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Abstract
A single exercise bout stimulates skeletal muscle glucose transport (GT) in the absence or
presence of insulin. It has been suggested that the Kallikrein-Kinin System (KKS) may contribute
to exercise effects on both insulin-independent and insulin-dependent glucose transport. Plasma
kininogen, a key KKS component, is a protein substrate for the enzyme kallikrein and the source
of the peptide bradykinin.

Purpose—To determine if the post-exercise (PEX) increase in insulin-dependent or insulin-
independent GT is reduced in rats deficient in plasma kininogen vs. normal rats.

Methods—Male Brown Norway (BN) and Brown Norway Katholiek (BNK; plasma kininogen
deficient) rats were studied. BN and BNK rats were assigned to exercise (4 × 30 minute swim) or
sedentary (SED) groups. Rats were anesthetized immediately (0hPEX) or 3 hours (3hPEX) after
exercise. For 0hPEX and 0hSED rats, one epitrochlearis muscle per rat was used for AMPK
phosphorylation and muscle glycogen analyses. The contralateral muscle was incubated with
[3H]-3-O-methylglucose (3MG) for GT assay. For 3hPEX and 3hSED rats, one muscle from each
rat was incubated without insulin, and the contralateral muscle was incubated with 60μU/ml
insulin and both muscles were incubated with 3MG for GT measurement.

Results—For 0hPEX vs. 0hSED, both BN and BNK rats had greater insulin-independent GT and
AMPK phosphorylation with reduced glycogen post-exercise. No genotype effects were found
0hPEX. There was a significant main effect of exercise (3hPEX > 3hSED) and no interaction
between exercise and genotype for basal or insulin-stimulated GT.

Conclusion—Plasma kininogen deficiency did not alter insulin-independent GT, AMPK
phosphorylation or glycogen depletion 0hPEX or insulin-dependent GT 3hPEX suggesting that
normal plasma kininogen is not essential for these important exercise effects.
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INTRODUCTION
Skeletal muscle glucose transport is stimulated both by insulin and exercise. A single
exercise session can stimulate glucose transport in the absence of insulin (insulin-
independent), and it can also increase insulin’s ability to increase glucose transport (insulin-
dependent) (7,8,10). Most of the insulin independent effect is lost ~3 hours post-exercise in
rat muscle, at which time glucose transport in the presence of physiological insulin
concentration is elevated, i.e., insulin sensitivity is increased (7,8).

The mechanisms leading to the increased insulin-independent immediately after exercise
and increased insulin-dependent glucose transport several hours after exercise are not fully
understood. Several lines of evidence have led to the proposal that the Kallikrein-Kinin
System (KKS) might play a role in the effects of exercise on skeletal muscle glucose
transport (13,24,38). Exercise or skeletal muscle contraction can activate the KKS as
evidenced by increased circulating levels of bradykinin, a nonapeptide that is produced as
the result of the interaction between two plasma proteins (kallikrein and kininogen) which
are essential elements of the KKS (3,26,37). Exercise has been shown to increase the
activity of kallikrein (39), the enzyme which catalyzes the proteolytic cleavage of
bradykinin from plasma kininogen (2). Bradykinin binding to the B2 receptor of bradykinin
has been implicated as a mediator of increased glucose transport and improved insulin
sensitivity (9,14,19–21,25,29).

Gao et al. (17) demonstrated that electrically stimulated contraction by isolated rat
epitrochlearis muscle in the presence of serum, but not in the absence of serum, can lead to a
subsequent improvement in insulin sensitivity. They also provided convincing evidence that
the enhanced insulin-stimulated glucose transport in this model requires the presence of a
serum protein with a molecular mass greater than 10 kDa. The molecular masses of
kallikrein and kininogen are greater than 10 kDa, raising the possibility that KKS proteins
might be required for the post-contraction increase in glucose transport. Dumke et al. (15)
found that muscles stimulated to contract in kallikrein-deficient plasma compared to muscles
that performed contractions in normal plasma had reduced insulin-stimulated glucose
transport. Although electrically stimulated contraction is a valuable model, it is not a perfect
replica of in vivo exercise. Accordingly, we used in vivo exercise for the current study.

