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AbstrAct
Objective Stair climbing–descending exercise (ST-EX) 
is a convenient method to increase exercise intensity. 
We compared the acute effect of ST-EX on lowering 
postprandial hyperglycemia with that of constant bicycle 
exercise (BI-EX) performed at the same heart rate (HR).
Research design and methods Seven people with type 
2 diabetes and seven with impaired glucose tolerance 
volunteered for this study. The step rate for ST-EX and 
work rate for BI-EX were individually determined to 
correspond to high-moderate to low-vigorous intensity (HR 
~130 beats per minute). For the ST-EX trial, the subjects 
performed 16 repetitions of walking down one flight of 
stairs followed by climbing up to the starting point (~8 
min in duration) 90 min after consuming a test meal. For 
the BI-EX trial, the subjects performed a constant pedaling 
exercise for the same duration at the same time after the 
meal.
Results The reduction in blood glucose (BG) level between 
90 and 105 min after a meal was significantly greater for 
ST-EX (–4.0±0.7mmol/L) than for BI-EX (–2.7±0.9mmol/L). 
The net reduction in BG between 90 and 105 min was also 
significantly greater for ST-EX (–3.2±0.7mmol/L) than for 
BI-EX (–2.0±0.6mmol/L). Serum insulin levels did not differ 
between the groups. Oxygen consumption for ST-EX was 
higher than that for BI-EX, but the blood lactate level and 
respiratory exchange ratio (RER) for ST-EX were lower than 
those for BI-EX.
Conclusions Compared with BI-EX performed at the same 
HR, ST-EX more rapidly decreased postprandial BG level 
with lower blood lactate and RER responses. A short bout 
of ST-EX may be clinically useful to acutely ameliorate BG 
levels after meals.

IntROduCtIOn
Acute aerobic exercise (AE) is an important 
modality to control blood glucose (BG) level 
in people with type 2 diabetes . AE should 
be initiated at a moderate intensity corre-
sponding to 40%–60% of maximal aerobic 
capacity, but people with type 2 diabetes 
already exercising at a moderate intensity 
have been recommended to undertake AE 
at a higher intensity to obtain additional BG 
benefits.1

Postprandial hyperglycemia is an important 
risk factor for cardiovascular disease.2-4 The 
American Diabetes Association5 recommends 
that postprandial BG should be controlled 
to <10.0 mmol/L, particularly when hemo-
globin A1c (HbA1c) remains >7.0% despite 
preprandial BG being well controlled to 
4.4–7.2 mmol/L. However, postprandial 
hyperglycemia is prevalent in people with 
type 2 diabetes, including those with appar-
ently good HbA1c levels.6

It has been shown that high-intensity AE 
effectively reduces postprandial BG level.7-10 
However, it is notable that the reported proto-
cols of high-intensity AE (eg, 6 bouts of 1 min 
high-intensity incline walking,9 10 bouts of 60 
s high-intensity cycling,8 repeated cycles of 3 
min of slow and fast walking for 1 hour,10 and 
4 bouts of high-intensity cycling for a total of 
46 min7) are often too strenuous and/or too 
long to perform regularly in daily life.

We have been conducting a series of 
studies to demonstrate that a short period of 
stair climbing–descending exercise (ST-EX), 
a convenient method for increasing exercise 
intensity, is sufficient to reduce postpran-
dial BG levels.11-15 ST-EX is easy to perform 
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significance of this study

What is already known about this subject?
Stair climbing–descending exercise (ST-EX) is an easy-
to perform method to increase exercise intensity in 
daily life.

What are the new findings?
ST-EX performed after a meal more rapidly decreased 
postprandial blood glucose level than bicycle exercise 
performed at the same heart rate.

How might these results change the focus of 
research or clinical practice?
ST-EX might be a clinically useful modality for efficient 
amelioration of postprandial hyperglycemia.
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Table 1 Physical characteristics and metabolic profiles of 
study subjects

Type 2 
diabetes IGT All

(n=7) (n=7) (n=14)

Age (years) 70.4±6.8* 51.3±3.2 60.9±11.2

Height (cm) 159.4±10.8 165.0±4.8 162.2±8.5

Body mass (kg) 58.7±13.2 66.9±8.0 62.8±11.3

Body mass index 
(kg/m2) 22.8±2.4 24.6±3.0 23.7±2.8

HbA1c (%) 6.8±0.5** 5.7±0.2 6.3±0.6

HbA1c (mmol/mol) 51±5** 39±2 45±7

BG before lunch 
(mmol/L) 6.3±0.4** 5.0±0.3 5.7±0.7

Values are expressed as mean±SD.
* and ** indicate the presence of significant differences (p< 0.05 
and p <0.01, respectively) from IGT.
BG, blood glucose; HbA1c, hemoglobin A1c; IGT, impaired 
glucose tolerance.

