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The rate of insulin-stimulated glucose disposal is reduced in individuals with insulin resistance, and is associated with a blunted 
or absent increase in energy expenditure in response to a glucose load. The magnitude of the effect of glucose on energy 
expenditure (EGEE) may be a function of opposing changes in the rate of glucose disposal (Rd) and hepatic glucose production 
(HGP). In this study, six women with non-insulin-dependent diabetes mellitus (NIDDM) were studied on a metabolic ward in 
each of three conditions. On days 1 and 2, they did no exercise (NX) or else performed low-intensity exercise ([LO] 3,118 kJ [745 
kcal]) at 50% maximal oxygen consumption [Vozmax]) or high-intensity exercise ([HI] 3,114 kJ [744 kcal] at 75% Vo2max). On day 
3, infusion of 6,62H-glucose in the basal state was immediately followed by infusion of glucose, 6,62H-glucose, and insulin at 
fixed rates. Indirect calorimetry was performed during the last 30 minutes of each infusion. EGEE was not different among the 
three conditions (mean --. SEM: NX -0 .18  -+ 0.11, LO -0 .08  -+ 0.05, and HI -0 ,08  _+ 0,07 kJ/min) and was inversely related to 
steady-state plasma glucose concentration, a direct measure of insulin resistance (r = - .89 ,  P < .05). EGEE was positively 
correlated with glucose Rd (r = .94, P < .001) and negatively correlated with HGP (r = - .91 ,  P < .05). The data indicate that the 
glucose effect on energy expenditure was slightly positive in the more insulin-sensitive individuals, but negative in the more 
insulin-resistant subjects. The EGEE appears to be determined by the relative balance between energy required to store glucose 
and energy saved by suppression of glucose production. 
Copyright © 1996by W.B, Saunders Company 

N HUMANS WITH normal insulin sensitivity, energy 
expenditure increases in response to oral glucose or 

glucose/insulin infusion. 1-4 Energy expenditure increases by 
approximately 10% in lean individuals, but is markedly 
lower (0% to 5%) in obese insulin-resistant individuals with 
or without non- insul in-dependent  diabetes mellitus 
(NIDDM)? -7 The  energy required to store glucose as 
glycogen, which is approximately 0.82 kJ/g glucose stored (2 
mol ATP • 74 kJ/mol ATP, divided by glucose molecular 
weight [180 g/mol],S), is thought to account for much of the 
thermogenic effect. 6,7 Ravussin et al 4,5 showed a strong 
correlation between subnormal rates of glucose disposal 
and smaller increases in energy expenditure in people with 
insulin resistance. 4,5 

Individuals with NIDDM have elevated rates of hepatic 
glucose production (HGP) in the basal state, much of which 
has been attributed to gluconeogenesis, an energy-requir- 
ing process. T M  Increased rates of gluconeogenesis probably 
account for part (50%, according to Consoli et a111) of the 
elevated resting metabolic rate observed in this popula- 
tion. 11 An infusion of glucose and insulin inhibits hepatic 
glycogenolysis and gluconeogenesis, in addition to stimulat- 
ing storage of glucose as glycogen. 3,5-7 Suppression of 
glueoneogenesis should decrease energy expenditure. The 
direction and magnitude of the change in energy expendi- 
ture induced by a glucose/insulin infusion is probably 
determined by the net balance between energy required to 
store glucose and energy saved by suppression of gluconeo- 
genesis. 5,6,12 In people with NIDDM, a relatively large 
reduction in the energy expended to maintain high rates of 
basal glue0neogenesis could offset energy expended for 
storage of glucose, resulting in reduced net thermogenesis 
in response to glucose and insulin. 6,12 

Devlin et a113,~4 observed that a single bout of exercise 
increased the glucose rate of disposal and restored the 
thermic response to a glucose/insulin infusion in obese men 
with NIDDM. Recently, we reported the effects of low- and 

high-intensity exercise on glucose production and disposal, 
in the basal and insulin-stimulated states, in obese women 
with NIDDM. Is,t6 The purpose of this paper is to compare 
the effect of a glucose infusion on energy expenditure in 
three conditions, and explain the results in the context of 
opposing changes in glucose production and disposal. 

