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Table 3. Change in lumbar BMD

Baseline Month 6 Month 12
Exercise (n = 27) :
Lumbar BMD (g/cm?) 0.699 008 0703009 0714 £ 009
Pexcent change from baseline (%) 047 021 1.71 = 0.85%
Control (n = 15)
Lumbar BMD (glcm?) 0.728 £ 0.07 0724 = 0.07  0.712 + 0.08
Percent change from baseline {%) -045£ 031 -192=*0.76

Data are expressed as mean * SE

Data comparisons were performed by Mann-Whitney U test

Although lumbar BMD increased in the exercise group and decreased in the control group, these
changes from baseline were not significant in either group. However, the percent change in lumbar
BMD at 12 month in the exercise group was significantly greater than in the conirol group

*P < 0.05 vs percent change from baseline in control group at month 12

A Urinary NTX at month 3 vs. Jumbar BMD at month 12 B : Urinary NTX at month 12 vs. lumbar BMD at month 12
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Fig. 2. Correlation between percent changes in urinary NTX
level at months 3 and 12 (A) and lurnbar BMD at month 12 in
the exercise group (B). Single regression analysis was used
to examine the correlation between percent changes in the
urinary NTX level and lumbar BMD in the exercise group.
A moderate negative correlation was found between percent

—0.45% and —1.92%, respectively, in the control group,
and +0.47% and +1.71%, respectively, in the exercise
group. Although lumbar BMD increased in the exercise
group and decreased in the control group, these changes
from the baseline were not significant in either group.
However, the percent change in lumbar BMD at month
12 in the exercise group was significantly greater than
that in the control group.

Correlation between percent changes in bone markers
and lumbar BMD in exercise group

A significant negative correlation was found between
the percent change in the urinary NTX level at
months 3 and 12 and that in lumbar BMD at month
12 (r = —0.409 and r = —0.472, respectively, both
P < 0.05) (Fig. 2). However, no significant correlation
was found between the percent changes in serum BAP
and OC levels and lumbar BMD at month 12,

changes in the urinary NTX level at months 3 and 12 and
jumbar BMD at month 12 (r = -0.409 and —0.472.
respectively, both P < 0.05). NTX, cross-linked N-terminal
telopeptides of type type I collagen; BMD, bone mineral
density

Incidence of vertebral fractures

No new vertebral fractures occurred in any subjects

"during the 12-month period of study, and none of the

subjects suffered from any other fractures in the hip.
wrist, and shoulder joints.

Discussion

This study demonstrated that moderate walking exer-
cise under adequate calcium intake sustained lumbar
BMD via a suppression of bone turnover in postmeno-
pausal women with osteopenia/osteoporosis. The more
the urinary NTX level decreased, the more lumbar
BMD increased. These results suggest that exercise
has an antiresorptive effect on bone in postmenopausal
women with osteopenia/osteoporosis, but its effect on
lumbar BMD seems to be quite modest. Because treat-
ment with alendronate or risedronate for 1 year reduces
urinary bone resorption marker level by 45.0% (DPD)
or 41.3% (NTX), respectively, and increases lumbar
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BMD by 6.2% or 4.9%, respectively, in Japanese
patients with osteoporosis [29,30], moderate walking
exercise seems to be less efficacious for improving
bone resorption and lumbar BMD than these
bisphosphonates,

Numerous studies have reported the effect of exer-
cise on BMD in postmenopausal women with or with-
VUL Osleopenia/osteoporosts |3,6-15]. However, the
results are not always consistent, probably because
the age of the subjects, skeletal sites assessed, and the
mode, intensity, duration, and frequency of exercise
varied from study to study. In particular, Cussler et al.
[13] reported that evidence of a linear relationship
between BMD change and total and exercise-specific
weight lifted in a 1-year strength-training program rein-
forces the positive association between this type of exer-
cise and BMD in postmenopausal women. Maddalozzo
et al. [31] demonstrated that high-intensity training
was more effective than moderate-intensity exercise,
Heinonen et al. [32] and Chien et al. [33) suggested that
exercise intensity should be above the aerobic thresh-
old, corresponding to 60% to 70% of maxima) oxygen
uptake. On the other hand, Sinaki et al. [34] showed
that nonloading muscle exercise was ineffective in
vertebral bone loss. Furthermore, a meta-analysis by
Specker et al. [35] showed that exercise appeared to be
useful in increasing BMD in po'stmenopausal women
when adequate intensity of exercise was applied under
adequate calcium intake. Thus, it may be accepted that
high-intensity aerobics and weight-bearing exercise as
. well as resistance exercise seem to be more effective to
increase lumbar BMD than low- to moderate-intensity
walking exercise, and adequate calcium supplemen-
tation may be needed to produce a positive effect of
exercise on BMD. However, a meta-analysis by Kelley
et al. [36] demonstrated that the effect of exescise n
postmenopausal women was equivalent to an approxi-
mate 2% benefit in lumbar BMD (exercise + 1% versus
control —1%). These results suggest that the effect of
exercise on lumbar BMD in postmenopausal women
seems to be quite modest, even if it brings about a
positive effect, which supports our results.