Metabolism

regardless of weather conditions and without the 
need for any special exercise facility or changing into 
training clothes. Typically, one set of ST-EX comprises 
3‒6 min of repetitions of climbing briskly to the second 
floor followed by walking slowly down to the first floor. 
The exercise intensity is high during the ascending 
phase, but it is reduced during the descending phase, 
thereby increasing the overall intensity without exces-
sive effort.11-14 In our recent report, we showed that a 
single bout of as little as 3 min of ST-EX performed 60 
and 120 min after a meal decreased BG level in people 
with type 2 diabetes more rapidly than a fully sedentary 
condition.14

We also demonstrated that in people with impaired 
glucose tolerance (IGT), a 6 min bout of ST-EX starting 
90 min after a meal decreased BG level more rapidly than 
a bout of level walking of the same duration.11 However, 
it is reasonable that ST-EX had a greater hypoglycemic 
effect than level walking, because the heart rate (HR) 
during ST-EX was significantly higher than during level 
walking (128±8 beats per minute (bpm) vs 113±9 bpm, 
p<0.01), and the estimated average oxygen consumption 
(VO2) of ST-EX was twice that of level walking (24.8±2.5 
vs 12.3±0.7 mL/kg/min, p<0.01).11

Therefore, the primary purpose of the present study 
was to confirm the superiority of the acute hypogly-
cemic effect of ST-EX on postprandial hyperglycemia by 
comparing it with another type of exercise performed 
at the same HR as ST-EX. For this comparison, we used 
constant bicycle exercise (BI-EX) because BI-EX is a 
popular indoor exercise and its exercise intensity can 
be manipulated easily and quantitatively. We found that 
ST-EX ameliorated postprandial BG level more rapidly 
than BI-EX in people with type 2 diabetes or IGT.

ReseaRCH desIgn and metHOds
subjects
Seven people with type 2 diabetes (male/female=4/3) 
and seven people with IGT (male/female=5/2) but no 
macrovascular and microvascular complications, whose 
physical characteristics and metabolic profiles are shown 
in (table 1), volunteered for this study. None of the 
subjects were engaged in any regular endurance or resist-
ance training program at the time of the experiments, 
had uncontrolled hypertension (>160/100 mm Hg) or 
an orthopedic disorder that caused physical inactivity, or 
were taking drugs such as beta-blockers that affect the HR 
responses to exercise. The subjects were able to ascend 
and descend stairs without difficulties in their daily 
life. Five of the subjects with type 2 diabetes were being 
treated with oral hypoglycemic agents (glimepiride and 
pioglitazone (n=1); gliclazide (n=1); metformin, piogli-
tazone and alogliptin (n=1); metformin, pioglitazone, 
vildagliptin and acarbose (n=1); or metformin (n=1)). 
The subjects took their medications in the usual way on 
the experimental days. Written informed consent was 
obtained from all the participants before the study. The 

study was approved by the Institutional Review Board of 
Nagoya City University.

study design
The experiments were conducted on four separate days 
over 3 weeks. Intervals of more than 3 days were main-
tained between the experiments to avoid the metabolic 
effects of the exercise performed during the previous 
experiment. It has been shown that a single bout of exer-
cise session increases insulin action and glucose toler-
ance for more than 24 hours but less than 72 hours.1 The 
subjects were instructed to have a Japanese-style break-
fast (rice or bread, and side dishes including broiled fish, 
rolled omelet and vegetables; ~400 kcal) at home before 
07:30 and to come to the laboratory by 11:30 on each 
experimental day.

