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Abstract

:

Due to increasingly diverse lifestyles, exercise timings vary between individuals: before breakfast, in the afternoon, or in the evening. The endocrine and autonomic nervous systems, which are associated with metabolic responses to exercise, show diurnal variations. Moreover, physiological responses to exercise differ depending on the timing of the exercise. The postabsorptive state is associated with greater fat oxidation during exercise compared to the postprandial state. The increase in energy expenditure persists during the post-exercise period, known as “Excess Post-exercise Oxygen Consumption”. A 24 h evaluation of accumulated energy expenditure and substrate oxidation is required to discuss the role of exercise in weight control. Using a whole-room indirect calorimeter, researchers revealed that exercise performed during the postabsorptive state, but not during the postprandial state, increased accumulated fat oxidation over 24 h. The time course of the carbohydrate pool, as estimated by indirect calorimetry, suggests that glycogen depletion after postabsorptive exercise underlies an increase in accumulated fat oxidation over 24 h. Subsequent studies using 13C magnetic resonance spectroscopy confirmed that the variations in muscle and liver glycogen caused by postabsorptive or postprandial exercise were consistent with indirect calorimetry data. These findings suggest that postabsorptive exercise alone effectively increases 24 h fat oxidation.
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1. Introduction


According to surveys on time use conducted in the United States [1] and Japan [2], more people exercise in the postprandial state in the late afternoon, and few individuals exercise in the postabsorptive state before breakfast (Figure 1). Additionally, most individuals choose to exercise when it best fits their schedule; thus, there are variations in exercise timing among individuals. In professional athletes, daily training is frequently divided into multiple sessions. A recent survey found that 48% of elite endurance athletes reported performing at least some training sessions in the morning in the postabsorptive state [3]. The most common reasons for this included weight loss or body composition goals.



Regular exercise helps to achieve and maintain the desired body composition [4] and reduces the risk of multiple chronic health conditions [5]. Specific recommendations regarding the duration and intensity of exercise necessary to maintain a healthy body are provided by the World Health Organization physical activity guidelines: 150–300 or 75–150 min of moderate- or vigorous-intensity physical activity per week, respectively, or an equivalent combination of moderate- and vigorous-intensity aerobic physical activities per week [6]. The physical Activity Guidelines for Americans also suggest that exercise should be performed at least three days a week to avoid excessive fatigue and an increased risk of injury [7]. However, the preferable time (morning, afternoon, or evening) or nutritional state (postabsorptive or postprandial) when exercise is performed is not specified in the guidelines. The endocrine and autonomic nervous systems associated with metabolic responses to exercise exhibit diurnal variations [8,9]. Moreover, physiological responses to exercise may differ depending on the timing of the exercise. Shibata et al. recently proposed the term “chrono-exercise,” which associates exercise effectiveness with the time when it is performed [10]. Various studies have examined how exercise timing relates to food intake [11], circadian rhythm [12,13], energy substrates [14], body composition [15,16,17,18], training adaptations [19,20], and glucose metabolism [21,22]. Taken together, it appears that there may be a best time to exercise.



The evaluation of the accumulated energy expenditure and substrate oxidation over 24 h is essential in order to discuss the role of exercise on body weight control. The mechanisms underlying the time or nutritional state-specific effects of exercise on 24 h energy metabolism are currently being studied. In the present review, we discussed the effects of exercise timing on energy metabolism, particularly on fat oxidation. First, fat oxidation during different exercise protocols was compared using indirect calorimetry with a face mask or mouthpiece. Second, accumulated fat oxidation over 24 h was compared using indirect calorimetry in a whole-room metabolic chamber. Third, the time course of glycogen content in the liver and muscles was determined by conducting a 13C magnetic resonance spectroscopy (MRS) study. The 13C MRS confirmed our indirect calorimetry-based hypothesis that exercise timing affects diurnal glycogen content in the body.




2. Effects of Exercise Timing on Fat Oxidation during Exercise


If the motive of exercise is to reduce body fat, increasing fat oxidation relative to energy expended is critical [19]. Hence, understanding the factors that increase or decrease fat oxidation is key. Exercise intensity is one of the most important determinants affecting fat oxidation during exercise. The relative contribution of fat oxidation to total energy expenditure is greater at lower exercise intensities, and the energy is primarily obtained from the oxidation of free fatty acids in plasma [23]. Additionally, the rate of fat oxidation is increased in low-to-moderate intensity exercise, whereas it is decreased with high-intensity exercise [23]. Therefore, low-intensity exercise rather than high-intensity exercise is recommended to maximize fat oxidation and fat loss.



