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Abstract

We measured the effect of an aerobic exercise session on postprandial glucose control in 

adolescents with habitually low physical activity. The goal was to determine if the acute or 

residual response of exercise was altered by overweight/obesity (OW/Ob). Eleven normal weight 

(NW, BMI = 48 ± 13 percentile) and 12 OW/Ob (BMI = 91 ± 5 percentile) participants completed 

three trials. In the no exercise (No Ex) trial, participants rested quietly before and after consuming 

a test meal. In the other 2 trials, a 45-minute aerobic exercise session was performed either 17-

hours (Prior Day Ex) or 40 minutes (Same Day Ex) before the test meal. On all trials, the OW/Ob 

group had higher fasting glucose (~6%) and insulin (~66%), and lower insulin sensitivity (~9%) 

than the NW group. The Same Day Ex and Prior Day Ex trials resulted in reduced area under the 

curve for glucose (6% on both trials, p < 0.01) and insulin (15 and 13%, respectively, p < 0.03), 

and increased insulin sensitivity (8 and 6%, respectively, p < 0.01). The magnitudes of those 

effects did not differ between the NW and OW/Ob groups. Plasma fatty acids declined and 

carbohydrate oxidation increased after the meal, but did not differ among trials or groups. The 

results demonstrate that moderate-intensity aerobic exercise increases insulin sensitivity in NW 

and OW/Ob adolescents and that the beneficial effects of exercise lasts up to 17 hours. The acute 

impact of exercise on metabolic health in adolescents is not impaired by overweight/obesity.
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INTRODUCTION

Adolescent overweight or obesity elevates the risk for developing diabetes and other 

cardiometabolic diseases, as shown by reduced insulin sensitivity, reduced rates of whole 

body fat oxidation, and other signs of metabolic inflexibility (1–3). However, exercise can 

reverse many of the metabolic consequences of obesity. In several studies glucose tolerance 

and insulin sensitivity were improved in overweight/obese children and adolescents 

following 8–13 weeks of structured exercise (3–7), although there are exceptions (8, 9). In 
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many of those studies, insulin sensitivity improvement was independent of weight loss, 

demonstrating the effect of exercise per se on glycemic control (3–6).

Despite those findings, it is not yet clear whether adolescents who are overweight or obese 

have similar responses in insulin sensitivity following exercise as their normal weight peers. 

In one report insulin sensitivity was increased by a similar magnitude in normal weight and 

obese adolescents following 12 weeks of aerobic exercise training (3). In contrast, when 

normal weight and overweight girls performed a single aerobic exercise session, the normal 

weight group had reduced fasting insulin and maintained higher fat oxidation the following 

morning, but these effects were not observed in the overweight group (10). The latter results 

raise the possibility that the beneficial effects of exercise on insulin action and fuel 

metabolism in overweight youth might be blunted or more transient at the beginning of an 

exercise program. There are, as yet, no other comparisons of insulin sensitivity responses to 

exercise in normal weight versus overweight/obese adolescents.

We previously reported that a single session of moderate-intensity exercise performed by 

adolescents with habitually low physical activity resulted in reduced postprandial glucose 

and insulin compared to a rest-only condition (11). Those responses were evident when the 

test meal was consumed either 40 minutes or 17 hours after completing the exercise. The 

participants in that report had a range of body sizes and composition. In the current 

investigation, we increased the number of participants, with the purpose of determining 

whether the metabolic responses to the single exercise session would be modified by the 

presence of overweight/obesity.

METHODS

Participants

The eligibility criteria were age 12–17 years old, maturational development ≥ Tanner Stage 

2, habitually low physical activity, and no evidence of medical conditions, or use of 

medications that could alter the results. Low physical activity was defined as performing less 

than 30 minutes of moderate-to-vigorous exercise on three or fewer days per week. Body 

mass index (BMI) was used to classify participants as normal weight (NW; 5 girls, 6 boys) 

or overweight/obese (OW/Ob; 7 girls, 5 boys). NW was defined as having a BMI > 20th to ≤ 

75th percentile on pediatric growth charts from the Centers for Disease Control and 

Prevention (12). OW/Ob was defined as BMI ≥ 85th percentile. Results from a subset of 4 

participants in the NW group and 8 in the OW/Ob group were previously published (11). For 

the current investigation, we included an additional 7 NW and 4 OW/Ob participants who 

followed the same protocol.