On experimental day 1, the subjects performed the 
control (REST) trial. The subjects ate a test meal (lunch; 
106.5 g carbohydrate, 18 g protein, 18 g fat, 660 kcal) 
between 12:00 and 12:15 and then rested quietly on a 
chair for 150 min. At –5, 90, 105, 120 and 150 min relative 
to the start time of lunch, blood samples were collected 
from a fingertip to determine BG level. At –5 min relative 
to the start time of lunch, blood samples were drawn from 
the antecubital vein to determine serum HbA1c level.

After completion of the REST trial, preliminary exper-
iments were conducted to determine the step rate for 
ST-EX and the work rate for BI-EX that would correspond 
to an intensity of high-moderate to low-vigorous intensity 
(60%‒65% of age-predicted HR reserve (HRR)),16 and 
that the subjects were able to perform without a feeling 
of excessive effort (Borg rating of perceived exertion 
score of 13‒14).17 For ST-EX, a straight flight of stairs 
with 21 steps each 18 cm high was used. At the stairs, the 
subjects performed 8‒10 repetitions of ST-EX (walking 
down one flight of stairs followed by climbing up to the 
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Figure 1 Experimental protocol for days 2, 3 and 4. On days 2 and 3, subjects performed either ST-EX (16 repetitions) or BI-
EX for the same duration starting 90 min after lunch. Blood glucose and insulin levels were measured at 90 min (immediately 
before starting exercise), 105, 120 and 150 min, and 90, 120 and 150 min after lunch, respectively. On day 4, subjects 
performed ST-EX and BI-EX in random order with a rest interval of >50 min. Gas analysis was conducted during the steady 
state of ST-EX (last 8 repetitions, ~4 min) and BI-EX (last 4 min). Blood lactate was measured 1 min after exercise on days 2, 3 
and 4. Heart rate was monitored every 5 s during exercise on days 2, 3 and 4. BI-EX, bicycle exercise; bpm, beats per minute; 
ST-EX, stair climbing–descending exercise.

Metabolism

starting point) without rest. At the top and bottom of the 
stairs, they made a U-turn in 2‒3 s. For BI-EX, the subjects 
performed a pedaling exercise on an isopower-controlled 
cycle ergometer (232C, Combi, Tokyo, Japan) at their 
preferred pedaling rate (50‒65 cycles/min) for 5‒7 min. 
To avoid excessive fatigue because of delayed cardiac and 
circulatory responses, the work rate was initially set at 
50% of the individually predetermined work rate for 1 
min and thereafter increased to the predetermined work 
rate. HR was recorded every 5 s during exercise using an 
HR monitor (Polar Accurex Plus; Polar Electro, Kempele, 
Finland).

On experimental day 2 and day 3, the subjects 
performed either the ST-EX or BI-EX trials in random 
order (figure 1). We chose the timing for exercise based 
on previous findings that ST-EX starting at 90 min after a 
meal resulted in a rapid and substantial decrease in BG, 
and did not induce a rebound of BG after exercise.11 13 For 
the ST-EX trial, the subjects had lunch between 12:00 and 
12:15, rested on a chair for 90 min and then performed 
16 repetitions of ST-EX (walking down one flight of stairs 
followed by climbing up to the starting point) without 
rest or, if they requested it, a short rest (<30 s) in standing 
position at the top of the stairs. They climbed the stairs 
at an individually predetermined step rate of 80–115 
steps/min to the beat of a metronome, and descended 
at a free step rate, which was lower than the ascending 
rate for each individual. For the BI-EX trial, the subjects 
had lunch between 12:00 and 12:15, rested on a chair 
for 90 min and then performed the pedaling exercise at 

an individually predetermined work rate. The duration 
of BI-EX was the same as that of ST-EX for each subject. 
We determined the timing for blood sampling based on 
previous findings that the hypoglycemic effect of ST-EX 
starting at 90 min was significant at 105 min11 13 and 120 
min11 after a meal. At –5, 90, 105, 120 and 150 min relative 
to the start time of lunch, blood samples were collected 
from a fingertip to determine the BG level. At 90, 120 
and 150 min relative to the start time of lunch, blood 
samples were drawn from the antecubital vein to deter-
mine serum insulin level. At 1 min after the end of ST-EX 
or BI-EX, blood samples were collected from a fingertip 
to determine plasma lactate levels. HR was monitored 
every 5 s during exercise using Polar Accurex Plus. After 
the experiment on day 3, the subjects answered the 
question ‘Which exercise (ST-EX or BI-EX) did you feel 
required less effort?’