Brown Norway Katholiek (BNK) rats have a spontaneous point mutation in the kininogen
gene which causes circulating kininogen deficiency by interfering with secretion of the liver
synthesized kininogen (12). Plasma kininogen values of BNK rats have been reported to be
less than 1% of the normal plasma values for Brown Norway (BN) rats (32). Urinary kinin
release is readily measured in normal rats and barely detectable in BNK rats (27,28,30).
BNK rats have also been reported to have moderate in vivo insulin resistance and fasting
normoglycemia compared to BN rats (12). The primary hypothesis tested by this study was
that BNK compared to BN rats are characterized by a reduction in post-exercise insulin-
stimulated glucose transport. It has also been suggested that activation of the KKS may play
a role in the exercise-induced increase in insulin-independent glucose transport (24,38).
Therefore, a secondary aim was to compare the post-exercise increase in insulin-
independent glucose transport in skeletal muscles from BN and BNK rats.

METHODS
Materials

Human recombinant insulin was obtained from Eli Lilly (Indianapolis, IN). Reagents and
apparatus for SDS-PAGE and immunoblotting were purchased from Bio-Rad (Hercules,
CA). Bicinchoninic acid protein assay reagent (no. 23227), T-PER tissue protein extraction
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reagent (no. 78510) and West Dura Extended Duration Substrate (no. 34075) were
purchased from Pierce Biotechnology (Rockford, IL). Goat anti-rabbit IgG horseradish
peroxidase conjugate (no. 7074) and Anti-phospho-Thr172 AMPKα (pAMPK-Thr172; no.
2531) were purchased from Cell Signaling Technology (Danvers, MA). 3-O-
methyl[3H]glucose ([3H]3-MG) was purchased from Sigma-Aldrich (St. Louis, MO).
[14C]Mannitol was from PerkinElmer (Waltham, MA). Other reagents were purchased from
Sigma-Aldrich and Fisher Scientific (Pittsburgh, PA).

Animal treatment
Procedures for animal care were approved by the University of Michigan Committee on Use
and Care of Animals, and the experiments were performed under adherence to American
College of Sports Medicine animal care standards. Male Brown Norway (BN) rats (7–10
wk-old; 160 ± 3g; Charles River Laboratories, Wilmington, MA) and male Brown Norway
Katholiek (BNK) rats (7–10 wk-old; 168 ± 8g; generously provided by Dr. Oscar Carretero)
had ad libitum access to rodent chow (PMI Nutritional International, Brentwood, MO) and
water until 1700 on the night before the experiments, when food was removed from their
cages, and all of the rats remained fasted for the remainder of the study. On the following
day, rats were randomly assigned to a post-exercise (PEX) or sedentary (SED) treatment.
Beginning at ~0900, PEX rats swam in a barrel filled with water (35°C) to a depth of ~60
cm (7 or 8 rats/barrel) for 4 × 30 minute bouts, with a 5 minute rest period between each
bout.

Experimental Design
PEX rats of each genotype (BN and BNK) were studied either immediately after exercise
(0hPEX; n=7 for BN and n=7 for BNK) or 3 hours after exercise (3hPEX; n=16 for BN and
n=15 for BNK). Sedentary rats remained in their cages while the PEX rats were swimming
and were studied at times that matched either the 0hPEX group (0hSED; n=8 for BN and
n=8 for BNK) or the 3hPEX group (3hSED; n=15 for BN and n=15 for BNK).

Muscle incubations
Rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (5mg/100 g
body wt) either immediately post-exercise (0hPEX) or 3–4 hours post-exercise (3hPEX)
along with time-matched sedentary rats. For the 0hPEX experiment, following
anesthetization, one epitrochlearis muscle from each rat was rapidly dissected out, trimmed,
freeze-clamped using aluminum clamps cooled to the temperature of liquid N2, and stored at
−80°C until analyzed. After dissection, the contralateral muscle in the 0hPEX study was
incubated for 10 minutes in flasks containing Krebs-Henseleit Buffer (KHB) with 0.1%
bovine serum albumin (BSA), 2 mM pyruvate, and 6 mM mannitol for 10 minutes. The
muscles were then transferred to flasks containing KHB, 0.1% BSA, 8 mM 3-MG (including
0.25 mCi/mmol [3H]3-MG), and 2 mM mannitol (including 0.1 mCi/mmol [14C]mannitol).
For both incubation steps, flasks were continuously gassed from above with 95% O2-5%
CO2 and shaken in a heated water bath (30°C).

