meron-Eldar, S.; Brethauer, S.A.; Schauer, P.R.; Young, J.B. Effect of bariatric surgery on cardiovascular risk profile. Am. J. Cardiol. 2011, 108, 1499–1507. [Google Scholar] [CrossRef]

	



Frezza, E.E.; Wei, C.; Wachtel, M.S. Is surgery the next answer to treat obesity-related hypertension? J. Clin. Hypertens. (Greenwich) 2009, 11, 284–288. [Google Scholar] [CrossRef]

	



Cavarretta, E.; Casella, G.; Cali, B. Cardiac remodelling in obese patients after laparoscopic sleeve gastrectomy. World J. Surg. 2013, 37, 565–572. [Google Scholar] [CrossRef]

	



Wojciechowska, C.; Romuk, E.; Tomasik, A.; Skrzep-Poloczek, B.; Nowalany-Kozielska, E.; Birkner, E.; Jacheć, W. Oxidative stress markers and C-reactive protein are related to severity of heart failure in patients with dilated cardiomyopathy. Mediat. Inflamm. 2014, 2014, 147040. [Google Scholar] [CrossRef] [PubMed]

	



Keith, M.; Geranmayegan, A.; Sole, M.J.; Kurian, R.; Robinson, A.; Omran, A.S.; Jeejeebhoy, K.N. Increased oxidative stress in patients with congestive heart failure. J. Am. Coll. Cardiol. 1998, 31, 1352–1356. [Google Scholar] [CrossRef]

	



Simeunovic, D.; Seferovic, P.M.; Ristic, A.D.; Nikolic, D.; Risimic, D.; Seferovic, J.; Maksimovic, R.; Nedeljkovic, I.; Karan, R.; Bajcetic, M. Evaluation of oxidative stress markers and catecholamine changes in patients with dilated cardiomyopathy before and after cardiopulmonary exercise testing. Hell. J. Cardiol. 2015, 56, 394–401. [Google Scholar]

	



Nijhawan, S.; Richards, W.; O’Hea, M.F.; Audia, J.P.; Alvarez, D.F. Bariatric surgery rapidly improves mitochondrial respiration in morbidly obese patients. Surg. Endosc. 2013, 27, 4569–4573. [Google Scholar] [CrossRef]

	



Hofso, D.; Nordstrand, N.; Johnson, L.K. Obesity-related cardiovascular risk factors after weight loss: A clinical trial comparing gastric bypass surgery and intensive lifestyle intervention. Eur. J. Endocrinol. 2010, 163, 735–745. [Google Scholar] [CrossRef]

	



Michiels, C.; Raes, M.; Toussaint, O.; Remacle, J. Importance of Se-glutathione peroxidase, catalase, and Cu/Zn-SOD for cell survival against oxidative stress. Free Radic. Biol. Med. 1994, 17, 235–248. [Google Scholar] [CrossRef]

	



Ansari, J.A.; Bhandari, U.; Pillai, K.K.; Haque, S.E. Effect of rosuvastatin on obesity-induced cardiac oxidative stress in Wistar rats-a preliminary study. Indian J. Exp. Biol. 2012, 50, 216–222. [Google Scholar]

	



Sawyer, D.B.; Siwik, A.D.; Xiao, L. Role of oxidative stress in myocardial hypertrophy and failure. J. Mol. Cell. Cardiol. 2002, 34, 379–388. [Google Scholar] [CrossRef]

	



Li, T.; Danelisen, I.; Bello-Klein, A.K.; Singal, P. Effects of probucol on changes of antioxidant enzymes in adriamycin-induced cardiomyopathy in rats. Cardiovasc. Res. 2000, 46, 523–530. [Google Scholar] [CrossRef]

	



Amirkhizi, F.; Siassi, F.; Minaie, S.; Djalali, M.; Rahimi, A.; Chamari, M. Is obesity associated with increased plasma lipid peroxidation and oxidative stress in women. ARYA Atheroscler. J. 2007, 2, 189–192. [Google Scholar]

	