In this study, we applied moderate outdoor walking
exercise corresponding to 50% of maximal oxygen
consumption, because it might be safe and easy to per-
form and be maintained even in elderly women with
osteopenia/osteoporosis. Moderate walking exercise
has been shown to be useful for treatment of diseases
induced by deterioration of lifestyle, such as high blood
pressure, ischemic heart disease, hyperlipidemia, and
diabetes meliitus [37-39). Conversely, it might be diffi-
cult to force the continuation of intense or vigorous
exercise for elderly women. Before this study, we specu-
lated that even if no significant increase in BMD wag
seet, it might have the potential to affect bone metabo-

lism. Regulation of bone metabolism appears o be
important to prevent the deterioration of bone me-
chanical properties, because it is confirmed that the use
of antiresorptive agents in patients with 0Steoporosis
can reduce the risk of vertebral fracture by 25%, even
though it does not increase lumbar BMD {40]. In our
study, the sample size was tno smalli ane study nerind
Wwas too short to detect the effect of exercise on the risk
of vertebral fracture. Further studies are needed to ex-
amine the effect of walking exercise on the incidence of
osteoporotic fractures, including vertebral fractures, in
postmenopausal women.

The effect of walking exercise on lumbar BMD was
modest. However, the other benefits of walking exercise
should be discussed. First, recently, Feskanich et al.
[41] investigated the effect of walking on the incidence
of hip fractures caused by low or moderate trauma in
61200 postmenopausal women. It was reported that
walking for at least 4h per week was associated with a
41% lower risk of hip fracture compared with less than
1h per week. This result suggests that moderate levels
of activity, including walking, are associated with sub-
stantially lower risk of hip fracture cansed by low or
moderate trauma in postmenopausal women. Meta-
analyses in the elderly also showed that exercise was
effective in lowering the risk of falls and fall-related
injuries in selected people, reducing health care costs
[42,43). However, Buchner et al. [44] reported that
the combination of aerobic and anaerobic training in
the elderly with mild gait disturbance prevented falls,
despite no significant improvement of muscle strength
and body balance. Thus, exercise, including walking ex-
ercise, may have the potential to prevent falls and fall-
related injuries in postmenopausal women, although its
effect of on muscle strength and body balance has yet to
be established.

Second, even though lumbar BMD was not markedly
increased by walking exercise, the bone quality, as
evaluated by a quantitative ultrasound bone densitom-
eter (QUS), might also be affected. Several studies have
shown the relationship between physical activity or
lifestyle and QUS parameters of the heel in postmeno-
pausal women [45-47). In particular, Blanchet et al. [45]
reported that leisure-time physical activity level was a
predictor of the heel QUS parameters, independently of
femoral neck BMD in postmenopausal women. Thus,
exercise, including walking exercige, may have the po-
tential to affect bone quality in postmencpausal women.
Taking the effect of exercise on the risk of falls together,
walking exercise may have the potential to prevent both
falls and deterioration of bone quality in postmeno-
pausal women with osteopenia/osteoporosis. Further
studies are needed to confirm these effects.

In regard to the mechanism by which exercise brings
about the positive effect on bone mass in postmeno-



pausal women with or without osteopenia/osteoporosis,
several well-controlled studies have reported the effect
of physical activity on bone markers. Dalsky et al. [17]
demonstrated that weight-bearing exercise increased
[umbar BMD as a result of decreased serum OC levels.
Hatori et al. [16] also showed that walking exercise at an
anaerobic threshold level increased lumbar BMD as a
resuit of decreased urinary caicium excretion. LVanz et
al. [18] showed that combined aerobic and anaerobic
exercise decreased radial BMD as a result of increased
serum OC levels. Brooke-Wavell et al. [19] reported
that 20 min walking a day for 2 years increased calcaneal
broadband ultrasonic attenuation without any signifi-
cant changes in bone markers in contrast to increased
urinary DPD in the sedentary group. In these studies,
the assessment of bone markers has not always been
adequate. However, despite inconsistency in the
results of exercise on bone metabolism, it may be
possible that the positive effect of exercise on bone
mass in postmenopausal women with or without
osteopenia/osteoporosis might result from a suppres-
sion of bone turnover, bone resorption, or urinary cal-
cium excretion. We also found using the measurements
of bone markers including urinary NTX (more specific
for bone than urinary DPD) and serum BAP that walk-
ing exercise, like bisphosphonates, decreased bone
turnover in postmenopausal women with osteoporosis,
although its efficacy was apparently less than that of
bisphosphonates. This antiresorptive effect of exercise
can be confirmed by a couple of experimental studies
using ovariectomized rats {48,49].

