
DIABETES, VOL. 47, NOVEMBER 1998 1763

Glucose Production, Utilization, and Cycling in
Response to Moderate Exercise in Obese Subjects
With Type 2 Diabetes and Mild Hyperglycemia
Adria Giacca, Yolanda Groenewoud, Elaine Tsui, Patricia McClean, and Bernard Zinman

The glucoregulatory and hormonal responses to mod-
erate-intensity exercise (50% VO2 m a x for 45 min) were
examined in subjects with type 2 diabetes and mild
hyperglycemia. We studied seven obese subjects with
type 2 diabetes and seven lean and seven obese control
subjects (fasting plasma glucose levels, 7.5 ± 0.5, 4.8 ±
0.1, and 5.2 ± 0.1 mmol/l, respectively). Glucose pro-
duction, utilization, and cycling (flux between glucose
and glucose-6-phosphate [G-6-P]) were measured with
[ 6 -3H]glucose and [2-3H]glucose using the constant spe-
cific-activity method. Insulin levels decreased normally
during exercise in diabetic subjects. Plasma glucose
levels decreased in diabetic subjects, but remained con-
stant in control subjects. Basal glucose production was
not different among groups and increased similarly
during exercise. The decrease in plasma glucose in dia-
betic subjects was due to greater glucose utilization
(867 ± 83 vs. 726 ± 143 µmol · m– 2 · min– 1; P < 0.05). This
was a consequence of the mass effect of hyperglycemia,
since glucose metabolic clearance increased similarly in
all groups. Glucose cycling, expressed as a percentage
of total glucose output (i.e., flux through G-6-P) was
elevated at rest (P < 0.01), but decreased during exer-
cise (P < 0.01). The catecholamine response to exercise
was blunted in diabetic subjects, presumably indicating
autonomic dysfunction. In conclusion, during moder-
ate-intensity exercise in obese diabetic subjects with
mild hyperglycemia, 1) insulin secretory responses
were normally regulated; 2) glucose homeostasis was
d i fferent from that in nondiabetic subjects because glu-
c o s e levels decreased during exercise; 3) the decrease in
plasma glucose was due to greater-than-normal rates of
glucose utilization, which were sustained by hypergly-
cemia; and 4) elevated basal rates of glucose cycling
decreased during exercise, presumably because exercise
simultaneously lowered plasma glucose, was associated
with a blunted catecholamine response, and accentu-
ated an underlying defect in hepatic glucokinase activity
in type 2 diabetes. D i a b e t e s 47:1763–1770, 1998

A
lthough exercise is an important component of
the treatment of type 2 diabetes, the metabolic
responses to exercise in type 2 diabetes are not
completely understood. In fact, not many studies

have evaluated the acute metabolic response to exercise in
subjects with type 2 diabetes (1–10). In most of these studies
(1,2,4–8,10), plasma glucose levels declined during exercise,
whereas they did not change from basal levels in weight-
matched control subjects. The decrease in glucose was
mainly attributed to a blunted rise in glucose production as
compared with control subjects (2,8); however, in recent
studies (7,9), a greater increase in glucose utilization has
been described. Most of these studies have been carried out
in subjects with type 2 diabetes and high plasma glucose lev-
els (2,7–9); therefore, it is possible that hyperglycemia itself
brought about secondary changes in the glucoregulatory
response to exercise. The aim of the present study was to
examine glucoregulatory and hormonal responses to exercise
in subjects with type 2 diabetes and mild hyperglycemia to
detect the early events. Furthermore, type 2 diabetic patients
with mild hyperglycemia are also the individuals that bene-
fit most from exercise. In addition to glucose production and
utilization, glucose cycling, which is the flux of glucose that
cycles through the hepatic glucose and glucose-6-phosphate
(G-6-P) pools (11), was also measured. In the postabsorptive
state as well as during exercise, when the net flux of glucose
across the liver is toward glucose production, glucose
cycling represents the amount of glucose that, after being
dephosphorylated by glucose-6-phosphatase, does not reach
the peripheral tissues but is cycled back into the liver. It has
been postulated that changes in the rate of cycling could
affect the availability of glucose to the contracting muscle dur-
ing exercise (12). However, studies in normal subjects have
failed to demonstrate an important role of glucose cycling in
the regulation of glucose flux during higher-intensity exercise
(70% VO2 m a x) (12).

Elevated rates of glucose cycling at rest are an early feature
of type 2 diabetes and may have a compensatory role in lim-
iting the magnitude of glucose production and, therefore,
the resulting hyperglycemia (13,14). The response of glucose
cycling to exercise has not been evaluated in type 2 diabetes.
In the present study, glucose turnover and cycling were
determined at rest and during moderate exercise in obese sub-
jects with type 2 diabetes and mild hyperglycemia, and in two
groups of control subjects, an obese weight-matched group
and a lean control group.