Study protocol

Each participant completed an initial screening visit and three separate experimental trials, 

as previously described (11). Children and their parents or guardians provided their 

informed assent and consent in accordance with the university Institutional Review Board, 

which approved the study. During the screening visit, a pediatric clinician performed a 

medical exam to assure that the participant was healthy and met the inclusion criteria. The 
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clinician confirmed that participants had reached puberty but did not determine specific 

Tanner stage. Whole body and regional composition of fat and lean tissue was measured 

using dual energy X-ray absorptiometry (Lunar iDXA, GE-Healthcare, Fairfield, CT). 

Cardiorespiratory fitness was measured during an incremental workload test to volitional 

exhaustion on a stationary bicycle (Lode Corival, Groningen, The Netherlands). During 

exercise, HR was recorded with a chest-strap monitor (Polar Electro USA, Lake Success, 

NY) and oxygen uptake was measured with an indirect calorimetry system (Ultima Cardio2, 

MedGraphics, St. Paul, MN). Participants were familiarized with the exercise protocol on 

the first visit (11).

Three morning trials were conducted at least one week apart. The trials differed only by the 

timing of exercise (or lack of exercise) before a test meal was consumed. The first trial for 

all participants was the No Exercise trial described below. The order of the two trials 

involving exercise was conducted in randomized order. Participants were instructed to 

maintain their normal activity pattern and to consume a consistent mixed diet for three days 

before each trial. Daily physical activity during waking hours was recorded for three to four 

days before each trial with a step activity monitor worn above the ankle (StepWatch 3, 

OrthoCare Innovations, Mountlake Terrace, WA). The three trials were:

1. No Exercise Trial (No Ex). Participants rested quietly throughout the morning. 

This trial was considered as the control to which the other trials were compared.

2. Prior Day Exercise Trial (Prior Day Ex). A 45-minute bout of moderate 

intensity aerobic exercise was performed in the afternoon. The exercise session 

consisted of consecutive 15-minute segments of walking on a treadmill, 

stationary cycling, and video game boxing (Nintendo Wii Sports, Nintendo of 

America, Redmond, WA), respectively. Walking and cycling workloads were 

adjusted to elicit 75% of the peak HR. During boxing the participants were 

instructed to remain actively engaged in the game. HR during boxing is more 

variable than steady-state walking or cycling but the average was ~75% of peak 

HR (11, 13). The exercise session was designed to be feasible and enjoyable for 

participants who were not habitual exercisers, and to engage multiple muscle 

groups.

After completing the exercise, the participants went home for the evening and 

then returned to the research center the following morning, with a time delay of 

16.9 ± 0.2 hours between the end of the exercise and the start of the meal. The 

timing of the exercise and meal were selected for practical reasons; most 

participants completed the afternoon exercise session after school, and returned 

the following morning at the same time as the other trials.

3. Same Day Exercise Trial (Same Day Ex). After completing baseline resting 

measurements, the same moderate intensity exercise session described above was 

performed, with a time delay of 38 ± 3 minutes between the end of the exercise 

and the start of the meal. The time between the end of the exercise and meal 

allowed participants a short recovery period, for the nurse to assure that the 
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intravenous line was in place, and for preparation of the meal and testing 

equipment.

Trial protocol

All trials were performed following an overnight fast and began with baseline measurement 

of resting energy expenditure using an indirect calorimetry system with a flow-through 

canopy (TrueOne 2400, ParvoMedics, Sandy, UT). Blood pressure and heart rate (HR) were 

recorded at the end of the energy expenditure measurement. An intravenous catheter was 

placed in a forearm vein and kept patent with saline infusion for serial blood sampling. 

