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Acute exercise induces glucose uptake in skeletal muscle in vivo, but the molecular mechanism of this phenomenon remains to
be identified. In this study, we evaluated the involvement of bradykinin in exercise-induced glucose uptake in humans and rats.
In human studies, plasma bradykinin concentrations increased significantly during an ergometer exercise (20 minutes) in 8
healthy normoglycemic subjects and 6 well-controlled type 2 diabetic patients (mean hemoglobin A;; [HbA;c], 6.4% = 0.6%),
but not in 6 poorly controlled type 2 diabetics (mean HbA;., 11.6% * 2.6%). In rat studies, plasma bradykinin concentrations
also significantly increased after 1 hour of swimming in nondiabetic and mildly diabetic (streptozotocin [STZ] 45 mg/kg
intravenously [IV]) rats, but not in rats with severe diabetes (STZ 65 mg/kg 1V). Glucose influx (maximum velocity [Vmax]) and
GLUT-4 translocation in skeletal muscle of nondiabetic rats significantly increased after 1 hour of swimming, but these
increases were abrogated by subcutaneous infusion of bradykinin B, receptor antagonist HOE-140 (400 pg - kg~ d~1).
Insulin-stimulated tyrosine phosphorylation and phosphatidylinositol (Pl) 3-kinase activity in response to insulin injection (20
U/kg IV) in the portal vein were significantly attenuated in exercised rats pretreated with HOE-140 compared with
saline-treated exercised rats. Our results suggest that plasma bradykinin concentrations increase in response to acute exercise
and this increase is affected by blood glucose status in diabetic patients. Moreover, the exercise-induced increase in bradykinin
may be involved in modulating exercise-induced glucose transport through an increase of GLUT-4 translocation, as well as
enhancement of the insulin signal pathway, during the postexercise period in skeletal muscle, resulting in a decrease of blood
glucose.

Copyright © 2000 by W.B. Saunders Company

HYSICAL EXERCISE increases the rate of glucose uptake We have previously demonstrated that bradykinin infusion
in contracting skeletal muscle, a process with importantincreased glucose uptake into dog peripheral tissues, and that
clinical implications, especially in patients with reduced glu- infusion of a bradykinin antagonist abolished this effect.
cose uptake into peripheral tissues such as those with type Burthermore, we identified the presence of bradykinin B
diabetes mellitud.This effect of exercise on glucose uptake is receptors in dog adipocytes, skeletal muscle, and L6 myo-
similar to the action of insulin, since both stimuli increase tubes!314We also demonstrated that bradykinin could increase
glucose uptake in skeletal muscle through the translocation oinsulin-stimulated phosphorylation of insulin receptor and IRS-1,
glucose transporter type 4 (GLUT-4) from the intracellular pool which in turn potentiated the translocation of GLUT-4, resulting
to the plasma membranig. Insulin stimulation is known to in increased glucose uptak&'* However, other studies have
induce a rapid phosphorylation of the insulin receptor and itsalso shown that bradykinin influenced glucose uptake into
substrates including insulin receptor substrate-1 (IRS-1) ormyotubes through an insulin-independent pathway. In the
their tyrosine residues, followed by activation of phosphatidyl- absence of insulin, bradykinin triggered GLUT-4 translocation
inositol 3-kinase (Pl 3-kinaséf On the other hand, little is in L6 myotubes transfected with bradykinir, Beceptors and
known about the mechanism of exercise-induced glucos&-mycepitope-tagged GLUT-4 (GLUT-thy9.1> Therefore, it is
transport, although bradykinin action is thought to be a possiblgossible that bradykinin released locally from contracting
candidaté. muscles might be involved in GLUT-4 translocation through
Bradykinin is a nonapeptide involved in various biological potentiation of the insulin signal transduction system and/or by
processes such as pain, inflammation, vascular permeabilitgriggering it directly, subsequently resulting in increased glu-
hypotension, edema, and smooth muscle contraétaong also  cose uptake during exercise.
modulates glucose metabolism in vi#&Bradykinin is known In the present study, we examined the changes in the plasma
to be released from human skeletal muscle during physicabradykinin concentration during exercise in humans and rats
exercisé®1 as well as contracting cat skeletal muscle duringwith normal glucose tolerance or diabetes. We also investigated
electrical stimulatiort? the effect of an exercise-induced elevation of bradykinin on
glucose transport, GLUT-4 translocation, and phosphorylation
of the insulin receptor and IRS-1 in rat skeletal muscle.
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treated with diet therapy (& 3), sulfonylurea (n= 3), or insulin A) Human studies
therapy (n= 6). The study was approved by the Ethics Committee of

