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Ultrastructure of heart muscle in short-term diabetic rats: 
influence of insulin treatment 
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Summary. The ultrastmcture of myocardium was examined in 
short-term diabetic rats. Morphometric analysis showed the 
volume of myocytic mitochondria, sarcoplasmic reticulum 
and lipid droplets to be significantly increased compared with 
those of control animals. Further measurements of mitochon- 
dria and sarcoplasmic reticulum indicated that the augmenta- 
tion of these compartments was accountable by the enlarge- 
ment of pre-existing mitochondria, which were swollen, and 
of pre-existing tubules of sarcoplasmic reticulum, the lumen 
of which was dilated. After insulin treatment the morphologi- 
cal changes were returned to normal which indicates that they 
were not due to the toxic effect of streptozotocin but were 
caused by the diabetic state per se. This suggestion is further 

supported by the finding that experimentally induced meta- 
bolic acidosis without diabetes did not cause any morphologi- 
cally detectable changes in the heart muscle. It is concluded 
that short-term diabetes in the rat causes mitochondrial swell- 
ing, dilatation of sarcoplasmic reticulum and accumulation of 
lipid in cardiac myocytes, and that these changes are prevent- 
able with insulin treatment. We suggest that insulin may have 
an important role in the maintenance of metabolism in heart 
muscle. 
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Several studies in man and experimental animals sug- 
gest that diabetes causes a heart disease independent  of  
coronary atherosclerosis [1-4]. Some authors have pro- 
posed that the diabetic cardiomyopathy may be due to 
myocardial  microvascular disease [5, 6] or to autonomic  
nervous system disease [7, 8], while others have suggest- 
ed that possible abnormalities of  energy utilization 
pathways exist in diabetic heart muscle [4]. 

Most experimental studies on diabetic cardiomyop- 
athy have been carried out on long-term diabetic animal 
models, and only a few investigators have paid atten- 
tion to the short-term effects of  insulin deficiency on the 
morphology  of  the heart muscle [9]. The aim of  this 
study was to examine in detail the ultrastructure of  
heart muscle in short-term diabetic rats, and the influ- 
ence of  insulin treatment on myocardial  morphology. 

Materials and methods 

Animals 

Male Sprague-Dawley rats weighing 180-200 g were used. Twelve rats 
were made diabetic with streptozotocin (Upjohn, lot 1613 E, MCM 2, 
3 g/t00 ml), freshly prepared in 0.t mol/1 citrate buffer (pH 4.5) and 

injected intraperitoneally in a dose of 100mg/kg body weight. Six 
control rats received an equal volume of buffer intraperitoneally. In 
addition, six normal rats were rendered acidotic by substituting 1.5% 
NH4C1 (wt/vol) for their drinking water for 7 days [10]. The animals 
were fed normal laboratory chow ad libitum, containing 53% carbo- 
hydrate, 20.9% protein, 4.5% fat, 3.9% fibre together with the usual vi- 
tamins and minerals (Hankkija, Turku, Finland). Six diabetic rats 
were killed 7 days after the induction of diabetes. The six control ani- 
mals and the six non-diabetic NH4Cl-treated rats were killed at the 
same time. 

Insulin treatment and balance of diabetes 

The remaining six diabetic animals were treated with insulin, treat- 
ment being initiated 4 days after the induction of diabetes. Daily lente 
insulin (Novo, 4-10 units) was given subcutaneously. The dose of in- 
sulin was adjusted according to plasma glucose concentration, and 
the amount of glycosuria (Clinitest) and ketonuria (Ketostix) were 
controlled daily at 08.00 h. These animals were killed 3 days after the 
initiation of insulin treatment, i.e. 7 days after the induction of diabe- 
tes. 

Analysis of blood specimens 

Blood was drawn from the retro-orbital venous plexus of non-fasting 
rats through a capillary tube under light ether anaesthesia and collect- 
ed into ice-cold tubes. Capillary tubes for pH determination were 
filled immediately and kept at 4 ~ until analysis for pH was carried 
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Fig. 1 A-D. Sarcoplasm of a cardiac myocyte of an untreated diabetic (A), insulin-treated diabetic (B), NH4Cl-treated non-diabetic (C), and of a 
control rat (D). Note patchy swelling of the matrix space (at arrowhead) and a rounded form of mitochondria (M), and dilatation of sarcoplasmic 
reticulum (SR) in the untreated diabetic animal (A). L = lipid droplets, T =  T-tubule. A-D ( x 20,000) 

out with a capillary electrode within half an hour. Blood samples for 
the analysis of other substances were collected into tubes of ice-cold 
EDTA to a final concentration of 21.7 p~mol/1, and capillary tubes 
were filled for the measurement of blood haematocrit. The blood 
samples were kept at 4 ~ for 2 h after which the plasma was separated 
and used for the analyses of plasma glucose, insulin, non-esterified 
fatty acids (NEFA), triglycerides, acetoacetate and fl-hydroxy- 
bntyrate. 