Fat oxidation during exercise has also been reported to vary depending on the timing and intensity of the exercise. According to Amaro-Gahate et al. [24], fat oxidation during graded exercise was greater between 5 and 8 PM than between 8 and 11 AM. Similarly, Sharma and Agarwal. [25] discovered that fat oxidation during steady-state exercise was higher between 3 and 4 PM than between 9 and 10 AM. Furthermore, serum-free fatty acid levels were significantly higher at 2 h after 60 min of steady-state exercise in the evening (between 5 and 6 PM) than in the morning (between 9 and 10 AM) [26]. To increase fat oxidation, evening exercise has been suggested over morning exercise [27]. Although these studies were conducted under standardized dietary conditions prior to experimental exercise conditions, the relative time between exercise and eating in real life is not fixed. The physical response to exercise is affected not only by the time of day but also by the nutritional status, which can be postprandial or postabsorptive. Particularly, the morning after an overnight fast, which lasts 8–10 h after the last meal, is a characteristic time of the day to spare carbohydrates and increase reliance on fat as a substrate for energy supply [28]. The only time the postabsorptive state occurs in a typical three-meal-a-day lifestyle is before breakfast. Exercise performed in the postabsorptive state is associated with greater fat oxidation than in the postprandial state [29,30].



Based on previous findings, it is possible to determine the optimal exercise conditions for losing body fat. However, the increase in whole-body fat oxidation persists not only during exercise but also after exercise [31]. Moreover, the intensity of exercise may affect post-exercise nutrient oxidation differently. Indeed, when high-intensity exercise is compared to low-intensity exercise, there is evidence of a greater reliance on energy from fat during the post-exercise period [32]. As a result, the energy source after high-intensity exercise shifts to fat-dominant sources; total fat oxidation during exercise remains constant, and a 3 h recovery period is unaffected by exercise intensity [33]. Therefore, to completely understand the implications of exercise for body weight regulation, the long-term effects of exercise on nutrient oxidation must be considered. However, assessing energy metabolism over an extended period, including eating and sleeping, would be difficult with a method that completely covers the mouth with a mask (Figure 2).




3. Effects of Exercise Timing on 24 h Fat Oxidation: Whole-Room Metabolic Chamber Study


Several studies have been conducted to examine 24 h metabolism under comparable energy expenditure during exercise to investigate the effects of different exercise intensities on total fat oxidation using whole-room indirect calorimetry (Figure 3). The increase in energy expenditure persists during the post-exercise period, known as “Excess Post-exercise Oxygen Consumption” [34,35,36]. Moreover, several studies have assessed energy metabolism under an energy-balanced condition, i.e., energy intake and expenditure over 24 h are balanced to assess accumulated fat oxidation for over 24 h, including during the post-exercise period. Surprisingly, there is a consensus in the literature that postprandial exercise does not increase 24 h fat oxidation in an energy-balanced condition; exercise was accompanied by an increase in energy intake, as planned in the experimental design, because over- and under-feeding had profound effects on nutrient oxidation (Table 1).



A study from Colorado, United States, compared fat oxidation in male and female participants in three trials: non-exercise control and exercise at 40% or 70% VO2max. Exercise began at 10 AM and lasted approximately 100 and 60 min for low- and high-intensity exercise, respectively, to burn 400 kcal. In the trial with exercise, participants consumed extra calories to maintain an energy-balanced condition. Low-intensity exercise increased fat oxidation during exercise, but 24 h fat oxidation among the three conditions, including in sedentary controls, was similar [39]. According to this study, exercise intensity as well as exercise per se does not influence accumulated fat oxidation over 24 h. Therefore, exercise does not significantly increase 24 h fat oxidation, and the belief that exercise contributes to increased fat oxidation may need to be reconsidered [40]. These studies indicate that the effects of exercise on energy metabolism cannot be determined solely through exercise alone but must be assessed over a longer period of time, including during post-exercise.
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Table 1. Effects of exercise on accumulated fat oxidation over 24 h under an energy-balanced condition.
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Participants

	
Exercise

	
Effect of

Intensity

	
Effect of

Exercise

	
Ref.




