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Abstract

Objective: We have previously shown that short-term energy restriction followed by modest lifestyle changes improves glucose tolerance for
up to 1 year in obese individuals. The purpose of the present study was to determine the mechanism by which improvements in glucose
tolerance occur in obese African Americans with insulin resistance and abnormal glucose tolerance.

Research Design and Methods: Nine subjects (53 + 2 years; body mass index, 37 + 3 kg/m” [mean + SEM]) received a low-energy diet
(3883 + 222 kJ/d) for 1 week, and then followed a modest lifestyle intervention program for up to 1 year. Body composition was estimated
by hydrostatic weighing, and insulin secretion and action were assessed during a hyperglycemic clamp with superimposed arginine infusion
and fat meal. Baseline and final tests were performed during weight stability.

Results: Significant improvements (P < .05) were observed for body weight (— 6.1 + 1.1 kg), body composition (—5.5 + 1.3 kg fat mass),
fasting plasma glucose (—1.1 + 0.3 mmol/L), fasting insulin (—52 + 21 pmol/L), oral glucose tolerance, and insulin action (+24%), defined
as an increase in glucose disposal rate relative to plasma insulin concentration during the hyperglycemic clamp. These improvements were
independent of an acute effect of energy restriction or weight loss, because body weight was stable.

Conclusions: These results suggest that the improvements in glucose tolerance with a modest lifestyle intervention were attributable to an
improvement in insulin action, and provide evidence that despite persistent obesity (body mass index, 34.7 + 2.4 kg/m?), long-term benefits
can be achieved with relatively small weight loss in obese African Americans.

© 2005 Elsevier Inc. All rights reserved.

1. Introduction prospective studies have shown a preventive effect of
physical activity on the incidence of type 2 diabetes
[14-19]. Therefore, we hypothesized that a treatment pro-
gram consisting of short-term energy restriction followed by
modest changes in diet and physical activity habits would
have beneficial effects on glucose tolerance that are
mediated by improvements in insulin action in obese
individuals with abnormal glucose tolerance.

Although earlier studies have evaluated the effects of
long-term lifestyle interventions on glycemic control in
subjects with IGT [20], there is little information regarding
the mechanism by which such improvements occur.
Previous studies of obese individuals with impaired or
diabetic glucose tolerance conducted in our laboratory
demonstrated that short-term diet and exercise interventions
improve glucose concentrations and insulin action [8], and a
modest decrease in dietary fat combined with a small
increase in physical activity can maintain improvements in

The metabolic syndrome [1], characterized by abdominal
obesity, insulin resistance, fasting hyperglycemia, hyperten-
sion, and dyslipidemia, contributes to the development of
impaired glucose tolerance (IGT) and type 2 diabetes [2-4].
Because obesity and type 2 diabetes are more prevalent
among African Americans than Caucasians [5,6], interven-
tions aimed at reducing body weight and improving glucose
regulation are particularly important in this population.
Negative energy balance, achieved by energy restriction
[7-9] or exercise [7,8,10], can reduce insulin resistance and
ameliorate hyperglycemia and hyperinsulinemia. Exercise
has the additional advantage of providing a weight loss—
independent enhancement of insulin action [8,11-13], and
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glucose tolerance for up to 1 year [21]. The mechanisms
responsible for improvements in glucose tolerance may
include an increase in pancreatic beta-cell insulin secretion,
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enhanced insulin action on skeletal muscle and liver, and an
increase in GLUT4 glucose transporter content of skeletal
muscle [22]. We previously found that acute improvements
in glucose concentrations after 10 days of energy restriction
or exercise training were attributable to improvements in
insulin action [8]. In the present study, we sought to
determine whether similar results are observed when
improvements in oral glucose tolerance are sustained for
up to 1 year. Therefore, the aim of the current study was to
determine the mechanism by which long-term modest
lifestyle changes maintain or enhance the improvements in
glucose tolerance in response to a l-week diet in obese
African Americans with insulin resistance and impaired or
diabetic glucose tolerance. We used a modified hypergly-
cemic clamp technique, in which an arginine infusion and
fat ingestion were superimposed on hyperglycemia, to
assess insulin secretory response and insulin action.

