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Abstract

:

Ingestion of low glycemic index (LGI) carbohydrate (CHO) before exercise induced less insulin response and higher fat oxidation than that of high GI (HGI) CHO during subsequent exercise. However, the effect on the subsequent postprandial lipid profile is still unclear. Therefore, the aim of this study was to investigate ingestion of CHO drinks with different GI using fructose and glucose before endurance exercise on the subsequent postprandial lipid profile. Eight healthy active males completed two experimental trials in randomized double-blind cross-over design. All participants ingested 500 mL CHO (75 g) solution either fructose (F) or glucose (G) before running on the treadmill at 60% VO2max for 1 h. Participants were asked to take an oral fat tolerance test (OFTT) immediately after the exercise. Blood samples were obtained for plasma and serum analysis. The F trial was significantly lower than the G trial in TG total area under the curve (AUC; 9.97 ± 3.64 vs. 10.91 ± 3.56 mmol × 6 h/L; p = 0.033) and incremental AUC (6.57 ± 2.46 vs. 7.14 ± 2.64 mmol/L × 6 h, p = 0.004). The current data suggested that a pre-exercise fructose drink showed a lower postprandial lipemia than a glucose drink after the subsequent high-fat meal.
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1. Introduction


An increase in postprandial plasma triacylglycerol (TG) concentrations was suggested to cause damage on vascular subcutaneous cells and vascular walls [1]. The postprandial lipemia phenomena may last for 6 to 8 h [2], suggesting that a high postprandial TG concentration in the circulation is likely lasting an entire day after breakfast is ingested. A number of studies indicated that an increase in postprandial TG level correlates positively with the mortality rate and risk of cardiovascular disease (CVD) [3,4,5]. In order to reduce high postprandial TG concentrations, several studies proposed that endurance exercise was effective for lowering postprandial TG concentrations [6,7,8].



A high-carbohydrate (CHO) diet increases the storage and use of muscle glycogen, and improves exercise performance [9,10]. However, a high CHO diet might cause a rise in very-low-density lipoprotein (VLDL) concentration [11,12,13] and a reduction in the level of high-density lipoprotein cholesterol (HDL-C) [14], which were considered to increase the risk of CVD. Previous study showed exercise intervention might elevate the level of HDL-C, increase lipoprotein lipase (LPL) activity [15], increase the transportation of blood lipids into the muscle cells for storage or use, and lower postprandial TG concentrations [11,16]. Katsanos and colleagues [17] showed that following moderate-intensity endurance exercise there was significantly lower insulin concentration and TG area under the curve (AUC) over 6 h after ingestion of a high-fat meal when compared to the no exercise trial. Therefore, insulin action may play one of the key factors in influencing postprandial TG levels [18,19].



A rise in insulin concentration by following CHO ingestion results in an increase in the rate of CHO oxidation, and the rate of fat oxidation inhibited [18]. Previous studies examined ingesting CHO meals with a low glycemic index (LGI) and a high glycemic index (HGI) before exercise on substrate utilization during exercise [20,21,22]. The results suggested that ingestion of the LGI meal induced lower insulin response and showed a significantly higher rate of fat oxidation than that of the HGI meal during subsequent exercise [20,22]. Ingesting CHO with a distinct GI stimulates insulin response, leading to changes in the fat oxidation rate during exercise, which possibly exerts varying degrees of influence on postprandial lipid metabolism when the body is recovering from the exercise. Kaviani and colleagues [23] reported that ingestion of a post-exercise LGI meal induced lower postprandial TG concentrations when compared to that of the HGI meal. However, how the pre-exercise CHO influenced the subsequent postprandial lipid profile is still unclear.



An extant study verified that exercise intervention effectively lowered the increased level of blood lipids due to CHO ingestion [24,25]. We hypothesize that ingestion of an LGI drink prior the exercise may induce higher fat oxidation than ingestion of an HGI drink during exercise and subsequently induces a higher plasma TG clearance rate during the postprandial period after a high fat meal. To date, no studies have been conducted on postprandial lipid profiles immediately after exercise with ingestion of pre-exercise GI CHO. Therefore, the purpose of the present study was to determine the effect of fructose versus glucose pre-exercise drinks and exercise intervention on the subsequent postprandial lipid profile.




2. Materials and Methods


Eight healthy active males voluntary participated in the present study (age 23.1 ± 0.7 years, weight 68.9 ± 2.0 kg, and maximal oxygen consumption (VO2max) 47.7 ± 1.6 mL/kg/min). This study was conducted in the Sports Science Research Center of National Taiwan University of Sport, with the approval of the Human Subject Committee of National Taiwan University of Sport (NTCPE-95-01). Participants were given their written informed consent after complete understood the study design and possible risks. All participants completed the health history questionnaire before undertaking the experiments.