SUBJECTS AND METHODS 

The study was approved by the Human Research Committees at 
the Universities of California at Berkeley and San Francisco. Data 
fi'om this study were collected in the same subjects and at the same 
time as other data reported previously. 15A6 Six women with 
NIDDM signed informed-consent documents and were carefully 
screened before participation in the study. The inclusion criterion 
of NIDDM was based on a fasting plasma glucose concentration of 
7.8 to 11.1 mmol/L (140 to 200 mg/dL) measured during the 
screening session. All subjects were obese and physically un- 
trained. Subjects were excluded from the study if they smoked 
cigarettes, took insulin, or were hypertensiye. NIDDM in five 
subjects was managed with oral sulfonylurea drugs, which were 
discontinued 7 days before each admission. Subjects refrained 
from exercise for at least 5 days before each admission. Anthropo- 
metric and metabolic characteristics of the subjects are shown in 
Table 1. 

From the Department of Nutritional Sciences, University of Califor- 
nia at Berkeley, Berkeley; and the Department of Pediatrics, University 
of California at San Francisco, San Francisco, CA. 

Submitted June 2, 1995; accepted December 20, 1995. 
Supported by National Institutes of Health Training Grant No. 

5-T32-HD07255-05 (UC Berkeley), the Research Evaluation and 
Allocation Committee Clough Fund (UC San Francisco), and Na- 
tional Institutes of Health Grant No. MO1-RR-O0083-33 (GCRC). 

Address reprint requests to Barry Braun, PhD, Department of 
Endocrinology, Geriatrics, and Metabolism, Stanford University School 
of Medicine, Aging Study Unit / GRECC 2B1, Veterans Administration 
Health Care System, Palo Alto, CA 94304. 

Copyright © 1996 by W.B. Saunders Company 
0026-0495/96/4506-0013503. 00/0 

Metabolism, Vol 45, No 6 (June), 1996: pp 747-752 747 



748 BRAUN, ZIMMERMANN, AND KRETCHMER 

Table 1. Anthropometric and Metabolic Characteristics of Subjects 

Age Height Weight Fat BMI FPG FPI ~/O21Tlax 
(yr) (cm) (kg) (%) (kg/m 2) (mmol/L) (prooF/L) (mL/kg/min) 

Mean 44.3 165.5 83.9 41.2 30.7 9.85 128 27.0 
SD 5.2 6,7 8.2 4.3 3.5 1.31 29 2.7 

Abbreviations: BMI, body mass index; FPG, fasting plasma glucose 
concentration; FPI, fasting plasma insulin concentration. 

Protocol 

On the morning of day 1, subjects were admitted to the inpatient 
facility of the General Clinical Research Center (GCRC) at San 
Francisco General Hospital. Body composition was assessed by 
dual-energy x-ray absorptiometry (Lunar DPX, Madison, WI). 
Subjects received a controlled diet containing energy equal to 1.3 
times their basal energy requirements, composed of 50% carbohy- 
drate, 20% protein, and 30% fat, with at least 250 g carbohydrate 
per day. 

On the afternoon of day 1, subjects either rested (no exercise 
[NX]) or performed the first two bouts of exercise at either low 
intensity (LO) or high intensity (HI). In the LO condition, subjects 
walked on a motor-driven treadmill (model Q50; Quinton Instru- 
ments, Seattle, WA) at 50% of their previously determined 
maximal oxygen consumption (Vozmax).. In the HI condition, 
treadmill walking was performed at 75% Vozmax. During exercise, 
the subjects' expired breath was diverted by a one-way valve 
through a calibrated pneumotach0meter and oxygen and carbon 
dioxide analyzers (Quinton Q-Plex ! metabolic cart). Treadmill 
speed and grade were manipulated (mean -+ SD: LO, 3.7 _+ 0.1 
km/h and 6.7% +- 1.4%, and HI, 4.1 _+ 0.2 km/h and !4.5% -+ 2.9%, 
respectively) so. that oxygen consumption was steady at tbe desired 
percentage of Vozmax (50.4% -+ 1.7% for LO and 74.4% _+ 3.0% 
for HI). The duration of each exercise bout was adjusted so that 
energy expenditure was approximately 523 kJ (125 kcal). There was 
a 15- to 20-minute rest period between the two exercise bouts. 
Subjects performed two more exercise bouts in the same way on the 
morning of day 2 and agai n on the afternoon of day 3. The duration 
of each exercise bout was 23.8 -4- 3.8 minutes (LO) and 15.0 _+ 1.3 
minutes (HI) (total for the six exercise bouts, LO, 143 + 23, and 
HI, 90 -+ 8). Total exercise energy expenditure was 3,118 -+ 63 kJ 
(LO) and 3,114 _+ 90 kJ (HI). 

