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ABSTRACT

This study assessed the effect of physical training on the low Michaelis constant cyclic AMP
phosphodiesterase (low Km PDE) activity in heart ventricular tissue and three different skeletal muscle
tissues of normal and diabetic rats. Rats were rendered diabetic with streptozotocin (45 mg/kg i.v.) and either
kept sedentary (SD, n=16) or submitted to a progressive 10-week treadmill running program (TD, n=17).
Two groups of nondiabetic rats served as trained (TC, n=17) and sedentary controls (SC, n=15). The activity
of NAD-linked isocitrate dehydrogenase was significantly increased (p < 0.001) in the gastrocnemius muscle
of trained animals, confirming that they were adequately trained. Plasma glucose levels were elevated in SD
rats (18.8 ± 1.7 mmol/l) compared to those in SC rats (7.7 ± 0.2 mmol/l ; mean ± standard error of the mean
[SEM], p < 0.001). These levels were partially normalized following training (12.7 ± 1.7 pmol/l; p < 0.01 vs.
SD rats). Plasma insulin levels were significantly reduced in TC rats (223 ± 16 pmol/l) compared with those
in SC rats (306 ± 13 pmol/l; p < 0.01). Similarly, the levels in SC rats were significantly different when
compared with SD rats (155 ± 15 pmol/l; p < 0.01). In TD rats, plasma insulin levels (156 ± 14 pmol/l) were
similar to those of SD rats. This suggests that mild diabetes mellitus in the rat can be improved by endurance
training and that improved glycemic control may be mediated by an increase in insulin sensitivity. The low
Km PDE activity in the membranes prepared from the four different muscle tissues was not modified by
diabetes. Similarly, physical training in normal and diabetic rats did not induce any significant changes in the
low Km PDE activity in any of the tissues tested. This suggests that improvements in myocardial contractile
function and in glucose homeostasis, as seen in diabetic rats submitted to endurance training, are not
associated with changes in PDE .

INTRODUCTION

Diabetes is associated with a high risk of congestive heart failure (1). The mortality rate during acute
experimental myocardial infarction has been shown to be higher in diabetic than in nondiabetic rats (2).



However, the mechanism responsible for this reduction in the survival rate of diabetic rats has not been
established. The mechanisms involved may include an alteration in the activity of the enzyme responsible for
the degradation of adenosine 3',5'-cyclic monophosphate (cAMP). It is well recognized that cAMP activates
protein kinase, which in turn phosphorylates calcium channels and induces transarcolemmal Ca++ entry,
which thereby permits myocardial contraction (3). A reduction in cAMP represents a potential mechanism for
a decrease in the contractile capacity of the heart. Earlier studies suggested that a deficiency in the production
of cAMP may be a fundamental defect in patients with end-stage heart failure (4,5). In theory, a deficiency in
cAMP can be the result of two general mechanisms: a decrease in the formation of cAMP by adenylate
cyclase or an increase in its degradation by the cAMP phosphodiesterase (PDE). PDE was first identified by
Butcher and Sutherland as the enzyme responsible for the hydrolysis of cAMP into 5'-AMP (6). Using
ventricular muscle membrane preparations, we have previously observed that the amount of cAMP produced
in response to isoproterenol stimulation was reduced in diabetic rats. This diminution was associated with a
reduction in the density of ß-adrenergic receptors and with the coupling between the ß-adrenergic receptor
and the Gs protein (7). However, the degradation of cAMP by PDE in ventricular membranes of diabetic rats
has never been measured. Thompson and Appleman have demonstrated that most tissues contain at least two
isoforms of PDE responsible for the degradation of cAMP (8). One PDE isoform is of low molecular weight,
has a low Michaelis constant, and is associated with the plasma membrane and sarcoplasmic reticulum. The
other isoform has a higher molecular weight, a higher Km, and is found in the cytoplasm.

Improvements in the myocardial contractile function of diabetic rats with physical training is a well-accepted
phenomenon (9). Physical training has also been shown to improve the survival rate of diabetic rats submitted
to acute myocardial infarction (2). We have previously reported that cAMP production by heart ventricular
membranes in response to isoproterenol stimulation was not modified in trained diabetic rats as compared
with their sedentary counterparts (7). Since the intracellular quantity of cAMP stems from a balance between
its formation and its degradation, it would also seem highly relevant to determine the activity of the enzyme
responsible for the degradation of cAMP in these animals. Therefore, the first part of this study was
undertaken to investigate the effect of physical training on the low Km PDE activity in ventricular membrane
preparations of normal and diabetic rats.

