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Abstract. Diabetes mellitus is often associated with a cardiomyopathy characterized by
alterations in cardiac metabolism and declines in cardiac performance. We sought to
determine whether exercise training would attenuate the depressed cardiac perform-
ance seen in diabetic animals. Female rats were divided into four groups: sedentary
control, trained control, sedentary diabetics, and trained diabetics. After 1 week of
training, we induced diabetes by intravenous injection of streptozotocin (65 mg/kg). We
trained animals on a treadmill using a progressive protocol that plateaued at 27 m/min
for 1 hr/day, 5 days/week for a total of 8 weeks. We measured cardiac output at a
variety of left atrial filling pressures with an isolated working heart apparatus; glucose
was the sole metabolic substrate for the heart. Training increased succinate dehydrog-
enase activity in the soleus muscle of exercised rats, but did not change heart and body
weights or plasma glucose and thyroid hormone levels. The diabetic groups exhibited
depressed cardiac outputs at high workloads compared to nondiabetics. Training in-
creased the cardiac output of both sedentary and diabetic animals at high, but not low,
preloads. We suggest that exercise can attenuate the severity of diabetic

cardiomyopathy.

[P.S.E.B.M. 1993, Voi 203]

ated with secondary complications involving

end-organ damage, including congestive heart
failure (1). Cardiomyopathy, independent of coronary
atherosclerosis, is a well known consequence of diabetes
(2-7). Physical training often improves glucose homeo-
stasis in human diabetics (8) and animal models with
mild (9, 10), but not severe (11), diabetes. Furthermore,
aerobic training of sufficient intensity and duration
increases cardiac performance in normal animals (12-
14). In the present study, we used the isolated heart
preparation to determine whether endurance training

Diabetes 1s a chronic metabolic disorder associ-

! Present address: Department of Pulmonary and Critical Care Medicine,
Louisiana State University, 1542 Tulane Avenue, New Orleans, LA 70112.

2 Present address: Division of Research, Alton Ochsner Medical Foundation,
1520 Jefferson Highway, New Orleans, LA 70121.

3 To whom requests for reprints should be addressed at Department of Physi-
ology. Louisiana State University Medical Center, 1901 Perdido Street, New
Orleans, LA 70112.

Received July 30, 1992. [P.S.E.B.M. 1993, Vol 203]
Accepted February 16, 1993.

0037-9727/93/2032-0209$3.00/0
Copyright © 1993 by the Society for Experimental Biology and Medicine

of rats could ameliorate the cardiac dysfunction asso-
ciated with diabetes when glucose was available as the
sole substrate. We found that exercise training atten-
uated the reduction in cardiac output associated with
diabetes without affecting heart and body weights or
plasma glucose and thyroid hormone levels.

Materials and Methods

Training. Female Sprague-Dawley rats (200-250 g)
were obtained from Charles Rivers (Wilmington, DE).
We provided Purina rat chow and water ad /ibitum and
maintained animals on a 12-hr light, 12-hr dark cycle
in a constant temperature environment. Rats were ran-
domly selected for a training regimen consisting of
treadmill running (8.5% grade) for 60 min/day, 5 days/
week, starting at 18 m/min and progressively increasing
to 27 m/min, for 8 weeks to obtain a training effect.
We have demonstrated that a similar training regimen
increases muscle succinate dehydrogenase activity (15).
We occasionally used mild electrical shock to encourage
the animals to run. Animals still refusing to run were
eliminated from the study. After | week of running, we
further separated animals into diabetics and nondiabet-
ics to constitute four groups: (i) trained controls (TC),
(i1) sedentary controls (SC), (iii) trained diabetics (TD),
and (iv) sedentary diabetics (SD).

Induction of Diabetes. Nonfasted rats were lightly
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anesthetized with ether. Animals in the diabetic group
were injected with streptozotocin (STZ) at a dose of 65
mg/kg into the tail vein. We prepared the STZ (kindly
provided by Upjohn, Kalamazoo, MI) in 0.5-ml ali-
quots (50 mAM citrate buffer, pH 4.5) immediately
before injection to avoid oxidation. The control animals
received an equal volume of vehicle. We confirmed the
diabetic state 24-48 hr after injection using the Diastix
test for glucosuria. All animals with plasma glucose
concentrations exceeding 300 mg/dl at the time of
sacrifice were considered diabetic.

