Lahaye et al. Cardiovascular Diabetology 2010, 9:72
http://www.cardiab.com/content/9/1/72

CARDIO
VASCULAR
DIABETOLOGY

¥

ORIGINAL INVESTIGATION

Open Access

Intense exercise training induces adaptation in
expression and responsiveness of cardiac
B-adrenoceptors in diabetic rats

Soléne Le Douairon Lahaye'”, Arlette Gratas-Delamarche’, Ludivine Malardé', Sophie Vincent',
Mohamed Sami Zguira', Sophie Lemoine Morel’, Paul Delamarche', Hassane Zouhal', Francois Carré?,

Francoise Rannou Bekono'

Abstract

protein expression.

adrenergic system in diabetes.

Background: Informations about the effects of intense exercise training on diabetes-induced myocardial
dysfunctions are lacking. We have examined the effects of intense exercise training on the cardiac function of
diabetic rats, especially focusing on the Langendorff $-adrenergic responsiveness and on the B-adrenoceptors

Methods: Control or Streptozotocin induced-diabetic male Wistar rats were randomly assigned to sedentary or
trained groups. The training program consisted of 8 weeks running on a treadmill (10° incline, up to 25 m/min,
60 min/day) and was considered to be intense for diabetic rats.

Results: This intense exercise training amplified the in vivo diabetes-induced bradycardia. It had no effect on
Langendorff basal cardiac contraction and relaxation performances in control and diabetic rats. In diabetic rats, it
accentuated the Langendorff reduced responsiveness to B-adrenergic stimulation. It did not blunt the diabetes-
induced decrease of B 1-adrenoceptors protein expression, displayed a significant decrease in the p2-adrenoceptors
protein expression and normalized the B3-adrenoceptors protein expression.

Conclusions: Intense exercise training accentuated the decrease in the myocardial responsiveness to B-adrenergic
stimulation induced by diabetes. This defect stems principally from the p2-adrenoceptors protein expression
reduction. Thus, these results demonstrate that intense exercise training induces specific effects on the B-

Background

Diabetes is an increasing health problem worldwide.
Independently of coronary vascular diseases, most dia-
betic patients develop a specific cardiomyopathy charac-
terized by bradycardia and early asymptomatic left
ventricular diastolic dysfunction, followed by late systolic
dysfunction [1].

In diabetes, the well-known chronic activation of the
sympathetic nervous system plays a major role in the
cardiac dysfunction by altering expression and/or func-
tion of B-adrenoceptors. Previous studies found a
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redistribution of the B-adrenoceptors subtypes: B1- and
B2-adrenoceptors are down-regulated whereas the 33-
adrenoceptors are up-regulated in experimental models
of diabetes [2,3]. Consequently, the positive inotropic
effect of B1- and B2-adrenoceptors is decreased whereas
the negative inotropic effect of f3-adrenoceptors is
increased [4]. Therefore, this adrenoceptors redistribu-
tion likely contributes for a great part to the concomi-
tant impaired contractile responsiveness to f-adrenergic
stimulation observed in diabetic hearts [3,5,6]. More-
over, this redistribution might explain in part the well
known diabetes-induced bradycardia since the positive
chronotropic effect of B1- and B2-adrenoceptors is also
decreased. The B3-adrenoceptors influence in this

© 2010 Lahaye et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.


mailto:soleneledouairon@gmail.com
http://creativecommons.org/licenses/by/2.0

Lahaye et al. Cardiovascular Diabetology 2010, 9:72
http://www.cardiab.com/content/9/1/72

alteration remains less clear because their chronotropic
effect is more controversial [7].

Along with insulin, moderate exercise has long been
considered to be a major component in the clinical
management of type 1 diabetes. Indeed, for its ability to
delay the progression of diabetic complications, such as
cardiomyopathy [8-11], moderate exercise training is
recommended to diabetic patients by the medical com-
munity. Scarce data from in vivo animal experiments
and isolated perfused heart studies found that endurance
training improves cardiac output, contractility and
relaxation [12-16]. Using experimental diabetes, Bidasee
and al. [3] showed that 3 weeks of moderate exercise
training, initiated after the onset of diabetes, minimized
in vivo basal cardiac function loss and improved the
cardiac contractile responsiveness to -adrenergic stimu-
lation. Moderate exercise training also blunted loss of
B1l-adrenoceptors expression. Interestingly, this moder-
ate exercise training failed to reverse the in vivo dia-
betes-induced bradycardia, did not limit diabetes-
induced reduction in B2-adrenoceptors or the increase
of B3-adrenoceptors expression and only minimally
improved cardiac output. The reason for the lack of
training effect on $2- and B3-adrenoceptors expression
is not clear at this time. As suggested by the authors,
the load of exercise training (duration and perhaps
intensity) was not sufficient enough to induce significant
effects. Information about the effect of more intense or
prolonged exercise training on cardiac function or on f3-
adrenergic system in diabetes is scarce. In a preliminary
study [17], we demonstrated that 8 weeks of intense
exercise training has specific and opposite effects to
those obtained with more moderate exercise training [3]
on P2-adrenoceptors expression in diabetic rat hearts.
Intense exercise training during diabetes decreases car-
diac B2-adrenoceptors expression. Thus, based on these
data and others in different experimental models
(healthy rats, obese rabbits...), we hypothesized that
exercise training may affect differently all of the above
mentioned factors depending on the load [18,19]. The
present study was conducted to investigate the effect of
8 weeks of intense exercise training on both cardiac
function and B-adrenergic system in diabetic rat hearts.

