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Abstract. The effects of severe, chronic diabetes mellitus and of immediate or delayed
insulin replacement on the different components of the myocardium and cardiocytes
were quantified and correlated. A significant decrease in cardiocyte cross-sectional
area occurred during the first 12 weeks of diabetes and then stabilized. This was
accompanied by decreases in the relative volume densities (RVDs) of myofibrils and
mitochondria, resulting in absolute loss of more than 40% of each of these cellular
components after 26 weeks of diabetes. Interstitial and perivascular deposition of
extracellular matrix produced a tripling of its RVD in the myocardium over 26 weeks of
diabetes at the expense of both cardiocytes and capillaries. Capillary density and
diameter also exhibited progressive decreases of more than 20% over 26 weeks of
diabetes. Insulin treatment which maintained euglycemia and restored normal growth
prevented this structural pathology when begun three days after induction of diabe-
tes. When delayed for 12 weeks, insulin reversed the changes in cardiocyte and cap-
illary RVD, and in capillary diameter within 6 weeks, ultrastructural changes within 12
weeks, and cardiocyte cross-sectional area after 26 weeks. However, even after 26
weeks of treatment, the extracellular matrix remained more than twice that observed
in nondiabetic animals, with a consequent decrease in the number of capillaries per
unit volume of tissue. This study demonstrates that diabetes produces a progressive,
marked disorganization of the myocardium which can be prevented, but only selec-
tively reversed, by insulin treatment. These structural changes are relevant to the

functional changes which occur in diabetic cardiomyopathy. [P.S.E.B.M. 1994, Vol 205)

eart disease remains one of the most serious
sequelae of diabetes mellitus, even with good
control of blood glucose levels. Although this
was initially attributed almost entirely to accelerated
coronary atherosclerosis, it soon became well recog-
nized from epidemiologic (1), clinical (2, 3), biopsy (5,
6), and postmortem (2, 7) evidence that a diabetic car-
diomyopathy independent of vascular disease also
plays a major role. Contractile dysfunction can often
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be detected in diabetic patients before the symptoms
of heart disease present clinically (3, 6), but, in other
instances, may not become evident except under con-
ditions of increased stress (4, 8, 9). Cardiac contractile
abnormalities in diabetic animal models parallel those
observed in the human population (10, 11).

A major component of this diabetic cardiomyopa-
thy involves abnormalities in myocardial composition
and structure which arise from the altered biochemical
milieu and subsequently underlie many of the contrac-
tile and hemodynamic dysfunctions which lead to
pump failure. Progressive accumulations of collagen
and glycoproteins in the myocardial extracellular ma-
trix are consistent findings in both diabetic patients (2,
7) and experimentally diabetic animals (12, 13), and
are related to the decreased compliance of this tissue
(2, 14). Ultrastructural examinations have revealed
marked abnormalities of the cardiomyocytes in se-
verely diabetic animals (15-17), but mildly diabetic an-



imals typically show little or no ultrastructural damage
(18, 19). Thickening or reduplication of capillary base-
ment membranes in the diabetic myocardium have
been frequently (5, 6, 13), although not always (17),
observed.

It is not clear, however, how quickly and to what
extent the various components of the tissue or cardi-
ocytes are affected, nor is it clear what effect inter-
vention with insulin might have on this disorder. We
demonstrated (13, 19) in the rat myocardium that
structural changes at both the light and electron mi-
croscopic levels occur in a focal pattern, with both the
size and number of affected areas increasing with the
duration of diabetes. After six months, more than half
of the tissue showed altered morphology. We also
noted that insulin treatment begun after twelve weeks
of diabetes, when many changes were already present,
could significantly but not completely reverse them.

In the present study, I have extended these obser-
vations by using stereology and quantitative mor-
phometry to define the pattern of changes in the dia-
betic myocardium and to compare the effects of early
and late insulin replacement.

Materials and Methods

Experimental Animals. Diabetes was induced in
young male Sprague-Dawley rats by intravenous injec-
tion of 55 mg/kg alloxan monohydrate (Sigma, St.
Louis, MO). Control rats received equivalent doses of
sterile saline. Plasma glucose concentrations were
measured three days later and biweekly thereafter. All
animals were weighed weekly and urine concentra-
tions of glucose, ketones, and protein were estimated
by dipstick (Boehringer Mannheim, Indianapolis, IN).
Each animal was assigned to an experimental group at
the time of injection to eliminate selection bias due to
spontaneous mortality.

Only rats with plasma glucose values above 300
mg/dl (17 mM) and gaining little or no weight were
considered seriously insulin deficient (13, 19, 20) and
included in this study. Marked glucosuria and keto-
nuria were also characteristic of the diabetes. These
criteria effectively limited the study to the more se-
vere end of the spectrum of diabetes, minimizing
variations due to differences in severity of the disease
which we have shown to be significant factors in the
development of myocardial sequelae (19). Previous ex-
perience (13, 19-21) has demonstrated that more than
two-thirds of the animals injected with alloxan will
meet these criteria yet survive for the intervals in this
study.

