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These studies investigated the effect of physical inactivity (prolonged sitting) and 

physical activity (walking, standing, and moderate intensity exercise) on postprandial 

plasma triglyceride concentration (PPTG). In the first study, we evaluated the effect of 

low intensity intermittent walking at ~ 25% VO2max (WALK) and energy-matched 

moderate intensity running at ~ 65% VO2max (RUN) on PPTG, compared to a sitting 

control (SIT). RUN reduced incremental area under the curves for plasma triglyceride 

concentration (TG AUCI), compared to WALK by 17.3% (p = 0.04) and SIT by 27% (p < 

0.001). The reduced TG AUCI in RUN was accompanied by enhanced whole body 

insulin sensitivity, compared to WALK and SIT (for both, p < 0.05). Whole body 

postprandial fat oxidation at rest following a high fat test meal intake was enhanced in 

RUN by 31% (P < 0.001) and to a lesser extent in WALK by 8.4% (p < 0.005), compared 

to SIT. In the second study, we evaluated 1) the effect of 2 days of prolonged sitting on 

PPTG, and 2) the effect of 4 days of SIT on the ability of an acute bout of exercise to 

reduce PPTG, compared to the same days of active walking and standing with calorically 

balanced diet (WALK+B). To distinguish the effect of prolonged sitting from the excess 

calorie effect, we had a sitting condition with calorically balanced diet (SIT+B) in 
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addition to a sitting condition with hypercaloric diet (SIT+H). Following 2 days of 

respective food and activity control, WALK+B was lower in TG AUCT by 21.3% and 

AUCI by 17.4%, compared to SIT+H (for both, p < 0.005). WALK+B was lower than 

SIT+B for TG AUCT by 17.7% (p = 0.165) and AUCI by 23.5% (p = 0.145) although 

statistical significance was not achieved. Remarkably, an acute exercise following 4 days 

of either SIT+H or SIT+B failed to reduce both TG AUCT and AUCI, compared to 

SIT+B in HFTT1. The same exercise following 4 days of WALK+B, however, reduced 

both TG AUCT by 29% and TG AUCI by 32% in HFTT2, compared to SIT+B in HFTT1 

(for both, p < 0.02). Further, both SIT conditions reduced relative whole body fat 

oxidation in favor of increases in carbohydrate oxidation, compared to WALK+B by 

more than 40% in both HFTT1 and HFTT2. Taken together, our data suggest that 1) 

exercise intensity plays an independent role with higher intensity being more effective 

than lower intensity exercise in reducing PPTG, and 2) prolonged sitting with excess 

energy intake amplifies PPTG and prolonged sitting impairs the ability of an acute bout 

of moderate intensity exercise to reduce PPTG. This emphasizes the importance of 

regular participation in moderate-to-vigorous intensity exercise and reducing sitting time 

by increasing non-exercise physical activities (i.e., walking and standing) for the 

favorable postprandial metabolic health from the individual and public health 

perspectives.  
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CHAPTER I: GENERAL INTRODUCTION 

Increased automation and mechanical transportation as technology advances lead 

to reductions in daily non-exercise activities such as walking and standing with a 

proportional increase in sitting time in modern culture. People spend the majority of their 

time in the non-fasting state (i.e., the postprandial state; several hours after a meal), as 

meals are rarely more than 6-8 hours apart. As a result, prolonged sitting usually 

coincides with being in the postprandial state, which may amplify the magnitude of 

elevation of plasma triglyceride concentration, which typically peaks 3-5 h after a meal 

rich in fat. In 1979, Zilversmit proposed that atherosclerosis is largely a “postprandial 

phenomenon” (Zilversmit, 1979). More recently, evidence that very-low-density-

lipoprotein (VLDL) remnants (Daugherty et al., 1985) and chylomicron (CM) remnants 

(Proctor & Mamo, 1998) accumulate in the sub-endothelial space provides supports for 

the atherosclerotic role of postprandial plasma triglyceride concentration (PPTG). 

Epidemiological studies recently demonstrated that PPTG predicts cardiovascular events 

better than fasting plasma triglyceride concentration (Bansal et al., 2007; Nordestgaard et 

al., 2007).  

It has been well documented that a single session of moderate intensity exercise 

attenuates PPTG after a meal intake in the normolipidemic (Gill & Hardman, 2000; 

Malkova et al., 2000; Herd et al., 2001) and hyperlipidemic state (Zhang et al., 2006) 

regardless of training status (Hardman et al., 1998; Gill & Hardman, 2000; Malkova et 

al., 2000; Herd et al., 2001; Paton et al., 2006). However, it remains uncertain whether an 

exercise-induced attenuation in PPTG is due to the independent effect of the exercise 

and/or due to the exercise-induced energy deficit. Alternatively, a growing body of 
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epidemiological evidence indicates that increased daily walking, the largest component of 

energy expenditure through daily non-exercise activities during waking hours (Levine et 

al., 1999; Levine et al., 2005), is associated with improved health, such as reductions in 

cardiovascular events (Manson et al., 2002). On the other hand, reductions in daily 

walking for 2 weeks were associated with reduced insulin sensitivity and increased PPTG 

in non-exercising men (Olsen et al., 2008; Krogh-Madsen et al., 2010). In light of these 

findings, it is suggestive that increasing non-exercise activities may attenuate PPTG.  

Growing epidemiological evidence also indicates that prolonged sitting time is 

strongly associated with risk of obesity and metabolic disorders including type 2 diabetes 

mellitus and cardiovascular events, independent of the volume of exercise being 

performed (Fung et al., 2000; Hu et al., 2001; Hu et al., 2003). Moreover, sitting time is 

dose-dependently associated with mortality from all-causes and cardiovascular diseases, 

regardless of leisure time physical activity (Katzmarzyk et al., 2009). This suggests that 

increased sitting time may impair the beneficial effects of regular exercise that typically 

reduces risk factors including PPTG, thereby attenuating the progression of 

atherosclerosis. Recently, energy expenditure through daily non-exercise activities has 

been reported to vary as much as 2,000 kcal/day within a normal population (Levine, 

2007). This variability emphasizes the importance of controlling daily non-exercise 

activities due to the fact that energy deficit is one of the main determinants of an 

exercise-induced reduction in PPTG (Petitt & Cureton, 2003).  

Therefore, it is important to carefully control non-exercise physical activities 

along with food intake when trying to examine the unique effect of exercise or other 

types of physical activities or inactivity on PPTG. However, no studies, to our 
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knowledge, have investigated the effect of exercise or other forms of physical activity 

and inactivity on PPTG and have given careful consideration to the potential effects of 

variations of daily non-exercise physical activity. In the present studies, we examined 

followings: 1) the effect of prior acute exercise at low and moderate intensities on PPTG 

and 2) the effect of prior days of prolonged sitting versus active walking and standing on 

PPTG and 3) the effect of prolonged sitting versus active walking and standing on the 

ability of a single session of moderate intensity exercise to reduce PPTG, while 

controlling carefully other types of body postures and physical activities and food intake. 
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CHAPTER II: STATEMENT OF THE PURPOSE 

 

STUDY #1: Study 1 focused on the effect of acute exercise at low and moderate 

intensities, against a background of sitting, on postprandial plasma triglyceride 

concentration (PPTG), compared to sitting control condition. The specific aims of study 1 

were to: 

 

1. Determine if acute exercise at low (~ 25% VO2max) and moderate intensities (65% 

VO2max), against a background of sitting, reduces PPTG, compared to sitting 

control condition. 

2. Determine if exercise at moderate intensity despite an extended sitting time is 

more effective than low intensity in reducing PPTG.   

 

STUDY #2: Study 2 focused on 1) the effect of prolonged sitting for 2 days on PPTG 

and 2) the effect of prolonged sitting for 4 days on the ability of acute moderate intensity 

exercise to reduce PPTG. The specific aims of study 2 were to: 

 

1. Determine if prolonged sitting for 2 days increases PPTG, compared to active 

walking and standing condition, independent of energy balance. 

2. Determine if prolonged sitting for 4 days impairs the ability of a 1-h moderate 

intensity exercise to reduce PPTG, compared to active walking and standing 

condition. 
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CHAPTER III: EXPERIMENTAL DESIGN 

 

Study #1:  Nine healthy recreationally active male participants undertook three different 

trials in a randomized, crossover experimental design, each occurring over 4 days with a 

week interval between the trials. Following 2 days of control (CON) (~ 7,500 steps/day) 

on D1 and D2, participants performed prolonged sitting (SIT), low intensity intermittent 

walking (WALK), or prolonged sitting with a 1-h moderate intensity continuous running 

(RUN) on day 3 (D3). On the following day (D4), a high fat tolerance test (HFTT) (0800 

– 1400 h) was performed, during which fasting and postprandial blood samples were 

collected hourly, and expired air was collected into a meteorological balloon at 1, 3, and 

5 hour after a high fat test meal intake. During the HFTT, participants were allowed to sit 

quietly reading, watching movies, and/or surfing the Internet.  

 

Study #2: Seven healthy recreationally active male participants undertook three different 

trials in a randomized, crossover experimental design, each occurring over 7 days 

including 2 days of activity and food control with a week interval between the trials. 

Following 2 days of activity (~ 7,500 steps/day) and food control (CON D1 and D2), 

participants either performed 1) increased walking and standing with calorically balanced 

diet (WALK+B), 2) prolonged sitting with calorically balanced diet (SIT+B), or 3) 

prolonged sitting with hypercaloric diet (SIT+H) from day 1 (D1) to day 4 (D4). On day 

4, participants performed an additional 1-h running exercise at approximately 65%VO2max 

from 1700 – 1800. On the morning of D3 (HFTT1) and D5 (HFTT2), blood samples 

were collected in the fasted state and hourly after a high fat test meal intake over 6 hours 
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(0800 – 1400 h). During the HFTTs, expired gas collection was also performed at the 

fasted state, and 2, 4, and 6 hours postprandial for 10 minutes into meteorological 

balloons. During the HFTTs, participants were asked to sit quietly reading, watching 

movies, and/or surfing the Internet. Throughout the trials, they were given a prepared 

standard diet.  
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CHAPTER IV: STUDY 1 

POSTPRANDIAL PLASMA TRIGLYCERIDE RESPONSES TO ACUTE 

EXERCISE AT LOW AND MODERATE INTENSITIES  

 

ABSTRACT: 

People spend most of their waking hours sitting in the postprandial state, which 

may amplify postprandial plasma triglyceride concentration (PPTG), an independent risk 

factor for atherosclerosis. We determined the extent to which low- and moderate-intensity 

exercise against a background of sitting reduces PPTG, compared to “true sedentary 

condition”. Nine healthy young men participated in three, 4-d trials in a randomized 

crossover design. Following 2 days of activity and food control, participants performed 

prolonged sitting (SIT), prolonged sitting plus subsequent 1-h running at 65% VO2max 

(RUN), or intermittent walking at ~ 25% VO2max (WALK) over the 9-h time period on 

day 3. On the following day, a 6-h high fat tolerance test was performed. RUN with an 

extended sitting time (404 min out of 540 min) reduced incremental area under the curves 

for plasma triglyceride concentration (TG AUCI), compared to WALK (226min) by 17% 

(p < 0.05) and SIT (476 min) by 32% (p < 0.001) with a tendency of WALK being lower 

than SIT by 18% (p = 0.126). The reduced TG AUCI in RUN was accompanied by 

enhanced whole body insulin sensitivity (ISI composite), compared to WALK and SIT 

(for both, p < 0.05). RUN increased postprandial whole body fat oxidation, compared to 

WALK (21%, p = 0.039) and SIT (31%, p < 0.001) with WALK being higher than SIT 

(8.4%, p = 0.004). In conclusion, RUN despite an extended sitting time reduced 

postprandial plasma triglyceride concentration, accompanied by enhanced whole body 
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insulin sensitivity and fat oxidation, compared to WALK and SIT, indicating an 

independent effect of exercise intensity. 

 

Key Words: Substrate oxidation, insulin sensitivity, atherosclerosis 
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INTRODUCTION 

In modern culture, advances in technology, such as increased automation and 

mechanical transportation, lead to physical inactivity, particularly prolonged sitting. 

Typically, people spend the majority of their time in the non-fasting state (i.e., the 

postprandial state), as meals are rarely more than 6 – 8 hours apart. As a result, prolonged 

sitting usually coincides with the postprandial state, which may increase the magnitude of 

elevation of postprandial triglyceride concentration in the blood, typically peaking 3 – 5 h 

after a meal rich in fat. Since atherosclerosis has been proposed as a “postprandial 

phenomenon” (Zilversmit, 1979), it was recently confirmed from epidemiological studies 

that postprandial plasma triglyceride concentration is an independent risk factor for 

atherosclerosis (Bansal et al., 2007; Nordestgaard et al., 2007). It has been well 

documented that a single session of moderate intensity exercise attenuates postprandial 

plasma triglyceride concentrations in the normolipidemic (Gill & Hardman, 2000; 

Malkova et al., 2000; Herd et al., 2001) and hyperlipidemic state (Zhang et al., 2006) 

regardless of training status (Hardman et al., 1998; Gill & Hardman, 2000; Malkova et 

al., 2000; Herd et al., 2001; Paton et al., 2006). Furthermore, it has been recently 

proposed that PPTG is mediated by carbohydrate balance, particularly muscle glycogen 

(Harrison et al., 2009), which is utilized more with increasing exercise intensity (Romijn 

et al., 2000; van Loon et al., 2001). Therefore, exercise intensity may play an important 

role in reducing PPTG, regardless of energy deficit. However, research up to this point 

does not support this hypothesis (Tsetsonis & Hardman, 1996; Katsanos et al., 2004).  

It was also reported in epidemiological studies that daily walking, which is 

intermittent in nature and is typically at low intensity, is associated with improved health, 
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such as reductions in cardiovascular events (Manson et al., 2002) and visceral body fat 

and improved insulin sensitivity (Miyatake et al., 2002), whereas decreasing daily 

walking is associated with adverse health outcome including reduced insulin sensitivity 

(Krogh-Madsen et al.; Olsen et al., 2008). Importantly, growing public concerns on 

health suggest that “too much sitting” may be deleterious to health, which may be 

different from lack of exercise (i.e., moderate-to-vigorous intensity) (Hamilton et al., 

2007; Owen et al., 2010). Further, it is not uncommon that people who are regular 

exercisers spend the majority of their waking hours sitting, raising the possibility that an 

exercise bout that typically reduces PPTG may not be as effective in reducing PPTG 

when individuals spend most of time sitting before the exercise. Several lines of 

epidemiological evidence (Hu et al., 2001; Hu et al., 2003) support this notion while no 

interventional studies have been done on postprandial plasma triglyceride concentration.  

Many studies (Tsetsonis & Hardman, 1996; Gill & Hardman, 2000; Malkova et 

al., 2000; Katsanos et al., 2004; Zhang et al., 2006) that have investigated the effect of a 

single bout of exercise on postprandial elevation of triglycerides in the blood did not 

control energy expenditure through non-exercise activities that has been reported to vary 

as much as 2,000 kcal/day (Levine, 2007). This variability and the fact that energy deficit 

is one of main determinants of an exercise-induced reduction in PPTG (Petitt & Cureton, 

2003) underscore the importance of controlling non-exercise activity-induced energy 

expenditure. Therefore, in the present study, we determined the magnitude to which 

moderate intensity exercise and energy-matched low intensity intermittent walking 

against a background of sitting reduces postprandial plasma triglyceride concentration, 

compared to a sitting control condition.  
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RESEARCH PARTICIPANTS AND METHODS 

Research Participants 

Nine healthy, recreationally active young men (24.0 ± 4.0 y of age) participated in the 

present study. Baseline characteristic of the research participants are listed in Table 4.1. 

Participants were allowed to take part in the present study only if they were non-smokers, 

normotensive (< 140/90 mm Hg), had a BMI of < 30 kg/m2 with no clinical history of 

cardio-pulmonary and metabolic diseases and taking no medication that could affect lipid 

or carbohydrate metabolism. All participants were fully informed of any possible risks 

and procedures with written informed consent obtained before participation. The study 

was conducted with an ethical approval from the University of Texas Institutional 

Review Board. 

 

Preliminary Testing 

Participants reported to the Human Performance Laboratory after a 13-h overnight fast 

one week prior to the initiation of the first experimental trial. Upon arrival, body weight 

and height were measured after voiding. Participants then rested for 30 minutes before 

the measurement of resting metabolic rate (RMR) and blood pressure (Tango+, Suntech, 

Morrisville, NC) while seated. This was immediately followed by a 4-stage submaximal 

treadmill test. Following 15 min of rest, maximal oxygen consumption (VO2max) was 

determined using a customized protocol based on the submaximal data, and each 

participant’s age-predicted max HR. The VO2max and submaximal linear regression of 

running speed vs. VO2 was used to determine running speed to elicit 65% VO2max. Each 

participant was asked to self-select his walking speed on the treadmill, similar to the 
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speed at which they normally walk.  

 

Experimental Design 

Each participant performed three intervention trials in a randomized, partially 

counterbalanced, crossover experimental design, each occurring over 4 days with at least 

a week between trials (Figure 4.1). A week after the preliminary test, each participant 

performed one of three trials. Each trial consisted of 3 phases: control phase (CON) on 

day 1 (D1) and day 2 (D2), intervention phase of SIT, WALK, or RUN on day 3 (D3), 

and a high fat tolerance test (HFTT) on day 4 (D4). Throughout each 4-d trial, 

participants were asked to refrain from any planned exercise except for the intervention 

exercise performed in the laboratory on D3. Throughout each 4-day trial, all food was 

provided and matched based on total kcal, macronutrient content and consumption 

timing. Additionally, participants consumed a standardized low fat meal the evening prior 

to the HFTT since plasma triglyceride response to a high fat test meal may be affected by 

a carryover of fat previously ingested (Fielding et al., 1996; Chavez-Jauregui et al., 

2010). On the day of the HFTT (D4), participants reported to the laboratory by 0720 h 

following a 13-h overnight fast. Body weight and height were measured. Body weight 

was obtained while wearing only underwear after voiding. Following 5 min of rest, a 

catheter was inserted into an antecubital vein and a fasting blood sample was collected 10 

min prior to ingestion of a high fat meal. Participants were asked to consume the high fat 

test meal, and then sit quietly while reading, watching movies, and/or working on a 

computer for the duration of the HFTT. Blood samples were collected hourly over 6 h 

following consumption of the high fat meal, with expired gas collection being performed 
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for 10 min following 8 minutes of quiet rest in a chair at 1, 3, and 5 h postprandial. 

 

Dietary Control 

All food was provided from the laboratory. Food was picked up by each participant the 

evening before each day (D1-D3) or delivered upon their request. The time they ate each 

meal was recorded for the first trial and replicated on the subsequent trials. Daily calorie 

and macronutrient content of the food provided were estimated for each participant based 

upon body mass and physical activity levels (Brooks et al., 2004) (See Calculation).  

  

Physical Activity and Behavioral Control 

The day before D1, a pedometer (Yamax Digi-Walker SW-200 pedometer; Great 

Performance Ltd, London, United Kingdom) was attached to the waist-belt of 

participants to monitor daily step counts throughout each trial. To monitor body 

posture/activity and heart rate on D3, an activity monitor system was attached to the other 

side of participant’s waist-belt on the evening of D2 until the end of each trial (1400 h on 

D4) (IDEEA, MiniSun LLC, Fresno, CA) (Zhang et al., 2003). During CON (D1 and 

D2), participants were asked to refrain from any planned exercise but were asked to 

achieve step numbers between 7,000 and 7,500 steps per day, which is considered “low 

level of physical activity” (Tudor-Locke & Bassett, 2004). In addition, they were asked to 

achieve the suggested step numbers by distributing their steps evenly throughout the day. 

On D3, participants performed the SIT, WALK, or RUN intervention over the 9-hour 

period. For the SIT trial, participants were asked to remain seated throughout much of the 

day, and to keep the daily step count to less than 2,000 steps. For the WALK and RUN 
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trials, participants were also asked to step less than 2,000 during the entire time when 

they were not on the treadmill. Throughout the trials, participants were reminded of these 

diet and physical activity requirements by frequent text-message, email and/or phone 

communication.  

 

Running and Walking Exercise Intervention 

For the RUN and WALK trials on D3, participants performed moderate intensity running 

or energy-matched low intensity intermittent walking on a treadmill to achieve the same 

energy expenditure above resting level, equivalent to the energy predicted to be used 

during 1-hr running at 65% VO2max. The target energy expenditure was predicted from a 

regression equation obtained from the 4-stage submaximal treadmill test and the 

experimentally determined VO2 max. For the RUN trial, participants ran on a treadmill for 

1 hour at 65% VO2max from 1700 – 1800 h. For the WALK trial, participants performed 

9-intermittent walking sessions on the treadmill in the laboratory hourly from 900 h to 

1800 h. Intermittent type of walking was adopted in the present study to simulate 

intermittent nature of free-living ambulatory activity to some extent and frequently 

interrupt sitting to avoid possible negative effect of prolonged sitting. Participants 

selected their own walking speed on the treadmill at which speed they felt they walk in 

their free-living condition (2.88 ± 0.19 miles/hour, or 4.63 ± 0.31 km/hour). Total 

duration of intermittent walking was calculated by dividing total oxygen consumption 

that was estimated to be used during the 1-h moderate intensity exercise at 65% VO2max 

above RMR by oxygen consumption per minute during walking at the self-selected speed 

above RMR. By doing so, total oxygen consumption during exercise above RMR was 
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matched between RUN and WALK. Durations for the first and last sessions of walking 

were fixed: 30 min for the first and 60 min for the last walking session, respectively. 

Durations of the middle 7 walking sessions were variable in order to attain the target 

energy expenditure (17.8 ± 4.0 min). During the RUN trial, expired gas measurements 

were performed intermittently (3 x 10 min) while it was measured every other walking 

session (1, 3, 5, 7, and 9 sessions) during the WALK trial. Energy expenditure and 

substrate oxidation were estimated using indirect calorimetry (Lusk, 1924).  

 

High Fat Tolerance Test 

Participants arrived at the laboratory by 0720 h the morning of each HFTT following a 

13-h overnight fast via automobile transportation. Participants consumed each high fat 

test meal at the same time of day in a period no longer than 5 min. The test meal was 

provided based on body mass at 16.1 kcal/kg body weight (1,119 ± 135 kcal; 1.2 g, 1.1 g 

and 0.22 g/kg BW of fat, carbohydrate and protein, respectively). One hour prior to the 

initiation of the HFTT, which started at 0800 h, 0.5L of plain water was provided to each 

participant. Any additional fluids consumed during the HFTT were recorded and 

replicated for the subsequent trials.  

 

Resting Energy Expenditure and Substrate Oxidation 

Expired gas analysis was performed while seated in the fasted condition and at 1, 3, and 5 

h after a high fat test meal intake for 10 minutes following at least 8 min resting. During 

each measurement, participant breathed though a one-way valve (Hans Rudolph, Kansas 

City, MO) for 15 min, during which expired air was analyzed for fractional oxygen and 
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carbon dioxide using the oxygen and carbon dioxide analyzers (Applied 

Electrochemistry, Models S-3A/I and CD-3A, respectively) while expired air was 

collected in a meteorological balloon for the final 10 min and the volume expired was 

measured through a gas meter (Parkinson-Cowan CD-4, Instrumentation associates, Inc. 

New York, NY), calibrated against a Tissot spirometer (Chain-compensated gasometer, 

Warren E. Collins, Inc. Braintree, MA).  

 

Biochemical Analysis 

All blood samples collected were immediately transferred to K2 EDTA collection tubes 

(BD Vacutainer, Franklin Lakes, NJ), centrifuged at 2,000 g for 15 minutes at 4°C. 

Plasma was then stored in separate aliquots at – 80°C until later analysis. All 

measurements for each participant were performed in duplicate within the same run. 

Plasma triglyceride and glucose concentrations were measured by a spectrophotometric 

method using commercially available kits (Pointe Scientific, Inc. Canton, USA). Plasma 

free fatty acid concentration was measured with a colorimetric assay as previously 

described (Zderic et al., 2004). Plasma insulin concentration was measured with a 

commercially available human insulin ELISA (Alpco Diagnostics, Salem, USA). 

Intraassay coefficients of variation for triglyceride (TG), free fatty acid (FFA), glucose, 

and insulin were 2.26%, 1.17%, 0.99%, and 5.21%, respectively. 

 

Calculations  

Determination of total daily energy intake For CON, the number of calories provided 

approximated that needed for low level of activity. For the intervention day (day 3), the 
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number of calories approximated that needed for sedentary level of activity. Therefore, it 

was supposed to create net negative energy balance for RUN and WALK, while a net 

energy balance for SIT. Total daily energy intake (kcal/day) were estimated (Brooks et 

al., 2004): 

 

TEI = 662 – 9.53 x age (y) + PA x [15.9 x Weight (kg) + 540 x Height (m)] 

 

Where PA is physical activity level coefficient (1 for sedentary and 1.11 for low activity) 

 

Relative area under the curves Total and incremental area under the curves (AUC) for 

plasma triglyceride concentration (TG) were calculated using the trapezium rule and then 

normalized to SIT (%).  

 

Whole body insulin sensitivity Insulin action was estimated by using both the homeostatic 

model assessment of insulin resistance (HOMAIR) and insulin sensitivity index (ISI). 

HOMAIR was calculated from fasting concentrations of glucose and insulin by using a 

following equation (Matthews et al., 1985). ISI was calculated from fasting and mean 

concentrations of glucose and insulin in the postprandial state (Matsuda & DeFronzo, 

1999):  

HOMAIR = [I0(uIU/ml)  x G0(mmol/L)]/22.5 

ISI composite = 10000/[Sqrt(G0(mg/dl)  x I0(uIU/ml)  x G360(mg/dl)  x I360(uIU/ml))] 

 

Where G0 and I0 represent plasma concentrations of glucose (mg/dl) and insulin (uIU/ml) 
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at the fasted state, and G360 and I360 represent mean plasma concentrations of glucose 

(mg/dl) and insulin (uIU/ml) at the fed or postprandial state over 6 hours (360 min). Sqrt 

represents the mathematical function to calculate the square root.   

