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Cardiac cell damage: a primary myocardial disease in
streptozotocin-induced chronic diabetes
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Summary. Ultrastructural changes in heart muscle due to chronic diabetes subsequent to a
single injection of streptozotocin (65 mg/kg body wt, i.v.) were studied in rats. Presence of
diabetes was indicated by hyperglycaemia (plasma glucose, control, 1204+ 7; diabetic,
448 + 21 mg/dl) as well as hypo-insulinaemia (plasma insulin, control, 25.6 & 5.2; diabetic,
11.2+0.5 uU/ml). After 8 weeks of diabetes, the hearts were processed for electron
microscopic examination. Cardiac muscle cells in diabetic hearts showed condensation of
nuclear chromatin and folding of nuclear membranes. Swelling of mitochondria, clearing of
mitochondrial matrix and incorporation of lysosomal membranes into mitochondrial matrix
was also noted. A marked increase in both lysosomes and lipid droplets was apparent. Focal
areas in diabetic hearts showed contracted sarcomeres, myofibrillar degeneration and
separation of the intercalated disc. Atherosclerotic plaque formation as well as structural
changes in the smooth muscle or endothelial cells in the small arteries, arterioles or capillaries
were not seen to accompany the structural changes in the cardiac muscle cells of the diabetic
hearts. This study provides strong evidence for the occurrence of primary myocardial disease in
streptozotocin-induced chronic diabetes.
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Death due to heart failure is abnormally high
among diabetic patients (Partamian & Brad-
ley 1965; Kannel 1978; Tunbridge 1981).
Although atherosclerotic plaque formation
in the coronary arteries is considered to be
the major cause of depressed myocardial
function (Kessler 1971), its exact role in the
causation of heart failure has not been
unequivocally established (Blumenthal et al.
1960; Ledet 1968; Vihert et al. 1969; Hamby
et al. 1974; Regan et al. 1977). It is possible
that cardiac death in diabetics is due to
primary myocardial disease which may or

may not be accompanied by coronary artery
disease. Defects in contractile function (Fein
et al. 1980; Heyliger et al. 1982; Ganguly et
al. 1983), adrenergic receptors (Heyliger
et al. 1982) and various subcellular
mechanisms (Puckett & Reddy 1979; Pierce
& Dhalla 1981, 1983; Ganguly et al. 1983;
Pierce et al. 1983) have been well docu-
mented in the myocardium of chronic dia-
betic animals indicating the presence of
myocardial cell disease. However, it remains
to be established whether these changes are
primary or secondary to the obstructive
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lesions caused by atherosclerosis. In a study
of genetically diabetic mice of 5—24 weeks of
age, it has been reported that cardiomegaly
and pathological alterations in cardiac
muscle cells are accompanied by degenera-
tive changes in perivascular nerve endings
as well as changes in intramural coronary
arteries including arterioles and capillaries
(Giacomelli & Wiener 1979). Since these
lesions in genetically diabetic mice were
found in the absence of structural changes in
the large coronary arteries, this was consi-
dered to be a demonstration of primary
myocardial disease. However, the study did
not rule out the possibility of myocardial cell
changes being secondary to intramural cor-
onary artery pathology.

In the present ultrastructural study, we
wish to describe lesions of the myocardial cell
in rat hearts due to streptozotocin-induced
chronic diabetes. In the absence of any
demonstrable changes in intramural
arteries, arterioles and capillaries, these
changes can be seen to represent a primary
cardiomyopathy in this animal model.

Materials and methods

Ten male Sprague-Dawley rats weighing
175—200 g were made diabetic with a single
intravenous injection of streptozotocin (65
mg/kg body wt) delivered in a citrate-buf-
fered vehicle (pH 4.5) into the femoral vein.
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Ten control rats were injected with citrate
buffer alone. All animals were maintained on
normal rat chow and water ad libitum for 8
weeks. For haemodynamic studies animals
were anaesthetized with a single i.p. injec-
tion of Nembutal (50 mg/kg). After intuba-
tion of the trachea for maintaining adequate
ventilation, the right carotid artery was
cannulated for recording the blood pressure.
Heart rate and blood pressure were moni-
tored for 1 h. At the termination of these
studies, a blood sample was collected in a
heparinized syringe and plasma was pre-
pared. These plasma samples were then
employed for quantitative analyses of glu-
cose (Worthington Statzyme glucose reagent
kit) and for insulin (Amersham) radio-
immunoassay procedures. The data were
analysed by Students t-test.