Insulin treatment followed two protocols when
used. In the first, to determine if it could prevent the
degenerative myocardial changes of diabetes, treat-
ment began three days after injection of alloxan (Insu-
lin Treatment—Prevention; ITP). In the second, treat-

ment of diabetic animals was delayed for 12 weeks to
determine if insulin replacement could reverse
changes which had already occurred (Insulin Treat-
ment-Reversal; ITR). Under either protocol, treat-
ment consisted of a mixture of two units each of reg-
ular and NPH insulins (Eli Lilly Co., Indianapolis, IN)
injected subcutaneously every 12 hr in a rotating pat-
tern of six sites on the back and abdomen (13, 21).
Age-matched control (diabetic) rats received equal
volumes of saline. Successful insulin treatment was
indicated by blood glucose levels between 70 and 140
mg/dl (3.9-7.8 mM) and resumption of normal weight
gain. In a pilot experiment to verify that this treatment
protocol maintained euglycemia throughout the day
(Fig. 1), we measured blood glucose and urine glucose
and ketones over a 24-hr period in groups of age-
matched, untreated and insulin-treated diabetic rats (n
= 4 per group).

Throughout the study, all animals were housed in-
dividually within an AAALAC-accredited facility and
had free access to food and water. Strong efforts were
taken to minimize or eliminate any unnecessary dis-
comfort of the experimental animals. Any diabetic rat
which stopped eating or drinking, became lethargic,
showed a sudden or significant weight loss, or devel-
oped renal failure was immediately euthanized with
carbon dioxide. All sacrifice for collection of tissue
was carried out under full pentobarbital anesthesia as
described below.
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Figure 1. Plasma glucose levels measured every 2 hr in age-
matched untreated (O—O) and insulin-treated (@—@®) diabetic
rats confirm that insulin treatment maintained consistent eu-
glycemia in contrast to the markedly elevated and fluctuating
values in diabetes. Each group consisted of four rats, and all
values are expressed as X + SD. Arrows indicate times of semi-
daily insulin injections.
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Sacrifice and Tissue Preparation. After inter-
vals of six, 12, or 26 weeks of diabetes, or after the
same periods of insulin treatment following either of
the protocols noted above, each control or experimen-
tal animal was fully anesthetized by intraperitoneal in-
jection of sodium pentobarbital, 65 mg/kg. The heart
was rapidly excised, rinsed three times in ice-cold sa-
line, and mounted on the tip of a retrograde aortic
perfusion apparatus. The coronary vasculature was
flushed of blood and the heart arrested in diastole by
brief perfusion with 25 mM potassium phosphate
buffer, pH 7.35, containing 90 mM NaCl, 25 mM KCl,
and saturated with oxygen by constant bubbling. The
heart was then perfused for 10 min with 2% glutaral-
dehyde and 2% paraformaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.35, containing 50 mM KCl and
5 mM CaCl,, also saturated with oxygen. Perfusion
was gravity driven at a pressure of 120 mm Hg and in
all cases began within 60 sec of thoracotomy.

The atria and valves of each heart were trimmed
away and discarded, and the right ventricular free wall
was separated from the septum and left ventricular
wall. Both were weighed and returned to fresh fixative
for an additional 824 hr. The midregion of the left
ventricular anterior papillary muscle was further di-
vided, postfixed in osmium, dehydrated, and embed-
ded in Spurr’s medium (13, 22).

The papillary muscle is ideally suited for stereo-
logic and morphometric study because, as previously
discussed (22, 23), in its midregion the cardiocytes and
capillaries all follow the long axis of the muscle and
can be reliably examined in any selected orientation.
The myocardial free wall, in contrast, presents a num-
ber of problems in determining its relative fiber orien-
tation (24). Use of the left ventricular anterior papil-
lary muscle also ensured that the same tissue was used
from each heart.

Four blocks of tissue were randomly selected from
each animal. Two were sectioned in longitudinal ori-
entation (parallel to the long axis of cardiocytes and
capillaries), and two were sectioned in transverse ori-
entation (at right angle to this axis). Thick sections (1
pm) for light microscopy were cut, stained with tolu-
idine blue, and examined at X1250 with an Olympus
BHS microscope. Each block, if necessary, was reori-
ented until the proper orientation was achieved. These
thick sections were used for the measurement of car-
diocyte cross-sectional area, tissue composition, and
capillary distribution as described below. Thin sec-
tions (70 nm) were cut from the same blocks and
stained with uranyl acetate and lead citrate. Photomi-
crographs were taken with a JEOL 100s transmission
electron microscope at an initial magnification of
X 3224, enlarged x2.85, and used for the measurement
of cardiocyte composition.
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Quantitative Analysis. Morphometric and ste-
reologic analysis employed a planimeter/digitizing tab-
let (Carl Zeiss, Thornwood, NY) interfaced with a mi-
crocomputer for data capture and analysis. Light mi-
croscopic measurements were made through an
Olympus BHS microscope equipped with a sidearm
lens which superimposed the image of the planimetry
cursor and/or a digitizing grid over the image of the
tissue. Stereologic analysis of ultrastructural compo-
sition was done with a grid placed directly over the
electron micrographs. The theoretical foundations for
these techniques (25, 26) are beyond the scope of this
report, but their applications to myocardial analysis
are well established and have been previously dis-
cussed (22, 23). All samples were identified by animal
numbers which did not specify the experimental group
to which each belonged.

Mean cross-sectional area was selected as an in-
dex of cardiocyte size because it can be reliably mea-
sured and is a sensitive indicator of changes in cell size
during myocardial remodeling in the adult animal (22,
23). This was determined at X 1250 from transversely
sectioned tissue by integrating tracings of the periph-
ery of each cell. Only cardiocytes containing a nucleus
were included to ensure that measurements were
taken near the midpoint of each cylindrical cell, and all
nucleated cells within a microscopic field were mea-
sured. Adjacent fields were examined until at least 50
cells from each of two blocks of tissue were measured,
and a mean value was calculated for each animal.