On experimental day 4, the subjects performed the 
ST-EX and BI-EX trials, accompanied by expired gas 
analysis using the Douglas bag method (figure 1). Three 
older women with type 2 diabetes were excluded from 
this investigation to avoid the risk of their falling on the 
stairs because of interference with their vision by the gas 
sampling mask. The subjects performed both ST-EX and 
BI-EX in random order as described above, with a rest 
interval of at least 50 min between the exercises. VO2 
and respiratory exchange ratio (RER) were determined 
during the steady state of ST-EX (last 8 repetitions, ~4 
min) and of BI-EX (last 4 min) by a gas analyzer (AR-1, 
Arco System, Chiba, Japan). HR was monitored every 5 s 
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Figure 2 (A) Changes in BG level during REST, ST-EX 
and BI-EX trials in the combined (ALL) group. * and ** 
indicate the presence of significant differences (p<0.05 and 
p<0.01, respectively) from REST. † indicates the presence 
of a significant difference (p< 0.05) from BI-EX. Values 
are expressed as mean±SD. n=14. (B) Changes in serum 
insulin (INS) level during REST, ST-EX and BI-EX trials in the 
combined group. Values are expressed as mean±SE. n=14. 
BG, blood glucose; BI-EX, bicycle exercise; INS, serun 
insulin; ST-EX, stair climbing–descending exercise. 

Metabolism

during exercise. One minute after the end of ST-EX or 
BI-EX, a blood sample was collected from a fingertip to 
determine plasma lactate level.

Blood sample analysis
BG was simultaneously measured in singlicate or dupli-
cate using three different sets of automatic glucose 
analyzers (Glutest Ace; Arkray, Kyoto, Japan). The 
average value was calculated. BG0, BG90, BG105, BG120 
and BG150 represent BG at –5, 90, 105, 120 and 150 min 
from the beginning of lunch, respectively. ΔBG90–105, 
ΔBG90–120 and ΔBG90–150 represent the differences 
in BG between BG90 and BG105, BG90 and BG120, and 
BG90 and BG150, respectively. Serum insulin level was 
measured using an immunoassay kit (Architect Insulin, 
Abbott Japan, Tokyo, Japan). INS90, INS120 and INS150 
represent the serum insulin levels 90, 120 and 150 min 
from the beginning of lunch, respectively. ΔINS90–120 
and ΔINS90–150 represent the difference in serum 
insulin level between INS90 and INS 120, and between 
INS90 and INS150, respectively. Plasma lactate level was 
determined in singlicate using an automated analyzer 
(Lactate Pro; Arkray). HbA1c level was assayed at Nagoya 
Clinical Center (Nagoya, Japan) using a latex-agglutina-
tion assay.

statistical analysis
Data are shown as mean±SD except for those in figure 2B. 
Mann-Whitney U test was performed to determine 
whether there were significant differences between type 2 
diabetes and IGT (tables 1, 2 and 3). Differences between 
ST-EX and BI-EX were analyzed by paired analysis using 
the Wilcoxon signed-rank test (table 2). Comparisons 
of data between the three trials were performed using 
the Friedman test (table 3, figure 1). Post-hoc testing 
of significance between corresponding mean values 
was performed using the Scheffe method. Significance 
was set at p<0.05. All statistics were analyzed using SPSS 
V.18.0 for Windows.

Results
Physiologic responses to st-eX and BI-eX
Table 2 shows the physiologic responses to ST-EX and 
BI-EX in the type 2 diabetes, IGT and combined (ALL) 
groups measured on experimental day 2 and day 3. HR, 
%HRR and exercise duration did not differ significantly 
between the groups or trials. By contrast, the blood 
lactate level for ST-EX was significantly lower than that 
for BI-EX in each group (p<0.05). Five subjects with 
type 2 diabetes and four with IGT responded that ST-EX 
required less effort than BI-EX, and one subject with type 
2 diabetes and 2 with IGT answered that both ST-EX and 
BI-EX required equal effort.