Methods

Chemicals and drugs

Streptozotocin (STZ) and Isoproterenol Hydrochrloride
were purchased from Sigma-Aldrich Chemical (France).
Rabbit polyclonal anti-f1-adrenoceptors and anti-$2-
adrenoceptors, goat polyclonal anti-f3-adrenoceptors
and mouse monoclonal anti-HSC 70 were all purchased
from Tebu-Bio International (France). Horseradish per-
oxydase (HRP)-conjugated IgG polyclonal donkey anti-
goat was from Tebu-Bio International (France). Goat
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anti-rabbit and goat anti-mouse secondary antobodies
were purchased from Dako Cytomation (France).

Experimental models

All the procedures were approved by the Institutional
Animal Care and Use Committee of the University of
Rennes (France) and were carried out following the use
of the French Farming Minister and the Guide for the
Care and Use of the Laboratory Animals. The study was
conducted in male Wistar rats housed in an animal room
on an inverse 12:12-h light-dark cycle and given access to
water and food ad libitum throughout the duration of
the study. The rats (n = 125; from Janvier, France), 9
weeks old at the beginning of the experiment (350 g),
were randomly assigned into 4 groups, a sedentary con-
trol (SC), a trained control (TC), a sedentary diabetic
(SD), and a trained diabetic (TD) groups. In each group,
a minimum of 7 rats were used for the Langendorff iso-
lated heart study on the one hand and a minimum of 7
other rats for the Western blot analysis on the other
hand. 8 rats were not included in the experiment for 2
different reasons: death or refusal of treadmill running.
The final number of rats for this study was 117.

Induction of experimental streptozotocin-induced
diabetes

Animals were injected with either an intraperitoneal sin-
gle dose of STZ in 0.1 M citrate buffer, pH 4.5 (45 mg.
kg™') (SD, TD) or citrate buffer only (SC, TC). Three
days later, blood glucose levels were determined using a
glucometer (MediSense Optium). The onset of diabetes
was determined by blood glucose concentration > 250
mg.dL™! [20]. The detection of ketones using the gluc-
ometer or urinary strips (Keto-Diastix®-Bayer Diagnos-
tic) and body weight loss confirm diabetes.

Training protocol

One week after the STZ or citrate buffer injection the
animals were exercised. Physical training consisted of
progressive running up to 25 m/min, 60 minutes, 5
days/week for 8 weeks on a rodent treadmill (Exer 3/6
Treadmill, Columbus Instruments) set at incline 10°, as
previously used [17]. For the first 2 weeks, each exercise
bout consisted of 10 min of running at 20 m/min. The
following 3 weeks consisted progressively of 40 min at
22 m/min. For the remaining 3 weeks of the protocol,
the duration was increased to 60 min at 25 m/min.
Based on the studies of Le Douairon Lahaye and al. [17]
and Rodrigues et al. [21] we can assume that for a same
running speed, diabetic rats used a higher percentage of
their VO, max than control ones and consequently that
this is an intense training program for diabetic rats.
Only animals which ran steadily on the treadmill were
included in the study.
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All rats were sacrificed 24 h after the last session of
training.

Citrate synthase activity

Frozen gastrocnemius tissue (200 mg) was used to assay
for citrate synthase (CS). Muscle samples were homoge-
nized (1/10 w/v) in a buffer solution pH 7.5 containing
Na,HPO, (0.1 mol.L™"), NaH,PO,, H,O (0.1 mol.L™),
and EDTA (2 mmol.L™") for 20 s at 30000 rpm with a
polytron. The homogenate was then sonicated 6 x 10 s
and centrifuged at 1500 G for 13 min at 4°C in dupli-
cate. Citrate synthase activity was spectrophotometri-
cally determined in duplicate in protein extracts at 25°C
as described previously [22] with few modifications.
Results were expressed in umol.ml™".min".g tissue™ for
each group.

In vivo heart rate recordings

In vivo baseline heart rate (HR) of rats was measured
using the tail cuff method (Phymep, France). After habi-
tuation of animals, heart rate was measured twice, at the
onset of protocol (T1) and before their sacrifice (T2).
All measurements were made at the same time to
accommodate for diurnal variations.

Isolated rat heart preparation

Rats were anesthetized with sodium pentobarbital (50
mg.kg™, i.p) and heparinized (500 U.kg™, i.p). Isolated
rat hearts were immediately attached to the Langendorff
perfusion apparatus (Phymep, France) and retrogradely
perfused (Peristaltique pump, Gibson, Paris) at a con-
stant perfusion pressure with oxygenated Krebs-Hense-
leit buffer containing NaCl (118 mM), KCI (4.7 mM),
CaCl, (1.9 mM), MgSOy (1.2 mM), KH,PO, (1.2 mM),
NaHCO3 (25 mM), glucose (11 mM), pH7.4 [23]. The
perfusate was equilibrated with a standard 95% O,/5%
CO, gas mixture and maintained at 37°C. A balloon was
inserted into the left ventricular (LV) cavity, and its
volume was adjusted to 10-15 mmHg of LV end-diatolic
pressure (LVEDP). All hearts were placed in a thermo-
statically controlled room (37°C). After equilibration,
pre-agonist baseline data was recorded (PowerLab,
ADInstruments). After baseline, 5-minute infusions of
isoproterenol were begun at doses ranging from 1.10°®
to 1.10”° M. Each isoproterenol infusion was stopped
after 5 minutes, and hearts were allowed to return to
baseline before the next dose was initiated, as described
previously [24]. In trained control rats, 1.10° and 1.10°
M isoproterenol doses were not tested for technical rea-
son. LV systolic pressure (LVSP), LVEDP, and the maxi-
mum rate of positive and negative change in LV
pressure (+ dP/dt) were continuously recorded. LV
developed pressure (LVDP) was calculated by subtract-
ing the LVEDP from LVSP. Rate-pressure product (RPP
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= heart rate x LVDP) was also calculated as an index of
cardiac performance.

