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Dietary Intervention, When Not Associated With Exercise, Upregulates Irisin/FNDC5 While Reducing Visceral Adiposity Markers in Obese Rats
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Obesity is an epidemic disease and the expansion of adipose tissue, especially visceral fat, promotes the secretion of factors that lead to comorbidities such as diabetes and cardiovascular diseases. Thus, diet and exercise have been proposed as an intervention to reverse these complications. An adipocytokine, known as irisin, mediates the beneficial effects of exercise. It has been proposed as a therapeutic potential in controlling obesity. In view of the above, this paper attempts to determine the modulation of irisin, visceral adiposity and biochemical markers in response to dietary intervention and aerobic exercise. To do this, 52 diet-induced obese male Wistar rats were divided into the following four groups: high-fat diet and exercise (HFD-Ex); HFD-Sedentary (HFD-Sed); chow-diet and exercise (CD-Exercise); and CD-Sed. The exercise-trained group performed a treadmill protocol for 60 min/day, 3 days/week for 8 weeks. Body mass (BM), body fat (BF), fat mass (FM), and fat-free mass (FFM) were analyzed. Mesenteric (MES), epididymal (EPI), and retroperitoneal (RET) adipose tissue was collected and histological analysis was performed. Biochemical irisin, triglycerides, glucose, insulin and inflammatory markers were determined and, FNDC5 protein expression was analyzed. In this study, the diet was the most important factor in reducing visceral adiposity in the short and long term. Exercise was an important factor in preserving muscle mass and reducing visceral depots after a long term. Moreover, the combination of diet and exercise can enhance these effects. Diet and exercise exclusively were the factors capable of increasing the values of irisin/FNDC5, however it did not bring cumulative effects of both interventions. Prescriptions to enhance the obesity treatments should involve reducing visceral adiposity by reducing the fat content in the diet associated with aerobic exercise.
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INTRODUCTION

Obesity is the result of an increase in the intake of a high-fat and high-carbohydrate diet associated with low levels of physical activity (Romieu et al., 2017). A chronic state of positive energy balance, derived from this condition, promotes the unhealthy expansion of visceral and subcutaneous adipocytes, inducing a remodeling of adipose tissue (Bray et al., 2017; Schoettl et al., 2018). A growing body of evidence shows that obesity-related comorbidities are influenced by adipocyte distribution and more specifically visceral fat. Progressive enlargement of visceral adipose tissue (VAT) causes alterations to mitochondrial oxidative function, increases lipolytic activity induced by catecholamine, and the secretion of pro-inflammatory cytokines leading to chronic inflammation and subsequent dysfunction bioenergetics and structural changes in adipocytes (Wajchenberg, 2000; Kusminski et al., 2016). This dysfunction is associated with an array of metabolic complications, such as type 2 diabetes and cardiovascular disease (Bray et al., 2017; Schoettl et al., 2018).

Due to the high remodeling capacity of white adipose tissue (WAT) and endocrine functions, preserving healthy WAT function and decreasing adiposity, especially visceral fat, has been considered an attractive approach for the treatment or prevention of metabolic disorders related to obesity (Verheggen et al., 2016; Kahn et al., 2019). Thus, exercise and diet have been proposed as non-pharmacological strategies for VAT management (Verheggen et al., 2016). Indeed, diet plays an important role in weight reduction, recent data has shown that exercise is a predominant factor in the regulation of VAT when compared to a hypocaloric diet (Verheggen et al., 2016). Visceral fat reduction is associated with a decrease in body mass (BM) and fat mass (FM), improvement of glucose homeostasis, lipid profile, and reduction of an inflammatory state (Verheggen et al., 2016; Chait and den Hartigh, 2020). The mechanism involved in this regulation is not completely understood, but it can be suggested that the muscle considering high energy demand, secretes factors that stimulate the thermogenesis of WAT (Rodríguez et al., 2017).

Among the secreted factors, irisin is a novel exercise-induced adipomyokine cleaved of FNDC5 (fibronectin type III domain-containing protein 5), a transmembrane protein expressed in muscle (Boström et al., 2012). It is believed that after secretion into the circulation, soluble irisin binds to a recently identified irisin receptor, integrin αV/β5, that induces a thermogenic program (Kim et al., 2018). The transcription of thermogenic genes regulates the mitochondrial activity and increases energy expenditure, transdifferentiating white adipocytes to brown-like phenotype adipocytes (Cheng et al., 2021). Besides, studies have also shown that irisin facilitates glucose uptake by skeletal muscles, increases insulin sensitivity of tissues, stimulates mitochondrial biogenesis and oxidative metabolism, improving the metabolic profile (Boström et al., 2012; Rodríguez et al., 2017) and attenuates the expression of obesity-related inflammatory markers (Lu and Li, 2020; Luo et al., 2020). Since then, several studies show that short-term aerobic exercises (Anastasilakis et al., 2014; Aydin et al., 2014) and long-term exercises (Boström et al., 2012; Kim et al., 2016) upregulate FNDC5 and irisin levels in humans and animals. Although the main source of expression is exercise/muscle, VAT and subcutaneous adipose tissue (SAT) also secretes irisin in a reduced amount against different nutritional states (Frühbeck et al., 2020). For instance, obesity seems to positively regulate the concentrations of irisin in adipocytes and muscles to respond to an uncommon metabolic condition (Park et al., 2013; Crujeiras et al., 2014; Pardo et al., 2014; Sahin-Efe et al., 2018). However, a negative correlation has already been observed between circulating levels of irisin, BMI, and the amount of adipose tissue (Bonfante et al., 2017; Grygiel-Górniak and Puszczewicz, 2017) and reductions in plasma concentrations in patients with morbid obesity (Frühbeck et al., 2020).

