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Introduction

The putative blunted thermogenesis in obesity may be related
to insulin resistance, but insulin sensitivity and obesity are po-
tentially confounding factors. To determine the independent ef-
fects of obesity and insulin resistance on the thermic effect of
food, at rest and after exercise, lean and obese men were
matched at two levels of insulin sensitivity determined by insu-
lin-stimulated glucose disposal (milligrams per kilogram fat-
free mass IFFMI per minute) during the euglycemic, hyperinsu-
linemic (40 mU/m2. min) clamp: 5.4 mg/kg FFM for the lean
and obese groups with low insulin sensitivity, and 8.1 mg/kg
FFM for the groups with high insulin sensitivity. The two lean
groups were matched for percent fat (- 15±1% fat), as were
the two obese groups (- 33±2% fat). Energy expenditure was
measured for 3 h in the fasting state and for 3 h after a 720-kcal
mixed meal, each at rest and immediately after 1 h of cycling at
100 W. The thermic effect of food (TEF) was calculated as the
postprandial minus fasting energy expenditure (kcal/3 h) dur-
ing rest and after exercise. During rest, TEF was blunted by
both obesity (24±5 and 34±6 kcal/3 h for obese groups with
low and high insulin sensitivity vs. 56±6 and 74±6 kcal/3 h for
the lean groups with low and high insulin sensitivity; P < 0.01
lean vs. obese) and insulin resistance (insulin-resistant less
than insulin-sensitive, at both levels of obesity; P < 0.01). After
exercise, TEF was also impaired in the obese (47±6 and 44±5
kcal/3 h for the insulin-resistant and -sensitive groups) and in
the lean insulin-resistant (55±5 kcal/3 h), compared with the
lean insulin-sensitive men (71±3 kcal/3 h), P < 0.01. Com-
pared with rest, TEF after exercise was improved, but not nor-
malized, in both obese groups (P < 0.05), but unchanged in the
lean groups. These results suggest that both insulin resistance
and obesity are independently associated with impaired TEF at
rest, but the responsiveness ofthermogenesis to exercise before
a meal is related to the obese state and not independently to
insulin resistance per se. (J. Clin. Invest. 1992. 89:824-833.)
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The existence and quantitative importance of an association
between obesity and defective thermogenesis, which is a dimin-
ished rise in energy expenditure in response to infused or in-
gested nutrients, is controversial: roughly equal numbers of
studies have confirmed and refuted a defect in thermogenesis
in human obesity (1-10). These conflicting findings can be
attributed in part to differences in experimental methodolo-
gies, and prior dietary and weight status, as well as heterogene-
ity among obese humans. The thermogenic response to nu-
trients consists ofan obligatory component, which is the energy
cost of digesting, absorbing, processing, and storing the nu-
trients, and a facultative component, which is the energy ex-
pended in excess of the obligatory, metabolic demands (1 1),
and includes stimulation of the sympathetic nervous system,
protein turnover, substrate cycling, and sodium pumping (1 1,
12). The thermic response to the protein content of a mixed
meal is large, despite the fact that neither insulin nor sympa-
thetic stimulation is involved. The putative blunted thermic
responses to infused and oral glucose in obese and diabetic
subjects are related to insulin resistance which leads to im-
paired insulin-mediated glucose disposal (7, 13). Blunted ther-
mogenesis during the euglycemic hyperinsulinemic clamp in
obese subjects is associated with a reduced rate oftotal glucose
uptake and storage, which has a greater energy cost than glu-
cose oxidation.

Since insulin sensitivity decreases with increasing obesity
(14, 15), the two parameters are tightly intercorrelated and
therefore, potentially confounding factors. On the one hand,
Bogardus et al. (16) reported that, up to 28% body fat, insu-
lin sensitivity (determined by the glucose clamp) was nega-
tively related to percent body fat, but above 28% body fat
there was no correlation between in vivo insulin action and
degree of obesity. On the other hand, there is a strong negative
correlation between percent body fat and the thermic effect of
food throughout the entire range of obesity (8, 17). This sug-
gests that there may be an independent component in the rela-
tionship between fatness and impaired thermogenesis that is
unassociated with the insulin resistance in obesity. The inter-
correlation between obesity and insulin resistance poses inter-
pretive difficulty: to the extent that these two factors are predict-
ably linearly or nonlinearly related, they are confounding fac-
tors. Statistical control can be applied by such techniques as
partial correlation in order to distinguish between effects of
obesity and of insulin resistance; however, in cases where vari-
ables are colinear, it is impossible to distinguish the isolated
effects of each variable ( 18). Thus, the specific relationship of
obesity to thermogenesis and glucose metabolism, indepen-
dent from the relationship of obesity to alterations in insulin
sensitivity and insulin-mediated glucose metabolism, is un-
clear.
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There is also considerable controversy regarding the impact
of exercise on the thermic response to a meal. Some studies
suggest that exercise enhances the thermic response to a meal
in lean but not obese subjects, whereas others fail to confirm an
effect of exercise on postprandial thermogenesis even in lean
subjects (1, 19-22). These conflicting findings may be attribut-
able in part to differences in meal size and composition, the
timing ofmeal and exercise, intensity and duration ofexercise,
and confounding effects ofimposing the thermic effects offood
and exercise on diurnal changes in metabolic rate. Previous
studies from our laboratory have shown that the thermic effect
of food was greatest in obese subjects when the meal was taken
after a 30-min exercise bout, compared with no exercise and
the meal before exercise sequence, although it was still blunted
compared to the lean subjects (23). The mechanism by which a
bout of exercise may alter postprandial thermogenesis may in-
volve exercise-induced changes in insulin sensitivity and glu-
cose metabolism. Although there is evidence that exercise
alters the thermic response to a subsequent meal, especially in
the obese, the independent effects of obesity and insulin resis-
tance on postexercise postprandial thermogenesis are un-
known.

