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Abstract

Several investigators have demonstrated that diabetes is associated
with autonomic and myocardial dysfunction. Exercise training is an
efficient non-pharmacological treatment for cardiac and metabolic
diseases. The aim of the present study was to investigate the effects of
exercise training on hemodynamic and autonomic diabetic dysfunc-
tion. After 1 week of diabetes induction (streptozotocin, 50 mg/kg, iv),
male Wistar rats (222 = 5 g, N = 18) were submitted to exercise
training for 10 weeks on a treadmill. Arterial pressure signals were
obtained and processed with a data acquisition system. Autonomic
function and intrinsic heart rate were studied by injecting methylatropine
and propranolol. Left ventricular function was assessed in hearts
perfused in vitro by the Langendorff technique. Diabetes (D) brady-
cardia and hypotension (D:279+9 bpm and 91 + 4 mmHg vs 315+ 11
bpm and 111 + 4 mmHg in controls, C) were attenuated by training
(TD: 305+ 7 bpm and 100 +£ 4 mmHg). Vagal tonus was decreased in
the diabetic groups and sympathetic tonus was similar in all animals.
Intrinsic heart rate was lower in D (284 + 11 bpm) compared to C and
TD (390 + 8 and 342 + 14 bpm, respectively). Peak systolic pressure
developed at different pressures was similar for all groups, but +dP/dt
max was decreased and -dP/dt max was increased in D. In conclusion,
exercise training reversed hypotension and bradycardia and improved
myocardial function in diabetic rats. These changes represent an
adaptive response to the demands of training, supporting a positive
role of physical activity in the management of diabetes.
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Diabetes is a chronic metabolic disorder
associated with secondary complications in
the cardiovascular system and autonomic
control in humans and animals (1-4). Higher
morbidity and mortality have been observed

in symptomatic patients with diabetes melli-
tus and with autonomic neuropathy (5). In
rats, degenerative changes in autonomic neu-
rons were observed from 3 days to several
weeks after streptozotocin (STZ) injection
(6,7). In our laboratory, we observed that 5
days after diabetes induction with STZ, rats
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presented lower arterial pressure (AP) and
heart rate (HR), as well as a reduction in
intrinsic HR (IHR) and in vagal tonus, sug-
gesting early autonomic dysfunction (2,8).
Those changes in AP, HR and autonomic
function, evaluated by AP variability, were
reversible by chronic insulin treatment (3).
Studies on animals and humans have shown
that diabetic subjects exhibit depressed myo-
cardial contractile performance, particularly
under stress conditions such as enhanced
workload (1,4).

In our laboratory, exercise training ap-
plied to young and aged normotensive and
young hypertensive rats improved cardio-
vascular and autonomic control (9,10). More-
over, we demonstrated that physical activity
enhanced the peripheral action of insulin in
aged normotensive and hypertensive rats
(9,11). Exercise training has also been shown
to limit the depression in myocardial pump
function in diabetic subjects (12-14). How-
ever, there are few data in the literature
about the effects of exercise on autonomic
and hemodynamic function in experimental
diabetes. In the present study, we evaluated
changes induced by exercise training in AP,
HR and autonomic control, as well as in
myocardial function in STZ-diabetic rats.

Material and Methods

Experiments were performed on 18 male
Wistar rats (222 = 5 g) from the Animal
House of Universidade Federal do Rio Gran-
de do Sul, Porto Alegre, RS, Brazil, receiv-
ing standard laboratory chow and water ad
libitum. The animals were housed in indi-
vidual cages in a temperature-controlled room
(22°C) with a 12-h dark-light cycle. All sur-
gical procedures and protocols used were in
accordance with the Guidelines for Ethical
Care of Experimental Animals and were ap-
proved by the International Animal Care and
Use Committee.

The rats were randomly assigned to one
of three groups: sedentary control (C, N=5),
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sedentary diabetic (D, N = 6) or trained
diabetic (TD, N = 7). Animals were made
diabetic by a single injection of STZ (50 mg/
kg, iv; Sigma Chemical Co., St. Louis, MO,
USA) dissolved in citrate buffer, pH 4.5.
Rats were fasted overnight before STZ injec-
tion.

The animals were submitted to low-in-
tensity exercise training (50% VO, max) one
week after diabetes induction on a treadmill
twice a day (one hour each time), 5 days a
week for 10 weeks, with gradually progres-
sion to a speed of 31 m/min, as described in
detail elsewhere (15).