Romuk, E.; Wojciechowska, C.; Jacheć, W.; Nowak, J.; Niedziela, J.; Malinowska-Borowska, J.; Głogowska-Gruszka, A.; Birkner, E.; Rozentryt, P. Comparison of oxidative stress parameters in heart failure patients depending on ischaemic or nonischaemic aetiology. Oxid. Med. Cell. Longev. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Sawyer, D.B. Oxidative stress in heart failure: What are we missing? Am. J. Med. Sci. 2011, 342, 120–124. [Google Scholar] [CrossRef] [PubMed]

	



Wong, C.; Marwick, T.H. Obesity cardiomyopathy: Diagnosis and therapeutic implications. Nat. Clin. Pract. Cardiovasc. Med. 2007, 4, 480–490. [Google Scholar] [CrossRef] [PubMed]

	



Steiner, J.L.; Lang, C.H. Etiology of alcoholic cardiomyopathy: Mitochondria, oxidative stress and apoptosis. Int. J. Biochem. Cell Biol. 2017, 89, 125–135. [Google Scholar] [CrossRef]

	



Pei, J.; Fu, W.; Yang, L.; Zhang, Z.; Liu, Y. Oxidative stress is involved in the pathogenesis of Keshan disease (an endemic dilated cardiomyopathy) in China. Oxid. Med. Cell Longev. 2013, 2013, 474203. [Google Scholar] [CrossRef]

	



Machado, F.S.; Tanowitz, H.B.; Ribeiro, A.L. Pathogenesis of Chagas cardiomyopathy: Role of inflammation and oxidative stress. J. Am. Heart. Assoc. 2013, 2, e000539. [Google Scholar] [CrossRef]








[image: Antioxidants 09 00183 g001 550] 





Figure 1. The experimental setup and surgeries performed: (A) design of the experiment, (B) DJOS (duodenal-jejunal omega switch) bariatric protocol and (C) SHAM (control) bariatric protocol. 
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Figure 2. (A) Mean glutathione reductase (GR) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. (B) Mean catalase (CAT) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. (C) Mean glutathione peroxidase (GPx) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. 






Figure 2. (A) Mean glutathione reductase (GR) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. (B) Mean catalase (CAT) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. (C) Mean glutathione peroxidase (GPx) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery.



[image: Antioxidants 09 00183 g002a][image: Antioxidants 09 00183 g002b]







[image: Antioxidants 09 00183 g003 550] 





Figure 3. Mean glutathione S-transferase (GST) activity (IU/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. 
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Figure 4. Mean total superoxide dismutase (SOD) activity (NU/mg) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. 
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Figure 5. Mean malondialdehyde (MDA) concentration (μmol/g) in erythrocytes of rats from groups fed with high-fat (HF) and/or to (CD) control diet, before and after DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. 
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Table 1. The results of glutathione reductase (GR), catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST), total superoxide dismutase (SOD), Mn-dependent superoxide dismutase (MnSOD), copper–zinc superoxide dismutase (CuZnSOD) activity and malondialdehyde (MDA) concentration in heart muscle of rats from study groups subjected to high-fat (HF) and/or to (CD) control diets. Descriptive statistics and results of two-way analysis of variance for inter-group comparison between DJOS-operated (duodenal-jejunal omega switch) and SHAM-operated (control) study groups. Results are presented as mean ± SD or median (lower–upper quartile). Statistical significance was set at p < 0.05.
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Oxidative Stress Marker

	
DJOS-Operated

	
SHAM-Operated

	
p ANOVA




	

	
HF/HF

	
HF/CD

	
CD/HF

	
CD/CD

	
HF/HF

	
HF/CD

	
CD/HF

	
CD/CD

	
Group

	
Op.

	
Int.