From the Departments of Medicine (A.G., Y.G., E.T., B.Z.) and Physiology
(A.G.), University of Toronto; the Samuel Lunenfield Research Institute
(B.Z.), Mount Sinai Hospital; and the Respiratory Research Laboratory
( P.M.), The Toronto Hospital, Toronto, Canada.

Address correspondence and reprint requests to Dr. Adria Giacca, Uni-
versity of Toronto, Room 3363, Medical Sciences Building, M5S 1A8
Toronto, Canada. E-mail: adria.giacca@utoronto.ca.

Received for publication 22 October 1997 and accepted in revised form
8 July 1998.

ECG, electrocardiogram; FFA, free fatty acid; G-6-P, glucose-6-phos-
phate; PDH, pyruvate dehydrogenase; RQ, respiratory quotient.



RESEARCH DESIGN AND METHODS

S u b j e c t s . The following groups of seven volunteers each were studied: lean
nondiabetic subjects, obese nondiabetic subjects, and obese subjects with type
2 diabetes and mild hyperglycemia (fasting plasma glucose <10 mmol/l). Subjects
were recruited based on absence of illness (other than diabetes), history and phys-
ical examination, routine blood and urine tests, and resting and standard exercise
electrocardiogram (ECG) tests. Subjects with type 2 diabetes had a previous
diagnosis of diabetes based on fasting plasma glucose levels repeatedly >7.8
mmol/l. The known duration of diabetes ranged from 2 to 5 years. No complica-
tions of diabetes were present. The clinical data of the three groups of subjects
are shown in Table 1. Both obese control subjects and obese diabetic subjects were
older than lean control subjects, whereas fitness levels (expressed as the per-
centage of the predicted VO2 m a x values based on age and sex) were matched in all
groups. Obese subjects, despite having a normal oral glucose tolerance test, had
s i g n i ficantly higher plasma glucose and HbA1 c levels than lean control subjects.
Subjects with type 2 diabetes had very mild hyperglycemia.
P r o t o c o l . The protocol was approved by the Human Subjects Review Commit-
tee of the University of Toronto. Informed consent was obtained from the subjects
after the nature of each procedure was explained. Studies were performed in the
Respiratory Research Laboratory of the Toronto Hospital. Subjects were studied
after an overnight fast. To assess nitrogen balance for indirect calorimetry, urine
was collected during the 24-h period before the study. The protocol consisted of
1) a basal period of 160 min, 2) 45 min of exercise at 50% VO2 m a x, and 3) 150 min
of recovery from exercise. An 18-gauge cannula was inserted into a forearm vein
for sampling. In the contralateral forearm, a 20-gauge cannula was inserted for the
infusion of high-performance liquid chromatography–purified [2-3H]- and [6-
3H]glucose. At t = –160 min, 66 1 06 dpm of a sterile equal mixture of [2-3H]- and
[ 6 -3H]glucose was injected as an intravenous bolus, followed by a constant intra-
venous infusion of 0.66 1 06 dpm/min. In the diabetic subjects, a larger bolus was
administered according to glycemia (i.e., 66 [1 + (PG-5)/5 0.6] 1 06 d p m ,
where PG = plasma glucose in mmol/l) to achieve plateau specific activities in 120
min despite the slower glucose kinetics (15). At t = 0 min, the subjects began exer-
cising on an ergometer bicycle under continuous ECG monitoring. After a 2-min
warm-up period, the power output was kept fixed at ~50% VO2 m a x (55.9 ± 2.9, 59.4
± 1.8, and 58.1 ± 1.5% [NS], corresponding to workloads of 88.6 ± 10.1, 64.3 ± 7.2,
and 65.7 ± 8.4 W [NS] in lean control, obese control, and obese diabetic subjects,
respectively). At the onset of exercise, the tracer infusion was increased by 50%
to prevent a fall in plasma glucose specific activity. Exercise was continued for
45 min, then stopped after a 2-min cool-down period. The original tracer infusion
rate was reestablished and continued throughout the 150-min recovery period.
Blood was sampled at the following time points: –40, –30, –20, –10, 0, 5, 10, 15, 25,
35, 45, 55, 65, 85, 105, 135, 165, 175, 185, and 195 min. Gas exchange measurements
were taken 30 min before beginning exercise, throughout exercise, and during the
last 30 min of recovery.
Laboratory methods and calculations. Plasma glucose was measured on a
Beckman Glucose Analyzer II (Beckman, Fullerton, CA). Immunoreactive insulin
levels were determined using Pharmacia radioimmunoassay kits (Pharmacia AB,
Uppsala, Sweden). The insulin assay had a lower detection limit of 22 pmol/l and
a 41% cross-reactivity with proinsulin. The C-peptide levels were determined
using a kit from Novo Nordisk (Novo Research Institute, Bagsvaerd, Denmark).
Glucagon assays were performed using a COOH-terminal specific antibody (16).
Other parameters that were measured included cortisol (17), epinephrine and nor-
epinephrine (18), lactate, alanine, glycerol, -hydroxybutyrate (19), and free fatty
acids (FFAs) (20). Plasma radioactivity from [2-3H]- and [6-3H]glucose was deter-
mined after deproteinization with Ba(OH)2 and ZnSO4, passage through ion
exchange columns, and subsequent evaporation. An aliquot of the column eluate