VO2 and RER during the steady state of ST-EX 
and BI-EX were measured on experimental day 4. 
There were no differences in the steady-state HR 
(ST-EX 130.6±5.9 bpm vs BI-EX 131.1±6.7 bpm, NS) 
and %HRR (ST-EX 63.3±8.3% vs BI-EX 63.7±8.0%, 

NS). VO2 for ST-EX was significantly higher (by 9%) 
than that for BI-EX (ST-EX 18.7±1.4 mL/kg/min vs 
17.2±1.3 mL/kg/min, p<0.01), but RER and blood 
lactate level for ST-EX were significantly lower than 
those for BI-EX (RER: ST-EX 0.91±0.05 vs BI-EX 
0.97±0.04, p<0.01; lactate: ST-EX 3.4±1.2 mmol/L vs 
BI-EX 4.4±1.0 mmol/L, p<0.01).

Changes in Bg level after st-eX and BI-eX
Table 3 shows the changes in BG level during the REST, 
ST-EX and BI-EX trials. BG90, that is, BG level imme-
diately before starting ST-EX or BI-EX, for the type 2 
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Table 2 Physiologic responses to ST-EX and BI-EX 
(experimental days 2 and 3)

Type 2 
diabetes IGT All

(n=7) (n=7) (n=14)

ST-EX

  Average HR (bpm) 120.3±4.6 128.1±8.1 124.2±7.5

  Average exercise 
intensity (%HRR) 57.9±5.5 57.7±5.5 57.8±5.3

  Average steady-
state HR (bpm) a 124.4±3.9 130.7±7.4 127.6±6.6

  Average steady-
state exercise 
intensity (%HRR) b 62.5±5.2 60.1±5.0 61.3±5.0

  Steady-state HR 
fluctuation (bpm) c 7.0±1.6 9.9±1.9** 8.4±2.2**

  Blood lactate 
(mmol/L)d 3.3±0.5* 3.6±1.3* 3.5±1.0*

  Stepping rate 
(steps/min) 92.0±5.4† 101.9±7.5 96.9±8.1

  Exercise duration 
(s) 508±79 465±30 486±62

BI-EX

  Average HR (bpm) 122.9±4.3 127.0±11.3 124.9±8.5

  Average exercise 
intensity (%HRR) 60.7±4.9 56.6±9.0 58.6±7.3

  Average steady-
state HR (bpm) a 126.1±4.0 130.1±10.5 128.1±7.9

  Average steady-
state exercise 
intensity (%HRR) b 64.1±5.0 59.6±8.2 61.9±6.9

  Steady-state HR 
fluctuation (bpm) c 5.6±1.0 5.3±1.1 5.4±1.0

  Blood lactate 
(mmol/L) d 4.3±1.2 4.7±1.2 4.5±1.2

  Work rate (W) 64.3±18.8 82.1±15.5 73.2±19.0

  Exercise duration 
(s) 506±78 472±34 489±61

Values are expressed as mean±SD.
a, b and c indicate the average HR, average %HRR and maximal 
HR minus minimal HR during the last 8 repetitions (~4 min) of ST-
EX or during the last 4 min of BI-EX, respectively.
d indicates the plasma lactate level at 1 min after the end of ST-EX 
or BI-EX.
* and ** indicate the presence of significant differences 
(p<0.05 and p<0.01, respectively) from BI-EX.
† indicates the presence of a significant difference (p<0.05) from 
IGT.
BI-EX, bicycle exercise; bpm, beats per minute; HR, heart rate; 
%HRR, percentage of age-predicted heart rate reserve; IGT, 
impaired glucose tolerance; ST-EX, stair climbing–descending 
exercise.

Table 3 Changes in blood glucose (BG) level during REST, 
ST-EX and BI-EX trials

Type 2 
diabetes IGT All

(n=7) (n=7) (n=14)

BG90 (mmol/L)

  REST 13.4±2.5* 10.8±0.9 12.1±2.3

  ST-EX 12.4±1.1 11.3±1.2 11.8±1.3

  BI-EX 12.9±2.0** 11.0±0.3 11.9±1.7

BG105 (mmol/L)

  REST 12.9±2.4* 9.9±0.7 11.4±2.3

  ST-EX 8.5±1.3‡ 7.2±1.4‡ 7.9±1.5‡

  BI-EX 10.5±2.1* 7.9±0.3 9.2±1.9†

BG120 (mmol/L)