Plasma glucose was determined by an ultraviolet hexokinase 
method (Boehringer, Mannheim, FRG) using an Auto-Analyzer II 
(Technicon, Tarrytown, NY, USA), acetoacetate and fl-hydroxybnty- 
rate were measured by a kinetic method (Boehringer) using a System 
Olli 3000 Photometer 334 (Kone, Espoo, Finland), plasma triglycer- 
ides by a kinetic ultraviolet method (Boehringer) using the same in- 
strument, and plasma NEFA by a colorimetric method (Boehfinger) 
using a Hitachi 101 Spectrophotometer (Tokyo, Japan). Plasma insu- 
lin was measured by a solid phase 125I-radioimmunoassay (Coat-A- 

Count, Diagnostic Products Corporation, Los Angeles, CA, USA). 
The detection limit of this assay is 2 mU/1. The assay is standardized 
in terms of WHO's first International Reference Preparation 66/304. 

Handling of tissue specimens 

The animals were killed at 7 days immediately after taking the blood 
samples. The body cavity was opened under light ether anaesthesia, 
the heart was quickly removed and put into ice-cold 0.9% saline for 
15 s to stop the beating. Thereafter, the heart was put onto cold dental 
wax, cold 2.5% glutaraldehyde was dripped on the tissue, the lateral 
wall of left ventricle was cut off and divided into cubes of 
1 mm x 1 mm with a razor blade. The tissue pieces were placed into 
vials containing 2.5% glutaraldehyde in 0.1 mol/l  sodium cacodylate 
solution (pH 7.4) where they were immersed for 30 rain. The time 
from opening the chest cavity until placing the tissue specimens into 
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fixative was 40-50 s. After immersion fixation the specimens were 
washed in 0.1 tool/1 sodium cacodylate buffer (pH 7.4) for 5 min, and 
post-fixed in 2% OsO4 in 0A mol/1 sodium cacodylate solution (pH 
7.4) for 2 h. The tissues were then rapidly dehydrated in graded ace- 
tone [11] and embedded in Lx-ll2 Resin (Ladd Research Industries, 
Burlington, Vermont, USA). All steps until embedding were carried 
out at 4 ~ 

Semi-thin sections (1 ~tm thick) were cut with a glass knife from 
the blocks chosen at random and examined by phase contrast micro- 
scopy (Leitz, Wetzlar, FRG) until five blocks with rnyofibres oriented 
longitudinally were obtained for each animal. The thin sections were 
cut with a diamond knife from the same five blocks, stained with ura- 
nyl acetate and lead citrate and examined in an electron microscope 
(JEM-100 Cx II, JEM-100B, Japan Electron Optics Laboratory, 
Tokyo, Japan). 

and  f l-hydroxybutyrate (5.79 _+ 0.95 mmol/1)  4 days af- 
ter the induction of  diabetes. Their  average water  con- 
sumpt ion  increased f rom 25 to 85 ml a day, and they de- 
ve loped 3 -5% glycosuria and slight ( + )  to severe 
( +  + + )  ketonuria.  These rats (n = 6) lost further weight 
within the next 3 days, the weight loss being 11-20% at 
7 days, their p l a sma  concentrat ions of  glucose, lipids 
and  ketone bodies were increased, and they were 
strongly hypoinsul inaemic  (Table 1). The b lood  haema-  
tocrit was 0.41 + 0.02 at 7 days before killing the ani- 
mals. They were acidotic, the mean  b lood  p H  being 7.22 
(range 7.17-7.27). 

Morphometry 

A uniform sampling of 25 micrographs of each heart was utilized for 
the morphometric analyses. Five random fields from each of the five 
tissue blocks were micrographed at 1,000 and printed at a final magni- 
fication of 3,000. The square array of 140 sampling points [12] was 
placed on each micrograph, and the number of points falling over 
specific structures was counted as a measure of the volume fraction of 
myocytes, myocyte nuclei and sarcoplasm, and the interstitial tissue 
including capillaries and cells other than myocytes [13]. Thus a total of 
3,500 points was examined in each heart. 