Protein assay

About 200 mg of LV samples were homogenized in a
homogenization buffer (HB) containing (in mM) Tris 20
(pH 7.4), NaCl 20, MgCl, 5 and protease inhibitor cock-
tail (from Roche Molecular Biochemicals, Roche Diag-
nostics, France). The homogenates were then
centrifuged at 500 G for 5 min at 4°C. Supernatants
were recovered and centrifuged at 30.000 G for 30 min
at 4°C. Pellets were resuspended in HB. The homoge-
nates were then aliquoted and stored at -80°C. The total
protein concentration was determined using the Lowry
method [25]. Chemicals were purchased from Sigma
Aldrich (France).

Western blot analysis

Western blot analyses were used to determine relative
levels of B1-, B2-, and B3-adrenoceptors. Briefly, samples
were solubilized in buffer containing Tris-HCI (pH 6.8),
SDS, bromophenol blue, glycerol and 2-B-mercaptoetha-
nol. Proteins were separated on a SDS-polyacrylamide
gel electrophoresis (10%) and then transferred overnight
into PVDF membranes (Millipores) in a transfer buffer
(25 mM Tris, 192 mM Glycine, 0.01% SDS and 10%
ethanol). For normalisation, a same protein sample was
deposed on each gel. After transfer, the membrane was
washed in Phosphate-buffered saline/Tween 20 (TPBS
0.1%) for 10 min. Transfer was checked by staining of
the blots in Ponceau S solution. After blocking nonspe-
cific binding sites for 2 h at room temperature by 5%
non-fat milk diluted in TPBS 0.1%, membranes were
incubated for 2 h at room temperature with either anti
B1-, B2-, or B3-adrenoceptor antibodies. Membranes
were washed three times with TPBS and then incubated
for 1 h with either anti-rabbit IgG-horseradish peroxi-
dase (B1-and B2-adrenoceptors) or anti-goat IgG-horse-
radish peroxidase (B3-adrenoceptors). Finally,
immunoreactive bands were visualized by chemilumines-
cence and quantified by densitometry using a computer-
based imaging system (MultiGauge Fujifilm, France).
Western blots were normalized to house-keeping pro-
tein (HSC 70: constitutive isoform of heat shock protein
70) and expressed in percentage of control values.

Data analysis

Animal characteristics and myocardial protein expression
were compared by use of 1-way ANOVA, followed by a
Fisher LSD post-hoc analysis. The temporal responses of
HR and functional cardiac parameters to training were
analyzed with ANOVA for repeated measures and Fisher
LSD post-hoc analysis. Isoproterenol dose-response rela-
tionships were compared by ANOVA for repeated
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measures, followed by 1-way ANOVA and Fisher LSD
post-hoc analysis at each isoproterenol concentration. All
analyses were performed on Statistica 7.1 (Statsoft,
France). A level of p <0.05 was selected to indicate statisti-
cal significance. All values were expressed as mean + SEM.

Results

Animal characteristics

The general characteristics of the rats at time of sacrifice
are reported in table 1. As expected, the level of blood
glucose was much higher in sedentary diabetic rats than
in control rats (p <0.001). Training reduced the levels of
blood glucose, which was lower in trained diabetic rats
than in their sedentary counterparts (p <0.001). At the
end of the study, body weights were significantly reduced
in both sedentary and trained diabetic rats, relative to
sedentary control rats (p <0.00I). Sedentary control rats
had significantly higher body weights than trained con-
trol rats (p <0.05), whereas sedentary diabetic rats had
significantly lower body weights than trained diabetic
rats (p <0.05). Similarly, diabetes induced a pronounced
reduction in the left ventricular weight of both sedentary
and trained rats, relative to controls (p <0.001). With
regard to left ventricular muscle/body weight ratio, no
evidence of cardiac hypertrophy was observed following
the treadmill training program.

Exercise training induces a higher increase in citrate

synthase activity in diabetic rats than in control rats

To determine the training program effectiveness, we
measured the CS activity, an index of skeletal muscle oxi-
dative capacity. Gastrocnemius CS activity is significantly
increased in trained rats compared with their respective
sedentary counterparts (TD, 100 £ 9 vs SD 61 + 6
(p <0.005), and TC, 69 + 4 vs SC, 56 + 1 (p <0.05) pmol.
mL".min"".g tissue'). This increase of CS activity leads
to the conclusion that the training program is efficient.
Moreover, trained diabetic animals exhibited a higher
increase in CS activity than trained control animals (TD,

Table 1 General characteristics of animals
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+56% vs TC, +24%). These results suggest that the train-
ing program used in the present study required more
effort (was a more intense exercise program) for the dia-
betic rats than the normal rats, certainly because diabetes
severely depresses physical fitness [21,26]. Moreover, in
this study, the increase in CS activity in trained diabetic
rats is higher than in diabetic rats exposed to moderate
exercise training [3]. Such results lead to defining this
training program as intense exercise training for diabetic
rats and moderate exercise training for healthy rats.

In diabetic rats, intense exercise training does not restore
basal cardiac function

In vivo heart rate - Diabetes induced an in vivo brady-
cardia because sedentary diabetic rats had significant
lower in vivo HR compared to sedentary control rats
(p <0.001) (Table 2). Exercise training decreased the
in vivo HR in both control and diabetic rats compared
to their respective sedentary counterparts (p <0.01).

