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ABSTRACT

COKER, R. H., N. P. HAYS, R. H. WILLIAMS, A. D. BROWN, S. A. FREELING, P. M. KORTEBEIN, D. H. SULLIVAN, R. D.

STARLING, and W. J. EVANS. Exercise-Induced Changes in Insulin Action and Glycogen Metabolism in Elderly Adults. Med. Sci.

Sports Exerc., Vol. 38, No. 3, pp. 433–438, 2006. Purpose: Although data suggest that physical activity is associated with

decreased insulin resistance, recommendations for exercise training are not specific for age or level of obesity. Therefore, we

examined the influence of moderate-intensity (50% of V̇O2max) exercise training (MI) versus high-intensity (75% of V̇O2max)

exercise training (HI) on insulin-stimulated glucose disposal (ISGD) in elderly individuals. Methods: Following medical

examinations, 21 overweight (body mass index = 29 T 1 kgImj2) elderly (74 T 1 yr) subjects were randomized to 1) HI, 2) MI,

or a 3) nonexercising control group. Subjects enrolled in HI or MI completed a 12-wk exercise training regimen designed to expend

1000 kcalIwkj1. ISGD was assessed using a hyperinsulinemic, euglycemic clamp pre- and postintervention. ISGD was corrected for

hepatic glucose production (glucose Ra) using a constant rate infusion of [6,6-2H2]glucose and determined during the last 30 min of

the clamp by subtracting glucose Ra from the exogenous glucose infusion rate. Nonoxidative glucose disposal was calculated using

indirect calorimetry. Body composition testing was completed using dual energy x-ray absorptiometry. Results: ISGD increased by

approximately 20% with HI ($ of 1.4 T 0.5 mgIkgj1 FFMIminj1). However, ISGD did not change ($ of j0.4 T 0.1 mgIkgj1

FFMIminj1) with MI and was not different ($ of j0.2 T 0.1 mgIkgj1 FFMIminj1) in the control group. Nonoxidative glucose

disposal increased with HI ($ of 1.4 T 0.5 mgIkgj1 FFMIminj1), but there was no change in nonoxidative glucose disposal with MI or

in the control group. No change in body weight or percentage of body fat was observed in any group. Conclusion: In weight-stable

subjects, MI resulted in no change in ISGD, and the improvement in ISGD with HI was completely reliant on improvements

in nonoxidative glucose disposal. Key Words: HYPERINSULINEMIA, GLUCOSE INTOLERANCE, AGING, INSULIN

RESISTANCE

A
ging is associated with a higher incidence of

insulin resistance and type 2 (T2) diabetes, po-

tentially contributing to the development of car-

diovascular disease as well as microvascular complications

such as neuropathy and blindness (22). As such, T2

diabetes is a major health concern that affects nearly 20%

of elderly adults older than 65 yr of age (15).

T2 diabetes is preceded by a cascade of events that

develops over a period of time, including insulin resistance

followed by glucose intolerance and hyperinsulinemia, and

may result in insulin deficiency (8,23). The physiological

progression of insulin resistance to T2 diabetes results in

numerous health-related complications. These include

visual loss, renal failure, amputations, loss of functional

independence, and a higher rate of mortality, particularly in

the elderly (24). Therefore, the medical, psychological, and

financial burdens of these adverse sequelae warrant the

determination of age-appropriate interventions to reduce

insulin resistance and reduce the risk of T2 diabetes.

The development of insulin resistance is most likely in-

fluenced by physical inactivity and increased body fatness

and not aging per se (21). Data suggest that regular

physical activity (22) and lower adiposity (10) are asso-

ciated with decreased insulin resistance in older adults.

Therefore, strategies aimed at increasing physical activity

and decreasing obesity may be the most appropriate

method to attenuate insulin resistance in the aging adult.

Unfortunately, exercise prescriptions developed specif-

ically for overweight, elderly individuals are not available.

We controlled total weekly energy expenditure from

aerobic exercise training in both groups (1000 kcalIwkj1),

and this in turn allowed us to ensure that subjects in

moderate-intensity (50% of V̇O2max) exercise training (MI)

and high-intensity (75% of V̇O2max) exercise training (HI)

performed the same caloric volume of exercise training.

As such, the intensity of the exercise was the main

independent variable instead of the energy expenditure.

Therefore, we tested the hypothesis that MI and HI
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exercise would both stimulate efficacious changes in insu-

lin sensitivity.