Blood samples were collected at 10 and 2 minutes before the start of the meal, and at 10, 20, 

30, 40, 60, 90, 120, 150, and 180 minutes after the start of meal consumption. The mixed 

meal was a chocolate shake made from milk powder, milk cream and chocolate syrup (2803 

kJ, 45/40/15% of energy from carbohydrate/fat/protein, respectively). It was consumed 

within five minutes. Indirect calorimetry was repeated at 40, 110, and 160 minutes following 

the meal. The last 15 minutes of data collected at each time was used to calculate energy 

expenditure and carbohydrate oxidation (14).

Blood analyses

Blood samples were separated into plasma or serum at the time of collection and stored at 

−80°C until analysis. Plasma glucose was measured by the glucose oxidase method 

(2300STAT Plus, Yellow Springs Instruments, Yellow Springs, OH). Serum insulin and C-

peptide were measured using commercial ELISA kits (#EZHIASF-14K and #EZHCP-20K, 

respectively, Millipore, St. Louis, MO). Serum triglycerides, total cholesterol, and HDL-

cholesterol were measured at the Clinical Chemistry Laboratory of the Oklahoma Veterans 

Administration Hospital (Oklahoma City) using validated enzymatic assays (Synchron 

Systems, Beckman Coulter, Brea, CA). Serum non-esterified fatty acids (NEFA) were 

measured in with an enzymatic colorimetric assay (NEFA-HR2, Wako Chemicals, 

Richmond, VA). All assays were performed with appropriate standards and quality controls 

according to manufacturer’s directions.

The fasting concentrations of each analyte was calculated as the average of two blood 

samples collected at 10 and 2 minutes prior to meal ingestion. The concentrations of 

glucose, insulin, C-peptide, and NEFA from 0–180 minutes after the meal were used to 

calculate the total area under the curve (AUC) using the trapezoidal method, and the oral 

glucose insulin sensitivity index (15).

Data Analysis

Descriptive statistics were computed for all variables and presented as mean ± standard 

deviation unless otherwise specified. An analysis of variance for repeated measures was 

used to determine the effect of trial, group, and their interaction on the outcome variables. 

Bonferroni post-hoc tests were used to determine pairwise differences. Student’s t test was 

used for comparisons between groups for all other variables. Cohen’s d was used to 

calculate the standardized difference between means (Effect size). Bivariate correlations 

were used to measure the strength of association among selected variables. P values less than 

an alpha of 0.05 were considered significant for all tests.
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RESULTS

Participant characteristics (Table 1)

The OW/Ob group had higher values for BMI, total body fat, trunk fat, and fasting glucose, 

insulin, C-peptide, and systolic blood pressure. All other descriptive characteristics were not 

different between groups. The NW group averaged 7,897 ± 3,104 steps per day and the 

OW/Ob group averaged 7,733 ± 2,846 steps per day across trials. There were no differences 

in physical activity across trials or between groups. The NW group spent 88 ± 5% of daily 

monitoring time (12 hours/day) performing either no activity or low intensity activity (< 30 

steps per minute), while the OW/Ob group spent 86 ± 4% of monitoring time (10 hours/day) 

performing no activity or low intensity activity, with no difference between groups.

Exercise HR and energy expenditure

For the NW group, average HR during the Prior Day Ex and Same Day Ex trials, was 72 ± 4 

and 72 ± 5% of peak, respectively. For the OW/Ob group, the corresponding HR values were 

73 ± 5 and 73 ± 6% of of peak HR, respectively. Estimated total energy expenditure during 

exercise was 864 ± 283 kJ for the NW group and 948 ± 305 for the OW/Ob group. There 

were no differences between exercise trials or between groups for HR or exercise energy 

expenditure.