 

Energy expenditure and substrate oxidation From oxygen consumption, carbon dioxide 

production and respiratory exchange ratio (RER), energy expenditure and substrate 

oxidation were calculated (Lusk, 1924).  

 

% Energy from carbohydrate (CHO) oxidation = ((RER – 0.707)/0.293) × 100   

% Energy from fat oxidation = 100 – % Energy from CHO oxidation   

CHO oxidation (kcal/min) = (%CHO oxidation/100) × VO2) × 5.05kcal/l O2   

Fat oxidation (kcal/min) = ((1-%CHO oxidation/100)(VO2)) × 4.7kcal/l O2   

Energy expenditure (kcal/min) = CHO oxidation + Fat oxidation  

 

Statistical Analysis 

Area under the curves for plasma triglyceride and insulin concentrations (% of SIT) was 

analyzed using one-way ANOVA with repeated measures for mean differences among 

trials. Variables relating to energy expenditure and substrate oxidation during exercise for 

RUN and WALK were analyzed using a paired t-test. Fasting plasma concentration, the 

homeostatic model assessment of insulin resistance (HOMAIR), whole body insulin 

sensitivity index (ISI), daily steps and body postures and activities across trials were 

analyzed using one-way ANOVA with repeated measures. For postprandial plasma 

concentrations, two-way ANOVA with repeated measures was performed to examine 
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trial and time interaction. Multiple comparisons were corrected by Bonferroni method. 

The Pearson product-moment correlation coefficient analyses were performed among TG 

AUCT, TG AUCI, ISI, fat oxidation, and insulin AUCT and AUCI. All data were analyzed 

using the PASW Statistics Package Software Version 18.0 for Mac (SPSS Inc, Chicago, 

IL) and were presented as mean ± standard deviation (SD) unless otherwise indicated. p < 

0.05 was used to determine statistical significance. 
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RESULTS 

Energy Expenditure and Substrate Oxidation during Exercise   

Physiological responses during the 1h-moderate intensity running and the 9-session 

intermittent walking interventions are listed in Table 4.2. In both RUN and WALK trials, 

total energy expenditure was not different as the exercise interventions were designed to 

be isoenergetic (622.9 ± 115.8 kcal for RUN and 621.3 ± 96.9 kcal for WALK, above 

RMR). Whole body carbohydrate oxidation was significantly higher (p < 0.001) but 

whole body fat oxidation was significantly lower in RUN compared to WALK (p < 

0.001). RER was significantly higher in RUN than that in WALK (p < 0.001).  

 

Diet and Physical Activity Control 

Diet Daily calorie intake for D1, D2 and D3 were 2683 ± 161 kcal, 2688 ± 174, and 2521 

± 158 with 50.9 ± 0.9 % as CHO, 30.0 ± 0.7 % as fat, and 19.2 ± 0.6 % as protein on 

average, with no difference across trials.  

 

Step counts During the control days (D1 and D2), there was no difference in step counts 

across trials (6965 ± 644 and 7197 ± 32, 6942 ± 521 and 7091 ± 389, 7049 ± 402 and 

7069 ± 363, for RUN, WALK, and SIT, respectively) (Figure 4.2). During the 

intervention day (D3), they stepped 11,919 ± 563, 25,682 ± 3,699, and 1,569 ± 259 for 

RUN, WALK, and SIT, respectively (for all, p < 0.001). On D4 until completion of the 

HFTT (1400 h), step numbers were not different across trials: 542 ± 203, 515 ± 187, and 

565 ± 33 for RUN, WALK, and SIT, respectively (Figure 4.2). Furthermore, when 

excluding steps during the exercise intervention (RUN and WALK), step counts in all 
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trials were less than 2,000 and were not different across trials (1754 ± 326, 1669 ± 374, 

and 1569 ± 259, for RUN, WALK, and SIT, respectively).  

 

Body posture and activity the 9-h body posture/activity analysis from 900 – 1800 h on D3 

(Figure 4.3), here we report motion data from 8 participants as a result of data loss during 

the RUN trial for a participant. According to the 9-h motion analysis (n = 8), sitting time 

was 404 ± 33, 226 ± 55, and 476 ± 36 min for RUN, WALK, and SIT, respectively (for 

all, p < 0.001). Sitting time during the RUN trial was ~178 min (~ 3 hours) longer 

compared to the WALK trial (p < 0.001). In other words, participants spent 75% of their 

time sitting in RUN, 42% in WALK, and 88% in SIT during the 9-h intervention period. 

Both WALK and to a lesser extent RUN spent significantly less time sitting, compared to 

SIT (for all, p < 0.001). However, difference in sitting time between RUN and SIT was 

~76 min, which was mostly accounted for by the 60-min running exercise in RUN. 

Furthermore, walking time was significantly higher in WALK (213.9 ± 34 min), 

compared to RUN (8.5 ± 6 min) and SIT (6.8 ± 3 min) (for all, p < 0.001) with no 

difference between RUN and SIT (Figure 4.3). When excluding time spent on the 

treadmill, walking time in RUN, WALK, and SIT (8.5 ± 6, 10 ± 14, and 6.8 ± 3 min) was 

not different across trials. Furthermore, standing time was not different across trials (67.7 

± 28, 100.5 ± 62, and 57.5± 35 min), and running time was only found in RUN.  

 

Heart Rate and Blood Pressure  

Mean heart rate responses from 900 – 1800 h on D3 were 81 ± 2, 86 ± 2, and 69 ± 2 beats 

per min for RUN, WALK, and SIT (for all, p < 0.001; Figure 4.4). Mean heart rates 
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during the running and walking exercise on the treadmill were 164 ± 9 and 97 ± 7 for 

RUN and WALK, respectively (p < 0.001). Mean postprandial heart rates and blood 

pressures on D4 were not different across trials (Table 4.4). 

 

Postprandial Energy Expenditure and Substrate Oxidation 

Postprandial whole body fat oxidation was higher in RUN by 33.8% (p < 0.012) and in 

WALK by 17% (p < 0.001), compared to SIT and 14.4% higher in RUN than WALK (p 

= 0.007) (Table 4.4). Postprandial whole body carbohydrate oxidation was lower in 

RUN, compared to WALK by 22.1% (p = 0.012) and SIT by 26.3% (p = 0.015). 

Postprandial mean RER was significantly lower in RUN, compared to WALK (p = 

0.011) and SIT (p = 0.002), with a strong tendency of WALK being lower than SIT (p = 

0.052). Net energy expenditures for the HFTT were not different across trials.  

 

Plasma concentrations in the fasted and postprandial states 

In the fasted state, plasma FFA, glucose, and insulin concentrations were not statistically 

different across trials. However, plasma triglyceride concentration was lower in RUN, but 

not in WALK, compared to SIT (p = 0.026) (Table 4.3).  

 

In the postprandial state, RUN resulted in a lower plasma triglyceride concentration in 

the pair-wise comparison, compared to SIT (p = 0.001) (Figure 4.6). For area under the 

curves of plasma triglyceride concentration (Figure 4.5), RUN reduced total area under 

the curves (TG AUCT), compared to WALK by 12.3% (NS, p = 0.125) and to SIT by 

25.3% (p < 0.001). RUN also reduced the incremental triglyceride area under the curves 
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(TG AUCI), compared to WALK by 17.3% (p = 0.040) and SIT by 27% (p < 0.001), 

respectively (Figure 4.5). WALK trended to be lower in both TG AUCT by 15% (p = 

0.143) and TG AUCI by 18% (p = 0.126), compared to SIT. For plasma FFA 

concentration (Figure 4.7), RUN resulted in a significantly higher in the pair-wise 

comparison, compared to WALK (p = 0.014) and tended to be higher than SIT (NS, p = 

0.119). However, there was no difference in plasma FFA concentration between WALK 

and SIT (Table 4.3). For plasma glucose concentration (Figure 4.8), RUN resulted in a 

significantly lower in the pair-wise comparison, compared to SIT (p = 0.022) but tended 

to be lower than WALK (p = 0.076). WALK also tended to be lower than SIT (p = 

0.063). Postprandial mean concentration of plasma glucose was lower in RUN, compared 

to WALK (NS, p = 0.068) and SIT (p = 0.025) (Table 4.3). WALK tended to be lower 

than SIT (p = 0.085). For plasma insulin concentration (Figure 4.9), there was a tendency 

for overall treatment (p = 0.067) and a significant time effect (p < 0.001). However, 

whole body insulin sensitivity, calculated by using ISI composite method (Matsuda & 

DeFronzo, 1999), was significantly higher in RUN, compared to both WALK (p = 0.036) 

and SIT (p = 0.036), respectively (Figure 4.10). 

 

Correlation Analysis 

There were significant correlations between TG AUCT and ISI (r = – 0.600, p = 0.001), 

between TG AUCI and ISI (r = – 0.517, p = 0.006), and between ISI and fat oxidation (r 

= 0.445, p = 0.020). Furthermore, there was a significant correlation between TG AUCT 

and insulin AUCT (r = 0.528, p = 0.005). 
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DISCUSSION 

The primary finding of the present study is that despite an extended sitting time, 

the moderate intensity exercise (RUN) reduced incremental area under the curves for 

plasma triglyceride concentration (PPTG), compared to both energy-matched low 

intensity intermittent walking (WALK) and the sitting control (SIT). The reduced PPTG 

in RUN was accompanied by enhanced whole body insulin sensitivity and increased fat 

oxidation.  

There are limited numbers of studies on examining the independent effect of 

exercise intensity on PPTG. Consistent with our findings, Katsanos et al. (Katsanos et al., 

2004) have shown that moderate intensity exercise at 65% VO2max, but not low intensity 

exercise at 25% VO2max, reduced incremental area under the curves for plasma 

triglyceride concentration (TG AUCI, an index of postprandial response), compared to 

non-exercise control. However, Tsetsonis et al. (Tsetsonis & Hardman, 1996) have 

shown that both low and moderate intensity exercise (32% vs. 63% VO2max, respectively) 

were equally effective in reducing TG AUCI, compared to non-exercise control. These 

divergent effects cannot be clearly explained at this time. However, it is possible that the 

time elapsed between the exercise and the HFTT of the study by Katasnos et al. (~ 1h) 

versus that of Tsetsonis et al. (14h) may have been insufficient, as full activation of the 

muscle isoform of the enzyme lipoprotein lipase (mLPL; the rate limiting enzyme for 

plasma TG hydrolysis) takes ~ 4 h for activation (Kiens et al., 1989; Kiens & Richter, 

1998). In the present study, even with sufficient time interval (14 h) for mLPL activation, 

WALK failed to reduce TG AUCI, compared to SIT, suggesting that mLPL may not be 

the major factor that determines PPTG. Or mLPL that had been activated during the 
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intermittent walking in the present study could be inactivated during the 14-h time 

interval (1900 h on D3 – 800 h on D4) during which participants were relatively inactive, 

as indicated by their evening steps of only 448 on average (Figure 4.2). In accordance 

with this notion, it has been demonstrated in a rodent model that mLPL activity rapidly 

declines after a 12-h physical inactivity (Bey & Hamilton, 2003).  

Alternatively, potential huge variations in non-exercise activity energy 

expenditure, varying by ~2,000 kcal/day in the normal population (Levine, 2007), may 

explain the divergent findings of the previous studies (Tsetsonis & Hardman, 1996; 

Katsanos et al., 2004) since energy deficit, either induced by exercise (Maraki et al.; Gill 

& Hardman, 2000; Petitt & Cureton, 2003) or by calorie restriction (Maraki et al.; Gill & 

Hardman, 2000), has been shown to be a major determinant for PPTG. To the best of our 

knowledge, this is the first study that carefully controlled non-exercise activities during 

the days prior to the HFTT (Figure 4.2 – 4.4). Continuous heart rate data on D3 confirms 

the pattern of physical activity/inactivity for all trials as it was designed for (Fig. 4.4).  

Insulin is known to be an important regulator of VLDL-TG assembly and 

secretion to the circulation and is implicated in an exercise-induced reduction in PPTG 

(Ginsberg et al., 2005). Contrary to the notion, we failed to find any significant difference 

in plasma insulin concentration and HOMAIR across trials. This failure may be related to 

the nonspecific nature of the HFTT, which was not designed to assess insulin action as 

demonstrated in previous studies, with mixed results (Tsetsonis & Hardman, 1996; Gill & 

Hardman, 2000; Herd et al., 2001; Katsanos et al., 2004; Harrison et al., 2009). However, 

we found that whole body insulin sensitivity index (ISI) assessed by Matsuda composite 

method (Matsuda & DeFronzo, 1999) was significantly higher in RUN, compared to 
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WALK and SIT. Traditionally, ISI has been used to calculate whole-body insulin 

sensitivity using both fasting and non-fasting concentrations of glucose and insulin 

during an oral glucose tolerance test (OGTT). Thus, ISI may be a better index to reflect 

the postprandial response, compared to HOMAIR (Matsuda & DeFronzo, 1999). 

Furthermore, since calculation of ISI, an index of whole body insulin sensitivity, during 

an OGTT may not reflect the insulin and glucose responses after normal feeding, it may 

be better to use ISI after a mixed meal intake as in the present study (Selimoglu et al., 

2009).   

It is difficult to directly elucidate the mechanisms responsible for the exercise-

induced reduction in PPTG from the present study. However, there are several possible 

mechanisms. First, an exercise-induced increase in mLPL activity and expression may 

increase plasma triglyceride extraction by the muscles contracted, leading to reductions in 

PPTG (Seip et al., 1995; Bey & Hamilton, 2003). mLPL is predominantly distributed in 

slow muscle fibers, and maximal activation of mLPL in slow fibers can be achieved at 

even low intensity physical activity (Hamilton et al., 1998). However, moderate intensity 

exercise may give an extra benefit over low intensity exercise as mLPL in fast twitch 

muscles can be additionally activated, supporting a unique effect of exercise intensity on 

PPTG (Hamilton et al., 1998).  

Second, prior moderate exercise may increase skeletal muscle insulin sensitivity 

(Rabol et al., 2011), which directs postprandial energy away from liver to the skeletal 

muscles contracted, leading to less VLDL-TG production in the liver (Rabol et al., 2011). 

For instance, during exercise at ~65% VO2max, intramuscular energy sources, mainly 

muscle glycogen and, to a lesser extent, intramuscular triglyceride (IMTG) are the major 
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energy sources for ATP regeneration during muscle contraction and can be depleted to 

some extent (Romijn et al., 1993), whereas during intermittent walking at ~25% VO2max 

most of the energy virtually comes from extramuscular energy sources, i.e., plasma 

glucose and FFA (Romijn et al., 1993). Consistently, RUN was higher in exercise RER 

(0.96 for RUN vs. 0.91 for WALK) and lower in postprandial resting RER, compared to 

WALK (0.82 for RUN vs. 0.84 for WALK), indirectly indicating that muscle and/or liver 

glycogen content was lower in the RUN, compared to WALK (Goedecke et al., 2000). 

These depletions must be replenished following exercise by extramuscular sources, i.e., 

plasma FFA and glucose that could be mobilized from adipose tissue, small intestine 

(following meal intakes), and/or the liver (VLDL-TG and gluconeogenesis). Therefore, 

the exercise-induced depletion in intramuscular energy sources may partition 

postprandial substrates away from the liver into skeletal muscles for the replenishment of 

muscle glycogen and IMTG. Prior moderate intensity exercise increases a plasma marker 

of hepatic fat oxidation (3-hydroxybutyrate) in obese (Burton et al., 2008) and lean 

individuals (Harrison et al., 2009). This indicates that depletion of liver glycogen during 

exercise may increase hepatic glycogen storage and fat oxidation which might decrease 

the availability of intrahepatic fatty-acids for VLDL assembly (Ginsberg et al., 2005). 

The combined metabolic effect may lower VLDL output from the liver by 1) decreasing 

fatty-acid availability in the liver, and/or 2) decreasing availability of plasma glucose to 

the liver for de novo lipogenesis (Petersen et al., 2007). In support of this, in the present 

study, increased postprandial fat oxidation in favor of decreased carbohydrate oxidation 

accompanied with enhanced insulin sensitivity in RUN compared to WALK indicate a 

shift in carbohydrate storage that may alter triglyceride metabolism. Lastly, it could not 
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be excluded that exercise may alter the production and secretion of chylomicron 

triglycerides from the enterocyte of small intestine into the circulation via lymphatic 

system (Duez et al., 2008).   

In conclusion, RUN despite an extended sitting reduced PPTG, accompanied by 

increased insulin sensitivity and fat oxidation, compared to WALK and SIT, suggesting 

that exercise intensity is an independent factor in determining PPTG partly through 

alterations in substrate oxidation and insulin action.  
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TABLES AND FIGURES:   
Table 4.1. Characteristics of research participants (n = 9) 

Variables  
Physical Characteristics 
Age, years 24.0 ± 4.0 

Height, cm 172.7 ± 6.8 
BW, kg 69.4 ±7.9 
BMI, kg•m-2 23.25 ± 2.41 
Resting Energy Metabolism 
RER, VCO2/VO2 0.84 ± 0.05 
VO2, ml•min-1 225.7 ± 18.1 
VCO2, ml•min-1 190.4 ± 21.6 
Fat Oxidation, % 53.8 ± 18.5 
Fat Oxidation, kcal•min-1 0.57 ± 0.17 
CHO Oxidation, % 46.2 ± 0.2 
CHO Oxidation, kcal•min-1 0.53 ± 0.17 
Maximal Exercise Responses 

VO2max, ml•min-1 3569 ± 558 

VO2max, ml•kg-1•min-1 51.6 ± 6.3 
RERmax 1.19 ± 0.06 

Lactate, mmol•L-1 12.6 ± 1.4 
 

Abbreviations: RER, respiratory exchange ratio; RERmax, maximal RER achieved during a maximal 

exercise test; CHO, carbohydrate; VO2, oxygen consumption; VCO2, carbon dioxide production; VO2max, 

maximal oxygen consumption.  

 

 

 

 

 

 

 

 

 

 



 35	  

Table 4.2. Physiological and metabolic responses to exercise  

 

 

Data are expressed as mean ± SD (n = 9). Paired t-test was used to compare means. Abbreviations: VO2max, 

Maximal oxygen consumption; VO2, Oxygen consumed; VCO2, Carbon dioxide produced; RER, 

Respiratory exchange ratio. ¶Values above resting metabolic rate measured after a 13-h overnight fasted 

state in the preliminary test. *Significantly different from the walking, p < 0.001 

  

 

 

 

 

 

 

 

 

 

 Exercise Intervention 

Variables RUN WALK 

Exercise Intensity and Duration 

Duration (min) 60 ± 0.0* 214.5 ± 28.0 

Intensity (%VO2max) 64.4 ± 2.8* 24.21 ± 2.6 

Oxygen Consumption  

Total VO2, liters¶ 124.6 ± 24.1 125.8 ± 18.6 

VO2, ml⋅min⋅kg-1¶ 30.0 ± 4.7* 8.6 ± 1.2 

RER, VCO2/VO2 0.96 ± 0.05* 0.91 ± 0.03 

Substrate Oxidation 

Carbohydrate oxidation, kcal¶ 535.4 ± 99.8* 433.8 ± 82.4 

Carbohydrate oxidation, % 86.8 ± 15.5* 69.1 ± 11.9 

Fat oxidation, kcal¶ 87.5 ± 119.4* 187.6 ± 95.5 

Fat oxidation, % 13.2 ± 15.5* 30.9 ± 11.9 

Total, kcal¶ 622.9 ± 115.8 621.3 ± 96.9 
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Table 4.3. Plasma concentrations in the fasted and postprandial states  
 

 

Values are expressed as mean ± SEM (n = 9). One-way ANOVA with repeated measures was used to 

compare means. Multiple comparisons were corrected by Bonferroni method. Abbreviations: FFA, free 

fatty acids; Homeostatic model assessment of insulin resistance, HOMA-IR. Significantly different from 

SIT, *p < 0.05, **p < 0.001; †Significantly different from WALK, p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 Experimental Treatments 

Variables RUN WALK SIT 

Fasting Concentrations   

Triglyceride, mmol/L 0.80 ± 0.09* 0.89 ± 0.07 1.00 ± 0.07 

FFA, mmol/L 0.39 ± 0.05 0.34 ± 0.04 0.33 ± 0.04 

Glucose, mmol/L 4.78 ± 0.12 4.90 ± 0.19 4.84 ± 0.11 

Insulin, uIU•ml-1 6.78 ± 1.00 8.42 ± 1.20 8.04 ± 1.04 

HOMA-IR 1.44 ± 0.16 1.82 ± 0.23 1.72 ± 0.42 

Postprandial Mean Concentrations    

Triglyceride, mmol/L 1.62 ± 0.14** 1.84 ± 0.18 2.21 ± 0.20 

FFA, mmol/L 0.37 ± 0.02† 0.35 ± 0.02 0.35 ± 0.02 

Glucose, mmol/L 5.30 ± 0.15* 5.54 ± 0.19 5.70 ± 0.20 

Insulin, uIU•ml-1 17.92 ± 1.54 20.38 ± 1.14 23.70 ± 2.52 
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Table 4.4. Physiological and metabolic responses in the 6-h postprandial state  

 Treatments 

Variables RUN WALK SIT 

RER and Substrate Oxidation 

RER, VCO2/VO2 0.816 ± 0.32†** 0.836 ± 0.014# 0.857 ± 0.003 

Carbohydrate oxidation, kcal⋅6h-1 182.3 ± 36.2†* 213.8 ± 46.6 242.3 ± 55.8 

Carbohydrate oxidation, % 37.1 ± 4.7†** 44.11 ± 7.59* 51.09 ± 9.30 

Fat oxidation, kcal⋅6h-1 285.47 ± 23.67†** 249.65 ± 33.89** 213.30 ± 38.99 

Fat oxidation, % 62.94 ± 4.69†** 55.89 ± 7.59* 48.91 ± 9.30 

Total, kcal⋅6h-1 467.8 ± 47.06 463.4 ± 43.55 455.6 ± 44.21 

Mean Blood Pressure (mm Hg) 

Systolic blood pressure 114.5 ± 7.5 115.9 ± 6.0 116.2 ± 11.3 

Diastolic blood pressure 62.6 ± 10.8 63.9 ± 7.4 61.7 ± 9.7 

Mean arterial blood pressure 79.9 ± 9.3 81.2 ± 6.3 79.9 ± 9.7 

Heart Rate Response (bpm)1 

Heart rate 68.6 ± 5.4 68.3 ± 6.7 67.6 ± 6.2 

 

Values are expressed as mean ± SD (n = 8). One-way ANOVA with repeated measures was used to 

compare means. Multiple comparisons were corrected by Bonferroni method. For the comparisons of mean 

values for substrate oxidation, one participant was excluded due to errors occurred during the expired gas 

measurement (n = 8). Abbreviations: high fat tolerance test, HFTT. 1Data obtained from participants (n = 7) 

due to loss of data from 2 participants occurred during the activity monitoring on D4. *Significantly 

different from SIT; *p < 0.05, **p < 0.01; Significantly different from WALK, †p < 0.02; #There was a 

strong tendency of WALK lower than SIT, p = 0.052.  
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Figure 4.1. Experimental Design.  
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Figure 4.2. Daily steps were monitored during 2 days of control (D1 and D2), 

intervention (D3) and HFTT (D4) across trials by using a pedometer. Steps on D4 include 

steps counted until the end of the HFTT at 1400. The inset indicates steps counted on the 

evening of day 3 from 1800 – 2400 h. Mean differences were analyzed by using one-way 

repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. Data are expressed as mean ± SD. *Significantly different from SIT, p < 

0.001; †Significantly different from WALK, p < 0.001. 
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Figure 4.3. Distributions of body postures and activities were monitored from 900 h to 

1800 h on day 3 of RUN, WALK, and SIT. Mean differences were analyzed by using 

one-way repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. Due to the loss of the activity/motion data from one participant, values 

were obtained from 8 participants. Time spent for running was not included, which was 

only found in the RUN (60 min for the running exercise intervention). Data are expressed 

as mean ± SD. *Significantly different from SIT, p < 0.001; †Significantly different from 

WALK, p < 0.001. 
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Figure 4.4. Heart rates were continuously monitored from 900 h to 1800 h on day 3 of 

RUN, WALK, and SIT. The 9-h mean heart rate was significantly higher in WALK (85.8 

± 5.3 bpm), compared to RUN (80.7 ± 5.3 bpm, p < 0.01) and SIT (69.3 ± 4.7 bpm, p < 

0.001). Due to the loss of the activity/motion data from one participant, values are from 8 

participants. Data are expressed as mean ± SD.  
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Figure 4.5. Total and incremental area under the curves of plasma triglyceride 

concentration during the HFTT following RUN, WALK, and SIT on D3. Area under the 

curves (AUC) is presented as % change from AUC of SIT. Mean differences were 

analyzed by using one-way repeated measures of ANOVA, followed by Bonferroni 

correction for multiple comparisons. Data are expressed as mean ± SEM. *Significantly 

different from RUN, p < 0.001; †Significantly different from WALK, p < 0.05.	  
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Figure 4.6. Temporal responses of plasma triglyceride concentration following a high fat 

test meal intake on D4 in RUN, WALK, and SIT. Mean differences were analyzed by 

using two-way repeated measures of ANOVA, followed by Bonferroni correction for 

multiple comparisons. There were overall treatment (p = 0.001) and time effects (p = 

0.001). RUN was significantly lower in the pair-wise comparison, compared to SIT (p = 

0.001) with a tendency of RUN being lower than WALK (p = 0.126). Data are expressed 

as mean ± SEM. *Significantly different between RUN and SIT throughout the time 

points, p < 0.05. 
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Figure 4.7.Temporal responses of plasma free fatty acid (FFA) concentration following a 

high fat test meal intake on D4 in RUN, WALK, and SIT. Mean differences were 

analyzed by using two-way repeated measures of ANOVA, followed by Bonferroni 

correction for multiple comparisons. There were overall treatment (p = 0.027) and time 

effects (p < 0.001). RUN was significantly lower in the pair-wise comparison, compared 

to WALK (p = 0.014) with a tendency of RUN being lower than SIT (p = 0.119). Data 

are expressed as mean ± SEM. 