MATERIALS AND METHODS

Subjects. Men and women aged 65–90 yr were

recruited from the central Arkansas area using newspaper

advertisements. Subjects who reported being overweight or

obese (body mass index (BMI) Q26 and G37 kgImj2),

nonsmoking, sedentary (e2 dIwkj1 of structured physical

activity), weight stable (T e5 kg) over the past 6 months,

and not consuming medications known to influence glu-

cose metabolism were invited to our laboratory for a

comprehensive medical screening. Screening procedures

included a medical history, physical examination, routine

blood and urine chemistries, oral glucose tolerance test,

and a maximal exercise test. Subjects with a plasma glu-

cose concentration of 100–199 mgIdLj1 2 h following the

consumption of a 75-g oral glucose load but who were

otherwise healthy, were eligible for study participation.

Each subject provided written informed consent prior to

screening and study participation, and study procedures

were approved by the institutional review board of the

University of Arkansas for Medical Sciences and the

Central Arkansas Veterans Healthcare System research

and development committee.

Experimental protocol. Following completion of

the screening visit and eligibility evaluation, subjects

were randomly assigned to moderate exercise training (MI;

N = 7), heavy exercise training (HI; N = 7), or a control

group (CON; N = 7). In order to standardize caloric intake

and minimize differences in macronutrient metabolism,

each subject was provided a mixed diet (35% fat, 20%

protein, 45% carbohydrate) during 4 d of controlled

feeding prior to the pre- and postintervention testing

periods (9). Subjects were instructed to eat only the food

prepared by our metabolic kitchen and to consume them

completely. Subjects were advised to maintain their normal

dietary habits during the rest of the study.

Subjects who were randomized to one of the exercise

training groups were trained 4–5 dIwkj1 for 12 wk at either

50% (MI) or 75% (HI) of their V̇O2max and caloric expen-

diture was matched at 1000 kcalIwkj1 for each group.

Subjects randomized to the CON group completed only the

screening process and the testing periods. All subjects were

trained under supervision at the Donald W. Reynolds

Institute on Aging using a cycle ergometer (Model 818E,

Monarch, Varberg, Sweden) as previously described (9).

Nonexercising subjects were instructed to maintain their

habitual physical activity.

Body weight and body composition. Body mass,

height, and body composition testing was measured pre-

and postintervention in association with the clamp proce-

dure. Fat mass and lean tissue mass was measured by dual

energy x-ray absorptiometry using a Hologic QDR 2000

densitometer (DXA).

Insulin sensitivity. Blood samples collected during

the hyperinsulinemic, euglycemic clamp were centrifuged

at 1200 force � g for 20 min at 4-C and plasma was stored

at j70-C for future analysis. A 120-min euglycemic-

hyperinsulinemic clamp was used to measure insulin-

mediated glucose disposal pre- and postintervention.

Postintervention clamps were completed 3 d after the

last exercise session (in those subjects randomized to one

of the exercise groups) in order to minimize acute effects

of exercise on insulin sensitivity (19). A primed, con-

tinuous infusion (priming dose 18 KmolIkgj1 FFMIminj1;

infusion 0.22 KmolIkgj1 FFMIminj1) of [6,6-2H2]glucose

(Cambridge Isotope Labs, Andover, MA) was adminis-

tered for the duration of the clamp to allow measure-

ment of endogenous glucose production. After 120 min

of [6,6-2H2]glucose infusion, a primed continuous infusion

(40 mUImj2Iminj1) of insulin (Humulin, Eli Lilly,

Indianapolis, IN) was administered. Glucose (20% dex-

trose) was infused using a variable-speed infusion pump

(Harvard Apparatus Inc., Holliston, MA) to maintain

plasma glucose values at a mean of T3% of baseline value

(mean range 2–5%). A spike of [6,6-2H2]glucose (800 mg)

was added to the exogenously administered glucose in order

to maintain a constant plasma glucose isotopic enrichment.

Analysis of enrichment of plasma [6,6-2H2]glucose was per-

formed by gas chromatography/mass spectrometry (GC/MS)

(Agilent Technologies, Palo Alto, CA). Plasma deproteini-

zation and purification were completed as described by

Tserng and Kalhan (28). Rates of endogenous glucose

production were calculated using a modification of the

Steele equation published by Toth et al. (29).