2.1. Experimental Design


A randomized double-blind cross-over experimental design was adopted and the trial order was counter-balanced for this study. All of the participants underwent two experimental trials separated at least seven days. The participants were asked to ingest CHO-containing either a fructose or glucose drink 30 min before running on the treadmill for 1 h at 60% VO2max. Immediately after the exercise the participants were asked to take an oral fat tolerance test (OFTT), which asked participants to ingest a high-fat meal to observe postprandial lipemia for 6 h [26]. The participants were asked to record their diet for three days before the first trial and were required to repeat the same diet before the next trial. A standardized lunch and dinner was served for the participants on the day before the main trial. The participants were asked to avoid any heavy physical activity or exercise three days before the main trials. In addition, they were asked to refrain from smoking and ingesting alcohol- and caffeine-containing beverages before the experiment.




2.2. Preliminary Measurements


Two preliminary tests were conducted: running economy (RE) test and VO2max measurement.



RE test: The RE protocol was a four-stage test running on a treadmill (Medtrack ST65, Quinton, Seattle, Washington, USA) at an initial speed of 7.0–8.0 km/h and increase at 1.0–1.5 km/h every 4 min. The oxygen uptake (VO2) was measured 1 min before the end of each stage using a gas analyzer (Vmax Series 29C, Sensor Medics, Yorba Linda, CA, USA). The four VO2 measurements were substituted in a linear regression equation to calculate the relationship between VO2 and running speed [22].



VO2max test: The speed of the treadmill was set at a constant pace. The initial slope of the treadmill was set at 3.5% and increased at 2.5% every 3 min. Participants were encouraged to complete every stage of the exercise until volitional fatigue. The VO2max criteria were a plateau in VO2, heart rate coming close to the age-predicted maximal heart rate, and respiratory exchange ratio (RER) ≥ 1.15.




2.3. Test Drink, Oral Fat Tolerance Test, and Lunch and Dinner before Experiment Day


Participants ingested different GI carbohydrate drinks that we provided in the present study: (a) a high-GI drink (GI = 100; HGI); and (b) a low-GI drink (GI = 40; LGI). Carbohydrate source: HGI was 75 g glucose (Wako Pure Chemical Industries, Ltd., Osaka, Japan), or LGI was 75 g fructose (Shimakyu’s Pure Chemicals, Osaka, Japan) in 500 mL water.



An oral fat tolerance test meal included white bread, whipping cream, nuts, butter, and cereal. The meal provided as based on the body weight of the participants and contained 1.2 g/kg fat, 1.1 g/kg CHO, 0.33 g/kg protein, and 16.5 kcal/kg [26]. All of the foods were purchased from the same supermarket, and the foods were of the same brand. The calorie value of the foods, as well as CHO, protein, and fat contents, were calculated according to the nutritional label by the manufacturer.



The standardized lunch and dinner before the main trial were described in the previous study [26] and were purchased from the same convenience store. The lunch provided 840.0 ± 57.0 kcal, with 50.7 ± 0.3% energy from carbohydrate (106.5 ± 7.4 g), 31.5 ± 0.5% from fat (29.4 ± 1.8 g), and 17.8 ± 0.5% from protein (37.5 ± 3.2 g). The standard dinner offered 692 kcal, with 50% energy from carbohydrate (86.5 g), 32% from fat (24.6 g), and 18% from protein (31.1 g). The calculated GI value was 68.8.




2.4. Protocol


Participants were given the same lunch and dinner one day before the start of the experiment. They were instructed to report to the laboratory after overnight fasting for 12 h. After their height and weight were measured, they were asked to ingest a fructose (F) or glucose (G) drink (500 mL). Following 30 min of a resting period, the participants ran at 60% VO2max for 1 h on the treadmill. After the exercise was completed, fasting blood specimens were drawn at 0 h from the antecubital vein by a catheter. Subsequently, the participants were asked to ingest an OFTT meal within 20 min, and their blood specimens were collected at 0.5, 1, 2, 3, 4, 5, and 6 h after the meal. The participants were required to sit quietly in the laboratory to avoid any physical activities during the 6 h postprandial period. The environmental temperature was maintained at 22 °C–25 °C and a humidity of 50–60%.




2.5. Blood Sample Collection and Analysis


A catheter (Venflon 20G, Ohmeda, Sweden) was connected to the three-way stopcock (Connecta Ltd., Helsingborg, Sweden) with a 10-cm long tube for collecting 10 mL blood samples at each time point. The 10-cm long blood tube was regularly washed with sterile sodium chloride solution (0.9% w/v) to prevent blood coagulation in the tube. A non-heparinized tube was used to collect 2 mL of blood sample, and it was allowed to stand for 1 h to wait for the blood to coagulate. Another tube containing ethylenediaminetetraacetic acid (EDTA) was used to collect 8 mL of blood sample. The collected sample was then centrifuged (Eppendorf 5810, Hamburg, Germany) at 4 °C at 2000 rpm for 20 min. The extracted serum and plasma samples were stored at −70 °C in a freezer before analysis. Plasma glucose (Shino, Tokyo, Japan), TG (Wako, Osaka, Japan), non-esterified fatty acid (NEFA; Wako, Neuss, Germany), glycerol (Randox, Co., Antrim, UK), and HDL-C (Kyowa, Osaka, Japan) were measured using an automated biochemical analyzer (Hitachi 7020, Tokyo, Japan). Electrochemiluminescence (Elecsys 2010, Roche Diagnostics, Basel, Switzerland) immunoassay was used to analyze the serum insulin concentrations (Roche Diagnostics, Mannheim, Germany). The intra-assay coefficients of the variation of the blood sample measurement were: TG: CV(%) = 4.9; insulin: CV(%) = 2.8; NEFA: CV(%) = 4.51; glycerol: CV(%) = 6.42; glucose: CV(%) = 6.9; and HDL-C: CV(%) = 4.9.