Capillary diameter and numerical density were
also measured at X 1250 from each of two transversely
sectioned blocks of tissue per animal. Within a defined
area (A) of 10,460 um?, the total number (N) of capil-
laries were counted regardless of orientation to calcu-
late their numerical density (ND), where ND = N/A.
Nonoverlapping microscopic fields were examined un-
til at least 200 capillaries had been counted in each
block. Within each field, capillary profiles cut in cross-
section were identified by endothelial symmetry, and
their diameters measured with the planimeter. Mean
density and diameter values were then calculated for
each animal.

The relative volume densities of cardiocytes, ex-
tracellular matrix, and capillaries were determined by
point-counting stereology (25, 26) using a 609-point
grid superimposed over the image of the tissue at
x1250. The volume density of each component (V)
relative to total tissue volume (V¢) was calculated as
Vx/Vt = Px/Pt where Px and Pt are, respectively, the
number of points falling over the component in ques-
tion and the total number of points falling over the
tissue. Two blocks each of longitudinally and trans-
versely sectioned tissue were examined for each ani-
mal, and measurements were taken from three random



nonoverlapping fields in each block. A mean value for
each tissue component in each animal was then calcu-
lated. ,

The relative volume densities of myofibrils, mito-
chondria, nucleus, and free cytoplasm relative to total
cellular volume were calculated in the same way as
Vx/Vt = Px/Pt using a 165-point grid placed over elec-
tron micrographs printed at a final magnification of
x9188. Two blocks each of transversely and longitu-
dinally sectioned tissue from each rat were included,
and five random areas from each block were photo-
graphed and used for analysis.

Since the dimensions of all measured tissue and
cardiocyte components perpendicular to the section
face far exceeded section thickness, the penetration
factors (27) and consequent errors due to the Holmes
effect (28) were negligible and were not corrected for.
Similarly, the parallel organization of cardiocytes and
capillaries within the papillary muscle allowed orien-
tation of the tissue easily exceeding that necessary for
stereologic analysis of cardiac muscle (29), obviating
corrections for anisotropy. Factors of 1.03 to 1.08 to
correct for section compression were calculated and
applied as described by Anversa et al. (30).

Statistical Analysis. Each group of diabetic (al-
loxan injected) rats had an age-matched nondiabetic
(saline injected) control group, and each insulin

treated diabetic group had an age-matched saline
treated diabetic control group. A two-tailed, non-
pooled, unpaired Student’s ¢-test was used to compare
each value between the appropriate experimental and
control groups.

In order to analyze the capacity of insulin replace-
ment to prevent or reverse structural changes, mea-
surements from insulin treated diabetic animals were
also compared with those from nondiabetic control
rats. Analysis of variance (ANOVA) revealed no sig-
nificant differences among the six, 12, and 26 week
nondiabetic control groups in any of the morphometric
or stereologic analysis measurements, so a mean nor-
mal value was calculated for each parameter. A one-
way ANOVA was then used to compare ITP or ITR
groups and this pooled normal control, followed by a
Newman-Kuels multiple comparison test when indi-
cated by a P < 0.05.

Results

Evaluation of the Experimental Model. Table I
summarizes the sacrifice weights, rate of weight gain,
and blood glucose levels for the animals in this study.
Nondiabetic control rats, as expected, had normal lev-
els of blood glucose. Their weight gain was initially
greater than 35 g per week but decreased with age as
they approached adult weights. Untreated or saline-

Table I. Characteristics of the Experimental Model

Weight change per week (g)

Blood glucose (mM)

; Sacrifice
Experimental group (m weight (g) Before After Before After
treatment treatment treatment treatment
No treatment:
6-WKk diabetic 8 192.8 = 9.4* 1.65 + 3.24* 26.96 + 3.53*
6-Wk nondiabetic 7 3946 £ 447 36.10 = 5.87 5.57 £ 0.45
12-Wk diabetic 7 209.3 + 44 .4* 1.67 + 3.48* 24.69 + 2.22*
12-Wk nondiabetic 8 487.0 = 40.9 26.38 = 3.20 5.43 = 0.38
26-Wk diabetic 7 201.1 = 37.8* 1.30 = 1.53* 25.49 + 2.89*
26-Wk nondiabetic 7 589.7 £ 91.1 15.81 £ 3.70 5.40 = 0.63
Prevention:
6-WK insulin-treated 7 369.7 = 22.6* 34.11 = 3.95* 21.16 = 3.05 5.34 + 1.25*
6-WKk saline-treated 6 169.2 £ 27.9 1.83 £ 4.13 28.83 = 2.20 28.33 = 2.10
12-Wk insulin-treated 7 4419 + 41.8* 22.84 + 3.48* 25.51 = 3.63 6.90 = 0.80*
12-WKk saline-treated 6 205.8 = 11.0 2.65 + 1.04 25.85 + 2.22 25.25 + 3.31
26-Wk insulin-treated 8 524.0 = 23.1* 13.94 + 1.28* 22.36 = 4.64 5.44 + 0.34*
26-Wk saline-treated 6 241.7 £ 19.0 3.08 = 0.80 23.22 + 3.43 23.37 £ 1.14
Reversal:
6-WKkK insulin-treated 6 366.2 + 28.2* 7.60 = 3.04 20.32 + 2.10* 25.52 + 2.37 6.20 = 1.30*
6-WKk saline-treated 7 213.6 =+ 26.3 2.00 £ 217 3.94 =~ 1.88 25.06 = 2.23 24.33 £ 2.03
12-WKk insulin-treated 6 4158 + 13.1* 6.70 = 2.70 13.92 = 2.88* 26.30 = 5.32 5.53 = 0.75*
12-Wk saline-treated 6 266.8 = 51.1 467 + 3.88 3.67 +2.82 27.65 = 5.05 25.88 + 3.31
26-Wk insulin-treated 8 511.6 + 31.2* 3.54 +1.37 11.86 = 1.71* 2413 + 1.69 6.41 = 0.90*
26-Wk saline-treated 6 242.8 + 20.3 233 £1.12 2.07 £0.75 25.82 = 1.90 25.03 £ 1.57