Physical training is also known to improve glucose homeostasis in experimental models of mild diabetes
mellitus (10-12). Although this has been explained by an increase in insulin sensitivity in skeletal muscle
(13,14), the exact mechanisms responsible for this enhancement remain to be elucidated. Among the many
mechanisms possibly involved in the improvement of diabetes mellitus following physical training,
modifications in the sympathoadrenal system deserve to be considered. Physical exercise activates the
adrenergic system (14,15). This affects blood glucose levels both directly by activating glycogenolysis and
gluconeogenesis (16,17), and indirectly by stimulating glucagon secretion (18) and inhibiting insulin
secretion (19). We have previously shown that physical training increases the density of ß-adrenergic
receptors as well as the formation of cAMP by adenylate cyclase in response to isoproterenol stimulation in
soleus muscle membranes of diabetic rats (20). However, until now, no study has reported on the impact of
physical training on low Km PDE activity in skeletal muscle of diabetic rats. Therefore, the second part of
this study was undertaken to evaluate the influence of diabetes and physical training on the low Km PDE
activity in three different types of skeletal muscle: the soleus, the deep portion of the vastus lateralis, and the
superficial portion of the vastus lateralis. These muscles are known to be affected differently by endurance
training. In addition, they differ in their composition: i) the soleus muscle is composed of 87% type I (slow-
twitch, high oxidative, and low glycolytic), and 13% type IIa (fast-twitch, high oxidative, and high
glycolytic) fibers; ii) the deep red portion of the vastus lateralis muscle is composed of 9% type I, 56% type
IIa, and 35% type IIb (fast-twitch, low oxidative, and high glycolytic) fibers; iii) the superficial white portion
of the vastus lateralis muscle consists of 3% type IIa and 97% type IIb fibers. Type I fibers are well suited for
prolonged exercise. Type IIa fibers are recruited along with type I fibers during high-intensity exercise of long
duration, and type IIb fibers are recruited during high-intensity exercise of short duration (21,22).



Interestingly, these muscles also differ in their capacity to change ß-adrenergic receptor density in response to
physical training (23, 24).

MATERIALS AND METHODS

Rats

Male Wistar rats (207 ± 2 g) were randomly assigned to four groups: sedentary control (SC), trained control
(TC), sedentary diabetic (SD), and trained diabetic (TD). Rats were individually housed at 23°C under
standard lighting (5 a.m. to 7 p.m.) and provided with Purina rat chow and tap water ad libitum. Experimental
diabetes was induced by an intravenous injection of streptozotocin (a gift of Upjohn Company of Canada)
freshly dissolved in citrate buffer (200 µl, pH 4.5) at a dose of 45 mg/kg of body weight in the non-fasted
state. This treatment destroys the insulin-secreting cells of the pancreas, thus creating an insulinopenic state.
Consequently, there is an increase in plasma glucose, glucosuria, and a decrease in body weight; this state is
analogous to type I diabetes mellitus in humans (25). Control rats received an equivalent volume of citrate
buffer. Rats treated with streptozotocin were kept in the study only if, one week later, their urinary output was
greater than or equal to 15 ml/day and their urinary glucose concentration, measured with Diastix strips
(Ames Division, Miles Laboratories, Rexdale, ON) was greater than or equal to 1%. Since rats can survive
without hypoglycemic treatment, this represents an animal model of moderate non-ketotic experimental
diabetes mellitus (25).

Physical Training

Exercise training began 10 days after streptozotocin injection and was carried out by having the rats run on a
motorized treadmill (Quinton Instruments, Model 42-15, Seattle, WA) set at an 8° incline, according to a
program adapted from Pattengale and Holloszy (26). Rats were trained twice a day, with a 4-hour rest
interval, 5 days a week for 10 weeks. They initially ran for 10 min at 22 m/min for 3 weeks, then for 40 min
at 28 m/min for 3 weeks, and finally for 60 min at 31 m/min for 4 weeks. At the end of the 10-week training
program, the rats were killed by decapitation. A period of 64 hours between the last session of exercise and
decapitation was allotted to dissociate, as much as possible, between a training effect and the immediate post-
exercise event. The heart and skeletal muscle were rapidly excised, washed in isotonic saline solution,
weighed, frozen in liquid nitrogen, and stored at -80°C. The white portion of the vastus lateralis was
separated from the red portion on the basis of visual appearance. Tissue samples were thawed on the day of
experimentation. The ventricles were weighed after removal of the atria, aorta, and epicardial fat.