was submitted to the dimedone procedure (21) to isolate the radioactivity origi-
nating from [6-3H]glucose. The radioactivity of [2-3H]glucose was calculated as the
difference between total radioactivity and that of [6-3H]glucose, corrected for
r e c o v e r y. Recovery was obtained by running aliquots of [6-3H]glucose in each assay,
and was ~95%. Aliquots of the infused [6-3H]glucose and [2-3H]glucose mixture and
of the labeled glucose infusate were assayed together with the plasma samples.
The intra-assay coefficients of variation were 2.5% for the radioactivity from [6-
3H]glucose and 3.5% for the radioactivity from [2-3H]glucose; the interassay coef-
ficients of variation were 6.5% for the radioactivity from [6-3H]glucose and 11% for
the radioactivity from [2-3H]glucose. Total glucose output (rate of appearance eval-
uated with [2-3H]glucose) and glucose production (net glucose output; rate of
appearance evaluated with [6-3H]glucose) were calculated with a modified form
of Steele’s equation (22), which takes into account the extra tracer infused dur-
ing exercise (23). Data were smoothed according to the optimal segments
method (24), using the optimal error algorithm (25). Glucose cycling was evalu-
ated from the difference between total glucose output and glucose production.
Gas exchange was measured using a PK Morgan Exercise System (Morgan Sci-
e n t i fic Instruments, Dallas, TX). Protein oxidation was estimated from the urinary
nitrogen (26) production rate. The nonprotein respiratory quotient was calculated
and the carbohydrate and lipid oxidation rate determined (27). Nonoxidative
glucose disposal was determined from the difference between the rate of glucose
disappearance and glucose oxidation during rest and recovery. During exercise,
glucose oxidation exceeds glucose disposal because of muscle glycogen oxida-
tion (28). After ~3–4 min of submaximal exercise, a steady state is reached, at
which time the energy for muscle contraction is provided by oxidation of sub-
strates (28).
Statistical analysis. Data are presented as means ± SE. Differences between
treatments were analyzed using one-way analysis of variance for repeated meas-
ures within each period. Differences between periods within each treatment
were analyzed using two-way analysis of variance for repeated measures. This was
followed, if appropriate, by Tu k e y ’s t test. Pearson’s r values were determined using
linear regression analysis. Statistical calculations were performed using SAS
software (Statistical Analysis System, Cary, NC).

R E S U LT S

The respiratory quotients (RQs) were 0.82 ± 0.02, 0.76 ± 0.02,
and 0.82 ± 0.02 (NS) in the basal state in lean control, obese
control, and obese diabetic subjects, respectively. They rose
to 0.86 ± 0.02, 0.86 ± 0.02, and 0.86 ± 0.03 during exercise and
declined during recovery to 0.76 ± 0.12, 0.74 ± 0.01, and 0.78
± 0.01, respectively. (P < 0.05, obese diabetic vs. obese non-
diabetic subjects). Basal heart rates were 65 ± 5, 79 ± 3, and
72 ± 4 beats/min in lean control, obese control, and obese dia-
betic subjects, respectively. During exercise, these rose to 137
± 6, 142 ± 3, and 132 ± 3 beats/min, respectively, and returned
to basal levels during recovery; there was no significant dif-
ference among groups.

Basal glucose levels were mildly elevated in obese dia-
betic subjects (Fig. 1). Glucose levels were slightly, but not
s i g n i fic a n t l y, higher in obese than in lean nondiabetic subjects.
During exercise and recovery, plasma glucose did not change
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TABLE 1
Subject characteristics

Lean control subjects Obese control subjects Obese diabetic subjects

n 7 7 7
Sex (M/F) 4 / 3 2 / 5 3 / 4
Age (years) 39.9 ± 2.0* 49.1 ± 4.5 46.6 ± 1.2
BMI (kg/m2) 23.2 ± 1.1* 32.8 ± 2.0 32.8 ± 1.8
VO2 m a x (ml/min ) 2,681 ± 310 2,145 ± 213 2,305 ± 203
VO2 m a x (% predicted)§ 113.9 ± 26.6 108.8 ± 11.6 116.9 ± 4.1
Fasting glucose (mmol/l) 4.3 ± 0.1 5.0 ± 0.1 7.5 ± 0.8‡

H b A1 c (% ) 4.5 ± 0.2 5.0 ± 0.1 6.6 ± 0.6‡

Data are means ± SE. *P < 0.05 vs. obese control, obese diabetic; †P < 0.05 vs. lean control; ‡P < 0.05 vs. obese control, lean con-
trol; §percent of the predicted VO2 m a x values based on age and sex.



from basal levels in lean or obese control subjects. In obese
diabetic subjects, glucose levels gradually declined by 1
mmol/l during exercise and remained lower than basal levels
during recovery. Specific activities of [6-3H]- and [2-3H ] g l u c o s e
were maintained within ±15% of basal levels (Fig. 1). The basal
levels were lower in obese diabetic subjects because the
radioactivity of the tracer infusates was lower. This was due
to random differences among tracer batches.

