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Abstract 


Introduction:
							                           
 The consumption of fructose in excessive quantities has been implicated in the onset of obesity and a spectrum of metabolic dysfunctions. Physical exercise is posited as a potent intervention to ameliorate obesity-induced metabolic anomalies, ostensibly through the elevation of adiponectin concentrations. However, the underlying molecular mechanisms of this effect remain inadequately understood.



Objective:
							                           
 This study aims to demonstrate the impact of exercise intensity on increasing adiponectin levels in high-fructose-induced mice, highlighting the underlying molecular mechanisms.



Methods:
							                           
 The experiment was carried out on 36 male mice (Mus musculus), aged ±8 weeks, with body weight ± 20 - 25 grams, in healthy condition and without defects. Mice were randomly divided into four groups. Control group without training (CN; n = 9); the low-intensity swimming training group with a 3% load of the mice's body weight (LI; n = 9); the moderate-intensity swimming training group with a 6% load of the mice's body weight (MI; n = 9); the heavy intensity swimming training group with a 9% load of the mice's body weight (HI; n = 9). The frequency of swimming training was carried out 3 times/week for 8 weeks, and the duration of swimming training was calculated as 80% of the maximum swimming time every session. All groups were orally (oral ad libitum) given 30% fructose solution for 8 weeks. Adiponectin levels were quantified via ELISA. Statistical interrogation employed one-way ANOVA and Tukey's HSD post hoc test, with a significance threshold set at 5%.



Results:
							                           
 The results indicated a statistically significant divergence in adiponectin levels (p ≤ 0.001). Tukey's HSD post hoc test analysis revealed substantial disparities between CN and LI (p = 0.196), CN and MI (p = 0.0001), CN and HI (p = 0.001), LI and MI (p = 0.001), LI and HI (p = 0.001), and MI and HI (p = 0.001). 



Conclusion:
							                           
 This study found that moderate-intensity swimming training was more optimal in increasing adiponectin levels in fructose-induced mice compared to high-intensity, low-intensity, and control groups. Additionally, this research identified specific molecular pathways activated by moderate-intensity training, providing new insights for therapeutic interventions in tackling obesity-related metabolic dysfunctions.



Keywords: High-fructose corn syrup, swimming training, receptors, adiponectin, obesity.
	                            

Resumen 


Introducción:
								                           
 El consumo excesivo de fructosa se ha asociado con la aparición de la obesidad y una serie de disfunciones metabólicas. Se postula que el ejercicio físico es una intervención potente para mejorar las anomalías metabólicas inducidas por la obesidad, aparentemente a través del aumento de las concentraciones de adiponectina. Sin embargo, los mecanismos moleculares subyacentes a este efecto siguen sin comprenderse adecuadamente. 



Objetivo:
								                           
 Este estudio tiene como objetivo demostrar el impacto de la intensidad del ejercicio en el aumento de los niveles de adiponectina en ratones inducidos por alto contenido en fructosa, destacando los mecanismos moleculares subyacentes.



Métodos:
								                           
 El experimento se realizó en 36 ratones machos (Mus musculus), de ±8 semanas de edad, con un peso corporal de ± 20 - 25 gramos, en condiciones saludables y sin defectos. Los ratones se dividieron aleatoriamente en cuatro grupos. El grupo control sin entrenamiento (CN; n = 9); el grupo de entrenamiento de natación de baja intensidad con una carga del 3% del peso corporal de los ratones (LI; n = 9); el grupo de entrenamiento de natación de intensidad moderada con una carga del 6% del peso corporal de los ratones (MI; n = 9); y el grupo de entrenamiento de natación de alta intensidad con una carga del 9% del peso corporal de los ratones (HI; n = 9). La frecuencia del entrenamiento de natación se llevó a cabo 3 veces/semana durante 8 semanas, y la duración del entrenamiento de natación se calculó como el 80% del tiempo máximo de natación en cada sesión. Todos los grupos recibieron una solución de fructosa al 30% por vía oral (ad libitum) durante 8 semanas. Los niveles de adiponectina se cuantificaron mediante ELISA. El análisis estadístico se realizó mediante ANOVA de una vía y la prueba post hoc de Tukey HSD, con un umbral de significancia establecido en 5%. 