Kumamoto University School of Medicine, and informed consent was Fxercise
obtained from each subject. Blood v v v v v v '
In animal studies, 6- to 8-week-old male Wistar rats weighing sampling
between 180 and 220 g were used in all experiments. Rats were allowed . L O =
free access to food and water. The experimental protocol was also (1;1'1":5 -30 0 5 101520 35
approved by the Ethics Review Committee for Animal Experimentation '
of Kumamoto University School of Medicine.
Human Experiments
B) Rat studies (Protocol 1)
Human experiments were performed on the ward of the Department .
of Metabolic Medicine, Kumamoto University Hospital. One week (swifl’:i'lfzelhr)
before the experimental day, we estimated the maximum heart rate of L
each subject during exercise by a stepwise loading test using an Time (min) ASTZ 0 60
ergometer. On the experimental day, subjects fasted for more than 8 treatment
hours prior to the study and used no medication. Before exercise, a B"‘"’d, A A
catheter was inserted into the antecubital vein and each subject rested sampling
for 30 minutes in a sitting position. The first and second baseline blood
samples were obtained at the time of catheter insertion and immediately
before exercise, respectively. After the second sample, each subject
performed a moderate-load (up to 70% of maximum predicted heartC) Rat studies (Protocol 2)
rate) exercise for 20 minutes in the sitting position, using a computer- Res:,r(“")
driven, electrically braked cycle ergometer (Aerobike 800; Combi, Exercise (1hr)
Tokyo, Japan). The workload was 25 W for 30 seconds initially, but was "_'"
increased gradually by 20 to 30 W/min until the heart rate reached the ~ Time (min) Imolantati 0 60 A
selected target. Blood samples were drawn at 5-minute intervals, and OT&::sm:;';c dissection of
the arterial blood pressure and pulse rate were monitored at 3-minute minipump skeletal muscle
intervals during exercise. Venous blood samples were also obtained at Blood
15 minutes after exercise (Fig 1A). The blood samples were immedi- sampling A A
ately placed on ice and centrifuged at 1,80@ at 4°C for 10 minutes.
The plasma and serum were stored-20°C until analysis. Fig 1. Study protocols. (A) Protocol for submaximal graded exer-
cise and blood sampling in humans. Arrows indicate blood sampling
Animal Experiments: Protocol 1 for measurement of plasma glucose, insulin, and bradykinin concen-
trations. (B) Protocol 1: exercise and blood sampling in normal and
Rats were divided into 3 groups: nondiabetic (controk= 42), STZ-induced diabetic rats. Rats were injected with STZ 45 mg/kg

severely diabetic (5= 12), and mildly diabetic (n= 12). The severly  (mild diabetes) or 65 mg/kg (severe diabetes) 3-4 days before
and mildly diabetic groups were defined as rats with plasma glucosexercise. Blood sampling (1) was performed before and after exercise.
higher than 400 mg/dL after treatment with STZ injection 65 mg/kg and (C) Protocol 2: exercise and blood sampling in sedentary (S), seden-
rats with plasma glucose between 250 and 350 mg/dL after treatmerf@’y and HOE-140-treated (S-H), exercise (E), and exercise and
with STZ 45 mg/kg, respectiveF}ﬁSTZ was injected as a bolus dose in HOE-140-treated (E-H) rats. An osmotic minipump filled with saline

. . : . . . or HOE-140 (400 pg - kg—!-d-') was implanted subcutaneously in
the tail vein, and 3 days later, induction of diabetes was confirmed byeach rat. Five days after implantation, rats were fasted overnight and

measurement of blood glucose levels. All experiments were performeq;,oq samples () were taken, followed by 1-hour exercise (E and E-H
within 1 week after the confirmation of blood glucose levels. Six rats of groups). Rats in the S and S-H groups were allowed to remain
each group were killed by decapitation, and the blood was collected fogedentary for 1 hour. Immediately after the exercise or sedentary
measurement of plasma glucose, insulin, and bradykinin concentraperiod, blood samples were collected in tubes for subsequent analy-
tions. The remaining 6 rats of each group were submitted to a 60-minuté&is of plasma glucose, insulin, and bradykinin (7). After euthanasia,
bout of swimming exercise individually in a water bath filled to a depth the soleus and gastrocnemius muscles were dissected out and
of approximately 80 cm with water maintained at 35° to 37°C. Each ratc"yopreserved at —80°C until needed for membrane preparation.

was kept swimming. At the end of EXErcise, blood samples WerCions. The remaining 6 rats of the 2 exercise groups were loaded with 1
coIIect'ed_for measurement of the above-mentioned parameters aﬂ‘?{our of swimming in a water bath maintained at 37°C. Rats of the S and
decapitation (Fig 1B). S-H group were allowed to remain sedentary for 1 hour. Immediately
after the exercise or sedentary period, rats were killed by decapitation
and blood samples were collected in prechilled tubes for analysis of the
Rats were divided into 3 groups: sedentary with saline infusion (S,parameters already outlined. Subsequently, the soleus and gastrocne-
n = 12), exercise with saline infusion (E,=n12), and exercise with mius muscles were then dissected out, trimmed of fat and connective
HOE-140 infusion (E-H, 400 ug - kg - d-1, n = 12)1718To estimate a  tissue on ice, frozen in liquid )\ and cryopreserved at80°C until
nonspecific effect of HOE-140, sedentary rats with HOE-140 infusionneeded for membrane preparation (Fig 1C).
(S-H, 400 pg - kgt - d°1, n = 6) were also evaluated. Under anesthesia  The effect of HOE-140 treatment on insulin-stimulated phosphoryla-
with sodium pentobarbital (60 mg/kg body weight by intraperitoneal tion of the insulin receptos-subunit and IRS-1 and PI 3-kinase activity
injection), a mini-osmotic pump was implanted subcutaneously in eactwas examined in 3 rats of the S, E, E-H, and S-H groups. After exercise,
rat. The pump was filled with either saline or HOE-140. After an these rats were anesthetized, the abdominal cavity was opened, and 20
overnight fast on the fifth day of implantation, half of the rats in each U/kg insulin was injected into the portal vein. Two minutes after
group were killed by decapitation, and blood samples were collected foinjection, the hindlimb muscles were quickly excised and homogenized
measurement of plasma glucose, insulin, and bradykinin concentraas already described.

