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Abs t rac t :  The s e v e r i t y  o f  i n s u l  in-dependent d iabe tes  me1 1  i t u s  had a  marked e f f e c t  
upon t h e  development o f  myocard ia l  sequelae i n  t h e  r a t .  Even w i t h  t h e  same degree 
of hyperglycemia, g l ycosur ia ,  p o l y d i p s i a ,  and p o l y u r i a ,  moderate ly  d i a b e t i c  an imals  
d i d  n o t  develop t h e  degenera t i ve  u l  t r a s t r u c t u r a l  changes seen i n  myocardium from 
more s e v e r e l y  d i a b e t i c  r a t s .  These i n c l u d e d  decreased c a r d i o c y t e  s ize,  l o s s  and 
d i s o r g a n i z a t i o n  o f  m y o f i b r i l s ,  and l o s s  o f  sarcoplasmic r e t i c u l u m  and t r a n s v e r s e  
tubules.  S ince hyperglycemia and g l y c o s u r i a  a r e  f r e q u e n t l y  used as t h e  pr imary,  and 
o f t e n  so le ,  c r i t e r i a  f o r  i d e n t i f y i n g  d iabe tes  i n  exper imenta l  animals, t h i s  s tudy  
demonstrates t h e  need t o  more s p e c i f i c a l l y  d e f i n e  t h e  s e v e r i t y  o f  t h e  d isease i n  
s t u d i e s  o f  t h e  hear t .  

I n t r o d u c t i o n  M a t e r i a l s  and Methods 

Hear t  d isease remains one o f  t h e  most se r ious  
comp l i ca t ions  o f  d iabe tes  m e l l i t u s ,  even w i t h  good 
y lycemic c o n t r o l  by i n s u l i n  replacement. A l though 
coronary a t h e r o s c l e r o s i s  p l a y s  a  major  r o l e ,  a  
cardiomyopathy which does n o t  have a  macrovascular 
e t i o l o g y  i s  a l s o  a  s i g n i f i c a n t  c o n t r i b u t o r  (1-3). 

We have r e c e n t l y  observed t h a t  severe i n s u l i n  
dependent d iabe tes  produces a  p r o g r e s s i v e  p a t t e r n  
o f  u l t r a s t r u c t u r a l  changes i n  r a t  myocardium, w i t h  
l o s s  and d i s o r g a n i z a t i o n  o f  c a r d i o c y t e  c o n t r a c t i l e  
elements, d e p o s i t i o n  o f  e x t r a c e l l u l a r  m a t r i x ,  and 
t h i c k e n i n g  o f  b o t h  t h e  c a p i l l a r y  endothel ium and 
i t s  basement membrane (4). These changes occur red  
i n  t h e  absence o f  coronary a r t e r y  d isease and were 
a lmost  e n t i r e l y  r e v e r s i b l e  w i t h  i n s u l i n  t reatment .  
S i m i l a r  nonvascular  e f f e c t s  o f  d iabe tes  on myocar- 
d i a l  u l t r a s t r u c t u r e  and composi t ion have been w e l l  
desc r ibed  i n  many animal spec ies (5-8) and l i n k e d  
w i t h  c o n t r a c t i l e  (5,6,8-10) and b iochemica l  (11- 
13) path01 ogy. 

Un fo r tuna te ly ,  cardiomyopathy s t u d i e s  a r e  o f t e n  
d i f f i c u l t  t o  i n t e r p r e t  because o f  d i f f e r e n c e s  i n  
d i a b e t i c  models. Reports o f  d i a b e t i c  e f f e c t s  on 
myocyte u l t r a s t r u c t u r e ,  f o r  example, range f rom no 
e f f e c t  (14)  t o  myocy to lys i s  and c o n t r a c t i o n  bands 
(5).  The l e n g t h  o f  d iabe tes  b e f o r e  changes a r e  
observed v a r i e s  wide ly ,  as do t h e  types o f  changes 
seen. S e v e r i t y  o f  d iabe tes  i s  o f t e n  n o t  def ined,  
t y p i c a l l y  be ing  l i m i t e d  t o  measurements o f  b lood  
g lucose and g l y c o s u r i a  which a r e  s u b j e c t  t o  d a i l y  
f l u c t u a t i o n s .  