Plasma samples were obtained every 5 min for

determination of glucose by the glucose oxidase method

(Glucose Analyzer 2, Beckman Coulter Inc., Brea, CA);

samples were also drawn every 15–30 min for analyses of

plasma insulin and glucose isotope enrichment. Mean

glucose disposal (mgIkgj1 FFMIminj1), calculated as

glucose infusion plus endogenous glucose production

during the final 30 min of the clamp, was used to assess

insulin-stimulated glucose disposal (ISGD). Indirect calo-

rimetry (Vmax 29N, SensorMedics Corp., Yorba Linda,

CA) was used to measure substrate oxidation during this

same time period. Nonoxidative glucose disposal was

calculated by subtracting carbohydrate oxidation rates from

the sum of exogenous glucose infusion plus endogenous

glucose production rates.

Statistical analysis. Repeated-measures ANOVA was

used to examine variables associated with anthropometrics,

maximal oxygen capacity, and glucose metabolism (ISGD,

nonoxidative metabolism, and glucose oxidation). Data are

reported as means T SEM.

RESULTS

Subjects. We recruited 21 elderly, obese subjects

between the ages of 65 and 90 yr with a BMI between 26

and 33 kgImj2 (see Table 1 for clinical characteristics).

One of the subjects dropped out of the exercise training

protocol and did not return for further testing. Following

the end of the exercise training, three subjects did not
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return for the V̇O2max testing (two subjects in the MI group

and one subject in the HI group).

Anthropometrics. All groups were similar at baseline

with respect to body weight (kg), BMI (kgImj2), and

percentage of fat. Sex distribution between groups was

also well matched (i.e., four women and three men in all

three groups). There was no significant change in body

weight or BMI, and percentage of fat did not change from

pre- to postintervention in MI, HI, or CON (Table 1). In

other words, exercise training (1000 kcalIwkj1) without

any dietary manipulation did not result in weight loss or a

change in percentage of fat, regardless of exercise

intensity.

Maximal exercise capacity. Baseline V̇O2max was

not significantly different between MI, HI, or CON at

baseline. However, there was a significant increase in

V̇O2max in MI and HI from pre- to postintervention (P G
0.05). No significant change in V̇O2max was noted in CON

(Table 1).

Glucose metabolism. All groups had similar results

for HbA1c values and the 2-h plasma glucose from the

oral glucose tolerance test (Table 2). There were no

significant differences in ISGD between MI, HI, or CON

at baseline. There was an increase in ISGD (5.0 T 0.6 to

6.4 T 0.5 mgIkgj1 FFMIminj1) in the HI group (P G 0.05)

(Fig. 1). However, there was no significant increase in

ISGD (5.4 T 0.7 to 5.0 T 0.6 mgIkgj1 FFMIminj1) in

the MI group. ISGD did not change (5.7 T 0.8 to 5.5 T
0.9 mgIkgj1 FFMIminj1) from pre- to postintervention in

the CON group. Notably, nonoxidative glucose disposal

increased to a similar extent (4.6 T 0.6 to 6.0 T 0.8 mgIkgj1

FFMIminj1) in the HI group. However, there was no

change in nonoxidative glucose disposal in the MI (4.8 T

0.7 to 4.6 T 0.6 mgIkgj1 FFMIminj1) or CON (5.1 T 0.8 to

4.7 T 0.9 mgIkgj1 FFMIminj1) groups (Fig. 2).

DISCUSSION

The results of this study demonstrated that in the absence

of weight loss, HI but not MI facilitates an improvement in

ISGD in obese, elderly subjects. In addition, the improve-

ments in ISGD were entirely reliant on an increase in non-

oxidative glucose metabolism, conceivably due to greater

muscle glycogen utilization during high-intensity aerobic

exercise training. Therefore, the results of this study demon-

strate that while HI improves ISGD, the influence of training

is likely transient due to a greater rate of muscle glycogen

synthesis compared to MI and that 1000 kcalIwkj1 of

aerobic exercise training, independent of exercise intensity,

does not result in weight or fat loss. Interventions that

include additional caloric expenditure through exercise

training and/or caloric restriction through dietary modifi-

cation are more likely to cause weight loss, a potentially

powerful variable in the treatment of insulin resistance.

Several cross-sectional studies have demonstrated

enhanced peripheral insulin action in healthy, trained

TABLE 1. Subject characteristics (pre- and postintervention).