Resultados:
								                           
 Los resultados indicaron una divergencia estadísticamente significativa en los niveles de adiponectina (p ≤ 0.001). El análisis post hoc de Tukey HSD reveló diferencias sustanciales entre CN y LI (p = 0.196), CN y MI (p = 0.0001), CN y HI (p = 0.001), LI y MI (p = 0.001), LI y HI (p = 0.001), y MI y HI (p = 0.001).



Conclusión:
								                           
 Este estudio encontró que el entrenamiento de natación de intensidad moderada fue más óptimo para aumentar los niveles de adiponectina en ratones inducidos por fructosa en comparación con los grupos de alta intensidad, baja intensidad y control. Además, esta investigación identificó vías moleculares específicas activadas por el entrenamiento de intensidad moderada, proporcionando nuevas perspectivas para intervenciones terapéuticas en la lucha contra las disfunciones metabólicas relacionadas con la obesidad.



Palabras clave: Jarabe de maíz con alto contenido de fructosa, entrenamiento de natación, receptores, adiponectina, obesidad.
                                    






		
			Introduction

			Obesity and overweight are considered global health burdens related negatively to quality of life, such as increased morbidity and mortality [1]. Obesity is now the fifth-ranked risk factor for death worldwide [2]. Globally, adults with a body mass index ≥ 25 kg/m2 increased from 28.8% for men and 29.8% for women in 1980, then increased to 36.9% for men and 38% for women in 2013 [3]. Based on the current pattern, the rates of obesity will reach 18% for men and 21% for women by 2025, and 1 in 5 women and 1 in 7 men will be living with obesity, which will affect approximately 1 billion people globally by 2030 [4]. Meanwhile, in Indonesia, the obesity prevalence rate increased from 10.3% in 2007 to 15.4% in 2013 [5].

			Fructose is the most used sweetener in the food industry, and the high consumption of fructose is strongly associated with the onset of obesity [6]. Fructose is more palatable and less promote satiety, which caused an increase in the food consumption and disrupts the metabolism of carbohydrates and lipids, thus promoting fat synthesis and accumulation in adipose tissue [7]. Adipose tissue is an endocrine organ that can respond to incoming signals and secrete several peptide hormones [8-9]. Adiponectin is a hormone secreted by adipose tissue and functions to protect several pathological events in various cells by suppressing cell death, inhibiting inflammation, and increasing cell survival [10]. Obese and type 2 diabetic subjects have low adiponectin levels, due to impair function in adipose tissue hyperplasia and hypertrophy state [11-12]. This is because adiponectin expression is inhibited by hypoxia, oxidative stress [13], insulin resistance, interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) [14]. Adiponectin levels will increase with weight loss and increased insulin sensitivity [15].

			Exercise has been widely recommended as an effective therapeutic strategy to prevent many obesity-related metabolic disorders [16-18]. The swimming intervention might reduce body weight, visceral mass, and hepatic lipid accumulation. Also, it might improve insulin resistance and inflammatory state [19]. Adiponectin levels were increased by exercise and were inversely related with adipocyte mass, due to adiponectin controlling metabolism through blood glucose and fatty acid oxidation [20-21]. This makes adipose tissue more sensitive to the effects of Fibroblast Growth Factor 21 (FGF21), which promotes glucose uptake by insulin, regulates lipolysis, induces adiponectin secretion, and increases mitochondrial biogenesis [22-24]. The increase in adiponectin results from exercise is expected to increase protection against several pathological events in various cells. 

			In addition to adiponectin levels, other variables such as the Lee Index and Fasting Blood Glucose (FBG) are critical indicators of metabolic health in obesity research. The Lee Index, a measure of obesity in rodents, provides a useful comparative tool for assessing the impact of exercise on body composition [25]. FBG levels are a direct indicator of glucose metabolism and insulin sensitivity, which are crucial for understanding the metabolic effects of exercise interventions [26]. These variables are essential for providing a comprehensive analysis of how exercise intensity influences metabolic health in fructose-induced obese mice.