For the measurement of the volume fractions of sarcoplasmic or- 
ganelles of cardiac myocytes, five random fields were micrographed 
from the same five blocks at 10,000, and printed at a final magnifica- 
tion of 30,000. The square array of 345 sampling points which covered 
a tissue area of 38 lxm 2, i. e. 0A 1 p~m 2 per point, was used for determin- 
ing the volume fraction of myofibrils, mitochondria, sarcoplasmic re- 
ticulum, matrix, T-system, lipid droplets and other structures [13]. The 
sarcoplasmic matrix contained amorphous regions, glycogen gran- 
ules, free ribosomes and polyribosomes. The small amount of rough 
endoplasmic reticulum was combined with the Golgi apparatus and 
other organelles in the category of other sarcoplasmic structures. Peri- 
nuclear and plasmalemmal regions as well as the intercalated discs 
were not micrographed. 

A total of 8,625 points representing 950 ~m 2 of myocytic sarco- 
plasm was examined in each heart. In addition, the number of the 
profiles of mitochondria and of the tubules of sarcoplasmic reticulum 
was counted in the micrographs [12]. The mean surface area of the 
mitochondria and of the tubules of sarcoplasmic reticulum was calcu- 
lated by dividing the total area of mitochondria and sarcoplasmic reti- 
culum by the number of the profiles of mitochondria and sarcoplas- 
mic reticulum, respectively [12]. Average dimensions of mitochondrial 
profiles were also determined by measuring the longitudinal axis (par- 
allel to myofibrils) and the transverse axis (perpendicular to myo- 
fibrils) of 100 randomly chosen mitochondria in each heart. 

Statistical analyses 

The results are expressed as mean+ SEM, the statistical differences 
between mean values being calculated using Student's t-test. The re- 
gression analyses were performed by the method of least squares. 

Results 

Untreated diabetic rats 

The 12 rats injected with s treptozotocin ( 1 0 0 m g / k g  
body  weight ) los t  8-17% of  their body  weight and  had  
high concentrat ions of  p la sma  glucose (20.1+2.2  
mmol/1),  N E F A  (0 .88+0.15mmol /1) ,  triglycerides 
(5.21 + 1.20 mmol/1),  acetoacetate  (0.45 + 0.11 mmol/1)  

Insulin-treated diabetic animals 

The animals treated with insulin gained weight, two out 
o f  six reaching their initial weight at 3 days. Ketonur ia  
was el iminated on day 2, and aglycosuria was reached 
on day 3 f rom the initiation of  insulin treatment.  P lasma 
concentrat ions of  glucose, NEFA,  triglycerides, ace- 
toacetate  and f l-hydroxybutyrate were also restored to 
the normal  range within 3 days (Table 1). 

Non-diabetic NH4Cl-treated and control rats 

The six non-diabet ic  rats rendered acidotic with NH4C1 
lost 1 -2% of  their body  weight within 7 days, and their 
p l a sma  concentrat ions of  glucose, insulin, NEFA,  tri- 
glycerides, acetoacetate and /%hydroxybutyrate were 
similar with those of  the six control animals (Table 1), 
which gained 5-7% weight within 7 days. The mean  
b lood  p H  of  the non-diabet ic  NHgCl- t reated animals  
was 7.25 (range 7.20-7.30) at 7 days, and that of  the con- 
trol animals  7.38 (range 7.36-7.40). The b lood haema-  
tocrit was similar in NH4Cl-treated and  control animals 
(0.37 + 0.02 and 0.38 _+ 0.01, respectively). 

Morphometric analyses 

The volume fraction of  myocardia l  myocytes,  myocyte  
nuclei and sarcoplasm, and  interstitial tissue were simi- 
lar in untreated diabetic, insulin-treated diabetic, non- 
diabetic NH4Cl-treated and control animals  (Table 2). 
However,  further morphomet r i c  measurements  showed 
several changes in the volume fraction of  various sarco- 
plasmic organelles of  untreated diabetic animals com- 
pared  with the other groups. The volume percentage of  
mitochondria ,  sarcoplasmic reticulum and lipid drop- 
lets was significantly increased in the untreated diabetic 
group compared  with the insulin-treated diabetic, 
NH4Cl-treated non-diabetic,  and the control group 
(Table 2). After t reatment  with insulin for 3 days the vol- 
ume  fractions of  these sarcoplasmic structures restored 
to the normal  level (Table 2). No significant differences 
were found in the volume fraction of  matrix compo-  
nents, tubules of  T-system and other organelles between 
the various groups (Table 2). The n u m b e r  of  the profiles 
o f  mi tochondr ia  and sarcoplasmic reticulum of  cardiac 
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Table 1. Concentrat ions of  plasma glucose, insulin, NEFA,  triglycerides, acetoacetate and fl-hydroxybutyrate in untreated diabetic, insulin-treat- 
ed diabetic, NH4Cl-treated non-diabetic, and control rats 