Finally, in addition to the aforementioned factors that interfere with the circulation of irisin, among the adipose tissue compartments, there are differences in the protein secretion of each depot. There is strong evidence indicating irisin is upregulated in VAT, but not in SAT in human adipose tissue (Frühbeck et al., 2020), justified by the specific characteristics of these compartments (Roca-Rivada et al., 2013). It is even suggested that the thermogenic capacity of SAT is conferred by irisin (Arhire et al., 2019).

Many studies have compared irisin/FNDC5 in VAT and SAT, but very little is currently known about the responses among the different visceral compartments. The VAT is a heterogeneous tissue and the epididymal (EPI), mesenteric (MES), and retroperitoneal (RET) depots regulate energy metabolism uniquely (Wronska and Kmiec, 2012; Schoettl et al., 2018). For this reason, we consider that irisin is modulated in a particular way with each depot and this difference results in specific metabolic adaptations during the obesity process. Therefore, understanding the responses of each depot, as well as specific factors secreted by each tissue, is relevant.

Part of the low efficiency in the management of obesity is due to the knowledge gap that still persists in factors that act in the regulation of BM and FM. Thus, additional studies are needed to explore the factors secreted by the adipose and muscular tissue that promote corrective and physiological actions in the obesity process and in response to the strategies for the treatment of obesity. In view of the above, this paper attempts to determine the modulation of irisin and inflammatory markers, visceral adiposity parameters and depots in response to dietary intervention and moderate-intensity exercise. We hypothesize that exercise training exclusively increases the secretion of irisin and improves dyslipidemia, improves glucose homeostasis, reduces inflammatory markers and the effects can be intensified from a shift from a high-fat diet (HFD) to a chow diet (CD).



MATERIALS AND METHODS


First Intervention (Diet-Induced Obesity)

Experimental protocols were approved by the Ethics Committee on the Use of Animals (no.7631210617) at the Federal University of São Carlos (UFSCar). As shown in Figure 1, the experimental protocol lasted 16 weeks. Adult male Wistar rats (n = 66; ≅ 300 g) were housed (n = 3–4/cage) in a temperature-controlled environment (23 ± 1°C) and humidity (50–60%) on a reversed 12/12 h light/dark cycle (lights on at 6 pm) with food and water ad libitum.
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FIGURE 1. Schematic representation of the study design. HFD: high-fat diet; CD: chow diet; HFD-Ex: high-fat diet and exercise; HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet.


After adaptation, rats were randomly divided to be fed one of the following diets over 8 weeks: CD (n = 7) or HFD (n = 59). At the end of the first intervention (Figure 1), 7 animals of the CD group and 7 animals of the HFD group were euthanized to assess the efficiency of the HFD in inducing obesity and for further analysis. The remaining 52 animals in the HFD group proceeded to the subsequent intervention (training and dietary intervention).



Second Intervention (Training and Dietary Intervention)

After 8 weeks on HFD, 52 animals were randomly divided into four groups (Figure 1): high-fat diet and exercise (HFD-Ex, n = 14), sedentary high-fat diet (HFD-Sed, n = 11), and two groups that switched to CD; chow diet and exercise (CD-Ex, n = 14) and sedentary chow diet (CD-Sed, n = 13) for 8 more weeks. After 4 and 8 weeks during the second intervention, 5–7 animals from each group were euthanized after a 12-h fast by guillotine decapitation between 8 am and 12 pm. The trained animals were sacrificed 48 h after the last physical activity to assess body composition and biochemical parameters.



Diets

The CD (in pellet form) was provided by Agromix (Jaboticabal, SP, Brazil) that contained (100 g) 23% protein, 39% carbohydrates, 4.8% total fat, and 6% fiber. The palatable HFD consists of standard chow diet, peanuts, milk chocolate, and sweet biscuit at a proportion of 3:2:2:1. All components were powdered and mixed to form pellets (Estadella et al., 2004). The diet contains 18% protein, 20% fat, 33% carbohydrate, and 3% fiber (100 g). The caloric densities were 4.66 kcal/g for the palatable high fat diet and 3.85 kcal/g for the chow diet (IKA 5000, CBO, Valinhos, Brazil). The complete description of the macronutrients and vitamins was previously described (Costa et al., 2021).



Training Protocol


Exercise Maximum Capacity Assessment

All animals were adapted to the treadmill (10–15 min/day; 6 to 10 m/min) for 5 days before beginning the exercise training protocol. At the end of the adaptation and in order to determine the running speed for the training protocol, the exercise intensity was estimated by the total distance covered and the maximum speed obtained in the maximum test protocol (Brooks and White, 2018). The progressive effort test on the treadmill comprised increments at a speed of 2 m/min every 2 min until the maximum speed was obtained (Souza et al., 2018). The exhaustion time (in min) and the maximum speed (m/min) were determined as 100% of the exercise capacity and used to determine the intensity of the training sessions (Table 1). During the procedure, an electric shock was not used as a form of stimulation.


TABLE 1. Maximal incremental exercise testing.
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Treadmill Training Protocol

The training protocol consisted of running sessions on a treadmill adapted for rats, containing six individual lanes separated by bays made of acrylic, always between 8 am and 12 pm corresponding to the dark cycle of the animals. The aerobic training protocol had a frequency of 3 weekly sessions for 8 weeks, lasting 60 min per session, at an intensity of 50–80% of the maximum speed obtained in the progressive effort test, with a slope of 0%. Each training session was divided into three parts, 10 min for warm-up (50–60% of Vmax), 40 min for the main part (65–80% of Vmax) and 10 min of gradual speed reduction (50% of Vmax).