Animal Experiments: Protocol 2



922 TAGUCHI ET AL

Membrane Preparation of Rat Skeletal Muscle solubilized in 50 pL sample buffer with 100 mmol/L dithiothreitol
I(DTT) by boiling for 4 minutes and then subjected to SDS-PAGE with
0 ) - 5 )
fraction (LDM) were prepared according to the method of Hirshman et7'5/0 acrylaml.de gels. After electrophoresis, the protelns.were trans
ferred onto a nitrocellulose membrane. The membrane was immunoblot-

19+ - o . ;
al™ with slight modn‘lc_atlon. Appro_x imately 4ot5 g of thedlsse_cteq . ted with anti-phosphotyrosine monoclonal antibody and then visualized
muscle was homogenized by mincing, polytron, and homogenization in

: 2 o o o
a Potter-Elvejnem homogenizer (Wheaton, Millville, NJ) using a using [#4]anti-mouse IgG, or blotted with either anti—insulin receptor

Tris-sucrose buffer (255 mmol/L sucrose, 100 mmol/L Tris, and 0O p B-subunit or anti-IRS-1 antibody and then visualized usHig]anti—

T ' " rabbit 1IgG. Quantification of specific bands was performed as already
mmol/L EDTA, pH 7.6). After measuring the total volume, a small ;
aliquot of the homogenate was used for-Ktimulatedp-nitrophenol described.
phosphatase (NPPase) assay and protein determinations for Westerrp| 3-Kinase Activity
blotting. All of the following steps were performed at 4°C, unless
otherwise indicated. After centrifugation of the homogenate at . ; 2 ) )
34,000X g for 20 minutes, the resulting supernatant and pellet wereal with minor modifications. The frozen muscle was homogenized in
used to prepare LDM and PM fractions, respectively. PM and LDM ice-cold solubilization buffer with a Polytron generator. Insoluble
fractions were isolated using the procedure recently described b);n_atenal was removed by centrlfu_gz?\tlon at 15,000_rpm for_50 minutes.
Miyata et al** An aliquot from each suspension was removed and usedA_“quOts of t.he supernatant contalrllng 5mg prgteln were immunopre-
for KpNPPase and protein determinations, while the remaining sampl&'p'ta“Ed with anti-phosphotyrosine and anti—rat p85 Pl 3-kinase

was stored in liquid B until needed for Western blot analysis and antibodies, respectlvely. FoIIowmg' |'ncubat|on W'th_ protein A-
measurement of glucose transport activity. Sepharose CL-4B, the immunoprecipitates were subjected to a Pl

3-kinase assay as described previoddRadioactive spots were mea-
Enzyme and Protein Determination sured using a Bio-Image Analyzer.

The activity of KoNPPase, marker enzyme for plasma membrane,Glucose, Insulin, and Bradykinin Analysis
was measured in the original homogenate and in the final PM and LDM The plasma glucose concentration was measured using the glucose

preparations as described by Bérand Bers et ! The protein  ,i4ase method (Autoanalyzer: Technicon Instruments, Tarrytown,
concgntratlon was measured by the micro bicinchoninic acid (BCA)NY). Plasma insulin was determined by radioimmunoassay (Eiken,
protein assay (Pierce, Rockford, IL). Tokyo, Japan). Plasma bradykinin concentrations were determined with
a bradykinin enzyme immunoassay kit (Markit M bradykinin; Dainip-
pon Pharmaceutical, Osaka, Jap@¥f.In human experiments, plasma
Fragments of PM in the final preparation sample spontaneously sed[l-5) bradykinin, a stable metabolite of bradykinin, was also measured
to form vesicles in which it is possible to measure glucose uptake.  using an enzyme immunoassay kit (Markit (1-5) bradykinin; Dainippon
p-[*“C]glucose and-[*H]glucose uptake into membrane vesicles were Pharmaceuticaff
measured under conditions of equilibrium exchange ([glugpse]
[glucosel,y) at 25°C using a rapid-filtration technique as described by
King et al?2 The carrier-mediated transport was quantified by subtract- Porcine insulinp- andL-glucose, HEPES, Tris, phenylmethylsulfo-
ing the initial rate ofL.-glucose influx from that ob-glucose, obtained  nyl fluoride, bovine serum albumin, DTT, DNase, and STZ were
from a graph of influx (in nanomoles per milligram of protein) versus obtained from Sigma (St Louis, MQ)-[*“C]glucose and-[3H]glucose
time ofL- andp-glucose. The rates of carrier-mediated influx were then were purchased from DuPont-NEN (Boston, MA)FRP]ATP, [24]pro-
plotted against the glucose concentration, and maximum velocity ofiein A, and [25]anti-mouse IgG were obtained from ICN Radiochemi-
glucose transport (M) and K, were obtained by a nonlinear least- cals (Irvine, CA). Nitrocellulose membranes were purchased from

The plasma membrane fraction (PM) and low-density microsoma

P1 3-kinase activity was measured according to the method of Folli et

Glucose Transport Measurement

Materials

squares fit* of the data. Schleicher & Schuell (Dassel, Germany). Protein A-Sepharose CL-4B
was purchased from Pharmacia Biotech (Uppsala, Sweden). Anti—

GLUT-4 and GLUT-1 Content in Muscle Homogenates GLUT-4 polyclonal antibody was purchased from Biogenesis (San-

and GLUT-4 and GLUT-1 Translocation down, NH). Anti—-GLUT-1 polyclonal antibody was purchased from

Aliquots of homogenate (50 pg), PM (30 pg), LDM (60 pg), and Santa Cruz Biotechnologies (Santa Cruz, CA). Anti—IRS-1 polyclonal

molecular-weight markers (Bio-Rad Laboratories, Hercules, CA) weream'bOdy' anti—insulin receptop-subunit polyclonal antibody, anti-

applied to sodium dodecyl sulfate polyacrylamide gel electrophoresi?0SPhotyrosine monaclonal antibody (4G10), and anti-PI 3-kinase
(SDS-PAGE) with 10% acrylamide gels. After electrophoresis, the p85 polyclonal antibody were purchased from UBI (Lake Placid, NY).
Alzet mini-osmotic pumps (model 2001) were purchased from Alza

resolved proteins were transferred onto nitrocellulose filters. The' ; o
Pharmaceuticals (Palo Alto, CA). HOE-140, a bradykininrBceptor

membranes were immunoblotted with anti-GLUT-4 polyclonal anti- ; _ ) i
body or anti-GLUT-1 polyclonal antibody and then visualized using antagonist, was kindly provided by Hoechst Marion Roussel (Tokyo,
Japan).