Plasma concentrations 7-day Treated diabetic rats NH4Cl-treated Control rats 
untreated diabetic rats (n = 6) non-diabetic rats (n = 6) 
( n = 6 )  (n=6)  

Glucose (mmol / l )  24.2 _+3.1 8.1 +0.8 a 6.5 _+0.5 J 6.7 _+0.4 d 
Insulin (mU/1) 8.8 _+1.4 35.0 _+2.90 37.3 +2.2  d 
N E F A  (mmol/1) 0.93 _+ 0.12 0.42 _+ 0.0U 0.40 _+ 0.05 ~ 0.35 _+ 0.040 
Triglycerides (mmol/1) 5.83 _+ 1.72 0.53 + 0.12 a 0.43 -+ 0.04 a 0.46 -+ 0.05 a 
Acetoacetate (mmol/1) 0.58 _+ 0.10 0.24_+ 0.03 b 0.17 -+ 0.02 c 0.15 -+ 0.03 c 
fl-hydroxybutyrate (mmol/1) 6.07 _+ 1.11 0.59 _+ 0.06 d 0.45 -+ 0.07 d 0.42 _+ 0.04 d 

Results expressed as mean _+ SEM. 
a p < 0.02, b p < 0.01, c p < 0.005, d p < 0.001 compared  with untreated diabetic rats 

Table 2. Volume percentage of  myocardial tissue components  and myocytic structures 

Volume percentage in 

Untreated diabetic rats Treated diabetic rats NH4Cl-treated Control rats 
(n = 6) (n = 6) non-diabetic rats (n = 6) 

(n=6)  

Myocardial  component  
Myocytes 81.6 _+ 1.8 79.8 _ 1.3 81.1 _+ 1.4 80.6 _+ 1.5 
Interstitium a 18.4 _+ 2.0 20.2 _+ 1.6 18.9 _+ 1.9 20.4 _+ 1.7 

Myocytes 
Nuclei 2.3 _+0.6 2.0 _+0.5 2.1 _+0.6 2.5 _+0.6 
Sarcoplasm 97.7 _+ 0.5 98.0 _+ 0.4 97.9 + 0.3 97.5 _+ 0.7 

Sarcoplasmic structure 
Myofibrils 46.6 _+4.0 55.5 -+2.4 54.5 -+2.9 55.1 -+2.5 
Mitochondria  37.0 _+ 1.3 30.9 _+ 1.0 f 31.5 _+ 1.40 31.2 __ 1.60 
Sarcoplasmic reticulum 4.72 _+ 0.35 3.43 _+ 0.220 3.10 _+ 0.20 f 2.95 _+ 0.19 f 
Lipid droplets 2.48 _+ 0.43 0.97 ___ 0.270 0.85 -+ 0.18 e 0.90 -+ 0.15 e 
Matrix b 7.92 _+ 1.32 7.27 -+ 0.60 7.78 _+ 0.65 7.58 _+ 0.72 
T-system 1.30 _+ 0.25 1.22 ___ 0.27 1.38 _+ 0.23 1.42 -+ 0.27 
Other c 0.68 -+ 0.11 0.71 + 0.09 0.89 _+ 0.12 0.85 -+ 0.15 

Results expressed as mean _+ SEM. 
a Contains amorphous regions, fibres, capillaries and cells other  than myocytes;  b includes glycogen, ribosomes, polyribosomes and amorphous 
regions; c includes rough endoplasmic reticulum, Golgi apparatus, peroxisomes and lysosomes; o p < 0.02, e p < 0.01, f p < 0.005 compared  with 
untreated diabetic rats 

Table 3. Number  and area of  the profiles of  mitochondria  and sarcoplasmic reticulum, and profile axes of  mitochondria in the cardiac myocytes 