Infusions 

Subjects fasted overnight, and basal and insulin-stimulated 
infusions were performed on the morning of day 3. At 4:30 AM on 
day 3, 6,62H-glucose was infused (70 Ixg/kg fat-free mass [FFM]/ 
min) into an antecubital vein for 300 minutes. Blood samples 
obtained during the last hour of infusion were used to measure 
HGP. During minutes 270 to 300, a ventilated hood was placed 
over the subject's head, and expired breath was directed to the 02 
and CO2 analyzers of a Delta-Trac metabolic monitor (Sensor 
Medics, Anaheim, CA). Immediately following the basal infusion, 
insulin and glucose (2.5% of which was 6,6ZH-glucose) were 
infused at rates of 40 mU/mZ/min and 4 mg/kg FFM/min, 
respectively. Blood samples were obtained every 15 minutes for 180 
minutes and those collected during the last 30 minutes were used to 
measure glucose rate of appearance (Ra). During minutes 150 to 
180, indirect calorimetry was performed as described earlier. 

Subjects were discharged, and they reported back to the GCRC 
4 and 8 weeks later (always in the follicular phase of the menstrual 
cycle) to undergo the identical procedures in the other two 
conditions. The order of the three conditions was balanced across 
subjects. 

Biochemical Assays 

Glucose concentration in whole blood was determined with a 
Yellow Springs Instruments 23A glucose analyzer (Yellow Springs, 
OH). Values for whole blood were corrected for hematocrit to 
calculate plasma glucose concentration. Concentrations of insulin 
and C-peptid e in plasma were measured by radioimmunoassay 
using Coat-A-Count kits (Diagnostic Products, Los Angeles, CA). 
Plasma samples taken during the last 30 minutes of each infusion 
were used for measurement of glucose isotopic enrichment. Glu- 
cose in plasma was derivatized as described previously Is and 
reconstituted in 100 txL ethyl acetate. The sample (2 ixL) was 
injected, and mass spectra were recorded on a model 5970 gas 
chromatograph-mass spectrometer (Hewlett-Packard Analytical, 
Wilmington, DE).  Selected ion monitoring was used to compare 
the abundance of the unlabeled fragment (mass/charge, 331) wit h 
that of the dideuterated isotopomer (mass/charge, 333). After 
correction for background enrichment (mean, .06%; range, .02% 
to .12%), the abundance of 6,62H-glucose was expressed as a 
percent of total glucose species. 

Calculations 

In the steady-state condition (constant isotopic enrichment and 
concentration of plasma glucose), Ra of unlabeled glucose into 
plasma equals (isotope isotope infnsion rate/isotopic enrichment 
of glucose in plasma) - isotope infusion rate. In the steady state, 
Ra equals the rate of glucose disposal (Rd). In the basal state, Ra 
equals HGP. During the glucose/insulin infusion, Ra equals 
HGP + glucose rate of infusion. Energy expenditure during basal 
and glucose/insulin infusions was calculated from the respiratory 
exchange ratio (RER) and Vo2. Measured RER values were not 
corrected for urinary nitrogen, but in the range of our measure- 
ments, even large deviations in nonprotein RER (_+ 0.04 U) would 
have a negligible effect on measured energy expenditure (-+ 0 5 %). 
The effect of glucose on energy expenditure (EGEE) was defined 
as (energy expenditure during the glucose/insulin infusion) - 
(basal energy expenditure), and expressed as kilojoules per minute. 