Preparation of Muscle Membranes

The muscle membranes were prepared by mincing the tissue with scissors in a 0.32 M sucrose solution at
4°C, followed by two 10-second bursts with a Polytron homogenizer (Tekmar, Cincinnati, OH) set at high
speed. The homogenates were filtered through a triple layer of cheese-cloth and centrifuged at 40,000 g for
20 min. Finally, the pellets were suspended and diluted in incubation buffer (50 mM Tris-HCl, pH 7.4 at 4°C)
containing 1.1 mM ascorbic acid as an antioxidant and 3 mM EDTA as a protease inhibitor (27), and
homogenized with a motor-driven glass-Teflon Potter-Elvehjem (Dyna-mix, Model 143, Fisher Scientific,
Pittsburgh, PA) set at high speed to give a final protein concentration of approximately 0.30 mg/ml. Protein
concentration was measured according to Lowry et al. (28), using bovine serum albumin as standard.

Phosphodiesterase Assay

Phosphodiesterase (PDE) activity was measured as described by Loten and Sneyd (29). The assay is based on
the measurement of [3H]-adenosine formation from [3H]-cAMP subsequent to hydrolysis by PDE and snake
venom nucleotidase (29). The reaction was initiated by adding 50 µl of membrane preparation to 150 µl of



reaction mixture containing 50 mM Tris-HCl, 2.8 mM MgCl2, 3.75 mM 2-mercaptoethanol, 0.25 µM of
unlabeled cAMP, 50 µl of snake venom nucleosidase (2 mg/ml in 50 mM Tris-buffer, pH 7.5) and 12,000
cpm of [3H]-cAMP. All tubes were incubated for 15 min at 37°C. Incubation was stopped with the addition of
50 µl of 5 mM adenosine in 200 mM EDTA (pH 4.6). Adenosine was separated from cAMP by ion exchange
chromatography on a column of anion exchange resin AG 1-X2, 200-400 µm mesh, chloride form, and the
radioactivity counted in a liquid scintillation counter. Preliminary experiments revealed that the apparent Km
calculated from Lineweaver-Burk plots (30) for the membrane bound PDE was 0.25 µM as observed in the
study of Weber and Appleman (31). Snake venom nucleotidase, 2-mercaptoethanol, anion exchange resin
(AG 1-X2), and cAMP were purchased from Sigma Chemical Co. (St-Louis, MO). [3H]-cAMP was
purchased from New England Nuclear (Boston, MA).

Plasma Glucose and Insulin Levels

Plasma glucose concentration was determined by an enzymatic method (32). Plasma insulin was measured by
radioimmunoassay, using rat insulin as standard and polyethylene glycol for separation (33). Insulin standard
was obtained from Novo Research Institute (Copenhagen, Denmark). Polyethylene glycol 8000 was
purchased from Biotech Scientifique (Lachine, QC).

NAD-Linked Isocitrate Dehydrogenase (NAD-ICDH) Activity

The NAD-ICDH activity in the gastrocnemius muscles of rats was measured according to the method of
Vaughan and Newsholme (34). Peripheral skeletal muscle adaptation to endurance training results in an
increase in the density of mitochondria and in the activity of many oxidative mitochondrial enzymes (21,35).
NAD-ICDH is a mitochondrial enzyme of the citric acid cycle and has been previously reported to be a good
indicator of physical training in rats (36,37).

Statistical Analysis

The results are given as mean ± SEM. Statistical analysis between groups was done by using analysis of
variance (ANOVA), and the post-hoc comparisons among treatment groups was done with the Duncan's
multiple range test. Similarly, statistical analysis between muscles for the activity of the low Km PDE in SC
rats was also performed using ANOVA, followed by the Duncan's multiple range test. p < 0.05 was taken as
statistically significant.

RESULTS

Some characteristics for the four groups of rats are shown in Table 1. Despite the fact that the initial body
weight was similar in each group, a significant (p < 0.01) reduction in body weight was observed in the
sedentary diabetic rats, the trained control rats, and the trained diabetic rats, when compared to the sedentary
control group. In comparison with sedentary control rats, the weight of each of the muscles studied was also
less at the end of the 10-week program in the three other groups. In contrast, no significant difference in
ventricular weight was observed. The reduction in skeletal muscle weights in the 10-week trained control rats
represents a normal physiologic adaptation to endurance training (21,35), as previously reported (23). The
change in the weight of the skeletal muscles observed in the diabetic rats may be explained by insulin
deficiency which leads to an increased protein catabolism and muscle wasting (38). The NAD-ICDH activity
in the gastrocnemius was significantly reduced in the diabetic rats when compared with that of the sedentary
controls, but was significantly increased (p < 0.01) following training in both the normal and the diabetic rats.
This mitochondrial enzyme is known to increase with physical training (36,37), and the changes observed in
its levels confirm that the endurance training program used in this study was of adequate intensity to induce
metabolic changes. Plasma glucose levels were significantly (p < 0.01) increased in diabetic rats relative to
the sedentary controls. In both groups, physical training resulted in a reduction in plasma glucose levels when