2.6. Statistical Analyses


All collected data was presented as mean ± SD. Changes in blood samples were analyzed by a two-way ANOVA with repeated measures. The Bonferroni post hoc test for comparison with two groups for each time point was used when the ANOVA showed a significant interaction effect (condition × time). The blood biochemistry concentrations over the time AUCs were analyzed using a paired T-test. The differences between F and G trials were evaluated by Cohen’s effect size (ES). The analysis was performed with SPSS 23.0. A p-value less than 0.05 was considered statistically significant.





3. Results


3.1. Plasma Triacylglycerol


Plasma TG IAUC (Figure 1a) was significantly lower in the F than in the G trial (6.57 ± 2.46 vs. 7.14 ± 2.64 mmol/L × 6 h, p = 0.004); plasma TG total AUC (Figure 1b) was significantly lower in the F compared with the G trial (9.97 ± 3.64 vs. 10.91 ± 3.56 mmol/L × 6 h, p = 0.033). Plasma TG concentration over 6 h (Figure 1c) showed no significant difference between trials by time interaction (condition × time, p = 0.628; condition, p = 0.342; time, p < 0.001).




3.2. Serum Insulin and Plasma Glucose


Serum insulin concentration and plasma glucose concentration over the 6 h are displayed in Figure 2. There was no significant difference in serum insulin (condition × time, p = 0.557; condition, p = 0.893; Figure 2a). Plasma glucose concentration showed no significant difference between trials (condition × time, p = 0.191; condition, p = 0.763; Figure 2b). There were no significant differences between trials in serum insulin AUC and glucose AUC (p = 0.717; p = 0.951; Table 1).




3.3. Plasma Non–Esterified Fatty Acids (NEFA), Glycerol


Plasma NEFA concentration was significantly higher before OFTT (after exercise) in the F trial than in the G trial (0.39 ± 0.1 vs. 0.24 ± 0.06 mmol/L; p = 0.011; Table 2). Plasma NEFA concentration over 6 h showed no significant difference between trials (condition × time, p = 0.052; condition, p = 0.563; time, p < 0.001; Figure 3a). There was no difference between trials in plasma NEFA AUC (F: 3.05 ± 0.45; G: 3.06 ± 0.54, p = 0.962; Table 1).



Plasma glycerol concentration was significantly higher before OFTT (after exercise) in the F trial than in the G trial (168.75 ± 38.86 vs. 131.75 ± 45.30 μmol/L; p = 0.015; Table 2). Plasma glycerol concentration over 6 h showed no significant difference between trials (condition × time, p = 0.141; condition, p = 0.064; time, p < 0.001; Figure 3b). There was no difference between trials in plasma glycerol AUC (F: 395.84 ± 69.55; G: 363.19 ± 64.67, p = 0.192; Table 1).




3.4. Plasma High-Density Lipoprotein Cholesterol


Plasma HDL-C concentrations (Figure 4) showed no significant difference between trials by time interaction (condition × time, p = 0.336; condition, p = 0.118; time, p = 0.021). Plasma HDL-C AUC was significantly higher in the F trial compared to the G trial (8.02 ± 1.68 vs. 7.49 ± 1.52 mmol/L × 6 h, p = 0.003; Table 1).





4. Discussion


The major finding of this study is that ingestion of fructose before endurance exercise lowered subsequent postprandial plasma TG concentrations compared to that of the glucose drink. Several studies demonstrated that endurance exercise effectively reduced postprandial lipemia [7,8,17,25,27]. To our knowledge, no studies have been conducted on how pre-exercise CHO with different GI and endurance exercises influence the subsequent lipid profile after oral ingestion of a high-fat meal.