‘The normal range of the urinary NTX level in
Japanese women (30-44 years of age) is 9.3-54.3nmol
BCE/mmol Cr [50]. Thus, the subjects of this study did
not always show extremely high bone turnover. In this
population, the more the urinary NTX level decreased,
the more lumbar BMD increased. It is also known that
the more the bisphosphonate alendronate decreases the
urinary NTX level, the more lumbar BMD increases in
postmenopausal women with osteoporosis [20,51]. The
change in the urinary NTX level at month 6 correlated
with the long-term lumbar BMD change (r = —0.41) in
treatment with alendronate in elderly women [20].
The correlation coefficient of the percent change in the
urinary NTX level at month 3 and that in lumbar BMD
at month 12 in our study (r = —0.409) was similar
to the effect of alendronate in elderly women. Thus,
the decrease in the urinary NTX level might play an
important role for the maintenance or increase of
lumbar BMD in intervention with exercise as well as
bisphosphonates. To date, very few studies have dem-
onstrated a significant association between physical ac-
tivity and urinary NTX level in postmenopausal women
with osteopenia/osteoporosis. Urinary NTX appeared
to be a more responsive and useful bone marker than
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serum BAP and OC in an intervention consisting of
moderate walking exercise in postmenopausal women
with osteopenia/osteoporosis, and an early change in
the urinary NTX level may be useful to predict the long-
term response of lumbar BMD to exercise, although
its efficacy for increasing lumbar BMD may be quite
modest.

‘we couid demonsirate a significant antiresorptive
effect of walking exercise on bone in postmenopausal
women with osteopenia/osteoporosis in a prospective
study. However, there are limitations that we have to
discuss before we conciude that walking exercise is effi-
cacious. First, even though we performed a prospective
observation, the subjects were not randomly divided
into the exercise and nonexercise (control) groups. Be-
cause exercise training requires effort, the subjecis who
hoped to perform walking exercise were assigned to the
exercise group. Further randomized controlled studies
are needed to confirm our results. Second, one can say
that the duration of the study might be too short to
evaluate the effect of exercise on lumbar BMD as well
as bone metabolism. In fact, lumbar BMD increased in
the exercise group as compared with the control group,
but the increase from the baseline was modest. How-
ever, the main purpose of this study was to examine the
effect of exercise on bone formation and resorption
markers, especially on the urinary NTX level. We could
obtain a rapid exercise-related reduction in urinary
NTX level, followed by its steady state, Therefore, we
believe that the duration of this study might be suffi-
cient, if we focus on the effect of exercise on bone
resorption markers such as urinary NTX.

In conclusion, this study clearly demonstrates that the
mechanism for the positive response of lumbar BMD to
moderate walking exercise in postmenopausal women
with osteopenia/osteoporosis appears to be the suppres-
sion of bone turnover, and that an early change in the
urinary NTX level may be useful to predict the long-
term response of lumbar BMD to exercise, although its
efficacy for increasing lumbar BMD may be quite mod-
est. Further studies are needed to elucidate the efficacy
of walking exercise on the bone quality and the risk of
falls as an exercise-related effect.
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Hamada, Taku, Tatsuya Hayashi, Tetsuya Kimura, Kazuwa
Nakao, and Toshio Moritani. Electrical stimulation of human lower
extremities enhances energy consumption, carbohydrate oxidation,
and whole body glucose uptake. J App! Physiol 96: 911-916, 2004.
First published October 31, 2003; 10.115%japplphysiol.00664.
2003.—Our luboratory has recently demonstrated that low-frequency
electrical stimulation (ES) of quadriceps muscles alone significantly
enhanced glucose dispesal rate (GDR) during euglycemic clamp
(Hamada T, Sasaki H, Hayashi T, Moritani T, and Nakao K. J dpp!
Physiol 94: 2107-2112, 2003). The present study is further follow-up
to examine the acute metabolic effects of ES to lower extremities
compared with voluntary cycle exercise (VE) at identical intensity. In
eight male subjects lying in the supine position, both lower leg
(tibialis anterior and triceps surae) and thigh (guadriceps and ham-
strings) muscles were sequentially stimulated to cocontract in an
isometric manner at 20 Hz with a 1-s on-off duty cycle for 20 min.
Despite small elevation of oxygen uptake by 73 = 03
mlkg~min~! during ES, the blood lactate concentration was sig-
nificantly increased by 3.2 x 0.3 mmol/] in initial period (5 min) after
the onset of the ES (P < 0.01), whereas VE showed no such changes
at identical oxygen uptake (7.5 * 0.3 ml-kg~'min~'). ES also
induced enhanced whole body carbohydrate oxidation as shown by
the significantly higher respiratory gas exchange ratio than with VE
(# < 0.01). These data indicated increased anaercbic plycolysis by
ES. Furthenmore, whole body glucose uptake determined by GDR
during euglycemic clamp demonstrated a significant increase during
and after the cessation of ES for at least 90 min (& < 0.0}). This
post-ES effect was significantly greater than that of the post-VE
period (P < 0.01). These results suggest that ES can substantially
enhance energy consumption, carbohydrate oxidation, and whole
body glucese uptake at low intensity of exercise. Percutancous BS
may become a therapeutic utility to enhance glucose metabolism in
humans.

exercise; ghicose tramsport; euglycemic clamp; insulin sensitivity;
oxygen uptake
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IT HAS PEEN RECOMMENDED THAT, for the greatest improvement in
glycemic control and insulin sensitivity, exercise intensity
needs to be set at 50-80% of maximal aerobic capacity in Type
2 diabetes (1). An acute bout of physical exercise increases
glucose disposal into the contracting muscles, leading to clin-
ically significant decreases in blood glucose concentrations.
This is due partly to the translocation of GLUT4 glucose
transporters to the cell surface via insulin-independent mech-
anism (11, 23). In addition, after a single exercise session at

intensity of 60~85% maximal oxygen uptake (V0,), substantial .

glucose utilization continues to occur at a significantly elevated
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level in the previcusly exercised muscles, primarily function-
ing to restore muscle glycogen concentrations (8, 25). This
postexercise effect has been well characterized by a substantial
increase in insulin-stimulated whole body glucose uptake {in-
sulin sensitivity), as demonstrated by the hyperinsulimic-en-
glycemic clamp (8, 25). These clinjcally important effects of
insulin-independent and -dependent stimulation by exercise
have widely been acecepted as a useful modality to prevent and
treat Type 2 diabetes.