Statistical Methods 

Statistical comparisons among condition means were made with 
repeated-measures ANOVA. Tukey's studentized range test was 
used when significant (P < .05) F ratios were obtained. Pooled 
correlation coeffÉcients (rp) were calculated for each set of vari- 
ables from single linear regression analyses for each condition 
(NX, LO, and HI), which were transformed to z values using the 
formula, z = 1/2 In (1 + r/1 - r). The mean z value was retrans- 
formed to a pooled correlation coefficient using the formula, rp = 
(e 2z - 1)/(e 2z + 1). The correlations were then tested for statistical 
significance using analysis of covariance with repeated measures. 
Use of these procedures accounts for the nonindependent nature 
of the samples, ie, 18 data points from six subjects. 

RESULTS 

R E R  

The  R E R  in the  basal  s tate  was the  same among  
condi t ions  (Fig l) .  Dur ing  the  insul in /g lucose  infusion, 
R E R  was significantly h igher  than  in the  basal  s tate  in all 
t h ree  condit ions,  bu t  the re  were no  differences among  
condit ions.  

Energy Expenditure 

Energy expendi tu re  rates  dur ing the  infusions are shown 
in Fig 2. Energy  expendi tu re  was not  statistically different  
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Fig 1. RER in the basal state (C]) and during the glucose/insulin 
infusion (~) in the 3 exercise conditions. *P < ,05 v basal state. 

among conditions in either the basal or insulin-stimulated 
states. 

Thermic Effect of  Glucose and Insulin 

Mean energy expenditure tended to be lower during the 
glucose/insulin infusion relative to the basal state in all 
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Fig 2. Energy expenditure in the basal state (D) and during the 
glucose/insulin infusion (~) in the 3 exercise conditions. 

three conditions (NX -0.18 --- .11 kJ/min, LO -0 .08 -+ .05, 
and HI -0.08 _ .07), but the changes were not significantly 
different from zero or from each other. 

Correlations Between EGEE and Glucose Metabolism 

Figures 3 and 4 show the relationship between the EGEE 
and the change in glucose Rd or HGP. Using data from all 
three conditions, there was a positive correlation between 
EGEE and change in Rd (r = .94, P < .001; Fig 3) and an 
inverse relationship between EGEE and change in HGP 
(r = - .91,  P < .05; Fig 4). 

Relationship Between EGEE and Insulin Resistance 

The relationship between insulin resistance, defined as 
the steady-state plasma glucose concentration (SSPG) at- 
tained during infusion of glucose and insulin at constant 
rates, ~6J7 and EGEE is shown in Fig 5. There was a strong 
negative correlation between the measures (r = - . 8 9 ,  
P < .05) using data from all three conditions. Indirect 
measures of insulin resistance, ie, fasting plasma glucose 
concentration and basal hepatic glucose output, were also 
negatively correlated with EGEE, with coefficients of - . 82  
(P < .05) and - .73  (P < .05), respectively. 

DISCUSSION 

In this study, infusion of glucose and insulin at fixed rates 
did not increase mean energy expenditure above basal 
values in obese women with NIDDM. There was a strong 
negative correlation between the degree of insulin resis- 
tance, which was directly assessed by SSPG during insulin/ 
glucose infusion (NX 10.2 -+ 2.9 mmol/L, LO 8.7 -+ 3.1, 
and HI 8.6 -+ 3.2), and the magnitude of glucose-induced 
change in energy expenditure. EGEE was positive in four of 
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five cases when SSPG was not greater than 7 mmol/L (the 
exception had an EGEE of -0.06). Conversely, EGEE was 
negative in 12 of 13 cases when SSPG was at least 7 mmoi/L 
(the exception had an EGEE of 0.00). These data indicate 
that, as note d previously, 4,s there is an inverse relationship 
between insulin resistance and the effect of glucos e to 
increase energy expenditure. 

Individuals with the largest increase in glucose Rd during 
the infusion were those who showed the greatest EGEE 
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Fig 5. Change in energy expenditure versus SSPG during the 
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equation: change in EE = -0  10 (SSPG) + 0.78. 