compared to the levels in their sedentary counterparts. Similarly, plasma insulin levels were significantly
reduced in trained controls and in sedentary diabetic rats when compared with those in sedentary controls. In
trained diabetic rats, plasma insulin levels remained comparable to the values measured in sedentary diabetic
rats. This confirmed previous observations that mild experimental diabetes mellitus in the rat can be
improved by endurance training (10-12) and that this improvement is at least partly related to an increase in
insulin sensitivity (13).

The low Km PDE activity in the cardiac and skeletal tissue from the four groups of rats is shown in Table 2.
The low Km PDE activity was not affected by the diabetic state in any of the tissues tested. Similarly,
physical training did not influence the low Km PDE activity in either ventricular tissue or in the three types of
skeletal muscle of either normal or diabetic rats. Finally, it was noted that the activity of the low Km PDE in
sedentary control rats was greater in the deep red portion of the vastus lateralis than in the soleus (p < 0.01)
but was not significantly different from the white superficial portion of the vastus lateralis muscle.

DISCUSSION

This study is the first to report the effect of physical training on the low Km PDE activity in ventricular
membrane preparations from diabetic animals. Dohm et al. previously reported that the activity of the low
Km PDE in heart tissue was unaffected by endurance training (39). However, their study differed in that their
rats ran once instead of twice a day, and that their program lasted 7 weeks rather than 10 as in the present
study. Nevertheless, our results did not differ from those observed by these authors. Physical training is
associated with cardiovascular adaptations such as bradycardia at rest (40,41). These manifestations can be
explained at least in part by a decrease in the activity of the sympathetic nervous system (40). To this effect,
we have previously shown that the activity of the ß-adrenergic system, as determined by the density of ß-
adrenergic receptors and receptor-Gs protein coupling, was reduced in ventricular membranes of trained rats
when compared to their sedentary controls. This adaptation was associated with a reduction in the formation
of cAMP in response to the stimulation of adenylate cyclase by isoproterenol (42). The data presented here
showed that the activity of the low Km PDE was not altered by training. Taken together, our findings suggest
that physical training induces a reduction in the production of cAMP by adenylate cyclase in response to
isoproterenol stimulation in ventricular membranes and this reduction is not accompanied by a parallel
change in the activity of the ventricular plasma-membrane-associated phosphodiesterase. However, in the
present study only basal PDE activity was examined. It would have been interesting to measure PDE activity
at Vmax or under stimulation with isoproterenol and/or insulin, particularly considering the decreased
glucose levels (implying better insulin responsiveness) in trained rats. Further work will be needed to address
this issue.

The low Km PDE activity in the ventricular membrane preparation was also not modified by experimental
diabetes. Alterations in the activity of this enzyme may be tissue-dependent since previous studies have
demonstrated a depressed PDE activity in adipose tissue and liver from streptozotocin-induced diabetic rats
(43-45). Alternatively, the difference between our results and those previously reported (43-45) may also be
related to a more severe diabetic state in the earlier studies since the dose of streptozotocin used to induce
diabetes was 65 mg/kg compared to 45 mg/kg used in the present study.

As stated in the introduction, a deficiency in intracellular cAMP production can be associated with an
increased risk of heart failure (4,5). This hypothesis is supported by the observation that the inotropic
effectiveness of drugs that act to increase intracellular levels of cAMP, such as the ß-adrenergic agonist
isoproterenol or the PDE inhibitors milrinone, caffeine, and isobutylmethylxanthine, was markedly reduced
in cardiac muscles from patients with heart failure (4,5). In contrast, the effectiveness of inotropic stimulation
with drugs that act by a cAMP-independent mechanism, such as the cardiotonic steroids and DPI 201-106,
was preserved (4,5). Furthermore, stimulation of intracellular cAMP production by the adenylate cyclase
activator forskolin restored the inotropic response to phosphodiesterase inhibitors (4,5). The deficiency of



intracellular cAMP may be related to down regulation of myocardial ß1-adrenergic receptors and to a
reduction in the coupling between the receptors and the Gs protein which occur in patients with heart failure
(3). It was previously observed in patients with heart failure that the reduction in cAMP content cannot be
explained by alterations in the properties of PDE but can rather be explained by an attenuated adenylate
cyclase activity (46). We have previously observed that the production of cAMP in response to isoproterenol
stimulation was reduced in ventricular tissue of diabetic rats and that this decline was associated with a
reduction in the density of ventricular ß-adrenergic receptors and with a reduction in the coupling between
the receptors and the Gs protein (7). Our results suggest that, in the diabetic rat, the production of cAMP by
adenylate cyclase in ventricular membranes in response to isoproterenol stimulation is reduced. This
reduction is not paralleled by an increase in the activity of the ventricular plasma-membrane PDE.