7-day Treated diabetic rats NH4Cl-treated Control rats 
untreated diabetic rats (n = 6) non-diabetic rats (n = 6) 
( n = 6 )  (n=6)  

No. of  profiles/950 [.tm 2 
Mitochondria  338 _+ 15 355 + 10 348 + 14 345 + 17 
Sarcoplasmic reticulum 122 _+ 12 125 +_ 9 130 + 14 128 _+ 11 

Area/prof i le  (].tm 2) 
Mitochondria  1.28 + 0.09 0.83 + 0.07 f 0.78 + 0.09 f 0.70 + 0.08g 
Sarcoplasmic reticulum 0.19 + 0.02 0.14_+ 0.02 0.10_+ 0.03 ~ 0.12 + 0.01 e 

Profile axis /mi tochondr ion (Ixm) 
Longitudinal a 1.08+ 0.18 1.11+ 0.13 1.15+ 0.12 1.19+ 0.16 
Transverse b 0.91___ 0.10 0.72+ 0.11 0.61+ 0.06 ~ 0.62_+ 0.05 d 

Results expressed as mean + SEM. 
a Parallel to myofibrils; b Perpendicular  to myofibrils; c p < 0.05, d p < 0.025, e p < 0.01, f p < 0.005, g p < 0.001 compared  with untreated diabetic 
rats 

myocytes was similar in the various groups (Table 3), 
but further measurements showed that the areas of the 
individual profiles of mitochondria and sarcoplasmic 
reticulum were greater in the untreated diabetic group 

than in NH4Cl-treated and the control groups, and they 
were reduced in the former to normal level with insulin 
treatment (Table 3). Furthermore, the transverse axis of 
individual mitochondria was significantly greater in the 
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untreated diabetic group than in the NH4Cl-treated 
non-diabetic and in the control groups, but no signifi- 
cant differences were found in the length of the longitu- 
dinal axis of mitochondria between the various groups 
(Table 3). 

Observations of cardiac myocytes 

Lipid was accumulated in the cardiac myocytes of un- 
treated diabetic animals as electron-opaque homoge- 
nous droplets, which were closely associated with the 
mitochondria (Fig.l A). No electron microscopically 
visible changes were found in the outer or inner mito- 
chondrial membrane but the cristae were distorted 
(Fig. 1 A). A regular finding in the untreated diabetic an- 
imals was the dilatation of the tubules of sarcoplasmic 
reticulum (Fig.lA). The mitochondrial matrix was 
more electron-lucent in the untreated diabetic animals 
(Fig. 1 A) than in the insulin-treated diabetic (Fig. I B), 
NH4Cl-treated non-diabetic (Fig. 1 C), and in the con- 
trol animals (Fig. 1 D), and patchy swelling was present 
in places (Fig. 1 A). 

Correlation of plasma parameters with the size 
of mitochondria 

In the diabetic untreated rats there was a positive corre- 
lation between the mean surface area of mitochondria 
and plasma NEFA concentration (r--0.83, p<0.01). 
Similarly, in the untreated diabetic animals a positive 
correlation was found between the mean mitochondrial 
area and the concentrations of plasma acetoacetate 
(r=0.87, p<0.005), and plasma fl-hydroxybutyrate 
( r=  0.79, p <  0.02), whereas no such correlations were 
found in the other groups. 

Discussion 

Of the mammalian tissues, the heart muscle uses the 
highest amount of energy [14, 15]. In the normal fed 
state, glucose and NEFA are the main sources of energy 
in this tissue [16]. On the other hand, plasma ketone 
bodies become the main substrate for cardiac metabo- 
lism, when their blood concentrations rise, as in diabe- 
tes [17, 18]. This study demonstrates ultrastructural al- 
terations in the cardiac myocytes in short-term experi- 
mental diabetes, the state where both the concentrations 
of plasma NEFA and ketone bodies are increased. 