Body weight, rate of weight gain, and blood glucose levels of age-matched diabetic and nondiabetic rats and of age-matched
insulin-treated and saline-treated diabetic rats. Insulin or saline treatment began three days after induction of diabetes in the
Prevention groups, and 12 weeks after induction of diabetes in the Reversal groups. All values are expressed as X = SD. *P =< 0.01
by Student’s t test for comparisons of diabetic versus nondiabetic groups and of insulin-treated versus saline-treated diabetic groups.
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treated diabetic animals, in contrast, remained mark-
edly hyperglycemic and gained little weight through-
out the study.

Insulin treatment begun either three days (ITP) or
12 weeks (ITR) after induction of diabetes restored
both blood glucose and rate of weight gain to normal.
Plasma glucose concentrations measured in ITR rats at
2-hr intervals (Fig. 1) verified that our procedure of
semidaily injections of mixed insulins maintained a
stable level of euglycemia throughout the day. These
values in the untreated diabetic animals, in contrast,
reflected the typical eating pattern of the rat, signifi-
cantly rising at night when most of the food is con-
sumed and falling during the day, when the animal eats
little food (20).

Untreated and saline-treated diabetic animals con-
sistently had markedly elevated urine glucose and ke-
tone levels above the dipstick maxima of 1 g/dl [55.6
mM] glucose and 250 mg/dl [23.1 mM] acetoacetate.
Water consumption and urine output were markedly
elevated. Proteinuria was present only in trace
amounts, if at all, in these animals. Glucosuria disap-
peared within one to two days of both ITP and ITR,
with loss of ketonuria approximately one day later.
Urine glucose, ketones, and protein were all absent in
nondiabetic control rats throughout the study.

Measurement of daily food consumption in age-
matched diabetic and nondiabetic animals over a
three-week period confirmed that the lack of weight

gain in diabetes was not due to starvation. Diabetic
animals, in fact, ate 64% more food than did control
rats (51.0 = 2.6 g/d vs 31.1 = 1.7 g/d, x = SD, P <
0.001, n = 4 per group).

Cataracts were not seen in any nondiabetic rats in
this study but developed within 12 weeks in all animals
in the untreated or saline-treated diabetic groups.
These could be prevented by early insulin replacement
but could not be reversed if insulin treatment was de-
layed for 12 weeks. Diabetic animals also had a strik-
ing loss of subcutaneous fat, and a loss of retroperito-
neal fat was also evident at sacrifice. Insulin treat-
ment, ITP or ITR, maintained or redeposited adipose
tissue at both sites.

Gross Examination. Neither diabetes nor insulin
treatment affected the gross appearance of the heart.
Diabetic animals retained the same amount of epicar-
dial fat accompanying the coronary macrovasculature
as did their age-matched nondiabetic controls, even
though subcutaneous and retroperitoneal fat were lost.

As shown in Table II, heart weight after six weeks
of diabetes was significantly less than in age-matched
control animals and remained so throughout the study,
but the increased heart weight:body weight ratios in
these animals demonstrate that the effects of insulin
deficiency on overall growth were even more pro-
nounced. ITP and ITR maintained or restored both
heart weights and heart weight:body weight ratios,
while saline treatment, as expected, had no effect on

Table Il. Effects of Diabetes and Insulin Treatment on Heart Weight

Experimental group (m

Heart weight at
sacrifice (g)

Heart weight per
body weight (g/kg)

No treatment:
6-Wk diabetic
6-Wk nondiabetic
12-Wk diabetic
12-Wk nondiabetic
26-Wk diabetic
26-Wk nondiabetic

Prevention:
6-WK insulin-treated
6-Wk saline-treated
12-Wk insulin-treated
12-Wk saline-treated
26-Wk insulin-treated
26-WKk saline-treated

Reversal:
6-Wk insulin-treated
6-Wk saline-treated
12-WK insulin-treated
12-Wk saline-treated
26-Wk insulin-treated
26-Wk saline-treated

OOMITNO N ~N NN 0o

OO OHZTON®D

0.56 + 0.04* 290 = 0.14*
0.99 + 0.11 252 +0.15
0.67 £ 0.12* 3.36 = 0.30*
1.08 + 0.09 222 +0.16
0.71 = 0.14" 3.61 = 0.80*
1.156 + 0.06 1.97 = 0.46
0.90 = 0.16* 2.37 = 0.40*
0.59 + 0.15 3.43 £ 0.53
0.98 +0.11* 2.23 = 0.26*
0.72 £ 0.13 3.562 + 0.61
1.17 = 0.06* 223 +0.14*
0.82 £ 0.10 3.39 = 0.36
0.97 £ 0.09" 2.67 £ 0.32*
0.72 £ 0.13 3.32 £0.32
1.00 £ 0.12 2.39 = 0.25"
0.86 + 0.07 3.30 = 0.57
1.18 = 0.08* 2.30 = 0.05"
0.74 £ 0.05 3.04 = 0.10

Absolute and relative heart weights of age-matched diabetic and nondiabetic rats and of age-matched insulin-treated and saline-
treated diabetic rats. Insulin or saline treatment began three days after induction of diabetes in the Prevention groups, and 12 weeks
after induction of diabetes in the Reversal groups. Ali values are expressed as X = S.D. *P < 0.01 by Student’s t test for comparisons
of diabetic versus nondiabetic groups and of insulin-treated versus saline-treated diabetic groups.
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the diabetic changes. Right and left ventricular mass
were equally affected by both diabetes and insulin
treatment (Fig. 2).