 

	  

	  

	  

	  

	  

	  

0 1 2 3 4 5 6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Time (hours)

P
la

sm
a 

FF
A

 (m
m

ol
/L

) RUN
WALK
SIT



 45	  

 

Figure 4.8. Temporal responses of plasma glucose concentration following a high fat test 

meal intake on D4 in RUN, WALK, and SIT. Mean differences were analyzed by using 

two-way repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. There were overall treatment (p = 0.001) and time effects (p < 0.001). RUN 

was significantly lower in the pair-wise comparison, compared to SIT (p = 0.022) with a 

tendency of RUN being lower than WALK (p = 0.076). WALK also tended to be lower 

than SIT (p = 0.063). Data are expressed as mean ± SEM. 	  
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Figure 4.9. Temporal responses of plasma insulin concentration following a high fat test 

meal intake on D4 in RUN, WALK, and SIT. Mean differences were analyzed by using 

two-way repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. There were a tendency for overall treatment effect (p = 0.067) and a 

significant overall time effect (p < 0.001). Data are expressed as mean ± SEM. 	  
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Figure 4.10. Whole body insulin sensitivity estimated by using Insulin Sensitivity Index 

Composite method after RUN, WALK, and SIT on D4 during the HFTT. Mean 

differences were analyzed by using one-way repeated measures of ANOVA, followed by 

Bonferroni correction for multiple comparisons. †Significantly different than WALK, p < 

0.05; *Significantly different from SIT, p < 0.05. Data are expressed as mean ± SEM.  
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CHAPTER V: STUDY 2 

POSTPRANDIAL PLASMA TRIGLYCERIDE RESPONSES TO PROLONGED 

SITTING AND TO ACUTE EXERCISE FOLLOWING PROLONGED SITTING 

 

ABSTRACT: 

We evaluated the hypothesis that prolonged sitting would amplify plasma triglyceride 

concentration both in pre- and post-exercise conditions. Following 2 days of food and 

activity control, seven healthy young men performed three trials in a randomized 

crossover design: prolonged sitting with hypercaloric diet (SIT+H), prolonged sitting 

with calorically balanced diet (SIT+B), or active walking and standing with calorically 

balanced diet (WALK+B) during day 1 – 4. Participants additionally performed a 1-h 

running exercise at ~ 67% VO2max on day 4. A high fat tolerance test was performed on 

day 3 (HFTT1) and on day 5 (HFTT2). On average, participants were seated ~320 min 

longer/day and stepped 10-fold less in both SIT trials than WALK+B. During HFTT1, 

WALK+B was lower in incremental plasma triglyceride response (TG AUCI), compared 

to SIT+H by 17.4% (p = 0.004) and SIT+B by 20.1% (p = 0.165). During HFTT2, TG 

AUCI were lower in WALK+B, compared to SIT+H by 24.8% (p = 0.054) and SIT+B by 

36.4% (p = 0.003). The acute exercise in WALK+B, but not in SIT trials, reduced TG 

AUCI from HFTT1 (SIT+B as control) to HFTT2 by 32% (p = 0.017). Whole body 

insulin sensitivity (ISI) and fat oxidation were lower in both SIT trials, compared to 

WALK+B during both HFTTs (for all, p < 0.05) with no significant differences between 

SIT+H and SIT+B. In conclusion, 2 days of prolonged sitting with excess energy intake 

increased PPTG and 4 days of prolonged sitting impaired the ability of acute exercise to 
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attenuate PPTG, compared to active walking and standing, emphasizing the importance 

of reducing sitting time for favorable postprandial triglycerides. 

 

Key Words substrate oxidation, insulin sensitivity, and atherosclerosis 
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INTRODUCTION 

Sedentary behavior (i.e., prolonged sitting) is a hallmark of modern society as a result of 

advanced technologies, with concomitant reduction in daily non-exercise activity, 

particularly walking and standing. Furthermore, people spend the majority of their time in 

the non-fasting state (i.e., the postprandial state; several hours after a meal), as meals are 

rarely more than 6-8 hour apart. As a result, prolonged sitting usually coincides with 

being in the postprandial state, which may amplify the magnitude of elevation of 

triglyceride concentration in the blood, which typically peaks 3-5 h after a meal rich in 

fat. Since atherosclerosis has been postulated to be largely a “postprandial phenomenon” 

in 1979 (Zilversmit, 1979), PPTG was recently confirmed as an independent risk factor 

for cardiovascular diseases in large epidemiological studies (Bansal et al., 2007; 

Nordestgaard et al., 2007).  

It has been well documented that a single session of moderate intensity exercise 

attenuates PPTG after a meal intake in normolipidemic (Gill & Hardman, 2000; Malkova 

et al., 2000; Herd et al., 2001) and hyperlipidemic state (Zhang et al., 2006) regardless of 

training status (Hardman et al., 1998; Gill & Hardman, 2000; Malkova et al., 2000; Herd 

et al., 2001; Paton et al., 2006). A growing body of epidemiological evidence indicates 

that increased daily walking, the largest component of daily non-exercise physical 

activities during waking hours (Levine et al., 1999; Levine et al., 2005), is associated 

with improved health, such as reductions in cardiovascular events (Manson et al., 2002).  

On the other hand, recent epidemiological evidence suggests the independent 

deleterious effects of prolonged sitting in health. It has been reported that prolonged 

sitting time is strongly associated with risk of obesity and metabolic disorders including 



 51	  

type 2 diabetes mellitus and cardiovascular events, independent of the volume of exercise 

being performed (Fung et al., 2000; Hu et al., 2001; Hu et al., 2003). Moreover, sitting 

time is dose-dependently associated with mortality from all-causes and cardiovascular 

diseases, regardless of leisure time physical activity (Katzmarzyk et al., 2009). These 

findings suggest that increased sitting time may impair the beneficial effects of regular 

exercise on PPTG. However, no studies to the best of our knowledge were conducted to 

evaluate whether prior days of prolonged sitting (too much sitting) increases PPTG and 

whether prior days of prolonged sitting impair the beneficial effects of moderate intensity 

exercise in reducing PPTG. 

Therefore, we hypothesized that 1) 2 days of prolonged sitting will increase PPTG, 

compared to 2 days of active walking and standing, independent of energy balance and 2) 

4 days of prolonged sitting will impair the ability of a moderate intensity exercise to 

reduce PPTG, compared to 4 days of active walking and standing. 
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RESEARCH PARTICIPANTS AND METHODS 

Research Participants 

Seven recreationally active, healthy young men (25.6 ± 3.7y of age) participated in the 

present study. The participants’ body mass, height, BMI and VO2max are as follows: 71.4 

± 6.2 kg, 174 ± 5 cm, 23.6 ± 1.2 kg/m2, and 49.3 ± 7.7 ml/min/kg. They were allowed to 

participate in the study if they were non-smokers, normotensive (<140/90 mm Hg), had a 

BMI of <30 kg/m2 with no clinical history of cardio-pulmonary and metabolic diseases 

and taking no medication that could affect lipid or carbohydrate metabolism. All 

participants were fully informed of any possible risks and procedures with written 

informed consent obtained before participation. The study was conducted with an ethical 

approval from the University of Texas Institutional Review Board. 

 

Preliminary Testing 

Participants reported to the Human Performance Laboratory after a 13-h overnight fast a 

week prior to the initiation of the first trial. Upon arrival, body weight and height were 

measured after voiding. They then rested for 30 minutes before the measurement of 

resting metabolic rate (RMR) and blood pressure (Tango+, Suntech, Morrisville, NC) 

while seated. This was immediately followed by a 4-stage submaximal treadmill test. 

Following 15 min of rest, maximal oxygen consumption (VO2max) was determined using 

a customized protocol based on the submaximal data, and each participant’s age-

predicted max HR. The VO2max and submaximal linear regression of running speed vs. 

VO2 was used to determine running speed to elicit 65% VO2max.  
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Experimental Design  

Seven recreationally active, healthy male participants undertook three intervention trials 

in a randomized, crossover experimental design, each occurring over 7 days with at least 

one-week interval between the trials (Figure 5.1). Each trial included 2 days of control 

period (CON D1 and CON D2) and 4 days of intervention (D1 – D4): 1) prolonged 

sitting with hypercaloric diet (SIT+H), 2) prolonged sitting with calorically balanced diet 

(SIT+B), or 3) active walking and standing with calorically balanced diet (WALK+B) 

during day 1 – 4. On the D4 of the intervention trial, participants performed an additional 

1-h running exercise at ~ 67% VO2max from 1700 – 1800 h while maintained otherwise. 

High fat tolerance tests were performed on day 3 (HFTT1) and on day 5 (HFTT2). 

Throughout the trials, participants were asked to refrain from any structured exercise 

except for the intervention exercise performed in the laboratory on D4 in all trials.  

Throughout the trials, all food was provided and daily steps were counted. In 

addition, an activity monitor was used to monitor energy expenditure, body postures and 

activities, and heart rate throughout the trials (D1 – D5). On the morning of D3 and D5, 

participants reported to the laboratory for the HFTT at 0700 h following a 12-h overnight 

fast. Body weight was measured after voiding while wearing only underwear. Following 

5 min of rest, a catheter was inserted into an antecubital vein and then a fasting blood 

sample was collected at 0730 h, followed by expired gas collection performed for 10 min 

into a meteorological balloon for the determination of resting substrate oxidation and 

energy expenditure in the fasted condition following 10 minutes of quiet rest in a chair. 

They were then asked to consume a high fat test meal in 5 min, and then sat quietly while 

reading, watching movies, and/or working on a computer during HFTT. Blood samples 
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were collected hourly over 6 hours (800 – 1400 h) following a consumption of the test 

meal, with expired gas collection for 10 minutes following 10 minutes of quiet rest in a 

chair at 2, 4, and 6 h postprandial.  

 

Dietary Control 

All foods were provided throughout the trials. Food was purchased from food markets by 

members of the investigating team and provided to participants. Food was picked up by 

each participant the evening before each day or delivered upon their request. There were 

food lists, from which, or from their personal food choice, each participant selected food 

items. Included were different types of cereals, milks, sandwiches, frozen foods, snacks, 

ice creams and so on. The number of calories per day during WALK+B or SIT+B (D1-

D3) approximated that needed for their respective activity to maintain body weight. The 

number of calories per day during SIT+H was identical to those of WALK+B, creating 

net positive energy balance. On D4, same respective amount of calories were provided 

while an additional bout of 1-h moderate intensity exercise was performed. 

 

Estimation of Total Amount of Energy Consumption 

The estimation of total amount of energy consumption needed for each trial (WALK and 

SIT) was accomplished by measuring their respective energy expenditure using an 

activity monitor (IDEEA, MiniSun LLC, Presno, CA) for 24 hours under two different 

conditions before the initiation of the first trial: WALK (> 16,000 steps/day) and SIT (< 

2,000 steps/day). These obtained energy expenditure values for two different activity 

conditions were used for their total number of daily energy for SIT+B or for SIT+H and 
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WALK-B, respectively. Briefly, several days (> 3 days) before the initiation of the first 

trial, participants were asked to perform 1-day WALK and 1-day SIT in a random order. 

For 1-day WALK, they were asked to step as many as possible evenly throughout the day 

and stand as much time as possible while wearing an activity monitor and a pedometer 

(Yamax Digi-walker CW-701, San Antonio, TX). During 1-day SIT, they were asked to 

walk less than 2,000 steps per day in the evenly distributed manner and to sit as much 

time as possible. They were also asked to record their step numbers by noon, by 1800 h, 

and by the time just before going to bed. During their actual intervention trial, they were 

asked to replicate the distribution patterns of body position such as sitting, standing, 

walking and lying down and daily steps after reviewing their respective data obtained 

during the 1-day activity monitoring. The amount of energy expended during the 1-day 

WALK and the 1-day SIT by using an activity monitor was the amount of energy 

provided (consumed) for WALK+B and SIT+B, respectively. For SIT+H, the amount of 

energy provided was the same to that for WALK+B, creating net positive energy balance. 

However, on D4, an additional 1-h running exercise was added, which was supposed to 

create net energy balance in SIT+H but net negative energy balance in SIT+B and 

WALK+B only on D4. 

 

Physical Activity and Behavioral Control 

Physical activity/inactivity was monitored throughout the intervention (D1 – D5) using 

an activity monitor, used to monitor and distinguish among various postures and 

activities, including sitting, standing, walking, running, and lying (Zhang et al., 2004) 

and used to estimate energy expenditure (Zhang et al., 2003) throughout the intervention 
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trial. The activity monitor was temporarily detached between 1800 and 1900 h while 

participants took a shower and ate a dinner, and data was transferred into a computer. 

Daily step numbers were counted using a step monitor pedometer throughout the trials. 

The pedometer was temporarily detached when participants took a shower as well as 

during sleep time. For the missing data from the activity monitor during the 1-h temporal 

detachment, we used data (for body positions, energy expenditure, and heart rate) 

obtained during a familiarization measurement: for 1-h between 1800 and 1900 h, they 

took a shower and ate a dinner while they wore an activity monitor. They were also asked 

to keep a consistent sleep/wake cycle during the trials. During 2 days of control period 

(CON D1 and D 2) before the initiation of each trial, they were asked to refrain from any 

planned exercise but were asked to walk or move between 6,500 – 7,500 steps per day, 

which is considered to be ‘low level of physical activity’ (Tudor-Locke & Bassett, 2004). 

During WALK+B, they were asked to spend more time standing and to increase daily 

walking steps by not taking advantages of advanced technologies such as mechanical 

transportation and elevators, while asked to reduce sitting time. During SIT (both SIT+H 

and SIT+B), participants were asked to reduce daily walking steps and standing time by 

remaining seated throughout much of the days and by taking elevators instead of stairs 

and driving a car (or taking a bus) instead of walking. Heart rate was also monitored via 

ECG, equipped to an activity monitor (IDEEA, MiniSun LLC, Fresno, CA) throughout 

the interventions (D1-D5).  

  

Moderate Intensity Exercise on a Treadmill on D4 

In all trials, each participant ran on a treadmill for 1 hour at speed, estimated to elicit 65% 
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VO2max from 1700 – 1800 h on D4. Expired gas measurements were performed 

intermittently (for 5 min at 5 min, 25min, and 45 min of the 1-h exercise). Energy 

expenditure and substrate oxidation were estimated using indirect calorimetry (Lusk, 

1924). 

 

High Fat Tolerance Test 

The high fat tolerance test was performed on D3 and D5. Participants arrived at the 

laboratory at 0700 h the morning of each HFFT following a 12-h overnight fast via 

automobile transportation. Body weight was measured after void. Ninety minutes prior to 

HFTT, 0.5L of plain water was provided at 0630. Any additional fluids consumed during 

HFTT (from 0800 – 1400 h) were recorded and replicated for the subsequent trials. They 

were seated in a comfortable chair for 5 minutes. A catheter was then inserted into an 

antecubital vein and a fasting blood sample was then collected in 5 minutes. Participants 

consumed each high fat test meal at the same time of the day of HFTT in a period no 

longer than 5 minutes. High fat test meal was prepared and provided based on body mass 

at 16.1 kcal/kg body weight (1,122.5 ± 49 kcal, 1.2, 1.1 and 0.22 g/kg BW of fat, 

carbohydrate and protein, respectively).  

 

Resting Energy Expenditure and Whole Body Substrate Oxidation 

Expired gas analysis was performed while seated in the fasted state and at 2, 4, and 6 h 

after a high fat test meal intake for 10 minutes after at least 10 min resting. During HFTT, 

participants sat quietly reading, watching movies, and/or surfing the Internet. During each 

measurement, participants breathed though a one-way valve (Hans Rudolph, Kansas City, 
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MO) for 15 min, during which expired air was analyzed for fractional oxygen and carbon 

dioxide using the oxygen and carbon dioxide analyzers (Applied Electrochemistry, 

Models S-3A/I and CD-3A, respectively) while collected in a meteorological balloon for 

the final 10 min and the volume expired was measured through a gas meter (Parkinson-

Cowan CD-4, Instrumentation associates, Inc. New York, NY), calibrated against a 

Tissot spirometer (Chain-compensated gasometer, Warren E. Collins, Inc. Braintree, 

MA). 

 

Biochemical Analysis 

All blood samples collected were immediately transferred to K2 EDTA collection tubes 

(BD Vacutainer, Franklin Lakes, NJ), centrifuged at 2,000 g for 15 minutes at 4°C. 

Plasma was then stored in separate aliquots at -80°C until later analysis. All 

measurements for each participant were performed in duplicate within the same run. 

Plasma triglyceride and glucose concentrations were measured by a spectrophotometric 

method using commercially available kits (Pointe Scientific, Inc. Canton, USA). Plasma 

free fatty acids were measured with a colorimetric assay as previously described (Zderic 

et al., 2004). Plasma insulin was measured with a commercially available human insulin 

ELISA (Alpco Diagnostics, Salem, USA). Intraassay coefficients of variation for 

triglyceride (TG), free fatty acid (FFA), glucose, and insulin were all less than 5%. 

 

Calculations 

Relative area under the curves Incremental and total area under the curves for plasma 

triglyceride and insulin concentrations were calculated using the trapezium rule and were 
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then normalized to SIT+H (%).  

 

Whole body insulin sensitivity Insulin action was estimated by using both the homeostatic 

model assessment of insulin resistance (HOMAIR) and insulin sensitivity index (ISI). 

HOMAIR was calculated from fasting concentrations of glucose and insulin by using a 

following equation (Matthews et al., 1985). ISI was calculated from fasting and mean 

concentrations of glucose and insulin in postprandial state by using a following equation 

(Matsuda & DeFronzo, 1999):  

HOMAIR = [I0(uIU/ml) x G0(mg/dl)]/405 

ISI composite = 10000 / [Sqrt(G0(mg/dl) x I0(uIU/ml) x G360(mg/dl) x I360(uIU/ml))] 

 

Where G0 and I0 represent plasma concentrations of glucose (mg/dl) and insulin (uIU/ml) 

at the fasted state and G360 and I360 represent mean plasma concentrations of glucose 

(mg/dl) and insulin (uIU/ml) at the fed or postprandial state. Sqrt represents the 

mathematical function to calculate the square root.   

 

Energy expenditure and substrate oxidation From oxygen consumption, carbon dioxide 

production, and respiratory exchange ratio (RER), energy expenditure and substrate 

oxidation were calculated (Lusk, 1924).  

 

% Energy from carbohydrate (CHO) oxidation = ((RER – 0.707)/0.293) × 100   

% Energy from fat oxidation = 100 – % Energy from CHO oxidation   

CHO oxidation (kcal/min) = (%CHO oxidation/100) × VO2) × 5.05kcal/l O2   
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Fat oxidation (kcal/min) = ((1-%CHO oxidation/100)(VO2)) × 4.7kcal/l O2   

Energy expenditure (kcal/min) = CHO oxidation + Fat oxidation  

 

Statistical Analysis 

Total and incremental areas under the curves (AUCT and AUCI, respectively) for 

triglyceride and insulin concentrations (% of SIT+H) were analyzed using one-way 

ANOVA with repeated measures for differences among trials. Variables on energy 

expenditure and substrate oxidation during exercise on D4 were analyzed using one-way 

ANOVA with repeated measures. Fasting plasma concentrations, the homeostatic model 

assessment of insulin resistance (HOMAIR) and the whole body insulin sensitivity index 

(ISI), daily steps and body postures across trials were analyzed using one-way ANOVA 

with repeated measures. For postprandial concentrations, two-way ANOVA with 

repeated measures was performed to examine trial and time interaction. Multiple 

comparisons were corrected by Bonferroni method. To assess the exercise ability in 

reducing PPTG, two-tailed paired t-test was performed from HFTT1 (PPTG of SIT+B) to 

HFTT2 for TG AUCT and TG AUCI . The Pearson product-moment correlation 

coefficient analyses were performed among TG AUCT, TG AUCI, ISI composite, fat 

oxidation, and insulin AUCT and AUCI. All data were analyzed using the PASW 

Statistics Package software version 18.0 for Mac (SPSS Inc, Chicago, IL). All data were 

presented as mean ± standard deviation (SD) unless otherwise indicated. Statistical 

significance was set at p < 0.05. 
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RESULTS 

Changes in Body Mass 

Body weight was not significantly different across trials and from HFTT1 to HFTT2 

within the same trial: 71.3 ± 6.10 and 71.3 ± 6.13 kg for WALK, 71.2 ± 5.85 and 71.6 ± 

5.93kg for SIT+H, and 71.3± 5.92 and 71.3 ± 6.21kg for SIT+B, respectively.  

 

Energy Intake, Expenditure, and Net Energy Balance  

During control days (CON D1 and D2), daily calorie intake was identical across trials 

(2753 ± 149 kcal and 2662 ± 164, respectively) as all food with the same calories and 

compositions were provided (CHO of 54.6 ± 4.1%, fat of 28.4 ± 3.0%, and 16.9 ± 1.6% 

on average). Daily calorie intake and expenditure during the intervention periods (D1 – 

D4) are listed in Table 5.1: mean daily calorie intake was significantly higher in 

WALK+B and SIT+H, compared to SIT+B (for all intervention days; p < 0.001), 

whereas mean daily energy expenditure (kcal/day) was significantly higher in WALK+B, 

compared to SIT+H and SIT+B (p < 0.001). On day 4, energy expenditure during the 

acute exercise was not different across trials (Table 5.3). There was roughly net energy 

balance in WALK+B and SIT+B but net positive energy balance in SIT+H, except on 

day 4, where energy expenditure of an additional exercise bout (approximately 730 kcal) 

resulted in net negative energy balance in all trials with different magnitudes (Table 5.1 

& Figure 5.2).  

 

Daily Steps and Distribution of Body Posture/Activity 

Daily step number and body posture/activity distribution are listed in Table 5.2 and 
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Figure 5.3 and 5.4. During CON D1 and D2, there was no difference in mean daily step 

counts across trials. During the intervention days (D1-D4), when excluding exercise steps 

on D4, participants stepped 10 folds more in WALK+B (~17,000 steps/day) than in SIT 

trials (SIT+H and SIT+B, ~1,650 steps/day) (for all, p < 0.001). Step number counted 

during the 1-h running exercise on a treadmill was not different across trials: 10519 ± 65, 

10347 ± 49, and 10168 ± 74 for WALK+B, SIT+H, and SIT+B, respectively. Steps 

counted during HFTT were not different across trials. Body posture/activity analysis 

indicates that participants were seated ~ 320 min per day longer in both SIT trials than 

WALK+B on average (for both, p < 0.001). On the other hand, participants spent ~200 

min/day less time standing and ~115min/day less time walking in SIT trials, compared to 

WALK+B (for both, p < 0.001) (Figure 5.3). No differences were found between SIT+H 

and SIT+B in time (min) for any of components of body posture/activity mentioned. 

Furthermore, there was no difference in sleep time among trials (Table 5.2 & Figure 5.3). 

 

Heart Rate Responses during Interventions 

Heart rate was continuously monitored throughout the intervention (D1 – D5) (Table 5.2 

& Figure 5.5). Mean heart rate responses throughout the 4-day intervention (D1 – D4) 

were different across trials: WALK+B > SIT+H > SIT+B (for all trials, p < 0.05). Mean 

HR during HFTT1 was not statistically different across trials: 72 ± 7 bpm, 74 ± 9 bpm, 

and 73 ± 8 bpm, respectively. However, mean HR during HFTT2 was significantly 

higher in SIT+H (75 ± 7 bpm), compared to SIT+B (72 ± 6 bpm) (p = 0.033). 

 

Physiological and Metabolic Responses to Acute Bout of Running Exercise on D4 
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Exercise intensity, respiratory exchange ratio (RER), rate of physical exertion (RPE), 

whole body carbohydrate and fat oxidation, and total energy expenditure were not 

different across trials (Table 5.3).  

 

Postprandial Substrate Oxidation 

Whole body substrate oxidation during both HFTTs was determined using an indirect 

calorimetry (Lusk, 1924) (Table 5.5 and Figure 5.18). During both HFTTs, RER was 

significantly lower in WALK+B than SIT+H and SIT+B (for all, p < 0.05). From HFTT1 

to HFTT2, WALK+B and SIT+H, not SIT+B, significantly reduced RER (p < 0.005 and 

p = 0.03, respectively). During HFTT1, relative fat oxidation was significantly reduced in 

SIT+H by 27% (p = 0.043) and SIT+B by 37% (p = 0.028), compared to WALK+B. 

During HFTT2, relative fat oxidation was significantly reduced in SIT+H by 41% and 

SIT+B by 45%, compared to WALK+B (for all, p < 0.01). There was no difference in 

relative fat oxidation between SIT+H and SIT+B during both HFTTs. Furthermore, from 

HFTT1 to HFTT2, relative fat oxidation was significantly increased only WALK+B (p < 

0.01). RMR was not different across trials during both HFTTs although it tended to be 

higher in SIT+H, compared to WALK+B during the HFTT2 (p = 0.100). 