The hearts were removed quickly from the
anaesthetized animals, the atria and connec-
tive tissue was dissected free, and the wet
ventricular weight was obtained. For ultras-
tructural examination, five hearts each from
the diabetic and the control group were fixed
in 0.1 M phosphate buffer (pH 7.4) contain-
ing 2% glutaraldehyde at 4°C. Small tissue
pieces 4—6 mm in size were taken from four
different areas of mid-myocardial layer of the
free left ventricular wall between middle of
the chamber and the apex of the heart. These
tissue samples were immersed for 15 min in
the aldehyde fixation solution, cut into pieces

Table 1. Effects of diabetes on different parameters in rats

Control Diabetic

Body weight (g)
Ventricular weight (g)

Ventricular/body weight ratio (mg/g)

Plasma glucose (mg/dl)
Plasma insulin (xU/ml)
Blood pressure (mmHg)
Heart rate (beats/min)

1.16 +0.04 (10)
2.584+0.04 (10)

25.6+5.2 (6)
140.0+1.2 (5)
409.3+13.7 (5)

448+ 8 (10) 268+ 8* (10)
0.824+0.05* (10)
3.06+0.05* (10)
448+ 21* (6)
11.240.5%(6)

137.2+2.4 (5)

331.949.2* (5)

120+ 7 (6)

Values represent mean + S.E. Numbers of animals are given in parentheses.
* Significantly different from control (P<0.05).
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of approximately 1 mm?® and allowed to
stand in the solution for a total of 2 h for
further fixation. In the experimental as well
as in the control group, heart muscle samples
were also fixed by the procedure of perfusion-
fixation described previously (Singal et al.
1979). The tissue pieces were washed over-
night in cold phosphate buffer containing
sucrose, post-fixed for 1 h with 1% osmium
tetroxide, dehydrated in a graded alcohol
series and embedded in Epon 812 according
to the method of Luft (1961). Sections were
cut with a diamond knife, stained with
uranyl acetate and lead citrate, and exam-
ined by a Zeiss EM9 electron microscope.

Results

The presence of diabetes in the streptozotocin

injected animals was confirmed by elevated
glucose and depressed insulin levels in
plasma in comparison with control rats
(Table 1). Diabetic animals exhibited signifi-
cantly lower body and ventricular weights,
and an increase in heart-to-body weight
ratio (Table 1). Although a significant
depression in the heart rate of diabetic
animals was apparent, there was no differ-
ence noted in the blood pressure of diabetic
and control rats (Table 1). )
Since animals were given anaesthesia in
this study, ultrastructure of the hearts from
rats anaesthetized for 60 min with Nembutal
(65 mg/kg) was compared with the hearts
from control animals. Ultrastructural details
were quite similar and comparable to those
seen in the perfusion-fixed hearts (Stenger &
Spiro 1961; Singal et al. 1979). A moderate

Fig. 1. This and all other electron micrographs are from the diabetic hearts. Condensation of nucleic
chromatin and marked folding of the nuclear membrane (arrows) as well as swelling of mitochondria and
clearing of their matrix are apparent. Double arrow-heads indicate lysosomes. x 14 000.
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Fig. 2. (a) Increased number of lysosomes either in close contact with or inside the mitochondria
(arrow-heads). Wavy contours of the nuclear membrane and heterogenous appearance of chromatin are
apparent. A capillary (C) with normal-looking endothelial cells can also be seen. x 10 000. (b) Enlarged