After the last training session, two cath-
eters filled with 0.06 ml saline were im-
planted under ether anesthesia into the femo-
ral artery and vein (PE-10) for direct meas-
urements of AP and drug administration,
respectively. Rats receiving food and water
ad libitum were studied 1 day after catheter
placement; the rats were conscious and al-
lowed to move freely during experiments.
The arterial cannula was connected to a strain-
gauge transducer (P23Db, Gould-Statham,
Oxnard, CA, USA), and blood pressure sig-
nals were recorded over a 20-min period by
a microcomputer equipped with an analog-
to-digital converter board (CODAS, 1-kHz
sampling frequency, Dataq Instruments, Inc.,
Akron, OH, USA). The recorded data were
analyzed on a beat-to-beat basis to quantify
changes in mean AP and HR.

Vagal and sympathetic tonus and IHR
were studied (2) by injecting methylatropine
(3 mg/kg, iv; Sigma) and propranolol (4 mg/
kg, iv; Sigma) in a maximal volume of 0.2 ml
per injection. Resting HR was recorded while
the rats were in their cages in an unrestrained
state and methylatropine was injected imme-
diately after the recording. Because the HR
response to these drugs reaches its peak
within 10 to 15 min (2), this time interval
was allowed to elapse before HR measure-
ment. Propranolol was injected 15 min after
methylatropine, and again the response was
evaluated after simultaneous blockade with
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propranolol and methylatropine. On the sub-
sequent day, the sequence of injections was
inverted, first propranolol and then methylat-
ropine. I[HR was evaluated after simulta-
neous blockade with propranolol and meth-
ylatropine. Sympathetic tonus was deter-
mined as the difference between maximum
HR after methylatropine injection and IHR.
Vagal tonus was obtained by the difference
between the lowest HR after propranolol
injection and IHR.

After the hemodynamic measurements
the rats were killed by a blow to the neck.
The chest was opened and the heart excised
and perfused using a Langendorff system.
The aorta was retroperfused with a modified
Krebs solution (120 mM NacCl, 5.4 mM KCl,
1.8 mM MgCl,, 1.25 mM CaCl,, 27 mM
NaHCOj;, 2 mM NaH,COs3, 1.8 mM Na,SO,,
and 11 mM glucose), pH 7.4. The solution
was maintained at 37°C, gassed with 95% O,
and 5% CO, and used for perfusion at a
constant flow (11 ml/min). A latex balloon
filled with water and connected to a pressure
transducer (Isotec P23 XL - Hugo Sachs
Elektroniks, March, Freiburg, Germany) was
placed inside the left ventricle. The signals
were processed using an analogic-digital con-
version system including a microcomputer
(IBM - PC 486), an analogic-digital con-
verter board and an Isoheart software (Hugo
Sachs Elektroniks). A stabilization period of
30 min was allowed to elapse for standardi-
zation of cardiac function. After stabiliza-
tion, the balloon volume was adjusted to
generate a diastolic pressure of 0 mmHg.
The pressure was increased in steps of 10
mmHg at 5-min intervals, reaching 10, 20,
30, 40 and 50 mmHg. The variables ana-
lyzed for each diastolic pressure used were
left ventricular systolic pressure, maximum
rate of rise (+dP/dt max) and maximum rate
of fall (-dP/dt max).

Body weight was monitored each week
during the period of physical activity. Blood
samples were collected at rest in the fasting
state one week after diabetes induction.

Plasma glucose was measured by a colori-
metric enzymatic test (Enz Color, Bio
Diagnostica, Piraquara, PR, Brazil).

Data are reported as means = SEM, and
two-way ANOVA was used to compare
groups, followed by the Student-Newman-
Keuls test. Correlation was determined by
linear regression analysis.

Results

All rats given STZ developed severe hy-
perglycemia (479 + 8 for the D group and
467 = 17 mg/dl for the TD group) compared
with controls (125 + 7 mg/dl). Body weight
was reduced in both diabetic groups as com-
pared with sedentary control (329 + 16 g)
(P<0.01). Trained diabetic rats (241 = 11 g)
showed an increase in body weight com-
pared with sedentary diabetic rats (195 + 15
g) (P<0.04).

As can be seen in Table 1, exercise train-
ing induced attenuation in diabetic hypoten-
sion and bradycardia. Figure 1A shows the
control HR, IHR and HR responses to drug
blockade. Sedentary diabetic rats presented
lower basal AP values than sedentary con-
trol animals. No differences were observed
between trained diabetic rats and sedentary
groups. Basal evaluations of HR showed
bradycardia in the STZ sedentary group (279
+ 9 bpm) compared with the STZ trained and
sedentary control groups (305 + 7, P<0.04
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Table 1 - Cardiovascular characterization of sedentary and trained diabetic rats. Data
are reported as means + SEM. *P<0.05 compared to sedentary control rats; *P<0.05
compared to sedentary diabetic rats (Student t-test). SAP = Systolic arterial pressure;
MAP = mean arterial pressure; DAP = diastolic arterial pressure; HR = heart rate; IHR =

intrinsic heart rate.