Cardiocyte Cross-Sectional Area. The mean
cardiocyte cross-sectional areas for all experimental
animals are shown in Figure 3. A decrease of 12% (P <
0.01) was noted after six weeks of untreated diabetes,
which progressed to 24% after 12 weeks but remained
stable thereafter. No changes in cellular cross-
sectional area were evident with age in the nondiabetic
control animals.

ITP maintained cardiocyte sizes indistinguishable
from those of nondiabetic rats and significantly larger
than those of diabetic animals injected with saline (Fig.
3). Long-term ITR produced a progressive reversal,
evident after six weeks and complete by 26 weeks.
Saline-treated control animals for the last of these
groups, which were insulin deficient for a total of 38
weeks (12 weeks of untreated diabetes plus 26 weeks
of saline treatment), had a mean cardiocyte cross-
sectional area less than 8% below that of the 12 week
diabetic group, confirming that further decreases were
minimal as the diabetes progressed.

Tissue Composition. Untreated diabetes pro-
duced a significant increase in extracellular matrix,
shown in the stereologic analysis presented in Figure
4. This increase occurred at the expense of both car-
diac muscle cells and capillaries, although the rela-
tively large variance in the latter resulted in changes
which were not statistically significant until 26 weeks.

B Untreated Diabetic

Bl Nondiabetic Control
0.6 1 B Insulin Treated Diabetic
Bl saline Treated Diabetic
0.4 1

RV Weight / Heart Weight

LV Weight / Heart Weight

6 wk 12wk 26wk 6wk 12wk 26wk 6wk 12wk 26

NO TREATMENT PREVENTION

Figure 2. Right ventricular (RV) and left ventricular plus septum
(LV) weights relative to total heart weight are compared between
age-matched diabetic and nondiabetic rats and between age-
matched insulin-treated and saline-treated diabetic rats. Insulin
or saline treatment began three days after induction of diabetes
in the Prevention groups, and 12 weeks after induction of dia-
betes in the Reversal groups. The number of animals in each
group is presented in Table I, and all values are expressed as
X * S.D. Comparisons of diabetic versus nondiabetic groups
and of insulin-treated versus saline-treated diabetic groups by
Student’s t test revealed no significant differences at P < 0.01.
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Figure 3. Cardiocyte cross-sectional areas of age-matched dia-
betic and nondiabetic rats and of age-matched insulin-treated
and saline-treated diabetic rats. insulin or saline treatment be-
gan three days after induction of diabetes in the Prevention
groups, and 12 weeks after induction of diabetes in the Reversal
groups. The number of animals in each group is presented in
Table |, and all values are expressed as X + SD. *P =< 0.01 by
Student’s t test for comparison of diabetic versus nondiabetic
groups and of insulin-treated versus saline-treated diabetic
groups. Comparison of nondiabetic versus insulin treated dia-
betic groups by ANOVA was followed by Newman-Kuels muitiple
comparison test; 1P < 0.01 relative to nondiabetic values.

6wk 12wk 26
Prevention

6wk 12wk 26 wk
Reversal

The deposition of extracellular matrix progressed to
the extent that its relative volume density had tripled
after 26 weeks of diabetes, while those of the cardio-
cytes and capillaries had decreased 15% and 30%, re-
spectively.

Prompt insulin replacement again prevented the
effects of diabetes on myocardial composition (Fig. 5).
The relative volume densities (RVD) of cardiocytes
and capillaries in these animals remained unchanged
from the nondiabetic values presented in Figure 4,
while the RVD of the extracellular matrix even de-
creased slightly after 26 weeks of treatment. Changes

NO TREATMENT:
B Normal Control
1004 £ Diabetic

Relative Volume Density (% of tissue)

-
6wk 12wk 26wk 6wk 12wk 26wk 6wk 12wk 26wk

Cardiocytes

Figure 4. Histologic composition of the myocardium is com-
pared between age-matched diabetic and nondiabetic rats. The
number of animals in each group is presented in Table [. All
values are expressed as X = SD. *P < 0.01 by Student'’s t test for
comparisons of diabetic versus nondiabetic controls.

Capillaries Matrix
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Figure 5. Histologic composition of the myocardium is com-
pared between age-matched diabetic animals in which insulin or
saline injections began three days after induction of diabetes.
The number of animals in each group is presented in Table I. All
values are expressed as X = SD. *P < 0.01 by Student’s t test for
comparisons of insulin-treated versus saline-treated diabetic
groups. Comparison of nondiabetic (presented in Fig. 4) versus
insulin treated diabetic groups by ANOVA revealed no signifi-
cant differences in any of the measured parameters at P < 0.01.

6wk 12wk 26wk
Cardiocytes

in the control groups of saline-treated diabetic rats par-
alleled those which occurred in the untreated diabetic
groups.