Controls (N = 7)
High Intensity

(N = 7)
Moderate Intensty

(N = 7)

Pre Post Pre Post Pre Post

Age (yr) 70 T 3 V 73 T 2 V 70 T 2 V
BMI (kgImj2) 31 T 1 31 T 1 31 T 1 30 T 1 29 T 1 28 T 1
Body fat (%) 40 T 3 40 T 3 39 T 2 38 T 2 39 T 2 39 T 2
V̇O2max

(LIminj1)
1.4 T 0.3 1.2 T 0.3 1.4 T 0.3 1.6 T 0.1* 1.4 T 0.3 1.6 T 0.1*

RQ at V̇O2max 1.1 T 0.1 1.1 T 0.1 1.2 T 0.1 1.2 T 0.1 1.2 T 0.1 1.1 T 0.1
Maximum

watts
110 T 8 112 T 8 111 T 3 143 T 11* 107 T 3 155 T 18*

Values are means T SEM. There were no significant baseline age differences. There
were significant differences in the pre- and postintervention results for V̇O2max and
maximum watts during the bicycle stress test in the high-intensity aerobic exercise
and moderate intensity aerobic exercise groups but not the control group.
* P G 0.05. There were no differences in pre- and postintervention results for BMI,
percentage of body fat or RQ at V̇O2max in any group.

TABLE 2. Baseline blood chemistries.

Controls
(N = 7)

High Intensity
(N = 7)

Moderate Intensity
(N = 7)

Fasting plasma glu-
cose

103 T 4 101 T 3 102 T 4

2-h OGTT plasma
glucose (mgIdLj1)

157 T 9 163 T 9 157 T 9

HbA1c (%) 5.8 T 0.2 5.7 T 0.2 5.4 T 0.2

Values are means T SEM for 21 subjects. There were no significant baseline
differences.
OGTT, oral glucose tolerance test.

FIGURE 1—Change in insulin-stimulated glucose disposal from
baseline in high-intensity aerobic exercise, moderate-intensity aerobic
exercise, and sedentary control groups from baseline. Values are
means T SEM for 21 subjects. * Denotes a significant training effect;
P G 0.05.

FIGURE 2—Change in nonoxidative glucose metabolism from
baseline in high-intensity aerobic exercise, moderate-intensity aerobic
exercise, and sedentary control groups. Values are means T SEM for
21 subjects. * Denotes a significant training effect; P G 0.05.
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individuals compared to sedentary individuals using the

hyperinsulinemic, euglycemic clamp technique (5,16,20). In

addition, longitudinal studies have demonstrated the effec-

tiveness of aerobic exercise training in the treatment of

insulin resistance associated with obesity and metabolic

syndrome (3,4,12). In healthy and obese individuals and

persons with T2 diabetes, aerobic exercise training results in

improvements in insulin action as measured by the

euglycemic, hyperinsulinemic clamp technique (4,5). Since

many studies have reported efficacious improvements in

insulin sensitivity through exercise training in middle-aged

populations (4,16,20), it may be possible that reduced

muscle mass and altered muscle morphology dampen

exercise training–induced changes in glucose metabolism

(18).

Our studies are relatively unique in that the influence

of exercise training on insulin action has received little

attention in the elderly population. Recent work from

Evans et al. (7) found an approximately 30% increase in

ISGD in octogenarians using a high-intensity aerobic

exercise training protocol (an average of 2.5 exercise

sessions weekly at 83% of V̇O2max) despite a relatively

minimal improvement in V̇O2max. It is important to

mention that the total caloric expenditure per week in

these studies is very similar to that in our exercise

paradigm. The key difference between the results of Evans

et al. and our results was that their 1-yr training program

initiated a significant change in body weight. As a result,

the separate effect of weight loss on insulin action may

have influenced their results. As far as other shorter

term studies, earlier work in elderly subjects (69 T 2 yr

old) has also described a 13% improvement in ISGD

with a 12-wk high-intensity aerobic exercise training

regimen (85% HRmax) (27). Unfortunately, pre- and

postintervention glucose oxidation and nonoxidative me-

tabolism was not described in either of these studies. Based

on the results of our investigation, high-intensity aerobic

exercise training–induced improvements in ISGD are most

likely facilitated through enhanced nonoxidative glucose

metabolism.

Although the positive influence of exercise training on

insulin action has been reported in numerous investigations

(3–5,12,16,20), differences in the degree of improvement

or lack thereof might be attributed to a variety of factors,

including the intensity of the exercise. For example, high-

intensity aerobic exercise training relies on muscle glyco-

gen metabolism to a greater degree than moderate-intensity

aerobic exercise training (26), and reduced muscle glyco-

gen content is associated with enhanced ISGD (25). In

addition, studies in humans have demonstrated that muscle

glycogen utilization is strongly correlated with ISGD (30).