Body Composition and Food Intake Measurement

The BM was measured every 4 weeks, between 8 am and 12 pm. Diet intake was calculated by the difference in weight between the amount of food offered subtracting the amount of food remaining. The energy intake per rat (kcal/week/rat) was calculated as: food consumption × Et (Et is the total energy of the diet which is 4.665 kcal/g in HFD and 3.854 kcal/g) [adapted from Gong et al. (2016)]. To assess body composition, the fed animals underwent anesthesia using an intra-peritoneal injection with ketamine (80 mg/kg) and xylazine (32 mg/kg), before euthanasia. Rats were later placed in prone position to be scanned using the DXA-Dual Range Emission Densitometry-between 8 am and 12 pm (Hologic Inc., Bedford, MA, United States). Thus, the body fat (BF), FM, fat-free mass (FFM) were obtained. Image analysis was performed using the QDR 4500 software (Hologic®).



Experiments and Sample Collection

Visceral adipose tissue (EPI, RET, and MES) and gastrocnemius were dissected and weighed. The blood was obtained immediately after decapitation. Then, the head was removed and the neck was placed in a funnel attached to a collection tube without anticoagulant. The collection tube remained at RT for approximately 30 min until coagulation. After that, the samples were centrifuged at 1,500 × g for 10 min at 4°C to obtain the serum. The serum was then collected and placed in 500 μl aliquots in the Eppendorf and frozen at −80°C for further analysis.



Glucose and Insulin Assessment

Blood glucose was measured using an Accu-Check glucometer (Roche Diagnostic, Indianapolis, IN, United States), after 12 h of fasting, immediately before euthanasia. A puncture was performed in the caudal vein of the animal to obtain blood. A drop of blood was placed on the edge of the test strip. After the capillary was filled, the device automatically showed the blood glucose value. The insulin was analyzed through an ELISA assay from the serum obtained after euthanasia. The insulin kit (ER1113) was purchased by Fine Biotech Co., Ltd. (Wuhan, China) and the test was performed according to the manufacturer’s instructions. The HOMA-IR index (model for assessing insulin resistance homeostasis) is a method that is based on plasma glucose and insulin and has been used to define insulin resistance (Matthews et al., 1985). To do this, the HOMA-IR index was calculated using the formula: fasting insulin (ng/ml) × fasting glycemia (mg/dl)/405 (Roza et al., 2016).



Lipid Profile

Levels of high-density lipoproteins (HDL) (Ref. K015-Bioclin) and triglycerides (TG) (Ref. K117-Bioclin) were determined using the colorimetric enzymatic method (Bioclin, Belo Horizonte, Brazil), after 12 h of fasting. To do this, the serum was collected as previously described.



Obesity-Related Inflammatory Markers

To assess the serum concentration of inflammatory and anti-inflammatory markers, an ELISA analysis was performed. The cytokines IL-1β (ab255730) and leptin (ab100773) were purchased by Abcam® (Cambridge, United Kingdom and the cytokine IL-10 (no.555134) was purchased by BD Biosciences Pharmingen (San Diego, CA, United States) and, the myokine irisin (MET-5089) was purchased by Cell Biolabs (San Diego, CA, United States). The test was performed according to the manufacturer’s instructions.



Protein Extraction and Western Blotting Analyses

Tissues were lysed with extraction protein buffer [SDS 0,1% (p/v); Triton 1% (v/v); Tris–HCl pH 7,8; 50 mM; NaCl 150 mM; EDTA 15 mM; EGTA 5 mM] as well as protease inhibitors (Complete-Mini Roche 1×). Equal amounts of each protein sample (60 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes (GE HealthCare, Marlborough, MA, United States). After blocking the membranes with 5% skim milk in TBST, the membranes were incubated with anti-FNDC5 antibody (1:1,000; ab174833, Abcam) and anti GAPDH (ab181602, Abcam/MAB5718, R&D System). Then, the membranes were incubated for 1h at room temperature with an appropriate secondary antibody: horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:2,500, sc-2004, Santa Cruz); anti-rabbit (1:10,000, sc2357, Santa Cruz); anti-mouse (1:5,000, sc516102, Santa Cruz). Each protein band was visualized using an Amersham ECL Advance Western Blotting Detection Kit (GE Healthcare).



Histopathological Analysis of Visceral Depots

For histopathological analysis, the EPI, RET and MES tissues were fixed in 10% formalin for 48 h. Dehydration was performed in increasing alcohol baths (90%, 100% I, 100% II, 100% III, and 100% IV) for periods of 60 min, diafinized in Xylol baths (50% Xylol I, 50% Xylol II, and 50% Xylol III) and finally embedded in paraffin (Merck Milipore). Tissues were cut into 5-μm sections and stained with HE. The images were digitized on a histological slide scanner (Panoramic Desk, 3DHISTECH Ltd., Hungary). To analyze the morphometry of the adipocyte images, five fields from each sample were collected with a 20× magnification (Panoramic Viewer) for quantification. The files were analyzed for the adipocyte area by the Adiposoft plugin (v. 1.15) from ImageJ Fiji (v 2.0.0). The Adiposoft plug-in was equalized with a diameter between 25 and 200 microns according to the program calibration. For each condition, a sample of n = 5 was selected and 100 fat cells per animal were evaluated (Ferland et al., 2020).



Statistical Analysis

All statistical analyses were performed using Graph-Pad Prism Version 8.0 and R. To verify if the data followed a normal distribution, the Kolmogorov–Smirnov test was performed in each dataset. Data are presented as the mean ± SEM. At the first intervention, comparisons between groups were performed using a two-tailed Student’s t-test or Mann–Whitney U test depending on the normality of the data. The effect of diet and exercise and the interaction of training × diet, from the second intervention, was analyzed using two-way ANOVA. When ANOVA was not indicated, we used ANOVA-ART (aligned rank transform ANOVA) (Elkin et al., 2021). The Dunn or Tukey test (depending on the normality of the data) for post hoc analysis was performed to assess multiple comparisons. Spearman’s correlation coefficient was used to analyze the correlations between all study variables and the interpretation was performed according to Mukaka (2012). The criterion for statistical significance was p < 0.05 (two-tailed), using p values adjusted for multiple comparisons by false discovery rate (FDR). The data are presented as mean ± standard error (SEM).