Our hypo thes is  f o r  t h i s  d i v e r s i t y  i n  r e p o r t e d  
observa t ions  i s  t h a t  t h e  s e v e r i t y  o f  d iabe tes  has 
a  more s p e c i f i c  e f f e c t  than has been p r e v i o u s l y  
recognized on t h e  type, sequence, and s e v e r i t y  o f  
t h e  comp l i ca t ions  which subsequent ly  develop. The 
observa t ions  r e p o r t e d  here suppor t  t h i s  hypo thes is  
f o r  s t r u c t u r a l  a l t e r a t i o n s  and agree w i t h  r e p o r t s  
t h a t  c o n t r a c t i l e  d y s f u n c t i o n  can be c o r r e c t e d  by 
i n j e c t i o n  o f  i n s u l i n  a t  doses which do n o t  c o r r e c t  
t h e  hyperglycemia (1  5,16). 
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Exper imenta l  Animals. Diabetes was induced i n  
male Sprague-Dawley r a t s  a t  150-180 g  by a  s i n g l e  
i n j e c t i b n  i f  55 mg/kg a l l o x a n  (Sigma, st. Lou is  
MO) i n t o  a  t a i l  v e i n  (4,17); c o n t r o l  r a t s  o f  t h e  
same we igh t  and age were g i v e n  e q u i v a l e n t  volumes 
o f  s t e r i l e  s a l i n e .  Non fas t ing  plasma g lucose was 
measured 3  days l a t e r  by spec t ropho tomet r i c  assay. 
A1 loxan- in  j e c t e d  r a t s  w i t h  va lues above 17 mM (300 
mg/dl ) were c l a s s i f i e d  as hyperg lycemic (4,17); 
any animals w i t h  va lues below t h i s  were excluded 
from t h e  study. S a l i n e - i n j e c t e d  r a t s  had va lues 
below 7.8 mM (140 mg/dl). Glucose concen t ra t ions  
were measured month ly  t o  ensure t h a t  hyperglycemia 
i n  t h e  a l l o x a n - i n j e c t e d  an imals  and euglycemia i n  
t h e  s a l i n e - i n j e c t e d  an imals  were maintained. Rats 
were weighed weekly and u r i n e  g lucose and ketones 
were es t ima ted  by d i p s t i c k .  

A l though most o f  t h e  a l l o x a n - i n j e c t e d  an imals  
developed a  severe, s t a b l e  d iabe tes  as d iscussed 
i n  Resul ts ,  a  l i m i t e d  number i n s t e a d  e x h i b i t e d  t h e  
same degree o f  hyperglycemia and g l y c o s u r i a  ~ u t  
developed few o f  t h e  o t h e r  symptoms c h a r a c t e r i s t i c  
o f  t h i s  d i a b e t i c  model. I n  c o n t r a s t  t o  t h e  more 
severe ly  d i a b e t i c  r a t s ,  these moderate ly  d i a b e t i c  
animals i n i t i a l l y  ga ined we igh t  a t  t h e  same pace 
as nond iabe t i c  r a t s ,  r e t a i n e d  more subcutaneous 
f a t ,  and e x h i b i t e d  o n l y  sporad ic  ketonur ia .  They 
were i d e n t i f i e d  2  t o  4  weeks a f t e r  i n j e c t i o n  and 
assigned t o  t h e  a p p r o p r i a t e  exper imenta l  groups. 
Moderate ly  d i a b e t i c  (MD), s e v e r e l y  d i a b e t i c  (SD), 
and nond iabe t i c  c o n t r o l  (NC) r a t s  were exposed t o  
i d e n t i c a l  exper imenta l  p r o t o c o l s  t h e r e a f t e r .  

s a c r i f i c e '  and   issue‘ Col l e c t i o n .  MD, SD, and 
NC r a t s  were s a c r i f i c e d  6, 12, o r  26 weeks a f t e r  
i n d u c t i o n  o f  d iabetes.  Under f u l l  p e n t o b a r b i t a l  
anesthes ia  (50-65 mg/kg IP )  t h e  h e a r t  was r a p i d l y  
excised, c l e a r e d  o f  blood, and f i x e d  by vascu la r  
p e r f u s i o n  as p r e v i o u s l y  d e t a i  l e d  (4). Coronary 
p e r f u s i o n  i n  a l l  cases began w i t h i n  one minute o f  
thoracotomy. 