Intrinsic heart rate - Diabetes also induced an intrinsic
bradycardia. Intrinsic HR was = 50 bpm lower in seden-
tary diabetic rats than in sedentary control rats
(p <0.05) (Figure 1A). Exercise training had no signifi-
cant effect on the intrinsic diabetic bradycardia. Simi-
larly, no significant effect of exercise training was
observed in intrinsic HR of control rats.

Intrinsic contraction and relaxation functions - Diabetes
caused a decline in cardiac basal function (Figures 1B-F).
Whereas LVDP and LVEDP were not significantly altered,
the RPP as well as the respective contraction and
relaxation indexes (+ dP/dt) were significantly lower in
sedentary diabetic rats compared to sedentary control rats
(p <0.05). Exercise training had no significant effect on all
these parameters whatever the group, control or diabetic.

In diabetic rats, intense exercise training decreases the
myocardial responsiveness to isoproterenol stimulation
Isoproterenol significantly increased HR, LVDP, RPP
and = dP/dt in all groups (Figure 1). Nevertheless,

Sedentary controls Trained Sedentary diabetics Trained
(n = 34) controls (n = 35) diabetics
(n = 20) (n = 28)
BW (9) 504.1 + 63 4783 £ 103 * 2931 + 114 *+ 3302 + 114 *t+
HW (mg) 12635+ 313 12443 + 40.7 861.8 + 46.8*t 946.7 + 34.5%
LVW (mg) 1106.0 £ 42.1 1104.8 + 487 7417 £ 41.0%F 8786 + 53.5%t%
HW/BW (mg/q) 25+ 0.1 2.7 0.1 34+ 0.1 29 £ 0.1%
LVW/BW (mg/g) 22 £ 0.1 23+03 26+ 0.1%t 26 + 0.1%
Blood glucose 1287 + 3.7 1243 £ 3.7 556.2 + 13.6%t 4974 + 238*t+
(mg/dl)

BW indicates body weight; HW, heart weight; LVW, left ventricular weight; HW/BW, heart/body weight; LVW/BW, left ventricular/body weight. Data are presented
as mean + SEM. *= significantly different from sedentary control rats (p <0.05), t = significantly different from trained control rats, = significantly different

sedentary diabetic rats (p <0.05).
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Table 2 In vivo tail cuff data

Heart Rate (bpm)

T1 T2
Sedentary controls 412 £ 21 387 +9
(n =34
Trained controls 423 + 12 389 +6Hn
(n = 20)
Sedentary diabetics 340 £ 9 *t 338 £ 8%t
(n =35
Trained diabetics 331 + 8 *t 310 + 8 *tf m
(n =28

Data are presented as mean + SEM. & = significant difference between T1 (at
the onset of protocol) and T2 (before the sacrifice) (p <0.05), *= significantly
different from sedentary control rats (p <0.05), t = significantly different from
trained control rats (p <0.05), ¥ = significantly different from sedentary
diabetic rats (p <0.05).

diabetes induced a rightward shift in the isoproterenol
dose-response relationships without altering the magni-
tude of the peak responses (Figure 1). Indeed, if the
threshold responses of sedentary diabetic rat hearts were
obtained for 1.10”7 M dose as sedentary control rats,
their peak responses were obtained for 1.10° M dose.
Exercise training amplified the rightward shift in dia-
betic rats whereas it induced a leftward shift in control
rats. Indeed, in trained diabetic rats, 1.10”7 M dose had
no effect on HR, LVDP, LVEDP, RPP as well as the
respective contraction and relaxation indexes. 1.10° M
dose was needed to trigger a significant response. In
contrast, in trained control rats, 1.10° M dose was suffi-
cient to induce a significant response.

In diabetic rats, intense exercise training decreases
cardiac Bf2-adrenoceptors and normalizes 3-
adrenoceptors expression

Diabetes was associated with a down-regulation of
B1-adrenoceptors (p <0.05) and an up-regulation of
B3-adrenoceptors (p <0.005), without any change in
B2-adrenoceptors expression (Figure 2). For control rats,
exercise training decreased the expression of B1-adreno-
ceptors (p <0.01) and increased the expression of
B3-adrenoceptors (p <0.05). In diabetic rats, exercise
training exerted specific adaptations in f-adrenergic
distribution. Whereas it did not restore the f1-adreno-
ceptors expression, it displayed a significant decrease in
the B2-adrenoceptors expression (p <0.01) and normal-
ized the f3-adrenoceptors expression.

Discussion

In the present study, a multifaceted approach was used
to study for the first time the intense exercise training-
induced adaptations of cardiac function focusing on the
B-adrenergic system in diabetic rats. The major finding
of this study is that intense exercise training accentuated
the decrease in the myocardial responsiveness to
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B-adrenergic stimulation induced by diabetes. This
defect stems principally from the 2-adrenoceptors pro-
tein expression reduction. Thus, these results demon-
strate that intense exercise training induces specific
effects on the B-adrenergic system in diabetes.

Diabetes is well-known to induce pathological brady-
cardia [14]. Responsible mechanisms are complex and
multifactorial; likely associating alterations of extrinsic
and intrinsic myocardial properties. To discriminate
between the two, it is interesting to study the effects of
exercise training on the heart rate evaluated in vivo and
in Langendorff isolated perfused hearts. Whereas exer-
cise training accentuates the in vivo bradycardia in dia-
betic rats, no significant effect is observed in isolated
perfused diabetic hearts. Similar results are observed in
control rats since they only exhibit a decrease in vivo
heart rate after exercise training. These findings suggest
that exercise training program essentially affects the car-
diac extrinsic properties involved in the chronotropic
function.