Physical training is known to improve cardiac function in diabetic rats (9). This has also been observed to
improve the survival rate of diabetic rats subjected to myocardial infarction (2). The possibility that these
adaptations could be due to an increase in the ventricular level of cAMP and a consequent increase in the
contractility of the heart can be evoked. The results previously presented do not seem to support this
hypothesis. It was observed that the production of cAMP by heart ventricular membranes in response to
isoproterenol stimulation was not modified in trained diabetic rats in comparison with their sedentary
counterparts (7). However, we cannot completely exclude the implication of cAMP in the improved cardiac
functions of diabetic rats without measuring the activity of the low Km PDE involved in the degradation of
cAMP. The results of the present study show that the activity of this enzyme is not influenced by physical
training. Therefore, changes in the activity of this enzyme do not seem to be involved in the training-induced
improvement of cardiac function of rats with mild experimental diabetes mellitus.

The second part of the present work, carried out in normal and diabetic rats, is the first to compare the low
Km PDE activity in plasma membrane preparations from three different skeletal muscles which differ in their
relative proportion of fiber types and to report on the effect of endurance training at this level. First, we
observed in sedentary control rats that the activity of the low Km PDE in the red portion of the vastus
lateralis was significantly greater than in the soleus but not significantly different from the one present in the
white superficial portion of the vastus lateralis muscle. We cannot assess the physiological importance of this
variation on the basis of the existing data. However, the order of activity observed for the low Km PDE
among the three skeletal muscles tested raises the possibility of an association between skeletal muscle low
Km PDE activity and glycolytic activity. This is because the muscles known to possess a high glycolytic
activity, the white and red portion for the vastus lateralis muscle (21), also had a high activity of this enzyme.
Further studies would be needed to understand the significance of this observation. On the other hand, the
results of the present study demonstrated that physical training had no effect on the low Km PDE activity in
skeletal muscles of normal rats. Dohm et al. have previously reported that the activity of the low Km PDE in
gastrocnemius muscle was unaffected by endurance training (39). In the present study, we carried out
measurements of the low Km PDE activity in three other skeletal muscles. The interest for such a study
originated from the observation that each muscle differs in its fiber composition and in the contractile
recruitment in response to physical training (21,22). In a previous study (23), we have observed that the basal
adenylate cyclase activity also varied among skeletal muscles, but did not seem to be influenced by physical
training. In comparison with their sedentary counterparts, the adenylate cyclase response to isoproterenol
stimulation was increased by 49% in the soleus muscle of trained animals, but was not significantly modified
in the red and white portion of the vastus lateralis muscle. In the present study, we did not observe any
differences in the activity of the low Km PDE in each of these muscles between sedentary and trained rats.
Overall, these results suggest that physical training induces an increase in the production of cAMP by
adenylate cyclase in response to isoproterenol stimulation only in the soleus muscle and this is not
accompanied by a parallel change in the low Km PDE activity.

Our observation that the activity of the low Km PDE was not modified by training in any of the muscles
tested suggests that changes at this level are not involved in the beneficial effects of physical training in



diabetic rats. In a previous study, we have reported that physical training caused an increase in the ß-
adrenergic receptor density and an increase in the production of cAMP in response to isoproterenol
stimulation in the soleus muscle (20). Tissue cAMP levels are kept in balance between synthesis mediated by
adenylate cyclase and catabolism mediated by PDE. Taken together, the results from the present study and
from our previous work (20) suggest that the increased adenylate cyclase activity in the absence of changes in
PDE activity would lead to increased levels of intracellular cAMP that may have beneficial metabolic effects.

In conclusion, the results of the present study indicate that the activity of low Km PDE in heart ventricular
tissue and in three different skeletal muscles of the rat is not influenced by physical training nor diabetes. This
suggests that changes in the activity of this enzyme are not involved in the training-induced improvement of
cardiovascular function and glucose homeostasis in rats with experimental diabetes mellitus.
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