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Summary. The effects of  combined renovascular hyper- 
tension and diabetes mellitus on the rat heart were inves- 
tigated in order to detect possible synergistic effects of  
the two conditions. Hypertensive diabetic and hyperten- 
sive non-diabetic animals were compared to diabetic and 
non-diabetic controls. Hypertension was established for 
12 weeks by a surgical stenosis of  the left renal artery; 
diabetes mellitus was maintained for 8 weeks by a single 
intraperitoneal injection of 60 mg/kg streptozotocin. 
Light microscopic stereology did not reveal significant 
divergences between diabetic hypertensives and non-dia- 
betic hypertensives. Hypertension induced a focal peri- 
vascular and interstitial fibrosis with increased volume 
densities o f  non-vascular interstitium and fibrosis ( P <  
0.001). Capillary density (QA) was decreased in trans- 
verse sections (P<0 .01)  and increased in longitudinal 
sections (P<0.01) .  This indicates a three-dimensional 
remodelling of  the capillary bed with an increased 
number  of  obliquely running capillaries. At least the 
length density (Lv) of  capillaries ( m m / m m  3) tends to 
be normalized in long-term renovascular hypertension. 
At the ultrastructural level, a synergism of  hypertension 
and diabetes mellitus was observed: the volume ratio 
of  mitochondria  to myofibrils was significantly de- 
creased in hypertensive diabetics, but not in non-diabetic 
hypertensives or in diabetics. This may enhance the risk 
of  cardiac deterioration. We conclude that the pr imary 
target of  the synergistic damage in hypertensive diabetic 
heart muscle disease is the myocardial  cell and not the 
cardiac interstitium. 
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Introduction 

Hypertension and diabetes mellitus are frequent dis- 
orders in modern  industrial countries. Epidemiological 
studies have established both conditions as risk factors 
of  congestive failure even in the absence of  coronary 
atherosclerosis (McKee et al. 1971: Kannel et al. 1974; 
Factor et al. 1980). 

Recently, co-existence of diabetes mellitus has been 
suggested to potentiate myocardial  alterations and a spe- 
cific hypertensive diabetic heart muscle disease has been 
described (Fein et al. 1989) on the basis of  autopsy stud- 
ies (Factor et al. 1980) and experimental investigations 
(Factor et al. 1981 ; Fein et al. 1984). It has been reported 
that one histological hal lmark of  the synergistic effects 
on the heart  is the enhancement of  cardiac fibrosis. 

However, this has never been established with objec- 
tive quantitative morphological  methods. Furthermore,  
a recent experiment on short-term combinat ion of  hy- 
pertension and diabetes with quantitative methods did 
not reveal synergistic effects on the cardiac interstitium. 
At the ultrastructural level, however, synergistic damage 
of myocardial  cells was observed (Mall et al. 1987a). 
The present experiment was designed in order to estab- 
lish possible long-term synergistic effects on cardiac 
structure, including myocardial  cells and interstitial 
space. 

Materials and methods 

For this experiment 93 young male Wistar rats were primarily di- 
vided into two groups by the use of random numbers (see below). 
Sixty-six animals were treated with a surgical stenosis of the left 
renal artery with a silver clip of 0.217>0.22 mm internal diameter. 
Twenty-seven animals served as sham-operated control. After in- 
duction of hypertension, a 2% NaC1 solution was offered in order 
to prevent malignant hypertension (M6hring et al. 1976). 
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All animals were caged individually and received chow pellets 
and tap-water ad libitum. In total, 34 animals died before the 
end of the experiment and had therefore to be excluded (see Results 
for details). Within 4 weeks, 21 of the operated animals died. After 
8 weeks, the surviving animals were divided into four groups: a 
hypertensive group where 20 animals served as non-diabetic hyper- 
tensives for further 12 weeks; a diabetic group where 16 sham- 
operated animals were treated with 60 mg/kg body weight i.p. 
streptozotocin, thus inducing diabetes mellitus for 12 weeks; a hy- 
pertensive diabetic group in which 25 operated animals were treated 
with 60 mg/kg body weight streptozotocin i.p. in order to generate 
a hypertensive-diabetic group for 12 weeks; and a control group 
of 15 sham-operated rats. 