A previous study reported that while a lower insulin level was induced by ingesting an LGI meal before exercise, a lower CHO oxidation rate was observed compared with when an HGI meal was ingested during exercise [20,22]. After ingestion of the HGI CHO meal, the rise in insulin level, in turn, decreases the fat oxidation rate during exercise, thereby inhibiting exercise-induced lipid metabolism [22,28]. Although we did not measure the RER to examine the rate of substrate utilization during exercise, the plasma NEFA and glycerol concentrations of the F trial was significantly higher than that of the G trial following 60 min of exercise (Figure 3). The current result is similar to previous studies, which might indicate a higher fat oxidation occurred in the F trial during exercise in the current study [20,22]. Therefore, the current study supported those of previous studies that, after ingesting a CHO diet with different GI and engaging in exercise, the LGI trial showed a significantly higher fat oxidation rate during the exercise than did the HGI trial [20,21,22]. This result verifies that ingesting an LGI CHO drink before exercise could depress lipid metabolism less during exercise compared with the HGI CHO drink. The higher fat oxidation occurring in the F trial during exercise might result in a higher plasma TG clearance rate during subsequent postprandial period.



Previous study demonstrated that the additional insulin administration after ingestion of high fat meal showed an improvement in postprandial TG disposal in type I diabetes [29]. The study indicated that the insulin concentration played an important role on postprandial TG removal. However, the current study did not find differences in insulin concentration between trials during OFTT. This might be due to the exercise before OFTT diminishing the difference in postprandial insulin response even though we fed different GI CHO before exercise.



In the present study, the postprandial TG AUC and IAUC in the F trial demonstrated significantly lower values than the G trial (Figure 1). An increase in the plasma TG removal rate is possibly the factor causing a reduction in the plasma TG level, including decreasing the release of liver TG and increasing the transport of TG into muscle cells, or storage and utilization [24,30,31]. Ingestion of fructose was thought to increase postprandial lipemia in a sedentary population. Chong and colleagues [32] concluded that ingestion of fructose induced lower insulin secretion and might result in less activation of lipoprotein lipase (LPL), which consequently leads to impairing TG clearance. However, the negative effect may be offset by increasing physical activities [33]. Interestingly, Egli and colleagues [34] reported exercise prevented short-term high-fructose diet induced hypertriglyceridemia and increased lipid oxidation. After exercise, muscle LPL activity is increased, stimulating the transport of TG into the muscle cell for storage and utilization, which may reduce plasma TG concentration [24,35]. A previous study determined that a single session of exercise significantly enhanced the muscle LPL activity [36,37]. Seip and colleagues [38] also found that the expression of LPL genes in fat tissues did not differ significantly after exercise, which further reflects the importance of muscle to blood lipid metabolism after exercise. However, the different insulin responses caused by ingestion of CHO solution with different GI were likely to influence the muscle LPL activity [36,39]. In addition, the levels of glycogen and insulin increased considerably following ingestion of CHO; however, LPL activity was significantly decreased [40,41]. Seip and colleagues [42] demonstrated that the LPL mRNA level was significantly increased after 4 h of exercise, while lower insulin level was observed. This result caused a rise in VLDL concentration and a reduction in HDL-C release [39,43]. Another study reported that glucose ingestion elicits an insulin response that is evidently more apparent than that of fructose ingestion [44,45]. Moreover, the fat oxidation rate during exercise is relatively higher after fructose ingestion [46], which also influences LPL activity, eliciting changes in the postprandial TG level. This probably partially explains why the F trial postprandial TG level was significantly lower than that of the G trial in the current study.



The postprandial HDL-C level is related to the metabolic rate of TG-rich lipoprotein [24], and exercise may promote a rise in HDL-C concentration [47,48]. However, HDL-C concentration could be influenced by the insulin level [49]. The result of the present study indicated that when the participants ingested the F drink before exercise, the significantly higher postprandial HDL-C level was observed compared with when ingesting the G solution (Figure 4). A previous study reported when CHO ingestion was controlled for four weeks, the fasting insulin level increased significantly, and the HDL-C level was significantly lower than the pretest value [50]. Another study compared ingestion of different concentrations of CHO beverages and found that low CHO intervention resulted in higher HDL-C concentration, which was effective for triggering a decrease in the postprandial TG level [51]. Compared with ingesting the F drink, ingesting the G drink induced higher insulin response which, in turn, caused a reduction in the postprandial HDL-C level, thereby weakening the TG removal capability.



Previous studies have largely explored the relationship between exercise intervention and postprandial lipid metabolism. No studies have investigated ingestion of different GI CHO before exercise generating an influence on the postprandial lipemia immediately after exercise. This is the first study to elucidate the interactive effects of different GI drinks and exercise intervention on lipid metabolism following OFTT. We found that intervention might exert a retention effect, suggesting that ingesting a CHO drink with different GI before exercise influences the rate of substrate utilization during exercise, as well as the postprandial lipid level when OFTT is ingested after exercise.



Limitations


One of the major limitation of the present study was that the participants were given 75 g glucose or fructose drinks which were not adjusted by their body weight, although the different body size may have resulted in different magnitudes of glycemia when ingesting of the same amount of CHO. However, the design of the present study was mainly to induce different glycemic and insulinemic responses via different GI carbohydrate prior to exercise in order to influence the subsequent substrate utilization. In addition, the present study design was a with-in subject design. Therefore, we speculate that even if we adjust the amount of pre-exercise CHO by the subject’s body weight, the outcome will possibly be similar to the present results.