The objective of the present study was to determine the
independent effects of obesity and insulin resistance on ther-
mogenesis by use of a rigorously controlled experimental
model in which the natural intercorrelation between obesity
and insulin resistance is uncoupled. Obesity was crossed with
insulin sensitivity in a 2 X 2 factorial design in which obesity
(lean or obese) and insulin sensitivity (low or high) were com-
pletely independent factors and the thermic effect of a mixed
meal at rest and after exercise, and the thermic effect ofinfused
glucose and the pathways of insulin-stimulated glucose dis-
posal were studied. This design enabled us to delineate the inde-
pendent and interactive effects ofobesity and insulin resistance
by comparing thermogenesis in lean and obese men who were
matched precisely with respect to level of insulin sensitivity.

Methods
Subjects. 16 lean and 16 obese men aged 25-40 yr participated in this
study. The lean men were < 18% body fat and had no personal or
family history of obesity, and the obese men were > 28% body fat,
determined by hydrostatic weighing. Four groups were recruited, two
lean and two obese groups. At each level of obesity (lean or obese), a
subset ofmen who had low insulin sensitivity and a subset ofmen who
had high insulin sensitivity were selected. Insulin sensitivity was deter-
mined by glucose disposal (milligrams per kilogram fat-free mass
[FFM]' per minute) during the euglycemic hyperinsulinemic clamp.
The results of the euglycemic hyperinsulinemic clamp were used as a
criterion for inclusion in the study. Men with insulin-stimulated glu-
cose disposal values of4-6 mg/kg FFM * min (300-350 mg/min) were
considered to have low insulin sensitivity (insulin resistant); men with
values of 8-9 mg/kg FFM * min (500-600 mg/min) were considered to
have high insulin sensitivity (insulin sensitive). The two lean groups
were matched on percent body fat (15%) and body weight, as were the
two obese groups (33% fat), while the lean and obese groups were
matched on insulin sensitivity at two levels (- 5 and 8 mg/kg
FFM * min).

All four groups were matched with respect to age, FFM, and maxi-
mal aerobic capacity. Men who engaged in regular aerobic exercise
were not accepted into the study in order to eliminate level ofcardiore-
spiratory fitness as a possible intervening variable. All of the men were

1. Abbreviations used in this paper: FFM, fat-free mass; RMR, resting
metabolic rate; RQ, respiratory quotient.

weight stable with no more than a 2-kg weight change over the previous
6 mo. They were healthy, normotensive nonsmokers with normal glu-
cose tolerance (24). The subjects consumed a weight-maintenance diet
containing at least 300 g of carbohydrate per day before and through-
out the duration of their participation in the study. The protocol was
approved by the Institutional Review Board ofthe Mount Sinai School
ofMedicine and written informed consent of all subjects was obtained.

Densitometry. Body fat content and FFM were determined by hy-
drodensitometry. Body density was determined by hydrostatic weigh-
ing according to the method described by Akers and Buskirk (25). Re-
sidual lung volume was estimated by the closed-circuit oxygen dilution
method (26). Percent body fat, fat weight, and fat-free weight were
derived from body density by use of the Siri equation (27).

Aerobicfi/tness test. Maximal oxygen consumption (VO2 max) and
submaximal aerobic fitness were determined by a continuous multi-
stage exercise test on an electromagnetically braked cycle ergometer
(Robert Bosch GmbH, Berlin, FRG). The subjects began cycling at a
rate of 60 rpm with zero external resistance (unloaded cycling). The
work rate was increased in 30-W increments every 2 min until voli-
tional exhaustion was reached. Ventilatory measurements were made
continuously by open-circuit respirometry with use ofa Horizon Meta-
bolic Measurement Cart (Sensormedics Corp., Anaheim, CA). For
each measurement, oxygen consumption (VO2), carbon dioxide pro-
duction (VCO2), minute ventilation (VE), and the ventilatory equiva-
lent for 02 (VE/VO2) were obtained. Standard criteria for achieving a
true V02 max were applied. Submaximum aerobic fitness was deter-
mined by estimation of the ventilatory threshold from the test data.
The ventilatory threshold, in healthy individuals, is the highest work
rate or V02 before VE increases out of proportion to V02, owing to
stimulation of ventilation by non-metabolically produced CO2 which
may derive from the buffering of lactic acid (28).

Oral glucose tolerance test (OGTT). After a fasting blood sample
was drawn, a 75-g glucose load was given and venous blood samples
were drawn at 30-min intervals for 2 h. The plasma was analyzed for
glucose and insulin and the integrated areas under the glucose and
insulin curves were calculated.

Euglycemic hyperinsulinemic insulin clamp. The euglycemic hy-
perinsulinemic clamp procedure was used to assess in vivo insulin sensi-
tivity (29), in order to recruit groups of lean and obese men at each of
two levels of insulin sensitivity. The subjects were tested at 7:00 a.m.
after an overnight 12-h fast, having abstained from any exercise for 4-5
d before the test. When the euglycemic hyperinsulinemic clamp is com-
bined with simultaneous indirect calorimetry, the thermic effect of in-
fused glucose and insulin, which is the increase in energy expenditure
during the clamp, can be determined and the total glucose uptake can
be partitioned into glucose oxidation and nonoxidative glucose dis-
posal (storage).