	
Intensity

	
Duration






	
Lean female

	
50%VO2max

	
1 h

	
NS

	

	
[41]




	
100% VO2max

	
2 min × 15 trials

	




	
Obese male

	
38%Wmax

	
1 h

	
NS

	

	
[42]




	
80/50% Wmax

	
6 sets of 2.5 min each

	




	
Lean female and male

	
No exercise

	
NS

	
NS

	
[39]




	
40% VO2max

	
100 min




	
70% VO2max

	
60 min




	
Obese female and male

	
No exercise

	
NS

	
NS

	
[43]




	
40% VO2max

	
60 min




	
70% VO2max

	
30 min




	
Lean female and male

	
No exercise

	
NS

	
NS




	
40% VO2max

	
60 min




	
70% VO2max

	
30 min




	
Young male

	
No exercise

	

	
NS

	
[44]




	
60% VO2max

	
300 kcal

	




	
Old male

	
No exercise

	

	
NS




	
60% VO2max

	
300 kcal

	




	
Lean sedentary male

	
55%VO2max

	
60 min

	

	
NS

	
[40]




	
Lean trained male

	
55%VO2max

	
60 min

	




	
Obese sedentary male

	
55%VO2max

	
60 min

	




	
Male

	
50%VO2max

	
60 min

	

	
NS

	
[45]








NS; not significant.











Incorporating post-exercise evaluations may provide new insights into the effects of the pre-exercise nutritional status on fat oxidation. No studies have assessed the effects of exercise performed in a postabsorptive state on 24 h fat oxidation in an energy-balanced condition when we began our series of experiments. We compared 24 h fat oxidation in four trials that included a sedentary condition (non-exercise controls) and exercise in the morning (postabsorptive), afternoon, or evening (postprandial), to assess the accumulation of postabsorptive or postprandial exercise-induced fat oxidation [46]. Experimental exercise started at 6:30 AM, 2:30 PM, and 8:30 PM for 60 min at 50% VO2max. All trials were designed to be under an energy-balanced state for over 24 h. Energy expenditure during 60 min of exercise was similar among the three exercise trials (morning, 525 ± 28; afternoon, 527 ± 27; evening, 529 ± 27 kcal/60 min). However, fat oxidation during exercise was higher in the morning trials (158 ± 13 kcal/60 min) than that in the afternoon (42 ± 7 kcal/60 min) and evening trials (42 ± 5 kcal/60 min). Compared to the two postprandial exercises, postabsorptive exercise resulted in not only greater fat oxidation during exercise but also in increased fat oxidation over 24 h (Figure 4). Furthermore, compared to non-exercise controls, 24 h fat oxidation increased following exercise in the postabsorptive state, whereas this was not observed after postprandial exercise. Notably, urinary nitrogen excretion over 24 h, which is a marker of protein oxidation, was not significantly different between the four trials (morning, 311 ± 25; afternoon, 365 ± 28; evening, 340 ± 24; control; 317 ± 38, kcal/day). This study advocated that the increase in fat oxidation due to postabsorptive exercise was not offset in 24 h. Similar studies adopting different exercise intensities or timing similarly reported that postabsorptive exercise increases fat oxidation [47,48,49,50]. Furthermore, our findings in male participants were also confirmed in female participants [51]. This series of studies was conducted with a standardized diet and limited the use of supplements on the day before the experiment. Additionally, the participants ranged from healthy non-athletes to endurance athletes. Thus, these studies suggest that the postabsorptive state is the only spontaneous time of the day that increases fat oxidation following exercise and under an energy-balanced condition.



The above studies measured macronutrient oxidation and energy expenditure using a room-size metabolic chamber and 24 h indirect calorimetry. The main advantage of this method is that it can estimate the time course of energy and nutrient balance relative to the beginning of 24 h calorimetry as the difference between the input (meal consumption) and output (oxidation). The lowest values of relative carbohydrate balance observed through the time courses, i.e., greatest transient energy and carbohydrate deficit, were greater following postabsorptive exercise than postprandial exercise (Figure 5a). Combined data from five studies revealed a negative correlation between transient carbohydrate deficit and 24 h fat oxidation (Figure 5b). The magnitude of transient carbohydrate deficit, i.e., the lowest relative carbohydrate balance value, may indicate the amount of glycogen stored as a source of carbohydrate energy. A comparison of the group mean, which reflects differences in experimental conditions, suggested that the more glycogen was depleted, the more fat was oxidized over 24 h. However, we recognize that the data included a hierarchical structure, called nested data. A comparison of subjects within each experimental group revealed a positive correlation between relative carbohydrate deficit and 24 h fat oxidation, suggesting that the less that glycogen was depleted during exercise, the more that fat was oxidized over 24 h. This positive correlation reflects individual differences in fat oxidation, i.e., subjects with less depletion of glycogen stores oxidized more fat during exercise and over 24 h, reflecting individual differences in fat oxidation capacity such as muscle fiber type and mitochondrial density (Figure 5c).