RESULTS


High-Fat Diet Promoted Obese Phenotype by Increasing Body Mass, Visceral Adiposity, and Serum Irisin Concentration

The body composition parameters at the end of the first intervention are described in Table 2. After 8 weeks of diet-induction obesity, a slight increase of ∼20% was observed in the BM of HFD animals. Additionally, all the visceral depots (EPI, RET, and MES) were significantly elevated in the HFD group compared to CD. As expected HFD had higher BF than CD animals. Regarding the biochemical parameters, irisin and glucose registered increased values in the HFD group. Irisin showed an almost threefold increase in the HFD group when compared to the CD group and on the other hand, FNDC5 was increased in the CD group compared to HFD. None of the cytokines, insulin and HOMA-IR differed significantly between the CD and the HFD group.


TABLE 2. Body composition of diet-induced obesity for 8 weeks.
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Epididymal Adipose Tissue Responds Later Than Mesenteric and Retroperitoneal Depots to Diet and Exercise Intervention

As shown in Figure 2A, at the beginning of the first intervention (4 weeks), the animals in the CD-Sed group (440.6 ± 13.1 g, p < 0.001) showed reduced BM when compared to the HFD groups. However, after 8 weeks, a significant difference was observed in the two CD groups when compared to the two HFD groups.
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FIGURE 2. Effects of diet and exercise on body mass and visceral depots. (A) Body mass was assessed by DXA every 4 weeks. (B) Epididymal adipose tissue of male Wistar rats. (C) Retroperitoneal adipose tissue of male Wistar rats. (D) Mesenteric adipose tissue of male Wistar rats. (E) Food consumption of Wistar rats after 8 weeks of intervention. (F) Energy consumption of Wistar rats after 8 weeks of intervention. HFD-Ex: high-fat diet and exercise; HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet. The bars represent the significant differences between the groups indicated. Results are means ± SEM (p < 0.05).


Visceral fat depots were also assessed during the experimental protocol, as represented in Figures 2B–D. We observed a similar response from RET and MES depots to diet and training interventions. In the fourth week, the CD groups had a reduction in RET and MES compared to the HFD groups. At the end of the 8th week, CD-Ex, CD-Sed and HFD-Ex showed a reduction in RET and MES compared to the HFD-Sed group. As shown in Figure 2B, no differences in EPI tissue mass were found after 4 weeks of intervention. However, after 8 weeks, the HFD-Ex group and the two CD groups showed a reduction in relation to HFD-Sed (2.95 ± 0.54 g/100 g BM).

Food and energy consumption was also assessed throughout the period and are shown in Figures 2E,F. There was no difference in food and energy consumption.

Regarding the diameter of the adipocytes (Figure 3), a similar behavior was observed in the RET and MES depots. The lowest values of the EPI diameter were observed in the CD-Ex animals (44.49 ± 3.19 μm) when compared to all other groups. In RET, the highest values of diameter were observed in the animals HFD-Sed (92.95 ± 4.84 μm) in relation to all groups. In the MES tissue, the largest area record was observed in the animals in the HFD-Sed groups (75.81 ± 8.83 μm) in relation to the groups fed the standard diet.
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FIGURE 3. Photomicrograph of adipose tissue after 8 weeks of dietary intervention and training. (A) Representative images of adipose tissue showing hematoxylin and eosin staining using 20× (100 μm) objective, light-field microscopy. (B) Diameter of EPI, RET and MES adipocytes; RET: retroperitoneal adipose tissue; MES: mesenteric adipose tissue. HFD-Ex: trained high-fat diet group; HFD-Ex: high-fat diet and exercise; HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet. The bars represent the significant differences between the indicated groups. The results are presented as means ± SEM (p < 0.05).


Following the characterization of Verboven et al. (2018) adipocytes were classified as small (< 50 μm), medium (50–69 μm), large (70–89 μm), and very large (>90 μm) (Verboven et al., 2018). The HFD-Sed animals had in the three visceral deposits large adipocytes (>75 μm), however in the RET tissue, the adipocytes were classified as very large. The animals in the HFD-Ex group had mean adipocytes in the three compartments, similar to the diameter of the CD-Sed animals. CD-Sed animals also showed small adipocytes in the MES tissue. The CD-Ex group, on the other hand, showed a reduction in all adipocytes and only adipocytes classified as small and medium were observed.



Short-Term Diet Intervention Reduces Visceral Adiposity and Fat-Free Mass, While Short-Term Exercise Only Increases Fat-Free Mass in Animals With Improved Metabolic Profile

To determine the effects of diet and exercise on adiposity, BF and FM were assessed by DXA (Figure 4). FM and BF had a similar response. After 4 weeks, CD-Sed and CD-Ex had lower BF and FM than HFD-Ex and HFD-Sed. At the end of the experiment (8 weeks), the CD-Ex and CD-Sed remained with reduced values compared to the HFD-Sed group (BF: 26.73 ± 3.00%; FM: 187.6 ± 28.16 g, p < 0.05). The short-term effects of interventions in FFM (4 weeks) (Figure 4D) showed that the lowest values were observed in the CD-Sed group (403.30 ± 10.81 g) compared to the HFD-Ex, HFD-Sed and CD-Ex groups. At the end of the experiment, the only difference was observed in the CD-Sed group compared to the CD-Ex group.
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FIGURE 4. Effects of diet and exercise on body composition. (A) DXA images of high-fat diet (HFD) and chow diet (CD) groups. (B) Body fat (%) was assessed after 4 and 8 weeks. (C) Fat mass was determined at weeks 4 and 8. (D) Fat-free mass was registered every 4 weeks. (E) Gastrocnemius mass was assessed at 4 and 8 weeks. The bars represent the significant differences between the groups indicated. HFD-Ex: high-fat diet and exercise; HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet. The bars represent the significant differences between the indicated groups. Results are means ± SEM (p < 0.05).