2. Research design and methods
2.1. Subjects

Obese African American men and women with IGT or
type 2 diabetes according to the 1997 guidelines of the
Expert Committee on the Diagnosis and Categorization of
Diabetes Mellitus [23] were invited to participate. Insulin
therapy was exclusionary. Subjects who were being treated
with oral hypoglycemic agents withheld their medications
for 24 hours before testing. Screening tests included a
medical history, physical examination, standard blood chem-
istries, and oral glucose tolerance test. Eligible subjects were
weight stable and not engaged in a regular exercise program
before enrollment. The study was approved by the Human
Studies Committee of Washington University School of
Medicine, St Louis, Mo, and the Scientific Advisory
Committee of the Washington University General Clinical
Research Center (GCRC). Written informed consent was
obtained from each participant before enrollment.

These subjects were part of a larger study evaluating the
effects of short-term energy restriction and modest lifestyle
changes on body weight and glucose tolerance over a 1-year
period in 69 obese African Americans with IGT or type 2
diabetes [21]. A subgroup of subjects who underwent an
initial hyperglycemic clamp at baseline, and whose oral
glucose tolerance improved significantly by the end of the
1-year intervention, was asked to undergo a second hyper-
glycemic clamp. A significant improvement in oral glucose
tolerance was defined as a change in glucose tolerance
status from IGT to normal, from diabetic glucose tolerance
to IGT, or from diabetic to normal glucose tolerance. Of
the 30 subjects who underwent a hyperglycemic clamp at
baseline, 19 completed the 1-year intervention, 10 of whom
showed a significant improvement in oral glucose tolerance.
Body weight changes were —6.8 = 1.1 kg (P = .0004) in
these 10 subjects and —2.3 + 1.2 kg (P = .047) among the
9 others who did not show a significant improvement in oral

glucose tolerance after 1 year. Of the 10 eligible subjects,
one declined the final clamp, leaving a sample of 9.

2.2. Intervention

The intervention began with a 1-week low-energy diet
(63 kl/kg fat-free mass [FFM] per day, 3883 + 222 kJ/d)
designed to initiate weight loss and improve plasma glucose
and insulin concentrations [8,21]. The diet contained 60% of
energy as carbohydrate, 25% protein, and 15% fat, and
consisted of common foods prepared in the metabolic
kitchen of the GCRC. Throughout the ensuing 12 months,
subjects were instructed to follow a modest lifestyle program
of reduced dietary fat (—14 g/d, —523 kJ/d) and increased
physical activity (+523 kJ/d). Rather than formal exercise
training, the physical activity goal was to increase daily
energy expenditure either with daily physical activities or
aerobic exercise (unsupervised).

2.3. Anthropometrics

Height was measured without shoes to the nearest 0.1 cm.
Body weight was obtained on a balance scale in the morning
after a 12-hour fast. Body mass index was calculated by
dividing body weight (in kilogram) by the square of height
(in meter).

2.4. Body composition

Total body fat and FFM were assessed by hydrodensi-
tometry. Body fat percentage was calculated from body
density using the equation of Brozek et al [24].

2.5. Oral glucose tolerance tests

Oral glucose tolerance tests were performed in the
morning after a 12-hour fast. Blood samples were drawn
for the determination of plasma glucose, insulin, and
C-peptide concentrations before and every 30 minutes for
2 hours after the administration of a 75-g glucose beverage.
Plasma concentrations of glucose were measured by the
glucose oxidase method (Beckman Instruments, Fullerton,
Calif) and insulin and C peptide by radioimmunoassay.
Total areas under the curves for glucose, insulin, and
C peptide were calculated using the trapezoidal rule.

2.6. Hyperglycemic clamps

Insulin secretion and action were evaluated during a
2-hour hyperglycemic clamp procedure in which plasma
glucose concentrations were raised to and maintained at
13.9 mmol/L, and during which an arginine infusion and fat
meal were superimposed [25]. After an overnight fast,
subjects were admitted to the GCRC between 0700 and
0800 hours, voided, weighed, and had 2 polyethylene intra-
venous catheters placed: one in an antecubital vein for the
infusion of dextrose and arginine hydrochloride, and the
other in a hand or wrist vein for blood sampling. The hand
was placed in a heated (65°C) warming box to arterialize
the blood.
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After 30 minutes, 3 baseline blood samples were
obtained at S-minute intervals to determine basal plasma
glucose, insulin, and C-peptide concentrations. The hyper-
glycemic clamp was initiated with a 10-minute priming
infusion of 20% dextrose in water with a Harvard pump
(Harvard, Natick, Mass) to raise the plasma glucose
concentration to 13.9 mmol/L. The priming infusion rate
decreased each minute throughout the first 10 minutes based
upon a computer-generated algorithm. Thereafter, a variable
rate dextrose infusion was adjusted at 5-minute intervals or
as necessary to minimize fluctuations in plasma glucose
concentrations. Adjustments were based upon the plasma
glucose concentrations determined every 5 minutes through-
out the hyperglycemic clamp.