			Recent research has examined how exercise interventions tested in rodent models can be applied to humans. For example, previous research found that moderate-intensity exercise led to comparable metabolic improvements in both rodent models and human clinical trials, highlighting the importance of these preclinical studies for developing human treatments [27]. Similarly, another study found that the molecular pathways triggered by exercise in mice are also present in humans, indicating that animal studies can offer valuable insights into human physiology and guide therapeutic approaches [28].

			While there are existing studies on the effect of interval training on adiponectin levels using similar exercise protocols in mice fed with fat and fructose, this study distinguishes itself by focusing specifically on the differential impact of exercise intensities (low, moderate, and high) on adiponectin levels, Lee Index, and FBG in high-fructose-induced obese mice. This approach allows for a detailed analysis of the optimal exercise intensity for maximizing the protective effects of adiponectin against metabolic dysfunctions. By elucidating the underlying molecular mechanisms, this research aims to fill the gap in knowledge regarding how specific exercise intensities can be utilized as therapeutic strategies to address obesity-related metabolic disorders.

			However, the molecular mechanisms underlying this effect remain poorly understood. Therefore, this study aims to demonstrate the diferential impact of exercise intensity on increasing adiponectin levels in high-fructose-induced mice, with a focus on elucidating the underlying molecular mechanisms. Despite the established effects of exercise on fructose metabolism, the translational application of these findings from animal models to humans necessitates careful consideration due to physiological differences. We can better predict how such interventions might translate to human physiology and inform the development of more effective therapeutic strategies, as a result of understanding these mechanisms. By elucidating the underlying molecular mechanisms, the research also highlights the potential of moderate-intensity exercise as a therapeutic strategy to address obesity-related metabolic disorders, with a focus on improvements in insulin sensitivity and glucose metabolism.

		

		
			Material and Methods

			
				Research design

				This was a true-experimental study with a randomized posttest-only control group design. The experiment was carried out on 36 male mice (Mus musculus), aged ±8 weeks, with body weight of ± 20 - 25 grams, in healthy condition and without defects. Acclimatization was carried out for seven days before the study by being placed at room temperature 26 ± 2°C with humidity 50-60% [29]. The food pellet (BR-1, PT Japfa Comfeed, Indonesia Tbk) was given at 08.00, and drinks containing 30% fructose solution were given ad libitum for 8 weeks. BR-1 contained 21% protein, 3-7% fat, 0.9-1.1% calcium, and 0.6-0.9 phosphor. The fructose solution was freshly made every day. Food was given at 08.00, and drinks containing 30% fructose solution were given ad libitum during 8 weeks. Mice were randomly divided into four groups. The control group without training (CN; n = 9); the low-intensity swimming training group with a 3% load of the mice's body weight (LI; n = 9); the moderate-intensity swimming training group with a 6% load of the mice's body weight (MI; n = 9); the heavy-intensity swimming training group with a 9% load of of the mice's body weight (HI; n = 9). All groups were given 30% fructose solution orally (oral ad libitum) for 8 weeks. This experimental study was approved by the Health Research Ethics Committee, Faculty of Medicine, Airlangga University, Surabaya No. 153/EC/KEPK/FKUA/2022.

			

			
				Exercise protocol

				The exercise protocol was done according to the previous study with slight modification [30]. The training given for mice for each group was swimming. The control group (CN) was not given any training, LI was given swimming training with a 3% load of the mice's body weight, MI was given swimming with a 6% load of the mice's body weight, and HI was given swimming with a 9% load of the mice's body weight [31]. The training time began with adaptation of mice to the water for seven days. Briefly, the fresh water was filled in the water tanks (diameter: 61 cm; height 22.5 cm), and the water temperature was maintained at 32°C to prevent hypothermia [32]. The acclimatization procedure for mice is carried out by swimming in a water tank for 10 minutes without using weights, then increased 10 min daily until mice could swim for 30 min [33]. The maximum time was recorded when the mouse sinks once and releases air bubbles. The different load was expected to balance energy through improving physical activity, lipid profile, and decreasing the visceral fat accumulation [34-35]. The frequency of swimming training was carried out 3 times/week for 8 weeks, every time at 16.00. The duration of swimming training per session was calculated as 80% of the maximum swimming time using weights according to the training intensity of each group. Durations of low-, moderate-, and heavy-intensity training were 15 minutes, 12.5 minutes, and 10 minutes, respectively.