As in many prior studies [27-29], diabetes causes a
decline in cardiac basal function. As for the chonotropic
function, exercise training does not affect contraction
and relaxation function parameters. Indeed, we found
that in isolated perfused hearts, the left ventricular
developed pressure, the LVEDP, the rate-pressure pro-
duct and the respective contraction and relaxation
indexes (+ dP/dt) are not modified by exercise training
whatever the group, control or diabetic. These results
suggest that exercise training has no effect on the intrin-
sic function of the heart. It is therefore likely that in
both control and diabetic rats exercise training might
modify cardiac extrinsic properties such as baroreflex
sensitivity [30], vagal tone [14,31], circulating hormonal
factors [32], or B-adrenergic function [2,3,18,33].

Literature data concerning the effects of exercise train-
ing on cardiac B-adrenergic function remains non uni-
vocal depending on the subject (healthy or pathological)
or on the exercise load (moderate or intense) [3,19,33].
As for obese rabbits [19], we hypothesized that intense
exercise training in diabetic rats might decrease myocar-
dial responsiveness to f-adrenergic stimulation. Consis-
tent with an earlier study [3], we found that diabetes
induces a rightward shift in the isoproterenol dose-
response relationships without altering the magnitude of
the peak responses. Exercise training amplifies the right-
ward shift in diabetic rats whereas it induces a leftward
shift in control rats. Thus, as previously described [34],
we found that exercise training improves the f-adrener-
gic responsiveness in healthy rat hearts. However, the
major novel is that this intense exercise training for dia-
betic rats aggravates the diabetes-induced reduction of
myocardial B-adrenergic responsiveness. These data
highlight the fact that exercise training affects differently
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Figure 1 Effect of intense exercise training on myocardial basal function and responsiveness to isoproterenol stimulation. Isoproterenol
was infused to isolated hearts of sedentary control (n = 13), trained control (n = 7), sedentary diabetic (n = 11) and trained diabetic (n = 7) rats
in ascending concentrations ranging from 1.10°® to 1.10° M. In trained control rats, 1.10°° and 1.10° M isoproterenol doses were not tested for
technical reason. Data are presented as mean + SEM. *= significantly different from sedentary controls (p <0.05), t = significantly different from
trained controls (p <0.05), ¥ = significantly different from sedentary diabetics (p <0.05).
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the myocardial responsiveness to -adrenergic stimula-
tion depending on the exercise load. Indeed, moderate
exercise training in diabetic rats has been found to also
increase the in vivo responsiveness to -adrenergic sti-
mulation [3]. In the case of obese rabbits, moderate
endurance training failed to attenuate obesity-related
decrements in myocardial responsiveness whereas
intense endurance training caused reduced responsive-
ness to isoproterenol stimulation [19].

Since it is well recognized that B-adrenoceptors redis-
tribution is a key factor able to influence the myocardial
B-adrenergic responsiveness, we further investigated the
myocardial expression of the three $-adrenoceptors sub-
types after exercise training. As previously described
[2,3,17], diabetes is associated with a down-regulation of
B1l-adrenoceptors and an up-regulation of $3-adreno-
ceptors, without any change in 2-adrenoceptors expres-
sion. For control rats, exercise training decreases the
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Figure 2 Effect of intense exercise training on B-adrenoceptors expression. Representative Western blots show steady state levels of B1-,
B2- and B3-adrenoceptors in left ventricular muscles from sedentary control (n = 8), trained control (n = 8), sedentary diabetic (n = 7) and
trained diabetic (n = 9) rat hearts. Data are presented as mean + SEM. *= significantly different from sedentary controls (p <0.09), =
significantly different from sedentary diabetics (p <0.05).

expression of Bl-adrenoceptors and increases the
expression of f3-adrenoceptors. Thus, to some extent,
exercise training induces similar adaptations in B-adre-
noceptors expression as does diabetes. These results
have been previously described [18] but underlying
responsible mechanisms still need clarification. The pre-
sent study is the first to analyze the effects of intense
exercise training in diabetic rats. We found that intense
exercise training exerts specific adaptations in B-adre-
nergic function. In a preliminary study [17], we demon-
strated that intense exercise training exerts specific
adaptations in B-adrenergic distribution. These results
are confirmed in the present study. While exercise train-
ing does not restore the f1-adrenoceptors expression, it
produced significant decreases in the f2-adrenoceptors
expression and normalized the f3-adrenoceptors expres-
sion in diabetic rats. Here also, opposite results have
been found in diabetic rats exposed to moderate exer-
cise training which restores the Pl-adrenoceptors
expression without affecting the diabetes-induced 2-
and B3-adrenoceptors redistribution [3]. These differ-
ences could probably account for a higher activation of
the sympathetic nervous system. Indeed, the exercise

training program used in this study is certainly generat-
ing an important stress, higher than that used by Bida-
see et al. [3]. This important stress might induce a
significant increase in myocardial catecholamine levels
as suggested by Zouhal et al. [35]. Thus, in diabetic rats,
the stress induced by intense exercise training could be
added to the stress induced by diabetes. Less sensitive
to catecholamines than the f1-adrenoceptors, the $2-
adrenoceptors would be negatively regulated under the
effect of this double stress [36].

This study demonstrates for the first time that in dia-
betes, intense exercise training induces specific effects on
the Pf-adrenergic system. These specific effects are
characterized by an aggravation of the reduced myocardial
B-adrenergic responsiveness induced by diabetes and a
particular redistribution of -adrenoceptors, more specifi-
cally the appearance of a reduction in the f2-adrenocep-
tors expression and a normalization of f3-adrenoceptors
expression. The corrective effect of exercise training on
3-adrenoceptors expression in diabetic rats and its func-
tional consequences remain to be clarified. To date, the
3-adrenoceptors-mediated signalling pathways are less
documented and further investigations will be required to
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define the effects of intense exercise training on diabetic
cardiac functions linked to 33-adrenoceptors.