Forty-five minutes after the start of the dextrose
infusion, a 5-g dose of arginine monohydrochloride diluted
with 0.9% NaCl to a total volume of 50 mL was admin-
istered over a 2-minute period (infusion rate, 25 mL/min).
This is a maximally stimulating dose of the amino acid
arginine on pancreatic beta-cell insulin secretion. A con-
tinuous infusion of arginine hydrochloride, diluted to the
same concentration as the bolus dose, was administered at a
rate of 15.0 g/m® per hour throughout the remaining
75 minutes of hyperglycemia. Seventy-five minutes after
the start of the dextrose infusion (30 minutes after the start
of the arginine infusion), subjects consumed a liquid fat
drink (37.5 mL) containing 25 g of fat in the form of
corn oil (Lipomul; Upjohn, Kalamazoo, Mich). The
hyperglycemic clamp was terminated at 120 minutes, the
arginine infusion was discontinued, and the dextrose
infusion rate was reduced and continued as long as needed
to maintain the plasma glucose concentration at or above
the fasting value.

Glucose disposal rates (GDRs) were calculated during
each period of hyperglycemia: hyperglycemia alone
(15-45 minutes), hyperglycemia with superimposed argi-
nine infusion (45-75 minutes), and hyperglycemia with
arginine after the fat meal (75-120 minutes), as well as for

Table 1
Subject characteristics before the intervention and changes in response to
the intervention

Before Change P

Height (cm) 163 + 2

Weight (kg) 99.7 £+ 8.6 —6.1 + 1.1 .0003
Body mass index (kg/m?) 37.0 £ 2.5 -23+04 .0003
Fat mass (%)" 402 + 2.1 31+ 12 018
Fat mass (kg)* 41.0 £52 —55+12 .002
FFM (kg)* 58.7 £ 4.2 —-1.5+ 0.6 .019
Waist circumference (cm) 108.0 + 4.5 —5.6 £ 1.8 .009
Hip circumference (cm) 1242 £ 53 -39 £ 1.8 .039
Waist-to-hip ratio 0.87 + 0.01 —0.03 + 0.02 .055
Fasting plasma 6.5+ 0.5 —1.1 £ 03 .006

glucose (mmol/L)
Fasting plasma 152 + 33 —52 £ 21 .018

insulin (pmol/L)

Values are mean = SEM.
? Change data for fat mass and FFM are missing for one subject.
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Fig. 1. Oral glucose tolerance test results for glucose, insulin, and C-peptide
at baseline (white circles), after 1 week (dotted line), and after the 1-year
intervention (black circles). Asterisk indicates P < .05 for reductions in
fasting glucose, insulin, and C-peptide values; 2-hour insulin and C-peptide
values; and area under the curve values for insulin and C-peptide (1 year vs
baseline). Dagger indicates P < .001 for reductions in 2-hour glucose and
glucose area under the curve (1 year vs baseline). Values are mean + SEM.

the entire period of hyperglycemia (15-120 minutes).
Glucose disposal rates are expressed relative to FFM.

2.7. Statistical analyses

Analyses were performed using SPSS statistical software,
version 11.5 (SPSS, Inc, Chicago, Ill). Paired ¢ tests and
repeated measures analysis of variance, when appropriate,
were used to determine if the changes in body weight, body
composition, oral glucose tolerance, and GDRs during the
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hyperglycemic clamp were statistically significant at an o
level of .05. All data represent mean + SEM.

3. Results
3.1. Subject characteristics

Nine African American subjects (8 women, | man) were
studied. The baseline characteristics of the subjects are
shown in Table 1. Five participants had IGT, and 4 had type
2 diabetes at baseline. All but one subject had impaired
fasting glucose using the most recent criteria of 5.6 mmol/L
as the cut point [26]. One subject was on medication for
diabetes management (an « glucosidase inhibitor) but
withheld this for 24 hours before testing.