5. Conclusions


This study found that when fructose was ingested before endurance exercise, the fructose trial significantly lowered TG AUC and IAUC compared with the glucose trial after OFTT. This result is possibly related to the pre-exercise low insulin level that induced higher fat oxidation during exercise. However, the mechanism involved remains elusive and warrants further investigation in the future.







Acknowledgments


The study was funded by National Science Council in Taiwan (NSC 96-2413-H-028-003-MY2). We deeply appreciated Sport Science Research Center of National Taiwan University of Sport provided the technical supported for this study.




Author Contributions


Ching-Lin Wu and Cheng-Kang Chang conceived and designed the experiments; Mei-Hui Tseng and Tsung-Jen Yang performed the experiments; Chih-Hui Chiu and Tsung-Jen Yang analyzed the data; Ching-Lin Wu, Cheng-Kang Chang, and Chih-Hui Chiu contributed reagents/materials/analysis tools; and Ching-Lin Wu and Tsung-Jen Yang wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest. The funding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Lefebvre, P.J.; Scheen, A.J. The postprandial state and risk of cardiovascular disease. Diabet. Med. 1998, 15, S63–S68. [Google Scholar] [CrossRef]

	



Chan, D.C.; Pang, J.; Romic, G.; Watts, G.F. Postprandial hypertriglyceridemia and cardiovascular disease: Current and future therapies. Curr. Atheroscler. Rep. 2013, 15, 309. [Google Scholar] [CrossRef] [PubMed]

	



Nordestgaard, B.G.; Benn, M.; Schnohr, P.; Tybjaerg-Hansen, A. Nonfasting triglycerides and risk of myocardial infarction, ischemic heart disease, and death in men and women. JAMA 2007, 298, 299–308. [Google Scholar] [CrossRef] [PubMed]

	



Patsch, J.R.; Miesenbock, G.; Hopferwieser, T.; Muhlberger, V.; Knapp, E.; Dunn, J.K.; Gotto, A.M., Jr.; Patsch, W. Relation of triglyceride metabolism and coronary artery disease. Studies in the postprandial state. Arterioscler. Thromb. 1992, 12, 1336–1345. [Google Scholar] [CrossRef] [PubMed]

	



Sharrett, A.R.; Chambless, L.E.; Heiss, G.; Paton, C.C.; Patsch, W. Association of postprandial triglyceride and retinyl palmitate responses with asymptomatic carotid artery atherosclerosis in middle-aged men and women. The Atherosclerosis Risk in Communities (ARIC) Study. Arterioscler. Thromb. Vasc. Biol. 1995, 15, 2122–2129. [Google Scholar] [CrossRef] [PubMed]

	



Aldred, H.E.; Perry, I.C.; Hardman, A.E. The effect of a single bout of brisk walking on postprandial lipemia in normolipidemic young adults. Metabolism 1994, 43, 836–841. [Google Scholar] [CrossRef]

	



Gill, J.M.; Al-Mamari, A.; Ferrell, W.R.; Cleland, S.J.; Sattar, N.; Packard, C.J.; Petrie, J.R.; Caslake, M.J. Effects of a moderate exercise session on postprandial lipoproteins, apolipoproteins and lipoprotein remnants in middle-aged men. Atherosclerosis 2006, 185, 87–96. [Google Scholar] [CrossRef] [PubMed]

	



Tsetsonis, N.V.; Hardman, A.E.; Mastana, S.S. Acute effects of exercise on postprandial lipemia: A comparative study in trained and untrained middle-aged women. Am. J. Clin. Nutr. 1997, 65, 525–533. [Google Scholar] [CrossRef] [PubMed]

	



Hargreaves, M.; Hawley, J.A.; Jeukendrup, A. Pre-exercise carbohydrate and fat ingestion: Effects on metabolism and performance. J. Sports Sci. 2004, 22, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Wright, D.A.; Sherman, W.M.; Dernbach, A.R. Carbohydrate feedings before, during, or in combination improve cycling endurance performance. J. Appl. Phys. 1991, 71, 1082–1088. [Google Scholar] [CrossRef] [PubMed]

	



Parks, E.J. Effect of dietary carbohydrate on triglyceride metabolism in humans. J. Nutr. 2001, 131, 2772S–2774S. [Google Scholar] [CrossRef] [PubMed]

	



Shin, Y.; Park, S.; Choue, R. Comparison of time course changes in blood glucose, insulin and lipids between high carbohydrate and high fat meals in healthy young women. Nutr. Res. Pract. 2009, 3, 128–133. [Google Scholar] [CrossRef] [PubMed]

	



Siri-Tarino, P.W.; Sun, Q.; Hu, F.B.; Krauss, R.M. Saturated fat, carbohydrate, and cardiovascular disease. Am. J. Clin. Nutr. 2010, 91, 502–509. [Google Scholar] [CrossRef] [PubMed]

	