  REST 12.3±1.9* 7.7±1.1 10.0±2.8

  ST-EX 8.4±1.5**,‡ 6.0±1.4† 7.2±1.9‡

  BI-EX 9.7±1.9** 6.2±1.0 8.0±2.3†

BG150 (mmol/L)

  REST 10.4±1.8** 6.4±1.1 8.4±2.5

  ST-EX 8.2±1.5* 6.6±1.1 7.4±1.5

  BI-EX 9.4±1.7** 6.1±1.1 7.7±2.2

ΔBG90-105 (mmol/L)

  REST −0.5±0.8 −0.9±0.4 −0.7±0.6§

  ST-EX −3.9±0.5‡ −4.1±0.8‡ −4.0±0.7‡,§ 

  BI-EX −2.4±1.2 −3.0±0.4 −2.7±0.9†

Net ΔBG90–105 (mmol/L)

  ST-EX −3.3±0.6§  −3.1±0.7§  −3.2±0.7¶ 

  BI-EX −1.9±0.8 −2.1±0.3 −2.0±0.6

Values are expressed as mean±SD. 
BG90, BG105, BG120, BG150: BG level 90, 105, 120 and 150 min 
from the beginning of lunch.
ΔBG90–105: difference between BG90 and BG105.
Net ΔBG90–105: ΔBG90–105 for ST-EX or BI-EX minus ΔBG90–
105 for REST.
* and ** indicate the presence of significant differences 
(p<0.05 and p<0.01, respectively) from IGT. 
† and ‡ indicate the presence of significant differences (p<0.05 
and p<0.01, respectively) from REST.
§ and  ¶ indicate the presence of significant differences (p<0.05 
and p<0.01, respectively) from BI-EX.
BG, blood glucose; BI-EX, bicycle exercise; IGT, impaired glucose 
tolerance; ST-EX, stair climbing–descending exercise. 
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diabetes group was higher than that for the IGT group 
(p<0.05), and there were no differences in BG90 between 
the trials for each subject group. However, ΔBG90–105 

for ST-EX was much greater than that for REST in the 
type 2 diabetes group (7.5× higher, p<0.05), the IGT 
group (4.3×, p<0.01) and the combined group (5.5×, 
p<0.01). ΔBG90–105 for ST-EX was also 1.5× greater 
than that for BI-EX for the combined group (p<0.05). 
The net decrease in BG between BG90 and BG105 (net 
ΔBG90–105) for ST-EX was significantly greater (by 
77%) than that for BI-EX in the type 2 diabetes group 
(p<0.05), by 48% in the IGT group (p<0.05) and by 
62% in the combined group (p<0.01). There was no 
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difference in net ΔBG90–105 between type 2 diabetes 
and IGT groups.

Figure 2A shows the time-course changes in ΔBG 
during the REST, ST-EX and BI-EX trials for the 
combined group. ΔBG90–105 for ST-EX was greater 
than that for either REST (p<0.01) or BI-EX (p<0.05), 
and ΔBG90–120 for ST-EX was greater than that for 
REST (p<0.01). However, ΔBG90–120 for ST-EX did 
not differ from that for BI-EX, and ΔBG90–150 for 
ST-EX did not differ from those for BI-EX or REST.

Changes in insulin level after st-eX and BI-eX
Figure 2B shows ΔINS90–120 and ΔINS90–150 for the 
combined group. There were no differences in ΔINS 
between the trials for either time period. INS90 also 
did not differ between the trials (420±320, 310±306 
and 322±259 mmol/L for REST, ST-EX and BI-EX 
trials, respectively).

dIsCussIOn
The novel finding of the present study is that an approx-
imately 8 min bout of ST-EX starting 90 min after a meal 
decreased postprandial BG level more rapidly than REST 
and BI-EX performed at the same HR in subjects with 
IGT and type 2 diabetes, although the serum insulin 
levels did not differ between the three groups. It has 
been shown that changes in insulin level during exercise 
are related to the intensity and duration of the exercise. 
For example, Larsen et al7 18 showed that moderate-in-
tensity to high-intensity BI-EX for 45 min during the 
ascending phase of BG after a meal blunted the post-
prandial increase in insulin level in people with type 2 
diabetes. Insulin secretion was decreased in response to 
the reduction in BG level induced by exercise and by the 
induction of a counter-regulatory response during exer-
cise, including increased sympathetic nervous activity.19 
Our data suggest that neither ST-EX nor BI-EX elic-
ited a strong counter-regulatory effect, and that insulin 
secretion was reduced as a secondary response to the 
decreased BG levels.

