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KEYWORDS Summary
Glucose; Background and purpose: Hypoglycemia during exercise is a serious problem in
Exercise; diabetic patients during cardiac rehabilitation, whereas normal subjects rarely expe-

rience hypoglycemia. Inappropriate glucose uptake by working muscles may be
responsible. However, the precise characteristics of glucose uptake during exer-
cise have not been fully studied. We have investigated the effect of acute exercise
on glucose uptake in diabetic patients.

Methods: Nine type 2 diabetic patients (age, 57 + 6 years; HbAlc, 7.7 £ 1.3%) per-
formed exercise at an intensity of anaerobic threshold for 15 min. Glucose utility was
determined using euglycemic hyperinsulinemic clamp technique. Glucose infusion
rate (GIR) was calculated throughout the exercise and recovery session.

Results: Average GIR at rest was 3.4 + 1.6 mg/ (kggw min). Fifteen minutes after start-
ing exercise, it increased significantly (6.6+2.4, p<0.001). Thirty minutes after
cessation of exercise, GIR decreased significantly (4.8 £ 1.9, p < 0.05) compared with
peak value. Increase in GIR was greater as BMI or body fat ratio became greater
(r=0.608 and 0.475). There was a weak correlation (r =0.344) between HbA1c and
GIR improving ratio (GIR during exercise x 100/GIR at rest).

Conclusions: Glucose uptake was revealed to augment significantly within 15min
after the commencement of exercise. This improvement was more obvious in
patients with greater body weight, fat accumulation, and poorer diabetic control.
© 2008 Japanese College of Cardiology. Published by Elsevier Ireland Ltd. All rights
reserved.
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Effect of exercise on glucose uptake in diabetes

Introduction

Favorable effects of exercise training in diabetes
mellitus are widely established. It stabilizes the
glycemic control and insulin resistance (IR) [1]
resulting in the diminishment of both microvessel
and macrovessel complications. These effects can
be obtained by mild to moderate intensity of exer-
cise training [2]. The safety of moderate exercise
has been confirmed even if it is performed on the
day after percutaneous coronary intervention [3] or
1-2 weeks after acute phase of myocardial infarc-
tion [4]. However, exercise is also widely known to
induce hypoglycemia.

Hypoglycemia during exercise is induced by
disproportionately accelerated glucose uptake by
working skeletal muscles. There are three mech-
anisms of regulation of skeletal muscle glucose
uptake: glucose delivery to the skeletal muscle
cells [5]; glucose transport through the cell sur-
face membrane [6]; and flux through intracellular
metabolism. Especially, acceleration of glucose
transport through the cell surface membrane during
exercise [7—9] is one of the important mechanisms
to increase glucose uptake. However, it is not well
studied how much glucose uptake is augmented
during exercise and the characteristics of subjects
whose improvement of IR is extreme.

Euglycemic hyperinsulinemic clamp procedure
enables us to evaluate glucose uptake during exer-
cise continuously during exercise [10]. We hereby
investigated the effect of acute exercise on glucose
uptake and the concerning factors with accelerated
glucose uptake using euglycemic hyperinsulinemic
clamp procedure.

Methods

Subjects

Nine patients with type 2 diabetes mellitus attend-
ing the cardiac rehabilitation program in our
hospital were enrolled (Table 1). Their anthropo-
metric data were almost normal. The range of
body mass index was from 28.7 to 18.0. Their
exercise tolerance was slightly impaired com-
pared with that of normal subjects (peak VO,
18.9+4.2mL/(minkg), 77.6 + 18.9%). They had no
characteristic heart disease or pulmonary problems
and all of the subjects had no exercise habit. There-
fore, impaired exercise tolerance might be mainly
attributed to their sedentary lifestyle.

Five subjects were taking angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers
and five were taking beta-blocking agents. These

9
Table 1 Patient characteristics
Mean+5.D.

Age (years) 57.1+6.4
Body height (cm) 165.7£5.9
Body weight (kg) 65.2+7.0
Body mass index 23.9+3.2
Fasting plasma glucose (mg/dL) 143.7 £49.3
HbA1C (%) 7.7+1.3
Anaerobic threshold (mL/(minkg)) 12.4+1.7
Peak VO; (mL/(minkg)) 18.9+4.2
Medication

ACE inhibitor/ARB 2

B-Blocker 5

Insulin therapy 2

Oral antidiabetic drugs 5

ACE, angiotensin-converting enzyme inhibitor and ARB,
angiotensin receptor blocker.

medications were not changed during this study.
Two patients were treated with insulin, and five
were treated with sulfonylurea derivatives.