However, attention has not been given to those individuals
who are restricted from voluntary physical activity and in a
bedridden state because of chronic illness or other forms of
disability. It is quite difficult to require the recommended
exercise intensity for those individuals, Lipman et al. (22) have
shown that z chronic lack of physical activity is associated with
reduced peripheral glucose uptake due to insulin resistance.
More recently, Mikines et al. (24) and Stuart et al. (35) have
demonstrated that physical inactivity caused by bed rest for as
little as 7 days is associated with a substantial reduction in
insulin sensitivity in inactive skeletal muscle without changing
the effect of insulin on hepatic glucose production. In addition,
prolonged physical inactivity has been shown to decrease the
oXygen transport capacity of skeletal muscle (32). Thus it is
important to develop a new way of enhancing energy and
glucose metabolism in individuals who are unable to exercise.

Electrical stimulation (ES) produces skeletal muscle con-
tractions as results of the percutaneous stimulation of periph-
eral nerves. Clinically, the use of ES has been shown to
potentially improve or compensate for disadvantages in dis-
abled or chronic patients with physical inactivity. In fact, ES of
skeletal muscles might not only improve cardiovascular func-
tion for tetra- or paraplegic individuals but may also increase
the strength and endurance of their paralyzed muscles during
daily activity, such as wheelchair locomotion or body transfer
(5, 18). Furthermore, there is substantial evidence that the
anaerobic metabolism in the glycolytic pathway with the for-
mation of lactate and hydrogen ions and through the degrada-
tion of phosphocreatine (PCr) is more pronounced in ES than
in voluntary exercise when the exercise protocols were per-
formed at identical low intensity {17, 21, 33, 37). In addition,
previous studies in rat have shown that glucose transport
activity can be higher in type 11 than type I fibers when ES is
employed (19, 31). Unlike the orderly recruitment of motor
units during low-intensity voluntary exercise in which type I
slow-twitch fibers are utilized first (10), during ES, large and
fatigable fast-twitch motor units with glycolytic fibers are

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisemenr*
in accordance with 18 1i.8.C. Section 1734 solely to indicate this faci.
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activated first because of their larger axons, which in turn have
much lower electrical resistance for a given externaily applied
electrical current (4, 34), suggesting “reversed-size principle”
v Wolor ubit asviwinnsni Uy BS. It s thus 1sasuiable v assiune
that ES may bscome a better approach to enhance the glucose
transport actjvity in skeletal muscle, without requiring vigor-
ous voluntary exercise, that ensures the activation of type II
fibers with subsequent enhancement of postexercise glucose
uptake, particularly for those individuals who are unable to
exercise because of orthopedic problems or other complica-
tions. Although functional and enzymatic adaptations in re-
sponse to chronic low-frequency ES of skeletal muscle has
been obtained in human subjects (3, 26, 28, 36), the clinical
relevance of percutancous ES for therapeutic purposes of
glucose metabolism has not yet been well established in hu-
mans.

Inn our laboratory’s earlier cortnunication (14), we demon-
strated in human subjects that ES significantly increased the
glucose disposal rate (GDR} during euglycemic clamp. The
present study was, therefore, undertaken to investigate the
acute metabolic effect of ES of lower extremities compared
with voluntary cycle exercise (VE) under experimental condi-
tion of identical intensity (Vo,). Our hypothesis was that ES
would induce greater glycogen utilization than VE at identical
Vo3, We have employed a new way of giving involuntary
exercise induced by percutaneous electrical muscle stimula-
tion. This was performed by means of rhythmic muscle con-
tractions of lower leg and thigh muscles of both lower extrem-
ities. The present follow-up study provided further fundamen-
tal evidence for a possible therapeutic potential associated with
ES-induced enhancement of energy consumption and whole
body glucose uptake in humans,

METHODS

Subjects. Bight men served as subjects. Their age, height, and body
mass were 24.8 *+ 0.6 (SE) yr, 1724 + 2.8 em, and 68.3 * 4.7 kg,
respectively. They were not taking medications, were free of meta-
bolic, neuromuscular, cardiovascular disorders or recent illness, and
were not engaging in any regular enduwrance and resistance training
exercise program at time of study. All the subjects signed an informed
consent after being fully informed about all aspects of the experimen-
tal protocol and were asked to abstain from alcoliolic beverages,
exercise, and caffeine for 24 h before experiments, The Ethical
Comumittee of Xyoto University Graduate School approved the exper-
imental protocol.

Experimental procedure. On each of two occasions after an over-
might fast, the subjects came to laboratory at 8:30 AM and were
instrumented with BCQ electrodes and then quietty rested for at least
30 min before the beginning of the experiment. All subjects were then
asked to lie in the supine position with the lower legs extended over
the end of the bed. Two trials of experiment were performed on a day
separated by a minimum of 1 wk.