After 4 weeks, the gastrocnemius muscle (Figure 4E) was elevated in the HFD-Ex and CD-Sed groups compared to the HFD-Sed and CD-Ex/HFD-Sed groups, respectively. After 8 weeks, the same results were repeated and the HFD-Sed group had a lower gastrocnemius mass compared to the HFD-Ex and CD-Sed group, and the CD-Ex group had a reduced gastrocnemius mass compared to the CD-Sed and HFD-Ex.



The Exclusive Diet Was the Most Important Factor to Mitigate the Biochemical and Inflammatory Markers Related to Obesity

The glycemic and lipid profile was also assessed in this study (Figure 5). There were no significant differences in serum insulin levels between the groups after 4 and 8 weeks (Figure 5A). Both control diet groups showed a significant reduction in glycemia compared to the HFD groups after 4 and 8 weeks of intervention (Figure 5B). We also evaluated the HOMA-IR (Figure 5C) index between the groups. We observed that significant differences appeared only after 4 weeks of intervention. The HFD-Sed group (0.09 ± 0.01) showed higher values compared to the CD-Ex and HFD-Ex groups.


[image: image]

FIGURE 5. Effects of diet and exercise on body composition on biochemical parameters. (A) Serum insulin concentration after 4 and 8 weeks of dietary and training interventions. (B) Blood glucose after 4 and 8 weeks of dietary and training interventions. (C) HOMA-IR index after 4 and 8 weeks of dietary and training interventions. (D) Serum triglycerides levels after 4 and 8 weeks of dietary and training interventions. (E) High-density lipoproteins (HDL) levels after 4 and 8 weeks of dietary and training interventions. HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet. The bars represent the significant differences between the groups indicated. Results are means ± SEM (p < 0.05).


Regarding lipid fractions, TG levels (Figure 5D) increased in the HFD groups after 4 and 8 weeks of intervention. The HFD-Sed group (56.11 ± 2.22 mg/dl) presented the highest values in the fourth week, compared to the HFD-Ex, CD-Sed and CD-Ex groups. In the eighth week, the CD-Sed group (45.14 ± 2.55 mg/dl) had the lowest values, which were significantly different from the HFD-Sed and HFD-Ex groups.

Regarding the HDL fraction (Figure 5E), in the fourth week, it was observed that the CD-Sed animals (24.31 ± 3.38 mg/dl) registered the lowest values and were significantly different from HFD-Ex and HFD-Sed. The CD-Ex group (31.71 ± 4.87 mg/dl) also showed a reduction in values compared to the HFD-Sed group but did not differ from the HFD-Ex group. After 8 weeks, the response of HDL was similar to the response of the fourth week, the CD-Sed group (33.42 ± 2.70 mg/dl) showed the lowest values in relation to the animals of the groups HFD-Sed, HFD-Ex, and CD-Ex.



Diet and Exercise Exclusively Were the Most Important Factors in the Modulation of Irisin/FNDC5

Changes in irisin were observed only after 4 weeks of intervention, but only in the CD groups (Figure 6A). The CD-Sed group (13.57 ± 3.00 ng/ml) registered higher values than the CD-Ex group (5.81 ± 2.30 ng/ml), which registered the lowest serum concentrations. Interestingly, after 8 weeks there were no significant differences between groups.
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FIGURE 6. Determination of serum levels of adipocytokines during the experiment. (A) Serum irisin concentration after 4 and 8 weeks of dietary and training interventions. (B) Interleukin 1-beta (IL-1β) was evaluated every 4 weeks. (C) Levels of interleukin 10 (IL-10) were determined after 4 and 8 weeks. (D) Serum leptin levels after 4 and 8 weeks.


Serum IL-1β values were determined by ELISA (Figure 6B). Interestingly, 4 weeks after the intervention, reduced cytokine values were observed in the HFD-Sed group (359.3 ± 58.5 pg/ml) compared to the HFD-Ex and CD-Ex groups. In addition, the CD-Sed group (391.0 ± 39.6 pg/ml) also showed a reduction in IL-1β compared to the HFD-Ex and CD-Ex groups (Figure 6B). However, at week 8, the animals in the HFD-Sed group (948.2 ± 85.6 pg/ml) registered the highest values compared to the other groups. The IL-10 values (Figure 6C) showed that there was no significant difference between the groups after the 4 and 8 weeks of intervention. In the initial weeks (4 weeks) and after 8 weeks of intervention, the leptin values showed the same behavior. Both control diet groups showed a significant reduction in serum leptin in relation to the HFD groups after 4 and 8 weeks of intervention (Figure 6D).

Protein expression was assessed in the gastrocnemius muscle after 4 and 8 weeks of dietary intervention and training (Figure 7). After 4 weeks, higher values were observed in the CD-Sed group (1.45 ± 0.14) compared to all other groups HFD-Sed, HFD-Ex, and CD-Ex. No significant differences were observed after 8 weeks of intervention.
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FIGURE 7. Protein expression of FNDC5. The presence of a 25 kDa band was detected in the gastrocnemius with anti-FNDC5 antibodies after 4 and 8 weeks of dietary intervention and training; GAPDH was used as a loading control. HFD-Ex: high-fat diet and exercise; HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet. The bars represent the significant differences between the indicated groups. The results are presented as means ± SEM (p < 0.05).