Microscopy. The a n t e r i o r  p a p i l l a r y  muscle o f  
t h e  l e f t  v e n t r i c l e ,  w i d e l y  used i n  s t u d i e s  o f  myo- 
c a r d i a l  s t r u c t u r e ,  f u n c t i o n  and b iochemist ry ,  was 
exc ised  from each h e a r t  and prepared f o r  l i g h t  and 
e l e c t r o n  m ic roscop ic  study. Proximal,  d i s t a l ,  and 
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i n t e r m e d i a t e  reg ions  o f  each p a p i l l a r y  muscle were 
examined i n  b o t h  l o n g i t u d i n a l  and t ransverse  sec- 
t i o n  t o  ensure t h a t  r e s u l t s  were r e p r e s e n t a t i v e  o f  
t h e  e n t i r e  muscle (4,18). A f t e r  r o u t i n e  osmium 
p o s t f i x a t i o n ,  dehydrat ion,  and embedding i n  Spurr  
(4), t h i c k  s e c t i o n s  (1  pm) were cu t ,  s t a i n e d  w i t h  
t o l u i d i n e  blue, and examined by l i g h t  microscopy. 
Th in  s e c t i o n s  (70 nm) were c u t ,  s t a i n e d  w i t h  lead  
c i t r a t e  and u r a n y l  acetate,  and examined w i t h  a  
JEOL 100s e l e c t r o n  microscope. 

Morphometry. Cross-sect ional  areas o f  myocytes 
were measured a t  a  m a g n i f i c a t i o n  o f  1 , 0 0 0 ~  th rouyh  
a  microscope equipped w i t h  a  sidearm lens  which 
superimposed t h e  images o f  t h e  myocardium and t h e  
p lan imete r  cursor .  To ensure t h a t  measurements 
were made near  t h e  m id reg ion  o f  each c y l i n d r i c a l  
c e l l ,  o n l y  p r o f i l e s  which con ta ined  a  nuc leus were 
inc luded  (18). For  each animal, a t  l e a s t  50 c e l l s  
f rom each o f  two t r a n s v e r s e l y  sec t ioned  b locks  o f  
t i s s u e  were measured (1  8,19). 

S t a t i s t i c s .  Plasma g lucose l e v e l s ,  body and 
h e a r t  weights, and myocyte c ross -sec t iona l  areas 
a t  each d i a b e t i c  i n t e r v a l  were compared by one-way 
a n a l y s i s  o f  var iance, f o l l o w e d  by a  Newman-Keuls 
t e s t  when a  s i g n i f i c a n t  d i f f e r e n c e  was ind ica ted .  

Resu 1  t s  

More than 90% o f  t h e  a1 loxan- in jec ted  an imals  
developed marked hyperglycemia, g l ycosur ia ,  p o l y -  
d i p s i a ,  and p o l y u r i a  w i t h i n  3 days. None o f  them 
l a t e r  r e v e r t e d  t o  euglycemia, normal d r i n k i n g ,  o r  
absence o f  g l ycosur ia .  Approx imate ly  14% en te red  
d i a b e t i c  coma and were euthanized, 75% were SD by 
t h e  c r i t e r i a  d iscussed above, 8% were MD, and 3% 
c o u l d  n o t  be assigned t o  e i t h e r  group. 

As i l l u s t r a t e d  i n  Table I, SD animals  ga ined 
l i t t l e  weight  w h i l e  MD r a t s  grew a t  a  r a t e  s i m i l a r  
t o  t h a t  o f  t h e  NC animals, even though t h e  degree 
o f  hyperglycemia was t h e  same. D i f f e r e n c e s  i n  t h e  
body weights  o f  NC and MD r a t s  d i d  n o t  become e v i -  
den t  u n t i l  26 weeks. S t a r v a t i o n  was n o t  a  f a c t o r  
i n  t h e  f a i l u r e  o f  SD r a t s  t o  g a i n  weight,  as these  
an imals  i n  f a c t  i nc rease  t h e i r  food i n t a k e  (17). 