An intravenous catheter was inserted in retrograde fashion into a
hand vein and the hand was placed in a heated box (> 70°C) to provide
arterialized venous blood samples. Another catheter was placed in the
antecubital vein ofthe other arm for infusion ofglucose and insulin. A
priming dose of 25 gCi of [3-3H]glucose (New England Nuclear, Bos-
ton, MA) was administered, followed by continuous infusion of 0.25
Ci/mmn of [3-3H]glucose for 2 h, to estimate hepatic glucose produc-

tion in the basal state, and for the following 2 h to determine hepatic
glucose production during the clamp. The [3-3H]glucose was purified
by HPLC, and verified to be 99.0% pure. Arterialized blood samples
were obtained at 15-min intervals for the first 90 min and every 5 min
during the last 30 min of this control period to measure the plateau
steady-state plasma glucose specific activity. After the 2-h control pe-
riod, a primed continuous (40 mU/m2'. min) infusion of regular hu-
man insulin (Humulin R, Eli Lilly & Co., Indianapolis, IN) was admin-
istered for 2 h to raise and maintain the insulin concentration at -100
MU/ml. The plasma glucose level was maintained at - 90 mg/dl by
adjusting the rate of infusion of a 20% dextrose in water solution (29).
Plasma [3-3H]glucose specific activity was measured at 1 5-mmn inter-
vals for the first 90 min of the insulin infusion and at 5-min intervals
during the last 30 min ofthe study. Indirect calorimetry was applied for
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the last 30 min of the baseline period and again during the last 30 min
of the clamp in order to obtain measurements of energy expenditure,
using the Horizon metabolic cart. The subjects voided before and after
the test for measurement of urinary nitrogen.

Calculations. The rate of appearance (Ra) and disappearance (Rd)
of glucose in the plasma was calculated from the [3-3H]glucose specific
activity using the equations of Steele (30) in the steady-state form for
the last 30 min ofthe basal period, and in the non-steady-state form, as
validated by Radziuk et al. (31) during the last 30 min of the clamp.
The last 30 min ofthe euglycemic clamp study was used to calculate the
rate of glucose disposal (Rd), by the entire body. The glucose distribu-
tion volume of 40 ml/kg body weight was assumed. The rate of total
glucose disposal during the clamp (Rd) was considered to represent the
sum of the rates of glucose infusion, corrected for the glucose space,
and the residual endogenous (hepatic) glucose production, if any.

The nonprotein respiratory quotient was calculated from the respi-
ratory exchange data and urinary nitrogen production rates. The rates
of carbohydrate and lipid oxidation were calculated according to the
procedure of Lusk (32), which is based on a nonprotein respiratory
quotient of0.707 for 100% fat oxidation and 1.000 for 100% carbohy-
drate oxidation. The thermic effect of glucose was calculated as the
difference between the energy expenditure during the last 30 min ofthe
baseline period and the last 30 min of the insulin/glucose infusion.
Nonoxidative glucose disposal, which includes storage as glycogen,
conversion to three-carbon compounds, and conversion to lipid, was
calculated as the difference between the rate of glucose oxidation and
total uptake of glucose.

Thermogenesis tests. The thermic effect offood at rest and after 1 h
of cycling exercise at 100 W was determined with a protocol that con-
sisted of four tests on nonconsecutive days, the order of which was
randomized. Baseline postabsorptive metabolic rate was measured on
each test day, after a 30-min rest period.
(a) Postabsorptive resting metabolic rate (RMR) was measured for the

last 6 min of every half-hour for 3 h while the subjects sat quietly.
(b) Postprandial RMR was measured for the last 6 min of every half-

hour for 3 h after the subjects consumed a 720-kcal liquid mixed
meal (Sustacal, Mead Johnson, Evansville, IN) which was 24% pro-
tein, 21% fat, and 55% carbohydrate. The test meal was consumed
within 5 min.

(c) Postabsorptive exercise: metabolic rate measured during 1 h of cy-
cling at 100 W and for 3 h after exercise, as above.

(d) Postprandial exercise: The test meal was given immediately after 1
h of exercise at 100 W; postprandial metabolic rate measured for
the last 6 min of every half-hour for 3 h after exercise.

Thus, for both the resting and postexercise conditions a fasting trial
served as the control for the postprandial trial. For each measurement
the respiratory exchange ratio (VCOJVO2) was calculated and results
were converted to kilocalories by use of the Weir equation (33). The
thermic effect of food was calculated as the postprandial minus fasting
energy expenditure over 3 h for the resting and postexercise conditions.
It has been previously shown that the thermic response to a liquid
mixed meal is neither delayed nor more prolonged in obese insulin-re-
sistant men compared with lean men and although the entire thermic
effect is not measured over 3 h, a study duration of 3 h provides an
unbiased estimate ofthe magnitude ofthe difference between the ther-
mic response to a meal in lean and obese subjects (34). Recently, the
measurement of the thermic effect offood in our laboratory was deter-
mined to be highly reproducible from day to day (35).

Assay procedures. Plasma glucose levels were measured with use of
a glucose analyzer (model II, Beckman Instruments, Inc., Fullerton,
CA) (36, 37). Plasma insulin was measured by radioimmunoassay with
charcoal absorption with use ofa human insulin standard (37). Plasma
[3-3H]glucose specific activity was determined by the method of Katz
and Dunn (38). Urinary nitrogen was determined by the Kjeldahl
method (39).

Design and statistical analyses. Comparison ofthe thermic effect of
food at rest and after exercise in the lean and obese men with low and

high insulin sensitivity was made by application of a five-way analysis
of variance in a 2 X 2 X 2 x 2 x 6 factorial design with two between-
subject factors and three within-subject factors (40). The between-sub-
ject factors were obesity (lean or obese) and level of insulin sensitivity
(low or high). The within-subject factors were exercise (rest or exercise),
food (meal or no meal), and time (the six half-hourly measurements).
The data were expressed both asVO2 and as caloric expenditure. Signifi-
cant F-ratios from the analyses of variance were followed by post-hoc
comparisons according to the Neuman-Keuls procedure, using the ap-
propriate error terms from the analyses of variance (40).