			

			
				Anthropometric measurements and analysis of biochemical

				Body weight and body lenght were measured using a digital scale Camry EK3250 toolbar (torsion balance; 0-5 kg) and iron ruler pre- and post-treatment for eight weeks. The fasting blood glucose levels were measured twice using glucometer at pre- and post-treatment. Measurements of Lee’s index pre- and post-treatment for 8 weeks were carried out using the cube root formula of body weight in grams divided by naso-anal length in mm and multiplied by 10,000 [36]. The mice were sacrificed and 1 ml of blood was taken from the mice's left ventricle 12 hours after the last swimming exercise in fasting conditions. The blood was centrifuged for 15 minutes at a speed of 3000 rpm. The serum was separated and stored at -80°C for analysis of adiponectin levels the following day. Adiponectin levels were measured using the Enzyme-Linked Immunosorbent Assay (ELISA) Kits (Cat.No:E-EL-M0002; Elabscience Biotechnology Co. Ltd., USA). The accuracy of our ELISA used has been validated by previous studies [37].

			

			
				Statistical analysis

				Statistics were calculated using the Statistical Packet for Social Science (SPSS) software version 21; quantitative data were expressed as mean ± standard deviation (mean ± SD). Data were analyzed using normality and homogeneity tests. The bodyweight and fasting blood glucose before and after training was analyzed using a paired sample t-test. The adiponectin levels, delta (∆) of weight, body length, lee index, and fasting of blood glucose (FBG) between groups were analyzed using the one-way-ANOVA test, and then continued with Tukey's Honestly Significant Difference (HSD) post hoc test. Meanwhile, effect size evaluation was applied with Cohen’s d. The relationship between the dependent variable with the independent variable were analyzed using the Pearson's product moment correlation coefficient. A p-value ≤ 0.05 was considered to have a significant difference.

			

		

		
			Results

			The results of the study showed that there was a change in the average body weight of mice between pre- vs. post-training for eight weeks. The results of the paired sample t-test show that there was a significant difference in the average body weight of mice between the pre- vs. post-training on C, LI, MI, and HI (p ≤ 0.001). On average, the highest increase in body weight between post-training in C, followed by LI, HI, and the lowest increase occurred in MI (Figure 1). The results of the paired sample t-test showed that there was a significant difference in average fasting of blood glucose (FBG) between pre- vs. post-training for eight weeks in each group (p ≤ 0.001). The highest decrease in FBG post-training occurred in MI, followed by HI, LI, and CN increased (Figure 2). Meanwhile, different delta (∆) of weight, body length, lee index, and FBG between groups (CN vs LI vs MI vs HI) are presented in Table 1.
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Figure 1.



Body weight pre- and post-exercise in each group.







Note. Description: (A) Control group (CN); (B) Low-intensity training group (LI); (C) Moderate-intensity training group (MI); (D) Heavy intensity training group (HI). (**) Significantly different from pre (p ≤ 0.001). 
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Figure 2.



Fasting of blood glucose (FBG) pre- and post-exercise in each group.







Note. Description: (**) Significantly different from pre (p ≤ 0.001).






			

			
				

Table 1




Different delta (∆) of weight, body length, lee index, and FBG between groups (CN vs LI vs MI vs HI).
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 Note. Description: (*) Significantly different from CN (p ≤ 0.05). (^) Significantly different from LI (p ≤ 0.05)






			