Both groups o f  d i a b e t i c  r a t s  c o n s i s t e n t l y  had 
u r i n e  g lucose va lues above t h e  d i p s t i c k  maximum o f  

1 g/d l .  SD animals  a l s o  c o n s i s t e n t l y  had ketone 
l e v e l s  above t h e  d i p s t i c k  maximum o f  250 mg/dl, 
b u t  t h i s  was more v a r i a b l e  i n  MD r a t s  which o f t e n  
showed l i t t l e  o r  no ke tonur ia .  N e i t h e r  g lucose 
n o r  ketones were p resen t  i n  u r i n e  o f  NC animals. 
Subcutaneous f a t  was s t r i k i n g l y  decreased i n  SD 
b u t  r e t a i n e d  i n  MD r a t s .  A l l  r a t s  i n  b o t h  groups 
developed ca ta rac ts ,  and p o l y d i p s i a  and p o l y u r i a  
were e q u a l l y  prominent.  

Hear t  weights  o f  SD animals  were s i g n i f i c a n t l y  
lower  than  those i n  t h e  NC group a t  a l l  i n t e r v a l s ,  
w h i l e  those o f  t h e  MD r a t s  k e p t  pace th rouyh  12 
weeks o f  d iabe tes  b u t  lagged t h e r e a f t e r  (Tab le  I ) .  
A f t e r  26 weeks, h e a r t  weights  f o r  t h i s  group were 
i n t e r m e d i a t e  between those o f  NC and SD animals, 
i n d i c a t i n g  t h a t  t h e  e f f e c t  o f  d iabe tes  was f i n a l l y  
becoming ev iden t .  The r a t i o  o f  h e a r t  we igh t  t o  
body we igh t  increased i n  SD r a t s ,  r e f l e c t i n g  t h e  
g r e a t e r  l o s s  o f  body weight.  

Myocytes o f  t h e  SD an imals  were s i g n i f i c a n t l y  
s m a l l e r  than those o f  t h e  o t h e r  two groups a f t e r  6  
weeks (Fig. I ) ,  and t h e  d i f f e r e n c e  increased as 
t h e  d iabe tes  progressed. A f t e r  26 weeks, t h e  mean 
c ross -sec t iona l  area o f  c e l l s  from these r a t s  was 
approx imate ly  75% t h a t  o f  t h e  NC r a t s .  Through 26 
weeks, t h e  mean myocyte c ross -sec t iona l  area o f  MD 
animals  d i d  n o t  d i f f e r  f rom t h a t  o f  t h e  NC group. 
S ince a l t e r e d  c ross -sec t iona l  area b u t  n o t  l e n g t h  
occurs i n  hyper t rophy from bo th  pressure (20,21) 
and volume (20) over load ing  o f  t h e  hear t ,  t h i s  i s  
a  r e l i a b l e  index o f  c a r d i o c y t e  s ize.  

The SD r a t s  i n  t h i s  s tudy  e x h i b i t e d  e x t e n s i v e l y  
a l t e r e d  myocard ia l  u l t r a s t r u c t u r e ,  which we have 
p r e v i o u s l y  desc r ibed  i n  d e t a i  1  (4)  and w i  11 n o t  
repea t  here. B r i e f l y ,  l o s s  and d i s o r g a n i z a t i o n  o f  
m y o f i b r i l s ,  t r a n s v e r s e  tubules,  and sarcoplasmic 
r e t i c u l u m  occurred w i t h i n  6  weeks, as d i d  deposi-  
t i o n  o f  e x t r a c e l l u l a r  mat r i x .  These occurred i n  a  
f o c a l  and p r o g r e s s i v e  p a t t e r n ,  w i t h  b o t h  l a r g e r  
reg ions  o f  myocardium a f f e c t e d  and more damage p e r  
c e l l  as d iabe tes  cont inued. More than 60% o f  t h e  
myocytes showed s t r u c t u r a l  damage a f t e r  26 weeks 
o f  d iabetes,  grouped i n  areas which a l s o  showed 
d e p o s i t i o n  of m a t r i x  and c a p i l l a r y  changes. A f t e r  
12 and 26 weeks, t h e  a d d i t i o n a l  m a t r i x  was q u i t e  
prominent.  C a p i l l a r y  u l t r a s t r u c t u r e  was unchanged 