For the 3hPEX experiment, rats were dried following the final exercise bout and returned to
their cage for 3 hours before being anesthetized. After anesthetization, both epitrochlearis
muscles from each animal were dissected out. One muscle from each rat was incubated in
KHB, 0.1% BSA, 8 mM glucose, 2 mM mannitol supplemented with 60μU/ml insulin (a
physiological concentration), and the contralateral muscle was incubated in the same
solution without insulin. Both muscles were incubated for 30 minutes in a shaking water
bath at 35°C. Insulin remained present at the same concentration throughout all subsequent
incubations. After the initial incubation, muscles were transferred to vials containing KHB,
0.1% BSA, 2 mM pyruvate, and 6mM mannitol with or without 60μU/ml insulin at 30°C for
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10 minutes. Finally, muscles were transferred to flasks containing KHB, 0.1% BSA with 8
mM 3-MG (including 0.25 mCi/mmol [3H]3-MG), and 2 mM mannitol (including 0.1 mCi/
mmol [14C]mannitol) with or without 60μU/ml insulin for determination of glucose
transport rate. After incubation with 3-MG for 15 minutes, the muscles were rapidly blotted
on filter paper dampened with incubation medium, trimmed, freeze-clamped, and stored at
−80°C.

Homogenization, glucose transport measurement, and protein concentration
determination

Frozen muscles used for glucose transport and immunoblotting (pAMPK-Thr172) were
homogenized in 1 ml ice-cold homogenization buffer (2 mM activated Na3VO4, 2 mM
EDTA, 2 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM
phenylmethanesulfonyl fluoride, and 1 μg/ml leupeptin in T-PER) using tissue grinder tubes
(Kontes, Vineland, NJ). Homogenates were subsequently rotated at 4°C at 50 rpm for 1 hour
before being centrifuged (15,000 g for 15 minutes at 4°C). Aliquots of the supernatant from
muscles used for the 3-MG transport measurement were pipetted into vials with scintillation
cocktail for scintillation counting, and 3-MG transport was determined as previously
described (6). A portion of the supernatant was used to determine protein concentration by
the bicinchoninic acid assay according to the manufacturer’s instructions (Pierce
Biotechnology catalog no. 23227). The remaining supernatant was stored at −80°C until
further analyzed.

Immunoblotting
Aliquots of supernatants from homogenized muscle lysates were combined with sodium
dodecyl sulfate (SDS) loading buffer and separated by SDS-PAGE before being
electrophoretically transferred to nitrocellulose. Samples were then rinsed with Tris-buffered
saline plus Tween-20 (TBST) (20mM Tris base, 150mM NaCl, pH 7.6, and 0.1%
Tween-20), blocked with 5% nonfat dry milk in TBST for 1 hour at room temperature,
washed 3 × 5 minutes at room temperature, and treated with the primary antibody (anti-
pAMPK-Thr172 at 1:1,000 in TBST with 5% BSA) overnight at 4°C. Blots were then
washed 3 × 5 minutes with TBST, incubated with the secondary antibody, goat anti-rabbit
IgG horseradish peroxidase conjugate (1:20,000 in TBST with 5% milk), for 1 hour at room
temperature, washed again 3 × 5 minutes with TBST, and developed with West Dura
SuperSignal enhanced chemiluminescence reagent (Thermo Fisher Scientific, Waltham,
MA). Protein bands were quantified by densitometry (Cell Biosciences, Santa Clara, CA).
The mean values for sedentary samples without insulin on each blot were normalized to
equal 1.0, and then all samples on the blot were expressed relative to the normalized
sedentary without insulin value.

Muscle glycogen concentration
Muscles used for measurement of glycogen were frozen immediately after dissection,
weighed, and homogenized in ice-cold 0.3 M perchloric acid. An aliquot of the homogenate
was stored at −80°C for later determination of glycogen concentration by the
amyloglucosidase method (31).

Statistical analyses
Statistical analyses used Sigma Stat version 2.0 (San Rafael, CA). Data are expressed as
means ± SE. Two-way ANOVA was used to determine significant differences between the
main effects of exercise and genotype, and a Tukey post hoc test was used to identify the
source of significant variance. A P value ≤0.05 was considered statistically significant.
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RESULTS
Muscle Glycogen

Epitrochlearis muscle glycogen was reduced in 0hPEX vs. 0hSED rats, and it was not
significantly different for BNK compared to BN rats (Fig. 1).

AMPK Thr172 Phosphorylation
Epitrochlearis AMPK Thr172 phosphorylation was increased in 0hPEX vs. 0hSED rats, and
it was not significantly different in BNK vs. BN rats (Fig. 2).

Muscle Glucose Transport
There was an increase in glucose transport in 0hPEX vs. 0hSED in both BN and BNK rats
(Fig. 3). There was not a difference between BNK and BN rats for the exercise-induced
increase in insulin-independent glucose transport.