Sedentary control  Sedentary diabetic

Trained diabetic

SAP (mmHg) 131 + 11 105 + 4* 116 + 5
MAP (mmHg) 111 + 4 91 + 4* 100 + 4
DAP (mmHg) 94 + 4 76 = 2* 84 + 35
HR (bpm) 315 + 11 279 £ 9* 305 + 7*
IHR (bpm) 390 + 8 284 + 11* 342 + 14**
Vagal tonus (bpm) 75 += 15 25 + 6% 35 + 4*
Sympathetic tonus (bpm) 46 + 12 63 = 13 42 + 10
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Figure 1 - A, Graphs showing in-
trinsic heart rate (IHR), sympa-
thetic (ST) and vagal tonus (VT)
in sedentary control, sedentary
diabetic and trained diabetic rats.
Arrows indicate basal heart rate
(HR). Data are reported as
means + SEM. *P<0.05 com-
pared to sedentary control rats;
*P<0.05 compared to sedentary
diabetic rats (ANOVA). B, Posi-
tive relationship between rest-
ing HR and IHR expressed by
linear regression line (r = 0.74) in
the diabetic groups (P<0.04).
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and 315 + 11 bpm, P<0.03). The IHR ob-
tained after methylatropine and propranolol
blockade was significantly lower in seden-
tary diabetic (284 + 11 bpm) than in trained
diabetic and control rats (342 + 14, P<0.01
and 390 + 8 bpm, P<0.00). A significant
reduction in IHR was observed in trained
diabetic rats compared to control animals
(P<0.02). A positive correlation determined
by linear regression was found between rest-
ing HR and IHR, showing higher HR values
athigher IHR (r=0.74, P<0.04) (Figure 1B).
Vagal tonus was decreased in diabetic rats
compared to sedentary control rats and sym-
pathetic tonus was similar for all groups
(Table 1).

The left ventricular function obtained for
the various groups is shown in Figure 2,
where pooled results of total left ventricular
isovolumetric systolic pressure are plotted
against left ventricular diastolic pressure. It
can be seen that the increase in isovolumet-
ric systolic pressure as a function of diastolic
pressure was similar in control, diabetic and
trained diabetic rats. Isolated hearts from
sedentary control and trained diabetic rats
developed a reduced maximum rate of rise
(+dP/dt max) and an increased maximum
rate of fall (-dP/dt max) compared to isolated
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hearts from sedentary diabetic rats (P<0.05).
The overall spontaneous HR was not signif-
icantly altered by diabetes or training. HR
for the three groups (bmp) was as follows:
controls, 201 + 22; diabetic rats, 170 + 34;
trained diabetic rats, 204 + 25.

Discussion

The present study confirms our prelimi-
nary findings that STZ diabetes induces hy-
potension, bradycardia and autonomic dys-
function. Also, we observed decreased myo-
cardial function in sedentary diabetic rats
(2,3). However, the major finding of this
investigation is that exercise training im-
proves diabetes-induced dysfunction. Jack-
son and Carrier (16) suggested that the de-
crease in AP may be the result of a decreased
cardiac output in diabetic sedentary rats due
to hypovolemia caused by hyperglycemic
osmotic diuresis. However, Cohen et al. (17)
observed that these animals were polyuric
with a high urine flow, reflecting the osmotic
diuretic effects of glucose. The hypotension
observed in the sedentary diabetic group
may also have been due to an increase in
parasympathetic outflow, although Maeda
etal. (2) and the present data demonstrated a
decrease in vagal function, suggesting that
changes in AP are not related to an increase
in parasympathetic outflow. Previous stud-
ies have shown that exercise training im-
proves cardiac outputin diabetic rats (12,13).
Exercise also improves glucose homeosta-
sis, reducing the glucose/insulin ratio and
increasing insulin sensitivity (9,11). More-
over, exercise not only attenuates the reduc-
tionin myocardial GLUT-4 transporters (18)
butalso increases sarcolemmal GLUT-4 pro-
tein in diabetic rats (14). Insulin plays a
critical role in this process since GLUT-4
depression and hemodynamic changes were
reversed by insulin treatment (3,19). These
metabolic effects may have contributed to
AP normalization in trained diabetic rats.