(mean increases for the three conditions: NX 7 . 4 -  2.9 
rag/rain, LO 10.3 +- 3.9, and H I  29.9 -- 7.8). A prior study 
by Ravussin et al 5 clearly demonstrated this relationship: 
when glucose Rd was artificially normalized by infusing 
large quantities of insulin, the thermic effect of glucose in 
obese and insulin-resistant (but not diabetic) subjects was 
restored. Simonson et a118 found that substitution of fruc- 
tose for glucose restored normal thermogenesis both in 
obese subjects and in those with NIDDM. They suggested 
tlaat thermogenesis was normalized because fructose me- 
tabolism, which is mainly independent of insulin action, was 
n o t  affected by insulin resistance. Schwarz et aP 2 corrobo- 
rated these findings, and extended them with the observa- 
tion that infusion of fructose in lean and obese subjects did 
n o t  suppress HGP. With no reduction in energy required to 
make glucose de n0vo, the energy cost of carbohydrate 
storage was not offset by energy savings, resulting in a net 
increase in total energy expenditure. Schwarz et al hypoth- 
esized, as did othersl s-7 that in subject s with NIDDM, 
suppression of abnormally high basal HGP (specifically the 
energy-requiring process of gluconeogenesis) could explain 
why thermogenesis was absent in this population. Data 
from the present study, showing an inverse relationship 
between Suppression of HGP and the effect of glucose 
administration to increase energy expenditure for glucose 
storage, strongly support that hypothesis. 

A major limitation of this study is that total HGP, not 
gluconeogenesis, was actually measured. Interpretation of 
our data is based on the assumption that suppression of 
total HGP (mean changes: NO =!95 - 41 rag/rain, LO 
-192 - 38, and HI -155 +- 44) is at least partly attribut- 
able to suppress!on of g!uconeogenesis. Several observa- 
tions make this assumption appear reasonable. In the 
present study, plasma concentrations of glucagon were 60% 
to 85% lower during glucose/insulin infusion than in the 
basal state (230 ~- 21 to 139 ± 11 pmol/L for NX, 226 +- 23 
to 121 + 13 for LO, and 190 +- 31 to 118 -+ 22 for HI). 
Coupled with large elevations in plasma insulin concentra- 
tions (124 _+ 13 to 379 - 31 pmol/L for NX, 98 -+ 10 to 
351 -+ 28 for LO, and 100 _+ 9 to 337 _+ 20 for HI), the ratio 
O f plasma insulin to glucagon increased from approximately 
0.5 in the basal state to approximately 3.0 during insulin 
infusion. This ratio has a profound influence on the rate of 
hepatic gluconeogenesis, I° and these data strongly suggest 
that gluconeogenesis was largely suppressed during the 
infusion. Confirmation of these data awaits new techniques 
t o  measure gluconeogenesis accurately in humans39 

Six bouts of exercise performed at either low or high 
intensity (last bout, 12 hours before the infusion) did not 
restore EGEE in obese women with NIDDM. In contrast, 
Devlin and Horton 14 observed that a single bout of high- 
intensity exercise completely restored the thermic effect of 
a low-dose glucose/insulin infusion in men with NIDDM34 
Surprisingly, in obese men with insulin resistance but 
without NIDDM, therm0genesis was essentially zero with 
or without prior exercise. 14 The obese women with NIDDM 
who participated in our study responded to prior exercise 
like the obese insulin-resistant men in the study by Devlin 
et al, rather than the men with NIDDM. This could be a 



GLUCOSE METABOLISM AND THERMOGENESIS IN NIDDM 751 

real gender difference, or the women in our study could 
share metabolic traits with the obese insulin-resistant men 
that account for the discrepancy between the two studies. 

Obesity and aerobic capacity are related to both insulin 
resistance and the thermic effect of glucose or a meal. 2,3,2°-22 
Segal et al 2°,2~ have shown that obese men with a high 
percentage of body fat have a lower thermic effect of a meal 
than lean men with the same absolute fat mass. Similarly, 
groups of men with the same percentage of body fat have 
the same thermic effect of a meal, even when they differ in 
absolute fat mass. Hollenbeck et a122 showed a direct 
relationship between insulin-stimulated glucose disposal 
and Vo2max (r = .74, P < .001) in older males, which was 
independent of percentage body fat. The women in our 
study, with 41.2% body fat and a Vo2max of 2.70 L/rain, 
were more similar to the obese men with insulin resistance 
(30.4% and 2.70 L/min) than the men with NIDDM (27.8% 
and 2.98 L/rain) from the studies by Devlin et al. 13,14,23 The 
effect of prior exercise on fasting glucose metabolism was 
also different in the women in our study. Fasting hyperglyce- 
mia in men with NIDDM was markedly reduced after 
exercise in the study by Devlin et al (from 197 _+ 12 to 
164 _ 9 mg/dL), but not in the women with NIDDM who 
participated in our study (NX 209 _+ 41, LO 204 -+ 37, and 
HI 192 + 27 mg/dL). Differences between the groups could 
also be related to different patterns of body fat distribution 
in women and men. 7 