The initial trial required subjects to complete involuntary muscle
contraction by percutaneous ES of lower extremities. Two rubber
stimulation surface electrodes (6.5 X 8.5 om) were placed over the
lower legs (tibialis anterjor and triceps surae) and thigh (quaddceps
and hamstrings) muscles, Before application of stimulation electrodes,
underlying skin was prepared by shaving, sanding, and application of
isopropyl alcohols. We adopted the appropriate stimulation parameter,
which consisted of square-wave biphasic pulses of 0.2-ms duration at
a frequency of 20 Hz with a duty cycle of 1-s stinmlation/1-s pause,
because our laboratory has previously reported that parameters used
can induce the highest Voz with this procedures {14). Both muscle

groups (Jower legs and tight) were sequentially stimulated to cocon-
tract in an isometric manner elicited from an electrical stimulator
{Omron, Kyoto, Japan). Stimulator output voltage was limited to 80 V
withont disecnmforf. Tn the second frial, the same suhiects nerformed
voluntary supine exercise for 20 min using a cycle erpometer {model
771, Monark) that was adjusted for each subject so that a knee angle
at maximal leg extension was consistent for ali tests. Exercise inten-
sity was individually adjusted according to the subject’s correspond-
ing levels of Vo observed during percutaneous ES, and all of the
subjects were requested to maintain a pedal cadence of 50 rpm for the
duration of exercise by using a metronome.

Respiratory gas measurement. Our methods for measuring respi-
ratory gas exchange parameters online have been fully described in
our laboratory’s previous studies (14, 27). Briefly, gas measurement
was continuously perfonined for a total period of 35 min, including
before (5 min), during (20 min), and after (10 min) exercise periods,
with respiratory gas exchange ratio (RER) and Vo, being calculated
online every 15 s. Subjects breathed through a low-resistance valve,
and expired gas was sampled in synchrony with the breath cycle from
a mixing chamber. Analog signals of fractional concentrations of
oxygen and carbon dioxide and flow rate from AE 280 analyzer
(Minato Medical Science, Tokyo, Japan) were continuously digitized
at a sampling rate of 50 Hz by a 13-bit analog-to-digital converter.
Simultancously, heart rate (HR) was recorded from a bipelar lead
(CM5) ECG. Blood lactate measurement was performed every 5 min
and was measured by the lactate oxidase method with an automated
analyzer (Lactate Pro, Arklay, Kyoto, Japan).

Glucose uptake measurement. We measured glucose uptake in
whole body by the hyperinsulimic-euglycemic clamp, according to the
method of DeFronzo et al. (7), with the aid of a blood glucose
monitoring and glucose-insulin infusion system {Artificial pancreas
model 8TG22, Nikkiso, Tekyo, Japan) (14). After an overnight fast,
subjects arrived at a clinical research room in Kyoto University
Hospital and were kept in the supine position with both lnees
extended. A polyethylene catheter was placed into an antecubital vein
in the right side and connected to the STG22 for continuous moti-
toring of blood glucose with ghicose oxidase method, and the hand,
forearm, elbow and brachial regions were kept warm by disposable
wanners to provide an arterialized venous blood sowrce. A second
catheter was inserted into the left antecubital vein for continwous
infusion of insulin and glucose. After 15-20 min, baseline blood
samples were drawn for the determination of fasting glucose and
insulin concentrations. Insulin (Humulin R, Eli Lilly, Indianapolis,
IN) was continwously infused at a rate of 1.12 mUkg ™ '-min~!
throughout the experimental period after priming insulin infusion (0—1
min, 3.56 mU-kg~!*min—'; 1-2 min, 3.17 mU-kg~'*min—'; 2-3 min,
2.82 mtkg~ "-min~’; 34 min, 2.52 mU-kg~min~; 4-5 min, 2.24
mU-kg~'min~!; 5—6 min, 1.99¢ mUkg"tmin~1; 6-7 min, 1.77
mU-kg™"min"'; 7-8 min, 1.58 mU-kg~"min~"; 8- main, 1.41
mU-kg™*min~"; 9-1¢ min, 1.25 mU-kg~!-min~?) followed by con-
stant insulin nfusion at 1.12 mU-kg~}min~!. Priming of glucose
infusion with the use of a 20% glucose solution was also performed
(4-10 min, 2.0 mg-kg™ lmin~!; 10-15 min, 2.5 wg-kg~Lmin~1;
15-16 min, 4.0 mg-kg~?'min~"), and thereafter, baseline plasma
glucose level was maintained by adjusting the glucoss infusion rate.
At 100 min, at least [ES, 104 % 4 (SE) min; VE, 107 = 3 min], after
the start of insulin infusion, ES or VE trial was performed for 20 min
as described above. GDR was determined as the average value of
every 5 min throughout the experiment period, and its values are
expressed as milligrams per kilogram per minute. Blood samples for
insulin measurements were obtained at the beginning and the end of
ES and every 30-min during the poststisoulation period of 90 min and
were determined by blood enzyme immuncassay (Biken Chemical,
Tokyo, Japan), and GDR data were collected in only seven subjects
because of analytic difficulty with blood sample for insulin in one
subject. During the entire clamp procedures, subjects were in 2 prone

J Appl Physiol - YOL 96 - MARCH 2004 - www.jap.org

S00g 't Mdy uo BiorABojosAud-del wol pepeojumo




ELECTRICAL STIMULATION AND METABOLIC ENHANCEMENT 913

) 3

VO iinlikgiiny  OF HR {beat

*

&
¢t

0 15 200 2B P
Time (min),

2.