Reduction in HR in sedentary diabetic
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animals has been attributed to changes in the
sinoatrial node (2,20), although functional
alterations in the cholinergic mechanism can-
not be excluded as a causal factor. In the
present study we observed an increase in
resting HR in trained diabetic rats that was
correlated with changes in IHR (r = 0.74),
confirming the important role of the sinoatrial
node in changes in HR in experimental dia-
betes. In contrast, previous studies have dem-
onstrated that exercise training decreases
resting HR in normotensive rats (21) and
humans. The decreased IHR previously ob-
served in our laboratory in trained control
rats (11,21) as well as a decreased sympa-
thetic tonus in spontaneously hypertensive
rats after training may be the mechanisms
involved in exercise bradycardia (10). In the
present experiments we did not observe
changes in sympathetic tonus between
groups, suggesting that the increase in rest-
ing HR in trained diabetic rats may be related
to the improvement of intrinsic pacemaker
regulation. The reduction in vagal tonus in-
dicated a reduction of vagal function in rats
with STZ-induced diabetes, probably related
to vagal cardiac neuropathy, since a decrease
in acetylcholine concentration (22) and a
defect in cardiac cholinergic nerves (23)
were described. Exercise training did not
modify the changes in parasympathetic func-
tion of diabetic rats, although a slight in-
crease in vagal tonus was observed in trained
rats. Impairment of vagal function evaluated
by the reduced bradycardia elicited by in-
creasing AP or electrical vagal stimulation
was observed in normal rats after exercise
training (21).

The hemodynamic changes induced by
diabetes are usually accompanied by myo-
cardial abnormalities in patients (1) and ex-
perimental animals (4,13). Although in the
present study we did not find differences in
left ventricular isovolumetric systolic pres-
sure between groups, cardiac contractility
and relaxation, respectively represented by
+dP/dt and -dP/dt, were all reduced in hearts

isolated from STZ-treated rats, particularly
at left ventricular diastolic pressures higher
than 10 mmHg. These findings are in agree-
ment with the results reported by DeBlieux
et al. (13) showing a slight reduction in
cardiac output and no changes in other indi-
ces of cardiac work in diabetic rats. How-
ever, reduction in myocardial performance
has been previously reported (12) and sev-
eral authors (24,25) have demonstrated that
these changes may be related not only to
depressed myosin ATPase but also to de-
creased calcium uptake by the sarcoplasmic
reticulum (13). However, the most impres-
sive finding in the present study is that exer-
cise training reverses the changes in contrac-
tile properties of the heart induced by STZ-
diabetes in rats. Paulson et al. (26) reported
that exercise training improved cardiac func-
tion in diabetic animals by decreasing the
severity of the diabetic state. In the present
study the increase in body weight in trained
rats seems to indicate metabolic changes.

B R e
o O N b
S © ©o ©

P2
o O

Systolic pressure (mmHg)

N
o

0 10 20 30 40 50
Diastolic pressure (mmHg)

1600 J
2
5 . ey
—t 1
E 1200 .
~ 1>
s
+ 800 -
=
3 B
* 400
0 10 20 30 40 50
Diastolic pressure (mmHg)
300

10 20 30 40 50

/i

A
al
o

Ol ] L

® Sedentary control
M Sedentary diabetic
-900 | ATrained diabetic I

-dP/dT max (mmHg/s)
& . g
o
o

639

Figure 2 - Influence of diastolic
pressure on systolic pressure
(A), maximum rate of rise (+dP/
dt max) (B), and maximum rate
of fall (-dP/dt max) (C) developed
by the left ventricle of hearts iso-
lated from sedentary control,
sedentary diabetic and trained
diabetic rats. Data are reported
as means = SEM. *P<0.05 com-
pared to sedentary control rats;
*P<0.05 compared to sedentary
diabetic rats (ANOVA).
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Moreover, it is well known that training is
able to increase sensitivity to insulin (9,11).
Since STZ-treated rats did not receive insu-
lin treatment in the present study, the im-
provement in metabolic state was probably
due to maintenance of increased insulin sen-
sitivity during the post-exercise period (27).
Indeed, exercise training increases whole
body insulin sensitivity and glucose oxida-
tion by skeletal and cardiac muscle (28).
This improvement may be due to the in-
crease in myocardial sarcolemmal GLUT-4
in the diabetic hearts (14). Changes in myo-
cardial metabolism involving a shift from
glucose to fat metabolism (28) have been
reported in diabetes mellitus. Hence, rats
treated with STZ have increased plasma lev-
els of triglycerides and cholesterol (26) that
are lowered by exercise training, leading to

K.L.D. De Angelis et al.

improved myocardial sarcoplasmic reticu-
lum function.

Finally, while low-intensity exercise train-
ing seems to improve cardiovascular func-
tion some types of endurance training can
exacerbate the diabetes-induced decrease in
myocardial Ca?"-activated ATPase and B-
adrenergic receptor number (29). The results
of the present study provide evidence for the
effectiveness of exercise training in reduc-
ing some of the cardiovascular complica-
tions associated with diabetes mellitus.
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