 

Plasma concentrations in the fasted and postprandial states 

In the fasted state on D3 and D5, plasma FFA, glucose, and insulin concentrations were 

not statistically different across trials in Table 5.4. However, plasma triglyceride 

concentration was significantly lower in WALK+B than SIT+H during both HFTTs (for 

both, p = 0.028). During HFTT2, plasma triglyceride concentration tended to be lower in 
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WALK+B than SIT+B (p = 0.053).  

 

In the postprandial state, for plasma triglyceride concentrations during HFTT1, there 

were overall treatment (p = 0.028) and time effect (p < 0.001): WALK+B was 

significantly lower in the pair-wise comparison, compared to SIT+H (p = 0.021) (Figure 

5.9). For area under the curves for plasma triglyceride concentration (Figure 5.6), 

WALK+B was lower in total area under the curves (TG AUCT), compared to SIT+H by 

21.3% (p < 0.001) and SIT+B by 19.7% (p = 0.165) (Figure 5.6). WALK+B was also 

lower in incremental area under the curves for plasma triglyceride concentration (TG 

AUCI), compared to SIT+H by 17.4% (p = 0.004) and SIT+B by 20.1% (p = 0.145). 

During HFTT2 (Figure 5.13), there were also overall treatment (p = 0.022) and time 

effects (p < 0.001): WALK+B was lower than SIT+H (p = 0.051) and SIT+B  (p = 

0.031). TG AUCT was lower in WALK+B, compared to SIT+H by 31.4% (p < 0.005) 

and SIT+B by 38.3% (p = 0.011) (Figure 5.7). TG AUCI was also lower in WALK+B, 

compared to SIT+B by 36.4% (p = 0.003) and SIT+H by 24.8% (p = 0.054). However, no 

difference was found between SIT+H and SIT+B in both TG AUCT and AUCI during 

both HFTTs. To assess the ability of acute exercise to reduce PPTG (Figure 5.8), TG 

AUCT and AUCI of SIT+B during HFTT1 were used as a baseline control, to which TG 

AUCT and AUCI of WALK+B, SIT+H, and SIT+B during HFTT2 were compared. The 

moderate intensity exercise in WALK+B reduced TG AUCT by 29% (p = 0.015) and TG 

AUCI by 32% (p = 0.017), compared to HTTT1 (SIT+B as control) (Figure 5.8). 

However, no significant reductions in SIT trials were found from HFTT1 to HFTT2. For 

plasma insulin concentration, there were overall treatment (p = 0.028) and time effect (p 
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< 0.001) during HFTT1 (Figure 5.10). Insulin AUCT was lower in WALK+B by 19% (p 

= 0.009), compared to SIT+H. Insulin AUCI tended to be lower in WALK+B by 20% (p 

= 0.091), compared to SIT+H. During HFTT2, there were overall treatment (p = 0.033) 

and time effect (p < 0.001) for plasma insulin concentration (Figure 5.14). Insulin AUCT 

tended to be lower in WALK+B by 23% (p = 0.083) and in SIT+B by 15% (p = 0.051), 

compared to SIT+H during HFTT2. Whole body insulin sensitivity, assessed by using the 

ISI method (Matsuda & DeFronzo, 1999), was significantly higher in WALK+B by 19% 

during HFTT1 (p = 0.026) and by 32% during HFTT2 (p = 0.027), compared to SIT+H 

(Figure 5.17). However, HOMA-IR was not different across trials during both HFTTs 

(Table 5.4). For plasma glucose concentration (Figure 5.11 & 5.15), there was overall 

time effect (p < 0.001) during both HFTTs. There was an overall treatment effect (p = 

0.002) during HFTT2: WALK+B was lower in the pair-wise comparison, compared to 

SIT+H (p = 0.022) and SIT+B (p = 0.045). For plasma FFA concentration (Figure 5.12 & 

5.16), there was an overall time effect during both HFTTs (for all, p < 0.001). 

 

Correlation Analysis 

During HFTT1, there was a significant correlation between TG and insulin AUCT (r = 

0.532, p = 0.011). During HFTT2, however, there were significant inverse correlations 

between TG AUCT and ISI (r = – 0.635, p = 0.002), between TG AUCT and fat oxidation 

(r = – 0.496, p = 0.022), between TG AUCI and ISI (r = – 0.583, p = 0.005), and between 

TG AUCI and fat oxidation (r = – 0.474, p = 0.030). Furthermore, there were significant 

correlations between TG and insulin AUCT (r = 0.672, p = 0.001) and between TG and 

insulin AUCI (r = 0.591, p = 0.005) 
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DISCUSSION 

The primary finding of the present study is that just 2 days of prolonged sitting 

with excess energy intake (SIT+H) significantly increased PPTG as compared to 2 days 

of active walking and standing condition (WALK+B). Remarkably, 4 days of prolonged 

sitting, independent of changes in energy balance, impaired the ability of acute exercise 

bout to attenuate PPTG from HFTT1 to HFTT2. These adverse effects of prolonged 

sitting on PPTG were accompanied by reduced relative fat oxidation during both HFTTs. 

Previous studies have shown that one month of bed rest increased both fasting 

and/or postprandial plasma triglyceride concentrations (Bergouignan et al., 2006; 

Bergouignan et al., 2009). In a more real-world condition, Olsen et al. (Olsen et al., 

2008) have shown that a 2-week reduction in daily steps from ~10,501 to 1,344 increased 

PPTG by 21%, which was accompanied by reductions in body mass and muscle mass, 

indicating that the increased PPTG was not due to positive energy balance. However, as 

skeletal muscles are responsible for the majority of postprandial plasma glucose disposal 

(~ 80%) (Shulman et al., 1990) and skeletal muscle insulin resistance is implicated in 

postprandial hepatic VLDL-TG production (Petersen et al., 2007), it is uncertain whether 

the increased PPTG occurred as a result of the physical inactivity or reduced muscle 

mass. In the present study, we used a shorter duration of physical inactivity (~ 4 days of 

prolonged sitting), which was unlikely to induce changes in body mass and composition 

(Blanc et al., 2000), possibly differentiating the effect of prolonged sitting from that of 

changes in muscle mass on PPTG. Using the sitting model, we found that following 2 

days of respective conditions, WALK+B were lower in PPTG (both AUCT by 21.3% and 

AUCI by 17.4%), compared to SIT+H (for both, p < 0.001) (Figure 5.6). Remarkably, 
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restricting energy intake by 628 kcal/day to match the reduced muscular activity in 

SIT+B failed to reduce PPTG, compared to SIT+H. And PPTG was still higher in SIT+B, 

compared to WALK+B (AUCT by 19.7%, p = 0.165 and AUCI by 20.1%, p = 0.145), 

although a statistical significance was not reached. This suggests that factors other than 

energy balance must play a role in the increased PPTG.  

In the present study, we tested if prior days of prolonged sitting affect the ability 

of acute exercise bout to attenuate PPTG. Although it has been well documented that 

acute moderate intensity exercise reduces PPTG (Hardman et al., 1998; Gill & Hardman, 

2000; Malkova et al., 2000; Herd et al., 2001; Paton et al., 2006; Zhang et al., 2006), it is 

unknown whether the same exercise could reduce PPTG when individuals are “truly 

sedentary” for the most of the other time. Consistent with this notion, Bergouignan et al. 

(Bergouignan et al., 2009) have recently shown that 1-month bed rest increased PPTG by 

27%, an effect that was not prevented by exercise training during the bed rest, compared 

to an ambulatory control. However, the physical inactivity model employed in this bed 

rest study may be too extreme for generalization to a real world situation, where sitting is 

the predominant form of physical inactivity (Hamilton et al., 2007). In this regard, 

prolonged sitting as a physical inactivity model provides a major strength to the present 

study. In the present study, it was not possible to directly assess the ability of exercise to 

reduce PPTG due to the lack of a baseline measurement for each trial following 2 days of 

control. We did not include a baseline measurement for each trial because we assumed 1) 

that the moderate intensity exercise used in the present study (energy expenditure of 

~730kcal) was sufficient to reduce PPTG in normal non-exercise conditions as shown in 

a number of previous studies with even smaller exercise-induced energy expenditure of 
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200 – 250 kcal (Miyashita, 2008; Miyashita et al., 2008) and 2) that 3 high fat tolerance 

tests in 5 days may produce unintentional sitting effects in WALK+B and metabolic 

effects for all trials that may have confounding effects on postprandial metabolism. We 

instead used the PPTG of SIT+B during HFTT1 as a surrogate baseline control. 

Remarkably, we found that a moderate intensity exercise in both SIT trials failed to 

reduce PPTG during HFTT2, compared to SIT+B during HFTT1. However, the same 

exercise in WALK+B reduced both AUCT by 29% and AUCI by 32% (for both, p < 

0.02), compared to SIT+B during HFTT1 (Figure 5.8). When compared across trials 

within HFTT2, both TG AUCT and AUCI were lower in WALK+B compared to SIT+H 

and SIT+B during HFTT2 by ~ 40% (Figure 5.7). Our data suggest the importance of 

reducing prolonged sitting for the favorable effect of an acute bout of moderate exercise 

on postprandial triglyceride concentration. 

It is difficult from the present study to directly elucidate mechanisms by which 

prolonged sitting increases PPTG. However, there are several possible mechanisms that 

may explain the prolonged sitting-induced increase in PPTG. First, insulin resistance may 

be responsible for the prolonged sitting-induced increase in PPTG. It has been shown that 

physical inactivity impairs insulin action in both rodents during hind limb suspension 

(Ploug et al., 1995) and humans during bed rest (Mikines et al., 1991; Bergouignan et al., 

2006). Consistent with these findings, but a more real world situation, we found that 2 

days of SIT+H increased PPTG with a concomitant increase in postprandial insulin 

excursion and a reduction in whole body insulin sensitivity (ISI) (Matsuda & DeFronzo, 

1999), compared to WALK+B. Furthermore, total triglyceride response was significantly 

correlated with total insulin response during HFTT1 (r2 = 0.283, p = 0.011), indicating ~ 



 69	  

28% of variations in PPTG can be explained by insulin response. Similarly, Olsen et al. 

found that a 2-week reduction in daily steps increased PPTG with a concomitant insulin 

resistance (Olsen et al., 2008). Further, the physical inactivity-induced insulin resistance 

seems to be localized to disused skeletal muscles, as shown in their subsequent study 

(Krogh-Madsen et al., 2010) by showing that a similar reduction in steps for 2 weeks 

reduced rate of glucose infusion without changes in hepatic glucose suppression during a 

hyperinsulinemic-euglycemic clamp. These findings suggest the possibility that even 2 

days of prolonged sitting in conjunction with excess energy intake may induce muscle 

insulin resistance, which may divert postprandial energy, i.e., plasma glucose, away from 

insulin resistant skeletal muscle to liver for the assembly and subsequent secretion of 

VLDL to the circulation (Petersen et al., 2007). During HFTT2, however, PPTG was 

increased in both SIT trials whereas insulin sensitivity (ISI) was only reduced in SIT+H 

compared to WALK+B. The failure in linking PPTG to insulin sensitivity during HFTT2 

may be related to the nonspecific nature of ISI. Furthermore, ISI is calculated from 

plasma concentrations of glucose and insulin, which may not reflect muscle insulin 

resistance (Seider et al., 1982; Rabol et al., 2011), particularly during HFTT that is not 

designed for measurement of insulin action as demonstrated by mixed results from 

previous studies (Tsetsonis & Hardman, 1996; Gill & Hardman, 2000; Herd et al., 2001; 

Harrison et al., 2009). However, we found that there were significant correlations 

between insulin and triglyceride concentrations for total (r2 = 0.452, p = 0.001) and 

incremental responses (r2 = 0.349, p = 0.005), indicating the implication of insulin action 

in the increased PPTG. 

Impaired fat oxidation has been postulated to induce the accumulation of lipid 
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intermediates in the cell, which interferes with insulin signaling (Erion & Shulman, 

2010). Consistent with this idea, fat oxidation in diabetic patients and insulin sensitive 

individuals with a family history of type 2 diabetes was significantly reduced as 

compared with nondiabetic counterparts (Kelley & Simoneau, 1994; Heilbronn et al., 

2007). In the present study, both SIT trials reduced relative fat oxidation during HFTT1 

(~ 30% – 40%), compared to WALK+B (for both, p < 0.05), an effect that was persisted 

during HFTT2 (for both, p < 0.01). These findings are in accordance with a recent finding 

that exercise training during bed rest did not completely prevent a bed-rest induced 

impairment in fat oxidation, compared to an ambulatory control (Bergouignan et al., 

2006; Bergouignan et al., 2009).  

Muscle lipoprotein lipase (mLPL) is the rate-limiting enzyme for clearance of 

circulating triglycerides in chylomicron- and VLDL-TG (Wang & Eckel, 2009), and 

mLPL activity rapidly declines as a result of physical inactivity (Bey & Hamilton, 2003). 

Thus, it is reasonable to implicate mLPL in the prolonged sitting-induced increase in 

PPTG. Although not measured in the present study, mLPL activity in slow muscle fibers 

in both SIT trials might be reduced as participants had been seated more than 85% of 

waking hours (~ 840 min/day) throughout the trials. Since mLPL is known to be 

predominantly distributed in slow muscle fibers and to be maximally activated by low 

intensity ambulatory activity (Hamilton et al., 1998), such as walking and standing in 

WALK+B in the present study. Consistent with this notion, PPTG was increased to a 

similar magnitude after 2 days of SIT+H (p < 0.001) and SIT+B (NS, p = 0.165), 

compared to WALK+B. Further, mLPL in fast twitch muscle fibers that might have been 

activated by the acute exercise at ~ 67% VO2max in the present study could be inactivated 
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over the 14-h period after the acute exercise before HFTT2 (Bey & Hamilton, 2003), 

which may contribute to the increased PPTG in SIT trials, compared to WALK+B.  

In summary, our data indicate that compared to the active walking and standing, 2 

days of prolonged sitting with excess caloric intake increased PPTG, which was not 

attenuated by reducing calorie intake, indicating that the increased PPTG was dependent 

at least in part on prolonged sitting. Furthermore, 4 days of prolonged sitting impaired the 

ability of an acute exercise bout to reduce PPTG from HFTT1 to HFTT2. These findings 

suggest the importance of reducing sitting for a favorable PPTG, regardless of 

participation in moderate intensity exercise, from the public health standpoints. 
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TABLES AND FIGURES: 

Table 5.1. Energy expenditure, energy consumption, and net energy balance  

Days of trials 
Trials 

D1 D2 D3 D4a Mean 

Energy Expenditure (kcal/day) 

WALK+B 3229 ± 75* 3224 ± 72* 3237 ± 75* 3958 ± 12*† 3412 ± 20* 

SIT+H 2553± 91 2497± 63 2549± 98 3218± 11† 2704 ± 22  

SIT+B 2557 ± 97 2545 ± 115 2545 ± 69 3249 ± 82† 2724 ± 79 

Energy Consumption (kcal/day) 

WALK+B 3148 ± 94 3163 ± 93 3162 ± 92 3164 ± 94 3159 ± 25 

SIT+H 3148 ± 94 3163 ± 93 3162 ± 92 3164 ± 94 3159 ± 25  

SIT+B 2525 ± 74* 2530 ± 73* 2540 ± 72* 2530 ± 73* 2531 ± 19* 

Net Energy Balance (kcal/day) 

WALK+B -81 ± 32 -62 ± 52 -75 ± 47 -794 ± 12† -255 ± 14 

SIT+H 596 ± 41* 666 ± 52* 613± 48* -54 ± 58*† 455 ± 10*  

SIT+B -32 ± 29 -15 ± 51 -5 ± 31 -719 ± 73† -193 ± 32 

 
Values are expressed as mean ± SD (n = 7). One-way ANOVA with repeated measures was used to 

compare means. Multiple comparisons were corrected by Bonferroni method. Abbreviations: WALK+B, 

active walking and standing with calorically balanced diet; SIT+H, prolonged sitting with hyper-caloric 

diet; SIT+B, prolonged sitting with calorically balanced diet. aOn D4, 1-h moderate intensity exercise 

expending ~ 730 kcal was additionally performed, creating net negative energy balance for WALK+B and 

SIT+B while almost net energy balance in SIT+H. *Significantly different from the other trials within the 

same day, p < 0.001. †Significantly different from D1, D2, and D3 within the same trial, p < 0.001. 
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Table 5.2. Distributions of daily steps, body postures and activities and heart rates  

Days of Intervention trials Trials 
D1 D2 D3 D4 Mean 

Daily steps (steps/day) 
WALK+B 17090 ± 495 16693 ± 574 17070 ± 454 16745 ± 653 16900 ± 502 

SIT+H 1642 ± 201‡ 1608 ± 205‡ 1653 ± 135‡ 1620 ± 232‡ 1631 ± 183‡ 
SIT+B 1641 ± 193‡ 1630 ± 205‡ 1674 ± 133‡ 1632 ± 239‡ 1644 ± 186‡ 

Distribution of body positions or activity (min/day) 

Sitting      
WALK+B 540 ± 101 525± 116 699 ± 43 382 ± 100 536 ± 55 

SIT+H 841 ± 70‡ 836 ± 67‡ 991 ± 18‡ 755 ± 72‡ 855 ± 41‡ 
SIT+B 833 ± 107‡ 852 ± 123† 965 ± 36‡ 780 ± 104‡ 858 ± 59‡ 

Standing      
WALK+B 281 ± 107 315 ± 104 250 ± 51 385 ± 122 308 ± 66 

SIT+H 100 ± 51† 103 ± 57† 65 ± 30‡ 119 ± 69† 97 ± 45‡ 
SIT+B 117 ± 89¶ 126 ± 67†* 88 ± 32† 111 ± 35† 111 ± 51‡ 

Walking      
WALK+B 140 ± 24 129 ± 28 130 ± 12 127 ± 14 131 ± 13 

SIT+H 17 ± 2‡ 15 ± 2‡ 15 ± 2‡ 15 ± 2‡ 16 ± 1‡ 
SIT+B 18 ± 3‡ 15 ± 2‡ 15 ± 2‡ 15 ± 3‡ 16 ± 1‡ 

Lying down      
WALK+B 480 ± 47 470 ± 64 361 ± 33 486 ± 70 449 ± 39 

SIT+H 482 ± 45 486 ± 55 368 ± 36 491 ± 50 457 ± 32 
SIT+B 472 ± 46 446 ± 92 371 ± 38 474 ± 100 441 ± 40 

Mean heart rate (beats per min) 

WALK+B 76 ± 10 77 ± 10 78 ± 9 85 ± 10 79 ± 10 
SIT+H 69 ± 9† 70 ± 9† 72 ± 8† 81±9 73 ± 9† 
SIT+B 68 ± 9‡ 69 ± 10† 71 ± 11† 78 ± 11† 71 ± 9†* 

 
Values are expressed as mean ± SD (n = 7).  One-way ANOVA with repeated measures was used to 

compare means. Multiple comparisons were corrected by Bonferroni method. Abbreviations: WALK+B, 

less sitting, active walking with balanced diet; SIT+H, extended sitting with hypercaloric diet; SIT+B, 

extended sitting with balanced diet. Significantly different from WALK+B, †p < 0.05, and ‡ p ≤ 0.001. 

*Significantly different from SIT+H, p < 0.05 
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Table 5.3. Physiological and metabolic responses to 1-h running exercise on D4 

 
 %VO2max 

VO2 
(ml/min) 

RER 
(VCO2/VO2) 

RPE CHO OX 
(kcal/h) 

Fat OX 
(kcal/h) 

TEE 
(kcal/h) 

WALK+B 67.6 ± 3.2 2366 ± 334 0.93 ± 0.04 12.6 ± 1.7 582 ± 166 148 ± 63 730 ± 116 
SIT+H 67.4 ± 3.8 2356 ± 302 0.94 ± 0.03 13.0 ± 1.6 600 ± 116 130 ± 59 730 ± 97 

SIT+B 67.2 ± 4.0 2350 ± 325 0.93 ± 0.02 12.5 ± 1.1 583 ± 125 142 ± 46 726 ± 106 
 

Values are expressed as mean ± SD (n = 7).  One-way ANOVA with repeated measures was used to 

compare means. Multiple comparisons were corrected by Bonferroni method.  Abbreviations: %VO2max, 

percentage of maximal oxygen consumption; RER, respiratory exchange ratio; RPE, rate of perceived 

exertion; CHO OX, carbohydrate oxidation; Fat OX, fat oxidation; TEE, total exercise energy expenditure; 

WALK+B, active walking and standing with calorically balanced diet; SIT+H, prolonged sitting with 

hypercaloric diet; SIT+B, prolonged sitting with calorically balanced diet.   
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Table 5.4. Plasma concentrations in the fasted states 

 Treatments 

WALK+B SIT+H SIT+B 
Variable 

D3 D5 D3 D5 D3 D5 

Triglyceride, mmol/L 0.78 ± 0.09* 0.66 ± 0.07** 1.01 ± 0.13 1.13 ± 0.14 0.97 ± 0.14 1.07 ± 0.18 

Glucose, mmol/L 5.26 ± 0.15 5.01 ± 0.10† 5.18 ± 0.10 5.08 ± 0.09 5.20 ± 0.11 5.03 ± 0.10† 

Insulin, uIU•ml-1 6.45 ± 0.85 5.99 ± 0.81 7.17 ± 0.80 7.87 ± 1.35 6.79 ± 0.83 6.87 ± 1.27 

FFA, mmol/L 0.32 ± 0.04 0.36 ± 0.03 0.26 ± 0.03 0.32 ± 0.04† 0.30 ± 0.02 0.29 ± 0.02 

HOMA-IR 1.52 ±0.22 1.35 ± 0.20 1.67 ± 0.20 1.81 ± 0.33 1.59 ± 0.22 1.55 ± 0.31 

 
Values are expressed as mean ± SEM (n = 7). One-way ANOVA with repeated measures was used to 

compare means. Multiple comparisons were corrected by Bonferroni method. Abbreviations: HFTT1 and 

HFTT2, high fat tolerance test on day 3 and on day 4, respectively; FFA, free fatty acid; HOMA-IR, 

Homeostatic model assessment of insulin resistance. HOMA-IR is calculated as fasting glucose (mg/dl) x 

fasting insulin (uIU/mL)/405; WALK+B, less sitting, active walking with balanced diet; SIT+H, prolonged 

sitting with hypercaloric diet; SIT+B, prolonged sitting with balanced diet. †Significantly different from the 

HFTT1 to HFTT2; Significantly different from SIT+H within the same HFTT, *p < 0.05, **p < 0.01.  
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Table 5.5. Substrate oxidation in the postprandial states  

 Treatments 

WALK+B SIT+H SIT+B 
Variables 

HFTT1 HFTT2 HFTT1 HFTT2 HFTT1 HFTT2 

RER, VCO2/VO2 0.79 ± 0.02 0.76 ± 0.01 0.81 ± 0.02* 0.79 ± 0.02* 0.82 ± 0.01* 0.80 ± 0.04a 

Fat Ox, % 71.3 ± 5.2 81.8 ± 4.3†  63.9 ± 7.5* 71.0 ± 6.5* 61.4 ± 4.9* 68.7 ± 12.0 

Fat Ox, kcal•6h-1 310.3 ± 37.8 360.6 ± 40.5† 284.2 ± 47.9a 329.5 ± 43.2†a 263.6 ± 45.3a 301.3 ± 64.4a 

CHO Ox, % 28.7 ± 5.2 18.2 ± 4.3† 36.1 ± 7.5* 27.9 ± 6.4†* 38.6 ± 4.9* 31.3 ± 12.0 

CHO Ox, kcal•6h-1 137.1 ± 22.3 86.7 ± 19.9† 170.9 ± 28.0** 138.2 ± 35.8†** 176.3 ± 16.5** 149.9 ± 65.3 

TEE, kcal•6h-1 444.4 ± 34.4 447.3 ± 36.8 455.0 ± 32.8 467.7 ± 40.2 440.0 ± 44.9 451.2 ± 43.9 

 
Values are expressed as mean ± SD (n = 7). One-way ANOVA with repeated measures was used to compare 

means. Multiple comparisons were corrected by Bonferroni method. Abbreviations: HFTT1 and HFTT2, high 

fat tolerance test on day 3 and on day 5 respectively; WALK+B, active walking and standing with calorically 

balanced diet; SIT+H, prolonged sitting with hyper-caloric diet; SIT+B, prolonged sitting with calorically 

balanced diet; RER, respiratory exchange ratio; CHO Ox, carbohydrate oxidation; Fat Ox, fat oxidation; TEE, 

total energy expenditure. aThere was a tendency of being different from WALK+B within the same HFTT (p < 

0.10); †Significantly different from HFTT1 to HFTT2; Significantly different from WALK+B within the same 

HFTT, *p < 0.05, **p < 0.01. 
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Figure 5.1. Experimental Design    
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Figure 5.2. Daily net energy balance of WALK+B, SIT+H and SIT+B from day 1 to day 

4. The values were calculated as difference between daily energy intake and expenditure. 

Energy expenditure was estimated by using an valid activity monitor (Zhang et al., 2004). 

On D4 afternoon, participants in all trials performed an additional 1-h moderate intensity 

exercise on a treadmill, leading to net negative energy balance in both SIT+B and 

WALK+B and to almost net energy balance in SIT+H. The laboratory provided all food. 