Basal insulin levels (Table 2) were greater in obese control
and diabetic subjects than in lean control subjects (P < 0.05
vs. obese control subjects, P < 0.001 vs. obese diabetic sub-

jects). In lean control subjects, insulin levels were close to the
detection limit of the assay. During exercise and recovery, the
insulin levels did not change from basal levels in lean control
subjects. In obese control and obese diabetic subjects, there
was a nonsignificant trend toward a decline in insulin levels
during exercise. This was followed by a rebound in insulin lev-
els during recovery, which was significant (P < 0.001) in
obese nondiabetic subjects. The C-peptide levels mirrored the
insulin levels; however, the rebound in C-peptide was signi-
ficant only in obese diabetic subjects (Table 3).

There was no significant difference in basal glucose
turnover among groups (Fig. 2). Basal glucose clearance was
lower in obese diabetic subjects than in the two control
groups (P < 0.05). Glucose production and utilization
increased approximately twofold during exercise and
decreased during recovery in all groups. During exercise,
glucose production was similar in all groups; however, glucose
utilization in obese diabetic subjects was greater than that in
lean control subjects (P < 0.05) and tended to be greater
than that in obese nondiabetic subjects, although the differ-
ence failed to reach statistical significance (P = 0.066). The rise
in glucose clearance during exercise was not significantly dif-
ferent among groups.

Basal lactate levels (Fig. 3) were similar in all groups,
whereas basal alanine levels were greater in obese diabetic
subjects than in lean control subjects (P < 0.05). During exer-
cise, lactate and alanine increased to levels that were greater
in diabetic subjects than in the control subjects. However, only
the differences in lactate between obese diabetic subjects and
obese nondiabetic subjects and in alanine between obese
diabetic subjects and lean subjects reached significance (P <
0.01 and P < 0.001, respectively).

There was no significant difference in glycerol, FFAs, and
-hydroxybutyrate among groups throughout the experi-

ments. Basal glycerol levels were 81 ± 13, 117 ± 10, and 98 ±
13 µmol/l in lean control, obese control, and obese diabetic
subjects, respectively. Plasma glycerol rose to peak levels of
197 ± 30, 244 ± 29, and 187 ± 36 µmol/l, respectively, at the end
of exercise and returned to basal levels during recovery.
Basal FFA levels were 687 ± 97, 822 ± 93, and 814 ± 96 µmol/l
in lean control, obese control, and obese diabetic subjects,
r e s p e c t i v e l y. FFA levels declined at the onset of exercise (10-
min values of 620 ± 91, 645 ± 65, and 688 ± 84 µmol/l for lean
control subjects, obese control subjects, and obese diabetic
subjects, respectively), but increased at the end of exercise
and peaked 5 min into recovery (1141 ± 180, 1359 ± 90, and
1390 ± 156 µmol/l, respectively). Basal - h y d r o x y b u t y r a t e
levels were 92 ± 34, 77 ± 11, and 90 ± 20 µmol/l in lean con-
trol, obese control, and obese diabetic subjects. At the onset
of exercise, -hydroxybutyrate levels declined (10 min values
of 66 ± 34, 32 ± 6, and 48 ± 8 µmol/l, respectively) and then
rose until the end of recovery (346 ± 78, 247 ± 25, and 261 ±
52 µmol/l, respectively).

There was no significant difference in basal glucagon, cor-
tisol, or epinephrine levels among groups (Table 3). Basal nor-
epinephrine levels were greater in lean subjects than in the
two obese groups (P < 0.05). The glucagon levels increased
slightly during exercise and remained more elevated during
r e c o v e r y. However, this increase was significant (P < 0.05)
only in obese nondiabetic and diabetic subjects. The cortisol
response to exercise appeared to be greater in obese nondi-
abetic and diabetic subjects than in lean control subjects.
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FIG. 1. Plasma glucose levels (A), plasma specific activity (SA) of [6-
3H]glucose (B), and plasma SA of [2-3H]glucose (C) in lean nondiabetic

subjects (– – – –), obese nondiabetic subjects (· · · ·), and obese

subjects with type 2 diabetes and mild hyperglycemia (— —) during

rest (t = –40 to 0 min), exercise at 50% VO2 m a x (t = 0–45 min), and

recovery (t = 45–195 min). Data are means ± SE. Significances are

described in the text.