Abbasi, F.; McLaughlin, T.; Lamendola, C.; Kim, H.S.; Tanaka, A.; Wang, T.; Nakajima, K.; Reaven, G.M. High carbohydrate diets, triglyceride-rich lipoproteins, and coronary heart disease risk. Am. J. Cardiol. 2000, 85, 45–48. [Google Scholar] [CrossRef]

	



Hamilton, M.T.; Etienne, J.; McClure, W.C.; Pavey, B.S.; Holloway, A.K. Role of local contractile activity and muscle fiber type on LPL regulation during exercise. Am. J. Physiol. 1998, 275, E1016–E1022. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.Q.; Thomas, T.R.; Ball, S.D. Effect of exercise timing on postprandial lipemia and HDL cholesterol subfractions. J. Appl. Phys. 1998, 85, 1516–1522. [Google Scholar] [CrossRef] [PubMed]

	



Katsanos, C.S.; Grandjean, P.W.; Moffatt, R.J. Effects of low and moderate exercise intensity on postprandial lipemia and postheparin plasma lipoprotein lipase activity in physically active men. J. Appl. Physiol. 2004, 96, 181–188. [Google Scholar] [CrossRef] [PubMed]

	



McLaughlin, T.; Abbasi, F.; Lamendola, C.; Yeni-Komshian, H.; Reaven, G. Carbohydrate-induced hypertriglyceridemia: An insight into the link between plasma insulin and triglyceride concentrations. J. Clin. Endocrinol. Metab. 2000, 85, 3085–3088. [Google Scholar] [CrossRef] [PubMed]

	



Olefsky, J.M.; Farquhar, J.W.; Reaven, G.M. Reappraisal of the role of insulin in hypertriglyceridemia. Am. J. Med. 1974, 57, 551–560. [Google Scholar] [CrossRef]

	



Stevenson, E.J.; Williams, C.; Mash, L.E.; Phillips, B.; Nute, M.L. Influence of high-carbohydrate mixed meals with different glycemic indexes on substrate utilization during subsequent exercise in women. Am. J. Clin. Nutr. 2006, 84, 354–360. [Google Scholar] [PubMed]

	



Wee, S.L.; Williams, C.; Tsintzas, K.; Boobis, L. Ingestion of a high-glycemic index meal increases muscle glycogen storage at rest but augments its utilization during subsequent exercise. J. Appl. Physiol. 2005, 99, 707–714. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.L.; Nicholas, C.; Williams, C.; Took, A.; Hardy, L. The influence of high-carbohydrate meals with different glycaemic indices on substrate utilisation during subsequent exercise. Br. J. Nutr. 2003, 90, 1049–1056. [Google Scholar] [CrossRef] [PubMed]

	



Kaviani, M.; Chilibeck, P.D.; Yee, P.; Zello, G.A. The effect of consuming low-versus high-glycemic index meals after exercise on postprandial blood lipid response following a next-day high-fat meal. Nutr. Diabetes 2016, 6, e216. [Google Scholar] [CrossRef] [PubMed]

	



Gill, J.M.; Herd, S.L.; Vora, V.; Hardman, A.E. Effects of a brisk walk on lipoprotein lipase activity and plasma triglyceride concentrations in the fasted and postprandial states. Eur. J. Appl. Physiol. 2003, 89, 184–190. [Google Scholar] [CrossRef] [PubMed]

	



Koutsari, C.; Hardman, A.E. Exercise prevents the augmentation of postprandial lipaemia attributable to a low-fat high-carbohydrate diet. Br. J. Nutr. 2001, 86, 197–205. [Google Scholar] [PubMed]

	



Chiu, C.H.; Burns, S.F.; Yang, T.J.; Chang, Y.H.; Chen, Y.L.; Chang, C.K.; Wu, C.L. Energy replacement using glucose does not increase postprandial lipemia after moderate intensity exercise. Lipids Health Dis. 2014, 13, 177. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wu, C.L.; Williams, C. A low glycemic index meal before exercise improves endurance running capacity in men. Int. J. Sport Nutr. Exerc. Metab. 2006, 16, 510–527. [Google Scholar] [CrossRef] [PubMed]

	



Gregory, S.; Wood, R.; Matthews, T.; Vanlangen, D.; Sawyer, J.; Headley, S. Substrate Utilization is Influenced by Acute Dietary Carbohydrate Intake in Active, Healthy Females. J. Sports Sci. Med. 2011, 10, 59–65. [Google Scholar] [PubMed]

	



Campbell, M.D.; Walker, M.; Ajjan, R.A.; Birch, K.M.; Gonzalez, J.T.; West, D.J. An additional bolus of rapid-acting insulin to normalise postprandial cardiovascular risk factors following a high-carbohydrate high-fat meal in patients with type 1 diabetes: A randomised controlled trial. Diabetes Vasc. Dis. Res. 2017, 14, 336–344. [Google Scholar] [CrossRef] [PubMed]

	