A distinct finding in the untreated diabetic rats was 
the increase of the size of myocyte mitochondria. Even 
though no electron microscopically visible changes 
were found in the structure of outer or inner mitochon- 
drial membranes, the matrix space was clearly swollen, 
and measurements of the longitudinal and transverse 
axes of mitochondria indicated that the mitochondria 
were taking a more rounded form in the untreated dia- 
betic animals. Other findings were the dilatation of the 
tubules of sarcoplasmic reticulum and the accumula- 
tion of lipid in the cardiac myocytes of the untreated 

diabetic rats. Insulin treatment restored the size of mito- 
chondria and of sarcoplasmic reticulum, and the 
amount of lipid in myocytes to the normal ranges, 
which suggests that the morphological changes found 
in the untreated diabetic animals were not due to the 
damaging effect of streptozotocin on the heart muscle, 
but that they were caused by the diabetic state per se. 
This suggestion is further supported by the finding that 
experimentally induced acidosis without diabetes did 
not cause any morphological alterations in the heart 
muscle. The blood haematocrit of  the untreated diabetic 
animals was slightly higher (0.41 _ 0.02) than in NH4C1- 
treated non-diabetic (0.37+0.02) and in control rats 
(0.38 + 0.01). This rise does not explain the morphologi- 
cal changes found in these animals because the increase 
in blood haematocrit in untreated diabetic animals re- 
sults from dehydration, i. e. from intracellular water loss 
[19], which, in fact should cause opposite morphologi- 
cal changes in cells, i.e. decrease of the size of cellular 
compartments. 

The positive correlation between the size of mito- 
chondria and plasma NEFA concentration suggests 
that there may be a relationship between the mitochon- 
drial swelling and the level of plasma NEFA in short- 
term untreated diabetic rats. Fatty acids are amphiphilic 
substances in that they contain both the hydrophilic 
(polar) and hydrophobic (non-polar) groups. The am- 
phiphilic lipids can incorporate into biological mem- 
branes and change the physical properties of the lipid 
bilayer resulting in changes in the membrane function 
[20]. High fatty acid concentrations, by their detergent- 
like actions can abolish the ability of the membrane to 
serve as permeability barrier [20, 21]. Even though most 
studies on the interaction between amphiphilic lipids 
and cellular membranes have been carried out using in 
vitro models [20-22], our findings could support the 
view that fatty acids may have a similar detergent-like 
action on biological membranes also in vivo, resulting 
in changes (increase ?) of the permeability [20, 21] and in 
alterations (inhibition?) of certain enzyme activities [23] 
of mitochondrial membranes, thereby leading to the 
swelling of mitochondria. 

The reason(s) for the positive correlation between 
the size of mitochondria and the levels of plasma ketone 
bodies in the untreated diabetic rats in our study re- 
mains unclear at the present time. Recently, decreased 
D-fl-hydroxybutyrate dehydrogenase activity has been 
shown in liver mitochondria from diabetic rats [24], but 
the authors did not find any relationship between the 
lowered enzyme activity and the altered lipid composi- 
tion of diabetic mitochondrial membranes [24]. 

Thus far, little attention has been paid to the ultra- 
structure of sarcoplasmic reticulum in acute insulin de- 
ficiency. Our present finding, i.e. the dilatation of the 
tubules of sarcoplasmic reticulum in the cardiac myo- 
cytes of untreated diabetic rats, however, may be related 
to the functional defects of sarcoplasmic reticulum re- 
ported earlier in diabetic rat hearts [25] and could result 
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from the altered (increased?) permeability of cellular 
membranes during insulin deficiency [26, 27]. Inter- 
estingly, the dilatation of the sarcoplasmic reticulum in 
the ischaemic rat heart [28] has been proposed also to be 
related to the interaction between fatty acids and mem- 
brane lipids [20]. 

Biochemical studies have shown the concentration 
of myocardial triglycerides to be increased in alloxan- 
[29] and streptozotocin-diabetic ketoacidotic rats [30]. 
Lipid, obviously triglyceride [29, 30], also accumulated 
in the cardiac myocytes of untreated diabetic animals in 
the present study, and as a summary of findings by oth- 
ers [29-31] it might be stated that accumulation of lipids 
in the heart muscle of ketoacidotic diabetic rats may 
just be a consequence of the activity of carnitine acyl 
transferase limiting the transport of fatty acids into 
mitochondria. 

The size of mitochondria and of tubules of sarco- 
plasmic reticulum, as well as the amount of lipid drop- 
lets in the cardiac myocytes of insulin-treated diabetic 
rats were significantly smaller compared with those of 
untreated diabetic animals and similar with those of 
control rats, indicating that the ultrastructural altera- 
tions of the diabetic heart muscle are preventable with 
insulin treatment in this animal model. In conclusion, 
our findings indicate that the intracellular morphologi- 
cal changes in the cardiac myocytes of short-term dia- 
betic rats are due to the diabetic state per se and point to 
an important role of insulin in the maintenance of the 
metabolism in heart muscle. 
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