Direct assessment ofthe impact of obesity and insulin resistance or
sensitivity on the thermic effect of food at rest and after exercise was
made by applying a three-way analysis of variance with repeated mea-
sures to the calculated thermic effect of food over 3 h using obesity,
level of insulin sensitivity (resistant or sensitive), and exercise (rest or
after exercise) as the factors. Significant F-ratios were followed by the
appropriate comparisons among cell means.

Comparisons of aerobic fitness, body composition, resting meta-
bolic rate, and data derived from the glucose clamp test, among the
four groups were made by applying 2 X 2 two-way analyses ofvariance
using obesity and insulin sensitivity as the factors. Significant interac-
tion effects were followed by comparisons among the cell means, using
the appropriate error terms. Associations among the thermic effect of
infused glucose, glucose uptake and storage, and the thermogenesis
data, were determined by regression procedures. Before pooling the
data from the four groups, the correlations within each group were
examined and data were only pooled ifthe direction and strength ofthe
correlations were similaramong all groups (40). The 0.05 level ofsignifi-
cance was used.

Results

The subjects' characteristics are shown in Table I. There were
no differences among the four groups with respect to age,
height, FFM, or maximal or submaximal aerobic fitness. The
two lean groups were closely matched for percent body fat and
total body weight as were the two obese groups. As anticipated,
resting metabolic rate (see Table I) was not different among any
of the groups, since they were matched for FFM. The day-to-
day coefficient of variation in the baseline resting metabolic
rate was < 3%.

There were no significant effects of either obesity or insulin
sensitivity on basal hepatic glucose production (173±9 and
160±8 mg/min in the lean groups with low and high insulin
sensitivity, respectively; and 182±6 and 170±7 mg/min in the
obese groups with low and high insulin sensitivity) although
there was a trend for slightly higher levels in the insulin-resis-
tant compared with the insulin-sensitive men (P = 0.1 1, NS).
Steady-state plasma glucose levels during the euglycemic hy-
perinsulinemic clamp were 90±2 and 88±1 mg/dl for the lean
men with low and high insulin sensitivity, and 88±1 and 89±2
mg/dl in the obese groups with low and high insulin sensitivity,
respectively. Steady-state plasma insulin levels were not signifi-
cantly different among the groups (116±8 and 115±9 gU/ml
for the lean groups with low and high insulin sensitivity, respec-
tively, and 131±12 and 109±7 ,U/ml for the obese groups with
low and high insulin sensitivity). Total glucose disposal during
the euglycemic hyperinsulinemic clamp, shown in Fig. 1, was
similar for the lean and the obese men at each ofthe two levels
of insulin sensitivity. This, of course, was the experimental de-
sign of the study. Similar patterns of results were obtained
when the glucose disposal data were expressed relative to FFM
or in absolute form as milligrams per minute. Although the
lean and obese groups were matched for total glucose disposal,
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Table L Subject Characteristics

Lean Obese

Resistant Sensitive Resistant Sensitive

Age 31±2 30±3 28±1 31±2
Height (cm) 178±3 177±2 176±3 173±2
Weight (kg)* 78.7±3.5 77.1±2.3 100.2±4.5 94.2±4.4
Percent body fat* 15.8±1.0 15.4±0.9 34.0±1.4 32.5±1.5
FFM (kg) 66.1±2.7 65.1±1.7 65.8±2.3 64.2±2.5
Aerobic fitness
Maximal aerobic power
Workload (W) 247±9 274±16 258±13 241±6
Max V02 (ml/min) 2,926±160 3,075±122 3,221±126 2,950±110
(ml/kg/FFM/min) 44.7±1.9 47.3±1.8 49.2±2.2 46.4±2.4

Ventilatory threshold
Power output (W) 113±7 127±1Q 130±9 106±9
V02 (ml/min) 1,497±64 1,554±126 1,701±113 1,481±81

RMR (kcal/min) 1.35±0.04 1.33±0.03 1.39±0.11 1.32±0.05

Means±SEM. * P < 0.01 lean vs. obese.

there were significant main effects of both obesity and insulin
resistance on endogenous (hepatic) glucose production (see
Fig. 1). There was less suppression in both groups with low
insulin sensitivity compared with the groups with high insulin
sensitivity, and at each ofthe two fixed levels ofinsulin-stimu-
lated glucose disposal, there was less suppression of hepatic
glucose production by insulin in the obese compared with the
lean men.

When the total glucose disposal was partitioned into oxida-
tion and storage (see Fig. 2), glucose oxidation was not signifi-
cantly different among the four groups, but glucose storage was
significantly lower in the insulin-resistant compared with the
insulin-sensitive groups. The rate oftotal body glucose disposal
was significantly correlated with the rate of glucose storage (r
= 0.72, P < 0.01), but not with the rate of glucose oxidation (r
= 0.29, NS).

The thermic effect ofinfused glucose was greater for both of
the insulin-sensitive compared with the insulin-resistant
groups (Fig. 3). At each level of insulin sensitivity there was a

trend for a lower thermic effect of glucose in the obese than
lean men, but this fell short ofstatistical significance (P = 0. 12).
The thermic effect of glucose correlated with total glucose dis-
posal (r = 0.52); however, this correlation was due to a relation-
ship between the thermic effect of glucose and the rate of
glucose storage (r = 0.50; P < 0.01), but not between the ther-
mic effect of glucose and the rate of glucose oxidation (r
= 0.02; NS).