Heart Perfusion. After 8 weeks of training, we
anesthetized animals with sodium pentobarbital (60
mg/kg, ip). After opening the abdominal cavity, we
drew an abdominal aortic blood sample (~~3 ml) into
a heparinized syringe for measurement of plasma glu-
cose, glycosylated hemoglobin (GHb), triiodothyronine
(T3), thyroxine (T,), and insulin levels. We immediately
removed the heart to an isolated perfused working heart
apparatus similar to that described by Fintel and Burns
(16), and Barbee et al. (2). Briefly, the heart was excised,
rinsed in cold saline (5°C), and mounted on a Langen-
dorff perfusion apparatus using a stainless steel cannula
in the aorta. Retrograde perfusion of the coronary
arteries began immediately. After placing an additional
cannula in the left atrium, we perfused the heart in the
antegrade direction via the left atrial cannula with a
modified Krebs-Henseleit bicarbonate buffer contain-
ing the following concentration of salts (in millimolar
concentrations): NaCl, 118.7; KCl, 4.7; MgSO,, 1.2:
KH,PO,, 1.2: NaHCOs;, 25: EDTA, 0.05: and CaCl.,
1.25. Glucose (5.5 mM) was the sole substrate. We
increased cardiac output by elevating left atrial filling
pressure from 10 to 30 cm of H-O in 5-cm increments.
Perfusate entering the left atrium was pumped out of
the aorta and either perfused the coronary arteries or
was collected from the aortic outflow, which consisted
of a length of tubing with a 23-gauge needle and a 1.5-
in barrel. The outflow tract represented a constant
resistance against which the left ventricle pumped the
stroke volume. We chose this resistance to achieve
physiological pressure development by the left ventricle.
We determined coronary flow, aortic flow. heart rate,
and peak systolic and diastolic pressures at various left
atrial filling pressures in spontaneously beating hearts.
After perfusion at the highest pressure, we returned all
hearts to a left atrial filling pressure of 15 cm of H-O:;
any heart that did not generate systolic pressures similar
to that measured earlier at 15 cm were discarded and
not included in the study.

Assays. We removed soleus muscles from each
animal after heart removal and later measured succi-
nate dehydrogenase activity to document a training
effect (15). After blood samples were centrifuged at
1000g for 10 min at 4°C, plasma was removed and
stored at —70°C. We then measured plasma glucose
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using a Beckman glucose analyzer (Palo Alto, CA) (17),
and plasma insulin, T3, and T, concentrations with
commercially available RIA kits (Micromedic Systems
[Horsham, PA] and Diagnostic Products Corp. [Los
Angeles, CA], respectively). We washed the packed cells
and stored them at 4°C. GHb was measured spectro-
photometrically within 1 week after separation from
non-GHb on boronate-agarose affinity columns (Isolab,
Akron, OH).

Statistics. Data are reported as the mean =+ stan-
dard error of the mean. We compared single parameters
in the diabetic model (such as glucose, T, etc.) using a
one-way analysis of variance followed by Tukey’s test
when significant F ratios were found. We compared all
indices of cardiac work at various preloads using a split-
plot analysis of variance that allowed analysis of the
effect of both diabetes and exercise, and the interaction
of these treatments across various levels of left atrial
filling pressure. We made comparisons of both main
effects (control versus diabetes, exercise versus seden-
tary group. and preload) and interactions (such as ex-
ercise versus diabetes and exercise or diabetes versus
preload). Duncan’s multiple range test was used to
make group comparisons when a main effect or inter-
action was significant. This analysis was performed
using the most recent release (5.08) of the statistical
analysis system at the Louisiana State University Med-
ical Center IBM mainframe computer. We set the level
of significance at P < 0.05. All experiments were ap-
proved in advance by the institutional animal care and
use committee and conducted according to the guiding
principles in the Care and Use of Animals, approved
by the American Physiological Society.

Results

Effects of STZ and Training. The major charac-
teristics of the trained and sedentary control and dia-
betic groups at the time of sacrifice are listed in Table
I. Mean body weights were not different between the
sedentary control animals and the trained control ani-
mals. Yet, we noted a failure to increase body weight
in both diabetic groups, with the sedentary diabetic
animals demonstrating the lowest body weights of the
four groups. Mean heart weight/body weight ratios
(Table I) were shightly, but not significantly, higher in
the sedentary diabetic group compared with those in
the sedentary controls. T;, but not T, levels were
significantly lower in both diabetic groups compared to
control values. Our measurements of plasma glucose
levels indicated a greater than 2-fold elevation in dia-
betics compared to those in controls. Because a single
blood glucose determination is often an insensitive
indicator of metabolic control, we also measured GHb
concentrations. GHb levels were elevated more than 3-
fold in the diabetic animals compared to those in
controls. The GHb levels we measured in the nondi-



Table 1. Effects of Diabetes and Training on Heart Weights, Body Weights, and Various Metabolic Parameters

Group SC

TC TD-

301 +7
0.18 £ 0.02
0.61 = 0.05
213+ 8
519+ 0.17
419+58
60.0+ 1.0
53.7+29
8.24 + 0.35