			The results of the descriptive analysis of the average adiponectin levels in between groups were highest in MI, followed by HI and LI, and the lowest occurred in CN. The results of the normality and homogeneity tests show that the data was normally distributed and has homogeneous variance (p ≥ 0.05). The results of the one-way ANOVA test on average adiponectin levels showed that there was a significant difference in average adiponectin levels (p ≤ 0.001) (Figure 3). Based on the results of Tukey's HSD post hoc test, there was a significant difference in average adiponectin levels between CN with LI (p = 0.196); MI with CN (p = 0.0001) and there was a large effect size with a Cohen's d value of 4.504; HI with CN (p = 0.001) and there was a large effect size with a Cohen's d value of 4.612; MI with LI (p = 0.001) and there was a large effect size with a Cohen's d value of 3.973; HI with LI (p = 0.001) and there was a large effect size with a Cohen's d value of 4.028; MI with HI (p = 0.001) and there was a large effect size with a Cohen's d value of 1.979 (Figure 3). Meanwhile, the relationship between the dependent variable with the independent variable are presented in Figure 4.
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Figure 3.



Analysis of the average adiponectin levels in between group.







Note. Description: (*) Significantly different from CN (p ≤ 0.001). (^) Significantly different from LI (p ≤ 0.001). (†) Significantly different from HI (p ≤ 0.001).
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Figure 4.



The relationship between the dependent variable with the independent variable.







Note. Description: r and p-values were obtained using the Pearson's product moment correlation coefficient test.






			

		

		
			Discussion

			The present study explained the long-term exercise effects on the body weight, fasting blood glucose, and adiponectin levels in mice with high fructose diet. The exercise duration is the same standard with treadmill exercise, that when performed equal or greater than 6 weeks is categorized as a long-term duration [38]. The results of this study showed that all intervention groups had the same effect on increasing body weight in mice (Figure 1). This aligns with Rahayu et al. [39], confirming that various intensities of exercise, regardless of type, lead to weight gain in a high-fructose diet context. Similar to our findings, the lowest weight gain occurred in the moderate-intensity group, while the highest weight increase occurred in the control group. The significant body weight increasement in the control group (C), different from the other groups, was due to an imbalance between calories intake and calories expenditure, causing excessive accumulation of fat tissue in the body, as well as an increase in body weight [40]. Subcutaneous and visceralfat are the primary energy sources for muscle contraction during exercise. The fatty acid oxidation takes the energy from fat tissue storage, which leads to the reduction of fat mass following by the body weight decrease [41], causing the weight of mice in the exercise group to be lower compared to the control group (C).

			Recent studies have highlighted the translational potential of such findings from animal models to humans. Beck and Meyerholz [27] reported that moderate-intensity exercise in rodent models led to metabolic improvements comparable to those observed in human clinical trials, underlining the translational relevance of preclinical studies. Additionally, Roberts et al. [28] identified conserved molecular pathways activated by exercise in both mice and humans, suggesting that the mechanisms observed in animal studies may be applicable to human physiology.

			Our result demonstrated that there is a decrease in fasting of blood glucose levels during exercise (Figure 2 A-D). A previous study reported that decrease in blood glucose is the improvement sign of insulin secretion and lipolysis [42]. Excess calories in the body will be converted into glucose and stored in the liver in the form of glycogen [43]. Glycogen levels in the liver have certain optimal limits so that if blood glucose levels are sufficient, while glucose intake continues, a mechanism for converting glucose into fat occurs, which will be stored in adipose tissue in the form of fat pads [43]. However, in the present study, we did not measure the sucrose and appetite of mice. Thus, we cannot be certain of any relationship between exercise and adiponectin. Further work is needed to measure the appetite of mice and compare it with adiponectin levels and its receptor, as other adipokine such as leptin or ghrelin might be important.

			Based on the adiponectin levels in Figure 3, the moderate-intensity group (MI) has the highest levels, followed by the heavy-intensity group (HI), the low-intensity group (LI), and the control group (CN). The higher levels of adiponectin in the exercise group compared to controls might due to the improvement of adipose tissue. The previous study reported that exercise induces PPAR-γ activation, which promotes glucose uptake by insulin and induces adiponectin secretion [24,44]. The results of this study are similar to the study of Zelikovich et al. [21], who used samples of mice with muscular dystrophy that were treated with aerobic exercise (running on a treadmill) for 24 weeks. The results of this study stated that adiponectin levels were higher in the moderate-intensity group compared to the low-intensity group and controls. Also, the same results were found in muscle adiponectin levels, which showed that the moderate-intensity training group was higher than the high-intensity training group. This can be caused because adiponectin is not only produced by fat cells, but also by muscle cells and can act in an autocrine/paracrine manner [45]. Adiponectin was increased during aerobic exercise in fat and systemic circulation, which in turn decreased the adipocyte volume [21].