Body fat ratio was evaluated using bioimpedance
assay technique.

Study protocol

The study design is shown in Fig. 1. After 10h fast,
glucose uptake was measured on an upright cycle
ergometer. After taking data of glucose uptake at
rest, subjects started exercise session at an inten-
sity of anaerobic threshold for 15 min. Then data of
glucose uptake was taken again. After the evalua-
tion of glucose uptake, subjects stopped pedaling
and stayed sedentary for 15 min to take the data of
recovery.

We measured glucose infusion rate (GIR) during
exercise after 15 min. As is shown in Fig. 2 (A, B, and
C), GIR increases relatively abruptly after starting
exercise. Then 15min after exercise, GIR looks to
reach plateau. This is the reason why we have taken
the data of 15min after exercise.

Glucose uptake measurement

To evaluate the glucose uptake at rest and dur-
ing exercise, all subjects underwent the euglycemic
hyperinsulinemic clamp procedure [11] during phys-
iological hyperinsulinemia (100 U/mL) using STG-22
(Nikkiso, Tokyo, Japan) with short-acting insulin
infusion (40U/(m? min)). Hyperinsulinemia was
maintained for 120 min during which time the eug-
lycemia was achieved using a variable infusion of
16.6% glucose in water. Euglycemic target during
the procedure was set at 100mg/dL, and GIR was
adjusted using the negative feedback equation of
Defronzo et al. This method is regarded as the
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Cardiopulmonary Exercise Test
to determine the AT

Constant Exercise
at an intensity of AT

Exercise
within 1 week | 15 min | 15 min
g SR e i - ——— A
Rest AT peak Rest ‘ ‘Recovary ‘
Ramp protocol
breath-by-breath gas analysis < i

cycle ergometer

Glucose Clamp
to evaluate GIR

Figure 1 Study protocol. AT, anaerobic threshold.

'gold standard’ for measuring IR [12]. As for the
glucose turnover during exercise, plasma glucose
is transferred into muscle cells through cell sur-
face membranes in an insulin-sensitive [13] and
insulin-independent [14] manner. That is, the data
obtained by euglycemic hyperinsulinemic clamp
procedure during exercise indicates not only IR.
Therefore, we used a term ‘‘glucose uptake’

- 00 B-Q K- 4% D- 0 s Conc 8 1000(mU L]

w00 m: 0 K: 4 o0 s Conc < 1000k mL p - r L5 sl o -y

(A) e mae  coams W ‘ ol (B) aa:0ic Gh-0m  ac-2s0 e ~ e e .
. s_m GIR20 10 0 (mg/kg/min) e 6 s—1 GIR20 10 0 (mg/kg/min)
e Fuaba -
Whned B2 Teme BG 0 100 W0 ~mal 30 400 Vhed CR Iuapd W Vome 0G0 100 200~ a 00 400 Infuned  GIR
- %0 0 = |5 o -~
o008 17 |3
M 0 |u o

P 83 &0 P 135 181 1035 81 m 10

P08 2% 0041 B 545 180 P08 341 1000 4 13 250

P 1l 210 e 91 iy 1. P07 181 1045 68 mo 24

IR
%6 150 09 %A 108 Hm s 10 m :: :::‘; ::,' :4: 'I::
W61 150 1003 108 W ee 150 1058 v08
4178 150 1008 105 a0 1 Rest bl
812 150 1038 104 M1 175
88 150 1011 103 3 18 5708 150 1040 103 0e A
SI8% 150 1014 102 5508 199 ’

P SH0 150 1021 102 a I m :: e :: t‘: ‘:
w7150 1079 100 s 219 \ 3
07 150 103 B Exercise 10 0 11 M52 150 1035 101 el
742 150 1026 B3 1 052 1M P 0 080 1100 % 0 uw 11
53 150 1041 82 T0Ie4 394 6382 15 1108 W2 1023 488
28150 0 W Recovery 1O4 281 B84 150 1110 &7 Exercise 10 12558 598
68 050 1051 98 nars 175 9545 150 1115 88 15 14878 600

10126 150 1120 93 e 502
10707 150 1125 101 nmovw WIE 3%
N2 150 XN " 1984 428
P 11521 080 1135 8 | 2240 879
A 11571 000 1140 120 | 20002 300
»o 00 K- 4 : - -
(C) hosy R L D s an (D) 4. 28 B0 =410 D0 e Conc :  1000(mi/mi]
GIR 20 = = Ca:ot0 W:00 OCr280  n- e iRl o
i -0 5 . - s GIR20 10 0 (mg/kg/min)
mhied B Teme BG 0 we (Mg n) xo 00 ihra OB o
- il -~ haed 8 Tes 8G 0 100 K0 N0 00 Ihured O
au 1243 0 -
8 178 117
R
1258 0
P18 419 09 K0 0 om
PoosI 1% 1718 6 20 100

b e e aas . e P 1703 341 1724 34 1N 1%
oIt vad ohdy 18 s on Poo234 1M 1728 98 w188
W 150 0858 % PR 2094 150 114 98 I T