The oral glucose tolerance test results are shown in Table II.
There was a significant effect of obesity on fasting plasma glu-
cose and the glucose response area. Thus, at each level of insu-
lin sensitivity, obesity was independently associated with
higher fasting glucose and higher glucose response areas. Fast-
ing plasma insulin levels and the insulin areas were indepen-
dently increased by both obesity and insulin resistance: for the
same level of obesity, insulin levels were higher in the insulin-
resistant than the insulin-sensitive men, and at each level of
insulin sensitivity, insulin was higher in the obese than the
lean men.

N Endogenous|
Infused

3_ 6-Ehh
Lean Obese Lean Obese

Low insulin sensitivity High insulin sensitivity

Figure 1. Total body glucose disposal during euglycemic hyperinsu-
linemic clamp. Total glucose disposal is partitioned into the rate of
infused glucose and the rate of endogenous (hepatic) glucose produc-
tion. *P < 0.01 Low insulin sensitivity vs. High insulin sensitivity for
total body glucose disposal, infused glucose, and endogenous glucose
production. tp < 0.05 Obese vs. Lean for endogenous glucose pro-
duction. Values are means±SEM.

9,
C

2 6
U-IL

sE3

| Oxidation
E3 Storage

* *

Lean Obese
Low insulin sensitivity

I -T T

r
Lean Obese

High insulin sensitivity

Figure 2. Total glucose disposal during euglycemic hyperinsulinemic
clamp, partitioned into glucose oxidation (determined by indirect
calorimetry) and nonoxidative glucose disposal (storage). *P < 0.01
Low insulin sensitivity vs. High insulin sensitivity for glucose storage,
and total glucose disposal. Values are means±SEM.
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5 Low insulin sensitivity
12 High insulin sensitivity

c

E

Lean Obese
Figure 3. The thermic effect of infused glucose, expressed as the
change in energy expenditure between the basal period and the last
30-min of the euglycemic hyperinsulinemic clamp. *P < 0.05 Low
insulin sensitivity vs. High insulin sensitivity. A trend for a lower
thermic effect of glucose in the obese compared with the lean groups,
at each level of insulin sensitivity, did not achieve statistical signifi-
cance (P = 0.12). Values are means±SEM.

V02 during exercise was - 2.0 liter in all groups. Since all
groups were matched for aerobic fitness, the exercise used in
the thermogenesis trials represented the same absolute and a
similar relative intensity for all groups, i.e., roughly 67±1% of
maximum aerobic capacity (VO2 max).

Similar patterns of results were obtained when analyses of
variance were applied to the V02 or caloric expenditure data
during the thermogenesis trials. The postabsorptive and post-
prandial V02 data are shown in Figs. 4 (at rest) and 5 (postexer-
cise). The factorial analysis of variance using obesity, insulin
sensitivity, exercise, food, and time as the factors yielded signifi-
cant effects for time, the food/time interaction, and the exer-
cise/food by time interaction. These effects reflect a different
time course in the thermic effect of food at rest and after exer-
cise: there is a rise and subsequent fall in metabolic rate over
the course of the 3-h postprandial period during the resting
condition, whereas after exercise the thermic effect of food
manifests as a reduction in the rate of decline in postexercise
metabolic rate. None of the interactions between time and ei-
ther obesity or insulin sensitivity were significant, indicating
that the time course of the thermic effect of food did not vary
significantly among any of the groups. Although the entire
thermic response was not measured within the 3-h period, as
shown in Figs. 4 and 5, the thermic response to the meal was
neither delayed nor more prolonged in the groups with low

Table II. Oral Glucose Tolerance

Lean Obese

Resistant Sensitive Resistant Sensitive

Fasting glucose (mg/dl)* 91±2 87±2 96±2, 96±3
Fasting insulin (gU/ml)** 21±4 11±2 38±4 21±4
Glucose area (mg/dl)* 517±17 457±22 564±30 547±26
Insulin area (MU/ml)** 347±37 196±16 699±51 358±52

Means±SEM. To convert glucose to millimolar, multiply by 0.056; to
convert insulin to picomolar, multiply by 7.715.
* P < 0.01 for effect of obesity, from two-way ANOVA: obese greater
than lean.
$ P < 0.01 for effect of insulin resistance, from two-way ANOVA:
insulin-resistant greater than insulin-sensitive.

compared with high insulin sensitivity, nor in the obese com-
pared with lean men. Therefore, the calculated thermic effect
of food, which is the difference between the postabsorptive and
postprandial energy expenditure over 3 h, under the resting
and postexercise conditions, was used for further statistical
analyses.

During rest, there were significant main effects for both
obesity and insulin resistance, but no interaction. Thus, the
thermic effect of food was reduced by both obesity and insulin
resistance, independently. The thermic effect offood was lower
in the lean men with low sensitivity compared with the lean
men with high insulin sensitivity, lower in the obese men with
low compared with high insulin sensitivity, and lower in both
obese compared with both lean groups.

During the acute postexercise condition, there was a signifi-
cant effect of obesity and an obesity by insulin resistance inter-
action, such that the thermic effect of food was lower in both
obese compared with the lean groups, but whereas the thermic
effect of food was greater for the lean insulin-sensitive com-
pared with the lean insulin-resistant men, there were no differ-
ences between the two obese groups. Ofmore interest, though,
is the comparison of the thermic effect offood at rest and after
exercise (Fig. 6). There was a significant three-way interaction
between obesity, insulin resistance, and exercise, such that
there was no significant effect of exercise on the thermic effect
of food in either ofthe lean groups, while for the obese groups,
the thermic effect offood was significantly greater after exercise
than at rest, and the most marked improvement was seen in the
obese insulin-resistant group. Prior exercise significantly im-
proved (but did not normalize) the thermic effect of food in
both obese groups, but not in the lean insulin resistant group.