[124] protein A. GLUT-4 and GLUT-1 levels were obtained by scanning
the bands using Bio-Image Analyzer BA-100 (FUJIX, Tokyo, Japan) statistical Analysis
and are expressed as a percentage of the S group. ]

All data are expressed as the meanSEM. Differences between
Tyrosine Phosphorylation of Insulin Recepf@Subunit groups were examined for statistical significance using ANOVA. When
and IRS-1 only 2 groups were compared, data were analyzed by Studéessfor

o ] ) unpaired comparisons. Differences were considered statistically signifi-
The frozen hindlimb muscle was homogenized according to thecant at &P level less than .05.

method of Folli et & with slight modification. After the extraction

procedures, insoluble material was removed by centrifugation at 15,000 RESULTS

rpm in a Ti-100 rotor (Becl_<man, Palq Alto, CA) for 50 'minute_s. Equal Human Experiments

amounts of 5 mg proteins were incubated overnight with either

anti—-insulin recepto-subunit antibody or anti-IRS-1 antibody conju-  Subject characteristics. Clinical characteristics and bio-
gated to protein A-Sepharose CL-4B at 4°C. Immunoprecipitates werechemical profiles of the normal subjects and well-controlled and
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poorly controlled diabetic patients are summarized in Table 1. 150 -

The age, body weight, and body mass index (BMI) were similar *f I I I I I

among the 3 groups. Fasting plasma glucose and;Hware 125 -

significantly @ < .05) higher in DM-1 and DM-2 versus = t

normal subjects. Fasting plasma glucose and H{li\ DM-2 % | [ g l ;

were significantly P < .05) higher versus DM-1. Fasting 35 100

plasma insulin in DM-1 was significantlyP(< .05) higher §§

versus normal subjects and DM-2. ®E 75+ 5———&%___3
Changes in plasma glucose, insulin, and bradykinin concen-§ g

trations during exercise. Plasma glucose levels during exer- &8 g9l - —_—

1] T L T
0 5101520 30 40

cise tended to decrease gradually in all groups, albeit insignifi- -30 Time (min)
cantly. Plasma insulin showed a slight increase at 5 minutes, and H
then slightly but nonsignificantly decreased during effort in 25 Exercise
normal and DM-1 subjects, while it remained unchanged |
throughout exercise in DM-2. Plasma bradykinin concentra- 2
tions at baseline were not significantly different among the 3 3 1sd
groups. In normal and DM-1 subjects, plasma bradykinin E
significantly increased < .05) in response to exercise, reach- g7 194
ing peak levels at 10 minutes. Then, they returned to basal afteE'g
15 minutes of exercise in DM-1, while remaining higher than 2E 51
basal in normal subjects. The peak value in normal subjects wag §
significantly @ < .05) higher than in DM-1 (124 31 v R E T T T . .
60.2+ 23 pg/mL). In contrast, plasma bradykinin levels in =30 0-5 10 1-5 20 30 40 Time(min)
DM-2 did not change significantly throughout exercise (Fig 2). Exercise

Plasma (1-5) bradykinin concentrations were also measured 200
in normal subjects and diabetic patients, and similar results
were obtained (data not shown). Plasma (1-5) bradykinin 150 4
significantly < .05) increased in normal and DM-1 subjects  _
during exercise compared with basal values, but not in DM-2. g% 1004
Animal Experiments ::,5

L

Protocol 1: changes in plasma glucose, insulin, and bradyki-'g % 50
nin concentrations after exercise in control and STZ-treated g 2
rats. Swimming significantly reduced plasma glucose in con- = " T
trol rats (from 99+ 14 to 82+ 10 mg/dL,P < .05) and DM-1 -30 ‘gt 0 4 Time(min

rats (from 147+ 15 to 122+ 15 mg/dL,P < .05) but not in
DM-2 rats (from 368+ 26 to 365+ 12 mg/dL). Plasma insulin
levels before exercise were significant® € .05) lower in the
order of DM-2 and DM-1 rats (6.5 1.4 and 11.4-1.9
pU/mL, respectively) compared with control rats (26:2.6

Exercise

Fig 2. Changes in plasma glucose, insulin, and bradykinin concen-
trations in normal subjects and type 2 diabetic patients. Plasma
glucose, insulin, and bradykinin were analyzed in normal subjects (O,
n = 8), DM-1 (00, well-controlled type 2 diabetic patients, n = 6), and
DM-2 (M, poorly controlled type 2 diabetic patients, n = 6) at the
indicated time intervals (—30, 0, 5, 10, 15, 20, and 35 minutes). Values
are the mean = SEM. TP < .05 v normal subjects. P < .05 v DM-1.
**P < .05 v normal subjects. 8P < .05 v normal subjects. *P < .05 v

Table 1. Clinical and Biochemical Characteristics of Normal Subjects
and Patients With Type 2 Diabetes

DM-1 (well- DM-2 (poorly DM-1.
Normal controlled controlled

Characteristic Subjects _type 2 diabetic) type 2 diabetic) HU/mL). There was no significant change in plasma insulin with
No. of subjects 8 6 6 exercise in all groups. Plasma bradykinin concentrations signifi-
Sex, n (male/female) 6/2 a2 51 cantly increased in control rats (from 5:220.9 to 13.9+ 1.9
Age () 8xr2  21=8 326 pg/mL, P < .05) and DM-1 rat (from 5.4 1.4 to 9.6+ 1.6
Body weight (kg) 664 74 67.3*+221 60.0=*18.0 pg/mL, P < .05) but not in DM-2 rats (from 4914 to
BMI (kg/m2) 23.0+13 246*60 21.7+66 5.8+ 1.4 pg/mL) (Fig 3)
Fasting glucose (mg/dL) 73+ 6 100 + 16* 125 = 24*t T 7 . . .
Fasting insulin (WU/mL) 5.9 +2.0 11.1+12% 7.3 +18 Protocol 2: changes in plasma glucose, insulin, and bradyki-
HbA,, (%) 52+08 64+06% 11.6+2.6% nin concentrations after exercise or rest in saline- and HOE-140—
Treatment, (diet/SU/insulin) ~ 0/0/0 3/2/1 0/1/5 treated rats. Plasma glucose decreased significantly after

NOTE. Data are the mean = SEM.
Abbreviation: SU, sulfonylurea.
*P < .05 vnormal subjects.