It is well established that contraction rapidly activates 
glucose uptake in skeletal muscle by inducing transloca-
tion of glucose transporter 4 (GLUT4) to the cell surface 
(contraction-stimulated glucose uptake).20 21 It has been 
shown in humans that glucose uptake is increased within 
5 min,22 23 and reaches a near-maximum within 10 min 
after the start of exercise.24 In rat skeletal muscle incu-
bated in vitro a single 10 s contraction by electrical stim-
ulation (ES) was sufficient to initiate increased glucose 
uptake, and maximal glucose uptake was achieved after 
10 contractions (once per minute).25 This increase was 
maintained for at least 10 min after stimulation and 
had decreased by only 50% after 60 min.25 In another 
study of rat skeletal muscle, 34% of the initial level of 
glucose uptake was maintained 3 hours after exercise.26 
Importantly, contraction-stimulated glucose uptake and 
GLUT4 translocation in humans remain at normal levels 

in insulin-resistant conditions such as type 2 diabetes 
and obesity.27-29 These exercise-evoked mechanisms have 
been widely applied for acute amelioration of high BG, 
particularly postprandial hyperglycemia.

Our results appeared to show a discrepancy between 
VO2 and blood lactate/RER values (see ‘Physiologic 
responses to ST-EX and BI-EX’). Although the results 
for VO2 indicate that the exercise intensity for ST-EX 
was higher than that for BI-EX, blood lactate/RER 
results suggest that the exercise intensity was lower for 
ST-EX than for BI-EX. Moreover, 9 of 14 (64%) subjects 
responded that ST-EX required less effort than BI-EX did. 
The rate of carbohydrate utilization for both aerobic and 
anaerobic energy production increases as the work inten-
sity increases.23 30 In the present study, the average power 
during the ascending phase of ST-EX for the combined 
group was estimated to be ~180 W (62.5 (kg) × 9.8 (m/
s2) × 0.18 (m) × 96.9/60 (steps/s)). When an individual 
ascends stairs continuously at this work rate, their esti-
mated rate of VO2 is ~39 mL/kg/min (2.03 × 0.18 (m/
step) × 96.9 (steps/min) + 3.7).12 We did not determine 
the aerobic capacity of the study subjects, but consid-
ering their age and their lack of current participation in 
exercise programs, it is highly likely that a large part of 
their energy production during the ascending phase of 
ST-EX was dependent on anaerobic glycolysis. However, 
our ST-EX protocol consisted of a short ascending phase 
(~13 s) followed by a long descending phase with U-turns 
on a flat floor (~18 s). We consider that for most of the 
study subjects, this alternative exercise regimen of ST-EX 
decreased the blood lactate/RER values below the levels 
generated by BI-EX and alleviated the perceived exertion 
while maintaining VO2 at higher levels than with BI-EX. 
In this regard, it should be noted that a light-intensity or 
moderate-intensity exercise subsequent to a high-inten-
sity exercise has an ‘active recovery’ effect, which clears 
blood lactate faster than ‘passive recovery’.31 32

Because the rate of glucose uptake is closely correlated 
with exercise intensity represented by VO2 during exer-
cise,22-24 to some extent, the small (9%) but signifi-
cant difference in VO2 between ST-EX and BI-EX may 
contribute to the significant difference in the reduc-
tion in BG produced by ST-EX and BI-EX. However, 
different modes of exercise often induce different phys-
iologic and metabolic responses even at the same VO2. 
We previously compared the effect of ES of lower limb 
muscles with that of voluntary contractions (VC) at the 
same VO2 using a glucose clamp procedure.33 In healthy 
subjects lying in the supine position, both lower limb 
muscles were stimulated through surface electrodes to 
contract for 20 min (20 Hz stimulation frequency with 
1 s on–off duty cycle). On a different day, the subjects 
also performed supine VC for 20 min using a cycle 
ergometer. Despite the identical elevation of VO2 from 
baseline (ES 7.3±0.3 mL/kg/min vs VC 7.5±0.3 mL/kg/
min, NS), ES increased the blood lactate concentration 
from 1.2±0.1 to 3.2±0.3 mmol/L (p<0.01) after the initi-
ation of ES, whereas VC caused no such increase. ES also 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2017-000428 on 10 O