These results of indirect calorimetry suggest a potential mechanism by which diurnal changes in glycogen levels influence 24 h fat oxidation. Substrate oxidation shifts from carbohydrate to fatty acid during overnight fasting [53], and hormonal changes activate several transcription factors as well as modulate gene expression [54]. One possible physiological explanation for these findings is that variability in glycogen level plays a role in whole-body energy metabolism. Liver and muscle glycogen is a source of energy, and its quantity influences whole-body energy metabolism. Specifically, depletion of glycogen in the liver stimulates lipolysis in adipose tissues through a central nervous system-mediated mechanism [55], and a reduced muscle glycogen level locally triggers sequential events, including the weakened interaction of AMP-activated protein kinase (AMPK) with glycogen, enhanced AMPK activity, altered intracellular localization of AMPK, and upregulated expression of genes associated with fat oxidation such as carnitine palmitoyltransferase (CPT-1), fatty acid translocase (FAT/CD36), and hormone-sensitive lipase (HSL) (Figure 6) [56]. Hence, glycogen in the liver and muscle plays a role as an energy storage site but also a regulator of whole-body energy metabolism. Based on these findings, the underlying mechanisms of exercise performed in a postabsorptive state that increases 24 h fat oxidation seem to be due to the enhanced availability of free fatty acids and their oxidative capacity as a result of the transient glycogen deficit. Nevertheless, no previous studies have reported fluctuations in liver and muscle glycogen levels following postabsorptive or postprandial exercise.




4. Effects of Exercise Timing on Glycogen Metabolism: 13C MRS Study


Glycogen has been traditionally assessed in vivo using biopsy wherein a piece of tissue is removed, in this case, from the liver and muscles. This is a difficult and invasive procedure and is associated with the infrequent incidence of side effects, especially in the liver [57]. As a result, diurnal variation analysis of glycogen has been restricted owing to the discomfort to participants and limitation in the number of measurements. Recent developments in 13C MRS have permitted the use of non-invasive techniques to assess the glycogen content in human skeletal muscles and liver. 13C MRS can be used to evaluate the glycogen content in different tissues several times a day without causing much inconvenience to the participants. 13C MRS was performed using a clinical 3 Tesla superconducting MR scanner as described [58,59]. Briefly, 13C spectra were collected with a 13C-1H double-tuned diameter surface coil set on the muscle or the right-hand side of the trunk (by the liver). The 13C spectrum of muscle was collected with a repetition time of 200 ms and 4500 acquisitions, requiring 15 min per measurement. Moreover, the liver 13C spectrum was collected with a repetition time of 160 ms and 6000 acquisitions, requiring 16 min per measurement. Since the glycogen spectrum was fully decoupled, as shown in Figure 7c, curve fitting was performed assuming that the glycogen peak was a singlet with a chemical shift of 100.5 ppm. Glycogen contents were determined by comparing the 13C spectra of muscle and liver with that of external standard solutions (muscle: 150 mM glycogen from oysters and 50 mM KCl, liver: 200 mM glycogen from oysters and 150 mM KCl). We examined glycogen variability in sedentary participants using this technique [59]. In the absence of specific exercise, glycogen content in the calf fluctuated little throughout the day, whereas glycogen in the liver fluctuated greatly, with the lowest level after an overnight fast. Furthermore, we examined the diurnal variation in glycogen by combining these findings with the timing of exercise either after an overnight fast or in the afternoon [60]. Glycogen content in the liver, which had been lowered by overnight fasting, was reduced to about half the level of the previous night following 60 min of exercise before breakfast. Subsequently, liver glycogen remained significantly lower than the previous night even after breakfast and lunch (Figure 8). In contrast, due to the preceding replenishment by breakfast and lunch, afternoon exercise did not result in a relatively large decrease in liver glycogen content compared to the previous night. These diurnal variations are similar to the carbohydrate balances estimated by indirect calorimetry (Figure 5a). However, our 13C MRS study did not measure the effects of supper and sleep on the variability of post-exercise liver and muscle glycogen content. Following afternoon exercise, the liver glycogen content was similar, but the muscle glycogen content was lower than that during exercise in a postabsorptive state. Thus, the relationship between 24 h fat oxidation and glycogen variability remains unclear. Since glycogen variation during the day has been demonstrated, it has been suggested that the part of the mechanism by which exercise performed in a postabsorptive state increases 24 h fat oxidation may be due to a transient muscle and liver glycogen deficiency.