Nevertheless, our results strongly suggest that the
intense exercise training-induced accentuation of the
reduced myocardial B-adrenergic responsiveness in dia-
betic rats stems principally from the reduction in B2-
adrenoceptors expression.

Only hypotheses might be advanced to determine the
clinical implications of these specific adaptations. As the
B2-adrenoceptors stimulation has been demonstrated to
be arrhythmogenic in both failing human ventricular
cardiomyocytes and failing canine myocytes [37,38] as
well in rabbit heart failure myocytes [39], we hypothe-
sized that the effects of exercise training on the 2-adre-
noceptors function in diabetic rat hearts might be
protective. In dogs with elevated susceptibility to ventri-
cular fibrillation, Billman et al. [40] and Hollycross et al.
[41] found that intense exercise training attenuates myo-
cardial responsiveness to $2-adrenergic stimulation. The
authors suggested that this specific adaptation prevented
ventricular fibrillation. Future studies should be planned
to investigate the specific effects of intense exercise
training on the B2-adrenergic responsiveness in diabetic
rat hearts and to evaluate the clinical implications.

Study Limitations

The interpretability of our study is limited in several
ways. First, the 1.10”7 M isoproterenol dose was most
likely extreme for trained control rats. This dose elicited
an irreversible effect on myocardial function of this
group which failed to test the next dose. Thus, due to
this technical difficulty, we were not able to study the
response of trained control rat heart to 1.10° and 1.10
M doses as in diabetic ones. The reason for this effect is
not clear at this time; further studies are required to
elucidate this point. Second, we did not examine myo-
cardial microcirculation. However, pulmonary hyperten-
sion and myocardial blood flow reserve alteration seem
to be important factors in myocardial disease in diabetes
[42,43]. It has been demonstrated that diabetes induces
a functional alteration of the myocardial microcircula-
tion that may explain the left ventricular systolic dys-
function observed in diabetic animals [42]. Thus, it will
be interesting to study the effects of exercise training on
the myocardial microcirculation and the consequences
on the cardiac function of diabetic rats.

Conclusions

In conclusion, this study demonstrates that intense exer-
cise training induces specific effects on the B-adrenergic
system in diabetic rat hearts. Intense exercise training
decreases the myocardial responsiveness to isoproterenol
stimulation and produces a decrease in cardiac f2-adre-
noceptors expression. The clinical implications will
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however need to be clarified although we can assume
that these specific adaptations could protect the diabetic
heart against the risk of arrhythmia during intense exer-
cise training.

Acknowledgements

We gratefully thank Pr Eric Bellisant for his hospitality, and the Biostatistical
PhD Audrey Lavenu for her statistical assistance, from the laboratory of
Pharmacology (Faculty of Medicine, Rennes 1, France). We thank Mrs
Catherine Lemeslif and Christine Dutais from the laboratory of Medical
Physiology (Faculty of Medicine, Rennes 1, France) for their technical
assistance. We also thank Dr Jean Philippe Fons (English department,
University of Rennes 2, France) and Dawn C. Harrison (School of Clinical
Sciences, University of Liverpool, UK) for their helpful advice for the English
translation.

Author details

"Laboratory « Movement Sport and health Sciences », UFR APS, University of
Rennes 2, Rennes, France. 2\NSERI\/\, U642; University Rennes 1, LTSI; INSERM -
CIC-IT 804; CHU Rennes, Department of Biology and Sports Medicine service
of functional explorations, Rennes, France.

Authors’ contributions

SLDL was responsible for the design conception of the experiments,
collection, analysis and interpretation of the data, and drafting of the
manuscript. AGD was responsible for the interpretation of the data and
drafting of the manuscript. LM, SV, MSZ, SLM, and HZ were responsible for
exercise training protocol. PD supervised the study. FC helped to interpret
the data and to draft the manuscript. FRB was responsible for the design
conception of the experiments, interpretation of the data, and drafting of
the manuscript. All authors have read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 16 July 2010 Accepted: 5 November 2010
Published: 5 November 2010

References

1. Fein FS: Diabetic cardiomyopathy. Diabetes Care 1990, 13(11 Suppl
4):1169-1179.

2. Dinger UD, Bidasee KR, Guiner S, Tay A, Ozcelikay T, Altan MV: The effect of
diabetes on expression of B1-, 2-, and 3-adrenoreceptors in rats
hearts. Diabetes 2001, 50:455-461.

3. Bidasee KR, Zheng H, Shao CH, Parbhu SK, Rozanski GJ, Patel KP: Exercise
training initiated after the onset of diabetes preserves myocardial
function: effects on expression of B-adrenoceptors. J Appl Physiol 2008,
105(3):907-14.

4. Amour J, Loyer X, Le Guen M, Mabrouk N, David JS, Camors E, Carusio N,
Vivien B, Andriantsitohaina R, Heymes C, Riou B: Altered contractile
response due to increased beta3-adrenoceptor stimulation in diabetic
cardiomyopathy: the role of nitric oxide synthase 1-derived nitric oxide.
Anesthesiology 2007, 107(3):452-60.

5. Bidasee KR, Nallani K, Henry B, Dincer D, Besch HR: Chronic diabetes alters
function and expression of ryanodine receptor calcium-release channels
in rat hearts. Mol Cell Biochem 2003, 249:113-123.