ctober 2017. D
ow

nloaded from
 

http://drc.bmj.com/


7BMJ Open Diab Res Care 2017;5:e000428. doi:10.1136/bmjdrc-2017-000428

Metabolism

elevated RER more strongly than did VC (ES 0.99±0.03 
vs VC 0.83±0.03, p<0.01). Furthermore, the increase in 
glucose disposal rate disappeared within 50 min after the 
cessation of VC, while it was maintained for at least 90 
min after the cessation of ES. These observations clearly 
indicate that VO2 is not the ‘gold standard’ for adjusting 
the exercise intensity of different exercise types, partic-
ularly when examining glucose uptake and glycolysis in 
contracting skeletal muscles. In the present study, we 
used HR, instead of VO2, to adjust the exercise intensity 
of ST-EX and BI-EX, because it is one of the most widely 
used modalities for monitoring exercise intensity in clin-
ical practice.16

We note that the body mass index (BMI) of Japanese 
people with type 2 diabetes is lower than that of West-
erners. For instance, the average BMI of participants in the 
UK Prospective Diabetes Study was 29.4 kg/m2 (n=2015), 
while that of the participants in the Japan Diabetes 
Complication Study was only 23.1 kg/m2 (n=2205).34 The 
BMI of the subjects of this study was comparable with the 
Japanese value (table 1). Because the maximal cardiore-
spiratory fitness of obese individuals with type 2 diabetes 
is often as low as 7–9 metabolic equivalents (METs)35 36 
there may be concern that ST-EX is too strenuous for 
obese patients and is not practically applicable to such 
subjects. In this regard, we previously measured VO2 in 
Japanese adults who performed ST-EX with or without a 
weight jacket to adjust each subject’s BMI to 25, 30 and 
35.12 These experiments clearly demonstrated that VO2 
values were almost equal regardless of the change in BMI 
(18.8‒20.2 mL/kg/min (5.4‒5.8 METs at 90 steps/min). 
We consider that the exercise intensity of ST-EX per se 
is within a well-tolerated level not only in normal-weight 
patients but in most obese patients.

The clinical significance of the differences in the 
decrease in postprandial BG after ST-EX and after 
BI-EX needs to be clarified in a future study. Continuous 
glucose monitoring may be helpful to analyze precisely 
the BG responses after both types of exercises. We 
recently conducted a pilot study to explore the practical 
relevance of the differences in the decrease in postpran-
dial BG in people with type 2 diabetes with and without 
ST-EX.15 Seven men with type 2 diabetes who took oral 
hypoglycemic agents (age 68.0±3.7 years) performed two 
sets of ST-EX 60 and 120 min after each meal for the first 
2 weeks, but not for the following 2 weeks. Each set of 
exercises, which were performed at home, comprised 3 
min of continuous repetition of climbing briskly to the 
second floor at a rate of 80–110 steps/min followed by 
slow walking down to the first floor at a free step rate. 
A rest period of 1–2 min was allowed between each set. 
We found that the serum 1,5-anhydroglucitol level signifi-
cantly increased by 11.5% from baseline at the end of 
the 2-week exercise period (p<0.05), and returned to the 
baseline value at the end of the following 2-week period. 
These results indicate that a home-based postprandial 
ST-EX program may improve the overall glycemic control 
in sedentary people with type 2 diabetes.

In summary, an 8 min bout of ST-EX starting 90 min 
after a meal and comprising 16 repetitions of walking 
down one flight of stairs followed by brisk climbing up 
to the starting point has an acute hypoglycemic effect 
in people with IGT and type 2 diabetes. Compared with 
BI-EX performed at the same HR, ST-EX more rapidly 
ameliorated postprandial hyperglycemia, although the 
blood lactate level and RER were significantly lower and 
VO2 was higher for ST-EX than BI-EX. Based on these 
observations and our previous reports,11-15 we propose 
that a short bout of ST-EX is a potentially useful method 
to improve glucose excursion after meals. The exercise 
regimen of ST-EX (eg, step rate, number of repetitions, 
duration of rest between the repetitions and so on) should 
be individually adjusted according to clinical condition.
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