Glucose

Fasting glucose in the No Ex trial was 6% higher (Effect size = 1.0) for the OW/Ob group 

than the NW group (Table 1), and this difference was maintained in the other two trials. All 

participants had fasting glucose within the normal range (NW: 4.4 to 5.1 mmol/l, OW/Ob: 

4.3 to 5.3 mmol/l). The glucose excursion curves are shown in Figures 1A and 1B for the 

NW and OW/Ob groups, respectively. None of the participants had impaired glucose 

tolerance, defined as glucose concentration greater than 7.8 mmol/l at two hours after the 

meal (NW: 4.7 to 7.3 mmol/l at 120 minutes, OW/Ob: 5.0 to 6.6 mmol/l). In the No Ex trial, 

plasma glucose was higher than the fasting baseline from 10 minutes (OW/Ob) or 20 

minutes (NW) following the meal, through the 120-minute measurement. In contrast, post 

meal glucose for the NW group had a shorter period of elevation during the exercise trials; in 

the Prior Day Ex trial glucose was elevated from 20 to 40 minutes post meal, while in the 

Same Day Ex trial it was elevated from 20 to 90 minutes post meal. For the OW/Ob group, 

there was a biphasic elevation in glucose in the Prior Day Ex trial, from 10–40 minutes and 

again at 90–120 minutes, respectively. In the Same Day Ex trial glucose for the OW/Ob 

group was elevated only from 10 to 30 minutes post meal.

When the NW and OW/Ob groups were pooled, the glucose AUC was reduced by 6% 

(Effect size 0.6–0.7, p < 0.01) on both exercise trials relative to the NoEx trial. Within the 

NW group, glucose AUC (Figure 1C) was reduced by 9% (Effect size 0.8, p = 0.004) in the 

Prior Day Ex trial and 6% (Effect size 0.6, p = 0.088) in the Same Day Ex trial, respectively. 

For the OW/Ob group, glucose AUC was reduced by 3% (Effect size 0.5, p = 0.107) and 5% 

(Effect size 0.7, p = 0.046) in the Prior Day Ex and Same Day Ex, trials, respectively. The 

glucose AUC did not differ between groups on any of three trials.
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Individual values for the difference in glucose AUC on the exercise trials, relative to the No 

Ex trial, are shown in Figure 1D. The majority of participants in both groups demonstrated a 

reduction in glucose AUC in one or both exercise trials (78% of participants in the Prior Day 

Ex, 70% of participants in the Same Day Ex, respectively). There were no differences 

between groups in the change in glucose AUC on either of the exercise trials.

Insulin

Fasting insulin in the No Ex trial was 66% (Effect size = 1.1) higher for the OW/Ob group 

than the NW group (Table 1), and this difference was maintained in the other two trials. The 

insulin excursion curves are shown in Figures 2A and 2B for the NW and OW/Ob groups, 

respectively. On all three trials, serum insulin remained higher than the fasting baseline from 

10 minutes (OW/Ob) or 20 minutes (NW) following the meal through the 180-minute 

measurement. Compared to the NoEx trial, insulin concentration in the two exercise trials 

was lower from 60–150 minutes in both groups at the specific times depicted in the figure.

For the pooled NW and OW/Ob groups, the insulin AUC was reduced by 13% (Effect size 

0.3, p = 0.034) in the Prior Day Ex and 15% (Effect size = 0.4, p = 0.003) in the Same Day 

Ex, respectively, relative to the NoEx trial. Within the NW group insulin AUC (Figure 2C) 

was reduced by 18% (Effect size 0.4, p = 0.065) in the Prior Day Ex trial and 14% (Effect 

size 0.4, p = 0.122) in the Same Day Ex trial, respectively. For the OW/Ob group, the insulin 

AUC was reduced by 10% (Effect size 0.3, p = 0.245) and 15% (Effect size 0.5, p = 0.012) 

in the Prior Day Ex and Same Day Ex trials, respectively. Insulin AUC was 23–36% greater 

in the OW/Ob group than the NW group on all three trials, though the between-group 

differences did not reach statistical significance (Effect sizes = 0.6 to 0.7, p = 0.129 to 

0.180).

Individual values for the difference in insulin AUC on the exercise trials, relative to the No 

Ex trial, is shown in Figure 2D. When results from both groups were pooled, insulin AUC 

was reduced in 74% of participants in the Prior Day Ex trial, and 87% of participants in the 

Same Day Ex trial, respectively. There were no differences between groups for the change in 

insulin AUC on either of the exercise trials.