Systolic blood pressure was determined by means of a tail- 
plethysmographic method in slight ether anaesthesia. Operated ani- 
mals with a systolic blood pressure lower than 140 mm Hg at any 
time were excluded from the study. Streptozotocin-injected animals 
were investigated with glucose oxidase kits (Boehringer, Mann- 
he• FRG). 

At the end of the experiments the viscera were fixed by retro- 
grade vascular perfusion at a pressure of 110 mm Hg after catheter- 
ization of the abdominal aorta, as described elsewhere (Mall et al. 
1987 b). Left ventricular papillary muscles were randomly cut either 
longitudinally or transversely with a tissue sectioner as described 
elsewhere (Mall et al. 1978; Mattfeldt and Mall 1984). Seven trans- 
versely cut 200-pm slices of two longitudinally cut 200-p~m slices 
were randomly selected for stereology and embedded in Epon- 
Araldite as described elsewhere (Mall et al. 1986, 1987b). Semithin 
sections (1 gin) were stained with methylene blue and basic fuchsin 
(Di'Sant'Agnese and De Mesy Jensen 1984) and examined light 
microscopically using oil immersion and phase contrast. Ultrathin 
sections were stained with uranyl acetate and lead citrate and exam- 
ined with a Zeiss EM 10 electron microscope. 

In addition, six transversely cut slices of the total heart were 
embedded in paraffin, sectioned at 3 4  pm, and stained with hae- 
matoxylin and eosin and a specific collagen stain (Sirius red). 

Details of the quantitative stereology (morphometry) method 
used have been described elsewhere (Mall et al. 1978, 1986, 1987a 
and b, 1988; Weibel 1979; Mattfeldt and Mall 1984). Briefly, vol- 
ume densities (Vv : volume of a structure per unit reference volume) 
can be determined by point counting (Weibel 1979). This is true 
in transverse, oblique as well as longitudinal sections of the myo- 
card• In contrast, estimation of length densities of capillaries 
(Lv : length per unit reference volume) depends on the distribution 
of the length elements in space and the angle e between the section 
plane and the preferred orientation (axis of anisotropy in stereolog- 
ical terms). In practice, Lv of capillaries is derived from the number 
of transsects per unit transverse sectional area [QA (~ = 0)] and the 
number of capillary transects per unit longitudinal sectional area 
[QA (c~ = 7z/2)] according to the equation: 

Lv = cl (KL, ~ = 0)" QA (a = 0) 

The coefficient of correction c l (KL,  ~ = 0 )  is determined by 
the ratio QA(C~=0)/QA(~=7~/2) as described elsewhere (Mattfeldt 
and Mall 1984). 

Capillary transects were counted on semithin sections, and a 
Zeiss eyepiece containing 100 test points was used to count points 
on capillaries, non-vascular interstitium and myocardial cells, as 
described elsewhere in detail (Mall et al. 1986, 1987a and b). Myo- 
cardial cell organelles were evaluated on electron microscopic im- 
ages which were visualized on-line with a television monitor and 
a point grid (Mall et al. 1986, 1987a and b, 1988). Vv of fibrosis 
was determined in left ventricles (including ventricular septum) on 
six transverse sections of the heart with an automatic image analys- 
ing system IBAS II (Kontron, Eching, FRG). Sirius-red-stained 
paraffin sections were digitized under continuous visual control 
at a primary magnification of 40:1 using a grey value threshold. 
The area fraction of the sirius-red-stained myocardium corresponds 
to the volume density of fibrosis in the left ventricle (Jalil et al. 
1989). 

Dunnett's test was used to detect divergences between the arith- 
metic mean of the hypertensive diabetic group and the means of 
the others. A result was considered to be significant if the probabili- 
ty of error, P, was lower than 0.05 (Sachs 1974). 