Delayed insulin treatment restored the RVDs of
cardiocytes and capillaries within six weeks to values
not significantly different from those in nondiabetic
rats and maintained them thereafter (Fig. 6). The RVD
of extracellular matrix, in contrast, remained 70%
greater than that of nondiabetic animals even after 26
weeks of treatment, more at the expense of capillaries
(86.3% of nondiabetic) than of cardiocytes (95.6% of
nondiabetic). Thus, while insulin treatment prevented
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Figure 6. Histologic composition of the myocardium is com-
pared between age-matched diabetic animals in which insulin or
saline injections began 12 weeks after induction of diabetes.
The number of animals in each group is presented in Table I. All
values are expressed as X = SD. *P < 0.01 by Student’s t test for
comparisons of insulin treated versus saline treated diabetic
groups. Comparison of nondiabetic versus insulin-treated dia-
betic groups by ANOVA was followed by Newman-Kuels multiple
comparison test; 1P =< 0.01 relative to nondiabetic values pre-
sented in Figure 4.
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diabetic changes in myocardial composition when be-
gun early, it could not completely restore normal his-
toarchitecture once they had occurred.

It is important to note that while myocardial dam-
age in the diabetic rats occurred in a progressive pat-
tern, replacement fibrosis was not observed even after
the prolonged periods of diabetes. The increased ex-
tracellular material instead consisted of diffuse peri-
vascular and intercardiocyte deposition of nonfibrillar
matrix. Remnants of cellular necrosis, either cardio-
cyte or endothelial cell, were rarely observed in tissue
from either diabetic or nondiabetic animals, nor was
leukocytic inflammation evident.

Capillary Diameter and Density. As shown in
Table III, planimetry revealed that the mean capillary
diameter had progressively decreased by 11% after 12
weeks and 22% after 26 weeks of untreated diabetes
(both P < 0.01). Stereologic analysis also revealed a
significant (P < 0.01) progressive decline in capillary
density with continued diabetes, reaching 77% of the
value in nondiabetic age-matched controls after 26
weeks. Comparisons with the saline-treated control
group for ITR studies, in which the animals remained
diabetic for 38 weeks (12 weeks untreated plus 26
weeks of saline treatment), indicated that the changes
in capillary density and diameter were essentially com-
plete within the 26 week interval of this study.

ITP retained normal capillary diameter and pre-
vented the loss of capillary density over the interval of
this study. ITR restored capillary diameter to nondia-
betic values within six weeks and quickly, but not
completely, reversed the change in capillary density.
While the density values in the ITR groups represent a
return to greater than 90% of those measured in non-
diabetic control animals, the differences remained sta-
tistically significant, reflecting the increased RVD of
myocardial extracellular matrix in these animals.

Cardiocyte Ultrastructural Composition. The
ultrastructural appearance of cardiocytes from nondi-
abetic, untreated, and insulin treated diabetic rats is
shown in Figure 7. Stereologic analysis revealed that
the increased RVD of free cytoplasm in cells from un-
treated (Fig. 8) and saline treated (Fig. 9) diabetic an-
imals initially occurred by loss of myofibrils, followed
by decreased RVD of mitochondria. After 26 weeks of
untreated diabetes, free cytoplasm had quadrupled to
20% of cardiocyte volume while myofibrils and mito-
chondria showed losses of 23% and 18% respectively
(all P < 0.01). The modestly increased nuclear RVD in
diabetic rats reflects the decreased cardiocyte size
(Fig. 3) while nuclear volume was maintained.

Similar to its effect on tissue composition, ITP
(Fig. 9) prevented changes in cardiocyte ultrastructure
at all intervals studied. When delayed (Fig. 10), insulin
treatment eventually restored normal cardiocyte ultra-



Table Ill. Capillary Diameter and Density

Experimental group (m

Capillary

diameter (um)

Capillary

density (no./mm)

No treatment:
6-WKk diabetic
6-Wk nondiabetic
12-Wk diabetic
12-Wk nondiabetic
26-WK diabetic
26-Wk nondiabetic

Prevention:
6-Wk insulin-treated
6-WKk saline-treated
12-Wk insulin-treated
12-Wk saline-treated
26-WKk insulin-treated
26-Wk saline-treated

Reversal:
6-Wk insulin-treated
6-Wk saline-treated
12-WKk insulin-treated
12-Wk saline -treated
26-Wk insulin-treated
26-WKk saline-treated

OO NO N N NN~

DOHIOND

5.79 + 0.37 3292 + 217*
6.27 + 0.54 3646 + 147
5.57 + 0.43" 3053 + 263"
6.29 + 0.37 3591 + 204
512 = 0.71* 2687 + 173"
6.58 £ 0.55 3481 + 229
6.17 = 0.49 3477 + 186
5.79 + 0.33 3422 + 220
6.23 = 0.48 3582 + 214*
5.30 = 0.33 3090 + 186
6.36 = 0.23* 3501 + 133"
5.44 + 0.31 2635 + 161
6.55 + 0.56* 3315 + 123"
532 x0.24 2855 + 138
6.21 = 0.35" 3354 = 172"
5.19 £ 0.37 2709 + 204
6.27 = 0.37* 3346 + 200*t
5.20 + 0.22 2673 + 227

Capillary diameter and density in the myocardium of diabetic and nondiabetic rats and age-matched insulin-treated and saline-treated
diabetic rats. Insulin or saline treatment began three days after induction of diabetes in the Prevention groups, and 12 weeks after
induction of diabetes in the Reversal groups. All values are expressed as X = S.D. *P < 0.01 by Student’s t test for comparisons of
diabetic versus nondiabetic groups and of insulin-treated versus saline-treated diabetic groups. Comparison of nondiabetic versus
insulin-treated diabetic groups by ANOVA was followed by Newman-Kuels multiple comparison test; tP < 0.01 relative to nondiabetic

values.

structure, although increased free cytoplasm at the ex-
pense of myofibrils persisted through the first six
weeks. Similar to capillary changes noted above, the
saline-treated control animals which were insulin de-
ficient for 38 weeks showed that little further change in
cardiocyte composition occurred if the diabetes was
prolonged.