Mean differences were analyzed by using one-way repeated measures of ANOVA, 

followed by Bonferroni correction for multiple comparisons. Data are presented as mean 

± SD. *Significantly different from WALK+B and SIT+B, p < 0.001. 
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Figure 5.3. Mean distribution of body postures and activities from day 1 to day 4 of the 

interventions. Participants did not lie down during the daytime and thus time spent for 

lying down represents only sleep time, which was not different across trials. Participants 

were seated for ~320 min longer per day in both SIT trials, as compared to WALK+B 

and were less being upright (walk and stand) proportionally (for all, p < 0.001). Time 

spent for the exercise on a treadmill on D4 (invariably 60 min) was not included in this 

graph. Mean differences were analyzed by using one-way repeated measures of ANOVA, 

followed by Bonferroni correction for multiple comparisons. Data are expressed as mean 

± SD. *Significantly different from SIT+H, p < 0.001; †Significantly different from 

SIT+B, p < 0.001. 
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Figure 5.4. Daily steps were counted using a pedometer, which was attached to one side 

of participant’s waist-belt throughout each trial. Daily steps were evenly distributed 

throughout each day. During CON D1 and D2, participants were instructed to walk 3,000 

steps by 1200 h, 3,000 steps more by 1800 h, and 1,000 steps more before bed. Steps 

counted during the 1-h moderate intensity exercise, which were not different across trials, 

were not included in this graph. Mean differences were analyzed by using one-way 

repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. Data are expressed as mean ± SD. *Significantly different from SIT+H, p < 

0.001; †Significantly different from SIT+B, p < 0.001 
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Figure 5.5. Heart rates monitored throughout the trials using an activity monitor from D1 

through D5. An activity monitor was installed to a waist-belt of participants and only 

detached from participant between 1800 h and 1900 h, during which participants took a 

shower (1800 – 1825 h) and ate dinners (1830 – 1850 h) while data from each monitor 

was transferred to a computer for later body motion analyses. Mean heart rate was 

significantly higher in WALK+B than SIT+H (p = 0.0019) and SIT+B (p = 0.002). 

SIT+H was significantly higher than SIT+B (p = 0.046). Mean differences were analyzed 

by using one-way repeated measures of ANOVA, followed by Bonferroni correction for 

multiple comparisons. Data are expressed as mean. 
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Figure 5.6. Total and incremental area under the curves of plasma triglyceride 

concentration following a high fat meal challenge during HFTT1 on day 3 after 2 days of 

prolonged sitting with (SIT+H) or without surplus energy intake (SIT+B) and 2 days of 

active walking and standing (WALK+B). Mean differences were analyzed by using one-

way repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. Data are expressed as mean ± SEM. **Significantly different between 

SIT+H and WALK+B, p < 0.01. 
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Figure 5.7. Total and incremental area under the curves of plasma triglyceride 

concentration following a high fat meal challenge during HFTT2 on day 5, the day after a 

1-h moderate intensity treadmill exercise at ~ 67% VO2max on day 4 in WALK+B, 

SIT+H, or SIT+B. Mean differences were analyzed by using one-way repeated measures 

of ANOVA, followed by Bonferroni correction for multiple comparisons. Data are 

expressed as mean ± SEM. Significantly different between groups, *p < 0.02, **p < 0.005. 
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Figure 5.8. Relative changes in area under the curves of triglyceride concentration during 

HFTT2 the day following an acute bout of running at ~ 67% VO2max in WALK+B, 

SIT+H, or SIT+B, compared to that of SIT+B during HFTT1. Mean differences were 

analyzed by using two-tailed paired t-test. Data are expressed as mean ± SEM. 

*Significantly reduced from HFTT1, p < 0.02 
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Figure 5.9. Temporal responses of plasma triglyceride concentration following a high fat 

meal challenge during HFTT1 on day 3 after 2 days of prolonged sitting with (SIT+H) or 

without surplus energy intake (SIT+B) and 2 days of active walking and standing 

(WALK+B). Mean differences were analyzed by using two-way repeated measures of 

ANOVA, followed by Bonferroni correction for multiple comparisons. There was overall 

treatment (p < 0.028) and time effects (p < 0.001). WALK+B was significantly lower in 

the pair-wise comparison, compared to SIT+H (p = 0.021). Data are expressed as Mean ± 

SEM. 
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Figure 5.10. Temporal responses of plasma insulin concentration following a high fat 

meal challenge during HFTT1 on day 3 after 2 days of prolonged sitting with (SIT+H) or 

without surplus energy intake (SIT+B) and 2 days of active walking and standing 

(WALK+B). Mean differences were analyzed by using two-way repeated measures of 

ANOVA, followed by Bonferroni correction for multiple comparisons. There were 

overall treatment (p < 0.028) and time effects (p < 0.001). Data are expressed as mean ± 

SEM. 
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Figure 5.11. Temporal responses of plasma glucose concentration following a high fat 

meal challenge during HFTT1 on day 3 after 2 days of prolonged sitting with (SIT+H) or 

without surplus energy intake (SIT+B) and 2 days of active walking and standing 

(WALK+B). Mean differences were analyzed by using two-way repeated measures of 

ANOVA, followed by Bonferroni correction for multiple comparisons. There was an 

overall time effect (p < 0.001). Data are expressed as mean ± SEM. 
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Figure 5.12. Temporal responses of plasma free fatty acid concentration following a high 

fat meal challenge during HFTT1 on day 3 after 2 days of prolonged sitting with (SIT+H) 

or without surplus energy intake (SIT+B) and 2 days of active walking and standing 

(WALK+B). Mean differences were analyzed by using two-way repeated measures of 

ANOVA, followed by Bonferroni correction for multiple comparisons. There was an 

overall time effect (p < 0.001). Data are expressed as mean ± SEM. 
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Figure 5.13. Temporal responses of plasma triglyceride concentrations following a high 

fat meal challenge during HFTT2 on day 5, the day after the 1-h moderate intensity 

treadmill exercise at ~ 67% VO2max on day 4 in WALK+B, SIT+H, or SIT+B. Mean 

differences were analyzed by using two-way repeated measures of ANOVA, followed by 

Bonferroni correction for multiple comparisons. There were overall treatment (p = 0.022) 

and time effects (p < 0.001). WALK+B was lower in the pair-wise comparison, 

compared to SIT+H (p = 0.051) and SIT+B (p = 0.031). Data are expressed as mean ± 

SEM. 
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Figure 5.14. Temporal responses of plasma insulin concentrations following a high fat 

meal challenge during HFTT2 on day 5, the day after the 1-h moderate intensity treadmill 

exercise at ~ 67 %VO2max on day 4 in WALK+B, SIT+H, or SIT+B. Mean differences 

were analyzed by using two-way repeated measures of ANOVA, followed by Bonferroni 

correction for multiple comparisons. There was an overall treatment (p = 0.033) and time 

effects (p < 0.001). Data are expressed as mean ± SEM. 
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Figure 5.15. Temporal responses of plasma glucose concentration following a high fat 

meal challenge during HFTT2 on day 5, the day after the 1-h moderate intensity treadmill 

exercise at ~ 67 %VO2max on day 4 in WALK+B, SIT+H, or SIT+B. Mean differences 

were analyzed by using two-way repeated measures of ANOVA, followed by Bonferroni 

correction for multiple comparisons. There were overall treatment (p = 0.002) and time 

effects (p < 0.001): WALK+B was significantly lower in the pair-wise comparison, 

compared to SIT+H (p = 0.0022) and SIT+B (p = 0.045). Data are expressed as mean ± 

SEM.  
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Figure 5.16. Temporal responses of plasma free fatty acid (FFA) concentrations 

following a high fat meal challenge during HFTT2 on day 5, the day after the 1-h 

moderate intensity treadmill exercise at ~ 67%VO2max on day 4 in WALK+B, SIT+H, or 

SIT+B. Mean differences were analyzed by using two-way repeated measures of 

ANOVA, followed by Bonferroni correction for multiple comparisons. There was an 

overall time effect (p < 0.001). Data are expressed as mean ± SEM. 
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Figure 5.17. Whole body insulin sensitivity, determined by using whole body insulin 

sensitivity index (ISI) composite method in SIT+H, WALK+B, and SIT+B during 

HFTT1 on day 3 and during HFTT2 on day 5. Mean differences were analyzed by using 

one-way repeated measures of ANOVA, followed by Bonferroni correction for multiple 

comparisons. Data are expressed as mean ± SEM. *Significantly different between 

groups, p < 0.05. 
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Figure 5.18. Whole body relative fat oxidation (ratio of fat to carbohydrate oxidation, 

kcal/kcal) during a high fat tolerance test on the day 3 (HFTT1) and the day 5 (HFTT2). 

Mean differences were analyzed by using one-way repeated measures of ANOVA, 

followed by Bonferroni correction for multiple comparisons. Data are expressed as mean 

± SEM. Significantly different from both SIT trial, *p<0.05; §Significantly different from 

HFTT1 to HFTT2 within trial, p < 0.01.  
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CHAPTER VI: GENERAL DISCUSSION  

These dissertation studies determined 1) the effects of an acute treadmill exercise 

at low and moderate intensities against a background of sitting on postprandial plasma 

triglyceride concentration (PPTG), as compared to sedentary (i.e., sitting) control 

condition and 2) the effects of prolonged sitting for 2 days on PPTG, and the effects of 4 

days of prolonged sitting on the ability of a moderate intensity exercise to reduce PPTG.  

In the study 1, we found that the exercise at 65% VO2max in RUN reduced PPTG, 

compared to the energy-matched exercise at ~ 25% VO2max in WALK and the sitting 

control (SIT), consistent with the findings of Katsanos et al. (Katsanos et al., 2004), but 

contrary to those of Tsetsonis et al. (Tsetsonis & Hardman, 1996). Potential explanations 

for the discrepant findings include variations in non-exercise activity-induced energy 

expenditure and/or differences in experimental protocol (e.g., timing of HFTT). To the 

best of our knowledge, this is the first study to show the independent effect of exercise 

intensity on PPTG with careful control of non-exercise activities and food intake.  

We initially hypothesized that WALK with less sitting time and frequent 

interruptions of sitting might reduce PPTG more effectively than the energy-matched 

moderate intensity exercise (RUN), performed after a prolonged sitting of 404 min over 

the 9-h intervention period. Although WALK resulted in a non-significant 18% reduction 

in PPTG (p = 0.126), compared to SIT, it is clear that RUN despite 178 min longer sitting 

time versus WALK (226 min) was more effective in reducing PPTG. One might argue 

that post-exercise inactivity over the 14 hours until the HFTT might induce sitting effects 

(e.g., inactivation of mLPL), leading to WALK being not effective in reducing PPTG. 

However, this is unlikely the case since both RUN and WALK were similar in the pattern 
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of the post-exercise inactivity. Alternatively, 1 day of prolonged sitting may not be 

sufficient to produce independent robust detrimental effects (Stephens et al., 2010) and/or 

may not be sufficient to wash out effects of prior normal non-exercise activity. Lastly, 

although not measured, unlike during exercise at 65% VO2max in RUN, muscle glycogen 

utilization might be apparently negligible during exercise at ~ 25% VO2max in WALK 

(Romijn et al., 1993), leading to redistribution of postprandial plasma glucose less to the 

skeletal muscle but more to the liver for VLDL assembly (Petersen et al., 2007; Rabol et 

al., 2011) and thus increasing PPTG, compared to RUN.  

Considering the afore-mentioned possibilities, we determined in the second study 

1) the effect of prolonged sitting for 2 days on PPTG and 2) prolonged sitting for 4 days 

on the exercise ability to reduce PPTG, compared to active walking and standing 

(WALK+B) in a free-living condition. 2 days of prolonged sitting with surplus energy 

intake (SIT+H) caused a significant increase in PPTG, compared to WALK+B, an effect 

that was not prevented by restricting energy intake in SIT+B, indicating that the 

pronounced PPTG was not entirely due to the positive energy balance but at least in part 

due to the prolonged sitting. Remarkably, 4 days of prolonged sitting impaired the ability 

of the acute exercise bout to reduce PPTG, independent of energy balance. Consistent 

with our findings, Bergouignan et al. (Bergouignan et al., 2009) showed that a 1-month 

bed rest caused a significant 27% increase in PPTG, an effect that was not attenuated by 

exercise training.  

There are several potential mechanisms that may explain the present findings. 

First, it may be related to physical activity/inactivity-induced alterations in insulin 

resistance (Krogh-Madsen et al., 2010; Rabol et al., 2011), which may increase 
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postprandial energy to skeletal muscle by exercise or to liver by inactivity, affecting 

assembly of the liver VLDL-TG (Petersen et al., 2007; Rabol et al., 2011). Consistent 

with this idea, RUN in the first study enhanced whole body insulin sensitivity (ISI), 

accompanied by decreased PPTG, compared to WALK and SIT, whereas SIT+H for 2 

days in the second study reduced ISI with a concomitant increase in PPTG, compared to 

WALK+B, although this linkage was not found following the exercise in the HFTT2 of 

the second study. This may be due to a nonspecific nature of ISI, which may not 

accurately reflect insulin action, particularly, of skeletal muscle (Seider et al., 1982; 

Rabol et al., 2011) and/or the fact that HFTT is not designed for the determination of 

insulin action (Tsetsonis & Hardman, 1996; Gill & Hardman, 2000; Herd et al., 2001; 

Harrison et al., 2009).  

Furthermore, alterations in mLPL activity may be implicated. In the first study, 

moderate intensity exercise in the RUN trial might additionally activate mLPL in fast 

twitch muscle, which could be subsequently inactivated during the 14-h post-exercise 

period to some extent (Hamilton et al., 1998), still providing an extra benefit to RUN in 

reducing PPTG. 2 days of prolonged sitting might inactivate mLPL activity, which may 

explain the increased PPTG in a similar magnitude in both SIT trials. Following the 

exercise on day 4, mLPL activity in fast twitch muscle might be increased (Hamilton et 

al., 1998) but in turn deactivated by substantial sitting time in SIT trials, leading to the 

increased PPTG. 

In summary, the moderate intensity exercise against a background of sitting 

reduced PPTG, compared to the energy-matched low intensity exercise and sitting 

control, indicating an independent effect of exercise intensity. Furthermore, prolonged 
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sitting for 2 days increased PPTG, an effect that was not reduced by reducing calorie 

intake, indicating the implication of prolonged sitting in the increased PPTG. 

Remarkably, prior prolonged sitting for 4 days impaired the exercise ability to reduce 

PPTG. These findings suggest the importance of reducing sitting time or increasing non-

exercise activities and participation of regular moderate-to-vigorous exercise for 

favorable postprandial triglyceride metabolism. 
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CHAPTER VII: REVIEW OF RELEVANT LITERATURE 

 

INTRODUCTION 

Postprandial hypertriglyceridemia, an exaggerated elevation of circulating triglyceride 

concentration in the non-fasting state, is an independent risk factor for the pathogenesis 

of atherosclerosis (Bansal et al., 2007; Nordestgaard et al., 2007). Atherosclerosis is the 

single most important contributor for cardiovascular diseases (Libby, 2002), the leading 

cause of death in the world (Lopez et al., 2006). Since circulating triglyceride 

concentration remain elevated and usually peak 3 – 5 h after a meal rich in fat, the 

contribution of triglycerides to the development of atherosclerosis may be a postprandial 

phenomenon as proposed first by Zilversmit in 1969 (Zilversmit, 1979) and demonstrated 

in recent epidemiological studies (Bansal et al., 2007; Nordestgaard et al., 2007). In this 

modern society, physical inactivity combined with a surplus of food availability may lead 

to more pronounced elevation of circulating triglyceride concentration and in turn 

increased risks for the incidence of cardiovascular and metabolic diseases unless 

appropriate counteractions, such as exercise and possibly activation of daily non-exercise 

physical activity such as walking and standing, are employed. 

 

1 – Circulating triglycerides: exogenous and endogenous sources  

Increased plasma triglyceride (TG) concentration in the postprandial state come mainly 

from two sources (Goldberg, 2009): small intestine-derived chylomicron triglycerides 

(CM-TG) and liver-derived very low-density lipoprotein triglycerides (VLDL-TG). Their 

primary role is to transport lipids from small intestine and from the liver to peripheral 
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sites such as adipose tissue for storage and skeletal muscle for use as an energy substrate 

or storage as intracellular triglyceride. However, their remnants of CM and VLDL and 

particularly LDL, a lipolytic product of VLDL, are highly atherogenic (Lusis, 2000). 

Infiltration of triglyceride remnants into the endothelial cells of arteries and the 

subsequent irreversible retention initiates the pathogenesis of atherosclerosis (Ginsberg & 

Fisher, 2009). CM-TG is produced in the epithelial cells of the endoplasmic reticulum 

and secreted into the lymphatic system and then the circulation via the superior vena 

cava, while VLDL-TG is endogenously produced in the endoplasmic reticulum of 

hepatocytes (Goldberg, 2009). Both CM-TG and VLDL-TG are composed of 

triglycerides, cholesteryl ester, free cholesterol, phospholipids, and apolipoproteins.  

 

1a: Chylomicron triglycerides – Exogenous pathway 

Ingested triglycerides are absorbed through the enterocytes in the small intestine. 

The products of lipase action, monoglycerides and free fatty acids, are transported into 

the enterocytes of the small intestine. In the endoplasmic reticulum of enterocytes, free 

fatty acids and monoglycerides are re-esterified to form triglycerides, which are lipidated 

onto apolipoprotein B48 (apo B48) with the help of microsomal triglyceride transfer 

protein (MTTP) to form nascent CMs, which enter the lymphatic systems and eventually 

the circulation (Hussain, 2000). In adults, triglycerides (100 – 150g/day) constitute 

largest portion of dietary fat consumed, with small portion from phospholipids (2g), 

cholesterols (1-2g) and variable amount of fat-soluble vitamins (Hussain, 2000). In the 

fasted state, circulating CM-TG contributes a small fraction of total circulating TG 
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(Fielding et al., 1996; Barrows & Parks, 2006) except in insulin-resistant and/or diabetic 

conditions (Duez et al., 2008).  

In the capillary beds, CM-TG interacts in adipose tissues and skeletal muscle with 

the enzyme lipoprotein lipase (LPL), where LPL is attached to the luminal surface of the 

endothelial cells of the capillary via heparan sulfate-proteoglycans (Oscai et al., 1990). 

LPL hydrolyses triglycerides embedded in the CM to free fatty acids and glycerol. The 

majority of free fatty acids after lipolysis can then be taken up by adjacent tissues and 

oxidized, re-esterified into triglycerides, or transported to other tissues such as the liver 

(Timlin et al., 2005). Triglycerides remaining in the CM remnants after lipolysis through 

LPL action are important sources of hepatic fatty acids, used for VLDL-TG synthesis in 

both animal (Jung et al., 1999) and human (Barrows et al., 2005). CM remnants can be 

cleared mainly through the LDL (low-density lipoprotein) receptors and to a lesser extent 

LRP (LDL receptor-related protein) in the hepatocytes (Duez et al., 2008). 

 

1b: VLDL triglycerides – Endogenous pathway  

The other major source of plasma TG is derived from VLDL-TG, which is 

synthesized in the liver along with the major protein component, apo B100. During the 

assembly of VLDL, triglycerides, phospholipids, free cholesterols and cholesteryl esters 

are added to apo B100 with the help of MTTP in the endoplasmic reticulum of the 

hypatocytes in the liver (Ginsberg et al., 2005). Hepatic TG concentration is associated 

with VLDL-TG production (Matikainen et al., 2007) as degradation of apo B100 can be 

prevented with increased hepatic triglycerides concentration (Ginsberg et al., 2005). 

Hepatic TG concentration is mainly determined by availability of substrates including 
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circulating fatty acids derived from adipose tissue or from triglyceride breakdown in 

VLDL-TG and CM-TG, and VLDL- and CM-remnants, and hepatic de novo lipogenesis 

(DNL) (Barrows et al., 2005; Ginsberg et al., 2005; Timlin et al., 2005), all of which are 

elevated in insulin resistant and type II diabetic individuals (Ginsberg et al., 2005).  

Similar to CM-TG hydrolysis, circulating VLDL-TG is hydrolyzed by LPL. 

Triglyceride breakdown through the action of LPL generates smaller and denser VLDL 

remnant and subsequently IDL, both of which can be removed by the liver through LDL 

receptor and LRP (Ginsberg et al., 2005). Unlike CM remnants, IDL can be further 

degraded into atherogenic LDL (Ginsberg et al., 2005). 

 

2- Hypertriglyceridemia and its linkage to the pathogenesis of atherosclerosis 

Hypertriglyceridemia, particularly in the postprandial state, is strongly associated with 

cardiovascular diseases (Manninen et al., 1992; Assmann et al., 1996; Jeppesen et al., 

1998). There has been a long controversy over linkage of hypertriglyceridemia to the 

pathogenesis of atherosclerosis because of the complex metabolic association with other 

risk factors for atherosclerosis, including insulin resistance, hypertension, low HDL-

cholesterol and the presence of LDL-cholesterol (Williams & Tabas, 2005). Furthermore, 

measurement of fasting triglyceride concentration has been preferred because of large 

biological variations in the postprandial state. However, PPTG may be better at 

predicting the incidence of cardiovascular events (Bansal et al., 2007; Nordestgaard et 

al., 2007). 

The pathogenesis of atherosclerosis The development of atherosclerosis is very 

complex (Lusis, 2000; Glass & Witztum, 2001). Briefly, atherosclerosis can be initiated 
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with a lesion in the arterial wall, leading to increased permeability to macromolecules 

such as LDL and other apo B-containing lipoproteins (e.g., VLDL and CM remnants and 

lipoprotein(a)). Modifications of the macromolecules including lipid oxidation as a result 

of reactive oxygen species (ROS) trigger the initiation of pro-inflammatory responses, 

and foam cells can be formed as a result of scavenger receptor-mediated uptake of the 

modified macromolecules, which die with time, contributing to the necrotic core of the 

lesion. Finally, as plaque ruptures and thrombosis occurs, cardiovascular events such as 

myocardial infarction and stroke can occur.  

Possible mechanisms that link postprandial plasma triglyceride concentration to 

the pathogenesis of atherosclerosis. Although there is a strong relationship between 

PPTG and the incidence of cardiovascular events, the mechanism(s) by which elevated 

triglyceride concentration contributes to the pathogenesis of atherosclerosis remains 

unclear. There are, however, potential explanations linking hypertriglyceridemia to 

atherosclerosis (Ginsberg, 2000). TG-rich CM and VLDL per se may not be atherogenic 

because they are too large to infiltrate through endothelial cells of arteries (Tabas, 2008), 

However, their lipolytic products, i.e., LDL, IDL, and CM and VLDL remnants may 

infiltrate through epithelial cells of arteries, possibly contributing to the pathogenesis of 

atherosclerosis. Since CM-TG competes with VLDL-TG for LPL-mediated TG 

hydrolysis (Karpe et al., 1993), increased availability of CM-TG during the postprandial 

state can decrease the rate of removal of VLDL from the blood, leading to increased 

probability to form LDL. When CM and/or VLDL increase, it will stimulate the 

exchange of cholesteryl esters from both HDL and LDL for CM- and/or VLDL-TG 

(Ginsberg, 1998). TG-rich HDL can dissociate Apo A-I, which is in turn rapidly cleared 
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in part by excretion through the kidney, leading to reduction of HDL in the plasma, and 

TG-rich LDL with less cholesteryl esters can become smaller and denser LDL through 

lipolysis (Horowitz et al., 1993). Therefore, increased CM and VLDL in the plasma can 

contribute to the pathogenesis of atherosclerosis through 1) their products infiltrating into 

endothelial cells of arteries, 2) decreasing HDL bioavailability and 3) increasing smaller, 

denser LDL.  

 

3 - Exercise and Postprandial Plasma Triglycerides  

It has been widely recognized that exercise is a beneficial means to fight against 

metabolic disorders including type 2 diabetes mellitus, and physical inactivity is an 

independent risk factor for these diseases (Fung et al., 2000; Hu et al., 2001; Hu et al., 

2003). Plasma triglyceride concentration that typically elevates and peak at around 3-5 h 

after a meal intake can be influenced by many factors including prior physical activity 

(Gill & Hardman, 2000; Malkova et al., 2000; Herd et al., 2001; Zhang et al., 2006), diet 

(Parks & Hellerstein, 2000; Thomas et al., 2000), and genetic polymorphisms (Moreno et 

al., 2003; Tanaka et al., 2007). However, independent effects of prior exercise on PPTG 

still remain unclear. 

 

3a: A single session of moderate intensity endurance exercise 

A single session of moderate intensity exercise at 40-70% VO2max for 30 – 120 min has 

been demonstrated to reduce PPTG (Gill & Hardman, 2000; Malkova et al., 2000; Herd 

et al., 2001; Miyashita et al., 2006; Zhang et al., 2006; Burton et al., 2008). Many studies 

have shown that PPTG is significantly reduced when a single session of exercise was 
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performed 12 – 18 hr before a test meal intake (Tsetsonis & Hardman, 1995, 1996; Zhang 

et al., 1998; Gill & Hardman, 2000; Altena et al., 2004; Katsanos et al., 2004; Katsanos 

& Moffatt, 2004; Pfeiffer et al., 2005; Miyashita et al., 2006; Burton et al., 2008; 

Harrison et al., 2009). The magnitude of reduction in PPTG after a single session of 

moderate intensity exercise could be affected by many factors, including exercise 

intensity and duration and type (continuous versus intermittent), and/or energy deficit 

created by exercise. Most studies (Tsetsonis & Hardman, 1996; Gill & Hardman, 2000; 

Malkova et al., 2000; Katsanos et al., 2004; Zhang et al., 2006), however, determined the 

effect of a single bout of moderate intensity exercise on PPTG in comparison to 

“sedentary control conditions”, in which subjects were only instructed to not perform any 

structured exercise while their non-exercise physical activities (walking, standing, etc) 

were not controlled. Therefore, the control condition should be distinguished from “true 

sedentary i.e., sitting, condition”. 