TP < .05 vDM-1.

P < .05 vDM-2.

exercise in the E group (from 92 10 to 82+ 4 mg/dL,

P < .05), while levels in the E-H group increased significantly
(from 93+ 12 to 111+ 16 mg/dL,P < .05). Although plasma
insulin did not change after exercise in both exercise groups, the
plasma bradykinin concentration was significantly higher after



924

400
3504 .
g LY L
i)
aé 150
s g *
98
55
=g | |
g 5 100
2z
B
50
0-
control mild severe
30
e
g 20
= 4 #
= &
22
2] -
g g 10 a4
s
S5
a9
s 2
A&
° e
control mild severe
20 *
= 157
= & *
£&
o = 107]
=
g =
Ew
&
2% -
2]
is
A S
0-—
control mild severe

Fig 3. Changes in plasma glucose, insulin, and bradykinin concen-
trations in normal and STZ-induced diabetic rats before and after
exercise. Rats were injected with STZ 45 mg/kg body weight (mild) or
65 mg/kg body weight (severe). Plasma glucose, insulin, and bradyki-
nin were analyzed before (O) and after (H) exercise. Results are the
mean * SEM of 6 paired experiments. *P < .05 v before exercise.
#P < .05 vcontrol. #P < .05 vmild.

exercise relative to baseline in the E group (from 5.2.9 to
12.9+ 4.9 pg/mL,P < .05) and E-H group (from 5.5 3.1 to
12.4+ 4.2 pg/mL,P < .05) (Fig 4).

In contrast, these parameters did not change after the resti

TAGUCHI ET AL

Rat body weight, muscle weight, and protein concentration in
dissected muscles.Body weight and muscle weight were not
different among the S, E, and E-H groups. Total homogenate
protein represented 10% to 15% of the total muscle (data not
shown) used for each experiment and was not significantly
different among the 3 groups. Protein concentrations of PM and
LDM fractions were similar among the 3 groups. Furthermore,
there was no significant difference in body weight and muscle
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Fig 4. Changes in plasma glucose, insulin, and bradykinin concen-

trations in S, S-H, E, and E-H rats before and after exercise or rest.
nFQasma glucose, insulin, and bradykinin were analyzed before ((J) and

period compared with basal values in both the S group and S-Hter (m) exercise or rest. Results are the mean = SEM. *P < .05 v

group.

before exercise.
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weight and protein concentrations of PM and LDM in the S-H
group (Table 2).

KpNPPase activity in homogenate and membrane fractions.
To confirm the purity of the membrane fractionation, we
measured KNPPase activity in homogenate and membrane
fractions prepared from the test muscles. The activity of
KpNPPase in the homogenate, PM, and LDM fractions was not
different in muscles prepared from the 3 groups. The recovery
of KpNPPase activity in the PM fraction (expressed as a percentyq
of activity in the total homogenate) was not significantly é
different among the 3 groups. The plasma membramemPase =
enrichment relative to the enzyme activity of the total homog- §
enate, an index of purity of the plasma membrane marker, Wasié
not significantly different among the 3 groups. Furthermore,@
KpNPPase activity in the homogenate, PM, and LDM of
the S-H group was not significantly different compared with
the 3 groups (6.4 0.8, 115.6+ 10.2, and 30.8 2.8 0T T T T T T T T
nmol - mg'* - min™*, respectively). 0 10 20 30 40 50 60 70

Glucose transport measurementsthe V. of glucose
transport in the exercise groups (E and E-H) was significantly
(P < .05) higher versus the S group, and the increases were
abolished by HOE-140 treatment (Fig 5, inset). In the S-H .Fig 5. Carrier-mediated glucose influx versus glucose concentra-

. tion for skeletal muscle plasma membranes isolated from S, E, and
group, the Vhax (3.8 = 0.9 nmol - mg - protein* - s™) was not E-H rats. Plotted values of S (O), E(CJ), and E-H (@) groups are the rates
significantly different compared with the S group. On the otherof o-glucose and L-glucose uptake at each glucose concentration. The
hand, the half-maximal dissociation constant Kwas not fitted line represents the nonlinear least-squares fit of the data. Inset,
significantly different among the 4 groups (K= 19 + 5.2 Vmax @and Ky, were calculated by a nonlir}ear Ieast—.squares fit of the

. data. Results are the mean = SEM of 6 paired experiments. *P < .05 v
mmol/L glucose in the S-H group). Therefore, HOE-140 treatmentg group. 8P < .05 v E-H group.
significantly suppressed the exercise-induced increaseg,ip V

Vinax Kip

nmol - mg protein! - sec-! mmol/! glucose

3.6+05
11.3 x 1.3%8
7.3 £0.6%

S group
E group
E-H group

18 4.8
21+56
2055

20 7

—
wn
1

1.gecl)

a a
a

* mg protein
[y
=

|

wn
L

(nmol

Glucose concentration (mmol/1)

by 35% @ < .05) without changing the value of5

GLUT-4 translocation after exercise.To investigate whether

GLUT-4 translocation in skeletal muscle, we examined GLUT-4

the increase in glucose transport paralleled the increase igansiocation from LDM to PM in muscles prepared from the S,