H o w e v e r, the difference was not significant. The epinephrine
response to exercise was increased in obese control sub-
jects (P < 0.001 vs. lean control subjects) and decreased in
obese diabetic subjects (P < 0.05 vs. lean control subjects).
The norepinephrine response to exercise was decreased in
obese diabetic subjects (P < 0.01 vs. lean control subjects).

Carbohydrate oxidation tended to be lower and lipid oxi-
dation tended to be higher in obese nondiabetic subjects

than in the other two groups. However, the differences were
not significant (Table 4). During exercise, both carbohydrate
and lipid oxidation increased as expected, and the increase
in carbohydrate oxidation was greater than that in lipid oxi-
dation, as reflected by increased RQs as compared with basal
levels. As expected, during exercise, carbohydrate oxidation
was greater than tracer-determined utilization of plasma glu-
cose, indicating net oxidation of glycogen. The differences
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TABLE 2
Insulin and C-peptide levels

Immunoreactive insulin (pmol/l) C-peptide (pmol/l)

Lean Obese Obese Lean Obese Obese 
Ti m e control subjects control subjects diabetic subjects control subjects control subjects diabetic subjects

B a s a l
– 2 0 28 ± 1 80 ± 11 116 ± 31 0.18 ± 0.03 0.52 ± 0.08 0.61 ± 0.11

0 27 ± 1 78 ± 13 116 ± 31 0.16 ± 0.03 0.47 ± 0.08 0.62 ± 0.12
E x e r c i s e

5 29 ± 2 73 ± 10 108 ± 29 0.20 ± 0.04 0.50 ± 0.08 0.64 ± 0.10
1 0 33 ± 4 72 ± 10 120 ± 27 0.19 ± 0.03 0.47 ± 0.08 0.62 ± 0.10
1 5 33 ± 4 75 ± 11 122 ± 23 0.20 ± 0.04 0.45 ± 0.08 0.64 ± 0.10
2 5 34 ± 4 68 ± 10 114 ± 24 0.21 ± 0.04 0.44 ± 0.08 0.64 ± 0.09
3 5 29 ± 2 66 ± 10 106 ± 24 0.20 ± 0.03 0.41 ± 0.08 0.61 ± 0.10
4 5 28 ± 2 61 ± 8 100 ± 24 0.18 ± 0.03 0.42 ± 0.08 0.55 ± 0.09

R e c o v e r y
5 5 34 ± 4 124 ± 15 149 ± 29 0.21 ± 0.04 0.59 ± 0.08 0.66 ± 0.10
6 5 29 ± 2 106 ± 13 149 ± 36 0.17 ± 0.03 0.57 ± 0.08 0.66 ± 0.11
8 5 24 ± 1 85 ± 18 111 ± 28 0.14 ± 0.02 0.49 ± 0.09 0.56 ± 0.11
1 3 5 24 ± 1 74 ± 10 89 ± 20 0.13 ± 0.02 0.44 ± 0.07 0.52 ± 0.11
1 7 5 25 ± 2 68 ± 12 98 ± 26 0.14 ± 0.02 0.44 ± 0.09 0.49 ± 0.10
1 9 5 24 ± 2 67 ± 10 101 ± 25 0.14 ± 0.02 0.39 ± 0.08 0.49 ± 0.09

Data are means ± SE. Significances are reported in the text.

TABLE 3
Plasma level of counterregulatory hormones

B a s a l E x e r c i s e R e c o v e r y

Ti m e – 2 0 0 1 0 3 5 4 5 5 5 8 5 1 7 5 1 9 5

Glucagon (pg/ml)
Lean control subjects 250 ± 55 253 ± 57 263 ± 58 271 ± 58 284 ± 61 290 ± 66 286 ± 74 258 ± 59 243 ± 55
Obese control subjects 261 ± 60 270 ± 62 299 ± 72 299 ± 71 307 ± 69 313 ± 70 313 ± 73 267 ± 70 279 ± 72
Obese diabetic
s u b j e c t s 201 ± 50 198 ± 48 204 ± 49 235 ± 54 240 ± 61 283 ± 78 278 ± 80 221 ± 61 203 ± 52

Cortisol (nmol/l)
Lean control subjects 171 ± 25 171 ± 25 218 ± 22 276 ± 28 268 ± 30 248 ± 30 193 ± 22 138 ± 30 116 ± 17
Obese control subjects 102 ± 17 116 ± 19 157 ± 33 262 ± 44 356 ± 64 408 ± 44 279 ± 30 138 ± 14 130 ± 8
Obese diabetic
s u b j e c t s 141 ± 25 149 ± 17 207 ± 36 361 ± 64 422 ± 64 400 ± 72 284 ± 47 152 ± 17 132 ± 11

Epinephrine (pmol/l)
Lean control subjects 284 ± 53 350 ± 80 628 ± 127 825 ± 161 849 ± 134 457 ± 151 313 ± 67 347 ± 86 305 ± 81
Obese control subjects 368 ± 66 570 ± 142 1,183 ± 127 1,178 ± 105 1,200 ± 167 696 ± 147 535 ± 142 477 ± 161 554 ± 167
Obese diabetic
s u b j e c t s 231 ± 80 406 ± 184 299 ± 47 551 ± 86 632 ± 142 456 ± 105 303 ± 65 188 ± 39 191 ± 33