3.2. Body weight and composition

Rapid weight loss was observed in response to the
I-week low-energy diet provided at the beginning of the
program (—3.2 £ 0.7 kg, P = .002), which was attributable,
in part, to reductions in water and glycogen stores. By the
end of the long-term modest intervention, significant
reductions were observed for body weight (—6.1 £ 1.1 kg,
—6.4% =+ 1.2% relative to baseline), fat mass (—5.5 =+
1.2 kg), and waist circumference (Table 1). Body weight
was stable during the baseline and final testing periods
(change in weight = 0.0 + 0.1 kg during the week
preceding the final hyperglycemic clamp, —0.2 £ 1.5
during the month preceding the final clamp).

3.3. Oral glucose tolerance

The responses of plasma glucose, insulin, and C peptide
during the oral glucose tolerance tests before and after the
intervention are shown in Fig. 1. All 5 subjects with IGT at
baseline had normal glucose tolerance after the intervention.
Of the 4 subjects with diabetic glucose tolerance at baseline,
1 had normal and 3 had IGT after the intervention. The area
under the glucose curve was 21% =+ 4% lower (P < .001)

Tt

15-45 min 45-75 min 75-120 min  15-120 min

GDR/[insulin]
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Fig. 2. Glucose disposal rates (mg/kg FFM per minute) expressed relative
to mean insulin concentration (pmol/L) during hyperglycemia alone
(15-45 minutes), hyperglycemia + arginine (45-75 minutes), hyperglyce-
mia + arginine + fat meal (75-120 minutes), and during the entire period
of hyperglycemia (15-120 minutes) before (white bars) and after (black
bars) the intervention. Asterisk indicates P < .05.
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Fig. 3. Plasma insulin responses throughout the hyperglycemic clamp
before (white circles) and after (black circles) the intervention. The acute
insulin response to hyperglycemia (0-15 minutes) is shown (inset).

after the intervention. Impaired fasting glucose persisted in
4 subjects using the revised criteria [26] and in 2 subjects
using the older criteria [23].

3.4. Glucose disposal rates and plasma insulin
concentrations

During the hyperglycemic clamps, plasma glucose con-
centrations averaged 14.1 + 0.3 and 14.0 £ 0.3 mmol/L
(15-120 minutes) before and after the intervention, respec-
tively. Glucose disposal rates, expressed per kilogram of
FFM during hyperglycemia (15-120 minutes), tended to be
higher (30% =+ 19%, P = .054) during the second clamp
study. When expressed relative to plasma insulin concen-
trations, however, GDR improved 24% overall (P = .012,
Fig. 2). Improvements were observed during the last
2 stages of the clamp, when plasma insulin concentrations
were highest (P = .025 for 45-75 minutes, P = .013 for
75-120 minutes). No improvements in GDR were observed
during hyperglycemia alone (15-45 minutes).

Plasma insulin concentrations throughout the hypergly-
cemic clamp are shown in Fig. 3. We were unable to detect
significant changes in the first phase insulin response,
whether defined as the insulin change during the first
10 minutes of the hyperglycemic clamp relative to the
preclamp fasting concentration, the mean insulin concen-
tration during the first 10 minutes, or the area under the
insulin curve during the first 10 minutes (all P > .143).
Likewise, the final phase insulin response (75-120 minutes)
did not change significantly in response to the intervention
(P = .186). However, there may have been trends in the
acute and the final insulin responses that did not reach
significance because of the relatively small sample size.

4. Discussion

We have shown previously that short-term energy
restriction followed by modest lifestyle changes results in
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sustained improvements in glucose tolerance for as long as
1 year in obese African American men and women [21]. In
the current study, we used a hyperglycemic clamp
technique to assess the mechanism by which long-term
improvements occur. Our results indicate that insulin action
improved, as evidenced by higher GDRs relative to plasma
insulin concentrations during hyperglycemia. Importantly,
these improvements were independent of an acute energy
deficit, because body weight was stable during the weeks
preceding testing.