P a4 150 1003 T i e 1M 1% 1T N o Tt

P 15 1008 &2 »mx aar A4 150 14 “' 080 4N
S548 150 1013 ® um 2 a4 150 1714 M e 423
8082 150 1018 M Rest s M 4714 150 1184 W w2 480

P o614 150 1622 7 nn o 60 514 156 1759 92 0s02 485

P4 150 1078 W e 407 5874 150 1804 B4 0 12008 40
W OI% 103 B 10833 408

€54 150 1803 94 1251 478
8217 130 WA M [F. " BT

PoBM4 150 1843 N 0 15 e ®M 150 1214 0 10 192¢ 893
971 1% 1048 N T NI 1 W Wik N Exercise 1730 598
9808 150 1053 W Exercise 10 o wn 75M 150 18T B 20 i
042 150 1058 78 857 978 8024 10 1&n W2 o8 &1
0474 158 1100 K2 18 W e @54 130 1EM B 30 8%
17 1% 108 T Hgovery W50 4. S 80 130 1833 W M55 500
VB 150 1113 % 0N en P 150 18 8 472 400

AP 11439 000 1118 83 Mim a00 10 030 1848 %0 w58 2

instead of *"insulin resistance’’. We used GIR as an
index of IR or glucose uptake in this study.

Exercise prescription

We used anaerobic threshold as an index of moder-
ate exercise intensity. To determine the anaerobic
threshold, cardiopulmonary exercise testing was

Figure 2 Samples of euglycemic hyperinsulinemic clamp data. A, B, and C are samples of patients. Glucose infusion
rate (GIR) showed relatively abrupt increase after starting the exercise. Figure D is a sample of normal subject. Exercise
level was anaerobic threshold. Exercise lasts for more than 30 min. Data at the recovery are not shown.
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Figure 3 Panel A: relationship between glucose infusion rate (GIR) at rest and during exercise. Panel B: relationship
between improving ratio and GIR at rest. GIR improving ratio: GIR during exercise x 100/GIR at rest.

performed using a ramp protocol. Equipment used
included a cycle ergometer (Lode, Groningen,
The Netherlands), breath-by-breath gas analyzer
(MINATO 300S, Minato |kagaku, Osaka, Japan),
and electrocardiograph recorder (ML6000, Fukuda
Denshi, Tokyo, Japan). Anaerobic threshold was
determined using the V-slope method [15]. Car-
diopulmonary exercise test was performed within
1 week prior to the study.

Ethics

Ethical approval for the study was granted by the
Gunma Prefectural Cardiovascular Center Subjects
Committee. Written informed consent was given by
all subjects.

Statistical analysis

Data are expressed as mean+S5.D. One way analy-
sis of variance was used to determine the statistical
significance and Bonferoni test was used for post
hoc analysis. Linear regression analysis was per-
formed to evaluate the relationship between GIR
and other parameters. Values of p <0.05 were con-
sidered significant.

Results

Average GIR was 3.4 + 1.6 mg/ (kggw min) at resting
stage. This value was a little lower than the normal
value.

—id

GIR at rest was positively correlated (r=0.586)
with that during exercise (Fig. 3A). Glucose utiliza-
tion was improved significantly (p<0.01) by 216.7%
during exercise (GIR, 6.6+2.4mg/(kggw min))
compared with that at rest (3.4+1.6mg/
(kggwmin)) as shown in Fig. 4. However, after
cessation of exercise, GIR diminished significantly
(p<0.05) to 4.8 +1.9mg/ (kggw min), although this
value is still higher {(p<0.01) than that at rest.

Enhancement of glucose uptake was greater as
glucose uptake at rest was more impaired. Conse-
quently, as shown in Fig. 3B, GIR improving ratio
(GIR during exercise x 100/GIR at rest (%)) was neg-
atively (r=—0.692) correlated.

As for the effect of anthropometric parameters
on improvement of glucose uptake, it was revealed

p=<0.01

Glucose Infusion Rate
(mg/kgBW/min)

Rest Exercise Recovery
Figure 4 Alteration in glucose infusion rate during exer-

cise and recovery.
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