6. Op den Buijs J, Miklos Z, Van Riel NAW, Prestia CM, Szenczi O, Toth A, Van
der Vusse GJ, Szabo C, Ligeti L, Ivanics T: B-adrenergic activation reveals
impaired cardiac calcium handling at early stage of diabetes. Life
Sciences 2005, 76:1083-1098.

7. Rozec B, Gauthier C: Beta3-adrenoceptors in the cardiovascular system:
putative roles in human pathologies. Pharmacol Ther 2006, 111(3):652-673.

8. Gulve EA: Exercise and glycemic control in diabetes: benefits, challenges,
and adjustments to pharmacotherapy. Physical Therapy 2008,
88(11):1297-1321.

9. Lehmann R, Kaplan V, Bingisser R, Bloch KE, Spinas GA: Impact of physical
activity on cardiovascular risk factors in IDDM. Diabetes Care 1997,
20(10):1603-1611.


http://www.ncbi.nlm.nih.gov/pubmed/2261838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11272160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11272160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11272160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18583384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18583384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18583384?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17721248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17721248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17721248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12956406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12956406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12956406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15620573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15620573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16480771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18801852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18801852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9314643?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9314643?dopt=Abstract

Lahaye et al. Cardiovascular Diabetology 2010, 9:72
http://www.cardiab.com/content/9/1/72

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Riddell MC, Iscoe KE: Physical activity, sport, and pediatric diabetes.
Pediatric Diabetes 2006, 7(1):60-70.

Heyman E, Toutain C, Delamarche P, Berthon P, Briard D, Youssef H,
Dekerdanet M, Gratas-Delamarche A: Exercise training and cardiovascular
risk factors in type 1 diabetic adolescent girls. Pediatric Exercise Science
2007, 19(4):408-419.

Broderick TL, Poirier P, Gillis M: Exercise training restores abnormal
myocardial glucose utilization and cardiac function in diabetes. Diabetes
Metab Res Rev 2005, 21:44-50.

DeBlieux PMC, Barbee RW, McDonough KH, Shepherd RE: Exercise training
improves cardiac performance in diabetic rats. Proc Soc Exp Biol Med
1993, 203(2):209-213.

De Angelis KLD, Oliveira AR, Dall Ago P, Peixoto LRA, Gadonski G,

Lacchini S, Fernandes TG, Erigoyen MC: Effects of exercise training on
autonomic and myocardial dysfunction in streptozotocin-diabetic rats.
Brazilian J Med Biol Res 2000, 33:635-641.

Loganathan R, Bilgen M, Al-Hafez B, Zhero SV, Alenezy MD, Smirnova IV:
Exercise training improves cardiac performance in diabetes: in vivo
demonstration with quantitative cine-MRI analyses. J Appl Physiol 2007,
102:665-672.

Shao CH, Wehrens XH, Wyatt TA, Parbhu S, Rozanski GJ, Patel KP,

Bidasee KR: Exercise training during diabetes attenuates cardiac
ryanodine receptor dysregulation. J Appl Physiol 2009, 106(4):1280-92.

Le Douairon Lahaye S, Gratas-Delamarche A, Malardé L, Carré F, Rannou
Bekono F: 8 weeks of intense endurance training decrease 32-
adrenoceptors in heart of diabetic rat. Sciences & sport .

Barbier J, Rannou-Bekono F, Marchais J, Berthon PM, Delamarche P, Carré F:

Effect of training on B1 2 B3 adrenergic and M2 muscarinic receptors
in rats heart. Med Sci Sports Exerc 2004, 36(6):949-954.

Carroll JF, Thaden JJ, Wright AM: A comparison of two exercise training
programs on cardiac responsiveness to 3-stimulation in obesity. Exp Biol
Med 2005, 230:180-188.

Broderick TL, St-Laurent R, Rousseau-Migneron S, Tancrede G, Nadeau A:
Beneficial effect of exercise training on cardiac long-chain acylcarnitine
levels in diabetic rats. Diabetes Res 1990, 14:33-36.

Rodrigues B, Figueroa DM, Mostarda CT, Heeren MV, Irigoyen MC, De
Angelis K: Maximal exercise test is a useful method for physical capacity
and oxygen consumption determination in streptozotocin-diabetic rats.
Cardiovasc Diabetol 2007, 6:38-44.

Lemoine S, Granier P, Tiffoche C, Berthon PM, Rannou-Bekono F,

Thieulant ML, Carré F, Delamarche P: Effect of endurance training on
oestrogen receptor alpha transcripts in rat skeletal muscle. Acta Physiol
Scand 2002, 174(3):283-289.

Barbier J, Rannou-Bekono F, Marchais J, Tanguy S, Carré F: Alterations of
beta3-AR expression and their myocardial functional effects in
physiological model of chronic exercise-induced cardiac hypertrophy.
Mol Cell Biochem 2007, 300(1-2):69-75.

MacDonnell SM, Kubo H, Crabbe DL, Renna BF, Reger PO, Mohara J,
Smithwick LA, Koch WJ, Houser SR, Libonati JR: Improved myocardial B-
adrenergic responsiveness and signaling with exercise training in
hypertension. Circulation 2005, 111:3420-3428.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with
the Folin phenol reagent. J Biol Chem 1951, 193:265-275.
Gratas-Delamarche A, Heyman E: Effects of type 1 diabetes and of
training on physical fitness. Science & Sports 2006, 21:57-61.

Fein FS, Kornstein LB, Strobeck JE, Capasso JM, Sonnenblick EH: Altered
myocardial mechanics in diabetic rats. Circ Res 1980, 47:922-933.
Penpargkul S, Schaible T, Yipintsoi T, Scheuer J: The effect of diabetes on
performance and metabolism of rat hearts. Circ Res 1980, 47:911-921.
Pierce GN, Dhalla NS: Mechanisms of the defect in cardiac myofibrillar
function during diabetes. Am J Physiol 1985, 248:E170-E175.