To verify whether there was a correlation among the metabolic parameters, the body composition and irisin/FNDC5, a heatmap was designed and Spearman’s correlation was performed and analyzed (Figure 8). After the 4 weeks of intervention, there was a positive correlation in the animal HFD-Ex between irisin and FM (r = 0.786/p = 0.048); in CD-Sed animals between irisin and TG (r = 0.811/p = 0.035); between irisin and HOMA-IR (r = 0.786/p = 0.048) and between FNDC5 and leptin (r = 0.857/p = 0.024). In CD-Ex animals, a negative correlation was observed between irisin and HDL (r = −0.857/p = 0.024). After 8 weeks, significant correlations were found in the CD-Sed group, a positive and strong correlation between irisin and BM (r = −0.943/p = 0.017) and a strong and negative correlation between irisin and TG (r = −0.899/p = 0.028); and between the FNDC5 and MES diameter (r = −1,000/p = 0.017). A strong positive correlation was observed between FNDC5 and EPI (r = 0.786/p = 0.048).
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FIGURE 8. Spearman’s correlation coefficient between irisin/FNDC5, body composition and biochemical parameters after 4 and 8 weeks of intervention. (A) Heatmap of Spearman’s correlation coefficient between irisin/FNDC5, body composition and biochemical parameters after 4 weeks of intervention. (B) Heatmap of Spearman’s correlation coefficient between irisin/FNDC5, body composition and biochemical parameters after 8 weeks of intervention. (C) Spearman’s correlations that were significant between irisin/FNDC5 and the study variables after 4 weeks of intervention. (D) Spearman’s correlations that were significant between irisin/FNDC5 and the study variables after 8 weeks of intervention. EPI: epididymal adipose tissue; RET: retroperitoneal adipose tissue; MES: mesenteric adipose tissue; BM: body mass; BF: body fat; FFM: fat-free mass; FM: fat mass; HOMA-IR: Homeostatic model assessment; TG: triglycerides; HDL: high density lipoprotein; IL-1β: interleukin 1-beta; IL-10: interleukin 10; AR: area; DM: diameter. HFD-Ex: high-fat diet and exercise; HFD-Sed: sedentary high-fat diet; CD-Ex: chow diet and exercise; CD-Sed: sedentary chow diet. Individual values were plotted on the graphs. Statistical significance: p < 0.05.




DISCUSSION

Diet and physical inactivity play a major role in the genesis of obesity and irisin/FNDC5 modulation. Here we report that the diet was effective in promoting an obese phenotype after 8 weeks, including augmentation in body adiposity, BM, and visceral depots. These findings support previous studies that used a similar composition to induce obesity after six (Oishi et al., 2018) and eight weeks (Estadella et al., 2004). In this study, 8 weeks after the introduction of HFD an increase in irisin secretion was noted. This observation supports the theory that irisin plays a compensatory role during metabolic disorders, such as obesity, impaired glucose homeostasis and insulin resistance (Guilford et al., 2017). Interestingly, contrary to the values of irisin, the expression of FNDC5 in the gastrocnemius muscle was shown to be significantly elevated in the diet intervention group. Although the findings show that the highest expression of FNDC5 occurs through muscle (in physiological or pathological conditions), it has been reported that irisin is partly secreted by VAT in Frühbeck et al. (2020), Kirat et al. (2021). This suggests that the origin of FNDC5, which increased the circulating irisin values in HFD animals, may be of adipose origin.

Long-term exposure to HFD resulted in the obesity phenotype, with an increase in all visceral depots, BF and FM. The dietary intervention was responsible for affecting most of the parameters evaluated. The exercise had an influence on FFM on short-term and, visceral adiposity in long-term intervention. In contrast, irisin/FNDC5 was affected by diet and exercise exclusively, but not by their combination. Diet and training were proposed as interventions in obese rats in this study to observe the modulation of irisin/FNDC5. We demonstrated that after 4 weeks, exercise was the most important factor in reducing irisin secretion. Moreover, high-fat diet and exercise were the most important factors in reducing FNDC5 secretion. The association between chronic consumption of HFD has been explored in the literature and there is no consensus on the findings. In humans, irisin was highly and positively related to BMI, BM and BF (Park et al., 2013; Crujeiras et al., 2014; Pardo et al., 2014; Fagundo et al., 2016; Sahin-Efe et al., 2018). However, in rodents, several effects have been reported. Quiñones et al. (2015) showed that Sprague-Dawley mice that received HFD for 10 weeks did not detect any significant difference in irisin levels compared to control (Quiñones et al., 2015). Kang et al. (2019) showed that Sprague-Dawley mice that received HFD for 16 weeks presented a reduction in irisin levels at the end of the experiment (Kang et al., 2019). The same findings were reported by Lu et al. (2016) after 24 weeks of HFD and Yang et al. (2015) in C57BL/6 mice after 12 weeks of HFD (Yang et al., 2015; Lu et al., 2016). Subsequently, data showed that this decline did not influence the BM and glucose that were increased during the experiment. In these animals, the reduction was probably due to adipose FNDC5 since the concentrations of irisin in the skeletal muscle remained unchanged. Positive associations between irisin and obesity were demonstrated by Guilford et al. (2017), who reported that mRNA Fndc5 in adipose tissue was significantly higher in HFD compared to counterparts (Guilford et al., 2017). Moreover, they were reinforced by Kazeminasab et al. (2018) who observed the highest irisin secretion in obese mice, compared to non-obese mice (Liu et al., 2017). In line with the earlier findings in rodents, we did not observe an increase in the expression of irisin/FNDC5 in animals fed a HFD, but only in CD-Sed animals. In addition, a significant improvement in glycemic and lipid profile, besides a reduction in visceral adiposity was observed. Thus, we can attribute the highest secretions of irisin to a more favorable glycemic/adipose profile. This observation does not support the theory that irisin plays a compensatory role during metabolic disturbances such as obesity, impairments in glucose homeostasis, and insulin resistance (Roca-Rivada et al., 2013; Guilford et al., 2017).