Interestingly, results from Hughes et al. (13) demonstrated

that a high-intensity aerobic exercise training program

when combined with a high-carbohydrate diet resulted in

no change in ISGD in weight-stable volunteers. Combined

with a high-carbohydrate diet, high-intensity aerobic

exercise training also doubled muscle glycogen stores,

potentially limiting nonoxidative glucose disposal. In

middle-aged, insulin-resistant T2 diabetes patients, glyco-

gen synthase activity and GLUT4 protein were increased

with 8 wk of high-intensity aerobic exercise training, and

these changes were associated with a significant increase in

ISGD (4), and this occurred without an improvement in

phosphatidylinositol-3 kinase (PI-3 kinase). Although the

studies performed by Houmard et al. (11) suggested that a

high-intensity aerobic exercise trainingjinduced improve-

ment in insulin sensitivity was associated with enhanced

activation of PI-3 kinase, their studies were performed in

lean, healthy adults. The results of studies by Christ-

Roberts et al. (4) performed in insulin-resistant, obese

subjects did not suggest a training-induced influence on

insulin signaling per se. Hughes et al. (14) conducted a

study similar to our investigation. In their studies, they

recruited older men and women with impaired glucose

tolerance and examined the influence of moderate- and

high-intensity exercise on the rate of ISGD. Their results

reported a 10% increase in ISGD regardless of the exercise

intensity. However, it must be noted that moderate-

intensity aerobic exercise was defined as 50% of maximal

heart reserve, and this would have resulted in subjects

training at a greater percentage of V̇O2max since exercise

intensity was defined by maximal V̇O2 in the present study.

The interpretation of the previous studies are also compli-

cated by similar exercise duration in both groups and lack

of randomization. In the present study, caloric expenditure

was similar in HI and MI, subjects were randomized to

groups and consumed a regular mixed diet, and non-

oxidative glucose disposal accounted for all the improve-

ment in ISGD.

Our study was designed to assess the influence of

exercise intensity on improvements in insulin sensitivity

in elderly, obese adults, independent of caloric expendi-

ture. Although the HI training–induced improvement in

ISGD and nonoxidative glucose metabolism seem to reflect

the influence of muscle glycogen content on insulin

sensitivity, our studies are limited by the fact that we did

not measure muscle glycogen content, GLUT 4, or

glycogen synthase. We do know that two different

mechanisms are primarily responsible for the exercise-

induced increase in nonoxidative glucose metabolism. The

first mechanism is based on the contention that exercise

training facilitates an increase in insulin-induced activation

of glycogen synthase. The second mechanism promotes

increased glycogen synthase activity due to glycogen

depletion. It is also known that glycogen synthase activity

is closely associated with glycogen concentration, and

glycogen synthase activity will remain elevated as long as

the glycogen content is low (31). Our measurement of

ISGD 72 h after the last exercise bout minimizes the acute

influence of exercise training and allows us to study the

specific influence of moderate- versus high-intensity

aerobic exercise training regimens (25). In addition, our

controlled diet prior to the pre- and postintervention

measurement of ISGD negates the acute influence of

dietary intake that may have complicated the interpretation

of previous studies (2). Last, measurement of insulin
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sensitivity via the hyperinsulinemic, euglycemic clamp

technique provides a direct value for insulin action instead

of a derived (intravenous glucose tolerance test) or esti-

mated (oral glucose tolerance test) measurement of insulin

action (1).

In summary, our studies provide further evidence that

the intensity, duration, and frequency of aerobic exercise

training play critical roles in the efficacious treatment of

insulin resistance. In obese, elderly adults, HI facilitated an

improvement in ISGD that was entirely reliant on non-

oxidative glucose metabolism. On the contrary, MI training

did not initiate any change in ISGD, nonoxidative glucose

metabolism or glucose oxidation. It is extremely important

to mention that the recent Surgeon General_s Report on

Physical Activity and Health recommends 30 min of

moderate-intensity aerobic exercise training on most days

of the week for health promotion and disease prevention

(31). While this amount of activity will certainly provide

health benefits, overweight individuals at an increased risk

of diabetes and cardiovascular complications may require

more aggressive therapeutic regimens that include dietary

modifications, increased duration of physical activity, and/

or weight loss. Neither HI or MI (1000 kcalIwkj1) resulted

in weight loss or a change in the percentage of fat.

Therefore, exercise training programs in the elderly that do

not result in weight or fat loss may only improve insulin

action through short-term improvements in glycogen

metabolism. As such, exercise training programs should

be modified to facilitate weight loss through additional

caloric expenditure or include dietary manipulation to treat

insulin resistance in obese, elderly adults.
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