view of mitochondria (M) to show intramitochondrial lysosomes (arrow) and membrane whorls (*).
X 32 000.
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Fig. 3. Disruption of myofibrils and formation of contraction bands (C). Arrow-heads point to lipid
droplets and a double arrow-head indicates lysosomes. x 16 000.
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Fig. 4. Cell-from-cell separation at the intercalated disc (ID) in the diabetic hearts. Typical arrangement of
a sarcomere is disrupted (*). Arrow-heads point to lysosomes. M, mitochondria. x 16 000. Inset shows
another area with a wider gap in the intercalated disc (ID). Appearance of membrane vesicles in the gap
can be noticed. x 17 00o0.
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Fig. 5. Normal appearance in the capillary (C) endothelial cells in a diabetic heart. Mitochondria in the
cardiac cell are swollen and sarcomeres show wavy Z line. x 30 000.
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expansion of the intercellular space in those
portions of the intercalated disc running
parallel to the myofibrils as well as the
appearance of small vesicles in the transverse
tubular spaces appear to be normal features
in these electron microscope preparations of
the heart (Singal et al. 1979).

Varying degrees of ultrastructural change
were apparent in the ventricular myocar-
dium of the diabetic animals. The nucleus of
myocytes was lobulated due to marked in-
dentations of the nuclear membrane and
nuclear chromatin was condensed and mar-
ginated (Figs 1 and 2). Mitochondria in
the streptozotocin-induced diabetic hearts
appeared swollen and their matrix was rela-
tively clear (Figs 1-5). Occasional enlarge-
ment of mitochondria was also noted. Focal
degeneration of mitochondria was indicated
by the incorporation of lysosomal as well as
lipoid bodies in these organelles (Fig. 2).
There was a marked increase in the lyso-
somes and lipid droplets seen in the cyto-
plasm of cardiac myocytes in the diabetic
animals (Figs 2 and 3). In addition to these
changes, some cardiac muscle cells exhibited
the formation of contraction bands and the
structural details of a typical sarcomere were
lost in these cells (Fig. 3). Disruption of
sarcomere arrangements expressed as a
wavy appearance of the Z line was seen in
almost all of the cardiac muscle cells of the
diabetic hearts. Cell-to-cell relationships at
the intercalated disc level were altered by the
appearance of gaps between the cells (Fig. 4).
In some areas this intercellular gap also
contained membrane vesicles and small
granules (Fig. 4).

The ultrastructural changes in the cardiac
muscle cells were not accompanied by any
changes in the endothelial cells of the tunica
intima or in the smooth muscle cells of the
tunica media in the intramural small
arteries, arterioles and capillaries (Figs 1 and
2). The appearance of the lumen as well as of
other cellular details of the coronary arteries
in the streptozotocin-induced diabetic hearts
was normal (Fig. 5) and quite comparable to
that in the control hearts.

Discussion

The streptozotocin-induced animal model of
experimental diabetes is considered to be
better than other experimental models
because of its closer resemblance to insulin-
dependent diabetes mellitus in humans and a
relative lack of any non-specific necrotic
effects of this drug in rats (Agarwal 1980;
Srivastava et al. 1982). The hyperglycaemic
condition concomitant with the hypo-insu-
linaemic state seen in the present study due
to a single intravenous injection of streptozo-
tocin is consistent with other studies employ-
ing similar experimental protocols (Penparg-
kul et al. 1981; Ganguly et al. 198 3; Pierce et
al. 1983). The diabetic animals in the present
study showed a very small gain in the body
or ventricular weights after streptozotocin
injection as compared to the vehicle-treated
controls in spite of the fact that diabetic
animals consume more food and water (Hof-

teizer & Carpenter 1973). The reduced
weight gain may have been due to the

dehydration and abnormally high rate of
protein and fat catabolism which have been
reported during diabetes (Oakley 1968). The
elevated ventricular-to-body weight ratio
observed in this study has also been reported
by others (Penpargkul et al. 1980; Vadla-
mudi et al. 1982) and could be due either to a
true heart hypertrophy or to a decrease in
body weight. The occurrence of cardiac cell
hypertrophy in diabetic rats has been sug-
gested before (Onishi et al. 1981).