5. Limitations and Future Perspective


Our studies on accumulated 24 h fat oxidation and glycogen content using whole-room indirect calorimetry and 13C MRS assessed the effect of a single session of exercise performed in a postabsorptive or postprandial condition [46,47,48,49,50,51,58,59]. These results suggest that exercise performed in the postabsorptive state increases fat oxidation due to transiently reduced glycogen levels, particularly in the liver.



It may be necessary to consider the relative time between exercises and meals to optimize an individual’s health through increased fat oxidation. Although the theoretical evidence is clear, there is no agreement on whether postabsorptive exercise results in greater long-term fat loss than postprandial exercise. Arciero et al. [61] found that 12 weeks of training that included exercise after an overnight fast reduced abdominal fat in female participants. However, several other studies have reported that postabsorptive exercise for 4 [18] or 6 [16,62] weeks did not show significant differences in body fat percentage or body fat mass compared to postprandial exercise.



In our previous study, the increase in fat oxidation following 60 min of postabsorptive exercise compared to postprandial exercise amounted to approximately 12 g [46]. Even with a completely controlled diet and performance of this exercise three days a week for 6 weeks, the calculated excess of fat oxidation was only 216 g. Although the benefits of continuous exercise are not limited to acute increases in fat oxidation, meaningful changes in body fat mass take time. More importantly, under the same conditions of energy and macronutrient intake conditions, greater fat oxidation over 24 h implies more carbohydrate storage. Of all the energy sources in the body, glycogen has a very low storage potential compared to fat and protein [63]. Thus, because of the limited glycogen storage in the body, the increase in fat oxidation due to exercise in a postabsorptive state may not be extrapolated to chronic effects. Accordingly, it is possible that the effects of postabsorptive exercise on expanding glycogen storage would eventually be counterbalanced by increased carbohydrate oxidation. Further studies are needed to examine the effects of regular postabsorptive exercise on fat metabolism.



Our studies examined participants with a variety of characteristics, including sexual differences, training status, exercise intensity and volume, and mode of exercise. However, the effects of body composition and age on 24 h fat oxidation have not been examined. Furthermore, while our studies have assumed a typical three-meal-a-day lifestyle, actual lifestyles are likely to be much more diverse. In the future, it may be necessary to study protocols that address diverse lifestyles.