Méan V0o (mifkglmin) €3

Pra EX.  PostSmin  Post.i0min
Fig. 1. Time course of changes in heart rate (HR; 4} and whole body oxygen
uptake (¥oz B). VO, was continuously determined by respiratory gas ex-
change analysis in electrical stimulation {ES) of lower extremities (CJ) and
voluntary cycle exercise (VE, #). Values are means = SE for § subjects. Error
bars have been omitted for clarity. Mean Vo, (C) was nearly identical before,
during, and after ES (open bars) and VE (solid bars). Ex, exercise (ES and VE);
Pre, preexercise; Post, postexercise, **Significantly different from preexercise,
P <001,

position with both hands kept flat on the table and instructed not to
move and contract upper ayms.

Statistical analysis. All data are expressed as means * SE A
one-factor (time) repeated-measures ANOVA was used to test
whether a single bout of ES and VE increased respiratory gas
parameters, blood lactate concentration, and GDR fiomn baseline
values. A two-factor ANOVA (between, ES and VE condition; within,
time) was used for comparison of gas parameters, blood lactate
concentration, and GDR. Tukey’s post hoc test was used to determine
the significant difference when the significant interaction was found.
The probability level for statistical significance was set at P << 0.05.

RESULTS

Figure 1 is a time course of the changes in Vo; and HR
throughout the pre-ES and VE (5 min), during ES and VE {20
min}, and post-ES and VE peried (10 min). HR and Vo, were
rapidly increased with the onset of ES to lower extremities,
maintained fairly constant throughout the ES, and then re-
turned to the prestimulation level immediately afier the cessa-
tion of ES. Mean Vo, during ES was significantly increased
from3.6 £ 0110 73 = 0.3 mlkg "min~! (P < 0.01). Ona

J Appl Physiol + VOL 96 - MARCH 2004 - www,jap.org

separate day, when the same subjects performed VE using a
supine cycle ergometer for 20 min, exercise intensity (work
rate) was individually adjusted, and thereby Vo, was increased
. P —————— 1.1 - - [ By [ PO U e ™7 o - N
W WAV DAL IV VWL aD  WUDWL YW LLLILE, A e - WVt
ml-kg™ min"~, not significant vs. ES; Fig. 1).

Figure 2 is a timne course of the change in blood lactate
concentration and RER. As we expected, lactate significantly
increased at initial period (5 min) after the onset of the
stimulation period (lactate, pre 1.2 + 0.1 vs. ES 3.2 = 0.3
mmold; P < 0.01), whereas no such drastic changes were
observed during VE, despite the identical Vo, (lactate, pre 1.2
vs. VE 1.4 mmol/l; not significant). Similarly, it was found that
RER rose sharply and significantly at 5 min after the onset of
ES far greater than during VE (RER, pre 0.80 % 0.02 vs. ES
0.99 *+ 0.03, P < 0.01; pre 0.79 = 0.02 vs. VE 0.83 * 0.03,
P < 0.01).

Figure 3 indicates changes in whole body glucose uptake
determined by GDR in euglycemic clamp. Steady-state clamp
concentration of plasma glucose was quite satisfactory in both
£S and VE conditions. The coefficient of variation was found
to be 2.5% for ES and 2.6% for VE. Serum insulin concentra-
tion throughout both clamp experiments was constant within
the range of physiological iyperinsulinemia that was sufficient
to suppress endogenous glucose production (30) (Table 1),
GDR was significantly increased in response to ES and VE
(P < 0.01). However, there was a significant requirement for
ghicose during the post-ES period (20-50 min, 3.9 £ 04

Lt (mmoif),
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Fig. 2. Comparison of time course of changes in blood lactate concentration
{Lac; A) and respiratory gas exchange ratio {RER; B}. Data are indicated in a
time point of every 5 wmin before, during, and after ES (open bais) and VE
(solid bars). Values are means * SE for 8 subjects. **Significantly different
{rem preexercise (0 min), P < 0.01. *Significantly different from preexercise
{0 min), P < 0.05. ¥Significantly different from VE, P < 0.01.
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Fig. 3. Mean time course of changes in plasma glacose (4) and glucose
disposal rate (GDR; B) during steady-state euglycemic clamp in both ES {open
bars) and VE (solid bars) conditions. Change in GDR (AGDR) data determined
every 5 min are indicated as increasing time point from preexercise period (ES
and VE). Values are means * SE for 7 subjects. **Significantly different from
preexercise (0 min), P < 0.01. {Significantly different from VE, P < 0.01.

mg-kg " P'min~}; 50-80 min, 3.7 * 0.5 mg-kg ™ min"?!; 80—
110 min, 3.7 = 0.5 mgkg **min~! above pre-ES). Thus the
stimulatory effect of ES on GDR persisted not only during but
also after the stimulation. In contrast to the recovery period
after ES, GDR decreased rapidly during the recovery period
after VE (20~50 min, 2.6 * 0.4 mg-kg™!-min~!; 50-80 min,
1.7 * 03 mgkg lmin~!; 80-110 min, 1.2 * 03
mg-kg ™ !-min~! above pre-VE). The difference in GDR during
the recovery periods was statistically significant (P < 0.01).