Discussion

In this study, I have quantitatively defined the
striking changes of myocardial structure which occur
in insulin-dependent diabetes mellitus and have, for
the first time, stereologically correlated the effects of
chronic diabetes and insulin replacement on the differ-
ent components of the myocardial tissue to provide
structural information on which compensatory or de-
generative changes in the function of the diabetic heart
can be interpreted.

The model of alloxan diabetes in the rat selected
for this study produces a constellation of both direct
and indirect changes which closely mimic the disease
in humans and has, consequently, been widely used by
many investigators for experimental studies of diabe-
tes. Reversibility of structural (13, 20), biochemical
(21, 31), and physiologic (32, 33) sequelae together
with restored growth rates upon insulin treatment con-

firm that alloxan diabetes represents insulin deficiency
rather than either alloxan toxicity or insulin resistance.
The observation that diabetic rats were markedly hy-
perphagic confirms that the lack of weight gain in di-
abetic animals is not due to starvation.

The progressive decrease in capillary size and
number observed in this study have particularly sig-
nificant physiological implications for the diabetic
heart. Tomanek et al. (34) have shown that capillary
density, and to a lesser extent capillary diameter, are
the primary determinants of capillary surface area for
the exchange of materials between the myocardial in-
terstitium and the blood. Thus, these decreases, to-
gether with the endothelial thickening which also oc-
curs (13), restrict the supply of oxygen and metabolic
substrates to the blood and the clearance of metabolic
byproducts.

Decreased capillary density within the myocar-
dium also limits its perfusion during conditions which
require full use of the coronary reserve. In diabetic
patients, exercise has unmasked decreased fractional
shortening and shortening velocity (8), reduced ejec-
tion fraction (9), and electrocardiographic changes
typical of ischemia (35) which were not evident when
the patients were at rest. Abnormalities of left ventric-
ular end diastolic volume, stroke volume, and ejection
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Figure 7. Ultrastructural appearance of cardiocytes from 12
week nondiabetic (A), 12-week diabetic (B), 12-week insulin
treatment-prevention (C), and 12-week insulin treatment-
reversal (D) rats. Diabetes resulted in a marked loss and disor-
ganization of myofibrils (My), leaving areas of free cytoplasm
and grouped intermyofibrillar mitochondria (Mi) which appear
somewhat irregular in shape but otherwise ultrastructurally nor-
mal. Myofibrillar disruption is particularly evident at Z-lines (ar-
rowheads), and transverse tubules (T) are much less evident
than in normal tissue. Glycogen (G) and lipid (L) storage appears
unaffected by diabetes. Insulin treatment begun three days after
induction of diabetes prevented these ultrastructural sequelae,
and insulin treatment begun 12 weeks after induction, when the
changes shown in B were present, restored normal cytoarchi-
tecture.

fraction have also been elicited in diabetic patients in
response to the cold pressor test (36). Similarly, dimin-
ished myocardial function during increased work loads
has been demonstrated in isolated perfused hearts
from diabetic animals (37, 38), and an impaired ability
of the diabetic dog heart to respond to angiotensin-
induced afterload has been demonstrated (39).

The unchanged heart weights shown in Table II for
diabetic animals actually reflect the dynamic balance
of increased extracellular mass approximately com-
pensating for loss of capillary and myocyte mass. Al-
though an increase in the ratio of extracellular to car-
diocyte mass has also been reported in myocardial hy-
pertrophy induced by pressure, but not volume,
overloading (23), the situations are not the same. Un-
like hypertrophy, where this ratio reflects dispropor-
tionate growth of both components, in diabetes the
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Figure 8. Ultrastructural composition of cardiocytes is com-
pared between age-matched diabetic and nondiabetic rats. The
number of animals in each group is presented in Table I. All
values are expressed as X = SD. *P < 0.01 by Student’s t test for
comparisons of diabetic versus nondiabetic controls.

change in cardiocyte size confirms that cellular mass is
decreasing in both absolute and relative terms while
extracellular material is being deposited. This is simi-
lar to changes which occur after mechanical unloading
(40), indicating that the process may essentially be one
of atrophy. Prevention or reversal of changes by insu-
lin replacement and by pancreatic transplantation (41)
are also similar to reversal of atrophy by reimposition
of mechanical load (22), raising the intriguing possibil-
ity that these processes may have some biochemical
mechanisms in common.