Norepinephrine (nmol/l)
Lean control subjects 3.0 ± 0.6 3.6 ± 0.5 8.9 ± 2.2 8.3 ± 1.7 9.6 ± 2.0 3.8 ± 0.9 2.9 ± 0.5 2.5 ± 0.4 2.7 ± 0.7
Obese control subjects 2.1 ± 0.4 2.1 ± 0.5 7.5 ± 1.8 8.1 ± 1.4 7.7 ± 1.6 3.1 ± 0.7 2.7 ± 0.7 1.9 ± 0.4 2.0 ± 0.4
Obese diabetic
s u b j e c t s 2.2 ± 0.2 2.2 ± 0.2 4.2 ± 0.4 5.8 ± 0.3 5.7 ± 0.6 3.3 ± 0.6 2.1 ± 0.4 1.9 ± 0.3 2.3 ± 0.3

Data are means ± SE. Significances are reported in the text.



between carbohydrate oxidation and glucose utilization dur-
ing exercise (estimate of glycogen oxidation) (9) were 1955
± 455, 1,300 ± 245, and 1,747 ± 691 µmol · m– 2 · min– 1 in lean
control, obese control, and obese diabetic subjects (NS).
Nonoxidative glucose disposal was not significantly different
among groups (Table 5).

Figure 4 illustrates the glucose cycling rate expressed in
absolute values and as a percentage of total glucose output
(glucose flux through glucose-6-phosphatase). Basal glucose
cycling (expressed in absolute values) was most elevated in
obese diabetic subjects (P < 0.01 vs. lean control subjects),
intermediate in nondiabetic obese subjects (NS vs. obese

diabetic subjects or lean control subjects), and lowest in
nondiabetic lean individuals. Glucose cycling increased dur-
ing exercise (P < 0.001) and declined during recovery in both
nondiabetic groups. In obese diabetic subjects, it did not
change during exercise or recovery. Figure 4B shows that glu-
cose cycling, expressed as the percentage of total glucose out-
put, was greater (P < 0.01) in obese diabetic subjects than in
the two nondiabetic groups. During exercise and recovery,
glucose cycling, expressed as a percentage of total glucose
output, did not change from basal levels in obese or lean
nondiabetic subjects; however, it decreased in obese dia-
betic subjects (P < 0.01).

Basal glucose cycling, expressed in absolute values or as
a percentage of total glucose output, correlated with the
prevailing plasma glucose levels (r = 0.443 and 0.356, respec-
tively; P < 0.001), but not with BMI. Glucose cycling,
expressed as a percentage of total glucose output, correlated
with the prevailing plasma glucose level (r = 0.413, P < 0.01),
but not with the catecholamine concentrations in obese dia-
betic subjects.

D I S C U S S I O N

In the present study, 45 min of moderate exercise at 50%
VO2 m a x did not affect plasma glucose in obese or lean nondi-
abetic subjects; however, the plasma glucose levels
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FIG. 2. Glucose production (A), utilization (B), and clearance (C) in lean

nondiabetic subjects (– – – –), obese nondiabetic subjects (· · · ·), and

obese subjects with type 2 diabetes and mild hyperglycemia (— — )

during rest (t = –40 to 0 min), exercise at 50% VO2 m a x (t = 0–45 min), and

recovery (t = 45–195 min). Data are means ± SE. Significances are

described in the text.

FIG. 3. Plasma lactate (A) and alanine levels (B) in lean nondiabetic sub-

jects (– – – –), obese nondiabetic subjects (· · · ·), and obese subjects

with type 2 diabetes and mild hyperglycemia (— —) during rest (t = –40

to 0 min), exercise at 50% VO2 m a x (t = 0–45 min), and recovery (t = 45–195

min). Data are means ± SE. Significances are described in the text.

A

B



decreased in obese diabetic subjects. The glucose decline in
this group was due to greater rates of glucose utilization,
whereas glucose production was not different from that of
control subjects. The rate of glucose cycling (flux between glu-
cose and G-6-P) was elevated at rest but failed to increase dur-
ing exercise in obese diabetic subjects.

During exercise, the greater glucose utilization in diabetic
subjects versus control subjects did not result in greater car-
bohydrate oxidation, presumably because of greater glucose
conversion to lactate and alanine due to reduced activity of
pyruvate dehydrogenase (PDH). In fact, one might argue that
glucose utilization was greater in diabetic subjects to nor-
malize glucose oxidation despite reduced PDH activity. Glu-
cose production, although not different from other groups,
failed to match glucose utilization during exercise in dia-
betic subjects, presumably because a further rise in glucose
production was prevented by hyperglycemia and/or hyper-
insulinemia. However, plasma insulin levels decreased during
exercise in this group, as they did in obese nondiabetic sub-
jects. In lean control subjects, insulin levels did not decrease,
consistent with previous observations in subjects with low
basal insulin levels (9,29). The decrease in insulin levels in dia-
betic subjects contrasted with previous observations that
showed no change in insulin levels during exercise in type 2
diabetic subjects (2,3,8,10), but is in accordance with results
of other studies (1,7,9).