Table 2. Body Weight of Rats, Weight and Protein Concentration of
Dissected Muscle, and Specific Activity of Marker Enzyme in
Homogenate and Membrane Fractions Prepared From Muscle

E, and E-H groups. Exercise and/or HOE-140 infusion did not
change the protein content of GLUT-4 in total homogenates
prepared from the muscles (data not shown). A 50- to 55-kd
band corresponding to GLUT-4 was observed in both LDM and

o S Group E Group E-H Group PM fractions in all 3 groups (Fig. 6). Exercise alone (E)
arameter (n=6) (n=6) (n=6) . . )

- significantly decreased the GLUT-4 content in LDM by 45%
mdsycgj'vge:“ rf?i ) 42‘;§ - §35 42(1; N 323 4283 N (1)419 (P < .05) and significantly increased itin PM by 94 .05).
Do Congem?aﬁon i e R Exercise with HOE-140 treatment (E-H) also decreased GLUT-4

(mg/mL) content by 28% in LDM P < .05) and increased it by 42% in
Homogenate 030+ 104 896+111 890+ 098 PM (P < .05). However, the decrease of GLUT-4 content in
PM 370+ 119 322+ 124 3.74+ 150 LDM and its increase in PM in the E-H group were significantly
LDM 295+1.18 283+046 279+1.14 (P < .05) smaller than those in the E group. The GLUT-4

KpNPPase activity content of PM and LDM in the S-H group was not significantly
(nmol - mg~* - different compared with the S group (98%4% in PM and
min~1) 102%=+ 6% in LDM v S group as 100%). On the other hand,
Homogenate 6304 6807 6605 there was no difference in the GLUT-1 content of the total
P'\’F'{ecovery o) 112'2 N 326'4 112‘2 N i'g 1?8; N 31;1 muscle homogenate, LDM, and PM fractions in every group as
Fold enrichment  19.4 + 2.2 185+ 31 202+ 35 evaluated by immunoblotting with anti-GLUT-1 antibody (data
LDM 311+32 31.2+14 31.4+13 not shown). _ _
Recovery (%) 20+02 19+04 19+03 Effect of HOE-140 treatment on tyrosine phosphorylation of
Fold enrichment 4.8+ 0.9 45+ 08 47 +07 insulin receptorB-subunit and IRS-1 and PI 3-kinase activity

NOTE. Values are the mean + SEM (n = 6). Total KpNPPase activity
of the homogenate and membrane fraction was determined by
multiplying their specific activities by the respective protein recover-
ies. Percent recovery represents the product of total enzyme activity of
the membrane fraction and total enzyme activity of the homogenate

multiplied by 100.

associated with anti-phosphotyrosine antibody immunoprecipi-
tate. Without insulin injection, phosphorylation of the insulin
receptor and IRS-1 was not detected in all 4 groups (Fig 7). On
the other hand, insulin injection markedly increased tyrosine
phosphorylation of both the insulin recept@rsubunit and
IRS-1. HOE-140 treatment in sedentary rats did not change
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A) Low density microsome B) Plasma membrane
.;-
200
100
- i - ik Fig 6. Effect of HOE-140 on exercise-induced
§ = ¥ - - 22 GLUT-4 translocation in rat skeletal muscle. Repre-
g g 1 g g sentative results of immunoblot analysis with anti—
: & 50 : & 1007 GLUT-4 antibody in LDM (A) and PM (B) fractions
[ E [ 2 and summary graph of GLUT-4 content in LDM (A)
- 2 3 2 and PM (B) fractions are shown. GLUT-4 content
é E T} § was measured by Western blot analysis. Values are
expressed as a percent of the S group. Results are
0 T T T 0- the mean = SEM (n = 6). TP < .05 v S group. *P <
S E E-H S E E-H .05 VE group.

insulin-induced tyrosine phosphorylation of the insulin receptor-subunit and IRS-1 in immunoprecipitates was comparable in
B-subunit and IRS-1 (S group S-H group). Exercise did not all groups, as shown in the blot with each antibody (Fig 7A
affect the insulin-induced increase of tyrosine phosphorylationand B).

of the insulin receptoB-subunit and IRS-1, while the insulin- Similar to the results of insulin-induced phosphorylation of
induced tyrosine phosphorylation of the insulin recetaub-  the insulin receptor and IRS-1, insulin-stimulated Pl 3-kinase
unit and IRS-1 in the exercise group was attenuated byactivity in immunoprecipitates with anti-phosphotyrosine anti-
treatment with HOE-140 (E-H group with insulin stimulation, body was not significantly different among the S, S-H, and E
by 32% in insulin receptoB-subunit and by 40% in IRSALE groups. However, Pl 3-kinase activity with insulin stimulation
group with insulin stimulation). The content of insulin receptor in the E-H group was significantly attenuated by 36% compared

A) Insulin receptor 3 subunit

IP: o-IR 3
- o

IB: o-pTyr

ey _ IP:0-IRB
o e
PI S E E-H S-H PI S S-H E E-H
Ins(20Ukg) - - - - + + o+ o+

Fig 7. Effect of exercise on insulin-stimulated B) IRS-1
tyrosine phosphorylation of insulin receptor B-sub-
unit and IRS-1 in rat skeletal muscle. Aliquots of
protein (5 mg) from rat skeletal muscle were immu-
noprecipitated with anti-insulin receptor antibody 5 IP: o-IRS-1
(A) or anti-IRS-1 antibody (B) and then immunoblot- ma IB: T
ted with anti-phosphotyrosine antibody (A and B, oeplyr
top panels) or blotted with either anti-insulin recep-
tor B-subunit (A lower panel) or anti-IRS-1 anti- -~
body (B lower panel). Left and right panels in both IP: o-IRS-1
A and B indicate data in the condition without (left) . - £ - .. . - IB: o-IRS-1
and with (right) insulin, respectively. The phosphor- - :
ylation level and content of insulin receptor B-sub-
unit and IRS-1 were examined. Each experiment
was performed 3 times on separate occasions. A
representative blot is shown. PI, preimmune 1gG;
Ins, insulin.