Body wt (g)

Dry heart wt (g)

Heart wt/body wt (mg/g)
Glucose (mg/100 ml)
GHb (%)

Insulin (uU/ml)

Ta (ug/dl)

Ts (ng/d)

SDH (umol/g)

229 + 8°
0.15 = 0.01
0.67 = 0.03
468 + 11°
17.72 + 0.48°
52+13
556 +2.8
416+ 27°
7.04+04

303 + 10 243 = 16*
0.18 = 0.01 0.16 + 0.01
0.61 £ 0.01 0.66 + 0.03
2095 480 + 17°
5.02 +0.16 17.16 + 0.52°
59.9+ 8.0 3208
60.3+ 4.9 542+ 45
56.6 + 2.9 41.9+3.0°
12.18 £ 0.712* 10.14 + 0.8*°

All values are the mean + SE (n = 7-11 animals/group).
P <0.05vs SC.
®p < 0.05vs SD.

abetic animals indicated excellent blood glucose con-
trol. However, the plasma glucose levels measured at
sacrifice were somewhat elevated in controls. This is
probably due to the acute stress associated with intra-
peritoneal injection of pentobarbital sodium for anes-
thesia (18). Based upon these data along with the
marked differences in insulin levels between groups, we
concluded that STZ injection induced a state of severe
diabetes. Succinate dehydrogenase activity was signifi-
cantly elevated in both the trained control and trained
diabetic animals compared to levels in the respective
sedentary groups. Therefore, we conclude that treadmill
running imposed a significant training effect.

Heart Perfusion. We compared cardiac output
(aortic plus coronary flow) in unpaced hearts among
the four groups using 5.5 mAM glucose as the sole
substrate (Fig. 1). Increasing the left atrial preload from
10 to 30 cm. H,O caused significant increases in cardiac
output in all groups (P < 0.0001). Cardiac output was
depressed in hearts from diabetic animals compared to
that in controls (P < 0.04); this variable was increased
in hearts from trained animals compared to that in
sedentary rats (P < 0.05). There was no interaction
between the groups with regard to these variables. That
is, the diabetic state did not have a different effect on
the cardiac output of trained and untrained animals,
and training increased the cardiac output of diabetic
and nondiabetic animals by amounts that were not
significantly different from each other. However, there
was an interaction of control and diabetic animals
versus load (P < 0.006) and sedentary versus trained
animals versus load (P = 0.0001). These differences
occurred at high (25 and 30 cm; P < 0.05), but not low
(10, 15, and 20 cm), preloads. Despite the differences
in cardiac output, other measures of cardiac work (heart
rate X peak systolic pressure, cardiac output X peak
systolic pressure, etc.) were slightly, but not signifi-
cantly, different between groups. When cardiac work
was expressed as flow/gram dry weight or stroke vol-
ume/gram dry weight, there were, again, no statistically
significant differences between groups. The overall
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Figure 1. Cardiac output in hearts perfused with glucose from four
experimental groups. LAFP, Left atrial filling pressure. O, CS; @, DS;
O, CT; B, DT. Values represent the mean + SE of 6-11 rats/group.
There was a significant overall difference in cardiac output between
trained and sedentary rats, and a significant overall difference in
cardiac output between diabetic and nondiabetic rats.
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spontaneous heart rate was not significantly altered by
diabetes or training; heart rates for the four groups
(beats/min) were as follows: TC, 256 + 14, SC, 256 +
9, TD, 238 = 12, and SD, 222 + 8.

Discussion

Myocardial abnormalities are common in diabetic
patients (19) and experimental diabetes (2-7). The ma-
jor clinical findings in diabetic humans include reduc-
tions in both systolic (19) and diastolic (20) function.
The hallmark of experimentally induced diabetes is a
decreased cardiac reserve (2, 4, 6). Papillary muscles
from diabetic rats exhibit reduced isotonic shortening
velocity in addition to decreased rates of isometric
contraction and relaxation (3). We found a significant
depression of cardiac output, but not other indices of
cardiac work, in hearts from chronically diabetic ani-
mals. This depression was significant only at high left
atrial filling pressures, indicating the presence of a
decreased cardiac reserve. We were somewhat surprised
to find that diabetes caused only a mild decrease in
cardiac output in these animals compared to the large
reductions in both cardiac output and other indices of
cardiac work seen previously (2). The reason for these
differences is unclear, but could be related to the rat
strain (Wistar versus Sprague=Dawley) or sex (female
versus male). We have also confirmed the salutary effect
of endurance exercise training on myocardial function
(12). These effects were evident at high, but not low,
preloads. Original to this study is the finding that the
diabetes-associated decrement in cardiac function tends
to normalize with endurance exercise training when
hearts are perfused with glucose as the sole substrate.