The reasons for the variability in the insulin response to
exercise in type 2 diabetic individuals are unclear. How-
e v e r, normal insulin responses were mostly found in subjects
who were mildly hyperglycemic (as in the present study),
underwent prolonged exercise (1), had normal cate-
cholamine responses (7,9), and were physically fit (7). A
training program increasing VO2 m a x accentuated the
decrease in insulin levels during exercise in nondiabetic
subjects (10). Although in most previous studies (2,3,8) the
levels of physical fitness were matched between diabetic and
control subjects, VO2max tended to be low in both groups,
which could possibly have accentuated an impaired insulin
response in the diabetic subjects.

Glucagon levels were comparable among groups and are
minimally affected by moderate exercise in humans, as

described previously (2). The cortisol response to exercise
tended to be greater in the two obese groups, in accordance
with hyperactivity of the hypothalamopituitary adrenal axis in
obesity (30,31). The increased epinephrine response to exer-
cise in obese nondiabetic subjects concurs with results of pre-
vious studies in obese rats (32). The decreased catecholamine
responses to exercise in type 2 diabetic subjects agree with
results from some (10), but not all, previous studies in type 2
diabetes (7,9), and probably indicate autonomic dysfunction.
Because catecholamines have not been shown to be important
regulators of glucose turnover during moderate exercise
(33–36), we feel it unlikely that the attenuated rise in cate-
cholamines could explain the failure of glucose production to
match glucose utilization in subjects with type 2 diabetes.

A decrease in plasma glucose levels during moderate exer-
cise has been described in all (2,4,7,8,10) but one (9) of the
previous studies in subjects with type 2 diabetes and moderate
hyperglycemia. In the studies in which insulin levels failed to
decrease during exercise (2,8), the plasma glucose decline in
type 2 diabetes was due to a blunted increase in glucose pro-
duction, whereas in the studies in which insulin levels
decreased, greater than normal rates of glucose utilization
were found (7,9). The different results may also be due in part
to the old tracer methods used in previous studies (2,8),
which may be associated with overestimation of glucose pro-
duction at rest and underestimation of glucose production
during exercise (7,37).

In all (1,4–6) but one (3) of the studies carried out in sub-
jects with type 2 diabetes and mild hyperglycemia, plasma
glucose levels decreased during exercise, similar to those in
subjects with moderate hyperglycemia; however, the mech-
anism of this decrease has not been previously investigated.
The results of the present study suggest that plasma glucose
decreased as a consequence of the greater- t h a n - n o r m a l
increase in glucose utilization, which appeared to be due to
the residual mild hyperglycemia, because glucose clearance
increased similarly to control subjects.

The elevation in basal glucose cycling in the presence of
normal rates of glucose production agree with results from
previous studies in mildly hyperglycemic diabetic subjects
(13,14,38). The correlation between resting glucose cycling
and the prevailing plasma glucose suggests that in type 2
diabetes, elevated rates of glucose cycling are, in part, sub-
strate dependent. This concurs with the notion that in the fast-
ing state, the rate of glucose cycling is determined by the flu x
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TABLE 4
Substrate oxidation

B a s a l E x e r c i s e R e c o v e r y

Carbohydrate (mg · m– 2 · min– 1)
Lean control subjects 40.2 ± 10.2 499.1 ± 80.4* 11.2 ± 8.2†
Obese control subjects 12.1 ± 6.8 369.8 ± 44.0* 5.4 ± 2.8
Obese diabetic 
s u b j e c t s 44.6 ± 10.8 470.1 ± 131.9* 31.1 ± 7.1‡

Lipid (mg · m– 2 · min– 1)
Lean control subjects 26.1 ± 5.0 175.9 ± 24.9* 40.1 ± 7.5
Obese control subjects 42.9 ± 4.9 146.9 ± 29.4* 45.1 ± 1.6
Obese diabetic

s u b j e c t s 29.3 ± 6.4 135.3 ± 29.1* 42.0 ± 2.3

Data are means ± SE and refer to the last 30 min of each exper-
imental period (basal resting state, exercise, and recovery). *P

< 0.001, exercise vs. basal or recovery (carbohydrate, lipid); †P

< 0.01 vs. basal; ‡P < 0.05 vs. obese control subjects.