Thus, blood glucose was assessed in this study. Our data showed evidence of a significant increase in blood glucose in both the HFD groups after 4 and 8 weeks when compared to CD animals. However, these changes are not due to exercise-training exclusively. Irisin appears to play an active role in improving glucose homeostasis and higher levels suggest a therapeutic potential in the control of comorbidities associated with insulin resistance (Moreno-Navarrete et al., 2013). In vitro, irisin increases glucose uptake by muscle cells by p38 AMPK pathway promoting the proliferation of β cells (Boström et al., 2012; Lee et al., 2015; Yang et al., 2015). Moreover, irisin prevents apoptosis of pancreatic β cells resulting from persistent hyperglycemia, through negative regulation of pro-apoptotic proteins (Liu et al., 2017). Data in vivo confirmed that irisin increased glucose uptake by stimulating GLUT4 translocation in skeletal muscle cells of HFD-mice treated with exogenous irisin (Huh et al., 2014; Lee et al., 2015). Obese and diabetic/non-diabetic individuals that had increased secretion of irisin may be due to an attempt to improve glucose uptake and to prevent hyperglycemia (Perakakis et al., 2017). The response of reduced levels of glycemia in the diet intervention group that showed improvements in serum blood glucose levels, reinforcing the associations of glycemic profile and the action of irisin/FNDC5. However, this statement is only relevant in the short term and is not supported in the long-term interventions, therefore it may be a transitory mechanism and needs further investigations.

Maintenance of BM through diet and exercise training is beneficial in the prevention of metabolic disturbances associated with obesity (Fagundo et al., 2016; Verheggen et al., 2016). Initially, irisin was reported as an exercise-inducible myokine capable of mediating the beneficial effects of exercise and increasing thermogenesis, which contributes to maintaining energetic homeostasis (Boström et al., 2012). Since then, diverse endurance exercises have evaluated irisin circulation in humans and animals. Circulating levels of irisin are increased in individuals involved in exercise-induced activities and progressively reduced in those less active and sedentary (Arhire et al., 2019). Several studies show that short-term aerobic exercises (Anastasilakis et al., 2014; Aydin et al., 2014) and long-term exercises (Boström et al., 2012; Kim et al., 2016) upregulate FNDC5 and irisin levels in humans and animals promoting pleiotropic effects. Contradictory to those findings, some human studies failed to confirm the response of Fndc5 mRNA and irisin by exercise (Hecksteden et al., 2013; Norheim et al., 2014; Hew-Butler et al., 2015). These discrepancies can be explained by the variability between species, exercise intensity, frequency, session duration, nutritional status, and training protocol (Fatouros, 2018). Recent data showed that in humans, training is often carried out that includes moderate to high intensity running (60–90%) with durations between 3 and 21 weeks of 2–3 days a week and showed controversial results (Fatouros, 2018). Our findings did not support the initial hypothesis that irisin is upregulated during exercise. Our data corroborate with human studies and here we show that irisin and FNDC5 were reduced in exercised animals compared to sedentary animals after 4 weeks of intervention, only in the diet intervention group. Part of our findings can be explained because the gastrocnemius muscle of the exercised control animals had a significantly reduced mass in relation to their non-exercised counterparts, however there was no significant correlation between these two variables. On the other hand, these discrepancies can be explained by the variability between species. In humans, frequently the protocols used to evaluate irisin and which failed to show an increase in circulating irisin were performed 2–3 times a week, while most animal studies used it 5 times a week (Fatouros, 2018). Therefore, our findings may reflect the chosen protocol that mimicked human training conditions. Our studies are corroborated by previous findings that show that in treadmill protocols, the results were not so unanimous. Continuous exercise and HIIT protocols increased serum irisin values compared to sedentary controls (Khalafi et al., 2020); however, some data showed that irisin was not changed after 8 weeks of training (Kazeminasab et al., 2018).

Diet plays an essential role in the genesis of obesity and metabolic syndrome, but the composition of the diet does not seem to directly interfere in the secretion of irisin. Anastasilakis et al. (2014) showed that the total caloric or macronutrient intake: carbohydrates, proteins, fats and fibers are not related to irisin. Nonetheless, De Macedo et al. (2017) demonstrated that mice fed high-fat (20% fat), high-carbohydrate (80% carbohydrate) diets for 60 days, had less expression of FNDC5 and irisin in the soleus muscle when compared to standard diet and high-protein diet (31% protein), respectively. In our findings, the diet exclusively seems to determine the serum concentrations of FNDC5 and, high levels were observed in CD-Sed animals compared to the groups fed a HFD. Our data are not supported by previous studies. In both human and mice showed that irisin/FNDC5 is decreased in response to a hypocaloric diet and caloric restriction (Crujeiras et al., 2014; Varela-Rodríguez et al., 2016). It is important to highlight that although we did not perform caloric restriction, a common feature of these interventions is the reduction of visceral adiposity, which was demonstrated here in this study, and which may have contributed to the increase in the secretion of irisin. The hypocaloric diet when not combined with exercise effectively induces weight loss but also reduces FFM (Willoughby et al., 2018). Since irisin is mostly released by muscle, a reduction in FFM may impair irisin secretion (Arhire et al., 2019). Supporting this hypothesis, a positive correlation between irisin and FFM has been reported (Stengel et al., 2013; Pardo et al., 2014). Our data partially corroborate the above, because CD-Sed animals showed a FFM reduction, however we can associate the high FNDC5/irisin values of CD-Sed animals with an elevation in gastrocnemius mass, as mentioned. Thus, the low levels of FNDC5 observed in HFD-Sed animals, can be attributed to a lower gastrocnemius mass. Low levels of circulating irisin have been reported in individuals with loss of muscle strength and atrophy (Chang et al., 2017). It is important to highlight that recent findings have shown that there is a significant interaction between the FNDC5 genotype and the state of sarcopenia in patients with non-alcoholic liver disease (Gao et al., 2020). Thus, irisin is a potential biomarker for muscle dysfunction and can help in the early diagnosis of sarcopenia and muscle changes associated with age (Chang et al., 2017).