C-peptide

Fasting C-peptide in the No Ex trial was 50% higher (Effect size 0.9) for the OW/Ob group 

(Table 1), and this difference was maintained in the other two trials. The C-peptide excursion 

curves are shown in Figures 3A and 3B for the NW and OW/Ob groups, respectively. Like 

insulin, on all three trials, C-peptide remained significantly higher than the fasting baseline 

from 10 minutes (OW/Ob) or 20 minutes (NW) following the meal, through the 180-minute 

measurement. For the NW group, C-peptide in the Prior Day Ex trial was reduced from 30–

120 minutes compared to the NoEx trial, but did differ from NoEx in the Same Day Ex trial. 

For the OW/Ob, the Prior Day Ex trial did not result in a significant change in C-peptide, but 

in the Same Day Ex trial, it was reduced from 60–120 and at 180 minutes, as depicted in the 

figure.

When the NW and OW/Ob groups were pooled, C-peptide AUC was reduced by 10–11% 

(Effect size 0.4, p < 0.008) on both exercise trials relative to the NoEx trial. Within the NW 
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group, C-peptide AUC (Figure 3C) was reduced by 17% (Effect size 0.5, p = 0.005) in the 

Prior Day Ex trial and 8% (Effect size 0.3, p = 0.087) in the Same Day Ex trial, respectively. 

For the OW/Ob group, the C-peptide AUC was reduced by 7% (Effect size 0.3, p = 0.108) 

and 12% (Effect size 0.6, p = 0.008) in the Prior Day Ex and Same Day Ex, trials, 

respectively. C-peptide AUC did not differ between groups on any of the three trials.

Individual values for the difference in C-peptide AUC on the exercise trials, relative to the 

No Ex trial, is shown in Figure 3D. Like the insulin response, the majority of participants in 

both groups (78% in the Prior Day Ex trial, 70% in the Same Day Ex trial, respectively) had 

a reduction in C-peptide AUC on one or both exercise trials. There were no differences 

between groups in the change in AUC on either of the exercise trials.

Insulin sensitivity

In each trial, insulin sensitivity was 8–9% lower (Effect size 1.0, p < 0.05,) in the OW/Ob 

group versus the NW group. For the pooled NW and OW/Ob groups, insulin sensitivity was 

increased 6% and 8% on the Prior Day Ex and Same Day Ex trials compared to the No Ex 

trial (Effect size = 0.6 and 0.8, respectively; both p < 0.01). Within the NW group, insulin 

sensitivity (Figure 4A) was increased by 6% (Effect size 0.7, p = 0.024) in the Prior Day Ex 

trial and 8% (Effect size 0.9, p = 0.019) in the Same Day Ex trial, respectively. For the 

OW/Ob group, insulin sensitivity was increased by 6% (Effect size 0.6, p = 0.068) and 7% 

(Effect size 0.8, p = 0.003) in the Prior Day Ex and Same Day Ex trials, respectively.

Individual values for the difference in insulin sensitivity on the exercise trials, relative to the 

No Ex trial, are shown in Figure 4B. A majority of participants in both groups demonstrated 

an increase on one or both exercise trials, with 74% improving in the Prior Day Ex trial and 

87% improving in the Same Day Ex trial. The change in insulin sensitivity did not differ 

between groups for either Prior Day Ex or Same Day Ex.

The lower insulin sensitivity in the OW/Ob group versus the NW group may be at least 

partly attributable to trunk fat since the OW/Ob group had nearly twice as much trunk fat 

than the NW group, and trunk fat was inversely correlated with insulin sensitivity (r = 

−0.695 for both groups combined). Variation in trunk fat, however, was not associated with 

the change in insulin sensitivity in response to exercise.