DISCUSSION

. The significant finding of this study was that a single bout of
ES to lower limb muscles induced significantly greater carbo-
hydrate wtilization than VE when the same subjects were
compared at the identical intensity and duration of exercise. It
is well known that, unlike during voluntary contraction, the
large motoneurons innervating fast-twitch fibers are the first
ones to be activated, owing to their large nerve axons with
low-input resistance against external stimulation current (4).

The present findings seem to support this notion. In fact, we
found a larger concomitant increase in blood lactate concen-
tration and RER in response to ES compared with VE, and this
appears W reiiest bwisasod valbobydinic uilizaion. Ji bas
been shown in humans that there is a greater reliance on
anaerobic glycolysis for energy production together with the
degradation of PCr and the formation of lactate during electri-
cally elicited muscle contractions. Greenhaff et al. (13) have
found that the rates of glycolysis in contracted muscles during
ES of human quadriceps muscles were twofold higher in type
Il fibers than type I fibers. Furthermore, the most recent
evidence has shown that, for identical low-intensity level (10%
maximal voluntary comtraction), ES to quadriceps muscle in-
duced a faster decline of intraceliular pH together with the
degradation of PCr after the onset of ES, whereas no such
changes resulted from voluntary contraction (37). Our finding
and these earlier observations seem to suggest that differential
metabolic response to VE and ES could be primarily due to a
large activation of glycolytic type II fibers by ES. One may
consider the possibility that our findings of quite high RER
together with considerable blood lactate concentration might
have been a result of involvement of small amounts of muscle
during ES, leading to much smaller overall blood flow than
during VE. Therefore, lactate transport to other tissues would
likely be less in the ES trial, resulting in higher blood lactate as
well as RER values. Although we are not able to discard such
a possibility, the nearly identical Vo, during ES and VE trials
suggests the similar blood supply to the working muscles in
addition to a potentially higher venous blood pumping action
by simultaneous and quite rhythmic contractions by ES. The
higher RER values during ES could also result from hyperven-
tilation. However, it is unlikely that such a hyperventilation
continues for more than 10 min. The nearly identical time
course changes in lactate and RER during constant Vo also
seem to refute such a possibility.

In the present study, the most novel aspect of the present
finding was that the acute stimulatory effect of ES to lower
extremities on whole body glucose uptake persisted not only
during but also for at least 90 min after ES under physiological
hyperinsulinernia that was sufficient to suppress endogenous
glucose production. This further supports our laboratory’s
previous findings on possible beneficial effects of ES to quad-
riceps alone (14), and we consider the present results as more
encouraging.

Table 1. Plasma ghicose, serum insulin, and glucose disposal rate during euglycemic clamp

Preinfision  Pre-Ex (—30-0min)  Ex (0-20 min) PoslEx (10-50 mir}  PostBx (30-30 min)  Post-Ex (80110 min)

ES

Plasma glucose, mg/dl 86.6+2.4 85.0x1.9 82.5x15 84,9124 86.4=2.3 86.8x2.7

Serum insulin, pU/ml 64%1.0 88.3+5.0 91.2+4.6 89.4:14.1 92.4£6.8 91.8x59

GDR, mgkg~lmin~! 8.8x0.6 12.1+08* 12.7x0.8* 12.520.9* 12.5£0.9*
VE

Plasma glucose, mg/dl 84.9x1.0 82.1x1.0 81.1x0.7 81.8*1.3 82.6x1.1 84.8x1.6

Serum insulin, pU/ml 5308 83.1x53 81.7+4.0 £2.7+4.5 82.8x5.7 814144

GDR, mgkg~'min~! 8.7x0.7 11.9+0.9* 11.3+0.8* 10.4=0.7% 99207

Values ave means * SE for 7 subjects. Plasma glucose and glucose disposal rate (GDR) were continuously determined, and mean values of the indicated time
period are shown, Serum insulin was determined at the end of the indicated time period. ES, electrical stimulation; VE, voluntary cycle exercise; —30-0 min,
preexercise (Ex) period (ES and VE); 0-20 min, during Ex period; 20-50, 5080, and 80-110 min, post-Ex period. *Significantly different from pre-Ex, P <