Harthmann AD, De Angelis K, Costa LP, Senador D, Schaan BD, Krieger EM:
Exercise training improves arterial baro- and chemoreflex in control and
diabetic rats. Autonomic Neuroscience: Basic and Clinical 2007, 133:115-120.
De Angelis K, Wichi RB, Moreira ED, Morris M, Krieger E, Irigoyen MC:
Exercise training changes autonomic cardiovascular control balance in
mice. J Appl Physiol 2004, 96(6):2174-2178.

Takeda N, Dominiak P, Turck D, Rupp H, Jacob R: The influence of
endurance training on mechanical catecholamine responsiveness, -
adrenoceptor density and myosin isoenzyme pattern of rat ventricular
myocardium. Basic Res Cardiol 1985, 80:88-99.

Page 9 of 9

33, Heller BA, Paulson DJ, Kopp S, Peace DG, Tow JP: Depressed in vivo
myocardial reactivity to dobutamine in streptozotocin diabetic rats:
influence of exercise training. Cardiovasc Research 1988, 22:417-424.

34, Jost J, Weiss M, Weicker H: Sympathoadrenergic regulation and the
adrenoceptor system. J Appl Physiol 1990, 68(3):897-904.

35, Zouhal H, Jacob C, Delamarche P, Gratas-Delamarche A: Catecholamines
and the effects of exercise, training and gender. Sports Med 2008,
38:401-423.

36. Kaumann AJ: Four beta-adrenoceptor subtypes in the mammalian heart.
Trends Pharmacol Sci 1997, 18(3):70-6.

37. Altschuld RA, Starling RC, Hamlin RL, Billman GE, Hensley J, Castillo L,
Fertel RH, Hohl CM, Robitaille PM, Jones LR, Xiao RP, Lakatta EG: Response

of failing canine and human heart cells to beta 2-adrenergic stimulation.

Circulation 1995, 92(6):1612-1618.

38, Billman GE, Castillo LC, Hensley J, Hohl CM, Altschuld RA: Beta2-adrenergic
receptor antagonists protect against ventricular fibrillation: in vivo and
in vitro evidence for enhanced sensitivity to beta2-adrenergic
stimulation in animals susceptible to sudden death. Circulation 1997,
96(6):1914-1922.

39. DeSantiago J, Ai X, Islam M, Acuna G, Ziolo MT, Pogwizd SM:
Arrhythmogenic effects of B2-Adrenergic stimulation in the failing heart
are attributable to enhanced sarcoplasmic reticulum Ca2+ load. Circ Res
2008, 102:1389-1397.

40. Billman GE, Kukielka M, Kelley R, Moustafa-Bayoumi M, Altschuld RA:
Endurance exercise training attenuates cardiac B2-adrenoceptor
responsiveness and prevents ventricular fibrillation in animals
susceptible to sudden death. Am J Physiol Heart Circ Physiol 2006, 290:
H2590-H2599.

41, Holycross BJ, Kukielka M, Nishijima Y, Altschuld RA, Carnes CA, Billman GE:
Exercise training normalizes beta-adrenoceptor expression in dogs
susceptible to ventricular fibrillation. Am J Physiol Heart Circ Physiol 2007,
293(5):H2702-27009.

42. Cosyns B, Droogmans S, Hernot S, Degaillier C, Garbar C, Weytjens C,
Roosens B, Schoors D, Lahoutte T, Franken TR, Van Camp G: Effect of
streptozotocin-induced diabetes on myocardial blood flow reserve

assessed by myocardial contrast echocardiography in rats. Cardiovascular

diabetology 2008, 7:26-35.
43. Gurney AM, Howarth FC: Effects of streptozotocin-induced diabetes on

the pharmacology of rat conduit and resistance intrapulmonary arteries.

Cardiovascular diabetology 2009, 8:4-13.

doi:10.1186/1475-2840-9-72

Cite this article as: Lahaye et al. Intense exercise training induces
adaptation in expression and responsiveness of cardiac
B-adrenoceptors in diabetic rats. Cardiovascular Diabetology 2010 9:72.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/16489976?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18089908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18089908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15386820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15386820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8502662?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8502662?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17082374?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17082374?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19131475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19131475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15179163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15179163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2134663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2134663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18078520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18078520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11906328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11906328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17131040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17131040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17131040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15967848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15967848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15967848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14907713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14907713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7438339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7438339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7002345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7002345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3155918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3155918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14729725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14729725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2985041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2985041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2985041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2985041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2341355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2341355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18416594?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18416594?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9133774?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7664448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7664448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9323081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9323081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9323081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9323081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18467626?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18467626?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16387787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16387787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16387787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17720768?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17720768?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18764943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18764943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18764943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19159454?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19159454?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Chemicals and drugs
	Experimental models
	Induction of experimental streptozotocin-induced diabetes
	Training protocol
	Citrate synthase activity
	In vivo heart rate recordings
	Isolated rat heart preparation
	Protein assay
	Western blot analysis
	Data analysis

	Results
	Animal characteristics
	Exercise training induces a higher increase in citrate synthase activity in diabetic rats than in control rats
	In diabetic rats, intense exercise training does not restore basal cardiac function
	In diabetic rats, intense exercise training decreases the myocardial responsiveness to isoproterenol stimulation
	In diabetic rats, intense exercise training decreases cardiac β2-adrenoceptors and normalizes β3-adrenoceptors expression

	Discussion
	Study Limitations

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