NEFA

Fasting NEFA did not differ between groups in the NoEx trial (Table 1) or on either of the 

exercise trials. The NEFA excursion curves are shown in Support Figures 1A and 2B for the 

NW and OW/Ob groups, respectively. On all three trials, NEFA significantly declined from 

the fasting baseline value following the meal. For both groups, the decline became 

statistically significant (p < 0.005) at 30 minutes in the No Ex trial and at 60 minutes and 10 

minutes in the Prior Day Ex and Same Day Ex trials, respectively. For both groups, baseline 

NEFA was ~28% lower at the the start of the Prior-Day Ex trial compared to the No Ex trial 

(Effect size 0.8, p = 0.004 for the pooled groups). However, as depicted in Support Figures 

1C and 1D, there were no differences between trials or between groups for the NEFA AUC.
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Indirect calorimetry

The energy expenditure rate while fasting in the No Ex trial was 24% higher for the OW/Ob 

group (4.52 ± 0.12 kJ/min) than the NW group (3.63 ± 0.17 kJ/minute, Effect size = 1.4, p = 

0.005) and remained 10–24% higher in the OW/Ob group throughout each trial (Support 

Figure 2A & 2B). Postprandial energy expenditure was elevated above baseline at all 

measurement times for both the NW group (21–53% above baseline) and the OW/Ob group 

(14–20% increased), with no differences among trials within either group. The energy 

expenditure AUC did not differ between trials or between groups on any trial (not shown).

Pre-meal carbohydrate oxidation accounted for 36 ± 5% of energy expenditure for the NW 

group and 50 ± 4% for the OW/Ob group in the NoEx trial (Effect size = 1.0, p = 0.032). 

Following the meal, carbohydrate oxidation increased on both the NoEx and Prior Day Ex 

trials and remained higher than baseline at all measurement times in both groups (NW: 52–

64% of energy expenditure, OW/Ob: 62–77% of energy expenditure from 45–180 minutes 

postprandial). In the Same Day Ex trial, for both groups, carbohydrate oxidation was 

increased above baseline only at the first postprandial measurement, (45–60 minutes), and 

returned toward baseline thereafter. The resulting net carbohydrate oxidation was thus lowest 

in the Same Day Ex trial in the NW group (Same Day Ex: 7.6 ± 1.4 g, No Ex: 11.2 ± 0.9 g, 

Effect size for difference = 0.9, p = 0.055) and the OW/Ob group (Same Day Ex: 6.5 ± 2.0 g, 

No Ex: 12.2 ± 2.3 g; Effect size for difference = 0.8, p = 0.010). Rates of carbohydrate 

oxidation in the Prior Day Ex trial were intermediate and not different from the No Ex trial 

(NW: 8.4 ± 1.7 g, Effect size versus NoEx = 0.6, p = 0.153; OW/Ob: 10.7 ± 1.6 g, Effect 

size versus NoEx = 0.2, p = 0.408).

Analysis of responders versus non-responders

As shown in Figures 1–4, insulin sensitivity and glucose, insulin, and C-peptide AUCs, 

demonstrated a broad range in their magnitudes of response to exercise. As an exploratory 

analysis, we assessed whether that variability was associated with the participants’ 

characteristics: age, sex, anthropometry, body composition, aerobic fitness, and physical 

activity level as steps per day. However, none of the bivariate correlations between the 

participant characteristics and the change scores for glucose, insulin, and c-peptide AUC, or 

insulin sensitivity, on either exercise trial, reached statistical significance. Thus, there are 

likely other unexplored factors that account for the variable responses in glycemic control to 

exercise.

DISCUSSION

The results demonstrate that, despite having higher body fat, fasting glucose, insulin, and 

carbohydrate oxidation, and lower insulin sensitivity, overweight/obese adolescents derive 

the same acute benefits on glycemic control from a single exercise session as their normal 

weight peers. In response to exercise concluded 40 minutes before the test meal (Same Day 

Ex trial), postprandial glucose, insulin, and C-peptide AUCs were reduced, and insulin 

sensitivity was increased compared to a trial without exercise. These responses were largely 

maintained when measurements were performed 17 hours after exercise (Prior Day Ex trial). 
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Moreover, the magnitude of the responses did not differ between normal weight and 

overweight/obese participants.