 

Continuous versus intermittent exercise Several studies have been conducted to 

investigate the effectiveness of isoenergetic accumulated, intermittent exercise vs. 

continuous exercise in reducing PPTG (Gill et al., 1998; Murphy et al., 2000; Altena et 

al., 2004; Miyashita et al., 2006; Mestek et al., 2008; Miyashita, 2008; Miyashita et al., 

2008). Most, but not all (Altena et al., 2004; Mestek et al., 2008), studies have shown 

that both intermittent and continuous exercises at a given absolute intensity with constant 

energy expenditure are equally effective in reducing PPTG. For example, Miyashita et al. 

conducted experiments to compare intermittent to continuous exercise either at ~42% 

(Miyashita et al., 2008) and 70% VO2max (Miyashita et al., 2006). They found that at both 
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intensities, intermittent (10 x 3-min with 30 min interval between exercise sessions) and 

continuous exercises (30 min at 42% or 70% VO2max) were equally effective in 

attenuating PPTG, compared to non-exercise control condition. Similarly, it was also 

shown that both 3, 30-min bouts of intermittent moderate intensity exercise at ~60% 

VO2max was equally effective to 90 min of continuous exercise at the same absolute 

intensity in normo- to borderline-hyperlipedmic healthy men (Gill et al., 1998). On the 

other hand, Altena et al. (Altena et al., 2004) reported that only intermittent exercise at 

60% VO2max (3 x 10 min with 20 min interval between sessions), but not continuous 

exercise at 60% VO2max for 30 min, reduced PPTG, compared to non-exercise control 

condition in inactive, normolipidemic subjects. Discrepancies in these findings are 

unclear at this time, but may be due to the different subject populations or inconsistencies 

in activity and diet controls. Despite the controversy, it is clear that intermittent, 

accumulated exercise at various intensities (35-70%VO2max) effectively reduces PPTG in 

the blood after a meal intake.  

 

Intensity of exercise Role of exercise intensity in lowering PPTG remains unclear. And 

limited numbers of studies were conducted to directly investigate the effect of intensity of 

exercise on PPTG after a high fat meal intake (Tsetsonis & Hardman, 1996; Katsanos et 

al., 2004), yielding mixed results. For example, Tsetsonis et al. (Tsetsonis & Hardman, 

1996) reported that treadmill exercise at two different intensities (63% VO2max vs. 32%  

VO2max) with the same total energy expenditure both significantly similarly reduced 

PPTG, compared to non-exercise control condition. In contrast, Katsanos et al. (Katsanos 

et al., 2004) reported that exercise at 65% VO2max for 90 min significantly lowered PPTG, 
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while isoenergetic low intensity exercise at 25% VO2max for ~240 min did not, compared 

to sedentary control condition. These discrepant findings may be explained by differential 

experimental design and/or failure to controlling non-exercise activity-induced energy 

expenditure in the days before HFTT. In the previous studies that investigated the effect 

of an acute bout of exercise on PPTG, daily non-exercise activity was not controlled 

carefully. Since it is known that energy deficit is a major determinant of PPTG (Petitt & 

Cureton, 2003), the failure to control daily non-exercise activity prior to HFTT may 

confound the results of exercise, particularly performed at lower intensities, on PPTG. 

Therefore, it is necessary to reevaluate the effect of intensity of exercise on PPTG in the 

physical activity-controlled condition since it could give an insight to the roles played by 

daily low intensity physical activity, i.e., walking, on PPTG. 

 

Exercise or exercise-induced energy deficit Although many studies have shown that a 

single session of moderate intensity exercise reduces PPTG, it is still unclear whether this 

beneficial effect of exercise is derived by the independent effect of exercise and/or by 

energy deficit created by the exercise. To examine this, Gill et al. (Gill & Hardman, 

2000) conducted a study in which three different conditions were performed by 

postmenopausal women prior to a high fat tolerance test on the subsequent day. They 

performed moderate exercise at ~60% VO2max (EX), no exercise (NO), and no exercise 

with caloric restriction (CR). Thus, EX is energetically matched to CR in the amount of 

energy deficit. In this study, EX significantly reduced PPTG while CR did not, 

suggesting that exercise per se plays an essential role in reducing PPTG. Burton et al., 

however, reported the opposite findings (Burton et al., 2008). In their study, 
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overweight/obese men either performed moderate intensity exercise to expend 6.45 

kcal/kg body weight at 50%VO2max with or without energy replacement, or non-exercise 

control the day prior to the HFTT. They found that moderate intensity exercise 

significantly reduced PPTG only when energy deficit induced by exercise was not 

energetically replaced. However, when the energy deficit was replaced by diet, PPTG 

was not significantly reduced, compared to non-exercise control condition. Furthermore, 

Harrison et al. (Harrison et al., 2009) reported that the exercise-induced attenuation in 

PPTG was abolished when energy was replaced by carbohydrate re-feeding soon after 

exercise in healthy, recreationally active young men. The discrepancy may be explained 

by the possibility that energy balanced (compared to exercise condition) by calorie 

restriction may be different from energy balanced by extra energy intake after exercise. 

Energy replacement after exercise, particularly in the form of carbohydrate as shown in 

the study by Harrison et al. (Harrison et al., 2009), may cause profound metabolic effects, 

overriding the unique effect of exercise in attenuating PPTG. For example, Harrison et al. 

(Harrison et al., 2009) provided subjects for the exercise plus energy replacement trial, 

with high glycemic carbohydrate in the form of an 18% w/v carbohydrate drink. Its 

composition was 85% glucose, which was taken immediately, 2h, and 4h post-exercise 

(total carbohydrate energy of ~18kcal/kg body mass), which could effectively replenish 

muscle glycogen (Kuo et al., 1999). Furthermore, it is possible that utilization of muscle 

glycogen is more important in lowering PPTG because muscle glycogen concentration is 

inversely related to insulin sensitivity (Kuo et al., 1999). Immediate replacement is 

known to be more effective in replenishing muscle glycogen concentration (Ivy et al., 

2002). Therefore, an immediate post-exercise energy replacement design, particular in 
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the form of carbohydrate, may reduce insulin sensitivity and thus glucose uptake into the 

skeletal muscles during the postprandial state on the following day. As stated previously, 

this may cause more postprandial extra carbohydrate energy to be delivered to the liver 

for assembly and subsequent secretion of VLDL-TG into the circulation (Petersen et al., 

2007). In support, Newsom et al. (Newsom et al., 2010) have recently shown that 

moderate intensity exercise, creating 825 kcal energy deficit, did not enhance insulin 

sensitivity during an intravenous glucose tolerance test (IVGTT) on the following day 

when energy that had been used during exercise was replaced with high carbohydrate 

(460g), even though overall energy balance was still 755 kcal negative. However, it still 

remains to be uncovered whether exercise per se and/or exercise-induced energy deficit 

determine PPTG. 

 

Plasma concentrations of other variables Unlike CM-TG assembly, VLDL-TG assembly 

is mainly influenced by both delivery of substrates, including free fatty acids, glucose, 

VLDL- and CM-remnants to the liver and hormonal milieu, particularly insulin in the 

blood (Ginsberg et al., 2005). Primary substrate for the regulation of hepatic VLDL 

production is fatty acids (Lewis, 1997). Fatty acids are derived from TG lipolysis in 

adipose tissues, circulating and hepatic TG and hepatic DNL (Barrows et al., 2005; 

Timlin et al., 2005). Lewis et al. (Lewis, 1997) have shown that acute increase in plasma 

fatty acid (FFA) increased VLDL secretion in human. In many studies that have shown a 

reduction in PPTG, plasma FFA concentration was also elevated following a single 

session of moderate intensity exercise, compared to control condition (Gill & Hardman, 

2000; Herd et al., 2001; Miyashita et al., 2006; Harrison et al., 2009). Elevation of 
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plasma FFA concentration is unlikely due to reduced rate of disposal to peripheral tissues 

because exercise that attenuates PPTG also shows increased whole body fat oxidation, 

even when energy used during an exercise was replaced (Burton et al., 2008). It may be 

related to reduced muscle glycogen concentrations as a result of the exercise (Weltan et 

al., 1998), and it is also possible that an exercise-mediated reduction in blood insulin 

concentrations may lead to increased adipose tissue lipolysis and reduced fatty acid re-

esterification (Sniderman et al., 1998), leading to pronounced FFA concentration after a 

single bout of moderate intensity exercise. Although increased mobilization and 

simultaneous attenuation of re-esterification of adipose tissue fatty acids may counteract 

an exercise-induced attenuation in PPTG by providing a substrate for VLDL-TG 

production, it may not be sufficient to fully abolish the exercise effects on PPTG because 

a moderate intensity exercise was repeatedly shown to reduce PPTG while FFA 

concentration was also elevated (Gill & Hardman, 2000; Herd et al., 2001; Miyashita et 

al., 2006; Harrison et al., 2009). Importantly, whole body fat oxidation is also elevated 

following an exercise, which might have an implication on obesity. Insulin also plays an 

important role in lipoprotein metabolism. For example, insulin stimulates the breakdown 

of apo B100, the key protein for the assembly of VLDL, thereby decreasing VLDL 

production and subsequent secretion into the circulation (Ginsberg et al., 2005). Insulin 

also stimulates glucose uptake into insulin sensitive tissues mainly skeletal muscles, a 

major site of glucose disposal during the postprandial state (Lauritzen & Schertzer, 

2010). The liver also takes up some portion of postprandial glucose in the blood, where it 

can be used for hepatic DNL (Hellerstein et al., 1991; Timlin et al., 2005), particularly 

when carbohydrate intake is more than needed (Schwarz et al., 1995). Because of its 
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physiological priority, blood glucose concentration is well maintained within a narrow 

range under widely changing physiological conditions such as exercise through 

regulation of hepatic glucose production. In accordance, it has been shown that plasma 

glucose concentrations after a high fat meal intake were not different following an 

exercise at various intensities (30 – 70%VO2max) for 30 – 90min as compared to control 

condition (Katsanos & Moffatt, 2004; Miyashita et al., 2006; Miyashita, 2008; Harrison 

et al., 2009; Miyaki et al., 2009) in healthy individuals. However, it is inconsistent for 

postprandial insulin responses following a single session of exercise at 50 – 70% VO2max 

that reduced PPTG (Gill & Hardman, 2000; Herd et al., 2001; Katsanos et al., 2004; 

Miyashita et al., 2006; Zhang et al., 2007; Burton et al., 2008; Harrison et al., 2009). 

Although it is not conclusive, it appears that insulin may play a role in an exercise-

induced attenuation in PPTG. It is also needed to develop sensitive methods for 

prediction of whole body insulin sensitivity during high fat tolerance test. Although some 

studies reported HOMA values, it is only dependent upon fasting concentrations of 

insulin and glucose (Miyashita et al., 2006; Harrison et al., 2009), which may not reflect 

insulin actions during the postprandial state, particularly after a mixed meal intake. 

 

3b: Endurance exercise training 

 It has been reported that endurance trained individuals have lower fasting and 

postprandial triglyceride concentration in the blood as compared to untrained 

counterparts (Holloszy et al., 1964; Sady et al., 1988; Cohen et al., 1989; Merrill et al., 

1989), leading to the possibility that exercise training could be a potential therapeutic tool 

to fight against hypertriglyceridemia-related diseases, including atherosclerosis. For 
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instance, Cohen et al. (Cohen et al., 1989) have reported that in an oral fat tolerance test, 

fasting and postprandial triglyceride concentrations in the blood were significantly 

reduced in endurance athletes, compared to untrained control counterparts. In a 

subsequent experiment in which a bolus of fat emulsion (0.5mL/kg body weight of a 20% 

w/v solution) was intravenously administered, they found that circulating triglyceride 

clearance was much faster in trained subjects than in untrained subjects. However, it is 

not clear where the major site of clearance is in this study (adipose tissue, skeletal 

muscle, or liver). Paton et al. (Paton et al., 2006) conducted an endurance training study 

and measured PPTG before and after 6 months of endurance training. They found that the 

endurance training significantly reduced mean concentration of PPTG. However, the 

attenuated responses of PPTG of the above-mentioned studies were probably due to the 

effect of the exercise on the day before the fat tolerance test. In the study by Cohen and 

his colleagues, trained subjects performed their customary exercise regimens on the day 

before each fat tolerance test. And in the study by Paton et al., subjects performed their 

final high fat tolerance test within 36 h after the last exercise session of the training. In 

support of this contention, a single session of moderate intensity exercise reduces PPTG 

in normolipidemic (Gill & Hardman, 2000; Malkova et al., 2000; Herd et al., 2001) and 

hyperlipidemic subjects (Zhang et al., 2006), regardless of training status (Hardman et 

al., 1998; Gill & Hardman, 2000; Malkova et al., 2000; Herd et al., 2001; Paton et al., 

2006), compared to untrained non-exercise control condition. In addition, it has been also 

demonstrated that the exercise-induced attenuation in PPTG is transient as the attenuating 

effects were abolished after 60 hours after the most recent bout of exercise (Tsetsonis et 

al., 1997; Gill et al., 1998; Hardman et al., 1998; Herd et al., 1998; Herd et al., 2000). 
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For example, Herd et al. (Herd et al., 2000) have shown that PPTG was not different 

between trained and untrained subjects when they were absent from any structured 

exercise for 2 days in both men and women. Furthermore, Hardman et al. (Hardman et 

al., 1998) have shown that an exercise-induced attenuation in PPTG disappeared  60 h 

after the most recent bout of moderate intensity exercise. This evidence supports the need 

to exercise on a regular basis to maintain reduced postprandial plasma triglyceride 

concentration. Therefore, an exercise-induced attenuation in PPTG appears to be mainly 

due to the effect of the most recently performed exercise.  

 

3c: Potential mechanisms responsible for an exercise-induced attenuation in PPTG 

It is still unclear how an exercise reduces the elevation of PPTG. There are, 

however, several possible mechanisms by which a single session of exercise attenuates 

PPTG by 1) increased clearance of postprandial circulating TG (both VLDL- and CM-

TG) and 2) decreased production of VLDL-TG and subsequent secretion into the 

circulation. First, enhanced clearance may be accomplished by the activation of muscle 

lipoprotein lipase as a result of exercise (or physical activity). Muscle lipoprotein lipase 

(mLPL) is the rate-limiting enzyme for the lipolysis of triglycerides bound to lipoprotein 

cholesterol (i.e., VLDL and CM) and it is located on the luminal surface of endothelial 

cells of capillaries (Oscai et al., 1990). It is known that mLPL activity is increased 

following short-term exercise training both in humans (Seip et al., 1995; Seip et al., 

1997) and animals (Hamilton et al., 1998). It is also reported that mLPL is activated 

following a single bout of exercise in human (Kiens et al., 1989). Interestingly, it is also 

reported that exercise increases mLPL activity, but not adipose LPL activity (Ong et al., 
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1995). This differential regulation between adipose and skeletal mLPL may result in 

more preferential hydrolysis and uptake of circulating triglycerides into skeletal muscle 

(Seip et al., 1995). It was also reported that mLPL activity decreases by detraining 

(Simsolo et al., 1993) and physical inactivity (Bey et al., 2003; Bey & Hamilton, 2003). 

In light of this, activation of mLPL may contribute to an exercise-induced attenuation of 

PPTG, but this effect may be transient. However, it is still controversial whether 

increased mLPL activity is responsible for an exercise-induced attenuation of PPTG. 

Previous research has not conclusively shown a strong correlation between increased 

mLPL activity and reduction in PPTG (Katsanos et al., 2004). Furthermore, a recent 

study has shown that PPTG was reduced by exercise without increased peripheral 

triglyceride clearance, indicating that other factors may be also responsible for an 

exercise-induced reduction in postprandial triglyceride concentration (Gill et al., 2001b). 

Second, it has been reported that exercise may attenuate PPTG by decreasing VLDL 

production and secretion into the circulation (Gill et al., 2001a). Delivery of substrates 

including FFA and glucose to the liver may be important for VLDL assembly and 

subsequent secretion into the circulation (Lewis, 1997; Timlin et al., 2005). Distribution 

of these substrates, including FFA and glucose, to the liver is a key factor that determines 

the production of VLDL-TG (Timlin et al., 2005). Exercise may influence the 

distribution of substrates to the liver. This might be accomplished by 1) enhancing insulin 

sensitivity in skeletal muscle and/or liver as a result of exercise. Exercise can induce 

depletion of glycogen in the liver and intramuscular energy sources, i.e., triglycerides 

(IMTG) and glycogen. Many studies have shown that a single bout of exercise increases 

3-hydroxybutyrate, an index of hepatic TG lipolysis, in the postprandial state on the 
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following day (Burton et al., 2008; Miyashita, 2008; Harrison et al., 2009). Since hepatic 

triglyceride concentration is positively associated with postprandial elevation of VLDL-

TG, apo B100, and the area under the curves of plasma insulin concentration (Matikainen 

et al., 2007), it seems that a single bout of exercise may reduce VLDL-TG production 

and subsequent secretion into the circulation by decreasing the availability of substrates 

i.e., TG and apo B100 for the VLDL-TG assembly. In addition, exercise that resulted in 

enhanced insulin sensitivity also may reduce PPTG by altering postprandial energy 

distribution. Petersen et al. (Petersen et al., 2007) have shown that insulin resistant 

subjects were higher in hepatic DNL and VLDL-TG production but lower in muscle 

glycogen synthesis following two high carbohydrate mixed meals, indicating that reduced 

glucose uptake and subsequent glycogen synthesis in the muscle increases availability of 

glucose for the liver DNL. During exercise at ~65% VO2max, intramuscular energy 

sources, mainly glycogen and IMTG, are the major energy sources for muscle contraction 

(Romijn et al., 2000). Depleted intramuscular energy sources are replenished following 

an exercise by extramuscular sources, plasma FFA and glucose. This leads to less 

postprandial energy to be available for hepatic DNL and subsequent VLDL-TG 

production. However, it is still unclear whether depletion of intramuscular energy source, 

particularly muscle glycogen, is the main determinant (Harrison et al., 2009).  Lastly, it 

could not be excluded that exercise may alter the production and secretion of 

chylomicron from the enterocyte of small intestine into the circulation via lymphatic 

system (Duez et al., 2008). 
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4. Potential roles for non-exercise physical activity and prolonged sitting in 

postprandial plasma triglycerides 

Advances in technologies such as mechanical transportation and automation lead to 

increases in sedentary time, i.e., prolonged sitting and reduced walking and standing, 

which are known to be independent risk factors for metabolic diseases, including obesity, 

metabolic syndrome, type 2 diabetes, and cardiovascular diseases (Thorp et al.; Levine et 

al., 1999; Hu et al., 2001; Hu et al., 2003; Dunstan et al., 2004, 2005; Levine et al., 2005; 

Dunstan et al., 2007). Moreover, several lines of epidemiological evidence indicate that 

independent of exercise participation, sitting time is dose-dependently associated with 

these adverse metabolic outcomes (Fung et al., 2000; Hu et al., 2001; Hu et al., 2003). 

Therefore, it may be of importance to find ways to stimulate non-exercise physical 

activities such as increasing standing and walking time or reducing sitting time, from the 

public health standpoint. Surprisingly, few interventional studies have been conducted to 

investigate the effect of prolonged sitting or of increasing non-exercise physical activities 

on metabolic outcomes, particularly, on postprandial elevation of plasma triglyceride 

concentration, an independent risk factor for cardiovascular events (Bansal et al., 2007; 

Nordestgaard et al., 2007).   

 

4a: Effect of daily walking on postprandial plasma triglyceride concentration  

A growing body of evidence suggests that increased daily walking may lead to 

favorable metabolic alterations, including enhanced insulin sensitivity and reduced 

plasma triglyceride concentration. For instance, Manson et al., (Manson et al., 2002) 

reported that both increased daily walking and vigorous exercise were associated with a 
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substantial reduction in the relative risks of cardiovascular diseases in women. Moreover, 

recent studies have shown that increased daily walking is associated with enhanced 

insulin sensitivity. For instance, it was reported that increasing daily walking from 

~5,000 steps to ~10,000 steps for 8 weeks in overweight women attenuated the area 

under the curves of glucose in the blood for 2 hours during a 75g-oral glucose tolerance 

test. This improvement was unlikely due to positive energy balance since there were no 

changes in body mass, percent body fat and waist circumference (Swartz et al., 2003). 

Conversely, decreased daily walking was associated with insulin resistance. For instance, 

Olsen et al. (Olsen et al., 2008) found that when daily walking of individuals was reduced 

from 6,203 to 1,394 steps on average for 3 weeks, plasma insulin area under the curve 

following an OGTT was significantly increased by ~53% after the first week, ~61% after 

the second week, and ~79% after the third week, indicating that reduction in daily 

walking may lead to insulin resistance. Of particular importance, most of the metabolic 

alteration of insulin in the postprandial states as a result of reduced walking occurred 

mainly after the first week. In a follow-up study, daily waking was reduced from 10,501 

to 1,344 steps for 2 weeks, resulting in substantial increases in plasma triglyceride area 

under the curves during a high fat tolerance test. The adverse metabolic alterations were 

unlikely due to a positive energy balance because body mass was actually decreased. 

Krogh-Madsen and colleagues (Krogh-Madsen et al., 2010) subsequently demonstrated 

that reduced daily walking for 2 weeks resulted in a significant reduction in insulin-

stimulated glucose uptake into peripheral tissues without changes in hepatic glucose 

production during a hyperinsulinemic-euglycemic clamp. Of interest, this finding 

indicates that increased daily walking may be sufficient to improve insulin sensitivity. 
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This leads to the possibility that increased daily walking may reduce PPTG in part by 

increasing glucose uptake into peripheral tissues. The net result of this may redirect 

energy away from the liver, which in turn results in less assembly and secretion of 

VLDL-TG into the circulation. Interestingly, it was demonstrated that LPL in slow 

muscle fibers is maximally activated by ambulatory walking at (~ 50% VO2max) (Bey & 

Hamilton, 2003) without further increase in mLPL activity with higher intensity exercise 

at ~110% VO2max (Hamilton et al., 1998). In contrast to slow muscle, there was several 

fold increases in mLPL activity in fast muscle fibers after high intensity running exercise. 

However, it is of importance to note that slow muscle fibers are responsible for the 

majority of muscle LPL activity. For example, total mLPL activity is ~5 fold higher in 

slow muscle than in fast muscle in rats (Hamilton et al., 1998). On the other hand, 

physical inactivity by a hind-limb suspension model decreased mLPL activity (Zderic & 

Hamilton, 2006). As noted previously, increased daily walking seems to influence both 

insulin sensitivity and mLPL activity and in turn triglyceride metabolism, however, there 

are limited numbers of studies, to our knowledge, that has investigated the effect of daily 

walking on PPTG. More importantly, no studies to our knowledge were conducted to 

investigate the effect of days of increased walking on PPTG while physical activities are 

tightly controlled in isocaloric conditions. 

 

4b: Potential role of prolonged sitting and its effects on the ability of acute exercise to 

reduce PPTG 

Due to the well-established benefits of moderate-to-vigorous exercise, most of the 

public health concerns have been paid to encouraging participation in moderate-to-
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vigorous exercise. However, little attention has been paid to the potential detrimental 

effect of prolonged sitting. Interestingly, it was reported that obese people spend much 

more time sitting with proportionally less time in walking and standing than lean 

counterparts (Levine et al., 2005). In addition, people who spend more time sitting gain 

more fat than people who spend more time upright (walking and standing) when they 

were overfed (Levine et al., 1999). Recently, Hamilton et al. hypothesized that the effect 

of prolonged sitting may be different from the lack of exercise but it may exert its own 

detrimental effect, independent of exercise participation (Hamilton et al., 2004, 2007). In 

support, recent epidemiological studies have shown that sitting time increases risk of 

some metabolic disorders such as obesity, type 2 diabetes, and cardiovascular diseases 

(Fung et al., 2000; Hu et al., 2001; Hu et al., 2003), independent of the participation of 

structured exercise. Since hypertriglyceridemia is a phenomenon and/or risk factor in the 

pathogenesis of these metabolic disorders (Ginsberg et al., 2005), prolonged sitting time 

may elevate circulating triglyceride concentration, independent of participation of 

structured exercise. Furthermore, people spend most of their waking hours sitting in the 

postprandial state; elevation of circulating triglyceride concentration could be more 

pronounced in the postprandial state. Some studies indirectly support the idea that 

prolonged sitting amplify the elevation of PPTG. For example, Olsen et al. have shown 

that a 2-week reduction in daily steps from 10,501 to 1,344 steps/day on average 

significantly increased insulin resistance and PPTG (Olsen et al., 2008). Since daily steps 

of 1,344 indirectly indicate that they spent much of their time sitting, the finding gives an 

insight into the effect of prolonged sitting on PPTG. Increased PPTG with prolonged 

sitting may be due to insulin resistance-mediated postprandial energy redistribution 



 124	  

toward liver (Petersen et al., 2007) and/or reduced mLPL activity, the rate-limiting 

enzyme of circulating TG lipolysis, which is sensitive to physical inactivity (Zderic & 

Hamilton, 2006). Assuming that this is true, it may be possible that adverse effect of 

physical inactivity, i.e., prolonged sitting, on health outcomes may persist even with the 

participation of structured exercise. Recently, Bergouignan et al. have shown that 

physical inactivity alters dietary fatty acid trafficking, regardless of participation of 

exercise training (Bergouignan et al., 2006; Bergouignan et al., 2009). They have 

conducted a series of bed rest studies to investigate the effect with or without exercise 

training as a countermeasure on dietary fatty oxidation. Interestingly, bed rest for 1 

month or longer period significantly decreased palmitate oxidation (saturated fatty acids) 

without changes in oleate oxidation (monounsaturated fatty acids), independent of groups 

(control vs. exercise training group). Physical inactivity-induced reduction in saturated 

fatty acid palmitate oxidation can lead to the overabundance of palmitate, which can have 

adverse effects on cell function, such as endoplasmic reticulum stress and apoptosis 

(Busch et al., 2005; Moffitt et al., 2005) in cell lines. Adverse effects of palmitate on 

health, such as insulin resistance, were also found in humans. For instance, increasing 

dietary unsaturated fatty acids for 5 weeks significantly increased insulin sensitivity, 

assessed by a hyperinsulinemic-euglycemic clamp (Summers et al., 2002). In contrast, 

increasing dietary saturated fatty acids (e.g., palmitate) significantly reduced insulin 

sensitivity (Vessby et al., 2001). They also found that bed rest significantly increased 

fasting triglyceride and insulin concentrations in both control and exercise training 

groups. These findings emphasize the importance of maintaining physically being active 

even though they meet recommended levels of exercise. Furthermore, it also suggests that 
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to get beneficial effects of exercise, people may need to avoid sedentary lifestyle (i.e., 

prolonged sitting). These studies, however, seems to be really extreme case, dissociated 

from real world sedentary conditions, like prolonged sitting. Recently, Stephens et al. 