	
GR (IU/g)

	
27.56 ± 1.39

	
15.41 ± 1.95

	
14.19 ± 2.35

	
16.45 ± 2.22

	
66.19 ± 17.50

	
30.30 ± 7.77

	
30.53 ± 5.01

	
14.09 ± 2.29

	
<0.001

	
<0.001

	
<0.001




	
CAT (IU/g)

	
59.91 ± 3.55

	
104.42 ± 12.84

	
84.68 ± 42.72

	
92.33 ± 9.48

	
306.63 ± 62.55

	
93.14 ± 7.01

	
78.80 ± 14.33

	
100.82 ± 27.05

	
<0.001

	
<0.001

	
<0.001




	
GPx (IU/g)

	
15.81 ± 1.23

	
19.42 ± 1.70

	
18.76 ± 5.28

	
18.28 ± 1.82

	
14.58 ± 4.72

	
14.76 ± 2.44

	
15.49 ± 2.44

	
16.35 ± 1.38

	
0.253

	
<0.01

	
0.506




	
GST (IU/g)

	
3.44 ± 0.61

	
3.74 ± 0.30

	
2.89 ± 1.08

	
3.50 ± 0.57

	
2.66 ± 0.73

	
3.58 ± 0.82

	
3.34 ± 0.25

	
3.43 ± 0.48

	
0.121

	
0.632

	
0.074




	
Total SOD (NU/mg)

	
79.75 ± 4.71

	
129.37 ± 27.69

	
105.22 ± 23.89

	
93.70 ± 9.57

	
146.11 ± 6.99

	
118.33 ± 17.91

	
77.54 ± 11.64

	
123.13 ± 26.37

	
<0.001

	
<0.01

	
<0.001




	
MnSOD (NU/mg)

	
67.40 ± 4.63

	
89.05 ± 2.89

	
82.62 ± 20.55

	
80.50 ± 7.10

	
45.38 ± 22.15

	
81.13 ± 16.28

	
66.17 ± 8.26

	
69.25 ± 23.10

	
<0.001

	
<0.01

	
0.700




	
CuZnSOD (NU/mg)

	
11.96

(11.54–12.74)

	
42.38

(27.63–49.71)

	
19.98

(14.80–30.62)

	
16.47

(12.94–18.51)

	
16.85

(14.83–18.81)

	
26.67

(15.80–33.67)

	
10.34

(8.75–11.82)

	
59.60

(43.52–93.75)

	
<0.001

	
0.333

	
<0.001




	
MDA (μmol/g)

	
3.48 ± 1.33

	
2.47 ± 0.24

	
6.10 ± 2.58

	
2.94 ± 0.79

	
8.66 ± 1.65

	
10.53 ± 1.91

	
2.08 ± 0.78

	
2.07 ± 0.58

	
<0.001

	
<0.001

	
<0.001








Abbreviations: Group: HF/HF, CD/HF, HF/CD and CD/CD—dietary patterns applied in groups of rats for 8 weeks before and 8 weeks after surgery: HF = high-fat diet; CD = control diet; Op. = type of surgery used in the experiment: DJOS = duodenal-jejunal omega switch, SHAM = control; Int.—interaction within the dietary patterns and type of the surgery. Statistically significant values are bolded.
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Table 2. Multiple comparisons in contrast analysis. Post hoc analysis of glutathione reductase (GR), catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST), total superoxide dismutase (SOD), Mn-dependent superoxide dismutase (MnSOD), copper–zinc superoxide dismutase (CuZnSOD) activity and malondialdehyde (MDA) concentration in erythrocytes and heart muscle of rats from study groups subjected to high-fat (HF) and/or to (CD) control diets and subjected to DJOS (duodenal-jejunal omega switch) or SHAM (control) surgery. Statistical significance was set at p < 0.05. Statistically significant values are bolded.
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Oxidative Stress Markers Post hoc

	
DJOS vs. SHAM

	
DJOS

	
SHAM




	

	
1: HF/HF

	
2: HF/CD

	
3: CD/HF

	
4: CD/CD

	
1 vs. 2

	
1 vs. 3

	
1 vs. 4

	
2 vs. 3

	
2 vs. 4

	
3 vs. 4

	
1 vs. 2

	
1 vs. 3

	
1 vs. 4

	
2 vs. 3

	
2 vs. 4

	
3 vs. 4






	
Erythrocytes




	
GR (IU/g)

	
0.189

	
<0.001

	
<0.001

	
0.557

	
<0.001

	
<0.05

	
0.207

	
<0.001

	
<0.001

	
0.226

	
0.114

	
<0.001

	
0.594

	
<0.001

	
<0.05

	
<0.001




	
CAT (IU/g)