Previous studies have shown improvements in insulin
action in response to short-term (ie, 10-day) diet [8] and
exercise [8,27] interventions, after 6- to 14-week diet and
exercise regimens [28,29] and after long-term (ie, 9-month)
vigorous endurance exercise training [30]. There is less
evidence, however, that long-term modest lifestyle inter-
ventions produce similar physiological benefits. In the
Oslo diet and exercise study [31], a l-year, large-scale
(n = 219), randomized lifestyle intervention trial that
compared the independent and combined effects of diet
and exercise interventions, improvements in insulin resis-
tance were correlated with changes in body mass index.
Insulin resistance, however, was calculated using fasting
glucose and insulin measurements. The use of the
hyperglycemic clamp technique [32] in the current study
enables a mechanistic explanation for the observed
improvements in glucose regulation in this and other
lifestyle intervention studies.

In agreement with some previous reports [31,33], there
was not a detectable improvement in pancreatic beta-cell
secretory capacity, as evidenced by the lack of a significant
change in either the acute or the late phase insulin response
to hyperglycemia. Arciero et al [8] observed a significant
reduction in the acute insulin response during a hypergly-
cemic clamp after 10 days of exercise training, but not after
a 10-day low-energy diet in obese individuals with IGT or
type 2 diabetes. In contrast, Kirwan et al [30] reported no
change in the acute insulin response to hyperglycemia with
exercise training in 60- to 70-year-old men and women
with normal glucose tolerance, but a significant reduction in
the maximal insulin response to hyperglycemia. The
increases in glucose disposal relative to plasma insulin
concentration in our current and previous studies in which
hyperglycemic clamps were performed [8,30] imply that the
improvements in glucose tolerance induced by exercise
training were mediated by enhanced insulin action, not by
improved insulin secretion.

Defects in insulin action resulting in IGT or type 2
diabetes generally are attributable, at least in part, to reduced
translocation of the GLUT4 isoform of the glucose
transporter from intracellular sites to the cell surface, and
therefore reduced glucose transport in skeletal muscle [2].
Improvements in insulin action with exercise training
frequently are due to increases in skeletal muscle GLUT4
content [34,35], resulting in translocation of more GLUT4
to the cell surface and increased skeletal muscle glucose

transport [36]. One important distinction between these
previous studies and the current study, however, is the use of
short-term vigorous exercise in the former [34,35] vs
modest lifestyle changes in the current study. The exercise
performed by the participants in this study was low
intensity, and the periods of exercise were relatively brief.
Although it seems unlikely that the improvement in insulin
action was mediated by an increase in muscle GLUT4
content, we cannot conclude whether GLUT4 played a role,
because we did not measure it in this study.

Another more likely mediator of the improvement in
insulin action was the decrease in body fat content. It is
remarkable that the participants in this study had a sustained
improvement in glucose tolerance and insulin action despite
the fact that they were still obese after losing only 5.5 kg of
fat. There is evidence that both food restriction [37] and
exercise [38] have a more powerful effect on visceral fat
than on subcutaneous fat, and that reductions in visceral fat
have favorable metabolic effects. It is also well established
that the insulin resistance associated with obesity is more
closely related to abdominal obesity than to lower body
obesity [37]. In the present study, there was a highly
significant decrease in waist circumference, providing
evidence for a decrease in abdominal fat.

There is a large body of evidence that chronic physical
activity prevents the decline in insulin sensitivity and the
incidence of type 2 diabetes with aging. Because a high
percentage of the adult population in the United States is
obese, and an even higher percentage is sedentary, the
progression from normal to impaired or diabetic glucose
tolerance is occurring more frequently and at earlier ages.
Although short-term diet and exercise interventions have
proven successful at reversing insulin resistance and
improving glucose regulation acutely [8,39], there has
been little evidence that modest long-term interventions
allow maintenance of these beneficial changes [31]. The
results of the current study provide a mechanism, that is, a
decrease in abdominal fat and improvement of insulin
action, by which modest lifestyle changes sustain improve-
ments in glucose tolerance for as long as 1 year.
Furthermore, although it has been evident that an acute
energy deficit produces dramatic improvements in glucose
regulation [7], the current study provides evidence that
modest changes in lifestyle can result in persistence of
improved insulin action for a prolonged period after acute
weight loss. Our results provide strong evidence that
public health recommendations to engage in physical
activity and modify dietary intake to control body weight
are beneficial for improving insulin action and glucose
control in African American adults with IGT or mild
type 2 diabetes.
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