PI S E E-HS-H PI S SSH E E-H
Ins (20 U/kg) - - - - + + + +
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with the E group (Fig 8). There was no significant difference in

PI1 3-kinase activity in all groups measured in anti-p85 immuno-

precipitates (data not shown).

DISCUSSION

927

Previous studies have shown that the venous bradykinin
concentration increases after exercise in humans. Wickimayr et
al'%and Rett et &t found that plasma kinin concentrations in the
forearm increased after isometric work in nondiabetic subjects.
They postulated that such an increase of kinins in contracting

In the present study, we first demonstrated that the plasmauscles was due to the activation of prekallikrein-kallikrein
bradykinin concentration increased during exercise in bothconversion, a decrease of plasma kininase activity by a decrease
normal subjects and type 2 diabetic patients with relativelyin pH, and an increase and a decrease of the venous concentra-

good glycemic control, but not in those with poor glycemic

tion of kinins and kininogen, respectivelyIn another study,

control. To confirm the results observed in human studies, wehey also demonstrated that exercise increased plasma bradyki-
performed animal experiments. In protocol 1, we evaluated thenin liberation from contracting skeletal muscle in healthy
acute effects of 1-hour swimming exercise in nondiabetic ratsubjects and type 1 diabetic patients, but not in type 2 diabetic
and rats with mild or severe STZ-induced diabetes. Our resultpatients?® However, in the present study, we found that plasma
showed that exercise increased plasma bradykinin in nondiasradykinin increased during exercise in type 2 diabetic patients

betic and mildly diabetic rats, but not in severely diabetic rats.

These results are compatible with those of the human studies.

IP: o-pTyr

PI S S-H E E-H
Ins (20 U/kg) - - - _

IP: o-pTyr

) ] ' | «—PI3P

PI S S-H E E-H
Ins (20 U/kg) + + + +

Fig 8. Effect of exercise on insulin-stimulated PI 3-kinase activity
in rat skeletal muscle. Equal amounts (5 mg) of solubilized protein
were immunoprecipitated with anti-phosphotyrosine antibody. Pl
3-kinase assay was performed in the presence of phosphatidylinosi-
tol and [y-32P]ATP, and lipid products were separated by thin-layer
chromatography. Spots that comigrated with a Pl 3-phosphate (Pl
3-P) standard were quantified by densitometry. Upper and lower
panels indicate data in the condition without (upper) and with (lower)
insulin, respectively. The experiment was performed 3 times on
separate occasions. A representative blot is shown. Pl, preimmune
1gG; Ins, insulin.

and diabetic rats with relatively good glycemic control, but not
in those with poor glycemic control. The differences in the
results are probably due to differences in glycemic control,
because other parameters were not different between the 2
groups in humans and rats, and we also considered that there
was no significant difference in the intensity of exercise among
the 3 groups in the human experiment. However, since we have
not measured the absolute workload (watts) for each group in
human studies, we cannot rule out the possibility that the
blunted bradykinin response observed in poorly controlled type
2 diabetic patients could be related to differences in absolute
workload. Recently, Kennedy ef&have reported that exercise-
induced GLUT-4 translocation is normal in skeletal muscle
from patients with type 2 diabetes. Since their subjects with
type 2 diabetes were in a relatively better-controlled glycemic
state (HbA. 8.8%=* 0.7%), more obese (BMI, 27.2 kgfn

and older (49t 6 years) than the poorly controlled diabetic
patients in our study (HbA, 11.6%=* 2.6%; BMI, 21.7+ 6.6
kg/m?; age, 32+ 6 years), it might be hard to compare these 2
results directly.

An explanation for the relationship between changes in
plasma bradykinin during exercise and the condition of glyce-
mic control in diabetes is not readily apparent. Other investiga-
tors have reported that STZ-induced diabetic rats develop a
rapid decrease in kallikrein protein and mRNA levels in the
kidney, the site of abundant kallikrein synthesis (the enzyme
that cleaves kinin from substrate kininogen). Replacement of
insulin in these rats returned the mRNA level toward nor#fal.
Based on these findings and the results of the present studies in
humans and rats, it is possible that kinins and kallikrein levels
might decrease in various tissues and organs, including skeletal
muscle, in the diabetic state. Further analysis of the kallikrein
mRNA level in tissues of diabetic rats is necessary.