The respiratory quotient data, which are roughly indicative
ofthe proportional rates of fat and carbohydrate oxidation, are
shown in Table III. The respiratory quotients (RQs) were con-
sistently significantly greater in the postprandial state than the
postabsorptive state, and overall, were lower in the postexercise
compared with the resting state. There was a significant obe-
sity/insulin sensitivity/exercise interaction, such that the re-
duction in the postprandial RQ during the postexercise period
compared with the resting condition was greater for obese, in-
sulin-sensitive group than other groups. These results suggest
that the magnitude of the postprandial increase in the relative
rate of carbohydrate oxidation (and hence, the relative reduc-
tion in the proportional rate of fat oxidation) was lower after
exercise than at rest in the obese, insulin-sensitive men than the
other groups. For both obese groups, the lower postprandial
RQ during the postexercise period compared with rest was as-
sociated with the enhanced thermic response.

The thermic effect of glucose was correlated with the ther-
mic effect of food, both during resting (r = 0.40) and postexer-
cise (r = 0.45) conditions. The thermic effect of infused glu-
cose, insulin sensitivity, and the thermic effect ofglucose were
uncorrelated with level ofaerobic fitness. However, it is impor-
tant to point out that fitness was controlled experimentally by
matching all of the groups closely with respect to their level of
aerobic fitness.

Discussion

The present study made use ofan experimental model in which
the usual intercorrelation between obesity and insulin resis-
tance was uncoupled in order to examine the independent and
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Figure 4. Oxygen consumption
(VO2) over 3 h in the postabsorptive
state (o) and after a 720-kcal meal
(c) during the two resting thermo-
genesis trials. The shaded areas rep-
resent the thermic effect of the meal.
The analysis of variance yielded sig-
nificant main effects for obesity and
insulin sensitivity (P < 0.05), re-
flecting the smaller thermic response
to food in the obese compared with
the lean men, and the groups with
low compared with high insulin
sensitivity. Values are means±SEM.
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interactive effects of these two factors on thermogenesis and
glucose metabolism. Thus, in vivo insulin action and obesity
were completely independent factors. The results of this study
delineate for the first time the independent and interactive ef-
fects of obesity and insulin resistance on energy metabolism in
weight stable lean and obese men. By design, all of the groups
were matched for FFM, and therefore, neither obesity nor level
of insulin sensitivity had any independent impact on the rest-
ing metabolic rate. Matching the groups on FFM ensured that
unadjusted resting metabolic rates were comparable among
groups before introducing the thermogenic stimulus of the
meal. Since there is considerable evidence that skeletal muscle
is a significant site for both thermogenesis and insulin resis-
tance (41), observed differences among groups were not con-
founded by differences in the absolute mass of lean tissue.

Fasting plasma insulin levels and the insulin response to
oral glucose were greater in the obese compared with the lean
men at each level of insulin sensitivity. This finding supports
the previous suggestion of Reaven et al. (42) that the direct
relationship between plasma insulin levels and degree of obe-
sity might be independent of insulin action. This implies that

Table III. Respiratory Quotient (RQ = VCO2/V02) over 3 h
during Thermogenesis Tests

Lean Obese

Resistant Sensitive Resistant Sensitive

Rest
Postabsorptive 0.79±0.01 0.80±0.02 0.80±0.01 0.81±0.02
Postprandial* 0.85±0.01 0.87±0:02 0.84±0.01 0.85±0.02

Postexercise
Postabsorptive 0.78±0.02 0.81±0.02 0.78±0.02 0.78±0.02
Postprandial** 0.84±0.02 0.87±0.04 0.82±0.01 0.81±0.01

Means±SEM.
* P < 0.01 for effect of food (from ANOVA); postprandial greater
than postabsorptive.
* P < 0.05 for obesity/insulin sensitivity/exercise interaction (from
ANOVA): Reduction in postprandial RQ during postexercise period
compared with resting condition was greater for obese, insulin-sensi-
tive group than other groups.

the progressive hyperinsulinemia with increasing obesity may
not be determined only by insulin resistance. As expected, he-
patic glucose production was less suppressed by insulin infu-
sion in the insulin-resistant compared with the insulin-sensi-
tive group. However, we also found that at each of the two
levels ofinsulin-stimulated glucose disposal, there was less sup-
pression of hepatic glucose production by insulin in the obese
compared with the lean men. Although previous studies have
reported reduced suppression of hepatic glucose production in
obese compared with lean individuals, the impact of obesity
per se, independent ofinsulin resistance, on the effect ofinsulin
on hepatic glucose production has never been studied. Our
finding that obesity is independently associated with a reduced
ability of insulin to suppress hepatic glucose production indi-
cates a divergence between peripheral and hepatic insulin sensi-
tivity under the influence of obesity. Rizza et al. (43) have
suggested that chronic hyperinsulinemia itselfmay produce he-
patic resistance to insulin. Thus, a common pathway may ex-
plain our findings of increased insulin levels in obesity for each
level ofinsulin sensitivity and the reduced insulin-induced sup-
pression of hepatic glucose production in the obese compared
with the lean groups at each of the two levels of total body
glucose disposal.