The presence of excessive amounts of extracellu-
lar material is a common feature of diabetic cardiomy-
opathy (5-7) and has been linked (2, 14) to increased
stiffness and decreased diastolic compliance. Replace-

PREVENTION:
B Saline Treated Diabetic
701 B Insulin Treated Diabetic

50
40 4

30 1

20

Relative Volume Density ( % of Cardiocyte )
X *

X
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X
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9%
6wk 12wk 26 wk
Mitochondria

3K K KR
Bwk 12wk 26 wk Swk 12
Cytoplasm Nucleus

Bwk 12wk 26 wk
Myofibrils

Figure 9. Ultrastructural composition of cardiocytes is com-
pared between age-matched diabetic rats in which insulin or
saline injections began three days after induction of diabetes.
The number of animals in each group is presented in Table I. Afl
values are expressed as X = SD. *P < 0.01 by Student’s t test for
comparisons of insulin-treated versus saline-treated diabetic
groups. Comparison of nondiabetic (presented in Figure 8) ver-
sus insulin-treated diabetic groups by ANOVA revealed no sig-
nificant differences in any of the measured parameters at P <
0.01.
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Figure 10. Ultrastructural composition of cardiocytes is com-
pared between age-matched diabetic rats in which insulin or
saline injections began 12 weeks after induction of diabetes.
The number of animals in each group is presented in Table I. All
values are expressed as X + SD. *P < 0.01 by Student’s t test for
comparisons of insulin treated versus saline treated diabetic
groups. Comparison of nondiabetic versus insulin treated dia-
betic groups by ANOVA was followed by Newman-Kuels multiple
comparison test; ¥ = P < 0.01 relative to nondiabetic values

presented in Figure 8.
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ment fibrosis and gross scarring are often, although
not always (5, 6), present in the human diabetic myo-
cardium, but not in experimentally diabetic animals
(13, 41) unless hypertension is also present (42).

Extracellular edema caused by altered capillary
permeability in diabetic tissues probably also plays a
role in the increased relative volume density of the
extracellular matrix. However, the extensive and
highly organized network of myocyte-to-myocyte and
myocyte-to-capillary collagen struts demonstrated by
Borg et al. (43) make it unlikely that edema could ac-
count for more than a small fraction of the increased
extracellular material without cellular deformation,
which was not present. Nonetheless, even a small de-
gree of edema would compromise matrix function by
altering its tensile and compressive properties.

Intracellular edema of the cardiocytes, in contrast,
is more likely to be a factor in the changes we ob-
served. The increased relative volume densities of free
cytoplasm shown in Figures 8 through 10 at least par-
tially reflect increased intracellular osmolarity due to
the metabolic abnormalities characteristic of diabetes.
The selective permeability of the cardiocyte sarco-
lemma is also compromised in diabetes (44), further
predisposing the cells to edema.

However, it is important to note that these oc-
curred in cardiocytes which were simultaneously de-
creasing in size, so the presence of edema would mean
an absolute loss of myofibrils and mitochondria even
greater than indicated by the stereologic analysis of
ultrastructural composition. The 23% and 18% de-
creases in RVDs of myofibrils and mitochondria, re-
spectively, after 26 weeks of diabetes together with a
26% decrease in mean cardiocyte cross-sectional area

over the same period indicate absolute decreases of
over 40% in the mass of each of these two cellular
components. Since these are the primary energy con-
suming and energy producing structures within the
contracting cardiocyte, this parallel loss indicates that
it continues to balance these two processes even
though mitochondrial function is compromised in dia-
betes (44). Reversal by insulin subsequently involved
both correction of the osmotic abnormalities and res-
toration of myofibrillar and mitochondrial mass.

The observation that the ultrastructural appear-
ance of the mitochondria was unchanged in intact cells
of diabetic animals does not agree with reports from
other investigators (12, 16) which described mitochon-
drial swelling and disruption. These reports, however,
may in part reflect artifact due to delayed fixative pen-
etration since the tissues were fixed by immersion. All
tissues in this study, in contrast, were immediately
arrested in diastole and rapidly fixed by vascular per-
fusion, and disrupted mitochondria were limited to
cardiocytes in which sarcolemmal integrity was lost.
Normal mitochondrial ultrastructure is also evident in
perfusion-fixed myocardial tissue from the spontane-
ously diabetic BB rat presented by McGrath and Mc-
Neill (15) in which mitochondria were more heteroge-
neous in shape but otherwise uninvolved, even in ar-
eas of extensive free cytoplasm. The observation that
in vivo levels of myocardial ATP are maintained in
chronically diabetic rats (45) also supports the main-
tenance of mitochondrial integrity.

Nonetheless, fixation artifact cannot fully account
for differences in mitochondrial appearance, since
even in studies using immersion fixation the mitochon-
dria in diabetic tissue show more damage than do
those in nondiabetic tissue. The observation that the
mitochondrial membrane is abnormally permeable in
diabetic myocardium (44), and that isoproterenol-
induced damage of myocardial mitochondria was
much more severe in diabetic than in nondiabetic rab-
bits (46) indicate that myocardial mitochondria from
diabetic animals remain intact in vivo but are more
susceptible to injury from a number of insults and are
more likely to be damaged during preparation for mi-
Croscopic examination.

In interpreting the results of this or any other
study of diabetic cardiomyopathy, it is important to
bear in mind that all diabetic sequelae must be consid-
ered a mosaic of both primary and secondary pathol-
ogy. While insulin deficiency produces direct bio-
chemical changes in the myocardium, the diabetic
heart must often also adapt to altered and fluctuating
substrate availability, systemic and renal hyperten-
sion, and autonomic neuropathy. These occur even
with good clinical management of diabetes, and to-
gether with primary effects of the disease on the car-
diocytes, their interstitium, and their vascular supply,
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they underlie the clinically frustrating observation that
heart disease remains markedly elevated in the dia-
betic population even with the best protocols of treat-
ment available.
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