Results 

T h i r t y - f o u r  a n i m a l s  o u t  o f  93 d i ed  b e f o r e  the  end  o f  
the  e x p e r i m e n t .  C l i p p i n g  o f  t he  r ena l  a r t e ry  was  f o l l o w e d  
by  d e a t h  o f  21 a n i m a l s  w i t h i n  4 weeks .  La t e r ,  6 ra t s  
d i ed  in the  h y p e r t e n s i v e  g r o u p ,  I a n i m a l  in the  d i abe t i c  
g r o u p ,  a n d  6 in t he  h y p e r t e n s i v e  d i abe t i c  g r o u p .  C o n g e s -  
t i on  f r o m  c a r d i a c  fa i lu re  was  n o t  obse rved .  A u t o p s y  
s tudies  e x c l u d e d  the  p r e s e n c e  o f  in fec t ive  d i sease  such  
as p n e u m o n i a  o r  m y o c a r d i t i s .  In  the  h y p e r t e n s i v e  g r o u p ,  
6 a n i m a l s  w e r e  n o r m o t e n s i v e  a t  t he  end  o f  t he  exper i -  
m e n t  as a resu l t  o f  c o m p l e t e  a t r o p h y  o f  the  c l i pped  k id-  
ney.  Al l  ra t s  i n c l u d e d  in the  d i abe t i c  g r o u p  p r e s e n t e d  
w i t h  d i abe te s  mel l i tus .  In  the  h y p e r t e n s i v e  d i abe t i c  
g r o u p ,  7 a n i m a l s  d e v e l o p e d  b o t h  diseases ,  w h e r e a s  8 
a n i m a l s  p r e s e n t e d  o n l y  wi th  d iabe tes ,  2 o n l y  w i t h  h y p e r -  

Table 1. Heart weights and body weights 

Parameter Control Hyper- Diabetic Hyper- 
group tensive group tensive 

group diabetic 
group 

n=15  n = 8  n=15 n = 7  

Body weight 
(g) 

LVW/body 
weight 
(mg/g) 

LVW (mg) 

543 * 533 * 378 386 
• 44 • 39 • 42 _+ 71 

2.13" 2.75* 2.58* 3.60 
• • • • 

1158 1467 976" 1389 
• 124 • 284 • 80 • 180 

Means _+ standard deviations 
LVW, Left ventricular weight 
* Significant divergences (Dunnett's test) from the hypertensive 
diabetic group (P < 0.05) 

Table 2. Biological variables 

Control Hyper- Diabetic Hyper- 
group tensive group tensive 

group diabetic 
n=15  n = 8  n=15  n = 7  

Systolic 126" 200 136" 196 
pressure • 9 • 16 •  • 23 
(mm Hg) 

Serum glucose 107 * 104 * 376 384 
(mg/dl) • 12 • 15 • 28 • 72 

Creatinine 0.64 0.70 0.59 0.65 
(retool/l) • 0.08 • 0.09 • 0.06 • 0.07 

Urea 42 50 64 60 
(mg/dl) • 6 • 7 +16 • 8 

Means • standard deviations 

* Significant divergences (Dunnett's test) from the hypertensive 
diabetic group (P < 0.05) 
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Fig. 1 a, b. Transverse and longi- 
tudinal section of a papillary 
muscle of a control rat. Since ca- 
pillaries are orientated nearly in 
parallel in normal hearts, a high 
number of capillary profiles can 
be seen in transverse sections and 
only a few profiles in longitudinal 
sections. Semithin section, • 2096 

tension, and 2 with neither the one nor the other. Out 
of the surviving 15 diabetic rats and 15 controls, a ran- 
dom sample of 11 rats was selected in each group for 
stereological analysis. 

Mean body weights were higher in the non-diabetic 
groups (Table 1). Systolic blood pressure was similar 
in diabetic and non-diabetic hypertensives (Table 1). Se- 
rum glucose levels were increased 3.5 times in both dia- 
betic groups. Renovascular hypertension increased the 
left ventricular weight and the left ventricular weight 
to body weight ratios to similar degrees in diabetic and 
non-diabetic rats, by 28% and 31% respectively) (Ta- 
ble 1). 

Serum creatinine and urea levels were normal in all 
groups (Table 2). 