The results ofthis study demonstrate that the thermic effect
of infused glucose during the glucose clamp is blunted in men
with low compared with high insulin sensitivity, independent
of obesity. The rate ofglucose oxidation duringthe euglycemic
hyperinsulinemic clamp was not significantly altered by either
obesity or insulin sensitivity, but glucose storage was signifi-
cantly reduced in both the lean and obese insulin-resistant
groups compared with the insulin-sensitive groups. This sup-
ports previous findings that the blunted thermic response to
glucose observed in obese or diabetic subjects is due largely to a
reduced rate of nonoxidative glucose disposal secondary to in-
sulin resistance (7). This reduced rate of glucose storage has
been shown to be associated with alterations in muscle glyco-
gen synthase activity, muscle capillary density, and muscle
fiber type (15). The strong correlation of the thermic effect of
infused glucose with the rate of nonoxidative glucose disposal
but not with the rate ofglucose oxidation is consistent with the
greater energy cost of glucose storage than oxidation (44).

On the other hand, obesity and insulin resistance are both
independently associated with an impaired thermogenic re-
sponse to an ingested mixed meal at rest: the thermic effect of
food was significantly lower in the groups with low compared
with high insulin sensitivity, across both levels of obesity, and
lower in the obese compared with the lean men, at both levels
of insulin sensitivity. Thus, whereas the blunted thermic re-
sponse to infused glucose seems to be predominantly deter-
mined by insulin resistance, and more specifically, related to a
reduced rate of glucose storage, the thermic response to a
mixed meal is influenced by both insulin resistance and obe-
sity, individually. These divergent results, as well as the modest
correlation between the thermic responses to infused glucose
and to a meal (r = 0.40) suggest that there may be physiological
differences in metabolic and thermogenic pathways between
the glucose clamp and orally administered meals. For example,
during the glucose clamp most of the glucose uptake occurs in
skeletal muscle where it is converted to glycogen (45). In con-
trast, recent studies have shown that a large part of liver glyco-
gen formation after a meal occurs by the indirect gluconeo-
genic pathway wherein ingested glucose is converted to lactate
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in muscle and thereafter released and taken up by liver and
converted to glycogen (46). The cycling ofglucose to three-car-
bon compounds has a greater energy cost than storage by the
direct pathway or oxidation (47). Studies of the relationship
between thermogenesis and insulin resistance have specifically
focused on the thermic response to infused glucose. Although
previous investigations have speculated that the blunted ther-
mic response to meals in obese individuals may be a function
of their insulin resistance, we observed different effects ofinsu-
lin resistance and obesity on the thermic effect of infused glu-
cose (no effect ofobesity but a significant effect ofinsulin sensi-
tivity) and the thermic response to an orally ingested mixed
meal (significant effects ofboth obesity and insulin sensitivity).

Although the relationship between defective thermogenesis
in obese and diabetic humans and is fairly well understood (4,
7), the mechanism by which obesity itself is independently
linked to blunted thermogenesis in the present study is unclear.
Other mechanisms for the thermic response to a meal include
sympathetic stimulation, futile substrate cycling, and protein
synthesis (12). While the importance ofsympathetic activity in
the differential thermic responses oflean and obese individuals
remains controversial, there is evidence both that norepineph-
rine levels may be lower in obese than lean individuals and that
obese subjects may be resistant to the thermogenic effect of
norepinephrine (5, 48). Although insulin/glucose infusion is
linked to activation of the sympathetic nervous system (49),
Bazelmans et al. (50) demonstrated that in obesity insulin sensi-
tivity is uncorrelated with parameters ofnorepinephrine metab-
olism. This supports the possibility that sympathetic nervous
system activity may be the mechanism by which obesity, inde-
pendent of insulin resistance, is associated with impaired ther-
mogenesis.

The impact of acute exercise on the thermic effect of food
was dependent on an obesity by insulin resistance interaction:
thermogenesis after exercise was improved in the obese but not
in the lean groups, with the most marked improvement in
obese, insulin-resistant men. We anticipated that the thermic
effect offood would be greater after exercise than at rest for the
obese and the lean groups with low insulin sensitivity than in
the groups with high insulin sensitivity, owing to improved
insulin sensitivity induced by acute exercise in these insulin-re-
sistant subjects. The exercise-induced improvement in post-
prandial thermogenesis could theoretically be related to an im-
provement in insulin sensitivity after exercise and an asso-
ciated shift in the pathways of glucose disposal. Glycogen
synthase, the regulatory enzyme involved in glycogen synthe-
sis, is activated in proportion to the rate glucose uptake, both at
rest and after glycogen-depleting exercise and muscle glycogen
resynthesis is the principal pathway of oral glucose disposal
after exercise. Since skeletal muscle is the principal tissue in-
volved in obesity-related insulin resistance and a likely site for
thermogenesis (41, 45), muscle may therefore also by a likely
site for the metabolic factors underlying the exercise-induced
changes in thermogenesis in the obese men. The increased
thermic effect offood for the obese subjects after exercise might
be explained by increased glucose uptake and glycogen synthe-
sis in muscle, secondary to increased sensitivity to insulin in-
duced by exercise. The improved postexercise thermic effect of
food in the obese groups was associated with lower postpran-
dial RQ values compared with the resting, postprandial values.
This suggests that the-enhancement of the thermic effect of
food by exercise is associated with a lower rate of postprandial

carbohydrate oxidation in the postexercise state compared with
rest. A relative reduction in the rate ofcarbohydrate oxidation
and increase in fat oxidation, reflected in a lower postexercise
postprandial RQ,could direct the ingested carbohydrate prefer-
entially toward storage.