We observed a significant decrease in plasma glucose follow-
ing exercise and an elevation in plasma bradykinin in the rat
study. On the other hand, in the human study, it was shown that
plasma glucose levels were not significantly different following
exercise; however, plasma bradykinin levels were significantly
elevated. The difference in the glycemic response to exercise
between human and animal experiments could be a result of a
difference in the intensity of exercise. In human studies, we
loaded each individual with 20 minutes of aerobic exercise
which seemed equivalent to the intensity of 50% to 80%
maximal oxygen consumption, since this exercise was reported
to be suitable for diabetic patiei¥s.On the other hand, in
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animal studies, the rats were loaded with the constant intensitgkeletal muscle. Therefore, increased glucose production in the
of exercise consisting of a 60-minute bout of swimming without liver may be responsible for this phenomenon. Although an
consideration of the aerobic state. exact explanation is not readily apparent, it is possible that the
We have previously reported that increased plasma bradykieffect of HOE-140 during exercise is different in peripheral
nin was associated with increased glucose uptake in vivo and itissues including muscle versus the liver. Further analysis to
vitro.81314We extended these findings and examined in theexamine glucose utilization in the liver will be necessary to
present study the effect of elevated plasma bradykinin levelslarify this point.
during exercise on glucose transport in rat skeletal muscle. Most To evaluate the effect of bradykinin on insulin sensitivity in
previous reports have shown that exercise increases glucogwstexercise skeletal muscle, we next examined the effect of
transport in skeletal muscles through an increase in thg V increased bradykinin on insulin-stimulated phosphorylation of
without an appreciable change in thg, as demonstrated in the insulin receptor and IRS-1 and PI 3-kinase activity in rat
saturation kinetics studiéd33 Such an increase in thep muscle in the postexercise period. Our results showed that in
reflects an increase in the number of functional glucoserats pretreated with HOE-140 prior to exercise, insulin-
transporter proteins present in the PM and/or an increase in thétimulated tyrosine phosphorylation of insulin recegesub-
rate of glucose transport by each carrier protdimthe present  unitand IRS-1 and Pl 3-kinase activity were significantly lower
study, to estimate the effect of an exercise-induced increase ithan those in exercising but untreated rats. Moreover, the
bradykinin on glucose transport, we studied glucose transporfiecrease in insulin-stimulated phosphorylation of IRS-1 in the
activity in the PM fraction prepared from muscles and con- E-H group paralleled the decrease of insulin-stimulated insulin
firmed that exercise increased thg.\/of glucose transport in ~ receptor phosphorylation and of insulin-stimulated Pl 3-kinase
PM. Interestingly, HOE-140 resulted in a 35% decrease in theactivation. However, HOE-140 itself did not affect the early
exercise-induced increase in thg¢without changing the g, step of insulin signaling, since tyrosine phosphorylation of the
value. Since HOE-140 is a specific inhibitor of bradykinin, insulin receptor and IRS-1 and PI 3-kinase activity were not
these results suggested that bradykinin is partly involved in theésignificantly different between the S group and S-H group. Inan
increased glucose transport activity in muscle. The dose ofarlier study, we suggested that bradykinin could inhibit the
HOE-140 used in the present experiments seemed sufficient t8ephosphorylation of insulin recept@-subunit'* More re-
inhibit the effects of endogenous kinins, because we found thagently, we also demonstrated that bradykinin enhanced insulin
150 pg - kgt - d-1 (<50% of the dose of HOE-140 used in our signaling in 32D cells transfected with,Beceptor, insulin
study) produced approximately a 50% inhibition of the depres_receptor, and IRS-%In the current study, we could not confirm
sor effect of 100 ng exogenous bradykinin (data not shown). the hypothesis that the increment of bradykinin during exercise
Acute exercise is known to increase GLUT-4 translocationdirectly potentiates insulin-induced tyrosine phosphorylation of
without changing the total content of GLUT-4 protein in the the insulin receptor in skeletal muscle following exercise. The
muscle, while long-term exercise increases the amount opresent result indicates that exercise does not increase insulin
GLUT-4 protein® It is also known that an increase in the receptor tyrosine kinase activity, which is almost identical to

number of glucose transporters in skeletal muscle induced bprevious data from other investigators in*fef and humatf?
acute exercise is almost due to the translocation of GLUT-4SKeletal muscle. However, we also found that the inhibition of

from the intracellular pool to the plasma membraiés36To bradykinir? s_igna_l using bradykinin antagonist resulted in a
study the effect of an exercise-induced increase in bradykinirpecrease in insulin receptor phosphorylation following exercise.
on GLUT-4 translocation, we measured the GLUT-4 content in Therefore, it is plausible that bradykinin participates in the
PM and LDM purified by fractionation with ultracentrifuge. ©€nhancement of insulin receptor tyrosine phosphorylation in
Our results showed that HOE-140 treatment prior to exerciséelétal muscle after contraction.

inhibited exercise-induced GLUT-4 translocation. However, the Most previous studies indicated that exercise and insulin use
inhibitory effect was partial, reducing translocation by only distinctsig_naling pathways that lead to the activation of glucose
52% in PM. This could be explained by increases in othertf@nsport in skeletal muscle:® The present study extends
glucose transporters. Accordingly, we analyzed the content othese findings by indicating that bradykinin might stimulate

GLUT-1, another isoform of glucose transporter expressed irplucose transport through several signaling pathways, including
muscle tissué3” However, the GLUT-1 content in PM and an insulin-independent increase in GLUT-4 translocation in PM

LDM after exercise was not changed. Therefore, exercise@nd an enhancement of the insulin signaling pathway through
induced GLUT-4 translocation may be regulated not only byPotentiation of insulin receptor tyrosine phosphorylation.
bradykinin but also by other factors such dABIP—activated In conclusion, our human and animal experiments demon-
protein kinasé®40 adenosindl#2 and nitric oxide344 In the strate that bradykinin generated in the contracting muscle
E-H group, plasma glucose was elevated following exercis¢dUring exercise is at least partly involved in modulating
despite the significant increase in glucose transport and GLUT-gXercise-induced glucose uptake through enhancement of
translocation compared with the S group. At first, we expected>LUT-4 translocation, resulting in lower blood glucose levels
that blood glucose levels after exercise in the E-H group mayluring exercise. Such an increase in plasma bradykinin was
not change or may slightly decrease compared with the E grougnfluénced by the status of glycemic control in type 2 diabetic
since the effect of bradykinin in the E-H group would be Patents.

abolished. According to the data for glucose transport and

GLUT-4 translocation, it is unlikely that the increase in blood ACKNOWLEDGMENT

glucose in the E-H group is due to decreased glucose uptake in We thank Kenshi Ichinose for technical advice and assistance.
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