Qualitative histological investigations revealed a focal 
perivascular and interstitial fibrosis in diabetic and non- 
diabetic hypertensives (Figs. 3, 4). Occasionally, focal 
scarring could be detected in both groups. The nornao- 
tensive diabetics did not show any histological abnor- 
malities. Light microscospical stereology indicated the 
absence of  specific cardiac effects of  diabetes on the hy- 
pertensive rats (Fig. 4). In hypertensives, non-vascular 
interstitium and fibrosis were increased (Table 2). In hy- 
pertensive diabetics and even in non-diabetic hyperten- 
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Fig. 2a, b. Transverse and longi- 
tudinal section of a papillary 
muscle of a non-diabetic hyper- 
tensive rat. The density of capil- 
lary profiles in transverse sections 
is reduced and the density of pro- 
files in longitudinal sections is in- 
creased. This is due to neoforma- 
tion of capillary branches in ob- 
lique and transverse direction re- 
fered to the longitudinal axis of 
the,muscle. Semithin section, 
x 2096 

sives, capillary density {QA(e=0)} was decreased in 
transverse sections (Figs. 1 a, 2a), increased in longitudi- 
nal sections {Qa(c~=rc/2)} (Figs. I b, 2b) and the three- 
dimensional estimator of  capillarization, V of  capillaries, 
showed a slight decrease only. This indicates that in 
long-term renovascular hypertension an adaption of the 
capillary network occurs which compensates almost 
completely for the increased width of  the hypertrophic 
myocytes. Adapt ion seems to be realized by neoforma- 
tion of  obliquely and transversely running capillaries [cf. 
increased Ca values, and QA (c~ = re/2) (Fig. 2a, b)]. 

At the ultrastructural level, the hypertensive diabetic 

group showed an alteration of the quantitative structure 
of  myocardial  cells which was not found in non-diabetic 
hypertensives or in normotensive diabetics: the volume 
ratio of  mitochondria to myofibrils was significantly de- 
creased. In the diabetic group, the volume density of  
sarcoplasm was significantly increased. 

Discussion 

The majority of  experimental animals died early after 
clipping the renal artery. Between 12 and 20 weeks, when 
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Fig. 3. Myocardium of a non-dia- 
betic hypertensive rat. Pro- 
nounced interstitial fibrosis can 
be seen which leads to broad 
sheets of fibrous tissue between 
the myocytes. Semithin section, 
x 2096 

Fig. 4. Myocardium of a diabetic 
hypertensive animal. Marked in- 
crease in collagen which sur- 
rounds the myocytes. As far as 
the fibrosis is concerned, there is 
no significant difference in com- 
parison with non-diabetic hyper- 
tensive rats. Semithin section, 
x 2096 

diabetes mellitus had been induced, lethality was 45% 
in the non-diabetic hypertensives as well as in the diabet- 
ic hypertensives. Histologically, these animals showed 
a pronounced cardiac fibrosis without divergences be- 
tween both hypertensive groups. All investigations of  
non-diabetic animals despite injection of  streptozotocin 
were not different from animals of  the non-diabetic 
groups (data not given). This precludes a direct toxic 
effects for streptozotocin. 

Systolic pressure and left ventricular weights were 
higher in diabetic and non-diabetic hypertensives when 

compared  to normotensives. Stereological investigations 
of  the non-vascular interstitium, especially of  fibrosis, 
provided evidence that the interstitial changes in hyper- 
tension were not potentiated by diabetes mellitus. Quali- 
tatively, the typical pat tern of  cardiac fibrosis in hyper- 
tension was observed: perivascular fibrosis, interstitial 
fibrosis and reparative fibrosis (Thiedemann et al. 1983; 
Weber et al. 1987). Reparative fibrosis was not found 
more frequently in hypertensive diabetics when com- 
pared with hypertensives. The absence of  effects of  the 
diabetes on the interstitium agrees with findings of  our 
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Table 3. Stereological parameters of myo- 
cytes, interstitium and capillaries Parameter Control Hyper- Diabetic Hypertensive 

group tensive group diabetic 
group group 

n = l l  n=8 n = l l  n=7 

Vv myocytes 0.90 0.89 0.89 0.89 
(cm3/cm 3) i- 0.01 + 0.01 + 0.01 + 0.02 

Vv interst 0.020 * 0.046 0.027 * 0.057 
(cm3/cm 3) ~ 0.002 _+ 0.010 _+ 0.007 • 0.020 