The present ultrastructural observations
on the myocardium of streptozotocin-
induced diabetic rats clearly demonstrate
changes in the cardiac muscle cells. In the
absence of any accompanying lesion in the
intramural coronary arteries, arterioles and
capillaries, this study provides a strong evi-
dence for the occurrence of a primary myo-
cardial disease in the streptozotocin-induced
experimental model of diabetes. Based on
their histological studies, Giacomelli &
Wiener (1979) reported the presence of a
primary cardiomyopathy in genetically dia-
betic mice even though degenerative
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changes in the intramural coronary vascula-
ture as well as in the perivascular nerve
endings were seen to accompany the patho-
logical changes in the cardiac muscle cells.
Their conclusion in favour of a primary
cardiomyopathy was mainly based on the
absence of large (epicardial) coronary artery
pathology in the genetically diabetic mice (C
57 BL/Ks] db*/db*) which together with
other myocardial lesions seem to fulfil the
criteria for a primary myocardial disease
(Hamby et al. 1974; Regan et al. 1975).
However, our study documents the possibi-
lity that cardiac cell damage in diabetics may
precede any changes in the coronary, epicar-
dial or intramural vasculature.

It should be noted that ultrastructural
changes in the cardiac muscle cell recorded
by usin this study do not appear to be unique
to the streptozotocin-induced diabetics.
Alloxan-induced diabetes has been shown to
be accompanied by similar changes in the
mitochondria and widening of the interca-
lated disc has also been seen (Regan et al.
1975; Tarach 1976; Onishi et al. 1981).
Formation of contraction bands, appearance
of mitochondrial inclusions and an increase
in lysosomes and lipid droplets have been
seen in genetically diabetic mice (Giacomelli
& Wiener 1979). It is possible that irrespec-
tive of the inciting stimulus for chronic
insulin deficiency, the terminal pathological
changes due to this condition may follow a
common pathway. An increased number of
lysosomes as well as the incorporation of
these organelles into mitochondria noted in
this study may also represent a non-specific
response to a yet undefined cardiac injury as
similar lysosomal changes are known to
accompany a variety of human and experi-
mental pathological conditions (Sulkin &
Sulkin 1965; Wheat 1965; Hug & Schubert
1970; Ferrans et al. 1972; Singal et al.
1979).

Although the present study does not allow
us to define the subcellular defect/s leading to
the changes noted, formation of contractile
bands coupled with cell-from-cell separation
and swelling of mitochondria may indicate

an intracellular increase in calcium. It may
be noted that presence of general cardiac
sarcolemmal lesions (Pierce et al. 1983;
Pierce & Dhalla 1983) as well as increases in
sodium and calcium contents have been
reported to occur during diabetes (Nagase et
al. 1981; Regan et al. 1981). Intracellular
Ca?* overload and mitochondrial changes
can be seen to result in reduced consumption
of substrates such as cardiac lipid as well as
impaired energy production (Dhalla et al.
1980). Accumulation of lipid droplets was
apparent in the myocardium of streptozoto-
cin-induced animals in this study. High
intracellular levels of calcium can also stimu-
late proteases, phospholipases and lysosomal
enzymes (Dhalla et al. 1982; Singal et al.
1984). A lower energy state as well as
activation of lysosomal hydrolases have been
implicated in the pathogenesis of heart dis-
ease (Dhalla et al. 1980, 1982; Katz & Reuter
1979; Singal et al. 1984). Further investiga-
tion in terms of time-related changes in
streptozotocin-induced diabetic hearts will
not only provide the sequence of early sub-
cellular changes taking place primarily in
the cardiac myocytes but will also reveal that
stage of the disease where coronary vascula-
ture may become involved.

Acknowledgement

This study was supported by a grant from the
Manitoba Heart Foundation. Dr Singal is a
Canadian Heart Foundation Scholar.

References

AGARWAL M.K. (1980) Streptozotocin: mech-
anisms of action. FEBS Lett. 120, 1-3.

BLUMENTHAL H.T., ALEXx M. & GOLDENBERG -S.
(1960) A study of lesions of the intramural
coronary artery branches in diabetes mellitus.
Archs Path. 70, 13—-28.

DHALLA N.S., PiErCE G.N., PANAGIA V., SINGAL
PK. & BeamisH R.E. (1982) Calcium move-
ments in relation to heart function. Basic Res.
Cardiol. 77, 117-139.