Magkos, F.; Wright, D.C.; Patterson, B.W.; Mohammed, B.S.; Mittendorfer, B. Lipid metabolism response to a single, prolonged bout of endurance exercise in healthy young men. Am. J. Physiol. Endocrinol. Metab. 2006, 290, E355–E362. [Google Scholar] [CrossRef] [PubMed]

	



Tsekouras, Y.E.; Yanni, A.E.; Bougatsas, D.; Kavouras, S.A.; Sidossis, L.S. A single bout of brisk walking increases basal very low-density lipoprotein triacylglycerol clearance in young men. Metabolism 2007, 56, 1037–1043. [Google Scholar] [PubMed]

	



Chong, M.F.; Fielding, B.A.; Frayn, K.N. Mechanisms for the acute effect of fructose on postprandial lipemia. Am. J. Clin. Nutr. 2007, 85, 1511–1520. [Google Scholar] [PubMed]

	



Bidwell, A.J.; Fairchild, T.J.; Redmond, J.; Wang, L.; Keslacy, S.; Kanaley, J.A. Physical activity offsets the negative effects of a high-fructose diet. Med. Sci. Sports Exerc. 2014, 46, 2091–2098. [Google Scholar] [CrossRef] [PubMed]

	



Egli, L.; Lecoultre, V.; Theytaz, F.; Campos, V.; Hodson, L.; Schneiter, P.; Mittendorfer, B.; Patterson, B.W.; Fielding, B.A.; Gerber, P.A.; et al. Exercise prevents fructose-induced hypertriglyceridemia in healthy young subjects. Diabetes 2013, 62, 2259–2265. [Google Scholar] [CrossRef] [PubMed]

	



Malkova, D.; Evans, R.D.; Frayn, K.N.; Humphreys, S.M.; Jones, P.R.; Hardman, A.E. Prior exercise and postprandial substrate extraction across the human leg. Am. J. Physiol. Endocrinol. Metab. 2000, 279, E1020–E1028. [Google Scholar] [CrossRef] [PubMed]

	



Kiens, B.; Lithell, H. Lipoprotein metabolism influenced by training-induced changes in human skeletal muscle. J. Clin. Investig. 1989, 83, 558–564. [Google Scholar] [CrossRef] [PubMed]

	



Kiens, B.; Richter, E.A. Utilization of skeletal muscle triacylglycerol during postexercise recovery in humans. Am. J. Physiol. 1998, 275, E332–E337. [Google Scholar] [CrossRef] [PubMed]

	



Seip, R.L.; Angelopoulos, T.J.; Semenkovich, C.F. Exercise induces human lipoprotein lipase gene expression in skeletal muscle but not adipose tissue. Am. J. Physiol. 1995, 268, E229–E236. [Google Scholar] [CrossRef] [PubMed]

	



Pollare, T.; Vessby, B.; Lithell, H. Lipoprotein lipase activity in skeletal muscle is related to insulin sensitivity. Arterioscler. Thromb. Vasc. Biol. 1991, 11, 1192–1203. [Google Scholar] [CrossRef]

	



Jacobs, I.; Lithell, H.; Karlsson, J. Dietary effects on glycogen and lipoprotein lipase activity in skeletal muscle in man. Acta Physiol. Scand. 1982, 115, 85–90. [Google Scholar] [CrossRef] [PubMed]

	



Lithell, H.; Jacobs, I.; Vessby, B.; Hellsing, K.; Karlsson, J. Decrease of lipoprotein lipase activity in skeletal muscle in man during a short-term carbohydrate-rich dietary regime. With special reference to HDL-cholesterol, apolipoprotein and insulin concentrations. Metabolism 1982, 31, 994–998. [Google Scholar] [CrossRef]

	



Seip, R.L.; Mair, K.; Cole, T.G.; Semenkovich, C.F. Induction of human skeletal muscle lipoprotein lipase gene expression by short-term exercise is transient. Am. J. Physiol. 1997, 272, E255–E261. [Google Scholar] [CrossRef] [PubMed]

	



Lithell, H.; Karlstrom, B.; Selinus, I.; Vessby, B.; Fellstrom, B. Is muscle lipoprotein lipase inactivated by ordinary amounts of dietary carbohydrates? Hum. Nutr. Clin. Nutr. 1985, 39, 289–295. [Google Scholar] [PubMed]

	



Decombaz, J.; Sartori, D.; Arnaud, M.J.; Thelin, A.L.; Schurch, P.; Howald, H. Oxidation and metabolic effects of fructose or glucose ingested before exercise. Int. J. Sports Med. 1985, 6, 282–286. [Google Scholar] [CrossRef] [PubMed]

	



Koivisto, V.A.; Karonen, S.L.; Nikkila, E.A. Carbohydrate ingestion before exercise: Comparison of glucose, fructose, and sweet placebo. J. Appl. Physiol. 1981, 51, 783–787. [Google Scholar] [CrossRef] [PubMed]

	