The current study extends the results from a subset of participants that we previously 

reported (11). There is now general agreement that a single exercise session completed up to 

24 hours before a carbohydrate-containing meal results in reduced glycemic and/or insulin 

excursion in adolescents (10, 16, 17). Cockcroft et al. (16, 17) reported that this effect was 

independent of exercise intensity. In their studies, normal weight boys, 14–15 y old, had 

similar reduction in glucose AUC and improvement in insulin sensitivity following either 

moderate- or higher-intensity exercise bouts. The improvement in insulin sensitivity was 

observed during oral glucose tolerance tests performed 10–40 minutes after exercise (16, 17) 

and persisted at 24 hours (16), but not 48 hours after exercise (16). Zackrzewski and Tolfrey 

(10) did not measure the acute effect of exercise, but found that fasting insulin and fat 

oxidation were lower in NW, but not OW girls during a high glycemic index meal consumed 

~15 hours after the exercise was completed. MacEneaney et al. (18) also examined the 

effects of prior day exercise in adolescents but measured responses to a high fat meal. They 

found that both NW and OW boys had lower fasting and postprandial serum triglycerides 

compared to rest-only trial, but glucose and insulin were unaffected (18). Collectively, the 

current and prior studies highlight the short-term benefits of exercise on the regulation of 

glucose, lipids, and fuel metabolism in NW and OW/Ob adolescents.

A potential reason that the NW and OW/Ob groups had similar metabolic responses to the 

exercise sessions is that they had similar amounts of lean mass that could be activated during 

exercise, and similar, low levels of habitual physical activity and cardiorespiratory fitness. 

None of the participants were engaged in regular exercise or sports, which is reflected in 

their low daily ambulation of less than 8,000 steps per day. That level of movement falls 

below the estimated 11,000–12,000 steps/day that are required to meet current 

recommendations for adolescents to achieve 60 minutes per day of moderate-to-vigorous 

physical activity (19, 20). Not surprisingly then, cardiorespiratory fitness for both groups 

were below thresholds for healthy fitness established in studies of American (21) and 

European (22) adolescents. Results from the National Health and Nutrition Examination 

Survey have shown that cardiorespiratory fitness in American adolescents declined from 

1999 to 2012, so less than half of American adolescents now have a healthy level of fitness 

(23). Thus, the findings from the current study are generalizable to a majority of American 

adolescents who are not habitually active and have low cardiorespiratory fitness. The 

implication is that many of the adolescents who are not meeting current guidelines for 

physical activity can derive immediate metabolic benefit from a moderate intensity aerobic 

exercise session. A remaining challenge, however, is to promote daily exercise behavior so 

that long-term metabolic health is maintained or improved in both normal weight and 

overweight or obese young people.

A potential limitation of the study is the relatively small sample size. Although we identified 

several within- and between-group differences, a larger sample size might have allowed for 

additional comparisons to reach statistical significance. However, as shown by the 

distribution of individual results, the effects of exercise (i.e., differences relative to the No 

Ex trial) on all of the metabolic outcomes had considerable overlap between the NW and 
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OW/Ob participants. Thus, the sample size would need to be several-fold higher to reveal 

between-group differences in those variables, if they exist. It is also possible that differences 

between the NW and OW/Ob groups may have emerged under different exercise or meal 

conditions, but we chose the current protocol to increase generalizability. The type and 

duration of exercise activated several muscle groups, is feasible for someone starting an 

exercise program, and demonstrated improvement in glycemic control in the majority of 

participants. We acknowledge that the specific Tanner stage of each participant was not 

determined so we cannot assess whether the effect of exercise on insulin sensitivity varies 

with the stage of pubertal development. Insulin resistance increases during puberty (24, 25), 

but it has not yet been demonstrated that the acute metabolic responses to an exercise session 

vary across the stages of puberty.