(Stephens et al., 2010) measured insulin action, which is known to be implicated in 

PPTG. They found that a single day of extended sitting with surplus energy intake 

significantly reduced insulin sensitivity, compared to an active standing condition. 

However, when energy intake was reduced to match the reduced energy expenditure in 

sitting condition, insulin sensitivity was significantly recovered, compared to sitting with 

surplus energy intake although not fully recovered, indicating that most of reduced 

insulin sensitivity was due to positive energy balance. Furthermore, although much closer 

to a real world condition, it was still somewhat too extreme in that subjects in sitting trial 

spent ~17 hours sitting and less than 20 min for walking and standing per day, implying 

that ~99% of time during waking hours was spent for sitting. Thus, it is necessary to 

develop a more practical sedentary model to evaluate the effect of sitting on health 

outcomes. From these findings, however, we began to be curious about whether short-

term prolonged sitting increases postprandial triglyceride concentration and also about 

whether prior days of prolonged sitting reduces the ability of a single session of moderate 

intensity exercise to PPTG. 
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APPENDIX A: DETERMINATION OF PLASMA CONCENTRATIONS 

 

 

I. Blood sampling and Preparation  

II. Plasma Triglyceride Concentration 

III. Plasma Free Fatty Acid Concentration 

IV. Plasma Glucose Concentration 

V. Plasma Insulin Concentration 
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Blood Sampling and Preparation  

After a 13-hour overnight fast, blood samples were obtained via a forearm venous 

catheter. Approximately 6 ml of blood were obtained via an indwelling forearm venous 

catheter prior to and at regular intervals during high fat tolerance tests (Pre, 1, 2, 3, 4, 5, 

and 6 hours). Prior to insertion of the catheter an area of skin on the forearm was cleaned 

and sterilized with an alcohol preparation wipe. After the catheter has been successfully 

placed a saline flush was attached to the catheter to keep the catheter from clogging 

between blood draws. Plasma TG, FFA and glucose concentrations were measured 

enzymatically using commercially available diagnostic kits. Insulin concentration was 

determined by enzyme-linked immunosorbent assay (ELISA). 
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Plasma Triglyceride Concentration Measurement:  

Plasma triglyceride concentration is measured by a spectrophotometric method using 

commercially available kits (Pointe Scientific, Inc. Canton, USA). The plasma samples 

are removed from freezer (-80°C) and thawed in an ice-water bath. 5ul of plasma sample 

were added to 250ul of triglyceride reagent. Triglycerides in the sample are hydrolyzed 

by lipase to glycerol and fatty acids. The glycerol is then phosphorylated by ATP to 

glycerol 3-phosphate (G-3-P) and ADP in a reaction catalyzed by glycerol kinase (GK). 

G-3-P is then converted to dihydroxyacetone phosphate (DHAP) and hydrogen peroxide 

in a reaction catalyzed by glycerophosphate oxidase (GPO). The hydrogen peroxide then 

reacts with 4-aminoantipyrine and 3-hydroxy-2,4,6-tribomobenzoic (TBHB) in a reaction 

catalyzed by peroxidase to form a red colored quinoneimine dye.  The absorbance of the 

red colored quinoneimine dye is measured spectrophotometrically at 340 nm. The 

intensity of the color produced is directly proportional to the concentration of 

triglycerides in the sample. 

 

Reactions:  

1. TG --- Lipase ---> Glycerol + Fatty Acids 

2. Glycerol + ATP --- GK---> G-3-P + ADP 

3. G-3-P + O2 --- GPO---> DHAP + H2O2 

4. H2O2 + TBHB --- Peroxidase--- > Ouinoneimine dye + 2H2O 
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Plasma Free Fatty Acid Concentration Measurement 

Plasma free fatty acid (FFA) concentrations are measured with a colorimetric assay as 

described (Zderic et al., 2004). The plasma samples are removed from freezer (-80°C) 

and thawed in an ice-water bath. 200 ul of plasma sample is transferred to 13 x 100 mm 

screw top test tubes (soap-free) containing 3,000 uL of chloroform-heptane-methanol 

reagent (49%-49%-2% respectively) in duplicate and agitated briefly to break up the 

emulsion. 1000 uL of copper reagent containing (0.5 M cupric nitrate, 1 M 

triethanolamine, and saturated NaCl solution, pH 8.3) is added. Tubes are then capped 

and mechanically shaken for 20 min. 800uL of supernatant is transferred to 12 x 75 class 

culture tubes. 200uL of color reagent [sodium diethyldithiocarbamate (22 mg) in 

butanonl (10 mL)] is added. After incubation at room temperature for 10 min, absorbance 

is measured at 436 nm. The intensity of the color produced is directly proportional to the 

FFA concentration.  

 

Reactions 

Reaction 1: FFA + cupric nitrate [Cu(NO3)2] -----------------------> FFA-Cu (copper salt) 

Reaction 2: FFA-Cu + DDC (diethyldithiocarbamate) ------------------> Colored product 
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Plasma Glucose Concentration Measurement 

Plasma glucose is measured by a spectrophotometric method using commercially 

available kits (Pointe Scientific, Inc. Canton, USA). The plasma samples are removed 

from freezer (-80°C) and thawed in an ice-water bath. 5 uL of plasma sample is added to 

1,000 uL of glucose reagent and then incubated at room temperature for 3 minutes. 

Glucose is phosphorylated with ATP to produce glucose 6-phosphate (G-6-P) in the 

reaction catalyzed by hexokinae (HK). The glucose 6-phosphate is then oxidized with 

concomitant reduction of NAD to NADH in the reaction catalyzed by glucose 6-

phosphate dehydrogenase (G6PDH). The absorbance of NADH formed is measured at 

340 nm. The concentration of NADH is directly proportional to the concentration of 

glucose in the sample. 

 

Hexokinae Reaction: 

Reaction 1: Glucose + ATP ---- HK ---> G-6-P + ADP 

Reaction 2: G-6-P + NAD+ ---- G6PDH ---> 6-Phosphogluconate + NADH + H+ 
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Plasma Insulin Concentration Measurement 

The concentration of plasma insulin is determined with a commercially available human 

insulin enzyme-linked immunosorbent assay (Alpco Diagnostics, Salem, USA). The 

assay is a sandwich type immunoassay. The 96 well microplate is coated with a 

monoclonal antibody specific to insulin. The plasma samples are removed from freezer (-

80°C) and thawed in an ice-water bath. 25 uL of plasma sample is transferred to the 

microplate wells. Insulin binds monoclonal insulin primary antibody coated on the well. 

100 uL of enzyme conjugate is then added to the wells. The microplate is then incubated 

on an orbital microplate shaker at 750 rpm for 60 minutes. Enzyme-linked secondary 

antibody (horseradish peroxidase-antibody) binds the monoclonal insulin primary 

antibody. 

 

1. After 1st incubation, the wells are then washed with wash buffer and blotted dry. 

2. Substrate is added and then incubated on an orbital microplate shaker at 750 rpm 

for 15 minutes.  

3. The substrate reacts with horseradish peroxidase to produce colored products.  

4. After 2nd incubation, stop solution is added to stop the reaction.  

5. The absorbance of insulin is measured spectrometrically at 450 nm with reference 

wavelength of 620 nm.  

6. The intensity of the color generated is directly proportional to the concentration of 

insulin in the sample. 
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APPENDIX B: STUDY 1 INDIVIDUAL DATA TABLES 

 

 

STUDY 1: POSTPRANDIAL PLASMA TRIGLYCERIDE RESPONSES TO 

ACUTE EXERCISE AT LOW AND MODERATE INTENSITIES  

 

 

• Plasma triglyceride concentration 

• Plasma free fatty acid concentration 

• Plasma glucose concentration 

• Plasma insulin concentration 

• Whole body substrate oxidation 
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Plasma triglyceride concentration (mmol/L) 

 

RUN 0h 1h 2h 3h 4h 5h 6h 
HH 1.038 1.485 2.221 2.500 2.459 2.651 1.835 
BK 0.597 0.790 1.196 1.431 1.481 1.240 0.888 
KB 0.696 1.086 1.708 1.987 2.136 2.029 1.322 
JL 0.769 0.651 1.532 2.036 2.042 1.563 0.966 
SK 0.748 1.124 1.958 1.991 2.146 2.222 1.476 
SY 0.668 0.807 1.103 1.398 1.084 1.288 0.780 
SP 1.390 1.709 1.719 2.682 2.058 2.510 2.754 
AL 0.745 1.121 1.801 2.507 2.247 1.882 0.953 
TC 0.531 1.067 1.779 1.967 1.028 0.768 0.447 

 

 

WALK 0h 1h 2h 3h 4h 5h 6h 
HH 1.183 1.635 2.300 3.079 3.474 3.193 2.581 
BK 0.716 0.984 1.387 1.970 2.047 1.617 1.152 
KB 0.825 1.079 2.285 2.554 2.537 2.185 1.926 
JL 0.798 1.007 1.454 1.730 1.707 1.626 1.290 
SK 0.945 1.575 2.841 3.013 3.115 2.849 1.728 
SY 0.807 1.122 1.561 1.409 1.659 1.191 0.811 
SP 1.106 1.618 1.862 1.863 2.394 2.264 1.543 
AL 0.701 1.049 1.761 2.740 2.473 1.743 0.970 
TC 0.460 0.865 1.717 2.113 1.080 0.736 0.642 

 

 

SIT     0h 1h 2h 3h 4h 5h 6h 
HH 1.189 1.800 2.453 3.502 3.700 3.470 2.476 
BK 1.022 1.273 1.860 2.460 2.342 1.907 1.134 
KB 0.823 1.020 2.009 2.369 2.526 2.384 1.819 
JL 1.027 1.430 1.982 3.008 3.204 2.251 1.143 
SK 0.885 1.387 2.465 3.009 2.784 2.595 1.763 
SY 0.684 0.923 1.513 1.341 1.249 1.182 0.912 
SP 1.324 1.858 2.771 2.868 2.729 3.205 4.461 
AL 1.040 1.383 2.219 4.034 4.399 2.992 1.761 
TC 0.697 1.096 2.140 3.060 2.039 1.062 0.825 

 

 



 134	  

Plasma free fatty acid concentration (mmol/L) 

 

RUN 0h 1h 2h 3h 4h 5h 6h 
HH 0.390 0.291 0.322 0.418 0.502 0.639 0.717 
BK 0.663 0.186 0.215 0.359 0.467 0.588 0.631 
KB 0.477 0.190 0.201 0.319 0.501 0.594 0.481 
JL 0.367 0.184 0.237 0.351 0.434 0.528 0.544 
SK 0.348 0.233 0.270 0.333 0.373 0.476 0.513 
SY 0.376 0.187 0.207 0.296 0.321 0.435 0.430 
SP 0.389 0.253 0.272 0.335 0.407 0.477 0.585 
AL 0.315 0.212 0.239 0.397 0.479 0.547 0.390 
TC 0.153 0.089 0.181 0.334 0.272 0.281 0.222 

 

 

WALK 0h 1h 2h 3h 4h 5h 6h 
HH 0.444 0.245 0.267 0.360 0.454 0.651 0.711 
BK 0.535 0.180 0.188 0.323 0.484 0.560 0.604 
KB 0.378 0.178 0.176 0.257 0.382 0.482 0.609 
JL 0.258 0.151 0.229 0.350 0.399 0.469 0.589 
SK 0.226 0.174 0.221 0.284 0.363 0.486 0.530 
SY 0.254 0.161 0.203 0.228 0.323 0.500 0.386 
SP 0.468 0.255 0.239 0.324 0.442 0.543 0.537 
AL 0.371 0.199 0.211 0.383 0.483 0.509 0.360 
TC 0.139 0.062 0.117 0.290 0.286 0.219 0.328 

 

 

SIT 0h 1h 2h 3h 4h 5h 6h 
HH 0.454 0.254 0.235 0.351 0.495 0.711 0.753 
BK 0.399 0.187 0.188 0.218 0.343 0.482 0.582 
KB 0.337 0.169 0.183 0.275 0.379 0.605 0.537 
JL 0.515 0.211 0.238 0.341 0.380 0.480 0.552 
SK 0.228 0.197 0.227 0.296 0.385 0.477 0.522 
SY 0.248 0.161 0.190 0.246 0.249 0.470 0.410 
SP 0.371 0.255 0.247 0.312 0.339 0.434 0.515 
AL 0.241 0.164 0.188 0.329 0.491 0.623 0.583 
TC 0.160 0.086 0.110 0.235 0.305 0.285 0.250 
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Plasma glucose concentration (mmol/L) 

 

RUN 0h 1h 2h 3h 4h 5h 6h 
HH 5.416 6.340 6.249 6.001 5.952 5.592 5.432 
BK 4.893 6.743 5.655 5.972 5.291 5.433 5.356 
KB 4.705 5.424 5.069 5.538 5.861 5.649 5.097 
JL 4.508 5.639 5.550 5.174 5.131 4.770 4.659 
SK 4.845 5.279 5.599 5.530 5.863 5.684 4.920 
SY 4.915 5.846 5.223 5.618 5.485 5.177 4.508 
SP 4.403 5.158 4.850 4.005 4.788 5.343 5.220 
AL 4.237 4.092 3.984 4.949 4.329 4.711 4.280 
TC 5.136 5.900 5.585 5.452 5.041 4.858 5.260 

 

 

WALK 0h 1h 2h 3h 4h 5h 6h 
HH 6.203 6.742 7.195 6.640 6.516 6.415 5.965 
BK 5.140 6.299 5.784 6.312 6.204 5.707 5.507 
KB 4.986 5.146 5.750 5.880 6.120 5.288 5.171 
JL 4.523 5.535 5.482 5.831 5.575 5.495 4.887 
SK 4.701 5.932 6.347 6.314 5.984 5.455 5.139 
SY 4.835 4.761 4.696 5.448 4.955 4.952 5.118 
SP 4.351 5.596 4.761 5.273 5.350 5.260 4.856 
AL 4.289 5.337 4.079 5.165 4.748 4.483 4.187 
TC 5.078 5.929 6.059 5.637 5.269 5.614 4.994 

 

 

SIT 0h 1h 2h 3h 4h 5h 6h 
HH 5.279 8.048 7.767 6.977 6.696 6.595 6.043 
BK 5.390 6.959 6.151 5.803 6.013 6.250 5.559 
KB 4.576 4.619 5.886 6.617 6.037 5.686 5.174 
JL 4.628 6.272 6.056 5.828 5.442 5.047 5.004 
SK 4.881 5.475 5.668 5.945 6.108 5.364 5.259 
SY 4.915 5.553 4.918 5.581 5.195 4.742 4.816 
SP 4.418 5.458 5.461 5.639 4.955 5.464 5.488 
AL 4.526 5.047 4.708 5.223 5.445 4.949 4.431 
TC 4.977 6.754 5.023 5.978 5.564 5.500 5.515 
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Plasma insulin concentration (uIU/mL) 

 

RUN 0h 1h 2h 3h 4h 5h 6h 
HH 5.88 19.07 15.69 16.90 12.93 9.11 5.80 
BK 6.76 42.68 14.26 18.04 14.96 9.40 8.30 
KB 5.25 45.91 26.52 20.52 19.37 7.68 5.56 
JL 5.95 38.95 25.52 24.68 22.45 12.60 9.72 
SK 14.62 32.47 23.38 26.26 23.45 16.23 13.49 
SY 4.40 21.55 20.97 15.09 14.04 8.42 5.02 
SP 5.91 42.91 39.62 9.32 14.62 27.15 10.26 
AL 6.25 29.32 15.78 12.27 8.47 7.70 7.10 
TC 6.00 25.13 20.27 13.48 6.69 5.45 4.99 

 

 

WALK 0h 1h 2h 3h 4h 5h 6h 
HH 8.26 22.60 31.43 33.78 19.74 18.71 8.74 
BK 9.37 25.73 27.60 29.92 18.89 11.94 8.08 
KB 6.56 22.87 17.45 23.41 27.48 17.29 10.48 
JL 7.45 40.10 31.60 23.10 29.72 12.95 9.64 
SK 12.10 24.33 28.23 23.12 15.79 13.85 11.70 
SY 5.20 54.29 30.57 21.88 21.70 9.95 7.18 
SP 15.91 32.19 14.92 32.49 19.92 17.06 9.84 
AL 4.67 38.60 26.38 16.12 11.29 8.64 7.32 
TC 6.28 31.28 20.63 11.23 5.91 5.54 5.22 

 

 

SIT 0h 1h 2h 3h 4h 5h 6h 
HH 6.83 65.36 66.83 55.14 23.49 15.80 10.43 
BK 8.63 38.74 19.66 10.25 13.26 14.99 11.54 
KB 7.22 56.10 51.72 29.91 28.60 9.83 8.87 
JL 5.52 24.10 40.22 29.68 24.95 14.48 8.02 
SK 11.37 30.61 32.43 24.04 19.00 14.66 11.92 
SY 4.44 28.56 23.64 19.11 19.18 9.73 5.57 
SP 14.37 28.21 20.65 39.97 13.47 19.75 17.06 
AL 8.00 47.79 41.08 22.19 11.80 11.42 9.24 
TC 5.95 30.95 22.01 14.94 6.96 6.23 5.54 
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Whole Body Substrate Oxidation During the HFTT  

 

• RER, carbon dioxide produced divided by oxygen consumed (VCO2/VO2) 

• %CHO, fractional contribution of carbohydrate to total energy expenditure 

• %FAT, fractional contribution of fat to total energy expenditure   

• CHO, carbohydrate oxidation (kcal/min) 

• FAT, fat oxidation (kcal/min) 

• TEE, total energy expenditure (kcal/min) 
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HH RER %CHO %FAT CHO FAT TEE 
RUN 

1h 0.848 48.22 51.78 0.732 0.731 1.463 
3h 0.821 39.06 60.94 0.606 0.879 1.485 
5h 0.778 24.11 75.89 0.353 1.033 1.386 

WALK 
1h 0.861 52.40 47.60 0.714 0.603 1.317 
3h 0.837 44.31 55.69 0.647 0.756 1.403 
5h 0.854 50.17 49.83 0.735 0.680 1.415 

SIT 
1h 0.916 71.22 28.78 1.054 0.396 1.450 
3h 0.862 52.97 47.03 0.793 0.655 1.449 
5h 0.817 37.54 62.46 0.546 0.845 1.391 

 
BK RER %CHO %FAT CHO FAT TEE 

RUN 
1h 0.854 50.24 49.76 0.585 0.539 1.123 
3h 0.810 35.10 64.90 0.435 0.749 1.184 
5h 0.744 12.67 87.33 0.150 0.964 1.115 

WALK 
1h 0.819 38.28 61.72 0.426 0.639 1.065 
3h 0.822 39.12 60.88 0.474 0.687 1.161 
5h 0.771 21.72 78.28 0.250 0.839 1.090 

SIT 
1h 0.940 79.36 20.64 0.955 0.231 1.186 
3h 0.836 43.93 56.07 0.527 0.626 1.153 
5h 0.756 16.72 83.28 0.202 0.938 1.140 

 
KB RER %CHO %FAT CHO FAT TEE 

RUN 
1h 0.867 54.51 45.49 0.709 0.551 1.259 
3h 0.812 36.01 63.99 0.493 0.815 1.308 
5h 0.816 37.16 62.84 0.515 0.811 1.326 

WALK 
1h 0.891 62.71 37.29 0.813 0.450 1.263 
3h 0.869 55.14 44.86 0.759 0.574 1.333 
5h 0.835 43.80 56.20 0.569 0.680 1.249 

SIT 
1h 0.908 68.74 31.26 0.919 0.389 1.308 
3h 0.914 70.75 29.25 1.021 0.393 1.414 
5h 0.876 57.53 42.47 0.741 0.509 1.250 
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JL RER %CHO %FAT CHO FAT TEE 
RUN 
1h 0.824 40.04 59.96 0.517 0.720 1.237 
3h 0.812 35.85 64.15 0.472 0.786 1.258 
5h 0.801 32.13 67.87 0.412 0.810 1.222 

WALK 
1h 0.844 46.61 53.39 0.594 0.633 1.227 
3h 0.852 49.40 50.60 0.628 0.598 1.226 
5h 0.829 41.73 58.27 0.540 0.702 1.242 

SIT 
1h 0.948 82.20 17.80 1.045 0.211 1.256 
3h 0.871 56.02 43.98 0.738 0.539 1.277 
5h 0.836 44.04 55.96 0.572 0.677 1.249 

 
SK RER %CHO %FAT CHO FAT TEE 

RUN 
1h 0.880 58.91 41.09 0.892 0.579 1.471 
3h 0.828 41.21 58.79 0.659 0.875 1.535 
5h 0.791 28.80 71.20 0.426 0.979 1.405 

WALK 
1h 0.892 63.10 36.90 0.939 0.511 1.451 
3h 0.845 47.26 52.74 0.732 0.760 1.492 
5h 0.829 41.72 58.28 0.623 0.810 1.433 

SIT 
1h 0.894 63.98 36.02 0.899 0.471 1.371 
3h 0.863 53.30 46.70 0.819 0.668 1.486 
5h 0.810 35.31 64.69 0.492 0.839 1.332 

 
SY RER %CHO %FAT CHO FAT TEE 
RUN 
1h 0.825 40.19 59.81 0.468 0.648 1.115 
3h 0.798 31.22 68.78 0.376 0.771 1.147 
5h 0.798 31.06 68.94 0.353 0.729 1.082 

WALK 
1h 0.896 64.40 35.60 0.770 0.396 1.166 
3h 0.851 49.26 50.74 0.613 0.588 1.201 
5h 0.769 21.16 78.84 0.238 0.826 1.064 

SIT 
1h 0.829 41.67 58.33 0.453 0.590 1.043 
3h 0.857 51.27 48.73 0.596 0.528 1.124 
5h 0.816 37.21 62.79 0.383 0.602 0.986 
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SP RER %CHO %FAT CHO FAT TEE 
RUN 
1h 0.893 63.36 36.64 0.896 0.482 1.379 
3h 0.785 26.55 73.45 0.402 1.036 1.438 
5h 0.801 32.24 67.76 0.447 0.874 1.321 

WALK 
1h 0.891 62.77 37.23 0.856 0.472 1.328 
3h 0.823 39.42 60.58 0.554 0.792 1.346 
5h 0.775 23.34 76.66 0.347 1.062 1.410 

SIT 
1h 0.897 64.94 35.06 0.787 0.395 1.182 
3h 0.838 44.78 55.22 0.596 0.684 1.280 
5h 0.833 43.17 56.83 0.562 0.689 1.251 

 
AL  RER %CHO %FAT CHO FAT TEE 

RUN 
1h 0.813 36.14 63.86 0.524 0.861 1.385 
3h 0.795 30.00 70.00 0.415 0.902 1.317 
5h 0.779 24.60 75.40 0.318 0.906 1.224 

WALK 
1h 0.830 41.89 58.11 0.606 0.783 1.389 
3h 0.811 35.66 64.34 0.518 0.870 1.388 
5h 0.775 23.38 76.62 0.305 0.930 1.235 

SIT 
1h 0.848 48.06 51.94 0.666 0.669 1.335 
3h 0.827 41.12 58.88 0.511 0.681 1.191 
5h 0.767 20.39 79.61 0.274 0.994 1.268 
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APPENDIX C: STUDY 2 INDIVIDUAL DATA TABLES 

 

 

STUDY 2: POSTPRANDIAL PLASMA TRIGLYCERIDE RESPONSES TO 

PROLONGED SITTING AND TO ACUTE EXERCISE FOLLOWING 

PROLONGED SITTING 

 

 

 

1. High fat tolerance test 1 

2. High fat tolerance test 2 
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1. HIGH FAT TOLERANCE TEST 1 

 

• Plasma triglyceride concentration 

• Plasma free fatty acid concentration 

• Plasma glucose concentration 

• Plasma insulin concentration 

• Whole body substrate oxidation 
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Plasma triglyceride concentration (mmol/L) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 

TC 0.425 0.650 1.333 1.777 1.518 0.731 0.535 
AL 0.702 1.303 2.431 3.680 3.425 1.876 1.351 
JW 0.802 1.455 2.491 3.243 4.077 3.722 1.852 
JK 0.639 0.812 1.192 1.709 2.038 1.706 1.828 
DJ 1.066 1.939 2.719 4.238 4.177 3.282 2.385 
JO 0.728 1.407 2.051 2.228 1.459 1.563 1.070 
JM 1.100 1.402 2.073 3.119 3.620 3.538 4.027 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 0.508 0.761 1.235 2.083 1.765 1.248 0.657 
AL 0.976 1.252 2.005 3.738 4.718 4.685 2.943 
JW 0.852 1.442 2.584 4.214 4.917 4.506 1.550 
JK 0.894 1.292 1.780 2.207 2.224 1.931 1.278 
DJ 1.606 2.386 3.345 4.359 5.847 5.971 5.029 
JO 1.018 1.069 1.971 1.867 3.345 2.536 1.991 
JM 1.251 2.011 3.323 4.938 5.282 4.752 2.986 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 