Prior exercise changes the dose-response relationship 
between plasma insulin concentration and both suppres- 
sion of HGP and stimulation of glucose Rd. 24,25 However, 
the effects are not necessarily equal, and at a given 
concentration of plasma insulin, stimulation of glucose Rd 
and suppression of HGP could be differentially affected. 
Glucose-induced thermogenesis in individuals with severe 
peripheral insulin resistance but relatively mild hepatic 
resistance could be less responsive to prior exercise than 
that in subjects with frank NIDDM (because HGP is greatly 
suppressed without a concomitant increase in Rd). In a 
comprehensive study by Segal et al, 26 glucose Rd was not 
increased by 12 weeks of exercise training in either lean, 
obese, or diabetic men. 26 There was a decrease in basal 
HGP in men with NIDDM. Exercise training did not 
increase the effect of infused glucose on energy expenditure 
in any group, with mean values slightly lower (although not 
statistically different from zero) after exercise training in 
the NIDDM group, possibly reflecting the decline in basal 
HGP and no increase in Rd. A mismatch between hepatic 
and peripheral insulin resistance is also apparent in our 
subjects. Women with the greatest insulin sensitivity (larg- 
est stimulation of glucose Rd and lowest SSPG) had the 
smallest suppression of HGP. Looking closely at the data, it 

is clear that the relative suppression of HGP was similar in 
all subjects (range, 65% to 80%) and the higher absolute 
values in the most insulin-resistant subjects are due to their 
grossly elevated rates of basal HGP. This suggests that 
hepatic insulin sensitivity (defined as percent suppression 
of basal HGP at a given submaximal plasma insulin concen- 
tration) was similar among subjects and unaffected by acute 
exercise. Therefore, it is probable that differences in 
peripheral insulin sensitivity (defined as stimulation of 
glucose Rd at a given submaximal plasma insulin concentra- 
tion) accounted for much of the observed relationship 
between insulin resistance and EGEE. Although the results 
should be viewed only as estimates due to the small sample 
size, multiple regression analysis showed that changes in 
glucose Rd alone accounted for approximately 40% of the 
variance in EGEE. HGP alone accounted for less than 25% 
of the variance, and adding HGP to Rd alone did not 
improve the correlation. 

Data from Devlin et al I3,23 provide further support for the 
importance of glucose storage to EGEE. Energy expendi- 
ture was only increased when the glucose/insulin infusion 
resulted in net glycogen deposition. This was the case with 
but not without exercise in men with NIDDM) 3 However, 
glycogen deposition was minor with or without exercise in 
nondiabetic men with insulin resistance, and EGEE was 
essentially zero. 23 Changes in muscle glycogen were not 
measured in our subjects, but in light of the data presented 
herein, the mean change would likely have been negligible, 
with individual increases positively related to EGEE. 

In summary, the effect of infused glucose on energy 
expenditure was markedly reduced (and in many cases, 
negative) in obese women with NIDDM, relative to re- 
ported values for lean subjects. Prior exercise had no 
significant effect on thermogenesis. The effect of glucose on 
energy expenditure was inversely related to the degree of 
insulin resistance, directly related to the rate of glucose 
disposal, and inversely related to the suppression of HGP. 
These data support the hypothesis that the magnitude of 
glucose-induced thermogenesis is determined by the bal- 
ance between glucose disposal and glucose production. 
Reduced or absent thermogenesis in individuals with insu- 
lin resistance may be due to offsetting changes in energy 
expenditure: the energy saved by suppression of elevated 
basal gluconeogenesis balances the energy cost of glucose 
storage at subnormal rates. 
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