Skeletal muscle represents the main source of secretion, with an expression of ∼72% of the total circulating levels of the protein (Boström et al., 2012). Additionally, FNDC5/irisin is secreted by adipocytes and is modulated in a manner dependent on the location of the fat depots (Roca-Rivada et al., 2013). Visceral depots appear to be greater contributors to circulating levels of irisin in rodents than subcutaneous adipocytes. VAT is a heterogeneous tissue with significant differences between regional depots. EPI adipocytes have more mitochondria, higher cytochrome oxidase, citric synthase activities and higher respiration rate than inguinal depots. RET adipose tissue had higher mRNA levels of lipolysis and lipogenesis-related genes than inguinal and mesenteric adipose tissue (Deveaud et al., 2004; Wronska and Kmiec, 2012; Chusyd et al., 2016; Schoettl et al., 2018). Most studies address the secretion of irisin against subcutaneous and visceral depots. This research investigated the relationship between irisin and different visceral compartments. Our findings indicate that after 4 weeks, circulating irisin was increased in CD-Sed animals and occurred synergistically to the reduction of visceral depots. However, we did not observe a significant correlation between irisin and BF, EPI, RET and MES after 4 weeks. Furthermore, the morphometry of visceral depots did not show a correlation with irisin/FNDC5 after 4 weeks. This may suggest that protein is mostly secreted by muscle tissue instead of adipose tissue even in obese rats.

We observed in the CD-Sed group, an increase in FNDC5 that was positively correlated with leptin. Our findings corroborate with previous studies that showed that leptin positively regulated FNDC5 expression in murine C2C12 myocytes and stimulated baseline myogenesis and lower mRNA expression of factors related to muscle atrophy (Rodríguez et al., 2015). In addition, in the CD-Sed group, an increase in serum irisin was observed, which was positively correlated with the HOMA-IR index. These results have been observed previously in obese men and women (Fukushima et al., 2016), in men and women independent of nutritional status (Park et al., 2013) and in patients with kidney diseases (Ebert et al., 2014). In contrast, in female children irisin correlated negatively with the HOMA-IR index (Al-Daghri et al., 2016), as well as in obese men (Moreno-Navarrete et al., 2013). Park et al. (2013) also showed that metabolic syndrome indicators were positively correlated with irisin, even when adjusted for BMI and BF. Our data corroborate the findings and there was a positive correlation between irisin and TG in the CD-Sed animals. This same correlation has already been observed in overweight non-diabetic individuals, however the correlation was weak and the other anthropometric markers related to the risk of cardiovascular events were negatively related to irisin (Tang et al., 2019). Moreover, in the CD-Ex animals of this study, a negative correlation between irisin and HDL was observed, previously reported by Huh et al. (2012) in obese and non-obese individuals (Huh et al., 2012). Although HDL values are not significantly elevated in CD-Ex animals compared to CD-Sed, there is a tendency for this increase, which may have contributed to the reduction of circulating irisin in these animals. Together these data reinforce that the values of irisin/FNDC5 are regulated differently both in the presence of exercise and nutritional status. We showed that the positive relationship with the inflammatory marker and TG and negative with HDL is only significant while the nutritional status of the animal is with reduced adiposity, since the same findings were not confirmed in animals fed a sedentary HFD.

International guidelines often recommend combining exercise and low-calorie diets to treat obesity (Verheggen et al., 2016; Kahn et al., 2019). Thus, it is relevant to understand the combined and isolated effects of each intervention, on visceral adiposity, and on irisin. The results of this investigation showed that diet exclusively induced beneficial changes most of the parameters related to visceral adiposity both short and long term, and had no effect on the serum concentrations of irisin, but downregulated FNDC5 expression. In 4 weeks, the diet reduced most of the parameters related to body adiposity, and this effect was enhanced in 8 weeks. In addition, the diet reduced the mass of all visceral depots after 4 and 8 weeks of intervention. On the other hand, the training independently reduced visceral depots only after 8 weeks of intervention. Regarding the body composition parameters evaluated, training did not have an effect on any of those. Contrary to what was hypothesized, although the combination of exercise and diet reduced the adiposity and inflammatory parameters of obesity, these effects were not enhanced by this combination but there is a tendency for that. Therefore, we reinforce the importance of combining the diet associated with exercise in the control of obesity, especially in the preservation of muscle mass. It is important to emphasize that the combination promoted effects superior to exercise in body composition, but did not overcome the effects of diet.

There are some limitations that should be noted when interpreting these results. First, our study sample size was relatively small and some data showed very heterogeneous values, limiting our power to detect differences between groups. Secondly, we were unable to identify the detailed source of irisin secretion into the visceral depots due to the absence of expression protein in the tissue sample. Lastly, though the scope of this current study was the interactions between irisin and visceral depots, it is important to highlight that muscle and adipose tissue are the major but not the only source of irisin in the body. We did not study SAT or heart–two other significant sources of irisin. These tissues have an important influence on the metabolism of adipocytes and may be responsible for part of the effects presented in that study.

In conclusion, considering the metabolic repercussions of obesity, VAT has been the focus of several studies that aim to attenuate the metabolic repercussions of obesity. Thus, new myokines, such as irisin, which actively participate in thermogenic regulation have been investigated. In this study, the diet was the most important factor in reducing visceral adiposity in the short and long term, followed by the combination of exercise and diet. Exercise was also important, as it preserves lean muscle mass and reduces visceral depots, after the diet. And diet and exercise exclusively were the factors capable of increasing the values of irisin, however, it did not bring cumulative effects of both interventions. Prescriptions to enhance the obesity treatments should involve reducing visceral adiposity as the focus of planning. To do this, reducing the fat content in the diet and aerobic exercise should be included as an initial treatment strategy. Furthermore, in addition to monitoring the classic biomarkers associated with obesity, such as blood glucose and HDL, irisin should also be evaluated as an early metabolic marker of obesity and FNDC5 as a marker of sarcopenia.
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