A bout of prior exercise did not enhance postexercise post-
prandial thermogenesis in the lean subjects, perhaps because
they may already have been close to their peak capacity for
thermogenesis at rest. This is consistent with previous reports
that prior-exercise did not enhance insulin-mediated glucose
disposal in lean subjects because they may already have been
close to their peak capacity for glucose transport at rest (51, 52).
Yet it is puzzling that the lean insulin-resistant subjects were

unresponsive to the effect ofprior exercise on the thermic effect
of food. These results suggest that while insulin resistance has
an important role in thermogenesis, particularly in the obese,
factors other than exercise-induced improvement in insulin ac-

tion may account for the responsiveness of thermogenesis to
exercise in the obese. Amino acid release and protein synthesis,
as well as substrate cycling involving glucose (formation ofgly-
cogen by recycling ofglucose via lactate and other three-carbon
compounds), may be accelerated after exercise and these futile
cycles might play a role in the exercise-induced improvement
in the thermic effect offood in the obese groups. The process of
recycling, which consumes more energy than direct glucose to
glycogen conversion, is probably accelerated after exercise, ow-
ing to increased utilization of gluconeogenic substrates (53).
Residual sympathetic stimulation from exercise, or enhanced
responsiveness to the effect of norepinephrine after exercise
may also play a role in the improved thermic response to a

meal after exercise (12).
It still remains unclear whether the blunted thermogenesis

we observed is a consequence or a cause ofboth the obesity and
insulin resistance. It would be of interest to follow the lean,
insulin-resistant men longitudinally to determine whether the
blunted thermogenesis predisposes them to the development of
obesity. The magnitude of the thermogenic response to food in
the lean insulin-resistant men was midway between the lean
insulin sensitive men and the two obese groups. Thus, the ther-
mic effect offood (at rest) was still greater in the lean insulin-re-
sistant men than both obese groups. In this respect, it is possible
that blunted thermogenesis plays less ofa role in the propensity
for weight gain in the lean insulin-resistant group.

Based on longitudinal observations of the relationship be-
tween insulin resistance and weight gain, Swinburn et al. (54)
have proposed that insulin resistance may limit further weight
gain, whereas individuals with greater insulin sensitivity are at
greater risk to gain more weight. These findings might be ex-

plained by a negative feedback mechanism wherein body
weight gain leads to increased insulin resistance which in turn
protects against further weight gain. According to these obser-
vations, the insulin resistance in the lean men in our study may
lower their risk of becoming obese, although the mechanism
for such an effect is unclear (54). Despite the reduced thermo-
genesis in this group, the same mechanisms which underlie the
finding that insulin-resistant Pima Indians gain less weight
than obese insulin-sensitive ones may operate in such a fashion
as to maintain the leanness in our insulin-resistant lean group.
On the other hand, according to the hypothesis put forth by
Amer (55), insulin resistance and the relative hyperinsulinemia
in the lean insulin resistant men could lead to obesity by inhibi-
tion of insulin-sensitive lipolysis.
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The importance ofblunted thermogenesis in obesity is still
questionable because despite smaller increases in metabolic
rate in response to thermic stimuli, total, absolute energy ex-
penditure is generally greater in obese than lean people, owing
to the fact that FFM, as well as fat mass is generally increased in
obesity. The specific, quantitative role ofblunted thermogene-
sis in the etiology and/or maintenance of obesity is unknown.
Thorne et al. reported that the blunted thermic effect of food
was increased and nearly normalized after weight loss, which
suggested that the thermogenic defect is secondary rather than
a primary pathogenic factor in human obesity (10). On the
other hand, other studies have demonstrated that the defect in
thermogenesis persists after weight loss (56). The magnitude of
the difference ofthe thermic effect ofa single meal is small, and
thus, it is unlikely that a defective thermic response plays a role
in short term energy balance. However, over long periods of
time a subtle metabolic efficiency may favor the storage rather
than the dissipation of energy. Thermogenesis is enhanced
roughly 40-50% by acute exercise in the obese groups, but the
absolute increment in total caloric expenditure is quite small
(roughly 13-23 kcal/3 h); thus, the long-term significance of
exercise-induced changes in thermogenesis is also uncertain.
The mechanisms underlying the blunted thermogenesis in the
obese as well as the relationships among defective thermogene-
sis, insulin resistance, and obesity are unresolved: it is not
known whether both insulin resistance and defective thermo-
genesis are consequences ofobesity that in a subtle way perpetu-
ate the obesity or if insulin resistance leads to a defect in post-
prandial energy expenditure which predisposes an individual
to obesity by means of increased metabolic efficiency. Insulin
resistance itselfcould predispose to obesity by way ofinhibition
of fat oxidation or diminished thermogenesis, owing to a re-
duction in nonoxidative glucose disposal and the associated
lower energy cost of oxidative glucose metabolism. It is also
possible that over long periods oftime the blunted thermogene-
sis could contribute to the onset, persistance or worsening of
the obese state by a subtle energy conserving defect.

In summary, the results of the present study indicate that
although resting metabolic rate was not affected by either obe-
sity or insulin resistance, the thermic effect ofinfused glucose is
blunted by insulin resistance and not related to obesity per se,
whereas the thermic response to ingested nutrients was signifi-
cantly reduced by both obesity and insulin resistance, indepen-
dently. Longitudinal investigations are needed to resolve the
nature of the interrelationships among obesity, insulin resis-
tance, and thermogenesis. For example, it would be important
to document whetherthe insulin-resistant lean subjects are met-
abolically predisposed to become obese and whether the obese,
insulin-resistant men are more or less likely to become even
fatter than the obese, insulin-sensitive men. Long-term follow-
up of these subjects may therefore provide further insights re-
garding the impact ofimpaired thermogenesis and insulin resis-
tance on body weight regulation as well as further information
regarding the underlying relationships among insulin resis-
tance, obesity, and energy metabolism.
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