The effects of exercise on myocardial performance
are influenced by a number of factors, including sex,
exercise intensity and duration, and type of exercise.
For instance, other investigators found that females
trained with the same running regimen as male rats
showed less myocardial improvement (21). This may
explain the small increase in volume output that exer-
cise produced in this study. The effect of exercise on
heart weight could be due to the type and intensity of
exercise. Apparently, swim training in female rats leads
to greater increases in cardiac mass than does running
(22). Furthermore, Baldwin et a/. found that changes
in myosin ATPase activity (a biochemical correlate of
contractility changes) occurred in rats undergoing in-
tense, but not modest, training (23).

Tahiliani and McNeill reviewed the salient features
of diabetes-induced myocardial dysfunction (24) and
concluded that these abnormalities are due in part to a
combination of depressed myosin ATPase and de-
creased calcium uptake by the sarcoplasmic reticulum
(SR). The reduced myosin ATPase activity is associated
with diabetes-induced hypothyroidism and is corrected
by T; treatment (25). The depressed SR calcium
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ATPase is partly caused by elevated levels of long chain
acyl carnitines due to elevation of free fatty acids (26,
27).

Regarding these two mechanisms, hypothyroidism
is probably not the principal cause of reduced cardiac
output in hearts from these diabetic animals. T, levels
were not affected by STZ treatment, and T; levels
manifested only small (although statistically significant)
decreases in diabetic rats, which were not affected by
exercise. The decline in T; levels between sedentary
control and diabetic animals is somewhat less (23%)
than we observed previously (37%). Furthermore, we
have previously shown that T; treatment does not
correct the diabetes-induced decrease in cardiac func-
tion when glucose is used as the sole substrate (2).

Paulson et al. (5) previously reported that exercise
training improved cardiac function in diabetic animals.
Hearts from these animals were perfused with a mixture
of both glucose and free fatty acids. The authors sug-
gested that exercise training had decreased the severity
of the diabetic state. This may not be the mechanism
of exercise-induced alterations in cardiac output in the
present study. Injection of STZ at a dose of 65 mg/kg
induced a state of severe diabetes in both trained and
sedentary rats, characterized by decreases in body
weight and T; and insulin levels and striking increases
in glucose and GHb levels. This corroborates the find-
ings reported by other investigators that exercise train-
ing does not improve glucose homeostasis in severe
diabetics (11). However, exercise training could have
lowered plasma lipid levels in diabetic animals, as re-
ported by Paulson et al. (5), leading to improved myo-
cardial SR function.

Exercise training also could have improved myo-
cardial insulin sensitivity or otherwise affected glucose
utilization of the heart. Previous studies have shown
that exercise training increases whole body insulin sen-
sitivity and glucose oxidation by skeletal (28) and car-
diac (29) muscle.

Finally, exercise training may have changed the
mechanical or geometric characteristics of the left ven-
tricle. Bakth et al. (30) reported that exercise training
normalized myocardial collagen levels in diabetic dogs.
However, these findings may not be relevant to diabetic
rats, since Litwin et al. (31) indicated that total chamber
stiffness was decreased in diabetic rats, as opposed to
the increase stiffness in human diabetics (19, 20).
Whereas our data suggest that exercise may improve
cardiovascular function, exercise could have deleterious
myocardial effects in diabetes. Some types of endurance
training can exacerbate the diabetes-induced decrease
in myocardial Ca’*-activated ATPase and §-adrenergic
receptor number (32, 33).

Although our in vitro assessment of cardiac output
could suggest a decrease in cardiac performance in
diabetic animals and an increase in trained animals,



the physiological significance of these changes is un-
clear. Exercise increased cardiac output 8-12% only at
high preloads, while diabetes attenuated cardiac output
11-12% at the same preloads. We should emphasize
that the left atrial filling pressures imposed using our
heart apparatus do not necessarily reflect identical in
vitro, much less in vivo, left ventricular end-diastolic
pressures. We designed the perfusion apparatus to study
cardiac reserve over a range of left atrial pressures that
probably overlap in vivo ventricular end-diastolic pres-
sures. These cardiac output changes might suggest that
basal cardiac performance is unaffected by diabetes.
However, Litwin et al. (31) reported that chronic dia-
betes increases left ventricular end-diastolic pressure in
the rat. This shifts the diabetic myocardium to a higher
point on the Starling curve, where functional decre-
ments, as measured by in vitro techniques, are more
likely. At this point, endurance training may have a
protective effect. Further assessment is needed in vivo
under a variety of loading and metabolic conditions to
determine the relationship between in vitro dysfunction
and in vivo cardiac performance.
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