Vv capillaries 0.060 0.061 0.071 0.053 
(cm3/cm 3) + 0.010 _+ 0.010 _+ 0.020 _+ 0.010 

Lv capillaries 3804 3667 4082 3699 
(mm/mm 2) _+ 231 +_ 232 _+ 458 _+ 390 

QA(e = 0) 3679" 3212 3914" 3311 
(cap/mm 2) _+ 239 -I- 3ll • 431 _+ 462 

Q A ( a  = n/2) 542' 913 643" 857 
(cap/mm 2) _+ 56 • 176 • 131 _+ 135 

cl(e=0, KL) 1.02" 1.13 1.03" 1.12 
_+ 0.008 • 0.07 _+ 0.01 _+ 0.06 

Vv fibrosis 0.009" 0.020 0.011 * 0.019 
(cm3/cm 3) _+ 0.003 _+ 0.004 _+ 0.002 i- 0.004 

Means _+ standard deviations 

* Significant divergences (Dunnett's test) from the hypertensive diabetic group (P<0.05) 
Vv interst, Volume density of non-vascular interstitial space; Lv capillaries, length density 
of capillaries; QA (c~ = 0), number of capillary profiles per mm 2 in cross-sections; QA (e = ~/ 
2), number of capillary profiles per mm 2 in longitudinal sections; KL, constant of 
anisotropy; c~, sectioning angle; cl, coefficient of correction 

g roup  in shor t - term experiments [12 weeks o f  renovascu-  
lar hypertension and 4 weeks diabetes mellitus (Mall 
et al. 1991) and 8 weeks o f  renovascular  hypertension 
and 4weeks  o f  diabetes mellitus (Mall et al. 1987a, 
1991)]. In contrast ,  Fac tor  and coworkers  (1981) found  
a more  p ronounced  fibrosis (based on a semi-quanti ta-  
tive score) in a shor t - term model  (8 weeks o f  renovascu-  
lar hypertension,  4 weeks o f  diabetes mellitus) when 
compared  with hypertension alone. It  is difficult to ex- 
plain the discrepant  results convincingly.  Quanti ta t ive 
evaluat ions o f  histological images lead to objective data,  
in contras t  to the more  subjective histological scores. 
However ,  it cannot  completely be ruled out  tha t  a sub- 
jective score is more  sensitive when focal changes are 
investigated. Fur thermore ,  in the experiment  o f  Fac tor  
et al. (1981), s t reptozotocin  was injected intravenously 
before increased b lood pressure had  been established in 
contras t  to the present experiment.  Recently, chronic  ur- 
aemia has been detected as an independent  determinant  
o f  cardiac interstitial or  perivascular  fibrosis (Mall et al. 
1988, 1990a). Whereas  renal funct ion was normal  in our  
experiment,  Factor  et al. did no t  give any informat ion  
on this point.  

Earlier investigations (Mall et al. 1987a, 1991) agree 
with the present findings that  cardiac fibrosis was asso- 
ciated with renovascular  hypertension,  but  no t  with dia- 
betes mellitus. It should be emphasized,  however,  that  
after long-s tanding diabetes melltitus, interstitial cardiac 
fibrosis develops (Baandrup  et al. 1981). Thus,  one m a y  
suggest tha t  at  advanced stages o f  the disease renovascu-  
lar hyper tension and diabetes act  additively on cardiac 
fibroblasts. 

At  the ul t rastructural  level, the volume ratio o f  mito-  
chondr ia  to myofibri ls  was significantly lower in the hy- 
pertensive diabetic g roup  when compared  with the other  
experimental  groups  (Table 3). This agrees with our  pre- 
viously published results in a shor t - term combina t ion  
model  (Mall et al. 1987a), where the ratio was decreased 
after 12 weeks o f  renovascular  hypertension even with- 
out  diabetes (Mall et al. 1991). It is generally accepted 
that  a reduced ratio o f  mi tochondr ia  to myofibrils corre- 