Glucose transport without insulin was significantly greater for 3hPEX vs. 3hSED rats in (P <
0.05; Fig. 4). There was not a significant effect of genotype (BNK vs. BN) on glucose
transport without insulin in 3hSED and 3hPEX rats (Fig. 4).

In the insulin-stimulated epitrochlearis, glucose transport was significantly greater for
3hPEX vs. 3hSED rats (P < 0.001; Fig. 4). Glucose transport with insulin was not different
for BNK vs. BN rats in 3hSED and 3hPEX groups. Paired muscles were used for glucose
transport measurements, with one muscle from each rat incubated without insulin and the
contralateral muscle incubated with insulin. We calculated the insulin-stimulated increase in
glucose transport (delta insulin) by subtracting the basal value from the insulin-stimulated
value for each rat. Delta insulin was also significantly greater for 3hPEX vs. 3hSED rats (P
< 0.05). Delta insulin was not different for BNK compared to BN rats in the 3hSED and
3hPEX groups.

There were no significant interactions (exercise x genotype) for any of the measurements
made.

DISCUSSION
A single exercise session can cause an increase in both insulin-dependent and insulin-
independent glucose uptake by skeletal muscle in mice (4,5,18), rats (7,8,33,40), and
humans (34). Several previous studies have demonstrated that the Kallikrein-Kinin System
(KKS) can be activated by exercise or muscle contractions (24,37,39), and it has been
suggested that this activation might play a role in elevated glucose uptake by skeletal muscle
(13,15,38). The most important new findings of this study were that unexercised BN and
BNK rats (which are known to be deficient in plasma kininogen) did not differ for insulin-
stimulated glucose transport, and that the effects of exercise on both insulin-independent and
insulin-dependent glucose transport were undiminished in the BNK rats.

Results of several published studies suggest that the KKS is linked to insulin-dependent
glucose transport in the absence of exercise, but the results of other published studies are not
consistent with this idea. In support, incubation with bradykinin has been reported to
increase insulin-stimulation of GLUT4 translocation and glucose transport of L6 myocytes,
3T3-L1 adipocytes or isolated dog adipocytes (1,23,29). In addition, previous studies found
that insulin-stimulated glucose transport was greater in isolated epitrochlearis muscles that
were dissected from obese Zucker rats that had been injected with bradykinin either acutely
(2 hours prior to muscle dissection) or chronically (twice daily for 14 days) (21,22).
However, in vivo bradykinin treatment did not enhance insulin-stimulated glucose uptake by
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isolated epitrochlearis muscles from lean Zucker rats (21). Most relevant to the results of the
current study, BNK vs. BN rats had a significantly reduced glucose disposal rate during a
hyperinsulinemic-euglycemic clamp (12). In contrast, the current study did not provide
evidence for insulin resistance in the isolated epitrochlearis of BNK vs. BN rats. The results
from the in vivo clamp procedure would be directly influenced by systemic factors that were
absent from the isolated muscle preparation, including blood flow, circulating hormones and
neural regulation. In addition, glucose disposal in vivo depends on multiple tissues,
including the liver, adipose tissue and skeletal muscle. It is notable that Shimojo et al. (36)
also did not find an effect of bradykinin on in vitro, insulin-stimulated glucose uptake by the
predominantly type I soleus muscle. The current results clearly demonstrate that there is not
intrinsic insulin resistance of the isolated epitrochlearis (composed of predominantly type II
fibers) of BNK rats.

A number of studies have assessed the possible role of the KKS system in insulin-
independent increase in skeletal muscle glucose transport with exercise or contraction.
Dietze and Wicklmayr (13) found that most of the isometric exercise-induced increase in
glucose uptake by the human forearm could be blocked by infusion of aprotinin (a kallikrein
inhibitor). They also found that bradykinin infusion could eliminate aprotinin’s inhibition of
exercise-induced glucose uptake. Bradykinin can elevate blood flow, so the results for
forearm glucose uptake during in vivo exercise were likely partly attributable to changes in
muscle blood flow which was observed to be decreased by aprotinin and increased by
bradykinin infusion. Consistent with this interpretation, studying isolated rat epitrochlearis
muscles, Constable et al. (11) found that a range of bradykinin concentrations did not result
in increased glucose transport, nor was contraction-stimulated glucose transport attenuated
in the presence of aprotinin. Insulin-independent glucose uptake by L6 myotubes, 3T3-L1
adipocytes, and Chinese hamster ovary cells was greater for cells that stably overexpressed
both GLUT4 and B2 receptor of bradykinin compared to cells that overexpressed only
GLUT4 (24). However, in L6 cells or isolated muscle strips from dogs without
overexpression of B2 receptors of bradykinin, insulin-independent glucose transport was not
elevated by bradykinin (29). Taguchi et al. (38) measured the sarcolemmal GLUT4 content
and glucose uptake by sarcolemmal vesicles prepared from skeletal muscle that was sampled
immediately post-exercise (1 hour swim by rats). Exercised rats were studied with or
without 5 days of infusion of a B2 receptor of bradykinin inhibitor. The inhibitor caused an
~50% decline in the immediate post-exercise increases in membrane GLUT4 and glucose
uptake. It seems possible that chronic treatment with a bradykinin B2 receptor inhibitor
might induce adaptations that altered the effects of exercise on GLUT4 and glucose uptake.
In the current study, using isolated epitrochlearis muscles, BNK vs. BN rats were not
different for insulin-independent glucose transport measured immediately post-exercise.
Although the KKS can influence blood flow and thereby indirectly alter in vivo glucose
uptake during exercise, data from studies that have evaluated glucose transport by isolated
skeletal muscle (in which blood flow is not a factor) after in vivo exercise or in vitro
contractions provide no support for the idea that KKS is responsible for increased insulin-
independent glucose transport after exercise or contractions