TC 0.511 0.835 1.873 2.193 2.071 1.124 0.894 
AL 1.240 2.019 3.492 5.181 5.162 4.184 2.113 
JW 0.629 1.258 1.832 2.986 2.898 2.397 1.387 
JK 1.006 1.177 1.639 2.573 2.828 2.508 1.947 
DJ 1.522 2.933 4.115 4.363 5.191 4.846 4.571 
JO 0.726 1.002 1.980 1.961 2.478 2.816 2.453 
JM 1.180 1.710 3.367 3.164 3.688 3.534 2.925 
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Plasma free fatty acid concentration (mmol/L) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 0.310 0.190 0.230 0.400 0.570 0.370 0.350 
AL 0.180 0.160 0.200 0.380 0.550 0.540 0.440 
JW 0.200 0.160 0.200 0.310 0.440 0.610 0.730 
JK 0.510 0.290 0.220 0.290 0.440 0.510 0.710 
DJ 0.410 0.250 0.310 0.510 0.640 0.660 0.680 
JO 0.350 0.220 0.290 0.420 0.530 0.570 0.560 
JM 0.250 0.190 0.180 0.240 0.350 0.430 0.580 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 0.220 0.170 0.190 0.310 0.500 0.560 0.480 
AL 0.160 0.140 0.180 0.330 0.550 0.540 0.520 
JW 0.220 0.160 0.170 0.270 0.510 0.700 0.760 
JK 0.410 0.280 0.230 0.350 0.520 0.610 0.650 
DJ 0.300 0.230 0.280 0.300 0.430 0.530 0.620 
JO 0.270 0.220 0.220 0.350 0.520 0.610 0.680 
JM 0.270 0.200 0.240 0.350 0.490 0.600 0.720 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 0.220 0.200 0.240 0.310 0.590 0.490 0.520 
AL 0.240 0.160 0.170 0.240 0.360 0.530 0.610 
JW 0.250 0.180 0.200 0.340 0.500 0.580 0.640 
JK 0.380 0.260 0.190 0.270 0.400 0.510 0.650 
DJ 0.330 0.280 0.290 0.320 0.440 0.570 0.700 
JO 0.360 0.220 0.260 0.350 0.400 0.540 0.690 
JM 0.290 0.220 0.270 0.330 0.420 0.530 0.690 
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Plasma glucose concentration (mmol/L) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.574 4.333 5.014 4.398 4.851 4.613 4.815 
AL 5.013 5.026 5.179 5.344 5.672 5.282 5.157 
JW 5.058 4.989 5.735 5.823 5.714 5.670 5.250 
JK 5.732 6.447 6.799 6.187 6.098 5.687 5.732 
DJ 5.581 6.439 6.001 5.865 6.582 5.791 5.365 
JO 5.313 5.987 5.950 5.791 5.731 6.116 5.605 
JM 5.549 5.565 5.445 5.334 5.925 5.438 5.322 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 4.835 5.675 5.734 4.801 5.249 5.014 4.961 
AL 5.077 4.399 5.235 5.863 5.704 5.829 5.488 
JW 4.941 5.581 5.707 5.874 5.901 5.705 5.340 
JK 5.225 6.088 6.454 5.685 5.749 5.357 5.350 
DJ 5.430 5.947 7.249 6.430 6.205 6.262 5.781 
JO 5.205 6.293 6.192 6.288 6.515 5.871 5.427 
JM 5.573 6.495 5.796 5.902 6.541 6.324 5.606 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.690 4.530 4.954 4.169 4.896 4.581 4.844 
AL 5.118 6.028 5.622 5.803 6.062 5.991 5.803 
JW 4.996 5.491 6.747 5.741 5.971 5.633 5.405 
JK 5.316 5.980 6.833 6.061 6.109 5.894 5.449 
DJ 5.502 5.862 6.738 6.315 6.893 6.194 5.750 
JO 5.395 5.222 6.243 6.216 6.178 5.794 5.532 
JM 5.413 5.800 6.126 6.071 5.986 6.168 5.699 
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Plasma insulin concentration (uIU/mL) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.38 25.30 19.77 8.07 6.55 3.60 3.46 
AL 5.05 26.67 18.76 14.41 7.72 5.11 4.64 
JW 5.77 29.01 16.46 28.78 23.31 10.68 6.74 
JK 3.79 49.17 43.17 31.55 26.74 8.60 4.50 
DJ 8.58 97.50 42.90 46.14 49.30 21.68 21.14 
JO 8.04 41.34 39.96 38.77 39.41 11.94 9.18 
JM 9.51 58.21 34.99 25.25 20.99 30.03 9.25 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.45 31.62 24.38 12.33 11.72 4.84 4.06 
AL 6.60 19.07 22.99 14.68 8.22 6.43 6.74 
JW 6.09 48.18 24.01 22.94 22.39 9.15 7.53 
JK 5.50 65.65 80.89 29.46 15.03 6.93 7.17 
DJ 9.70 123.40 104.30 85.56 49.57 44.25 21.23 
JO 10.01 63.95 30.74 50.93 40.79 39.00 12.53 
JM 7.87 98.43 33.86 34.90 26.08 12.82 8.77 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 3.96 19.03 18.28 11.69 6.01 4.31 4.13 
AL 4.54 36.06 26.30 17.55 12.75 6.53 6.09 
JW 6.32 30.72 22.25 19.47 11.32 7.67 23.87 
JK 5.98 39.84 72.55 46.03 19.27 12.50 8.46 
DJ 8.67 70.33 67.86 69.43 65.87 40.29 15.65 
JO 9.83 62.35 36.66 29.14 44.00 24.05 13.63 
JM 8.21 16.56 46.56 20.17 34.36 15.77 8.75 
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Whole Body Substrate Oxidation During HFTT1 

 

• RER, carbon dioxide produced divided by oxygen consumed (VCO2/VO2) 

• %CHO, fractional contribution of carbohydrate to total energy expenditure 

• %FAT, fractional contribution of fat to total energy expenditure   

• CHO, carbohydrate oxidation (kcal/min) 

• FAT, fat oxidation (kcal/min) 

• TEE, total energy expenditure (kcal/min) 
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TC RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.783 25.89 74.11 0.270 0.719 0.99 
2h 0.832 42.77 57.23 0.590 0.735 1.33 
4h 0.745 12.83 87.17 0.170 1.073 1.24 
6h 0.726 6.45 93.55 0.072 0.968 1.04 

SIT+H 
0h 0.820 38.44 61.56 0.431 0.643 1.07 
2h 0.868 55.08 44.92 0.768 0.583 1.35 
4h 0.775 23.11 76.89 0.335 1.038 1.37 
6h 0.746 13.21 86.79 0.168 1.029 1.20 

SIT+B 
0h 0.859 51.88 48.12 0.485 0.419 0.90 
2h 0.889 62.25 37.75 0.731 0.412 1.14 
4h 0.823 39.73 60.27 0.487 0.688 1.18 
6h 0.760 18.02 81.98 0.179 0.756 0.93 

 

AL RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.828 41.45 58.55 0.439 0.578 1.02 
2h 0.828 41.27 58.73 0.536 0.709 1.25 
4h 0.768 20.69 79.31 0.295 1.051 1.35 
6h 0.728 7.23 92.77 0.093 1.109 1.20 

SIT+H 
0h 0.875 57.26 42.74 0.652 0.453 1.10 
2h 0.852 49.47 50.53 0.721 0.686 1.41 
4h 0.809 34.87 65.13 0.465 0.809 1.27 
6h 0.755 16.30 83.70 0.206 0.984 1.19 

SIT+B 
0h 0.840 45.31 54.69 0.524 0.589 1.11 
2h 0.850 48.75 51.25 0.709 0.694 1.40 
4h 0.762 18.83 81.17 0.271 1.089 1.36 
6h 0.749 14.48 85.52 0.192 1.056 1.25 
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JW RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.831 42.28 57.72 0.470 0.597 1.07 
2h 0.819 38.35 61.65 0.506 0.757 1.26 
4h 0.806 33.87 66.13 0.458 0.833 1.29 
6h 0.748 13.94 86.06 0.176 1.010 1.19 

SIT+H 
0h 0.829 41.80 58.20 0.420 0.544 0.96 
2h 0.875 57.41 42.59 0.768 0.530 1.30 
4h 0.810 35.21 64.79 0.481 0.823 1.30 
6h 0.768 20.87 79.13 0.267 0.941 1.21 

SIT+B 
0h 0.838 44.70 55.30 0.464 0.535 1.00 
2h 0.883 59.93 40.07 0.740 0.461 1.20 
4h 0.840 45.41 54.59 0.590 0.660 1.25 
6h 0.796 30.39 69.61 0.360 0.767 1.13 

 

JK RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.782 25.43 74.57 0.325 0.886 1.21 
2h 0.842 45.91 54.09 0.670 0.734 1.40 
4h 0.799 31.41 68.59 0.467 0.950 1.42 
6h 0.772 22.34 77.66 0.323 1.044 1.37 

SIT+H 
0h 0.803 32.70 67.30 0.406 0.777 1.18 
2h 0.872 56.37 43.63 0.894 0.644 1.54 
4h 0.804 33.07 66.93 0.510 0.961 1.47 
6h 0.755 16.25 83.75 0.233 1.116 1.35 

SIT+B 
0h 0.757 17.08 82.92 0.196 0.884 1.08 
2h 0.885 60.68 39.32 0.867 0.523 1.39 
4h 0.809 34.98 65.02 0.519 0.897 1.42 
6h 0.820 38.60 61.40 0.557 0.825 1.38 
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DJ RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.792 28.87 71.13 0.295 0.676 0.97 
2h 0.861 52.50 47.50 0.658 0.554 1.21 
4h 0.816 37.25 62.75 0.495 0.775 1.27 
6h 0.786 27.06 72.94 0.323 0.810 1.13 

SIT+H 
0h 0.834 43.41 56.59 0.435 0.528 0.96 
2h 0.853 49.72 50.28 0.640 0.602 1.24 
4h 0.868 54.90 45.10 0.703 0.538 1.24 
6h 0.855 50.50 49.50 0.603 0.550 1.15 

SIT+B 
0h 0.841 45.83 54.17 0.457 0.503 0.96 
2h 0.865 53.81 46.19 0.638 0.510 1.15 
4h 0.855 50.57 49.43 0.649 0.590 1.24 
6h 0.754 16.13 83.87 0.190 0.921 1.11 

 

JO RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.772 22.25 77.75 0.286 0.929 1.22 
2h 0.818 37.72 62.28 0.598 0.919 1.52 
4h 0.775 23.07 76.93 0.366 1.137 1.50 
6h 0.728 7.27 92.73 0.102 1.210 1.31 

SIT+H 
0h 0.843 46.53 53.47 0.596 0.637 1.23 
2h 0.853 49.70 50.30 0.727 0.685 1.41 
4h 0.779 24.74 75.26 0.409 1.159 1.57 
6h 0.719 4.03 95.97 0.058 1.287 1.35 

SIT+B 
0h 0.887 61.40 38.60 0.806 0.472 1.28 
2h 0.799 31.44 68.56 0.462 0.938 1.40 
4h 0.857 51.11 48.89 0.794 0.707 1.50 
6h 0.719 4.16 95.84 0.061 1.309 1.37 

 

 

 

 

 

 



 151	  

JM RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.793 29.47 70.53 0.381 0.848 1.23 
2h 0.843 45.54 54.46 0.554 0.616 1.17 
4h 0.775 23.31 76.69 0.298 0.912 1.21 
6h 0.756 16.75 83.25 0.215 0.994 1.21 

SIT+H 
0h 0.762 18.64 81.36 0.215 0.873 1.09 
2h 0.830 41.96 58.04 0.580 0.747 1.33 
4h 0.794 29.69 70.31 0.414 0.912 1.33 
6h 0.749 14.34 85.66 0.184 1.023 1.21 

SIT+B 
0h 0.840 45.24 54.76 0.547 0.616 1.16 
2h 0.824 39.76 60.24 0.561 0.791 1.35 
4h 0.799 31.56 68.44 0.435 0.877 1.31 
6h 0.760 18.22 81.78 0.243 1.016 1.26 
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2. HIGH FAT TOLERANCE TEST 2 

 

• Plasma triglyceride concentration 

• Plasma free fatty acid concentration 

• Plasma glucose concentration 

• Plasma insulin concentration 

• Whole body substrate oxidation 
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Plasma triglyceride concentration (mmol/L) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 0.360 0.631 1.096 1.426 0.977 0.616 0.363 
AL 0.570 0.918 1.788 2.510 2.170 1.644 0.681 
JW 0.579 1.126 1.902 2.175 2.564 2.411 1.117 
JK 0.757 0.924 1.353 1.914 2.142 1.816 1.224 
DJ 0.930 1.830 3.028 3.896 4.323 3.944 1.997 
JO 0.698 1.249 2.142 2.376 2.146 1.692 1.254 
JM 0.700 1.521 2.295 2.599 2.063 1.747 0.656 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 0.532 1.002 1.470 2.022 1.313 0.921 0.546 
AL 0.783 1.208 2.056 3.494 4.444 3.294 1.753 
JW 1.172 1.776 3.277 4.058 4.340 3.470 1.550 
JK 1.558 1.741 2.167 2.739 3.225 3.171 2.770 
DJ 1.298 1.957 3.526 3.957 4.569 4.117 3.021 
JO 1.081 1.476 2.526 2.994 2.710 2.216 1.345 
JM 1.510 2.666 4.586 5.479 6.385 5.384 3.521 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 0.458 0.945 1.499 2.275 1.795 1.150 0.851 
AL 1.358 1.920 3.514 4.651 4.686 2.836 1.347 
JW 0.706 1.359 1.885 2.890 3.217 2.630 1.191 
JK 1.311 1.579 2.438 3.514 3.420 2.514 1.471 
DJ 1.830 2.811 5.344 6.779 5.155 7.254 5.477 
JO 0.854 1.458 2.467 3.073 3.086 2.324 1.513 
JM 0.950 1.505 2.710 2.921 3.467 2.725 1.922 
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Plasma free fatty acid concentration (mmol/L) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 0.270 0.210 0.270 0.500 0.560 0.400 0.320 
AL 0.290 0.180 0.260 0.450 0.600 0.600 0.320 
JW 0.250 0.170 0.200 0.320 0.520 0.620 0.520 
JK 0.450 0.380 0.270 0.460 0.610 0.680 0.680 
DJ 0.450 0.290 0.370 0.550 0.680 0.710 0.590 
JO 0.390 0.220 0.300 0.450 0.550 0.620 0.620 
JM 0.390 0.250 0.310 0.440 0.540 0.590 0.420 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 0.300 0.190 0.280 0.430 0.550 0.450 0.460 
AL 0.190 0.160 0.210 0.360 0.550 0.640 0.480 
JW 0.270 0.180 0.230 0.350 0.610 0.690 0.630 
JK 0.500 0.340 0.260 0.290 0.390 0.540 0.820 
DJ 0.350 0.190 0.320 0.410 0.500 0.540 0.680 
JO 0.320 0.220 0.330 0.520 0.680 0.720 0.690 
JM 0.290 0.210 0.290 0.390 0.490 0.650 0.820 

 

  

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 0.290 0.200 0.280 0.460 0.540 0.510 0.450 
AL 0.230 0.160 0.180 0.310 0.430 0.590 0.600 
JW 0.260 0.200 0.220 0.360 0.580 0.630 0.630 
JK 0.290 0.220 0.220 0.300 0.430 0.550 0.570 
DJ 0.400 0.270 0.350 0.450 0.550 0.600 0.590 
JO 0.270 0.240 0.310 0.460 0.600 0.710 0.770 
JM 0.260 0.230 0.250 0.350 0.510 0.600 0.570 
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Plasma glucose concentration (mmol/L) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.503 4.497 5.281 5.335 4.833 4.648 4.761 
AL 4.983 5.198 5.137 5.403 5.245 5.253 4.974 
JW 4.917 6.206 5.226 5.289 5.767 5.344 5.028 
JK 4.954 5.617 6.161 6.198 5.804 5.307 5.181 
DJ 5.320 6.040 6.402 6.131 6.563 6.099 4.732 
JO 5.051 5.985 6.366 5.456 5.682 5.217 5.129 
JM 5.311 6.172 6.088 5.517 5.704 5.422 5.122 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 4.818 4.847 4.946 4.777 4.964 4.873 5.006 
AL 4.808 5.786 5.662 5.690 5.605 5.370 5.171 
JW 4.928 5.647 6.059 6.219 5.922 5.530 5.236 
JK 5.073 5.737 6.975 6.373 6.301 5.931 5.709 
DJ 5.268 6.744 6.704 6.982 6.785 6.178 5.583 
JO 5.374 6.072 6.158 7.121 6.272 5.625 5.418 
JM 5.321 6.253 5.203 5.976 5.866 5.720 5.084 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.715 4.584 5.372 5.357 5.200 4.779 5.058 
AL 5.057 5.158 5.623 5.624 6.056 5.482 5.302 
JW 4.614 5.397 5.466 5.751 5.798 5.403 5.203 
JK 5.171 5.669 6.121 6.573 6.048 5.607 5.262 
DJ 5.333 6.100 5.936 6.366 7.132 6.185 5.462 
JO 5.038 6.493 5.981 6.299 6.112 5.539 5.206 
JM 5.289 5.607 6.372 5.679 5.848 5.473 5.102 
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Plasma insulin concentration (uIU/mL) 

 

WALK+B 0h 1h 2h 3h 4h 5h 6h 
TC 3.67 36.97 17.54 12.33 3.70 3.57 3.43 
AL 4.41 40.62 19.98 16.77 6.36 4.61 3.56 
JW 7.06 55.31 28.41 19.94 20.54 8.96 7.02 
JK 3.46 14.93 33.17 25.74 15.55 5.46 4.55 
DJ 8.53 66.05 51.10 28.44 41.14 31.82 9.66 
JO 8.22 58.77 58.59 25.56 18.40 14.00 8.22 
JM 6.60 59.56 51.56 16.30 15.64 6.08 6.51 

 

 

SIT+H 0h 1h 2h 3h 4h 5h 6h 
TC 4.31 34.21 19.13 11.90 6.23 3.96 4.13 
AL 5.28 44.64 27.72 12.14 6.57 6.03 5.59 
JW 7.16 49.01 33.50 34.06 17.06 7.71 7.57 
JK 4.65 34.17 86.27 44.65 26.74 9.65 6.36 
DJ 13.58 109.75 101.45 99.03 74.43 21.86 18.26 
JO 11.52 90.42 30.65 33.82 21.61 14.32 7.81 
JM 8.60 110.95 37.56 57.12 21.56 8.17 6.25 

 

 

SIT+B 0h 1h 2h 3h 4h 5h 6h 
TC 4.10 29.74 19.91 9.88 12.72 3.99 3.52 
AL 4.37 32.45 29.44 15.55 8.93 5.28 5.55 
JW 5.26 46.79 17.39 20.31 13.45 7.44 5.63 
JK 4.31 40.12 62.65 44.12 17.22 6.22 8.08 
DJ 7.09 57.54 44.03 53.62 82.68 41.64 11.86 
JO 10.33 74.78 63.22 18.40 12.76 11.57 7.35 
JM 12.60 54.95 37.60 38.38 23.30 8.82 6.08 
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Whole Body Substrate Oxidation During HFTT2 

 

• RER, carbon dioxide produced divided by oxygen consumed (VCO2/VO2) 

• %CHO, fractional contribution of carbohydrate to total energy expenditure 

• %FAT, fractional contribution of fat to total energy expenditure   

• CHO, carbohydrate oxidation (kcal/min) 

• FAT, fat oxidation (kcal/min) 

• TEE, total energy expenditure (kcal/min) 
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TC RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.801 31.97 68.03 0.317 0.629 0.95 
2h 0.807 34.21 65.79 0.483 0.865 1.35 
4h 0.743 12.32 87.68 0.157 1.039 1.20 
6h 0.727 6.81 93.19 0.075 0.953 1.03 

SIT+H 
0h 0.813 36.22 63.78 0.417 0.683 1.10 
2h 0.836 43.99 56.01 0.653 0.773 1.43 
4h 0.736 9.96 90.04 0.135 1.133 1.27 
6h 0.733 8.80 91.20 0.117 1.127 1.24 

SIT+B 
0h 0.805 33.56 66.44 0.332 0.613 0.95 
2h 0.825 40.12 59.88 0.550 0.764 1.31 
4h 0.763 19.05 80.95 0.254 1.003 1.26 
6h 0.745 12.97 87.03 0.161 1.003 1.16 

 
 

AL RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.772 22.07 77.93 0.233 0.765 1.00 
2h 0.771 21.81 78.19 0.338 1.129 1.47 
4h 0.723 5.34 94.66 0.079 1.300 1.38 
6h 0.768 20.70 79.30 0.254 0.904 1.16 

SIT+H 
0h 0.862 52.77 47.23 0.641 0.534 1.17 
2h 0.813 36.30 63.70 0.572 0.934 1.51 
4h 0.775 23.20 76.80 0.329 1.012 1.34 
6h 0.750 14.61 85.39 0.191 1.037 1.23 

SIT+B 
0h 0.791 28.83 71.17 0.289 0.663 0.95 
2h 0.798 30.89 69.11 0.390 0.813 1.20 
4h 0.764 19.40 80.60 0.261 1.010 1.27 
6h 0.746 13.41 86.59 0.159 0.958 1.12 
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JW RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.782 25.44 74.56 0.274 0.747 1.02 
2h 0.813 36.04 63.96 0.477 0.789 1.27 
4h 0.769 21.04 78.96 0.292 1.021 1.31 
6h 0.748 13.94 86.06 0.180 1.035 1.21 

SIT+H 
0h 0.785 26.56 73.44 0.260 0.670 0.93 
2h 0.848 47.98 52.02 0.640 0.646 1.29 
4h 0.802 32.51 67.49 0.459 0.887 1.35 
6h 0.736 9.97 90.03 0.132 1.111 1.24 

SIT+B 
0h 0.803 32.93 67.07 0.358 0.678 1.04 
2h 0.821 39.01 60.99 0.502 0.731 1.23 
4h 0.770 21.37 78.63 0.291 0.995 1.29 
6h 0.788 27.74 72.26 0.359 0.872 1.23 

 
 

JK RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.784 26.41 73.59 0.338 0.877 1.22 
2h 0.835 43.69 56.31 0.673 0.807 1.48 
4h 0.753 15.54 84.46 0.242 1.227 1.47 
6h 0.713 1.88 98.12 0.025 1.213 1.24 

SIT+H 
0h 0.768 20.76 79.24 0.261 0.928 1.19 
2h 0.909 68.98 31.02 1.064 0.445 1.51 
4h 0.837 44.54 55.46 0.763 0.884 1.65 
6h 0.740 11.16 88.84 0.188 1.395 1.58 

SIT+B 
0h 0.791 28.79 71.21 0.344 0.792 1.14 
2h 0.883 60.05 39.95 0.910 0.564 1.47 
4h 0.877 58.18 41.82 0.876 0.586 1.46 
6h 0.858 51.54 48.46 0.840 0.735 1.57 
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DJ RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.719 4.25 95.75 0.043 0.905 0.95 
2h 0.807 33.98 66.02 0.434 0.785 1.22 
4h 0.720 4.49 95.51 0.059 1.175 1.23 
6h 0.757 16.92 83.08 0.204 0.934 1.14 

SIT+H 
0h 0.792 28.94 71.06 0.308 0.704 1.01 
2h 0.784 26.17 73.83 0.347 0.910 1.26 
4h 0.797 30.73 69.27 0.414 0.869 1.28 
6h 0.816 37.09 62.91 0.454 0.716 1.17 

SIT+B 
0h 0.739 10.80 89.20 0.111 0.851 0.96 
2h 0.766 20.22 79.78 0.260 0.955 1.22 
4h 0.948 82.19 17.81 1.123 0.226 1.35 
6h 0.924 74.15 25.85 0.898 0.291 1.19 

 
 

JO RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.756 16.72 83.28 0.216 1.003 1.22 
2h 0.777 23.89 76.11 0.396 1.175 1.57 
4h 0.712 1.78 98.22 0.028 1.436 1.46 
6h 0.731 8.34 91.66 0.120 1.227 1.35 

SIT+H 
0h 0.767 20.41 79.59 0.273 0.990 1.26 
2h 0.815 36.99 63.01 0.602 0.955 1.56 
4h 0.718 3.71 96.29 0.059 1.425 1.48 
6h 0.717 3.51 96.49 0.051 1.300 1.35 

SIT+B 
0h 0.826 40.51 59.49 0.531 0.726 1.26 
2h 0.806 33.92 66.08 0.566 1.026 1.59 
4h 0.736 9.77 90.23 0.162 1.390 1.55 
6h 0.672 0.00 100.00 0.000 1.355 1.36 
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JM RER %CHO %FAT CHO FAT TEE 
WALK+B 

0h 0.758 17.35 82.65 0.204 0.905 1.11 
2h 0.801 32.24 67.76 0.462 0.903 1.37 
4h 0.720 4.27 95.73 0.058 1.221 1.28 
6h 0.726 6.38 93.62 0.079 1.075 1.15 

SIT+H 
0h 0.749 14.25 85.75 0.164 0.919 1.08 
2h 0.828 41.35 58.65 0.610 0.805 1.41 
4h 0.790 28.46 71.54 0.384 0.898 1.28 
6h 0.767 20.59 79.41 0.261 0.936 1.20 

SIT+B 
0h 0.794 29.59 70.41 0.345 0.764 1.11 
2h 0.824 39.94 60.06 0.547 0.765 1.31 
4h 0.738 10.56 89.44 0.150 1.186 1.34 
6h 0.727 6.89 93.11 0.089 1.121 1.21 
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