Table 4. Stereological parameters of myocardial cell organelles 

Parameters Control Hyper- Diabetic Hyper- 
group tensive group tensive 

group Diabetic 
group 

n = l l  n=8 n = l l  n=7  

Vv mitochondria 0.28 0.30 * 0.28 0.26 
(cm3/cm 3) -t- 0.01 + 0.02 + 0.0t + 0.01 

Vv sarcoplasm 0.05 0.04 0.10 * 0.06 
(cm3/cm 3) • 0.01 ___ 0.01 __ 0.02 _+ 0.01 

Vv myofibrils 0.66 0.65 0.61 * 0.67 
(cm3/cm 3) -k 0.02 + 0.01 + 0.02 ___ 0.01 

Vv ratio 0.43 * 0.46 * 0.47 * 0.39 
mitochondria + 0.03 + 0.04 _ 0.04 + 0.03 
to myofibrils 
(cm3/cm 3) 

Means + standard deviations 

* Significant divergences (Dunnett's test) from the hypertensive 
diabetic group (P < 0.05) 
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sponds to cardiac deter iorat ion in hyper tens ion (Wollen- 
berger and Schulze 1962; Breisch et al. 1980). Thus,  dia- 
betes mellitus seems to enhance synergistically the pa tho-  
logical effects o f  hyper tension on myocytes .  The molecu-  
lar basis o f  this ma ladap t ion  is no t  yet known.  A de- 
crease in myofibri l lar  ATPase  activity and increase in 
slow isomyosins occur  in the rat  hear t  after pressure 
over load (cf. Jacob 1983) as well as in diabetes mellitus 
(Dil lmann 1980; Fein et al. 1984; Pierce and Dhal la  
1981 ; Bimji et al. 1986). It canno t  be precluded that  the 
decrease in myofibri l lar  ATPase  activity decreases not  
only oxygen consumpt ion  but  also the mi tochondr ia l  
mass. 

The increase o f  the volume densities sarcoplasmic ma-  
trix in diabetic animals is caused by a slight sarcoplasmic 
oedema and by accumula t ion  o f  /3-glycogen granules 
(Frenzel e ta l .  1985; Jacl~son et al. 1985; Hsiao e ta l .  
1987; Mall  et al. 1987a). The less p ronounced  increase 
o f  Vv sarcoplasm in hypertensive diabetics is p robab ly  
related to an over -propor t iona te  increase o f  myofibri ls  
in the combina t ion  group,  which masks the increase in 
sarcoplasmic matrix. 

A n  interesting finding of  this s tudy is the peculiar 
capillary reaction pat tern  in long- term pressure over load 
which is independent  o f  the presence o f  diabetes. Hither-  
to, numerous  quanti tat ive morphologica l  studies have 
demons t ra ted  a decrease o f  capillary supply in hyper t ro-  
phy  induced by pressure over load (Anversa  et al. 1980; 
Breisch et al. 1984). All these observat ions were based 
on the c o m m o n  parameter  o f  capillarization, the (two- 
dimensional)  capillary density [QA (e = 0) in stereological 
terms]. Even the three-dimensional  parameter  o f  capil- 
larization, the Lv o f  capillaries, was considerably de- 
creased in shor t - term experiments o f  renovascular  hy- 
pertension (Mall et al. 1990b). In the present investiga- 
tion, three-dimensional  analysis o f  the capillary ne twork  
provided evidence that  the capillary supply tended to 
become normalized after long-term renovascular  hyper-  
tension. However ,  the pat tern o f  adapt ive  g rowth  was 
different f rom other  models  o f  hyper t rophy.  After  physi- 
cal exercise and chronic  thyroxine appl icat ion capillary 
g rowth  occurred wi thout  changes o f  the spatial distribu- 
t ion o f  capillary axes (Mall et al. 1990b). In long- term 
renovascular  hypertension,  capillary g rowth  was realized 
predominant ly  by an increase o f  obliquely and trans- 
versely running capillary branches [increase in ca (c~ = 0) 
and QA (c~=~z/2]. Measurements  o f  sarcomere lengths 
in all groups  precluded artificial effects o f  variable states 
o f  cont rac t ion  on capillary tor tuosi ty  (Mall e ta l .  
1990b). 
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