0.01. #Significantly different from pre-Ex, P < 0.05.
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One effect, evident during exercise and for a relatively short
period after exercise, is an insulin-independent simulation of
glacose uptake. The second effect, which becomes evident
widie e avuic eliovi vl cacivise un gluvuse uplane disappoais,
consists of a large increase in the insulin-dependent stimulation
(insulin sensitivity). Although increased glycogenolysis was
not necessarily associated with glucose disposal (9, 15), there
is substantial evidence to suggest that, for glycogen repletion
after a single exercise session, both insulin-independent and
insulin-dependent glucose uptake may play a role. In fact, Price
et al. (29) showed in bumans that postexercise glycogen
repletion ocourred in an insulin-independent manner for ~1 h
after exercise, and thereafter insulin-dependent glycogen reple-
tion became significant. In line with this, Wallberg-Henriksson
et al. (38) have shown in isolated rat skeletal muscle that the
activity of insulin-independent glucose uptake is maximally
enhanced immediately after exercise and then gradually wears
off but that ~34% of the initial activity is still present over 180
min. Because our data are limited to 90 min post-ES, it appears
that acute and petsistent enhancement of GDR during and after
ES is likely due, at least in large part, to the insulin-indepen-
dent-mediated effect and that the insulin-dependent effect may
come into play, particularly during the latter part of the post-ES
period. In addition, it has been recently suggested that 5'-
AMP-activated protein kinase (AMPEK) may have a regulatory
role in contraction-stimalated (insulin-independent) glucose
transport in skeletal muscle (16). AMPK is stiroulated by
various glycogen-depleting stimuli, including contraction, with
a close correlation to glucose transport activity in rat skeletal
muscle (15). In fact, contraction-induced activation of AMPK
and GLUT4 translocation and glucose uptake is impaired in
glycogen-supercompensated muscles of exercised rats (20).
With regard to insulin sensitivity, carbolrydrate deprivation
after exercise results in delayed glycogen restoration and pro-
longed increase in insulin sensitivity in rat skeletal muscle (2),
and, furthermore, insulin-stimulated GLUT4 translocation and
glucose uptake are impaired in supercompensated muscles of
exercised rats (20). It thus seems that exercise-induced increase
in carbohydrate depletion may have provided the stimulus for
increased glucose uptake in the postexercise period. Muscle
fuel and energy state in contracted muscles may play an
important role in regulating the acute and persistent effect of
contraction on glucose transport and may partly explain dif-
ferent persistent duration of increased glucose uptake.

It is interesting to note that the post-ES increase in GDR was
as high as that observed by bicycle exercise at 40% of maximal
Vo, for 30 min under similar hyperinsulinemia (~77 pwU/ml)
{(6). DeFronzo et al. (6) have demonstrated that exercise and
insulin actually act synergistically on glucose uptake in whole
body under physiological hyperinsulinernia. The synergism
could be attributed to the fact that exercise enhances blood
flow, which increases glucose supply to contracting muscles,
thereby reinforcing the effect of infused insulin. It has been
shown that ES can increase lower limb blood flows, leading to
enhanced stroke volume and cardiac output by activation of
venous muscle pump when BS was used to induce rhythmic
muscle contractions of calf and thigh in able-bodied and
paraplegic patients (5). It thus appears that acute increase in
GDR during ES and VE condition could be due to a better
perfusion of the peripheral tissue within contracted muscles.

However, the results obtained from physiological hyperin-
sulinernia must be interpreted in light of the fact that exercise
(or almost every other condition in which the insulin clamp has
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emia and euglycemia. Indeed, DeFronzo et al. {6) have shown
that the effect of combined insulin and exercise on the periph-
eral glucose uptake is much greater than of either one alone and
is more likely to have an impact throughout exercise and
postexercise period. If the effects of exercise and insulin were
purely additive, then the acute stimulatory effect of ES alone
on glicose uptake in the whole body would have been a
smaller magnitnde than that with combined insulin,
Additionally, it has been shown that increase in epinephrine
may partly enhance carbohydrate utilization in humans. Be-
cause epinephrine enhances the rate of muscle glycogenolysis
as well during short-term ES (12), it might have resulted in an
enhanced glyconeogenolysis after ES. It is unlikely that sig-
nificant epinephrine spill out would have occured during a

low-intensity exercises, such as the ones employed in the

present study (i.e., 10% maximal voluntary contraction of ES).
We could, however, only speculate such a possibility in the
absence of no epinephrine data.

Recent therapeutic sfudies have shown that ES-assisted
training can increase muscle GLUT4 content and mmprove
insulin sensitivity in patients with spinal cord injury (3, 26). It
has also been reported in humans that chronic low-frequency
ES to leg muscles increased Vo at anaerobic threshold as an
Improvernent in muscle function due to its enhanced oxidative
capacity (28). In addition, chronic low-frequency ES can in-
duce improvement in the aerobic-oxidative metabolism of
skeletal muscle (36). Those previous therapeutic findings, to-
gether with the present study, seem to suggest that ES may
have a great potential for medical applications, e.g., counter-
acting the effects of disuse, decreased oXygen transport, and
reduced peripheral glucose uptake due to insulin resistance in
immobilized or bedridden patients, without requiring vigorous
voluntary exercise.

In summary, we have demonstrated that a single bout of ES
to lower extremities can significantly enhance energy com-
sumption, carbohydrate oxidation, and whole body glucose
uptake at low-intensity exercise. This could be partly due to a
larger contribution of type II fibers in BS compared with in VE
at identical intensity. Enhanced carbohydrate oxidation by ES
may partly influence the post-ES effect on enhanced GDR.
Thus percutancous ES may become an important part of
therapy in enhancing energy and glucose metabolism for those
individuals who are unable to exercise because of orthopedic
problems or other complications.
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