DuALLA N.S., SINGAL P.K. & DHILLON K.S. (1980)
Mitochondrial function and drug-induced



622 M.]. Seager et al.

heart disease. In Drug-Induced Heart Disease. Ed.
M.R. Bristow. New York: Biomedical Press. pp.
39-61.

FEIN F.S., KORNSTEIN L.B., STROBECK J.E., CAPASSO
J.M. & SonnNENBLICK E.H. (1980) Altered myo-
cardial mechanics in diabetic rats. Circ. Res. 47,
922-933.

Ferrans V.J., MorrRow A.G. & RoOBERTS W.C.
(1972) Myocardial ultrastructure in idiopathic
hypertrophic subaortic stenosis: a study of
operatively excised left ventricular outflow
tract muscle in 14 patients. Circulation 45,
769-792.

GanguLy PK. Pierce G.N., DHALLA K.S. &
DHALLA N.S. (1983) Defective sarcoplasmic
reticular calcium transport in diabetic cardio-
myopathy. Am. J. Physiol. 244, E528-E535.

GiacoMmeLLl F. & WIENER ]. (1979) Primary
myocardial disease in the diabetic mouse. An
ultrastructural study. Lab. Invest. 40, 460—473.

Hamsy R.I., ZoNEREICH S. & SHERMAN L. (1974)
Diabetic = cardiomyopathy. JAMA 229,
1749-1754.

HEYLIGER C.E., PIERCE G.N., SINGAL P K., BEAMISH
R.E. & DHALLA N.S. (1982) Cardiac alpha- and
beta-adrenergic receptor alterations in diabetic
cardiomyopathy. Basic Res. Cardiol. 77, 610~
618.

HoOFTEIZER V. & CARPENTER A.M. (1973) Compari-
son of streptozotocin and alloxan-induced dia-
betes in the rat including volumetric quanti-
tation of the pancreatic islets. Diabetologia 9,
178-184.

Hug G. & ScuuserT K. (1970) Idiopathic cardio-
myopathy: mitochondrial and cytoplasmic
alterations in heart and liver. Lab. Invest. 22,
541-552.

KANNEL W.B. (1978) Role of diabetes in cardiac
disease: conclusions from population studies. In
Diabetes and the Heart. Ed. S. Zoneraich. Spring-
field, Illinois: Charles C. Thomas. pp. 97-112.

KAtz A.M. & REUTER H. (1979) Cellular calcium
and cardiac cell death. Am. ]. Cardiol. 44,
188-190.

KessLEr LI (1971) Mortality experience in dia-
betic patients: a twenty-six year follow-up
study. Am. J. Med. 51, 715~724.

Leper T. (1968) Histological and histochemical
changes in the coronary arteries of old diabetic
patients. Diabetologia 4, 268—272.

Lurr J.H. (1961) Improvements in epoxy resin
embedding methods. J. Biophys. Biochem. Cytol.
9, 409—414.

NaGase N., Tamura Y., KoBvasHr S., Sarro K.,
Sarro M., Nike T., CHIkAMORI K." & Mor1 H.
(1981) Myocardial disorders of hereditarily

diabetic KK Mice. J. mol. cell. Cardiol. 13, (Suppl.
2) 70.

OAkLEY W.G. (1968) Clinical manifestations and
associations. In Clinical Diabetes and its Bio-
chemical Basis. Eds W.E. Oakley, D.A. Pyke &
K.W. Taylor. Oxford: Blackwell Scientific Publi-
cations. pp. 252-283.

ONisHi S., NuNorani H., Fusaimi H. & TocHiNo Y.
(1981) A pathomorphological study on the
diabetogenic drug-induced heart disease in the
rat. J. mol. cell. Cardiol. 13, (Suppl. 2) 34.

PARTAMIAN J.0. & BrRADLEY R.F. (1965) Acute
myocardial infarction in 258 cases of diabetes.
New Engl. ]. Med. 273, 455-461.

PENPARGKUL S., FEIN F., SONNENBLICK E.H. &
ScHEUER J. (1981) Depressed cardiac sarcoplas-
mic reticular function from diabetic rats. J. mol.
cell. Cardiol. 13, 303-309.