Table I. Experimental Animals 

Experimental group Duration Sacrifice weight Plasma Heart Heart weight (g)/ 
("I (days) (9) glucose (mM) weight (g) body weight (1 00 g) 

6-week Severely diabetic 
6-week Moderately diabetic 
6-week Normal control 

12-week Severely diabetic 
12-week Moderately diabetic 
12-week Normal control 

26-week Severely diabetic 
26-week Moderately diabetic 
26-week Normal control 

Note. All values are presented as k SD. 
" Significant difference between severely diabetic and moderately diabetic groups, P s 0.05 by Newman-Keuls test following one-way analysis 
of variance. 

Significant difference between severely diabetic and normal control groups, P 5 0.05 by Newman-Keuls test following one-way analysis of 
variance. 
" Significant difference between moderately diabetic and normal control groups, P s 0.05 by Newman-Keuls test following one-way analysis of 
variance. 
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dur ing  t he  f i r s t  6 weeks, b u t  a f t e r  12 weeks endo- 
t h e l i a l  hypertrophy w i t h  an increased number o f  
ves ic les  was noted i n  a f f ec ted  areas. Thickening 
o r  p a r t i a l  r edup l i ca t i on  o f  t he  basement membranes 
o f  these vessels was a l so  noted. The e f f e c t s  o f  
d iabetes on myocardial s t r uc tu re  were reversed by 
i n s u l i n  replacement, con f i rm ing  t h a t  they were the  

100 

INJECTION 

r e s u l t  o f  i n s u l i n  de f i c i ency  ra the r  than a cardio-  
t o x i c  e f f e c t  o f  t he  al loxan. 

Hearts o f  t he  MD animals, i n  contrast ,  showed 
comparatively minor s t r u c t u r a l  damage (Fig. 2). 
No changes occurred dur ing  t he  f i r s t  12 weeks o f  
diabetes. A f t e r  26 weeks, areas o f  m y o f i b r i l l a r  
misalignment were ev ident  i n  t he  hearts  o f  most 
ra ts ,  bu t  t he  l oss  o f  m y o f i b r i l s  and o ther  organ- 
e l l e s  observed i n  SD animals was seen i n  on l y  two 
of t he  MD ra ts .  One o f  these animals a l so  showed 
endothe l ia l  hypertrophy and e x t r a c e l l u l a r  ma t r i x  
depos i t ion  s i m i l a r  t o  t h a t  observed e a r l i e r  i n  t he  
severely  d i a b e t i c  group. 

Discussion 

D iabet ic  r a t s  i n  both t he  SD and t he  MD groups 
exh ib i t ed  t he  c l a s s i c  symptoms o f  hyperylycemia, 
g lycosur ia,  polydips ia,  and p o l y u r i a  t o  the  same 
degree. However, d i f f e rences  i n  weight gain, adi- 
pose t issue,  and ke tonur ia  confirmed t h a t  these 
two groups represented d i f f e r e n t  regions on t he  
spectrum o f  d i a b e t i c  seve r i t i e s ,  and t he  e f f e c t s  
on myocardial s t r uc tu re  were markedly d i ss im i l a r .  
I n  con t ras t  t o  more severe diabetes, t he  moderate 
expression o f  t he  disease had l i t t l e  o r  no e f f e c t  
on hear t  weight, myocyte s i z e  and u l t r as t ruc tu re ,  
e x t r a c e l l u l a r  matr ix ,  o r  c a p i l l a r y  s t ruc tu re .  