TABLE 5
Glucose disposal

B a s a l R e c o v e r y

Oxidative (µmol · m– 2 · min– 1)
Lean control subjects 223.5 ± 56.8 62.1 ± 45.5*
Obese control subjects 67.1 ± 37.9 29.9 ± 15.5
Obese diabetic subjects 247.9 ± 60.0 172.7 ± 39.4†

Nonoxidative (µmol · m–2 · min–1)
Lean control subjects 262.4 ± 70.0 402.1 ± 56.4
Obese control subjects 380.9 ± 46.9 379.0 ± 30.1
Obese diabetic subjects 245.3 ± 79.9 322.9 ± 33.4

Data are means ± SE and refer to the last 30 min of basal and
recovery periods. *P < 0.01 vs. basal; †P < 0.05 vs. obese control.



through glucokinase, which is opposite to the net flux of glu-
cose across the liver. Because glucokinase activity tends to
be reduced in diabetes (39), a high flux through this enzyme
can be sustained only by a high substrate (glucose) flo w. We
have shown in depancreatized dogs (40), and recently in type
2 diabetes (41), that elevated basal rates of glucose cycling
were normalized by acute insulin infusion. In depancreatized
dogs, this was due to the combination of two effects of
insulin: 1) the normalization of plasma glucose and 2) a
reduction of in vivo activity of glucose-6-phosphatase (40).
The effect of a selective decrease in plasma glucose has not
been studied. However, selective induction of hyperglycemia
increased glucose cycling in nondiabetic and diabetic rats
(39), but failed to significantly affect the absolute rate of
cycling in nondiabetic humans (42,43), although cycling,
expressed as a percentage of total glucose output, increased
with hyperglycemia (42,43). In collaborative studies, we have
recently shown that in type 2 diabetes, selective hypergly-
cemia fails to increase glucose cycling, whether expressed in
absolute rates or as a percentage of total glucose output (41).

It is therefore unlikely that the effect of exercise on glucose
cycling in the diabetic subjects in the present study was
mediated only by the decrease in plasma glucose.

Exercise is associated with an increase in the glucagon-to-
insulin ratio, and consequently with increased in vivo activity
of glucose-6-phosphatase. This presumably drives glucose
cycling (flux through glucokinase) by simultaneously increas-
ing total glucose output and decreasing the hepatic content of
G - 6 - P. The pancreatic hormone response to exercise was not
affected by diabetes in our study, although the catecholamine
response was reduced. Previous studies have shown that
high-dosage epinephrine infusions resulting in plasma levels
of ~2,000 pmol/l only minimally increased glucose cycling
(43). However, a combined effect of the blunted rise in cate-
cholamines with that of the decrease in plasma glucose can-
not be discounted, and the lack of correlation between glucose
cycling and catecholamine levels during exercise may simply
r e flect the low number of observations and the variability of
the catecholamine assay. Alternatively, or in addition, the hor-
monal response to exercise might selectively accentuate a
defect in glucokinase in diabetes, which, when combined
with the decrease in plasma glucose, could result in
decreased glucose cycling. Defective glucokinase activity has
been reported in experimental diabetes (44,45) and in a group
of type 2 diabetic individuals (46), and is also consistent with
the findings of our collaborative studies in type 2 diabetes (41).

It has been postulated that during exercise, a decrease in the
percentage of glucose that, after being dephosphorylated by
glucose-6-phosphatase, is cycled back into the liver could
increase the availability of glucose to the contracting muscle
(12). However, our results showed that glucose cycling,
expressed as a percentage of glucose output, was not affected
by moderate-intensity exercise in nondiabetic control sub-
jects. In the diabetic subjects, the percentage of glucose
cycled back into the liver slowly decreased during exercise;
h o w e v e r, this decrease failed to match glucose production with
the greater-than-normal increase in glucose utilization. These
results indicate that glucose cycling does not play a major role
in the regulation of glucose flux during exercise, in accor-
dance with previous studies in nondiabetic subjects under-
going higher-intensity exercise (70% VO2 m a x for 60 min).

In conclusion, in obese subjects with type 2 diabetes and
mild hyperglycemia, we found the following. First, although
insulin secretory responses are normally regulated, plasma
glucose levels decreased during moderate exercise, due to
greater than normal rates of glucose utilization. These were
sustained by the mass effect of hyperglycemia. Second, ele-
vated basal rates of glucose cycling (expressed as a per-
centage of total glucose output) decreased during exercise,
presumably because exercise simultaneously lowers plasma
glucose, is associated with an attenuated catecholamine
response and perhaps accentuates a defect in glucokinase
activity in type 2 diabetes.
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FIG. 4. Glucose cycling expressed in absolute values (A) and as a

percentage of total glucose output (B) in lean nondiabetic subjects

( ), obese nondiabetic subjects ( ), and obese subjects with type 2

diabetes and mild hyperglycemia (OB NIDDM) ( ) during the last 30

min of each experimental period: basal resting state (B), exercise (E),

and recovery (R) during rest (t = –40 to 0 min), exercise at 50% VO2 m a x

(t = 0–45 min), and recovery (t = 45–195 min). Data are means ± SE. Sig-

nificances are described in the text.
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