PENPARGKUL S., ScHAIBLE T., YipiNtsor T. &
SCHEUER ]. (1980) The effects of diabetes on
performance and metabolism of rat hearts. Circ.
Res. 47, 911—921.

P1ERCE G.N. & DHALLA N.S. (1981) Cardiac myofi-
brillar ATPase activity in diabetic rats. J. mol.
cell. Cardiol. 13, 1063-1069.

PIeRCE G.N. & DHALLA N.S. (1983) Sarcolemmal
Na*-K*-ATPase in diabetic rat heart. Am. J.
Physiol. 245, C241-C247.

P1ErRCE G.N., KuTRYk M.].B. & DHALLA N.S. (1983)
Alterations in Ca2* binding by and composi-
tion of the cardiac sarcolemmal membrane in
chronic diabetes. Proc. Natl. Acad. Sci. U.S.A.
80, 5412-5416.

PuckerT S.W. & REDDY W.]. (1979) A decrease in
the malate-aspartate shuttle and glutamate
translocase activity in heart mitochondria from
alloxan-diabetic rats. J. mol. cell. Cardiol. 13,
173-187.

REGAN T.J., AHMED S.S., LEVINSON G.E., OLDEWUR-
TEL H.A., AHMED M.R., HAIDER B. & LYoNs M.M.
(1975) Cardiomyopathy and regional scar in
diabetes mellitus. Trans. Ass. Am. Physns 88,
217-223.

REGAN T.J., LyoNs M.M., AHMAD S.S., LEVINSON
G.E., OLDEWURTEL H.A., AHMED M.R. & HAIDER
B. (1977) Evidence for cardiomyopathy in
familial diabetes mellitus. J. clin. Invest. 60,
885-899.

REGANT.J., Wu C.F., YEH C.K., OLDEWURTEL H.A. &
HAIDER B. (1981) Myocardial composition and
function in diabetes: the effects of chronic
insulin use. Circ. Res. 49, 1268-1277.

SINGAL PK., MATsukuBo M.P. & DHaLra N.S.
(1979) Calcium-related changes in the ultra-
structure of mammalian myocardium. Br. J.
exp. Path. 60, 96—106.



Cardiac cell damage 623

SiNGAL P.K., PANAGIA V., BEAMISH R.E. & DHALLA
N.S. (1984) Role of calcium in heart function in
health and disease: 100 years of progress. In
Calcium in Biological Systems. Vol. 1. Eds. R.
Rubin, G. Weiss & J. Putney. New York: Plenum
Press.

SrivasTava L.M., Bora P.S. & BHATT S.D. (1982)
Diabetogenic action of streptozotocin. Trends
pharmac. Sci. 3, 376-378.

STENGER R.J. & SP1RO D. (196 1) The ultrastructure
of mammalian cardiac muscle. J. biophys. bio-
chem. Cytol. 9, 325-339.

SuLkIiN N.M. & SurkiN D.F. (1965) An electron
microscopic study of the effects of chronic
hypoxia on cardiac muscle, hepatic and
autonomic ganglion cells. Lab. Invest. 14,
1523-1546.

TAarRAcH ].S. (1976) Histomorphological and

ultrastructural studies on a rat myocardium in
experimental conditions. Z. mikdrosk.-anat.
Forsch. 90, 1145-1157.

TuNBRIDGE W.M.G. (1981) Factors contributing to
deaths of diabetics under fifty years of age.
Lancet ii, 569-572.

VapLamupi R.V.S.V., RoDGERS R.L. & McNEIL ].H.
(1982) The effect of chronic alloxan- and
streptozotocin-induced diabetes on isolated rat
heart performance. Can. ]. Physiol. Pharmac. 60,
902—911.

VIHERT A.M., ZHDANOV V.S. & MATOVA E.E. (1969)
Atherosclerosis of the aorta and coronary ves-
sels of the heart in cases of various diseases. J.
Atheroscler. Res. 9, 179-192.

WHEAT M.W. Jr (1965) Ultrastructure autoradio-
graphy and lysosome studies in myocardium. J.
Mt Sinai Hosp. 32, 107-121.