Figure 1. Cardiocyte cross-sectional areas (X + SD) during the This i s  supported by thev observations o f  Regan 

progression of moderate (0) or severe (0) forms of diabetes mellitus and (81  4, that mi nor hi og 
and in nondiabetic control animals (A). At least 50 cells from each of changes and ' tras tructural damage occurred 
two regions of the left ventricular papillary muscle were measured by the hearts of whi ch were ten Ona l l y  made 
direct planimetry for each animal; only profiles containing a nucleus m i  l d l  Y d i a b e t i c  by i n j e c t i  ng low doses of a l loxan- 
were included to ensure that cells were measured near their centers. Rubenstei n e t  a1 ( 1 5) found i n the  s t r e ~ t o z o t o c i  n 
Values from severely diabetic rats were significantly (* = P 5 0.01) d i a b e t i c  r a t  t h a t  end-diastol i c  pressure, r a t e  of 
smaller than those irom either moderately diabetib or nondiabetic pressure deve 1 opment, and peak sys t o1  i c pressure 
animalsafter12and26weeks,butnodi~erenceswereobserved were normalized by doses o f  i n s u l i n  i n s u f f i c i e n t  
between the latter two groups. t o  co r rec t  t he  hyperglycemia, wh i l e  o ther  ind ices  

Figure 2. Electron micrographs of cardiac myocytes from nondiabetic (A), moderately diabetic (B), and severely diabetic (C) rats after 26 
weeks of untreated diabetes. Normal cytoarchitecture has been maintained in cells from moderately diabetic animals except for a modest 
degree of myofibrillar misalignment (Z-lines indicated by open arrows), in contrast to the loss and disorganization of myofibrils (My), sarcoplasmic 
reticulum (SR), and transverse tubules (T) in cells from severely diabetic rats. Mitochondria (Mi) and glycogen (G) were not affected by diabetes. 
Myocardial structural damage in severe diabetes is presented in detail in reference 4. 
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of c o n t r a c t i l e  f u n c t i o n  e x h i b i t e d  dose-dependent 
responses. 

Rodrigues e t  a!. (16) s i m i l a r l y  observed t h a t  
t h e  hear ts  o f  spontaneously d i a b e t i c  BB r a t s  g iven  
smal l  doses o f  i n s u l i n ,  which a r e  necessary f o r  
s u r v i v a l  b u t  do n o t  normal ize b lood  glucose, had 
t h e  same r a t e  and degree o f  f o r c e  development and 
r e l a x a t i o n  as bo th  nond iabe t i c  r a t s  and d i a b e t i c  
r a t s  g i v e n  enough i n s u l i n  t o  m a i n t a i n  euglycemia. 
They concluded t h a t  p e r s i s t e n t  hyperglycemia a lone 
i s  n o t  s u f f i c i e n t  t o  cause myocard ia l  d y s f u n c t i o n  
and t h a t  o t h e r  f a c t o r s  must be c o n t r i b u t i n g  t o  t h e  
depress ion o f  h e a r t  f u n c t i o n  d u r i n g  diabetes. 

Using t h e  same model, Malhotra e t  a l .  observed 
t h a t  moderat ing t h e  s e v e r i t y  o f  d iabe tes  by d a i l y  
i n j e c t i o n  o f  a smal l  amount o f  i n s u l i n  markedly 
delayed t h e  appearance o f  myosin i so fo rm changes 
and decreased a c t i v i t y  o f  ca lc ium-st imulated,  b u t  
n o t  ac t in -ac t i va ted ,  myosin ATPase. Of  p a r t i c u l a r  
i n t e r e s t ,  t h e  d i a b e t i c  animals i n  t h e i r  s tudy  were 
ve ry  s i m i l a r  t o  t h e  MD r a t s  i n  ours. 

We conclude t h a t  t h e  s e v e r i t y  o f  d iabe tes  has 
an impor tan t  e f f e c t  on myocard ia l  s t r u c t u r e  and 
must be considered when des ign ing  o r  i n t e r p r e t i n g  
s t u d i e s  o f  d i a b e t i c  h e a r t  disease. Hyperylycemia 
and g l y c o s u r i a  a re  f r e q e n t l y  c i t e d  as t h e  pr imary, 
o r  even sole, c r i t e r i a  o f  d iabe tes  i n  exper imenta l  
o r  c l i n i c a l  i n v e s t i g a t i o n s .  While i t  undoubtedly 
p l a y s  a c e n t r a l  r o l e  i n  many d i a b e t i c  complica- 
t i o n s ,  t h i s  s tudy demonstrates t h a t  hyperglycemia 
p e r  se i s  n o t  always s u f f i c i e n t  t o  produce them. 
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