In conclusion, the current findings demonstrate that both NW and OW/Ob adolescents with 

low aerobic fitness and habitual physical activity respond to a single moderate intensity bout 

of exercise with improvement in insulin sensitivity that lasts at least 17 hours. These results 

support the need to promote daily physical activity in adolescents to improve insulin 

sensitivity and reduce the risk for cardiometabolic disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Plasma glucose responses. Glucose excursion curves for NW group (A) and OW/Ob group 

(B). Pre-meal baseline = 0 minutes. (C) Total glucose area under the curve (AUC) for each 

trial. (D) Individual values for the difference in glucose AUC (delta AUC) between each 

exercise trial and the No Ex trial, respectively. Values for panels A–C shown as mean ± 

SEM. Legend applies to all panels. *Prior Day Ex versus No Ex within group, p < 0.05. † 

Same Day Ex versus No Ex within group, p < 0.05.
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Figure 2. 
Serum insulin responses. Insulin excursion curves for NW group (A) and OW/Ob group (B). 

Pre-meal baseline = 0 minutes. (C) Total insulin area under the curve (AUC) for each trial. 

(D) Individual values for the difference in insulin AUC (delta AUC) between each exercise 

trial and the No Ex trial, respectively. Values for panels A–C shown as mean ± SEM. Legend 

applies to all panels. *Prior Day Ex versus No Ex within group, p < 0.05. † Same Day Ex 

versus No Ex within group, p < 0.05.
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Figure 3. 
Serum C-peptide responses. C-peptide excursion curves for NW group (A) and OW/Ob 

group (B). Pre-meal baseline = 0 minutes. (C) Total C-peptide area under the curve (AUC) 

for each trial. (D) Individual values for the difference in C-peptide AUC (delta AUC) 

between each exercise trial and the No Ex trial, respectively. Values for panels A–C shown 

as mean ± SEM. The legend applies to all panels. *Prior Day Ex versus No Ex within group, 

p < 0.05. † Same Day Ex versus No Ex within group, p < 0.05.
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Figure 4. 
Insulin sensitivity. (A) Insulin sensitivity values (mean ± SEM) for each trial. (B) Individual 

values for the difference (delta) in insulin sensitivity between the exercise trials and the No 

Ex trial, respectively. The legend applies to both panels. *Greater than No Ex trial within 

group, p < 0.05. Insulin sensitivity was ~9% lower (p < 0.05) in the OW/Ob group versus the 

NW group during each trial.
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Table 1

Participant characteristics

NW OW/Ob

Age, y 15 ± 2 14 ± 2

Weight, kg 55.5 ± 4.9 64.8 ± 15.0*

Height, m 1.67 ± 0.07 1.60 ± 0.10*

BMI, percentile 48 ± 13 91 ± 5*

Body fat, kg 13.0 ± 5.7 22.5 ± 6.5*

Body fat, % 23.5 ± 9.9 35.1 ± 6.3*

Lean mass, kg 40.3 ± 6.5 39.8 ± 10.7

Trunk fat, kg 5.4 ± 2.8 10.3 ± 3.3*

Peak bike power, watts 135 ± 53 125 ± 41

Peak VO2, ml/kg LBM/min 42.6 ± 11.0 43.4 ± 6.5

Peak heart rate, b/min 185 ± 14 183 ± 16

Total cholesterol, mmol/l 3.71 ± 0.82 4.36 ± 1.01

HDL cholesterol, mmol/l 1.10 ± 0.19 1.12 ± 0.26

Triglycerides, mmol/l 0.74 ± 0.31 0.99 ± 0.43

NEFA, mEq/l 0.57 ± 0.23 0.58 ± 0.07

Glucose, mmol/l 4.7 ± 0.3 5.0 ± 0.3*

Insulin, pmol/l 38.0 ± 16.6 63.2 ± 29.5*

C-peptide, nmol/l 0.48 ± 0.07 0.72 ± 0.09*

Systolic blood pressure, mmHg 108 ± 7 116 ± 8*

Diastolic blood pressure, mmHg 59 ± 5 59 ± 6

Heart rate, beats/min 64 ± 4 68 ± 3

Values are mean ± SD for 5 girls and 6 boys in the normal weight (NW) group and 7 girls and 5 boys in the overweight/obese (OW/Ob) group. 
Body composition was measured using dual X-ray absorptiometry. Peak exercise responses were measured during a bicycle test to volitional 
exhaustion. Biochemical and blood pressure results are from the fasting period during the No Ex trial.

*
Higher than the NW group, p <0.05.
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