6. Conclusions


Exercise in the postabsorptive state (i.e., overnight fasting) is the only spontaneous time of day that increases fat oxidation, which may be due to transient glycogen deficit. In the future, it will be necessary to investigate the synergistic effects of nutritional status and exercise as well as to determine which factor between postprandial/postabsorptive state or circadian rhythm is more prominent in the time-dependent effects of exercise.
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Figure 1. Time use survey on sports, exercise, and recreational activities. Diurnal variations in the percentage (%) of people participating in sports, exercising, or performing recreational activities are shown in 1-h intervals based on the time use survey in a working day in the United States [1]. People mainly exercised after their working hours, but some exercise in the morning, probably before breakfast. 
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Figure 2. Indirect calorimetry using a face mask. Expired air was collected through a face mask, limiting the measurement duration to a few hours. The expired air was subjected to analysis of O2 and CO2 concentration. 
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Figure 3. Whole-room indirect calorimetry. Changes in O2 and CO2 concentrations of the entire chamber are measured to assess O2 uptake and CO2 production of the participants without a mask and mouthpiece. This system, also known as a human calorimeter, allows us to track energy metabolism over time, including during sleep [37]. This method has limitations in assessing dynamic changes in energy metabolism caused by the dilution of the expired air with chamber air. Hence, efforts have been made to improve time resolution of the system [38]. 
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Figure 4. (a) Experimental protocol of our study [46]. Indirect calorimetry using a whole-room metabolic chamber was performed in 10 young non-obese men over 24 h. Participants remained sedentary (control) or performed 60 min of exercise at 50% VO2max before breakfast (morning), after lunch (afternoon), or after supper (evening). All trials were designed to be performed in an energy-balanced state over 24 h. (b) Accumulated fat oxidation over 24 h following postprandial exercise was not higher than that in sedentary conditions. Only exercise before breakfast increased 24 h fat oxidation more than that in sedentary conditions. (c) Comparison of exercise timing in the study of diverse time use for sports, exercise, and recreational activities among Japanese [2]. 
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Figure 5. Carbohydrate balance and 24 h fat oxidation. (a) Carbohydrate balance relative to the start of 24 h calorimetry was estimated as the difference between input (meal consumption) and output (carbohydrate oxidation) for control (―), morning exercise (―), afternoon exercise (―), and evening exercise (―) [46]. (b) Relationship between nadir of carbohydrate balance and 24 h fat oxidation for control (●), morning exercise (●), afternoon exercise (●), and evening exercise (●) [46]. Data from our previous studies were also plotted: 12 males completed two trials of 60 min of exercise at 50% VO2max before (▵) or after (▵) breakfast [47], 9 males completed three trials of 100 min of exercise at 65% VO2max before breakfast (×) or after lunch (×), and 50 min each before breakfast and after lunch (×) [48], 10 males completed three trials of 60 min of exercise at 60% VO2max before breakfast (□) and after lunch (□) or non-exercise control (□) [49], 11 males completed three trials of 60 min at 60% VO2max before breakfast (◊) and after lunch (◊) or non-exercise control (◊) [50]. The correlation coefficient was −0.44 (n = 154; p < 0.01). (c) Criteria of nested data (i.e., 0.1 < ICC), namely the intraclass correlation coefficients (ICC) of transient carbohydrate deficits, and 24 h fat oxidation were 0.87 and 0.39, respectively. Transient carbohydrate deficits exhibited significant a negative association with 24 h fat oxidation in between experiments (B = −0.73, 95% CI: −0.87, −0.58). However, within the experiment, transient carbohydrate deficits show a significant positive association with 24 h fat oxidation (B = 1.35, 95% CI: 0.94, 1.76) [52]. As an example, the regression line is shown only for the trial in which 100 min of exercise at 65% VO2max was performed before breakfast. 
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Figure 6. Graphic representation of some of the signaling events that are differentially activated by exercise in either a high-glycogen (A) or low-glycogen state (B) [56]. FA; fatty acid, PDK4; pyruvate dehydrogenase kinase 4, ATGL; adipose triglyceride lipase, IMTG; intramuscular triglyceride, FABP; FA-binding protein, PPAR; proliferator-activated receptor, PGC-1α; PPARγ coactivator-1α. 
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Figure 7. Muscle and liver glycogen measurements. (a) 13C-1H double-tuned surface coil measuring 10 cm used for glycogen measurement. We used the same coils for both the muscle and liver. (b) View of 13C magnetic resonance spectroscopy measurement of the liver. When measuring muscle glycogen levels, the coil was placed near the area concerned. (c) Example of muscle 13C spectra pre-exercise (left) and post-exercise (right). 






Figure 7. Muscle and liver glycogen measurements. (a) 13C-1H double-tuned surface coil measuring 10 cm used for glycogen measurement. We used the same coils for both the muscle and liver. (b) View of 13C magnetic resonance spectroscopy measurement of the liver. When measuring muscle glycogen levels, the coil was placed near the area concerned. (c) Example of muscle 13C spectra pre-exercise (left) and post-exercise (right).



[image: Nutrients 15 01109 g007]







[image: Nutrients 15 01109 g008 550] 





Figure 8. Changes from baseline (after supper, before bedtime) in muscle (a) and liver (b) glycogen stores after exercise in postabsorptive (closed circle) and postprandial (open circle) conditions [60]. Values are shown as mean ± standard error for the nine participants. * p < 0.05 vs. postprandial trial. ** p < 0.01 vs. postprandial trial. † p < 0.05 vs. baseline. ‡ p < 0.01 vs. baseline. 
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