	
<0.001

	
<0.05

	
<0.001

	
<0.05

	
<0.001

	
<0.001

	
<0.001

	
0.056

	
0.375

	
0.259

	
<0.01

	
<0.001

	
<0.01

	
<0.001

	
0.490

	
<0.001




	
GPx (IU/g)

	
<0.001

	
<0.01

	
0.939

	
<0.05

	
0.324

	
<0.001

	
<0.001

	
<0.01

	
<0.001

	
0.180

	
0.771

	
0.542

	
0.094

	
0.758

	
0.178

	
0.296




	
GST (IU/g)

	
<0.001

	
0.303

	
<0.001

	
0.178

	
<0.001

	
<0.001

	
<0.001

	
0.382

	
<0.001

	
<0.001

	
0.058

	
<0.001

	
0.127

	
<0.001

	
<0.01

	
<0.001




	
Total SOD (NU/mg)

	
0.876

	
0.763

	
0.857

	
0.542

	
<0.01

	
0.181

	
<0.001

	
0.115

	
0.293

	
<0.01

	
<0.01

	
0.156

	
<0.01

	
0.091

	
0.898

	
0.070




	
MDA (μmol/g)

	
<0.001

	
0.142

	
0.774

	
<0.001

	
<0.001

	
<0.01

	
<0.001

	
0.205

	
<0.001

	
<0.001

	
0.154

	
0.356

	
<0.05

	
0.621

	
<0.01

	
<0.01




	
Heart Muscle




	
GR (IU/g)

	
<0.001

	
<0.001

	
<0.001

	
0.572

	
<0.01

	
<0.01

	
<0.05

	
0.771

	
0.803

	
0.589

	
<0.001

	
<0.001

	
<0.001

	
0.956

	
<0.001

	
<0.001




	
CAT (IU/g)

	
<0.001

	
0.529

	
0.742

	
0.635

	
<0.05

	
0.171

	
0.075

	
0.273

	
0.500

	
0.669

	
<0.001

	
<0.001

	
<0.001

	
0.425

	
0.668

	
0.222




	
GPx (IU/g)

	
0.461

	
<0.01

	
0.064

	
0.270

	
<0.05

	
0.095

	
0.160

	
0.705

	
0.513

	
0.782

	
0.911

	
0.586

	
0.291

	
0.676

	
0.361

	
0.618




	
Total SOD (NU/mg)

	
<0.001

	
0.300

	
<0.05

	
<0.01

	
<0.001

	
<0.05

	
0.192

	
<0.05

	
<0.01

	
0.280

	
<0.05

	
<0.001

	
<0.05

	
<0.001

	
0.650

	
<0.001




	
MnSOD (NU/mg)

	
<0.05

	
0.380

	
0.113

	
0.215

	
<0.05

	
0.096

	
0.150

	
0.475

	
0.343

	
0.813

	
<0.001

	
<0.05

	
<0.01

	
0.154

	
0.190

	
0.904




	
CuZnSOD (NU/mg)

	
0.222

	
<0.05

	
<0.01

	
<0.001

	
<0.001

	
<0.05

	
0.277

	
<0.05

	
<0.001

	
0.188

	
0.116

	
<0.05

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
MDA (μmol/g)

	
<0.001

	
<0.001

	
<0.001

	
0.303

	
0.230

	
<0.01

	
0.514

	
<0.001

	
0.578

	
<0.001

	
<0.05

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.990








Column 1: Inter-group comparisons between study groups pre-HF diet vs. post-HF diet, pre-CD vs. post-HF diet, per-HF vs. post-CD and pre-CD vs. post-CD; groups DJOS vs. SHAM. Column 2: Intra-group comparisons between pre-HF diet vs. post-HF diet, pre-CD vs. post-HF diet, pre-HF vs. post-CD and pre-CD vs. post-CD groups after DJOS surgery. Column 3: Intra-group comparisons between pre-HF diet vs. post-HF diet, pre-CD vs. post-HF diet, pre-HF vs. post-CD and pre-CD vs. post-CD groups after SHAM surgery.
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