The current results indicated that exercise effects on subsequent insulin-stimulated glucose
transport are essentially the same for BN and BNK rats. We recently performed a study
using the bradykinin B2 receptor null mouse as a different model to assess the possible role
of the KKS in post-exercise glucose transport (35). Isolated skeletal muscles from the mice
that were null for the B2 receptor of bradykinin and normal control mice did not differ for
their post-exercise increase in insulin-dependent glucose transport after exercise. The results
of experiments using two different animal models for important components of the KKS
provide evidence that a normal KKS is not essential to attain a normal elevation in insulin-
stimulated glucose transport by isolated skeletal muscles after in vivo exercise.
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Electrical stimulation of isolated skeletal muscle has often been used as model for in vivo
exercise. Dumke et al. (15) reported that rat epitrochlearis muscles electrically stimulated to
contract in kallikrein-deficient plasma compared to muscles stimulated to contract in normal
plasma had lower insulin-stimulated glucose transport. However, in vivo exercise and in
vitro contractions in serum may not lead to increased insulin-stimulated glucose transport by
an identical mechanism. Funai et al. (16) found that when in vivo exercise is followed by
rapid removal of the epitrochlearis and in vitro contraction of the isolated muscle, the two
stimuli induced an additive effect on the subsequent increase in insulin-stimulated glucose
transport. These results suggested that the increase in insulin-stimulated glucose transport
induced after in vitro contraction and after in vivo exercise may be caused by distinct
mechanisms. The current study focused on the effects of in vivo exercise because this
intervention is more physiologically relevant than electrical stimulation.

In conclusion, insulin-stimulated glucose transport by isolated epitrochlearis muscles was
similar for sedentary BN and BNK rats. Rats deficient in plasma kininogen compared to
normal rats had similar post-exercise increases in both insulin-independent and insulin-
dependent glucose transport by isolated epitrochlearis muscle. It is well-established that
exercise has robust effects on insulin-independent and insulin-dependent glucose transport
that persist in isolated muscles, and the current data indicate that these important exercise
effects are undiminished in plasma kininogen-deficient rats.
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Figure 1.
Muscle glycogen concentration in isolated epitrochlearis from BN and BNK rats that were
sedentary (0hSED) or exercised (0hPEX). Values are mean ±SE for 7–8 muscles per group.
*P < 0.05.
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Figure 2.
AMPK threonine172 phosphorylation in isolated epitrochlearis from BN and BNK rats that
were sedentary (0hSED) or exercised (0hPEX). Values are mean ±SE for 7–8 muscles per
group. *P < 0.05.
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Figure 3.
Glucose transport by isolated epitrochlearis muscles without insulin from BN and BNK rats
that were sedentary (0hSED) or exercised (0hPEX). Values are mean ± SE for 7–8 muscles
per group. *P < 0.05.
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Figure 4.
Glucose transport by isolated epitrochlearis muscles without or with 60μU/mL insulin from
BN and BNK rats that had undergone two hours of swimming exercise and rested for three
hours (3hPEX) or time-matched sedentary controls (3hSED). Delta insulin represents the
insulin-stimulated increase above basal in glucose transport calculated by subtracting the
basal value from the insulin-stimulated value of paired muscles. Values are mean ± SE for
15–16 muscles per group. *P < 0.05. Exercise, main effect of exercise treatment; Genotype,
main effect of genotype; Exercise x Genotype, interaction between main effects.
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