Massicotte, D.; Peronnet, F.; Allah, C.; Hillaire-Marcel, C.; Ledoux, M.; Brisson, G. Metabolic response to [13C]glucose and [13C]fructose ingestion during exercise. J. Appl. Physiol. 1986, 61, 1180–1184. [Google Scholar] [CrossRef] [PubMed]

	



Blazek, A.; Rutsky, J.; Osei, K.; Maiseyeu, A.; Rajagopalan, S. Exercise-mediated changes in high-density lipoprotein: Impact on form and function. Am. Heart J. 2013, 166, 392–400. [Google Scholar] [CrossRef] [PubMed]

	



Grandjean, P.W.; Crouse, S.F.; Rohack, J.J. Influence of cholesterol status on blood lipid and lipoprotein enzyme responses to aerobic exercise. J. Appl. Physiol. 2000, 89, 472–480. [Google Scholar] [CrossRef] [PubMed]

	



Laws, A.; Reaven, G.M. Evidence for an independent relationship between insulin resistance and fasting plasma HDL-cholesterol, triglyceride and insulin concentrations. J. Intern. Med. 1992, 231, 25–30. [Google Scholar] [CrossRef] [PubMed]

	



Volek, J.S.; Sharman, M.J.; Gomez, A.L.; DiPasquale, C.; Roti, M.; Pumerantz, A.; Kraemer, W.J. Comparison of a very low-carbohydrate and low-fat diet on fasting lipids, LDL subclasses, insulin resistance, and postprandial lipemic responses in overweight women. J. Am. Coll. Nutr. 2004, 23, 177–184. [Google Scholar] [CrossRef] [PubMed]

	



Volek, J.S.; Sharman, M.J.; Gomez, A.L.; Scheett, T.P.; Kraemer, W.J. An isoenergetic very low carbohydrate diet improves serum HDL cholesterol and triacylglycerol concentrations, the total cholesterol to HDL cholesterol ratio and postprandial lipemic responses compared with a low fat diet in normal weight, normolipidemic women. J. Nutr. 2003, 133, 2756–2761. [Google Scholar] [PubMed]








[image: Nutrients 10 00149 g001 550] 





Figure 1. Triacylglycerol (TG) incremental area under the curve (a) and TG area under the curve (b) in 6 h and postprandial TG concentration over 6 h (c). # F was significantly lower than G (p = 0.004). * F was significantly lower than G (p = 0.033). 
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Figure 2. Serum insulin concentrations (a) and plasma glucose concentrations (b) during the 6 h postprandial period, p < 0.05. 
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Figure 3. Plasma NEFA concentrations (a); and glycerol concentrations (b) during the 6 h postprandial period. NEFA: non-esterfied fatty acid. 
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Figure 4. Plasma HDL-C concentrations during the 6 h postprandial period. 
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Table 1. The plasma and serum sample concentrations area under the curve.
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	Fructose
	Glucose
	p
	ES





	Insulin (μU/mL × 6 h)
	74.06 ± 20.95
	71.73 ± 17.88
	0.717
	0.12



	TG (mmol/L × 6 h)
	9.97 ± 3.64
	10.91 ± 3.56
	0.033 *
	0.26



	TG IAUC(mmol/L × 6 h)
	6.57 ± 2.46
	7.14 ± 2.64
	0.004 *
	0.22



	Glucose (mmol/L × 6 h)
	27.46 ± 3.30
	27.56 ± 1.59
	0.951
	0.04



	NEFA (mmol/L × 6 h)
	3.05 ± 0.45
	3.06 ± 0.54
	0.962
	0.02



	Glycerol (μmol/L × 6 h)
	395.84 ± 69.55
	363.19 ± 64.67
	0.192
	0.49



	HDL-C (mmol/L × 6 h)
	8.02 ± 1.68
	7.49 ± 1.52
	0.003 *
	0.33







* Significant difference between F and G (p < 0.05). Values are mean ± SD. TG: triacylglycerol; IAUC: incremental area under the curve; NEFA: non–esterified fatty acids; HDL-C: high density lipoprotein cholesterol.
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Table 2. The plasma and serum sample concentrations before OFTT.
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	Fructose
	Glucose
	p
	ES





	Insulin (μU/mL)
	4.78 ± 3.86
	8.50 ± 6.31
	0.177
	0.71



	TG (mmol/L)
	0.57 ± 0.21
	0.63 ± 0.31
	0.580
	0.23



	Glucose (mmol/L)
	4.52 ± 0.69
	5.29 ± 1.22
	0.101
	0.78



	NEFA (mmol/L)
	0.39 ± 0.10
	0.24 ± 0.06
	0.011 *
	1.82



	Glycerol (μmol/L)
	168.8 ± 38.86
	131.7 ± 45.30
	0.015 *
	0.88



	HDL-C (mmol/L)
	1.47 ± 0.31
	1.33 ± 0.27
	0.184
	0.48







* Significant difference between F and G (p < 0.05). Values are mean ± SD. TG: triacylglycerol; NEFA: non–esterified fatty acids; HDL-C: high density lipoprotein cholesterol.
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