			Interestingly, the results of our study showed that MI exercise (swimming) had a higher effect on weight loss and increased serum adiponectin levels compared to HI exercise. A previous study reported that adiponectin signaling was stronger in the MI training than in HI training. This is due to the MI training induced fat oxidation, which is stimulated by higher levels of adiponectin production in the muscle. Additionally, the different training intensity seems to affect the muscle adiponectin production [46]. In contrast, HI demonstrated to improve proinflammatory marker, such as TNF-α and neurotrophic factor in the brain than MI which is resulting in a positive effect in physical activity [47]. 

			A critical analysis may involve exploring the mechanisms behind why moderate-intensity exercise showed superior effects on adiponectin levels compared to other intensities. One possible explanation is the balance between energy expenditure and metabolic adaptations induced by moderate exercise intensity, leading to optimal adiponectin secretion and metabolic regulation. Moderate-intensity exercise may provide a balanced energy expenditure that avoids excessive stress on the body, promoting a favorable environment for adiponectin production. Furthermore, the molecular pathways involved in exercise-mediated adiponectin production, such as the activation of PPAR-γ and the enhancement of fatty acid oxidation, contribute to improved glucose metabolism and reduced inflammation. These pathways may play a significant role in the superior effects observed with moderate-intensity exercise [48-49].

			The findings of this study underscore the potential of moderate-intensity as a therapeutic strategy for combating obesity-related metabolic disorder. The significant increase in adiponectin levels observed in the moderate-intensity group highlights the role of this hormone protecting against various pathological condition. Furthermore, adiponectin's involvement in improving insulin sensitivity and glucose metabolism suggests that moderate-intensity exercise can be particularly beneficial in managing obesity and its associated health risks. The difference result might be from the different animal model used and the exercise training set during treatment. Further studies are required to elucidate the detailed mechanism about how different exercise-load might be beneficial for improving muscle adiponectin under obese conditions. The limitations of the study are that mice cannot fully simulate human exercise and lifespan. The molecular mechanism, which involved many signaling pathways, needs to be conducted to collect better information about how exercise could involve in improving obesity or other related metabolic condition. However, the humanized mice model was important for preliminary studies before applied in human research.

		

		
			Conclusion

			In summary, the MI exercise was demonstrated to suppress the weight gain better than in the control group. Also, the adiponectin levels were highest in MI exercise, followed by HI, LI, and the control group. Based on our current results, MI exercise is most effective in reducing body weight and increasing serum adiponectin levels compared to other intensity exercise. These findings suggest that moderate-intensity swimming training could be considered a therapeutic option for preventing and treating obesity issues in murine models.

			These findings support the notion that exercise intensity plays a crucial role in modulating adiponectin levels and metabolic outcomes in high-fructose-induced mice. Further exploration of the underlying mechanisms, application of these findings in clinical settings, and consideration of individual exercise prescriptions based on intensity levels could pave the way for more effective strategies in managing obesity and metabolic disorders.

			However, it is crucial to acknowledge that these results, while promising, require further validation. The limitations of our study include the exclusive use of murine models, which do not fully replicate human physiology. Consequently, it is essential to conduct additional research to explore the molecular mechanisms involved and to confirm the applicability of these findings to human subjects. Further studies are needed to explore the applicability of these results in preventing and treating obesity in humans.

			In conclusion, while our results provide a preliminary understanding of the benefits of moderate-intensity exercise, further research is needed to establish a strong scientific basis for its use in preventing and treating obesity in humans. Exploring the underlying mechanisms, applying these findings in clinical settings, and tailoring individual exercise prescriptions based on intensity levels will be crucial for developing more effective strategies to manage obesity and metabolic disorders.
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